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Preface

Though more than a half century ago meetings covering various materials including cements were held 
among researchers, it was not before 1918 in London where an international meeting was held to discuss the 
setting of cements under the sponsorship of the Faraday Society that the chemistry of cements was dealt with 
independently and systematically in such a magnitude worth a title of an international symposium. Hence, 

• this international gathering became more and more accustomed to be called as the First International Symposium 
on the Chemistry of Cement, though not so called at the beginning.

Just as the famous ancient Olympics in Greece which in their earliest stage were celebrated for one day 
only, the First International Symposium on the Chemistry of Cement dawned on January 14, 1918 in London 
was closed on the same day, with the presentation of 10 papers followed by 12 discussions. The Proceedings 
consisting of 69 pages were published in the Transactions of the Faraday Society, Volume XIV, 1918-19, thus 
leaving the first footprints and pattern to the later Symposia.

The Second Symposium on the Chemistry of Cement took place from July 6 to 8, 1938, in Stockholm, 
sponsored by the Royal Swedish Institute for Engineering Research and the Swedish Cement Association. 
With the participation of 47 persons from 13 countries, 52 discussions were made on 13 papers presented thereto. 
The Proceedings consisting of 578 pages were published in Stockholm in 1939 by the Royal Swedish Institute 
for Engineering Research.

The devastation of World War II could not nip the Symposium in the bud. On the contrary, it called for 
a Post-War program of reconstruction everywhere on a scale never before attempted, in which the cement was 
destined to play an important role all around. With this background, the Third International Symposium on 
the Chemistry of Cement was held in London in September, 1952. It was a five-day meeting in which 260 
persons took part and 23 papers were presented. The number of discussions amounted to 102. The Proceedings 
consisting of 870 pages were published in London in 1954 by the Cement and Concrete Association, who 
cosponsored this Symposium with Department of Scientific and Industrial Research of the United Kingdom.

The host country of the Fourth Symposium was the United States of America. Under the sponsorship of 
the National Bureau of Standard and the Portland Cement Association, the Fourth International Symposium 
on the Chemistry of Cement was held at Washington, D. C., October 2-7, 1960. Among 362 persons who 
accepted the invitations, 271 persons were in attendance from various countries including the host country. 
The number of papers presented thereto amounts to 66 of which 18 were Principal Papers and 48 were Sup
plementary Papers, and they were followed by 87 Discussions.

As the Post-Symposium event, a travel to Skokie (Illinois) was organized and many Symposium members 
took part in it. The participants visited the laboratories of the Portland Cement Association and attended 
a series of seminars. The Proceedings consisting of 1125 pages were published in Washington, D.C., in 1962 
by the National Bureau of Standards. .

It was during the Fourth Symposium in Washington that the Japanese cement circles were asked to assume 
a task of organizing the Fifth Symposium. Encouraged by elder authorities of many participating countries, 
the representatives of the Japanese cement circles finally accepted to hold in Japan the Fifth International 
Symposium on the Chemistry of Cement. In 1964, a provisional organizing committee was formed in the bureau 
of Japan Cement Engineering Association and preparation work started right away. In 1966, Japan Cement 
Engineering Association was merged in the organization of the Cement Association of Japan, and the proper 
Organizing Committee and Secretariat were settled in the office of the latter.

Since then, the Organizing Committee and the Secretariat coped with the colossal work for staging the 
Symposium in Tokyo, and preparation works went on smoothly thanks to the cooperations of the Symposium 
members in Japan and abroad. Thus, on October 6, 1968, the Fifth International Symposium on the Chemistry 
of Cement, sponsored by the Cement Association of Japan, dawned with a cocktail party celebrating the 50th 
anniversary of this Symposium, under the auspices of the Science and Technology Agency and the Ministry 
of International Trade and Industry, and supported by the Science Council of Japan, the Ceramic Association 
of Japan, Japan Society of Civil Engineers, the Architectural Institute of Japan and the Chemical Society 
of Japan.



All the sessions of the Symposium were held, from October 7 to 11, at the Tokyo Metropolitan Festival 
Hall, Ueno Park, Tokyo. The whole day of October 12 was devoted to technical visits to laboratories and 
cement works in and around Tokyo. , ,

The Symposium members regularly registered amounted to 606 persons including 325 from Japan and 
281 from 42 other countries. But number actually in attendance was 485 including 307 from Japan and 178 
from 34 other countries. Accompanying persons from abroad amounted to 40 persons. ,

An opening ceremony was held on Monday morning, October 7, at the Tokyo Metropolitan Festival Hall 
before calling to order proper working sessions. The addresses of welcome were given by Mr. H. Inouye, Presi
dent of the Organizing Committee and by Mr. N. Nabeshima, Minister of State and Director of Science and 
Technology Agency of Japan. Mr. J. H. Walker, Vice President of the Portland Cement Association, U.S.A., 
responded on behalf of the members of the Symposium.

The first formal speech entitled “On the Contribution of Chemical Studies to Japanese Cement Industry” 
was made by Dr. S. Nagai, Professor Emeritus of the University of Tokyo. In succession, Sir F. M. Lea, former 
Director of the Building Research Station of the United Kingdom, made a speech entitled “Cement Research 
—Some Views for the Future”.

Succeeding working sessions are devoted to technical papers submitted to this Symposium, which amounted 
to 172 including 20 Principal Papers, 124 Supplementary Papers and 28 Written Discussions. In consideration 
of too short period of this Symposium to allow each author of Supplementary Papers to present paper in person, 
the Organizing Committee adopted General Report System where each group of Supplementary Papers under 
each specific topic was digested systematically by a General Reporter and presented in summarized version 
at each corresponding session. Thus, time for oral discussions getting available, 69 oral discussions were made 
throughout five day working sessions.

The themes of the Fifth Symposium consisted of four Parts, and each Part had a categorical topic of its 
own to which specific subjects treated by Principal and Supplementary Papers were attributed. Each working 
session covered a group of these specific subjects.

Preprints of Principal Papers in full text and Supplementary Papers in abstract were distributed to enrolled 
members before the Symposium. Preprints of Written Discussions and General Reports both in full text were 
distributed at the Symposium site to the attending members.

Technical visits to laboratories and cement plants on October 12 (Saturday) were carried out with the 
participation of many Symposium members, divided into three groups. The first group visited the cement plant 
in Saitama Pref, of Nihon Cement Co. Ltd., the second inspected the cement plant of Chichibu Cement Co. 
Ltd. in Kumagaya city and the Central Research Laboratory of Onoda Cement Co. Ltd. in Tokyo, and the 
third made a tour of inspection to Kajima Institute of Construction Technology, the Research Laboratory 
of Engineering Materials of Tokyo Institute of Technology and the Central Research Laboratory of Onoda 
Cement Co. Ltd, all the three in Tokyo metropolis.

The Proceedings of the Fifth International Symposium on the Chemistry of Cement contain all the written 
contributions in full text except General Reports, all the oral discussions made on Principal and Supplementary 
Papers together with their closing discussions and two inauguration speeches at the Opening Ceremony. Being 
English the official language of this symposium, the Proceedings have been published in English only.

A survey of this Symposium can be made by referring to the annexed table of general program.



General Program of the Fifth International Symposium 
on the Chemistry of Cement

Parts & Topics Dates Sessions and Subjects Authors of P. P. Chairmen & 
Co-Chairmen Number of S- P. General Re

porters of S. P.

Part 1 
Chemistry 

of 
Cement 
Clinker

Oct. 7 
Afternoon

1-1 Structure of Portland Cement 
Minerals

A. Guinier 
M. Regourd 
(France)

1-1 & 2 *
F. M. Lea 
(U.K.)
T. Yamauchi 
(Japan)

6 Th. Hahn 
(W. Germany)

1-2 Phase Equilibria and Formation 
of Portland Cement Minerals

R. W. Nurse 
(U.K.)

9 Y. Suzukawa 
(Japan)

Oct. 8 
Morning

1-3 Analysis of Portland Cement 
Clinker

G. Yamaguchi 
S. Takagi 
(Japan)

1-3 &4
R. W. Nurse
(U.K.)
G. Yamaguchi 
(Japan)

12 A. E. Moore 
(U.K.)

1-4 Chemistry of Calcium Alumi
nates and their Relating Com
pounds

T. D. Robson 
(U.K.) 2

P. E. Halstead 
(U.K.)

Part II 
Hydration 

of 
Cements

Oct. 8 
Afternoon

II-1 Crystal Structures and Proper
ties of Cement Hydration Pro- 
docuts (Calcium Silicate Hy
drates)

H. F. W. Taylor 
(U.K.)

II-l, 2 & 3 
H.F.W.Taylor 
(U.K.) 
R. Kondo 
(Japan)

0

II-2 Crystal Structures and Proper
ties of Cement Hydration Pro
ducts (Hydrated Calcium Alumi
nates and Ferrites)

H. E. Schwiete 
U. Ludwig 
(W. Germany)

7 (Structures)
5 (Properties)

W. Locher 
(W. Germany) 
M. H. Roberts 
(U.K.)

II-3 Phase Equilibria of Cement
Water

P. Seligmann 
N. R. Greening 
(U.S.A.)

0

Oct. 9 
Morning

II-4 Kinetics of Hydration of Cements
R. Kondo
S. Ueda 
(Japan) II-4 & 5

H. zur Strassen 
(W. Germany) 
S. Nagai 
(Japan)

6 (Mechanism)
8 (Kinetics)

H. Mori 
(Japan) 
H. N. Stein 
(Netherlands)

II-5 Hydration of Portland Cement
L. E. Copeland 
D. L. Kantro 
(U.S.A.)

7 H. zur Strassen 
(W. Germany)

Part III 
Properties 

of 
Cement 
Paste
Concrete

Oct. 10 
Morning

III-l Structures and Physical Proper
ties of Cement Paste

G. J. Verbeck 
R. A. Helmuth 
(U.S.A.)

III-l &2
G. J. Verbeck 
(U.S.A.) 
M. Kokubu 
(Japan)

8 (Fundamental)
7 (Application)

W. C. Hansen 
(U.S.A.)
W. L. Dolch 
(U.S.A.)

III-2 Durability of Concrete O. Valenta 
(Czech)

10 Imre Biczok 
(Hungary)

III-3 Carbonation of Concrete M. Hamada 
(Japan)

1II-3, 4 & 5 
R. H. Mills 
(Canada) 
T. Nishi 
(Japan)

3 H.G.Smolczyk 
(W. Germany)

Oct. 10 
Afternoon

III-4-a Hydration of Portland Cement 
Paste at High-Temperature 
under Atmospheric Pressure

G. M. Idorn 
(Denmark)

3 P. J. Sereda 
(Canada)III-4-b High-Temperature Curing of 

Concrete under Atmospheric 
Pressure

Yu. M. Butt
V. M. Kolbasov
V. V. Timashev
(U.S.S.R.)

HI-5 High-Temperature Curing of 
Concrete under High Pressure

G. Kalousek 
(U.S.A.)

3 H. E. Vivian 
(Australia)

Part IV 
Admixtures
Special 
Cements

Oct. 11 
Morning

TV-1 Use of Surface Active Agents 
in Concrete

R. Mielenz 
(U.S.A.) IV-1 & 2 

N. Stutterheim 
(S. Africa) 
M. Okushima 
(Japan)

5 K. Okada 
(Japan)

IV-2 Fly Ash and Fly Ash Cement M. Kokubu 
(Japan)

4 A. Joisel 
(France)

Oct. 11 
Afternoon

IV-3 Slags and Slag Cements F. Schröder 
(W. Germany)

IV-3, 4 & 5
J. H. Walker 
(U.S.A.)
K. Chujo 
(Japan)

9 (Slag)
3 (High-Sulphate 

Slag)
R. Sersale 
(Italy)
S. K. Chopra 
(India)

IV-4 Expansive Cement
P. P. Budnikov 
I. V. Kravchenko 
(U.S.S.R.)

7 G. J. Verbeck 
(U.S.A.)

IV-5 By-product Gypsum from Vari
ous Chemical industries, as a 
Retarder for the Setting of 
Cement

K. Murakami 
(Japan)

0

Total r 20 sessions 20 papers 16 persons 124 papers 20 persons
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Inauguration Speeches at the Opening Ceremony of 
the Fifth International Symposium

Cement Research—Some Views for the Future

Frederick M. Lea*

It is just fifty years since the Faraday Society ar
ranged an international meeting in London to discuss 
the setting of cements. Though not so-called at the 
time, we count this as the first international sympo
sium on the chemistry of cements. It was, however, 
the symposium held in Stockholm in 1938 which first 
reviewed the main fields of cement chemistry and set 
the pattern for the later symposia in London in 
1952, in Washington in 1960 and now here in Tokyo. 
These symposia have all been held in countries where 
research in cement chemistry has been vigorously 
pursued. In meeting here in Japan we continue that 
same tradition and pay tribute to the many contri
butions to the subject that have come from research 
workers in this country.

There can be only a few of us here today who were 
present at the Stockholm Symposium in 1938. At that 
time our knowledge of the phase equilibria between 
the various oxides present in cements was well ad
vanced and the constitution of Portland cement had 
been established in terms of the four major clinker 
compounds. The properties of cements had been 
broadly linked with their constitution, though much 
still remained to be resolved on the influence of the 
minor constituents. The main features of the chem
istry of the hydrated cement compounds and of the 
reactions of cements with water were clearer for the 
aluminate than the silicate compounds, for which 
the existing techniques of investigation were not 
sufficiently powerful to resolve some of the problems 
involved. We had only just started to probe into the 
crystal structure of the cement compounds, anhydrous 
or hydrated, and our knowledge of the physical 
structure of set cement was lacking in depth. We 
saw at Stockholm that wide fields still awaited inves
tigation, but nevertheless we felt that the basic 
foundations of cement chemistry had been well laid. 
Indeed I remember my old friend, the late Dr. Lennart

‘Former Director of Building Research Station, United 
Kingdom.

Forsen of Sweden, saying to me at the end of the 
Stockholm Symposium—‘the main questions are now 
solved, what remains is detail.’ That was I think a 
legitimate expression of gratification at the way in 
which the Stockholm Symposium had shown how 
existing knowledge fitted together, even if in hindsight 
one would add to the word ‘detail’ some such phrase 
as—‘and new principles of which we are as yet 
unaware.’ I recently came across a quotation from 
Goethe which said—‘Every solution of a problem is 
a new problem.’ It is characteristic of science that 
the introduction of new concepts and new techniques 
opens new fields for investigation and the ensuing 
years have shown that the chemistry—and physics 
—of cement is no exception to this rule.

I would like in passing to recall that it was to Len
nart Forsen that we really owe the concept of these 
symposia. If one further recollection may be permitted, 
as a matter of history, I have never forgotten how 
the plans for the 1938 Stockholm Symposium were 
worked out during discussions between Dr. Forsen, 
Mr. Giertz-Hedström, also of Sweden, Dr. Robert 
Bogue and myself when we all met in the USA in 1936.

The symposia in 1952 and 1960 showed how much 
our subject had advanced, thanks to the introduction 
of new and improved techniques. The crystal struc
tures of cement compounds, the physical structure 
and properties of set cement paste and the chemistry 
of cement hydration can be mentioned as examples. 
The London Symposium of 1952 was widened to 
include various special types of cements, the durability 
of concrete and some questions relevant to cement 
manufacture. If the Stockholm Symposium was 
devoted solely to science, the London Symposium 
introduced also technology. This process was con
tinued in 1960 in Washington when we added to our 
discussions such problems as volume change in con
crete, admixtures, cement-aggregate reaction and frost 
resistances of concrete.

The reports presented to the present symposium 



again introduce some new subjects and show how 
notable have been the advances in the older ones.
I cannot attempt in the time available to survey these 
in detail. Rather would I use them as a starting point 
for some comments on fields which seem potentially 
fruitful for future research.

Let me start with cement constitution. We are ac
customed to calculate the compound content of 
Portland cement from its composition, or to estimate 
it by X-ray and microscopic methods. Much effort 
has been devoted to reducing the imperfections of 
these methods. Phase equilibrium studies have yielded 
much information on the limits of solid solution of 
other oxides in the silicate, aluminate and ferrite 
compounds. We now have in the electron probe a 
powerful new method for analysis of the clinker 
minerals as present in Portland cement. Already 
reliable results are available on the silicate phases, 
but to obtain equal reliability with the interstitial 
material in clinker either the instrument must be 
improved or some selection and heat processing of 
the clinker may be necessary. From electron probe 
analysis on clinker compounds we may be able to 
reach agreement on certain average formulae for the 
composition of the clinker minerals and to use these 
in calculating the compound content of a cement 
from its chemical analysis. The results will still be 
approximate since some minor constituents will not 
be present in sufficient quantity to saturate the 
clinker compounds, but we should obtain a closer 
approximation to the true values than is given by the 
simple Bogue calculation. The general availability 
of computer services will facilitate such calculations. 
A complementary study lies in the effect of the com
position of the clinker components on strength 
development. It is well established that the strength 
of dicalcium silicate can be controlled by solid solu
tion and to some extent the early, if not the final, 
strength of tricalcium silicate. Electron probe analysis 
will tell us how a given minor constituent is parti
tioned between the main phases of the clinker and 
provide a basis for more systematic study on the 
influence of solid solution on strength development.

On the chemistry of hydrated cement we still need 
to know more about the properties of the calcium 
silicate hydrates. It is well known that other oxides 
can be taken up in the tobermorite lattice and we 
have an indication that this may influence both 
strength and shrinkage. Can we control this solid 
solution in a favourable way? Is it related solely to 
the composition of the anhydrous clinker components 
or is it determined by the particular equilibria, or 
lack of equilibria, associated with the hydration 

process? Electron probe analysis of the composition 
of the calcium silicate hydrates in set cements is 
likely to be more difficult than on cement clinker, 
but if it proves possible it may provide data to help 
us link physical properties with the composition of 
the hydrates. Perhaps we have looked too much at 
clinker composition as the determinant of strength 
and not enough at how it is influenced by the vagaries 
of the hydration process.

The last two decades have seen notable advances 
in our knowledge of the physical structure of set 
cement, but how wide are still the fields of ignorance. 
Can we remain satisfied while we still lack an adequate 
understanding of bonding and strength, of fracture, 
of shrinkage and creep, an understanding that might 
help us to do more to control these properties. We 
have various rival theories based on particular models 
and mechanisms. They give us only descriptions, 
often, it is true, capable of mathematical formulation, 
but not real understanding of phenomena. We shall 
not get that understanding until we can base the 
theories on a fundamental knowledge of the way 
in which hydrated cement particles bond to each other 
and to the aggregate particles. Attempts have been 
made to account for the mechanical properties of 
cement paste by reference to the morphology and 
crystal structure of the constituents, but we know 
little of the real nature of the bonds formed between 
them. The crucial experiments have still to be devised.

High surface area is a common characteristic of 
set cements of different kinds, but it is not essential 
for strength as is shown by the properties of auto
claved products. The strength of all materials is much 
lower than theory would indicate. In materials such 
as metal or glass we explain this by theories such as 
the Griffith’s crack theory, but how far this is applic
able to concrete is still open to question. We may 
speculate that the low strength of set cement, as 
compared with theoretical calculation based on the 
strength of the crystals, may reflect not so much a 
low strength of the individual bonds—physical or 
chemical—but to the bonds being too few in number. 
Most of our present data and theories come from 
studies on Portland cement. Many studies have been 
made on the specific surface, crystal size and physical 
properties of set Portland cement. These studies need 
to be extended to other cements and to crystalline 
hydrates to help to elcuidate the mechanism of bond
ing.

The strength tests we use are adequate for struc
tural purposes but they are crude as measures of the 
parameters we need to investigate in developing 
theories of fracture mechanics. Most of the strength 



data we have refer only to wet or dry concrete with 
little information over the intermediate range. We 
know little about the effect of other polar liquids 
on any of the physical properties of concrete. Such 
information could well increase our understanding 
of the role played by water in set cement.

The development of high voltage electron micro
scopy with 500 or 1000 kV electrons combined with 
the developments of skill in making very thin sections 
is making possible high resolution photography and 
diffractometry while at the same time reducing damage 
to the specimen while under observation. The scanning 
electron microscope provides stereographic images at 
lower resolution but giving a more global picture of 
the structure and in greater depth facilitating the 
study of fracture cracking and porosity in great 
detail. We might for instance resolve such an ap
parently simple problem as the part played by calcium 
hydroxide crystals in the strength of Portland cement 
and learn more of the nature of the cement-aggregate 
bond.

An increase in the strength of concrete would be 
valuable, but the outstanding problem is shrinkage 
and cracking. We see one attack on this problem in 
the development of expansive cements, but, though 
these may eliminate or reduce the initial drying shrink
age, the reversible wet-dry movement still remains. 
If we could find means of reducing the elastic modulus 
of concrete without reducing the tensile strength more 
deformation would be possible without cracking. This 
would be of major importance in many uses of con
crete, but no practicable solution is in sight. I have 
mentioned earlier that solid solution of other oxides 
jn the tobermorite lattice may influence shrinkage. 
The field for study of this phenomenon is wide. It is 
also surprising, in view of its importance, how few 
are the published papers on the nature of the bond 
between cement paste and aggregate.

There are many other problems which I can do no 
more than mention which have much practical signifi
cance in the use of cement and concrete. There is no 
reason to believe that we have yet found the optimum 
solutions in the use of admixtures and particularly 
in the development of water-reducing agents, and of 
plasticising agents less sensitive to the cement com
position. We are beginning to understand the physical 

chemistry of the action of admixtures but there is 
still scope for basic studies. Acceleration of hardening 
both in precast concrete manufacture and for in-situ 
work has much economic significance. The effect of 
temperature on the physical structure of the set 
cement paste and the way in which it is built up 
needs clarification.

The durability of concrete has been much studied 
both by field surveys and trials and by laboratory 
tests and experiments. We cannot say, however, that 

•we know enough about the basic mechanism of the 
various chemical and physical destructive processes 
that lead to deterioration of concrete, nor can we 
express durability sufficiently in quantitative terms. 
With the trend in structural engineering to limit state 
design, which depends on estimates of the probability 
that a structure will not become unfit for its intended 
purpose during its lifetime, it would be an added 
gain if one of the parameters considered was more 
directly related to durability. Deterioration, not col
lapse, is the normal determinant of the life of a 
structure.

The role of the minor components in a cement 
clinker and their influence on the properties of the 
resulting cement and the burning process should 
continue to occupy a place in research. The influence 
on burning appears to have particular significance 
with the more unusual processes or raw materials as 
in the cement-sulphuric acid process or when unusual 
amounts of components such as phosphorus pentoxide 
or fluorine are present in the raw materials. The 
chemical and physical problems of manufacture, and 
indeed those of the use of cement, have received less 
attention than they warrant in our symposia.

I do not wish to suggest that there are not still 
many outstanding problems in the chemistry of 
cements other than Portland, such as pozzolanic 
cement, slag-containing cements and high alumina 
cement, and it is evident that expansive cements are 
still a developing material with scope for further 
investigation. Nor would I imply that there is not 
a good deal of detail to work out on the hydration 
of cements generally. My purpose in this address, 
however, has been to stress what seem to me to be 
some major areas which call for new and imaginative 
approaches.



On the Contribution of Chemical Studies to Japanese Cement Industry

Shoichiro Nagai*

*Professor Emeritus of the University of Tokyo
Vice-President of the Organizing Committee for the Fifth 

International Symposium.

Mr. President, Ladies and Gentlemen;
It is a great pleasure and honor for me to present 

this lecture on this occasion.
The Third International Symposium was held in 

London in 1952 when many nations had gone through 
a period of reconstruction following World War II. 
Three delegates from Japan attended this Sympo
sium. Eight years later, in 1960, the Fourth Sym
posium was held in Washington D.C. with the par
ticipation of fifteen delegates from Japan. It was 
on the occasion, that I, being the senior Japanese 
delegate, proposed that the Fifth Symposium be held 
in Tokyo. This proposal was unanimously accepted 
during the course of the grand banquet. Thus, the 
first symposium on the cement chemistry ever to be 
held in Asia became a reality.

With your permission I would like to confine my 
talk to chemical studies which have contributed to 
the de-velopment of the Japanese cement industry in 
the following three progressive stages.

The first stage began about 95 years ago with the 
establishment of the first cement industry in Japan 
in the form of a public enterprise. In 1883, after ten 
years later, the management was transferred from 
public to private. From 1881 to 1883, a few other 
factories were established. Together they contributed 
to the gradual development of the cement industry. 
After the Sino-Japanese War and the Russo-Japanese 
War, Japanese industries as a whole became prosper
ous and the cement industry was no exception. It 
made particularly remarkable progress up to 1913, 
just before the outbreak of World War I.

During this first stage of fourty years, research and 
experimentation on quality improvement in cement 
factories, as well as studies on mortar and concrete, 
in relation to the establishment and revisions of the 
Japanese Engineering Standards (JES) of cement, were 
extensively carried out. In this connection, excep
tionally important contributions were made in the 
chemical field by Dr. S. Kasai, Mr. M. Fujii, Mr. T. 
Taniguchi, Mr. M. Okada, Prof. Dr. S. Kondo, 

Mr. S. Nagaya, Mr. K. Otomo, Mr. S. Kano, Mr. 
M. Komuro, Mr. S. Asaeda, and others.

The scale of the Annual General Meeting of the 
then Portland Cement Association grew larger each 
year. Those of us who were in the middle age group 
(now senior group) profited from the learning and 
were greatly influenced by the great scholars just 
mentioned, and we participated in joint research and 
experimentation. .

The prosperity of the cement industry from 1913 
to 1917 (just during World War I) owed much to 
the contribution made by chemical studies on cement, 
and its production. In those days, researches and tests 
on Portland cement, Portland blast-furnace slag 
cement, slag and the relevant pozzolan were carried 
out very frequently. The strength of cement and 
mortar, as specified in the Japanese Engineering 
Standards, was based on the standard sand-cement 
dry or so-called non-plastic mortar method. Efforts 
to perform comparative tests were made and several 
revisions of standards were sought concerning stan
dard sand and testing apparatus. Consequently, the 
quality of cement rapidly improved.

During the early second stage which involved World 
War I period, the cement industry did not suffer 
from that war, and made great strides, together with 
other industries. During the ensuing 24 to 25 years, 
i.e., until World War II, annual cement production in 
Japan increased continuously to reach its highest peak 
of about 6.2 million tons in 1939.

In this second stage, those who studied under or 
collaborated with the forerunners of the first stage, 
became independent, and those who returned from 
studying in Europe became leading researchers. For 
example, Dr. K. Koyanagi, Mr. Y. Tokune, Prof. 
Dr. T. Yamauchi, Mr. T. Ando, Dr. T. Tanaka, 
Dr. Y. Sanada, Mr. J. Hosoi, Mr. T. Asano, Dr. 
T. Yoshii, Dr. M. Nakahara and many others 
(including ourselves) indefatigably conducted studies 
on cement. Results of detailed, and fundamental 
chemical, microscopic and X-ray researches made 
on cement minerals were presented in both'national 
and foreign scientific journals and are frequently 
referred to in technical documents., ■< - , - • ;



At the same time, a number of younger researchers 
were developing, forming a solid cadre of cement 
chemical researchers who would become active in 
the present time.

The third stage commenced at the end of World 
War II and spans the last approximately 23 years 
to the present day. All Japanese industries were 
destroyed during World War II, including the cement 
industry. Thus cement production in 1946, the year 
following the end of the war, was at its lowest with 
only about 930,000 tons, dropping below 1 million 
tons. However, since cement, together with steel, 
was regarded as an indispensable building material 
in the national reconstruction program, production 
increased very rapidly. As a consequence, six years 
later, in 1951, annual production exceeded 6.7 million 
tons, and three years later, in 1954, it exceeded 11 
million tons. Again, six years later, in 1960, annual 
production was over 22.7 million tons, while three 
years later, in 1963, it reached over 31.1 million tons. 
In 1967, production figures of over 42.6 million tons 
were obtained. The population also has steadily 
increased, to reach 100 million. Thus, annual produc
tion is 426 kg per capita, which is still inferior to the 
highest European level of 600-650kg per capita, but 
it is expected to reach over 500-550kg per capita 
before long.

Remarkable fact during this third stage is that 
research was conducted on the fifth and sixth com
ponents magnesia and alkali, in addition to research 
started in the second stage, that is, studies on clinker 
minerals by the four component system lime, silica, 
alumina and ferric oxide. The relation between 
magnesia and ferric oxide and the color of cement 
was also studied, as the tint of mortar and concrete 
is of much importance. In this connection, reports 
of studies on the five component system, lime, silica, 
alumina, ferric oxide, magnesia, and on the impor
tance of alkali were also presented at the Third 
London Symposium.

The next fact worthy of special mention is the 
research on hydration products of cement—the 
synthetic research concerning calcium silicate hydrates 
and calcium aluminate hydrates which were found 
largely in natural form or in hardened cement. From 
1930 to 1932, I made synthetic studies at the former 
Kaiser Wilhelm Institut für Silikat-forschung in 
Berlin, under Prof. Dr. W. Eitel and reports on 
calcium silicate hydrates and calcium aluminate 
hydrates obtained by a hydrothermal synthetic process 
in autoclaving of the ternary systems of lime-silica- 
water and lime-alumina-water. Those were presented 
in German, English and Japanese chemical journals. 

Furthermore, at the Fourth Symposium held in 
Washington D. C., in 1960, many reports on tober- 
morite as the principal product of cement hydration 
were presented. Moreover, concerning this hydro
thermal reaction of lime-silica-water system, there are 
many reports on the hardening test for autoclaved 
lightweight concrete (ALC) in prefabricated building 
materials.

As to the types of cement, basic researches on 
high early strength Portland cement and low heat 
or moderate heat Portland cement were carried over 
from the second stage, and production and utilization 
of high quality products were supplied as essential 
building and construction materials. These research 
programs of the second and third stages were con
ducted by many young prominent researchers, such 
as the chairman of Program Committee of this Fifth 
International Symposium, Dr. K. Chujo, the chair
man of Arrangements Committee, Dr. T. Yamaguchi, 
and the authors of the principal papers of this 
symposium, Prof. Dr. K. Murakami, Prof. Dr. G. 
Yamaguchi, Dr. R. Kondo and many other younger 
researchers who will present many supplementary 
papers. It is a great joy to see so many of these cement 
researchers here today.

Around 1948 or 1949, when the cement industry 
was about to arise from wartime destruction, the 
former JES became the JIS (Japan Industrial Stan
dards). After that, new standards were set concerning 
blended cements in terms of A, B and C, according 
to the proportion of admixture in Portland blast
furnace slag cement, silica cement and fly ash cement. 
As to the strength test for mortar, after about ten 
years of research and tests, the wet or so-called 
plastic mortar method was introduced, to replace the 
conventional dry method. Thus, in Japan, mortar 
strength of high early strength Portland cement and 
that of normal Portland cement and of A grade 
blended cements of all three types are extremely good, 
being among the best quality in the world. It seems 
only natural that Japan should lead the world in 
cement exports.

In regard to special cement, that is, in 1937 high 
aluminous (53 to 55 % alumina content) cement and 
alumina began to be produced simultaneously. This 
led to research and development of hydraulic refrac
tory mortar, and now it is known as castable re
fractories. Research and utilization of low expansive 
or non-contractive cement, making use of the expan
sive nature of calcium sulpho-aluminate hydrate was 
also started in Japan. Three supplementary papers 
on this subject will be presented at this symposium.

Before concluding, I would like to touch upon the 



following two points.
(a) The first is that annual production of natural 

gypsum in Japan is only 600,000^700,000 tons, and 
its quality' is so poor that it can scarcely be used 
only for cement. On the other hand, with production 
of cement increasing yearly, reaching 46~47 million 
tons this year, about 3 percents, of that figure (about
1.5  million tons/year) of gypsum is necessary. We 
have to seek the source of supply of half the necessary 
amount in byproduct gypsum from various chemical 
industries. Production of phosphoric acid solution 
by reacting sulphuric acid to phosphate rock yields 
a particularly large amount (about 2 million tons 
this year) of phospho-gypsum as a byproduct, and 
half that amount goes successfully into cement pro
duction. One principal paper will be presented by 
Prof. Dr. K. Murakami’s research group concerning 
this special point.

(b) The next point I wish to mention is the 

treatment of papers on the subject of concrete at 
this symposium. In Japan, more than half the papers 
presented at the Annual General Meeting on Cement 
Engineering, held every year by the Cement Associ
ation of Japan, were related to concrete. In view of 
these facts, both principal papers and supplementary 
papers on concrete based on the chemistry of cement 
are dealt with in Parts III and IV, ranking with 
Parts I and II where papers on the chemistry of cement 
will be presented. Supplementary papers being so 
numerous, they will be presented by general reporters 
in the form of summarized report. This system is 
something new in our international symposium, but 
I hope this solution proves to be highly successful.

I have spoken of the development of research and 
experimentation in cement chemistry in Japan, and 
I very much appreciate the kind attention you have 
paid me. Thank you.



Explanatory Notes

Abbreviations.
The following symbols, which have been universally 
recognized by cement chemists for formulating 
more complex compounds, are used interchange
ably with the respective oxide formulas through
out this book: j

C = CaO, S = SiO2, A = A12O3, F = Fe2O3,
M = MgO, N = Na2O, K = K2O, H = H2O, 

Less common abbreviations of this type are defined 
as they occur. '

Commonly used abbreviations of more general 
nature are as follows:

DTA = differential thermal analysis
EPMA = electron probe micro analysis

IR = infrared
NMR = nuclear magnetic resonance 
psi (or p s.i.) = pounds per square inch 
rh (or RH) = relative humidity 
w/c (or W/C) = water — cement ratio 
XRD = X-ray diffraction '

Identification Number of Supplementary Papers
Example: Supplementary Paper III—50, HI is 

session III and 50 is the arrival number of con
tribution. This number coincides with the number 
used in the preprint of papers distributed in advance 
of the symposium.
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SESSION 1-1 STRUCTURE OE PORTLAND 
CEMENT MINERALS

Principal Paper Structure of Portland Cement Minerals

Andre Guinier and Micheline Regourd*

Synopsis

In portland cement clinker, the four principal constituents are found in the form of 
solid solutions. The polymorphic variations of these solid solutions being numerous and 
ill-defined, we have first dealt with the structure and polymorphism of the pure compounds.

Pure C3S, passes through six allotropic forms between ambient temperature and 1100°C, 
all very close to the trigonal high-temperature form. A pseudo-structure which is a good 
approximation to the real structure has been proposed by Jeffery. Alites usually crystallize 
in the monoclinic and trigonal forms of C3S.

On the other hand, the five forms of C2S are different. Their crystal lattices are distinct 
and the stacking of silicate tetrahedra differs from one to another. Only the structures of 
ß and 7 have been determined. Belites usually crystallize in modified ß forms, more rarely 
as the 7' form.

The cubic structure of C3A has not been determined. Tricalcium aluminate forms solid 
solutions with the aluminoferrites of the interstitial phase. This can occur as a glassy phase 
when clinkering temperature is high, quenching rapid and the A/F ratio > 1.

The hydraulic properties of the clinker constituents are linked to their crystal structure, 
particularly the irregular Ca co-ordination, and the presence of holes in the structure. All 
the forms of C3S show comparable reactivity whereas the forms of C2S differ in their hydraulic 
properties. '

Introduction

This is a study of the four minerals which are the 
principal constituents of all portland cement clinkers 
and are designated, following the classical abbrevia
tions, as C3S, C2S, C3A and C4AF.

In fact, each of these abbreviations represents a 
group comprising the pure phase and the solid 
solutions having a crystal lattice with identical or 
very similar lattice dimensions. The alites and 
belites which correspond respectively to C3S and C2S 
are the solid solutions formed by the addition of 
impurities which are present in all commercial cement 
clinkers and are principally the ions or oxides of Al, 
Mg, Fe, Na, K, Cr, Ti, Mn, P, et cetera. Even when no 
impurities are present, the aluminoferrite, “C4AF”,

‘Centre d’Etudes et de Recherches de ITndustrie des Liants 
Hydrauliques, Paris, France 

can have a variable composition C2(APF1_P) where p 
varies from 0 to 0.7.

On a polished clinker surface, the microscope clearly 
distinguishes the different phases. C3S appears in the 
form of well-defined crystalline grains varying in 
size from 10/z to 40/z. C2S occurs as rounded crystals 
or twinned polyhedra, with a smooth or striated sur
face.

Between these grains there lies an interstitial phase 
in which it is sometimes possible to identify well- 
formed crystals of C3A but often the interstitial phase 
is so finely crystallized that the individual grains are not 
visible.

The object of this paper is to describe the crystal 
structure of each of the phases listed above and how 
the structure varies with temperature and with addi
tions to the pure stoichiometric composition.



Fig. 1. Photomicrograph of portland cement clinker: the alite 
crystals are pseudo-hexagonal, the belite grains rounded and 
striated. The interstitial phase lies between the C3S and CiS 
crystals. Terrier and Hormain (.105).

The whole system presents a difficult field of study 
because, with certain exceptions, one cannot obtain 
the clinker phases in the form of single crystals of 
sufficient size to permit a structure determination by 
classical methods. In general, one is reduced to charac
terising a phase solely by its lattice, deduced from 
powder diagrams. But even this technique is difficult 
to use in this field because of the low symmetry or 
large unit cell of certain phases and above all because 
the variations which one is trying to detect as a func
tion of temperature or of additions are very small. 
Furthermore, it has only recently become possible to 
obtain high quality powder patterns at temperatures 
up to I500°C. In his paper of 1960, F. Ordway (1) 

insisted upon the necessity for developing special 
high temperature techniques adapted to the study of 
clinker minerals.

The' results obtained by X-ray diffraction must 
obviously be checked with those given by other 
techniques such as microscopy, infra-red absorption, 
spectroscopy, electron-probe microanalysis, etc., 
and especially differential thermal analysis.

Numerous papers have appeared on problems in 
this field. Not all of these are based upon the use of 
the most sophisticated techniques and contradictions 
exist between the results reported. However, on the 
whole, certain facts emerge which clarify the problem. 
A general review must naturally emphasize the points 
on which there is agreement but one must also mention 
other observations even where they are contradictory.

In order to resolve these two incompatible demands, 
we have chosen not to follow the chronological order 
in reporting successive papers. In each chapter of this 
article, dealing respectively with tricalcium silicate, 
dicalcium silicate and the interstitial phase (calcium 
aluminoferrite and tricalcium aluminate), we begin by 
giving what we ourselves regard as the most complete 
and satisfactory solution to the structural problem. 
Next, we group the studies which make a partial con
tribution to the preceding results, or contradict them. 
We try then, in the latter case, to discuss the possible 
origin of these differences with what we consider to 
be the most probable soultions.

In the conclusion, we discuss the general character 
of the polymorphism of the calcium silicates and 
hence the relations between the crystal structures and 
clinker properties.

Tricalcium Silicate

It is the tricalcium silicate phase which has the most 
numerous allotropic forms. We have shown that there 
are six between ambient temperature and 1100°C. 
One can find all the same forms in the solid solutions 
but all have lattices extremely close to trigonal, the 
simplest form.

The X-ray powder diffraction patterns are indistin
guishable except for slight movements of certain lines 
or their separation into very close multiplets; but the 
relative intensities do not vary.. This shows that the 
structure of the least symmetrical forms remains, to a 
very good approximation, that of the most symmet
rical. ■

" ' Jeffery’s Structure (2)

The structure of C3S has been determined by 

Jeffery on a single crystal of sufficient size, which was 
isolated from a blast-furnace slag. In this work, which 
dates from 1950, Jeffery, on the basis of the visually 
estimated intensities of the diffracted spots (without 
Lorentz-polarization correction), determined a trial 
structure which is a good approximation to the true 
structure. O’ Daniel, Hahn and Müller (3, 4) have 
confirmed these results by a Patterson synthesis. 
No other structure has been proposed.

The pseudo-structure, proposed by Jeffery, is 
trigonal, with a = 7, c = 25 Ä (hexagonal notation), 
space group R3m. It is composed of independent 
tetrahedra; three SiO4 tetrahedra and three oxygen 
ions lie on the trigonal axes (5). The calcium ions 
link the tetrahedra and are octahedrally co-ordinated 
to the three oxygen ions which are not linked to Si4+ 
(see Fig. 2). Identical columns are found on each



Fig. 2. Tricalcium silicate: Jeffery’s structure.
a) basal plane
b) vertical section through the long diagonal of the hex

agonal cell. The relationship of the monoclinic axes to 
the hexagonal cell is shown. (Taylor: Chemistry of 
Cements, pp. 149-150).

trigonal axis, but at different heights (see Fig. 3). 
These form irregular octahedra of atoms around the 
calcium ions and leave holes large enough to accom
modate other atoms.

It is the irregular co-ordination of the Ca ions (the 
bonds vary from 2.54 to 3.24 Ä) and the holes adjacent 
to these ions that give C3S its hydraulicity.

Nevertheless, Jeffery’s structure is certainly only 
approximate. The lattice of the lower temperature 
forms is not the simple trigonal. We have tried to 
grow crystals from molten CaCl2 (6). From a number 
of crystals between 4 and 10/z, we chose a 7/z pseudo
hexagonal crystal. An oscillation photograph shows 
superlattice lines corresponding to a = 14 Ä (7). 
Construction of the reciprocal lattice from a Weis
senberg photograph gives approximate values for 
b and c of 14 and 25 Ä. The parameters may be 
obtained more accurately by indexing powder photo
graphs on a pseudo-hexagonal lattice.

Fig. 3. Tricalcium silicate Jeffery’s structure.
Two adjacent columns of tetrahedra and single 0 atoms, 
surrounded by Ca atoms. A complete column is obtained 
if (b) is placed on top of (a) and the labelling of the various 
atoms corresponds to that of Figure 2b). (Taylor: Chemistry 
of Cements, p. 148).

Study of Polymorphic Transformations 
of C3S by DTA

The results of differential thermal analysis are the 
most straightforward and a definitive list of the 
transition points can be established (see Table 1). 
Four reversible DTA peaks at 600°, 920°, 980° and 
990°C characterize C3S (see Fig. 4). Due to the power
ful resolution of micro DTA (8), the peaks at 980°C 
and 990°C are well resolved. The thermal effects of 
these transitions are very weak, smaller than the a — ß 
transformation of quartz (1.4cal/g) (9). The trans
formation point at 990°C was discovered both by 
Boikova and Toropov (10) in pure C3S, and by 
Woermann, Hahn and Eysel (11) in both C3S and in 
the solid solutions.

Boikova and Toropov (10) cross-checked the



Table 1. Characteristic properties of D.T.A. 
peaks of pure C 3S

Temperature of 
transformation 

(beginning 
of the 

signal during 
beating, °C)

Shape of the peaks—hysteresis

Estimated thermal effect 
related to the 

transformation (cal/g)

D.T.A,*
direct ** 

calorimetry

585 ± 5 Broad peak up to 30° width 
depending on heating rate and 
strong hysteresis (20—40°C) 
upon cooling

0.6

917 ± 3 Sharp, strong peak, weak hys
teresis (IO°C)

1 1.3

975 ± 3 Sharp, strong peak without 
appreciable hysteresis

0.5 0,6

990 ±2 Sharp, very small peak with
out appreciable hysteresis

0.05

* From area of the peaks and comparison with the area of the peak 
obtained in high-low quartz transition. For this last thermal effect 1.4 cal/g 
was admitted as given by R. ROY(9).
•*In this set of experiments(13) the thermal effect of the quarto transition was 
found to be 2 cal/g.

DTA results by a study of a small crystal on a high- 
temperature microscope. The transformations at 
620°, 920° and 980°C could be observed and were 
found to be reversible, but the authors do not indicate 
whether the crystal transforms without change of 
habit.

Study of the Polymorphic Transformations 
of C3S by X-ray Diffraction (XRD)

At high temperature, the lattice is trigonal. On 
cooling, the lowering of the symmetry causes splitting 
of the hexagonal reflexions into groups of lines whose 
number and spacing permit the determination of the 
true lattice (7).

At 1100°C the lattice is trigonal, with hexagonal 
parameters a = 7.15, c = 25.56 Ä. The 30 lines of the 
powder pattern (up to 1.48 A) show the extinctions 
corresponding to space-group R3m: —h + k + 1 = 
3n.

Our results are in good agreement with Jeffery’s 
predictions, deduced from the trial structure.

With decreasing temperature, the transformations 
are clearly visible on three hexagonal spacings 201, 
204 and 220, which become successively doublets and 
triplets (see Fig. 5).

In the range of temperatures used, the 009 reflexion 
does not show any splitting at all and its relative 
intensity remains constant relative to the other reflex
ions. The stacking of planes perpendicular to c, 
about 8.4 A apart, therefore remains the same. A 
sliding of these planes in the direction perpendicular 
to the c axis takes place.

The principal characteristics of the transforma
tions are:

Fig. 4. Tricalcium silicate. DTA diagram, heating rate 
\3oCjmin. Mazieres (8).

1) 1050°C:change of symmetry from rhombohedral  ̂
monoclinic (R -> Afn). The transformation is con
tinuous and only the hexagonal basal plane is 
deformed (see Fig. 6).

The pseudo-hexagonal cell deduced from the 
reduced cell chosen according to Donnay (14) is 
defined by the parameters a = b = 7.130Ä, c = 
25.43 k, a = ß = 90°, y = 119.88°. This can be con
sidered as an orthorhombic cell with parameters 
a = 12.342, b = 7.143, c = 25.434 A (7).

Nevertheless, the structure cannot be anything but 
monoclinic: the small but continuous deformation 
of the trigonal lattice does not permit of the formation 
of an orthorhombic structure; there is no orthor
hombic sub-group of the trigonal space group. The 
transformation is probably of the second order, the 
structure can only be monoclinic (Mn) (11).

2) 990°C:discontinuous transformation of the unit 
cell without change of symmetry: Mn MP The 
components of the doublets 201, 204 and 220 are 
clearly separated (see Fig. 5).

As well as the deformation of the hexagonal basal 
plane, there is now added an inclination of the c axis 
to this plane (j? = 89.88°) (see Fig. 6).

The stability region of the Mj phase is only 10°. 
We suspected the presence of this form from the small 
signal given by //DTA at 990°C. We therefore took a 
series of photographs between 970°C and 990°C and 
found a diagram characteristic of Mp The components 
of the doublets are, indeed, less well defined than in the 
other forms but this variety has been confirmed in solid 
solutions of C3S + A12O3 by both Bigare (12) and 
Woermann, Hahn and Eysel (15). These authors have 
all observed an increase in the zone of stability of Mj 
to 60° for the solid solution C3S + 1 % A12O3.



009 204 220

1100°

1000°

985°

940°

850°

20°

ft I t I t .
2.754 1 7765 1.7592 A

2.767 2.736 1.7682

Fig. 5. Tricaliium silicate. Evolution of the hexagonal reflexions 
009, 204,220from 1100°C to ambient temperature. The powder 
patterns are obtained with a high temperature Guinier camera. 
At 1000°C the components of the 220 doublet are separated by 
3 x 10"^Ä, 220 1.786, 1.783Ä, and 204 2.780, 2.776Ä
Regourd (32).

3) 980°C: change of symmetry Mz Tni. The 
characteristic doublets become triplets and the lattice 
is now triclinic; in the hexagonal basal plane the three 
axis a, b and d are different. A diagram taken at 940°C 
shows about 100 lines which can not be indexed without 
doubling the pseudo-hexagonal parameters a and b 
to 14 A. The superlattice in the basal plane only 
involves a change of orientation of the rhombohedron 
in which obverse becomes inverse. If one retains the 
orientation of the original unit cell, the extinction rule

Fig. 6. Tricalcium silicate: deformation of basal plane of the 
hexagonal cell. H = (pseudo-) hexagonal, O = (pseudo-) 
orthohexagonal. Dots indicate the projections of vectors [007] 
on the (001) plane. Regourd (II, 32).

is not the same: it becomes + h — k + 1 = 3n (11). At 
940C°, the pseudo-hexagonal cell has the parameters 
a = 14.229, b = 14.249, c = 25.412 A, a = 90.10°, 
ß = 89.85°, y = 119.76°.

4) 920°C. Although DTA gives a strong signal, we 
observe no change of symmetry , nor any change in 
volume of the unit cell. The components of the triplets, 
arising from the hexagonal reflexions 201, 204 and 
220 separate progressively from 980° until 620°.

5) 600° C. No change of symmetry is observed but a 
slight discontinuity in the splitting of the characteristic 
triplets.

6) 20°C. On a photograph exposed for 40 hours 
(6 mA, 30 KV, Cu Ka), we detected two very weak 
reflexions (I/Io < 1/100) with long spacings 14 and 
8.2 A. These are hkO reflexions and would imply the 
doubling of parameters a and b. The new unit cell 
would be defined thus:

a = 28.160 b = 28.294 c = 25.103 A
a = 90.30° jS = 89.77° y= 119.53°

The variations in the pseudo-hexagonal parameters 
from ambient temperature to 1100°C are shown in 
Table 2. '

Nature of C3S Transformations

The characteristic properties of the transformations



Table 2. Lattice constants of the modifications ofpure C3S (.Average errors: a, b, c; ±2 X 10 3Ä; «, g, 7: ±3 X 10 2 degree} 
Pseudo-hexagonal lattice constants

Temperature °:C Allotropic form a(A) b(A> C<A) ^(°) Si") 7(o)

1100 Rhombohedral R 7.150 7.150 25.560 90 90 120
1000 Monoclinic Mn 7.130 7.130 25.434 90 90 119.88

985 Monoclinic Mj 7.125 7.125 25.420 90.13 89.88 U9j84
940 Triclinic TIU 14.229 14.249 25412 90.10

Possibly doubling of a and b
89.85 119.76

>680 Triclinic Tn 14,169 14.209 25.289 90.22 89.80 119.62
20 Triclinic T£ 14.080 14.147 25.103 90.30 89.77 119.53

Table 3. Characteristic properties of the transitions itt pure CajSiOs

Transition 
temperatures -

CC)

Characteristic effects
■ Type of*

transition
Allotropic form Space group

X-Ray D.T.A.

1050 Change of symmetry, continuous defor- No pea-k Type a Rhombohedral (R) R3m
mation of the cell continuous Monoclinic II <Mn) Cteml

990 Mo change of symmetry, change of cell Very small reversible Type a
volume peak discontinuous Monoclinic I (M,) Ctmil

980 Orange of symmetry, change of cell Strong reversible Type a + b
volume; superstructure: doubling of a 
and b to 14Ä

peak discontinuous Triclinic III i(TrTT) Cl

920 No change of symmetry, no change of Strong reversible Typeb
subcell volume; '(possibly second super
structure)

peak discontinuous Triclinic II i(TIr) Ct
600 No change of symmetry, small defor- Broad reversible Type a

mation of the cell; possibly second super
structure

peak discontinuous Triclinic I (T,) Cl

'Type a: with decreasing temperature the degrees of freedom of the thermal vibrations are reduced thus leading to discontinuous or continuous changes 
in cell volume. The structural groups are slightly deformed hut their periodicity is unaffected.

Type lb: upon cooling, in the arrangement of the groups, regular slacking faults perpendicular to the c axis are produced, leading to the foranatioti of 
superstructures -but not affecting appreciably the volume of the subcell. ,

of C3S are ©o61ecte.d im T able 3(11).
DTA and X-ray have esttabhshed 5 reversible trans- 

fonmati-oMS between six aMotaopic forms. Three of 
these tramsitiioms (W°, <M0o and 600°C) have been 
observed by both DTA and X-ray methods-

The transformation R. — Mai, found by X-ray, 
gives no DTA signal. The transition, which is con
tinuous and weak, extends over 69OC, beginning at 
about 105i0oC. Possibly it is a second order transition.

The transition Tm - Tra, at 920°C, undetectable by 
X-rays, is characterised by a strong DTA signail 
The unit cell is triclinic up to 9to°C and the Debye- 
Scherrer pattern maintains the same relative intensities. 
The strong thermal effect is perhaps due to a second 
superstructure which, while leaving the fimdsimental 
spacings unchanged, modifies the long spacings which 
are too weak to be detected under normal cond irinns 
The superstructure found for T, could exist equally 
in Th (we have not verified this hypothesis because 
of the very long exposures which would be required 
at high temperature). A re-arrangement of the 
hexagonal groups in the lattice could vary the energy 
of the structure appreciably and this would explain 
the thermal effect. .

To conclude, C,S undergoes numerous small ampli
tude transformations around a constant atomic 
arrangement. All the transformations are of the 

"dispbeive” type (16). They are produced by small 
movements of the atoms from their positions in the 
original structure, without any alteration of the general 
arrangement of the chemical bonds.

We have shown evidence of two types of transition: 
change of symmetry and superstructure:

—the hexagonal structure, advanced by Jeffery (2), 
is constructed of independent SiO4 tetrahedra. At high 
temperature, the atoms of the SiO4 tetrahedra are 
vibrating freely; the hexagonal unit cell shows a 
corresponding symmetry. As the temperature 
decreases, the degrees of freedom diminish and the 
departures from symmetry appear. They reveal them
selves by changes in the X-ray powder diagram, that 
is to say, by the splitting of characteristic reflexions;

the structure of C3S is a stacking of hexagonal 
groups. With decreasing temperature the stacking 
faults give rise to a superstructure which is revealed 
by weak reflexions at low angles.

Certain of our results (the superstructure in Tn), 
not being directly proved, may be open to discussion. 
The powder patterns which we have studied permit 
determination of lattice dimensions and symmetry but 
give no other information on the structure. We are 
unable to distinguish a pseudo-orthorhombic form 
from a true orthorhombic structure. The superstruc
ture in Tt is only indicated by the presence of two very



weak Debye-Scherrer lines at long spacings. However, 
in an oscillating crystal photograph of alite (with the 
hexagonal axis parallel to the axis of rotation) Jeffery 
(2) has shown evidence for the existence of superlattice 
lines corresponding to a = 40 Ä. Thus, in the Tz 
form of pure C3S, it seems more likely that a = 42 Ä 
than 28 Ä. ,

The study of the polymorphism of C3S demands 
experimental techniques with great powers of resolu
tion. Only the combination of X-ray and DTA has 
given complete .results. To elucidate the structural 
relations of the different polymorphs completely, it 
will be necessary to prepare single crystals of sufficient 
size.

Tricalcium silicate, being of type A3BX5, is isomor
phous with tricalcium germanate, Ca3GeO5 (17, 18) 
and sodium fluoberyllate, Na3BeF5 (19).

Other Studies on Tricalcium Silicate

All the transitions which have been described in the 
preceding paragraphs have not been detected by the 
first workers in the field either because they did not 
use DTA or because they had no X-ray equipment of 
sufficient resolution. On the other hand, transitions 
which proved to be due to an impurity (such as a small 
amount of C2S) have been attributed to C3S.

Thus Nurse and Welch (20) found 6 transformation 
points, at 464°, 622°, 750°, 923°, 980°, 1465°C. An inter
pretation of this thermogram was proposed by 
Jeffery (21). The first transformation corresponds to 
the dehydration of free lime. The peaks at 622°, 
750°, 1465°C are characteristic of the ß — a', y — a', 
and a' — a transformations of C2S. The only peaks, 
due to C3S are those at 923°C and 980°C, characteristic 
of three forms following this scheme:

923 . . 980 . ,
Triclinic—»-Monoclinic—»-Trigonal

Yamaguchi and Miyabe (22) repeated, in 1960, 
Jeffery’s work, and defined the same polymorphic 
transformations. A triclinic, pseudo-orthorhombic 
unit cell, calculated by these authors, has the para
meters

a=12.195 Z> = 7.104 c = 25.069 Ä
a = 90° ß = 89°44' y = 89°44'

The transformation at 990°C was not detected in a 
recent study by Miyabe and Roy (23). These authors, 
on the other hand, attribute to C3S a broad signal at 
675°C, which is characteristic of the ß —> a' transfor
mation of C2S. Boikova and Toropov (10) have shown 
evidence for the existence of this thermal effect when 
the tricalcium silicate synthesis is incomplete. We 

ourselves have verified that, in DTA, traces of /?C2S 
give a thermal effect at 675°C.

The polymorphism of C3S has been studied, in 1964, 
with the help of powder patterns, by Miyabe and 
Roy (23), who used a high temperature diffractometer, 
as we ourselves were using a high temperature Guinier 
camera (24) (see Fig. 7).

Fig. 7 shows the diffractometer traces of Miyabe 
and Roy at 600°C and 650°C, together with one of our 
double-exposure Guinier photographs taken at 600°C 
and 625°C (1962) (24). Miyabe and Roy found a 
mixture of phases T, and T^; we observed only, in 
accordance with the phase rule, T3 at 600°C and Tn 
at 625°C.

The resolution of the focussing camera (25) is better 
because we are operating with rigorously monochro- 
matised (Cu KaJ radiation and we eliminate variations 
of intensity and apparent displacements of certain 
lines due to crystal growth at transformation points. 
The sample temperature is more difficult to measure 
than in the diffractometer but it is sufficiently uniform 
and well-controlled to give lines at high temperature 
which are as sharp as those produced at ambient. 
We have established a temperature scale using known 
transition points. This calibration curve between the 
heating current and the temperature of the sample
holder is re-adjusted with the help of the temperatures 
of the DTA peaks of C3S. We can thus obtain a set of 
high-resolution photographs at selected temperatures 
which show the progress of the transformations.

Our results are in disagreement with those of Miyabe 
and Roy. The differences are as follows:

1) Miyabe and Roy found only the rhombohedral 
form (R) above 970°C; we detected three modifications 
(R, Mn, MO above 980°C (Fig. 8).

2) According to Miyabe and Roy, the stable form 
between 980°C and 920°C is monoclinic. We have 
shown evidence, in the splitting of the 620 reflexion 
(620, 620), for the presence of a triclinic form, Tni. 
The separation of the lines is 0.003 Ä, which was not 
resolved by previous workers.

3) Miyabe and Roy obtained a considerable con
traction of the unit cell of T^ between 600°C and 700°C 
(Fig. 9) suggesting a new transition, T^ Ty, at about 
700°C. We consider that some of the lines for T^, T,, 
and M are incorrectly indexed. If the spacings in 
Miyabe and Roy’s diagrams are correctly indexed 
and the parameters recalculated, the contraction dis
appears (see Fig. 10). The curve showing variation of 
pseudo-orthohexagonal parameters is then similar to 
ours (Fig. 11).
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Fig. 7. Tricalcium silicate. Comparisori'Jietween: yl) diffracto
meter traces by Miyabe and Roy (23) taken at 60Ö1 C and 650° C, 
showing a mixture of a and ß phases; B) a pair of high temper
ature Gutnier photographs showing Tj at 60(TC and Tn at 
625°C. Yannaquis, Regourd, Mazieres, Guinier (24).

■ Solid Solutions of Tricalcium Silicate

The transformations of C3S occur rapidly at well- 
defined temperatures, and without noticeable hyster
esis. One cannot stabilize, by quenching, any of the 
high temperature forms.

On the other hand, if one introduces small amounts 
of foreign ions into the C3S lattice, one obtains, at 
ambient temperature, phases which have the same 
lattice as one of the phases of pure C3S. There is thus, 
by additions, stabilization at ambient temperature of 
forms which in the pure compound only exist in 
narrow ranges of temperature. One might say that the 
disorder introduced by foreign ions is playing a role 
analogous to the disorder of thermal vibration.

Table 4 (11) indicates the nature of the phases ob
served by different additions, as a function of their 
concentration. The different solid solutions have been 
prepared by synthesis from pure materials. In clinker, 
the solid solutions must be more complex. Table 4 

shows how one addition will not, in general, stabilize 
all the forms. The highest symmetry phase is stabilized 
by ZnO but not by any other single oxide. Never
theless, it is observed in certain clinkers which contain 
insufficient ZnO but a very large number of other 
impurities (A12O3, Fe2O3, MgO, Cr2O3, TiO2, Na20, 
K2O etc.). These complex mixtures have not been 
reproduced by synthesis. The studies of the solid 
solutions as a function of temperature have been 
made only on the simplest synthetic products and we 
will begin with the addition of ZnO which stabilizes the 
most complete range of phases.

Solid, solutions of C3S -V ZnO. Zinc oxide stabilizes, 
at ambient temperature, the forms T,, Tn, Mj, Mn, 
R of C3S (11); Zn2+ replaces Ca2+ in the C3S lattice. 
The variations in the parameters as a function of 
percentage of ZnO show clearly the different varities 
stabilized (Fig. 12). The DTA results confirm the 
stability ranges. The transformation temperatures are 
decreased by the addition of ZnO. At 0.75 % ZnO
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Fig. 8. Tricalcium silicate. Characteristic reflexion groups in 
the powder patterns of the various modifications.

A) Microdensitometer tracings of high-temperature focussing 
film patterns. Regourd (32);

Table 4. Stabilization of high-temperature allotropic forms by various oxides

Oxide
Composition ranges of allotropic forms quenched to room temperature, 

x weight % added oxide Limit of solid solution at 1550°C, 
weight % added oxide

T, Tn Mn R

Cr2O3 0-1.4 — — — 1.4
Fe2O3 0-0.9 0.9 -1.1 — — 1.1
Ga^Og 0-0.9 0.9 -1.9 — — — 1.9
A12O5 0-0.45 0.45-1.0 — — —— 1.0
MgO 0-0.55 0.55-1.45 1.45-2.0- — 2.0
ZnO 0-0.8 0.8 -1.8 1.8 -2.2 2.2-4,5 4.5-5.0 5.0 (1400°C)
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Fig. 9. Tricalcium silicate: variation of pseudo-orthohexagonal 
lattice Constants with temperature, Miyabe and Roy.



the thermal effects at 920°C and 980°C marge into one 
with addition of their intensities. The stability zone 
of Tni disapears. Above 0.75 % ZnO, M, transforms 
directly to Tn. The fusion of the two DTA peaks 
implies a change of symmetry from monoclinic to 
triclinic, with the formation of two superstructures, 
simultaneously. ,

The temperature of the small signal at 990°C does not 
vary and the thermal effect persists above 2.25 % ZnO, 
into the region where, according to X-rays, Mn and R 
appear to be stabilized. This is a new example of a 
phase-change detected by DTA but imperceptible by 
XRD. Above 2.25% ZnO, the solid solutions C3S + 
ZnO would again be monoclinic but of a form appro
aching so closely to rhombohedral that XRD cannot 
resolve the symmetry.

There is one difference between the monoclinic

12.10 .
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Fig. 10. Tricalcium silicate. Variation of pseudo-orthohexagonal 
lattice constants ■with temperature, recalculated (77) from data 
of Miyabe and Roy.

Fig. 11. Tricalcium silicate. Variation ofpseudo-orthohexagonal 
lattice constants "with temperature. Regourd (77, 32).

Fig. 12. CasSiOs-ZnO solid solutions. Variation of pseudo
orthohexagonal lattice constants with composition at room 
temperature in the CasSiOs-ZnO solid solution series. 
Woermann, Hahn and Eysel (77).



forms Mi and Mn of pure C3S and the solid solutions 
C3S + ZnO. The characteristic reflexions 224, 404 
and 620, 040 are reversed (Fig. 13).

This inversion has already been observed by Yama
guchi and Miyabe (22) and interpreted in a study of 
the solid solutions 3CaO-SiO2-Al2O3-MgO by Yama
guchi and Kato (26). It corresponds to a different a/b 
ratio of the pseudo-orthohexagonal parameters and a 
different ß angle. In the case of pure C3S at 985°C: 
ajb < V 3 , ß < 90°, in the solid solution C3S + 2% 
ZnO: ajb > V 3 , ß > 90°. The monoclinic forms of 
the solid solutions reverse at high temperature to the 
monoclinic forms of pure C3S. The intermediate form 
with a[b = and ß = 90° has an orthohexagonal 
unit cell even though the symmetry is not rhom- 
bohedral.

Ono, Uno and Kanai (27) have also stabilized the 
trigonal form of C3S by the addition of 6.3% ZnO. 
Furthermore, a solid solution C3S + 15% C3A + 5% 
CaFj, prepared by the same authors, is reported as 
rhombohedral with hexagonal parameters a = 7.088,

985°C

51° 515°

C-jS -. Monoclinic (Mj)

CgS + 2*/« ZnO Monoclinic ( Mj inverted)

Fig. 13. CoiHpanson of densitometer records showing charac
teristic reflexions of monoclinic forms of pure C3S at 985OC 
and C3S + 2%ZnO at ambient temperature. In the solid 
solution (C3S + 2% ZnO) the 224,404 and620, 040 reflexions 
are inverted.

c = 25.115 Ä, but the optic axial angle 2V is not 0 
as in the case of C3S + 6.3% Zn3SiO5; it is less than 
15°(—). Presumably, this solid solution is not truly 
hexagonal.

Solid solutions C3S + MgO. Woermann, Hahn 
and Eysel (15) have proposed, for the solid solutions 
C3S + MgO, the following formula: (Ca^JMgJj 
SiOj, where 0 < x < 0.0125 at 155O°C. The Mg2+ 
ions replace an equal number of Ca2+ ions in the C3S 
lattice (28). The solubility limit is 2% MgO but this 
depends on the temperature (15, 26, 29). In addition, 
CaO dissolves small quantities of MgO (30). Thus 
crystals of the solid solutions Ca3SiO5 — “Mg3SiO5” 
and (Ca, Mg)O (31) can co-exist. The forms of C3S 
which are stabilized are Tj (up to 0.55 % MgO), Tn 
(0.55 to 1.45% MgO) and Mj (from 1.45 to 2.0% 
MgO). Above 2%, periclase appears, identified both 
optically and by the lines in the X-ray powder diagram. 
In the monoclinic form, the characteristic lines are 
again inverted: in the solid solution C3S + 2% MgO, 
a]b = 1.737 and ß = 90.12° (32).

Solid solutions C3S + Al2O3. The alumina incorpo
rated in the lattice of C3S can be either in the form of 
A12O3 or C3A. The solid solutions are characterized 
by a field in the system CaO-Al2O3-SiO2. This implies 
that the solid solution is formed by CaO and A12O3 
(31). Woermann, Hahn and Eysel (15) have dis
tinguished two types of solid solution:

a) between 0 and 0.45% Al2O3
Al3+ replaces Si4+ in the tetrahedra but occupies 
the free octahedral sites also, thus maintaining 
the electrostatic neutrality of the lattice. The 
formation of the solid solution, by both addition 
and substitution, is expressed by the formula:

CaivAiy^Si^i^Ali^O,
where 0 < x < 0.02, IV' being a vacant octahed

ral site. The only form of C3S stabilized is Tj (12, 15).
b) between 0.45 and 1 % Al2O3

above 0.4% A12O3, the incorporation of A12O3 
may be: —either the result of two linked sub
stitutions: Si-Al (tetrahedral sites), Ca-Al 
(octahedral sites), following the formula:

(Ca3 _xl3 A1Xj,2)vi (Si t_ xl2 Alx/2)lv O3
—or the continuous balanced replacement of 
Si by Al for the most part in the octahedral 
sites occupied by Ca(VI) and to a very small 
extent in the vacant octahedral sites (VF).

These interpretations appear more probable than 
that of Locher (28) in which the loss of the oxygens 
which are not bonded to the tetrahedra permits the 
neutralization of the charge after substitution of 
Al for Si.



The form which is stabilized is Tn (10, 15, 29).
DTA shows the decrease in transformation tempera

tures of the forms stabilized by A12O3, up to 1 %, the 
limit of solubility. Above the solubility limit the lines 
of C3A appear in X-ray powder patterns (12). The 
solubility limit is independent of temperature. Midgley 
and Fletcher (29) found the same results, but maintain 
that the substitution of Al in the lattice is not due to 
insertion of C3A in C3S but to a solid solution of the 
series C3S - “C4.5A”.

The presence of Al does not change the type of 
substitution of Mg, but, on the other hand. Mg 
does affect the substitution scheme of Al (31).

Solid solutions C3S + Fe2O3. The limit of solubility 
of Fe2O3 in C3S is 1.1 % (15). Only the triclinic forms 
Tt (from 0 to 0.8 % Fe2O3) and Tn (from 0.8 to 1.1 % 
Fe2O3) are stabilized. According to Fletcher (33), 
the solid solutions are of the type C3S — “C3F”: 
3Ca2+ are replaced by 3Fe3+, 6Si4+ by 6Fe3+, and 
the charge is compensated by one Fe3+ ion in an 
interstitial position.

Other solid solutions of C3S. Tricalcium silicate also 
forms solid solutions with the following additions: 
La2O - SiO2 (34), Y2O3 • SiO2 (35), SO3 (36), Co203 (37) 
and Na2O(38).

Na20 substitutes for CaO in the C3S lattice. Above 
0.3% Na2O, the structure is monoclinic with para
meters a = 12.262, b = 7.053, c = 25.086 Ä, ß = 
90°07' (39). ,

CaF2 (40) enters into solid solution in C3S. At 
0.74% CaF2, the X-ray powder diagram is similar to 
that of alite in clinker. Above 0.74 % there is a decom
position of C3S into a' C2S.

It seems equally probable that C3S can take up to 
1 % P2O3 into solid solution (40), involving more a 
distortion of the lattice than true polymorphism.

Constitution and Structure of Alites in 
Clinker

In alites, one can find triclinic, monoclinic and 
trigonal forms (41, 42). In Fig. 14, we show the 
patterns of two clinkers in which the alite is in the 
forms Mn (inverse) and R.

The alite grains in portland cement clinker appear 
to have trigonal symmetry and to be practically 
uniaxial. However, each grain is an assembly of 
numerous crystallites of lower symmetry, twinned 
at 120°. As Jeffery (2) has suggested, these crystals 
are thus paramorphs of the high temperature form.

A recent study by Yamaguchi and Ono (43) shows 
evidence for two types of alite crystal: regular 
hexagons corresponding to the 0001 face and 

hexagonal sections elongated in the characteristic 
planes 1102 and 1011 (Fig. 15).

The transition form rhombohedral —> monoclinic 
is a small energy change: the monoclinic a axis 
coincides effectively with the rhombohedral c axis and 
the monoclinic b axis with one of the rhombohedral

Trigonal alite

51° 52°

220

Cui* 29° 30° 31° 32° 33° 34° 35°

Monoclinic (MU)alite

Fig. \4.Densitometer records of powder patterns (Guinier 
camera) of two clinkers, in which the alite is respectively 
trigonal and Inverse monoclinic.

fct 

R,= 1T02

R2= 10T1

Fig. 15. Relation between the trigonal axes at — 1, at — 2, 
at — 3, C[ and the crystal habit of a clinker alite. Yamaguchi 
and Ono (43).



aj, a2, a3 such that the twinning of the transformation 
is triple.

Jeffery (2) has considered alite as a definite com
position with additional atoms in fixed lattice sites. 
In alite of formula 54CaO MgO- A12O3- 16SiO2 there 
is replacement of Ca by Mg, of 2Si by 2A1, and the 
addition of one Mg ion in a vacant hole, to maintain 
neutrality of the lattice.

The structure of this alite is monoclinic, with para
meters a = 33.08, b = 7.07, c = 18.56 A, ß = 94°10', 
space group Cm. One of the 3 true mirror planes of the 
trigonal structure is preseved in monoclinic structure, 
two become pseudo mirror planes (Fig. 2). The oscilla
tion and Weissenberg photographs show a large num
ber of satellite spots, which could be interpreted to 
give a “c” spacing of 150 Ä.

The existence of different types of C3S solid solutions 
shows that alite is a true solid solution. The introduc
tion of foreign ions and balancing of charges are 
continuous and statistical. Alite is not a compound 
with a definite composition like the stoichiometric 
formula given by Jeffery. As early as 1958, Von Euw 
(44) showed that this composition contains C3A as an 
impurity.

From powder diagrams, Yamaguchi and Miyabe 
(22) calculated the monoclinic unit cell of Jeffery’s 
alite and found the parameters a = 12.246, b = 7.045, 
c = 24.975 Ä, ß = 90°04'. Ordway (1) re-calculated 
the unit cell to a = 12.248, b = 7.045, c = 24.972 A, 
ß = 90°06', an elementary cell which allows the 
indexing of all the lines visible in the powder diagram. 
Only Jeffery studied a single crystal of alite and was 
able to find the true larger unit cell. ■

Toropov and Volkonskii (45) (1960) and Chromy 

(46) (1964) observed only two forms of C3S in clinker: 
ß and a, the a form being trigonal and the transforma
tion /? —kx taking place at 1375 °C.

Stability of Tricalcium Silicate and Alites

Several methods of preparation of tricalcium sili
cate have been reported (47, 48, 49, 50, 51). Miner
alizers such as NaF, Na2SiF6 (47), LiCl (52), CaF2, 
CO2 (53) accelerate the formation of C3S. Complete 
synthesis of tricalcium silicate is difficult. Boikova and 
Toropov (10) detected, by DTA and by microscopy, 
C2S in contact with C3S. If this C2S is saturated with 
CaO, the CaO/SiO2 ratio becomes equal to 3.02 — 3.04 
in tricalcium silicate.

On the other hand, a chemical and optical study 
by Woermann, Hahn and Eysel (31) has shown that 
tricalcium silicate is a definite compound, with the 
stoichiometric formula 3CaO SiO2 (CaO = 73.68%, 
SiO2 = 26.32%). In samples with a lime content 
higher than 73.68%, C3S co-exists with free CaO; 
there is no C2S.

C3S is stable between 1250°Cand 2070°C, the tem
perature at which it melts incongruently to form CaO 
and a liquid phase (54). Below 1250°C, pure C3S does 
not decompose (55, 22) or its decomposition is so 
slow that it can only be detected by the analysis of 
trace quantities of free lime (54).

Alite will decompose into belite and free lime in 
the presence of certain minor elements (K2O, CaF2). 
A considerable decomposition of alite occurs at 1180°C 
in metallurgical clinkers. The Fe2+ ions replace the 
Ca2+ in the C3S lattice (56).

Dicalcium Silicate

It is necessary to note first of all the differences that 
exist between the polymorphisms of C2S and C3S. 
The lattices of the different C2S form are known and 
their parameters are quite distinct. At the moment, 
only the structures of the ß and y forms have been 
determined; they are completely different. It seems 
equally certain that the a and a' structures show 
small but distinct differences. In addition, there is 
complete agreement between the transition points 
revealed by DTA and by XRD crystal analysis. In the 
case of C2S we have the usual types of transformations, 
whereas in C3S we have a very special case because 
all the forms can be derived from a single structure by 
slight variations.

Structure of the 5 Forms of C2S

aC2S. Of all the forms of C2S, the a form, which 
exists only between 1425°C and its melting point, at 
2130°C, has been least studied because of the diffi
culties of carrying out high temperature experiments.

The most recent work is that of Yamaguchi, Ono, 
Kawamura and Soda (57) who used diffractometry 
at 1500°C to determine the trigonal lattice (space group 
P 3m 1) with parameters a = 5.527, c = 7.311 A 
(hexagonal notation). These results agree with those of 
Bredig (58) (a = 5.45, c = 7.19 A) obtained from high 
temperature powder photographs taken by Van 
Valkenburg and McMurdie (59). The space group is 



C 3m (P 3m 1) by analogy with glaserite, NaK3(SO4)2.
The other determinations have been made on sta

bilized phases but with additions of such large propor
tions that one ought to consider whether the lattice 
has been substantially altered. Thus a a form “sta
bilized” by 2.5% A12O3 + 2.5% Fe2O3 + 6% Na2O 
has parameters a = 5.419, c = 7.022 A (57).

A.M.B. Duglas (60) observed a small amount of a 
trigonal phase, with parameters a = 5.46, c = 6.76 A, 
similar to a C2S, in the ‘single’ crystals of bredigite 
extracted from vugs in blast furnace slag. These com
posite crystals, of composition Ca1.5gBa().08Mg0,31 
Mn0 09SiO4, always contained the trigonal and orthor
hombic phases in fixed relative orientation.

The crystals of nagelschmidtite 2Ca2SiO4-Ca3 
(PO4)2, also extracted from a vug in slag (61), have 
a hexagonal lattice defined by unit cell parameters 
which are multiples of those given above: a = 21.80, 
c = 21.54 A. Likewise, Yamaguchi, Miyabe, Amano 
and Komatsu (62) in 1957, have suggested that the 
lattice of glaserite cannot be applied to a C2S unless a is 
multiplied by 4 (a = 21.8 A) and c by 3 (21.50 A). The 
unit cell of a C2S would, in this case, be more complex, 
but these results were not retained by Yamaguchi, 
Ono, Kawamura and Soda (57) in 1963.

a'C2S. There exist two forms of a'C2S: and a'L 
whose stability regions are respectively 1420° — 
1160°C and 1160° — 675°C (63). The parameter varia
tion curves calculated by Niesel and Thormann (63) 
from diffractometer traces of pure C2S, show a rever
sible change of slope at 1160°C. We ourselves, with the 
help of high-temperature powder photographs, have 
confirmed the existence of two different forms of 
a' C2S at 1145°C and 1200°C. Our results form the 
subject of a Supplementary paper to this Symposium.

Smith, Majumdar and Ordway (64) have already 
observed on diffractometer charts a variety C2Sa£, 
obtained by heating y C2S, slightly different from 
C2S«h, obtained by cooling the a form. Similarly, 
Yamaguchi, Ono, Kawamura and Soda (57) have 
detected differences of intensity in the lines of a' 
prepared from a on the one hand and from y on the 
other. This intensity difference disappears towards 
1100°C. At 1300°C, the orthorhombic unit cell of 
ajjCjS, calculated by Yamaguchi, Ono, Kawamura 
and Soda (57) from powder patterns, has parameters 
a = 6.883, b = 5.600, c = 9.543 A (space group 
Pnma).

Determinations have been made on stabilized a' 
forms. Thus, for a phase containing 10% CaMgSiO4 
and 4%K2O, Yamaguchi, Ono, Kawamura and 
Soda (57) found the following parameters: a = 6.748, 
b = 5.494, c = 9.261 A. The form stabilized corre

sponded to the form «hC2S above, described by the 
same authors. In this case, the differences are not due 
solely to thermal expansion, but also to distortion of 
the lattice by the impurities.

Douglas (60), working on the natural mineral bredi
gite, usually considered identical with a'C2S, and on 
the composite crystals referred to above, calculated a 
cell which has the a and b parameters doubled: 
a = 10.91, b = 19.41, c = 6.76 A (space group 
Pmnn) and she found a similar cell by indexing 
Trömel’s powder data (65) taken at 750°C; certain 
weak lines necessitate the doubled cell. Ordway (1) 
points out that the powder patterns of pure a'C2S and 
Douglas’s material are significantly different though 
the structures are probably closely related.

The a'C2S structure is unknown. Bredig (58) has 
proposed the hypothesis that it is analogous to that of 
jffK2SO4. Majumdar, Smith and Ordway (66) give a 
model founded upon the analogy between and 
)9K2SO4 but without justification by intensity measure
ments.

ßC1S. The most precise determination of the para
meters was obtained by Yannaquis (55) using a syn
thetic preparation of pure /?C2S. The lattice is mono
clinic with parameters a = 5.507, b = 6.754, c = 
9.317 A, ^ = 94°38' (A.S.T.M. card 9-351), space 
group P21/n.

From a powder diagram of ßC2S at 550°C ,Yama
guchi, Ono, Kawamura and Soda (57) have proposed 
a monoclinic unit cell with parameters a = 5.558, 
b = 6.823, c = 11.261 Ä, ß = 123O1T, space group 
P21/c, which is identical to the Yannaquis’s lattice 
(see Fig. 16).

Lattice determinations have also been made on 
stabilized ßC2S phases: C2S + 0.5% B2O3 is defined 
by the parameters a = 5.48, b = 6.76, c = 9.28 A, 
ß = 94°33', (space group P21/n) (61) and ßC2S + 
0.25% Cr2O3 by parameters a = 5.514, b = 6.757, 
c= 11.197 Ä, ß = 123°59' (57). These results show 
that the distortions introduced by foreign ions, though 
not negligible, are very small.

The structure of monocrystals of ßC2S stabilized by 
0.5%B2O3 is monoclinic (61), and is constructed 
from independent SiO4 tetrahedra and two sorts 
of Ca atoms. Four of these 8 Ca atoms (CaJ are 
placed alternately above and below the SiO4 tetrahedra 
in the direction of the b axis. The structure can be 
described as columns of alternating tetrahedra and 
Ca atoms, linked together by the other four Ca atoms 
(Can) placed in the holes between the tetrahedra 
(21). The pseudo-trigonal arrangement of the SiO4 
tetrahedra around the Can atoms is shown in Fig. 16.

The co-ordination of Caj is irregular: 6 neighbours



Fig. 16. Dicalcium silicate. The projection of ßCiS structure 
on a plane perpendicular to the b-axis Midgley (6iy The 
pseudo-hexagonal cell, axes a' and b', is shown Yamaguchi, 
Ono, Kawamura and Soda (57).

lie at distances between 2.30 and 2.75 A and six others 
between 2.98 and 3.56 A. If the co-ordination is equal 
to 9, the contribution of each of the six nearest neigh
bours being 2/9 and that of the other six 1/9, Pauling’s 
rule is approximately satisfied. The co-cordination of 
Can is equally irregular. The eight neighbours belong
ing to six neighbouring tetrahedra lie at distances 
between 2.36 and 2.80 A.

This structure, determined by Midgley (61) from 
200 hOl, Okl and hkO reflexions, has a “reliability” 
factor of 19%, the R factor being reduced to 9% by 
McIver (67). McIver suggests that the space group 
P2]/n is incorrect, the true space group being one of: 
P2J, Pn, Pl or Pl. Furthermore, Midgley notes that 
slight displacements of the atoms transform this 
sturcture to an orthorhombic structure of the j?K2SO4 
type, and somewhat larger changes give a trigonal 
structure (aC2S). The polysynthetic twinning occurs 
on the (100) and (001) planes (Fig. 16) which become 
the planes of symmetry in the structure of a'C2S.

The unit cell of Yamaguchi, Ono, Kawamura and 
Soda (57) defined by the parameters a', b', c' (Fig 16) 
is deduced from that of Midgley (a, b, c) by the fol
lowing relations:

a' = a, b' = b, c' = c — a
yC2S. The unit cell has been determined from

Fig. 17. Dicalcium silicate. The projection of yC2S structure 
on a plane perpendicular to the c-axis. Smith, Majumdar 
and Ordway (66).

powder data by several authors. Their results are in 
agreement:

a = 5.076 b = 6.756 c = 11.230 A (space group 
Pmcn) A.S.T.M. card 9-369 (55);

a = 11.232 b = 6.773 c = 5.083 A (57) (space 
group Pnma);

a = 5.091 ± 0.010 b = 11.371 ±0.020 c = 
6.782 ± 0.010 A (66) (space group Pbnm).

The volume expansion during the ß — y transforma
tion on cooling, shatters the crystals into fragments too 
small (1 — 100/z) for single crystal study. Smith, 
Majumdar and Ordway (54) prepared C2S from 
ethyl orthosilicate hydrolysed by a solution of 
Ca(NO3)2. The mixture was dried at 100°C, denitrated 
at 400°C, heated to 1500°C and quenched in air. Several 
single crystals were isolated and their complete struc
ture was determined. This structure is of the olivine 
type Mg2SiO4 (55,56). The Ca2+ ions replace the Mg2+ 
but, being larger, expand the unit cell of Mg2SiO4 
but without altering the general regular arrangement 
(21). The SiO4 tetrahedron is irregualr (Fig. 17). 
The Si-O distances vary from 1.589 to 1.725 A. This 
irregularity is probably due to the distortions in the 
hexagonal arrangement of the oxygen ions. All the 
Ca ions are octahedrally co-ordinated; the low 
co-ordination of Ca explains the greater molar volume 
of the low temperature phase.

There is also a structural analogy between C2S and 
Na2BeF4 (68, 69) on the one hand, and C2S and 
Ca2GeO4 (70) on the other.

Other Studies on C2S

Apart from these five phases which are universally 
agreed and well defined, some authors have claimed



Fig. 18. Dicalcium silicate. DTA diagram of 7C2S and ßCzS 
(Courtault) The temperatures of transformations seem higher 
than usual.

the existence of other modifications.
1) A modification of ß, called ß', has been detected 

by Vasenin (71) in a DTA study. This phase, as des
cribed by Toropov, Volkonskii and Sadkov (72), 
has a pattern similar to that of a' ,and is stable from 
900 to 1230°C. Its existence seems to be confirmed by a 
DTA signal at 1230°C, found by Schlaudt and Roy (73) 
in a study of the system Ca2SiO4-CaMgSiO4. The 
ß’ phase has not been confirmed by Welch and Gutt 
(40) nor by ourselves.

2) Kurdowski (74) reported a new phase produced 
at 600°C from a ß form stabilized by excess silica, 
which was very close to ß'. This phase appears doubt
ful because excess silica does not stabilize /?C2S but 
favours the transformation ß —>■ 7 (30).

3) A cubic form stable at 1600°C has been reported 
by Saalfeld (75). His high temperature patterns show 
an absence of 110 reflexion and enhanced intensity 
of 102. This behaviour, wihch is reversible, could be

due either to a variation of the hexagonal axial ratio 
c/a resulting from the rotation of the anions or to the 
formation of a cubic phase (a = 5.8 A). The trigonal 
102 reflexion would become the cubic 200. Since 
1953, this phase has not been reported by other 
research workers. However, a solid solution C2S + 
Na2O reported by Ono (76) is perhaps a super
structure of Saalfeld’s cubic form stabilized at room 
temperature. The mineral obtained in the CaO-SiO2- 
Al2O3-Fe2O3 system by an equimolar substitution of 
Na2O for CaO is isotropic with a = 17.769 Ä = 
3 x 5.8.

Study of the Transformations of C2S

To describe the processes of change from one phase 
to another, we will consider the transformations 
observed first with decrease and then with increase in 
temperature.

1) With decreasing temperature. We start with the 
a phase, stable at high temperature (t > 1420°C): 

a — a^: the transformation is reversible without 
hysteresis (Fig. 18). The structural changes of the 
a — a'H inversion cannot be characterized with 
certainty. Smith, Majumdar and Ordway (66) suggest 
that “half the SiO4 tetrahedra rotate so that their 
apices point in opposite directions at the phase change. 
The rapidity of the transformation is certainly facili
tated by the elevated temperature, even though the 
change may require a structural re-arrangement”. 
Niesel and Thormann (63) have found at 1160°C, a 
DTA peak, corresponding to the «h—«L trans
formation.

a' —>■ ß: 650°C. The transformation is reversible 
with a hysteresis of 25°C (Roy (77) found a hysteresis 
of 50°C); it occurs at a well-defined temperature. 
According to Smith, Majumdar and Ordway (66) 
the transformation involves a rotation of the SiO4 
tetrahedra and a change in the Ca ion co-ordination. 
From 8-fold in the a', the Ca co-ordination becomes 
variable, 8 or 9 fold, in the ß form.

ß y: the ß phase forms the y by the process 
a' ß —> y This monotropic transition involves a 
considerable change in volume (dusting). From the 
structural point of view, the ß —>7 transition is a 
transformation of primary co-ordination (78). Ac
cording to Smith, Majumdar and Ordway (66) the 
transition involves a rotation of the SiO4 tetrahedron 
and should be considered as semi-reconstructive 
because of the large movements of some of the Ca 
atoms. The sluggish nature of the transformation is 
perhaps due to the complexity of the bond re-adjust-



ments. -
The transformation has certain peculiar 

characteristics: in effect, it has been observed at 
different temperatures by different authors, 525°C (79), 
450°C (71), 400°C (74), 375°C (80), 300°C (81, 82), and 
in addition it is incomplete. One usually obtains a 
mixture of ß and y but in variable proportions; one 
can obtain anything from nearly pure y to nearly pure 
ß. These phenomena will be the subject of a later 
paragraph.

2) With increasing temperature. At ambient tempera
ture, one may start with either ß or y;

a) j?C2S: the transformation )?—»«{, takes place at 
675°C then a'^ aj, at 1160°C (63) and at 
1420°C. The transformations are visible on DTA 
and are confirmed by XRD.

b) yC2S: starting with the y phase, oc'L forms slowly 
between 725°C and 860°C. The DTA peak is elongated 
(spread out). Guinier camera photographs (see Fig. 
19) taken at 750°C and 850°C show the co-existence 
of the two forms y and a'L.

One can explain the different characters of the
—> «L and y —> a'L transformations by structural 

considerations. If the a'L structure is only slightly 
different from ß, it is very different from y. The y->a'L 
transformation is semi-reconstructive. According to 
Smith, Majumdar and Ordway (66) this implies a 

rotation of the SiO4 tetrahedra, a change in Ca co
ordination from 6 to 8, and an appreciable displace
ment of one type of Ca atom. Like the ß —» y trans
formation, its sluggishness is perhaps due to the 
complexity of the bond changes.

The whole group of C2S transformations is shown 
schematically by Niesel and Thormann (63) (see 
Fig. 20).

The energy diagram proposed by Bredig (58) now 
requires to be completed.

The different form of C2S can also be identified by 
infra-red absorption spectra (83, 84).

Stabilization of Different Forms of C2S

As indicated on Bredig’s diagram, it is the y phase 
which is most stable at ambient temperature. However, 
one can succeed instabilizing a and a', and one can 
obtain ß at ambient temperature.

Certain oxides, such as MgO, A12O3, Fe2O3, BaO, 
K2O, P2O5 and Cr2O3, stabilize both a’ and a forms 
(85, 86, 87, 88, 89, 90). A phase previously consider
ed to be a definite compound of composition 
K2O-23CaO-12SiO2 was shown by Suzukawa (91) 
to be a solid solution of K2O in the a' form of C2S. 
However, Welch and Gutt (40) could not obtain this 
form at ambient temperature, finding that it trans
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Fig. 19. Dicalcium silicate, y -^a£ transformation investi
gated by high-temperature X-ray powder patterns. At 750° 
and 850° C, the y and a£ forms coexist.



formed rapidly to ß. On the other hand, merwinite 
does not seem to be solid solution of MgO in a'C2S (5), 
as was proposed by Bredig (58). Yamaguchi and 
Suzuki (92) have prepared crystals of 3CaO-MgO- 
2SiO2 of stoichiometric composition, and with a 
monoclinic structure (a = 9.336, b = 5.301, c = 
13.286 Ä,/? = 92°8', space group Y2Jc). Furthermore, 
Gutt (93) reports the existence of a still higher Ca 
compound, CaOp? MgO0 3SiO2, which is stated to 
co-exist with the C2S polymorphs. The most inter
esting problems are those of the ß y transformation 
and the conditions of stabilization of the ß form.

a) Influence of nucleation. Even with pure synthetic 
products, considerable variation can be observed in 
the conditions for the ß ->y transformation. Yan- 
naquis and Guinier (78) have reported the influence 
which crystallite size has upon the stability of ß: 
this phase is more stable the smaller the crystals. 
Microscope observations show that grains of ß which 
are stable at ambient temperature are never larger 
than 5/z, although grains of y which have been derived 
from ß are in general 10 to 100/z in size. These observa
tions are confirmed by XRD patterns. The reflexions 
from a stationary sample of yC2S are spotty, while, 
under the same conditions, those of j9C2S are contin
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uous, (Fig. 21).
This behaviour may be explained by the mechanism 

of the ß ->y transformation, which operates by 
nucleation and growth. Let us suppose that nucleation 
is difficult; in these circumstance a grain of ß, what
ever its size, will transform entirely if it contains at 
least one nucleus of y. If after the a' —>• ß transforma
tion the crystals of the latter are sufficiently large, 
the probability that each grain will contain a nucleus 
of y is high, and one obtains, at ambient temperature, 
a high proportion of y. If, on the other hand, the 
crystals of ß are very small, many of them will not 
contain y nuclei and cannot transform during cooling.

One can thus predict that if one can succeed in 
preparing a' in very small grains, stabilization of the 
ß form may be achieved. This condition is realized if 
C2S is prepared by solid state reaction between CaO 
and SiO2 at 1200°C (94). In the stability range of the 
a' phase, the ratio rate of growth/rate of nucleation is 
low or nearly zero. In the same way, a smaple of C2S 
heated to 155O°C, in the a zone, gives 90% of ß on 
quenching because the passage through the 
transition is very rapid and the crystals remain small. 
On the other hand, the same smaple cooled slowly 
from 1550° to 1400°C and then quenched, gives 95 % y. 
The slow passage through the a -> a transformation 
allows time for crystal growth and in spite of quench
ing the transition ß —> y is practically complete. This 
explains also the role of the temperature of 1420°C 
in the stabilization of ß or y, which has been remarked 
by several authors (64, 95). According to Niesel and 
Thormann (63) it seems that 1160°C should be the 
optimum growth temperature for crystals of a'C2S; 
if C2S is synthesized below 1160°C, one obtains ß, 
while a sample prepared at a temprature above 

Fig. 20. Dicalcium silicate. Schematic diagram of CiS trans
formations. Niesel and Thormann (63).

Fig. 21. Dicalcium silicate. X-ray powder patterns of high- 
temperature Guinier camera with a stationary sample. The 
lines of are spotty while, under the same conditions, those 
of ßC^S are continuous. " ,



1160°C gives a mixture of ß and y. One should point 
out that Chromy (96) has also shown, by optical 
methods, the effect of crystallite size of C2S.

Again, the analogy between the structure of yC2S 
and NaBeFt is to be found in the nature of their 
transformations. The process of nucleation (97) is 
the determining factor in the transition y —> a,' of 
Na2BeF4.

b) Influence of pressure. The nature of the pheno
menon of apparent stability of j8C2S has been more 
precisely defined (98). It is possible to provoke a partial 
transformation from ß to y even at room temperature. 
Percussion of pellets of ^C2S will induce a trans
formation to y of as much as 30%. Crushing between 
the platens of an hydraulic press may give up to 50 % y. 
The transformation is activated by the creation of 
nuclei of y as the crystals are sheared under compres
sion. On the other hand, if powdered ß is submitted 
to hydrostatic pressure, even very high (9 tonnes/cm2 
= 8.8 X 10s KN/M2), no transformation occurs; 
the y phase is less dense than the ß phase, and increase 
of pressure does not favour the transformation (99). 
High pressures give ß a stability region which does not 
exist at atmospheric pressure (77). Thus, the ß phase 
is stable at ambient temperature under 2 atmospheres 
and it would be possible to transform y to /? under 17 
bars (100).

c) stabilization by additions of forign ions and by 
departures from stoichiometry. The effect of grain size 
is, according to the theory presented above, merely 
statistical; but other factors are certainly involved in 
the stabilization of ß, in particular the presence of 
impurities or of excess CaO or SiO2 over the stoichio
metric ratio:

Effect of excess CaO: it is possible to introduce an 
excess of CaO (1 %) into C2S. The form obtained at 
ambient temperature is ß, yet the crystals are quite 
large (10/z). The specific effect of CaO is thus inde

pendent of that of size (78).
These results may be relevant to the work of Roy 

(77) who, having prepared large crystals of j5C2S 
from the hydrates, seemed to disagree with the theory 
of Yannaquis and Guinier. It is possible that these 
crystals were stabilized by an excess of CaO present 
in the hydrates (54).

Effect of an excess of SiO2: the solubility of SiO2 
in C2S lies between 1.5 and 2 %, and the form obtained 
is y. Crystals of C2S-SiO2 solid solutions range in size 
from 5 to 250^. The addition of silica modifies the 
distribution of growth rates in the C2S crystal and 
favours the transformation ß -» y (78).

The effect of an excess of SiO2 can be seen in the 
dusting of badly quenched clinkers or slags. Micro
scopic examination shows that the sources of the 
dusting lie round the grains of quartz; the crystals 
of belite which are to rich in silica transform to y.

Effect of foreign ions: B2O3 is the classical stabilizer 
for ß C2S (61, 55). Using less than 0.5 % B2O3, the 
lattice of /?C2S is not significantly altered (Fig. 22).

Yannaquis and Guinier (98) suggest that holes are 
formed by the elimination of Si4+ ions (probably in 
the form of silica) necessary to balance the charges of 
the higher valency (BO4)5- groups. At 0.5% B2O3, 
there is one Si vacancy in 160 molecules of C2S. 
Such holes seem a more likely site for additional 
Ca2+ ions than do interstitial positions in a lattice as 
compact as that of C2S.

The solid solutions of C2S + B2O3 are well cry
stallized. The lattice of C2S + 2% B2O3 is monoclin
ic with parameters a = 5.475, b = 6.770, c = 9.290 Ä, 
ß = 93°42'. One can regard this solid solution as a 
limit structure and refer to it as a model.

Na2O and K2O also stabilize the ß form (101) which 
is then formed as large crystals (78). Na2O seems to 
diminish, even more than CaO, the probability of 
nucleation of y C2S. Very small numbers of Na atoms 

j8C2S

0C2S+O.5%B2O3

^C2S + 2%B2O3

Fig. 22. Dicalcium silicate and its solid solutions with S2O3.
The lattice of ßCzS + 0.5%fl2O3 is not significantly altered.



are sufficient to inhibit completely the ß -> y inversion. 
The threshold of effectiveness seems to lie between 0.17 
and 0.27% Na2O but, contrary to Thilo and Funk’s 
views, Yannaquis and Guinier (98), Niesel and Thor- 
mann (63) have shown that the alkalis are not essential 
for the stabilization of jffC2S.

Niesel and Thormann (63) have studied the solid 
solutions C2S + MoO3, C2S + C3A. Observations on 
the reaction products with the electron micro-probe 
have shown that there is formation of an envelope 
of CaMoO4 or of an aluminous layer which hinders 
the ß —>y transformation during rapid cooling 
(1000°C/minute) but which breaks up during slow 
cooling (10°C/minute) to permit the formation of 
grains of yC2S.

Yannaquis and Guinier (98) have reported, during 
the Fourth Symposium, the influence of pressure 
on the stabilization of the ß form of C2S. The ß-> y 
transformation occurs more readily when the C2S 
lattice is not modified, as is the case with the solid 
solution C2S-P2O5 (1 % CaNaPOJ. On the other 
hand, the silicates with a modified lattice, C2S + 0.5 % 
B2O3 or larnite (natural dicalcium silicate containing 
traces of A12O3 or Fe2O3) give rise to no ß —» y trans
formation under the influence of pressure. Either the 
crystals deform less or the formation of nuclei of y is 
more difficult.

Belites in Clinker

In clinker, belite corresponds to a jSC2S with a lattice 
slightly modified by the addition of foreign ions. 
The XRD pattern of crystals of belite extracted from 
portland cement clinker (55) is in general that of 
j?C2S. It shows, however, some reflexions which are 
broader and certain others slightly displaced. Belite 

is thus a product of imperfect crystallization and 
apparently a non-equilibrium composition. In the 
lattice of C2S, Ca2+ can be substituted by Mg2+, 
K+, Na+, Ba2+, Cr3+, Mn2+ and the (SiO4)4- group 
by(PO4)3-or(SO4)2-(79).

If ß C2S is stabilized by an ion substituting for Si, 
it is stable when fired in reducing conditions (102). 
On the other hand, under these conditions the ß —> y 
inversion is easily produced in Ca-substituted pre 
parations (102, 73). In a reducing atmosphere, Fe2+ 
can replace Ca2+ or another stabilizing ion, to form a 
solid solution FeO + C2S and provoke dusting of the 
clinker.

The XRD pattern of belite is different from that of 
the solid solutions C2S + B2O3. The theory of Mircea 
(103) that in clinker B2O3 reacts with C3S to form CaO 
and a solid solution saturated with C2S and C5BS 
must be regarded as untenable.

Belite usually occurs as rounded, striated grains, 
with markedly laminated structure. The striations 
appear at the moment of the a—a' transformations 
(Type I: singly orientated )and the a'—ß (type II: 
doubly orientated) (104). The usual form is ß, and 
only occasionally does one find a' (105, 106) or a 
(107). ■

The composition of belite is unknown; syntheitc 
studies, by substitution for Ca (V, Ti, Na, K) or by 
addition of A12O3, Fe2O3 to C2S, have not given posi
tive results.

Forest (108) has been able to prepare belites similar 
to those in clinker. These are oxygen-defective solid 
solutions with substituted Si of general formula 
Ca2MxSi1_xO4_x/2. The synthesis and crystallographic 
character of these belites form the subject of a com
munication to this Symposium.

Interstitial Phase

The interstitial phase, visible between the C2S and 
C3S in micrographs of clinker (Fig. 1) consists of two 
crystalline phases, generally referred to as C3A and 
C4AF. In reality, each of these phases can differ 
from the stoichiometric composition either by varia
tion in the proportions of A and F or by the introduc
tion of impurities in solid solution.

Tricalcium Aluminate

Structure of C3A. Tricalcium aluminate is a definite 
composition which shows no polymorphic trans

formations (109). It melts incongruently at 1542°C 
to form CaO and a liquid phase. The crystal lattice 
is cubic with a = 15.262 A (110) but the structure is 
still unknown.

Büssem(l 1 l)proposes a structure based on measure
ments of the strontium isomorph. The structure is a 
lattice of planar A1O4 groups and octahedra of both 
A1O6 and CaO6; but as shown by Ordway (112) 
the oxygen atoms all lie at x, y, z = 0 or and the 
sub-cell (I the true cell) contains 8 calcium and no 
other ions inside the faces. Ordway (112) succeeded 
in growing a C3A crystal and determined, using Laue 
and Weissenberg photographs, the unit cell and 



space-group (TJ — Pa3) which agree with Büssem’s 
structure.

Schroeder and Lyons (113) have proposed a struc
ture in which the A1O6 groups are present as elongated 
octahedra, but Tarte (114) disagrees with this struc
ture because it requires unusually large Al-0 distances 
(2.6 Ä). Further studies of C3A by both infra-red 
absorption and X-ray fluorescence (115, 116) suggest 
that the aluminium/oxygen co-ordination is probably 
all tetrahedral.

A structure which is based on A16OI8 rings of six 
tetrahedra has been proposed by Moore (117) with 
64 Ca at the corners of the a/4 lattice and a further 16 
positions to be occupied by 8 Ca or 16 Na. Using 
diffractometer powder intensities and some of 
Ordway’s single crystal data, least squares refinement 
has not given values of R below 40%.

Solid solutions of C3A: solid solutions C3(A)_XFX). 
Schlaudt and Roy (118), Tarte (119), Majumdar (120) 
and Moore (117) have reported the existence of solid 
solutions C3(A,_xFx). The limits of composition ob
tained for the solid solutions are different.

Fig. 23 represents the variations of cell parameter a 
as a function of the molar percentage C3F/C3A + C3F.

These results show great differencies. Although the 
methods and temperatures of preparation were diffe
rent, Majumdar and Moore found that the parameter 
continued to increase slowly with iron content beyond 
the limiting compositions. These compositions have 
thus not reached their equilibrium state. In Tarte’s 
work, on the other hand, the parameter is constant 
when the ratio Fe/Al + Fe exceeds 10%. Furthermore, 
the isomorphous replacement Al-Fe is accompanied, 
in the IR absorption spectra, by a change of position 
of bands, a more or less profound alteration in band 
profiles and the appearance of a new band which 
suggests the presence of tetrahedral FeO4 groups.

Other solid soultions. In the lattice of C3A, CaO 
can be replaced by Na2O. Brownmiller and Bogue
(121) found the composition Na2O-8CaO-3Al2O3 
in the Na20-Ca0-Al203 system. Conwicke and Day
(122) , Fletcher, Midgley and Moore (123) proposed a 
limiting composition 91 % C3A, 9 % N3A (mol) which 
is close to NC,A3. The parameter a decreases with 
addition of Na2O. At 3% (mol) Na2O there is a

Table 5.

Author Experimental method Temp, °C X

Schlaudt and Roy Optical examination of 1389 0.035
nature of phases 1300 0.02Tarte Exact measurements of 1310 0.10Majumdar dimensions of lattice of 1325 0.07Moore the solid solution by 
X-ray diffraction

1350 0.04

discontinuous change of symmetry from cubic to 
orthorhombic (123).

A composition K2O-8CaO-3Al2O3 (91), isomor
phous with Na2O • 8CaO - 3A12O3, exists in the presence 
of SiO2; the K atom has a large ionic radius, 1.33 Ä, 
(Na = 0.95 Ä), and some Si (t = 0.41 Ä) would 
replace the larger Al ions (t = 0.50 Ä) (114).

The limit of solubility of MgO in C3A is 2.5% 
(by weight) according to Muller-Hesse and Schwiete 
(124). MgO substitutes for CaO, and the parameter a 
decreases (117). Examination of portland cement 
clinker in the electron-probe suggests that MgO 
concentrates preferentially in the C3A (125), at least 
when the C3A is in the orthorhombic form.

In the solid solution C3A + SiO2, Si replaces Al. 
If one considers that the number of oxygen atoms 
remains constant, there atoms of Si replace four of 
Al, creating vacant sites (117). The parameter a 
decreases and the limit of solubility is 5-6% 
Si/Al 4- Si (atom %).

Alumino-Femte Phase

Hansen, Brownmiller and Bogue (126) showed 
that complete miscibility exists between C2F and a 
hypothetical “C2A ”up to C4AF.

(a)—C2F; structure. Bertaut, Blum and Sagnieres 
(127) have determined the structure of C2F. The unit 
cell is orthorhombic with parameters a = 5.64, 
b = 14.68, c = 5.39 Ä and space group Pcmn, and 
contains 4 molecules of C2F.

CjFACjA *CgF) -molar

Fig. 23. Tricalcium aluminate. Change in lattice parameter of 
C3A with replacement of Al3* by Fe3*. Moore (117).



The structure is pseudo-tetragonal. Projections 
along a and c are very similar (Fig. 24).

Along the b axis, a layer of FeO6 octahedra alter
nates with a layer of FeO4 tetrahedra; these tetrahedra 
and octahedra do not share oxygens. Ca is lodged in 
large cavities in the lattice of oxygen atoms and its 
co-ordination is very irregular; there are 9 neighbours, 
of which one is rather distant (3.3 Ä), to share the 
bonding. Cirilli and Burdese (128) and Malquori and 
Cirilli (129) proposed the space group Imma for the 
whole series of alumino-ferrite solid solutions. Bertaut, 
Blum and Sagnieres (127) found weak reflexions which 
could not be indexed except in the space group Pcmn; 
the layers of octahedra have the symmetry Imma but 
slight changes in the tetrahedral layers and in the 
Ca atom positions reduce the symmetry to Pnma
(130) , (= Pcmn in Bertaut’s orientation).

—Allotropic transformations of C2F: Differential 
thermograms of C2F give two signals, at 430°C and 
690°C, with a very flat region between the two peaks
(131) . The transformations are reversible with about 
10° hysteresis.

We have attempted to determine the nature of these 
two allotropic transformations with the help of high- 
temperature X-ray diagrams. The transformation at 
430°C is linked with a discontinuity in unit-cell volume. 
At 690°C, the curve of parameter variation shows a 
slight change of slope, the expansion being slower 
above 690°C. The number of reflexions does not change 
and there seems to be no change of lattice.

(b) C4AF. C4AF or brownmillerite has the same 
lattice as C2F. The orthorhombic parameters are 
a = 5.428, b = 14.760, c = 5.596 Ä (130) but the 
space group is Imma. The complete structure, especial-

•Fe OCq O o

Fig. 24. Dicalcium ferrite. Structure of ,CzF. The projections 
along a and c axes are very similar. Bertaut, Blum and 
Sagnierer (.127).

ly the role of A and F, has not yet been determined. 
Brownmillerite is one member of the solid solution 
series C2F + “C2A” and seems the most stable. 
Hansen, Brownmiller and Bogue considered C4AF 
to be a definite compound.

(c) Aluminoferrite solid solutions. Solid solutions 
C2F,_pAp : In C2F, some of the Fe ions can be replaced 
by Al ions; these solid solutions are of the form 
C2F]_pAp.

A study of these solid solutions by X-ray powder 
disgrams has enabled Woermann, Hahn and Eysel 
(131) to detect two discontinuities in the variation of 
parameters as a function of p, the molar fraction of 
Al ions (see Fig. 25).

But these discontinuities correspond to very slight 
changes of slope. The limit of solubility is reached at 
p = 0.70. Examination of differential thermograms 
shows that the temperature of the first signal at 430°C 
decreases, as a function of alumina content, to 200°C 
and disappears at p = 0.30. The temperature of the 
signal at 690°C decreases similarly up to p = 0.2.

Fig. 25. CzF solid solutions: variation of C^F lattice constants 
ao, 6o, to with composition in the CzF—“CzA” solid solutions 
series. Woermann, Hahn and Eysel (131).



From p = 0,2 to p = 0.5, two peaks are observed 
which disappear at p = 0.5. It is difficult to draw 
precise conclsuions from this work; only the dis
appearance of the first signal at p = 0.30 seems to be 
linked with the change of symmetry from Pnma to 
Imma found by Smith (130) in his study of single 
crystals of composition ^Fj.pA,,

From the variations in intensity of characteristic 
hOl and OkO reflexions as a function of Al content. 
Smith (130) deduced that initially Al replaces tetrahed
ral Fe. When about half the tetrahedral sites are filled, 
Al enters both types of site equally. At about p = 0.33 
the change of space group Pnma —> Imma occurs. 
This change involves a contraction and rotation of the 
tetrahedra, and displacement of the Ca atoms. The Al 
atoms are distributed about equally in tetrahedral 
and octahedral sites. The variation of parameters a, 
b and c as a function of p is continuous. In brown- 
millerit?, C2A0.5F0.5, approximately 75% of the 
Al atoms are substituted for tetrahedral Fe and 25 % 
for octahedral.

At the same time, Majumdar (120), in studying the 
phases in the pseudo-system CaO-CaO AljO;,- 
2CaO Fe2O3, found that the equidus temperatures 
for mixes on the hypothetical line C2F-“C2A” varied 
continuously as a function of the substitution 
Al3+-Fe3+ in the ferrite lattice. C3A and C12A7 
appear when p is greater than 0.70.

In a study by infra-red spectra, of solid solutions 
CjApFj.p, Tarte (119) observed an increase in wave 
number and then, above C2A0.7F0.3, no change, until 
at higher alumina contents, up to C2A0 S5F0.15, the 
position of certain lines changes again apparently due 
to the apperance of new phases such as C3 A and Cj 2 A7.

On the other hand, according to P. Longuet (132), 
the rate of reduction of C4AF in a hydrogen atmo
sphere is regular as in the case of a definite composi
tion. It seems that brownmillerite is the most stable 
member of the solid solution series C2ApFi_p.

MgO-ferrite solid solutions: Magnesia enters into 
the ferrite lattice; normally red-brown, the latter 
becomes grey-black in the presence of MgO. It has 
been assumed for a long while that Mg substitutes 
for Ca but Woermann, Hahn and Eysel (131) have 
detected two types of solid solution. These authors 
used a precise analytical method to determine the free 
or uncombined CaO: the samples contained a small 
quantity of excess CaO; after the addition of a given 
percentage of MgO, the quantity of free CaO was 
determined and from the resultant curve, the type 
and the limit of solid solution were deduced.
. The solid solution MgO-ferrite takes up more lime 
than the ferrite. According to the slope of the curve 

representing the change in free lime content as a func
tion of added MgO, it appears that for 3 parts of 
MgO, 2 parts (molar equivalent) of CaO are combined; 
the limit of solid solution corresponds to the formation 
of periclase. The formula of the hypothetical end
member of the solid solution series is Ca2Mg3O5 and 
the solid solution of Mg in C2F is thus a substitution 
of Mgz+ for Fe3+. Electroneutrality is maintained 
by the addition of an Mg ion in an interstitial position 
for every two Mg ions substituting for Fe. Hence, 
the type I solid solution :

Ca2(Fe]_2x/3Mgj2O5 O < x < 0.023 at 1400°C
At about p = 0.50, only one part of CaO is com

bined to 3 parts of MgO. Woermann, Hahn and 
Eysel proposed a superposition of a type I solid solu
tion upon a normal Ca-Mg substitution. In type II, 
1 /5 of the Mg is substituing for Ca, while 4/5 is in type 
I solid solution (8/15 replacing the trivalent Fe2, 
4/15 in interstitial positions). Hence the formula: 
(Ca1_x/5Mgx/5)2(R1_8x/15Mg4x/5)205,x=0.049(1300°C) 
The change from type I to type II occurs at about 
p = 0.49. The discontinuity in the substitution of 
MgO can be established in the crystal structure, sug
gesting a discontinuity in the ferrite solid solution 
series. The aluminoferrites C2ApF1_p corresponding 
to p > 0.5 are unstable in the presence of free CaO. 
For this reason, Woermann, Hahn and Eysel did not 
extend their work to the whole solid solution series.

The MgO-ferrite solid solutions have also been 
studied by Kato (133), who finds that SiO2 and MgO 
substitute for (Al,Fe)2O3 up to about 10% (molar). 
The substitution is of the melilite type.

SiO2 alone can also enter into the ferrite lattice. 
The mechanism of SiO2 solubility could be explained 
by the same type of substitution.

(d) Interactions between the phases C 3A and C2(A, F). 
C3A and C2(A, F) constitute the interstitial phase of 
clinker. It is of interest to see whether, in synthetic 
preparations, these two phases can react to give solid 
solutions. This work, undertaken by Tarte (119) 
has shown the following results:

(1) Fe-Al exchange: in a mixture of C3A + C4AF, 
there is formed after heating to 1300°C a solid solu
tion C3(A, F) resulting from the passage of a certain 
amount of iron from the C4AF to the C3A, this being 
compensated by the transfer of the equivalent Al from 
the CjA to the C4AF. The solid solution C3(A, F) 
has the limiting composition C3(A0.90F0.10);

(2) Formation of poorly-crystalline phases: besides 
the displacements of characteristic XRD reflexions, 
Tarte (119) has observed in the solid solutions a sim
ultaneous broadening of some of the high angle XR 



reflexions and of the infra-red absorption bands, 
when comparing a mixture of the two phases before 
thermal treatment with the same mixture after treat
ment. This effect is more marked when the mixture 
already treated at 1300°C is taken to 1340°C.

Yet the same phases treated separately at the same 
temperature retain their IR spectra and XRD patterns 
perfectly sharp.

Tarte (119) has deduced that the state of crystalliza
tion of the phases obtained by mutual reaction is 
incomplete. This alteration of the crystallization is 
more marked at 1340°C, this being the temperature at 
which the majority of the mixture undergoes a partial 
fusion;

(3) Formation of a glassy phase: when the solid 
solutions have a high alumina content, a vitreous phase 
appears, the IR absorption spectrum of a sample of 
composition C2(A0.8F0.2) taken to 1340°C is diffuse 
(Fig. 26) and shows no XRD lines whatever. On the 
other hand, the crystallization is complete when the 
Al/Fe ratio is colse to 1.

The Interstitial Phase in Clinker

In portland cement clinker, one finds tricalcium 
aluminate, the aluminoferrites and their respective 
solid solutions.

(1) C3A. The tricalcium aluminate extracted from 
clinker has the lattice parameter a smaller than that

Fig. 26. CzT7 solid solutions. Infra-red absorption spectra 
Tarte (.119):

(1) of the vitreous phase formed from a composition
soFo-zo).'

(2) of the cryrtalline phases formed from the same composition 
as (I); .

(2) ofC^AF.

of CjA (117). It is thus in the form of solid solutions 
due to the addition of impurity oxides such as Na2O, 
K2O, MgO, Fe2O3, SiO2 but the concentration limits 
of these different additions are not known.

(2) Aluminoferrites. The composition of the ferrite 
phase in commercial cements depends as much on the 
thermal treatment as on the A/F ratio, in all cases 
where equilibrium is not reached (134).

Midgley (135) has observed broad lines in the diffrac
tion patterns of clinker ferrites and attributes this 
broadening to the fact that equilibrium could not be 
established in the course of cooling. Yamaguchi and 
Kato (136), Satou, Takashima and Kato (137) have 
both obtained less well-defined lines in patterns from 
clinker than in those from pure synthetic composi
tions.

The IR absorption bands of C3A and C2(A, F) 
in clinker, easily observed in a smaple synthesized at 
1200°C, become more and more diffuse as the sample 
is taken up to 1300-1400°C. In certain clinkers, there 
exists a very diffuse absorption band which seems to be 
linked with the alumina content, and hence with the 
existence of a glassy phase (119). •'

Hansen, Brownmiller and Bogue (126) have shown 
that complete miscibility exists between C2F and 
“C2A” up to C4AF. Numerous studies (138 to 142) 
thereafter have established that the ferrite phase in 
clinker is not necessarily of the composition C4AF but 
may extend to the solid solutions richer in alumina, 
in which the ratio Al2O3/Fe2O3 reaches 2.2 to 2.3 
(p ~ 0.70 in the series C2APF1_P).

Midgley (135) has studied the composition of the 
ferrite phase in fifteen English clinkers: 2 had the com
position C4AF, 2 had C6AF2, 4 an intermediate com
position and the remainder an ill-defined composi
tion (broadened XRD lines) but always lying between 
C6AF2 and C6A2F. ■

In American clinkers, Copeland, Brunauer, Kantro, 
Schultz and Weise (143) found that the compositions 
of the ferrites lay between C6Aj jjFj 78 and 
C6A1.77F1-23. The mean value C6Ali47FL53 is very 
close to brownmillerite.

Gourdin (144) has analysed by XR diffraction the 
ferrite phase from 15 French cements; four clinkers 
contained the composition C4AF, one contained 
C6AF2, and the other 8 an intermediate composition 
very close to C4AF.

Schwartz (145) separated out the aluminoferrite 
phase from 66 French clinkers, by the salicylic acid 
in methanol method of Takashima (146). The alu
minoferrite phases separated out had a chemical 
composition much more complex than the interstitial 
phase calculated by the Bogue method. The analyses, 



by X-ray fluorescence spectrometry, revealed a 
stoichiometric defect in CaO which reached as much 
as 5%. This lime definiency increased if one included 
K2O, Na2O and MgO and diminished if one included 
SiO2. The solubility limits of the minor elements in the 
interstitial phase were determined as 3% K2O, 4% 
MgO,7%SiO2.

To conclude, C3A and C2(A, F) cannot co-exist 

as such in clinker. Exchange of A12O3 and Fe2O3 
occur easily in the aluminates and aluminoferrites. 
Furthermore, at 1300°C, a small amount of iron will 
convert from the ferric to the ferrous state (120, 147). 
The presence of ferrous oxide noticeably modifies the 
stability regions of the solid solutions (148). The solid 
solutions 2CaO (Al, Fe)2O3 decompose in the presence 
of CaF2 and CaCl2 (149).

Conclusion

Properties of the Clinker Minerals

We have considered the structures of the various 
polymorphs of the principal clinker components and 
there is a correlation between the crystalline struc
tures of these components and the hydraulic properties 
of the clinker.
' 1) C3S. Of all the phases in clinker, it is the trical
cium silicate which is the most significant and impor
tant from the point of view of the hardening of cements 
(150). The hydraulic cementing properties of C3S are 
associated with the poor co-ordination of calcium ions 
and the presence of ‘holes’ in the crystal lattice (21). 
We have shown that the crystal structures of the 
different forms of C3S and its solid solutions are very 
close to that of the trigonal form of pure C3S stable 
at high temperatures. On the other hand, differences 
in the relative intensities of the diffracted rays are 
scarcely noticeable. The different crystalline forms are 
thus constructed from the same atomic groupings. 
These are only very slightly displaced or distorted. 
The polymorphic transformations are ‘displacive’, 
they bring into play only weak forces and do not 
appreciably alter the chemical combinations (151). 
This results in all the forms having a similar reactivity. 
Nurse, Midgley, Gutt and Fletcher (152) have found 
that the transformations Tj —»Tn —> M of the syn
thetic solid solutions C156_XMJ1S52 have no effect on 
the strengths developed when these materials hydrate. 
In the same manner, the strength of commercial 
cements containing trigonal alite does not differ 
significantly from that of cements in which the alite 
is in the monoclinic form. Yamaguchi, Shirasuka 
and Ota (153) have compared the properties of 
monoclinic and trigonal alite. Monoclinic alite 
(inverse) hydrates more rapidly. It is obtained by 
rapid cooling and seems to be thermodynamically 
unstable. If subjected to gentle heating it is converted 
into the triclinic form which by contrast gives greater 
early strength (154). Verbeck (155) has shown that 
the introduction of alumina and magnesia into trical

cium silicate brings about a significant increase in 
early strength but the effect does not persist beyond 
70-80 days. The introduction of other foreign ions such 
as P2O3 (156), SO3 (157), CaSO4-2H2O and CaCl2 
(158), Cr2O3 (159), can modify the properties of C3S 
but the changes in reactivity do not seem to correlated 
with changes instructure (160). An increase in size of 
the alite crystals is generally observed.

2) C2S'. The five forms of C2S have, on the other 
hand, quite different structures. The lattices are diffe
rent and the ionic groupings change from one form 
to another. One can therefore reasonably presuppose 
that the five forms will have different hydraulic pro
perties.

In the ß form, the polyhedral co-ordination of the 
Ca ions is irregular and the extra-long Ca-O bonds 
facilitate the hydration reaction. Similarly, because of 
its predisposition to undergo a major structural re
arrangement (64), metastable jSC2S is more readily 
hydratable. The y form of C2S is known to be inert 
(79) or feebly hydraulic (161). This poor reactivity is 
associated with the symmetrical co-ordination of the 
calcium ions (21) and the strong Ca-0 bonds arising 
from the low co-ordination number of the Ca ions (64).

The a' forms should be only hydrated with diffi
culty and seem to possess no hydraulic cementive 
power (79).

The minor consistuents of clinker which stabilize 
the different forms of C2S can affect the relationship 
between the hydraulic cementive characteristics of 
belite (40, 162, 163) and its other properties (164).

3) Interstitial phase. Tricalcium aluminate reacts 
rapidly with water. Calcium auminoferrite is only 
feebly hydraulic.

However, during the clinkering process, the burning 
temperature, the method of clinker cooling, the interac
tion of C3A with the ferrite phase, the presence of 
foreign ions and the formation of a vitreous phase 
all alter the phase equilibrium conditions and so 
change the properties of the clinker in respect of the 
kinetics of its reactivity towards water (119).
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Written Discussion

Jean Forest

It is important to emphasize that alite is formed by 
pseudomorphosis (1) in what is at that time a tridi- 
mensionnal space (time, temperature, physical, chem
ical and mineralogical nature of the components of 
the raw meal).

Two cases can be envisaged:
The sintering reaction takes place in the solid state. 

Only the diffusion mechanisms must be considered, 
CaO in A12O3, Fe2O3, SiO2 (2) then in a C2S.

The mineralogy and especially the granularity of 
the components of the raw meal, quartz in particular, 
affect the reaction fundamentally. Under certain 
conditions which we have studied, it is possible at 
1300°C to combine completely the oxides present.

The sintering reaction continues with the liquidus. 
It becomes heterogeneous, once again, this is a diffu
sion process which permits the combining of CaO, 
although the physico-chemical properties of the liqui
dus—which may be impaired by minor elements 
either naturally present or added (3), influence the 
kinetics of the process.

However, as a C2S has been transformed into belite, 
part of the latter produces alite, simultaneously 
liberating aluminates (4).

According to well established data it appears that 
the most symmetrical forms of alite are obtained at 
room temperature by replacing Ca by more polarizing 
atoms. If the substitution concerns Si, an atom with 
less polarizing power will have to be introduced, 
although its effect will not permit the symmetry Tn 
to be surpassed. Finally if the substitution concerns 
Ca and Si, the form Mn is obtained. The group 
Mg, Al stabilizes an inverse monoclinic alite. With 
the group Al, Ti one can obtain all forms from Ti 
to Mn as we verified by sintering at 1550°C, to a 
degree of accuracy of one supplementary molecule 
of CaO, a mixture corresponding to the composition 
of a belite saturated with alumina in which 0.02 
moles of SiO2 are replaced by TiO2.

The insertion of Mg2+, Al3+, Ti4+, produces the 
form R (5), whereas that of Ps+ produces no modi
fication at least in our experimental context.

It is also essential to recall that the symmetry 

deduced from the X-rays spectrum is sometimes 
superior to that which the interpretation of the DTA 
thermogram furnishes.

The sum of the data is assembled in Table I. It is 
conceivable therefore that the alite of industrial 
clinkers generally presents the forms M(inverse) and 
R. This situation, in the first case at least, can be modi
fied as we shall see further on.

It is now opportune to generalize the notion of para
genesis into the chemistry of cement. It is possible to 
group under this heading intermediate substances 
which although not necessary to the fabrication of 
clinker. CaSO4; (C2S)2CaSO*; 2CaSO4, K2SO4; 
(C2S)2 CaCO3, modify the normal course of reactions, 
often facilitating them and sometimes disturbing 
certain of their properties.

Table 1.

Composition

Burning
Sym

metry of 
the alite

Free
CaO Obser

vations
Time 

in 
hour

Temper

in °C

^'a3Al0.06Si0.B2Ti0 Qä^4.07
6 

+4 
+ 16

1540
• 1500

1550

T forms presence 
Mr traces

Mn

presence 
of C3A

Clinker «100% 15 1300 inverse 
Mi

0.65 \

Clinker a 99.5% 
Ca3(PO4)2 0.5%

15
4

1300 
1450

(inverse 
(m.

0.18

Clinker « 99.4%
CaSO4 0.6%

15 1300 R 0.98 Blaine 
fineness

Clinker « without MgO 15 1300 T„ 11.72 :of the 
quartz;

Clinker « without 
MgO 
Caa(PO4)3

99.5%
0.5%

15 1300 Tn 3.71
12000

Clinker a without 
MgO 
CaSO4

99.4%
0.6%

15 1300 T forms 5.82
/

“Dusting” is observed with all these products and 'yCsS is caracterized by 
X-rays. Heating rate 500°Ch-1. The time of 15 hours has been chosen 
for the sakes of convenience, but the reaction is finished a long time before.

a Clinker composition: SiOg 21.3%
A12O3 7.0%
Fe2O3 2.5%
TiO, 0.3%
MgO 1.8%
CaO 67.1%

♦Experiment shows that 3C2S.2CaSO4, in fact is a mixture 
of (C2S)2CaSO4 and CaSC>4.



presumed stoechiometnc C2S

Fig. 1 Synthesis made with 14.0176g of SiOz impurity 0.26% 
determined by chemical analysis 46.4895g of CaCOs, rate of 
purity: more than 99 % Prolabo RP. loss of weight at 100rjC 
0.094% lOOOFC 43.89%

That is why we consider that generally the dynamic 
process of sintering takes place in a quadridimen- 
sionnal space. In fact it is fitting to add to the preced
ing dimensions the sintering capacity of the substance 
during the sintering process which more or less dis
turbed leads to the fabrication of light even pulveru
lent clinkers without y form of dicalcium silicate.

The technical literature is regularly enriched by new 
examples of paragenesis and the matter is treated in 
certain papers at this symposium.

The rotary cement kiln acts like a phase separator. 
Each phase may appear in a given temperature range 
and may be deposited on the inner surfaces inasmuch 
as it participates directly in the formation of a liqui- 
dus or that it is the final evolutionnary stage of the 
latter.

The use of the unitary scale and of Gygi’s tempera
ture curves constitutes an instrument which is useful 
for the comprehension of these phenomena (6).

Various thermic treatments were undertaken to 
determine the effect of CaO on C2S for rates up to 6 

per cent. It was found that the aH a inversion 
temperature is displaced from 1420°C to 1437°C for 
100% C2S to 99.7% C2S-0.3% CaO.**  Simulta
neously the amo unt of ßC2S increases.

**A more complete development about this problem will be 
published as soon as possible.

Between 0.6 and 1.4 per cent of CaO the X-rays 
spectrum obtained with Guinier de Wolff’s camera 
equipped with a monochromator permits one to induce 
that there is a strong probability of the presence of 
CjSTj. With 6 per cent of the oxide, C3S is particu
larly evident.

Finally the D.T.A. thermograms specify that the 
passage from a takes place approximately at 
the same temperature as that of CaO-C2S limit solid 
solution for the three independent series of trials 
undertaken. The entirety of the data which conflicts 
with that presented by V. I. Korneev and E. B. 
Bygalina (7) is grouped in Table 2.

This preliminary which needed developping is



Table 2. First set of experiments: independent synthesis

New experiments: here the mixture of CaCOs and pure fused SiOa was strongly homogenized, then divided in three parts

Number Theoretical composition Observations
T°C

by D.T.A.
X-rays data concerning C3S (dA-hkl)

1 'yCsS Synthesis made by M. Regourd 1440°C

2 99%CaS 1 %CaO Burning at 1450°C during 1 hour. 1441°C

3 98.4 “/.C2S 1.6%CaO
■ Hand 

burning: 1450°C 2 hours 1445aC

4 C2S Burning at 1450°C during 11 hours. 
Homogenization

1449°C Like 5 but very weak lines. Not exactly 
stoechiometric

5 c2s 2%CaO
+ 12 h at 1060°C 
+ 2h at 1200°C 1444°C Spotty lines at

6A 021 1.776Ä 080 3.01Ä 401

Second set of experiments

4
As previously Matters pressed in a cylindrical 

form burning 1410°C 16h.

1420°C Like 5 but very weak lines

5 1435°C Lines at 6Ä 021 1.776Ä 080
2.755Ä 044

2.61 A horded line

6 C2S

Burning at 1200°C 15 hours. 1432°C

As previously +6.5 hours 
at 1500°C 1428°C

Lines at 
near the 
stoechiometry

3.01Ä 401 
2.767Ä 044 
2.776Ä 445

1.776Ä 080

Burning at 1200°C 15 hours 1430°C

7 98%C2S 2%CaO As previously +6.5 hours 
at 1500°C 1425°C

Lines at 3.01Ä 
2.767Ä

1.776A

Lines at: S.OtA 401 2.612A 445
8 94%C2S 6%CaO Burning at 155O°C 19 hours 1424°C 5.97Ä 021 2.97A 442 1.776Ä 080

3.041A 441 2.767Ä 044 1.76Ä 1240

Note: CaCOs High purity grade free of alkalies.
S1O2 Pure fused Blame fineness first set: 6400g cm-2 second set: 12000g cm-2

Purity 99,7%
Ball mill in tungstene carbure and calcination at 1100°C before use. (Purity 99.55%) 

*Use of a new thermocouple for T°C measurement probably not strictly identical to the preceding.

Table 2. (Cont.) Third set of experiments

Number Theoretical composition Observations
T°C

by D.T.A.
X-rays data concerning C3S (dA-hkl)

10 C3S
Synthetized product 
see Fig. N’l

Burning at 1500°C 9 hours 1421°C

11 99.2%C2S + 0.8%CaO 4 hours at 1500°C 1432°C 2.76Ä v.w. 044 -

12 98.4 %C2S + 1.6%CaO 4 hours at 1500°C 1436°C 2.76Ä 044 1.776A 080
13 98%C,S + 2%CaO 4 hours at 1500°C 1435°C 3.01 A 401

2.76Ä 044
1.776A 080
1.76A 1240

14 96%C2S + 4%CaO 4 hours at ISOO^C 1434°C 3.01Ä 401
2.76Ä 044

1.776Ä 080
1.76 A 1240

not in complete disagreement with the hypothesis of 
the compact structure of j5 C2S and facilitates the 
considerations which follow.

The establishment of a closed cycle of SO2 in the 
rotary kiln can lead to various disorders in the regular 
working order and provoke the blocking of a section 
by the thickening of a ring formed primarily by sulfatic 
spurrite and by ß C2S (8).

Generally, self-destructive deposits are formed. 
The mixture of their fragments with the raw-material 
more or less affects the sintering capacity. Finally, 
the clinker can contain variable rates of SO3 according 
to the thermic rhythm. When the latter contains 
K2SO4, measurable by the thermogravimetric method 
of P. Longuet (9), the cement may lump rapidly in 
humid air as the result of the formation of a tangle



Fig. 2. (CaiSiOi)! CaSOa completed with CajD to give C3S 
(Ti Alite) x 62 — NO3H etching. ■

Fig. 3 2 (CazAlo.oesFeo.oisSio,9203,95), Ca2K2(SO4)3 com
pleted with CaO to give 038(2?. Alite) x 180 — NO3H etching.

of syngenite needles, K2Ca(SO4)2-H2O (10).
In the presence of sulfates, silicates are capable 

of forming solid solutions.
An equimolecular mixture of sulfatic spurrite and 

of CaO burned for one hour at 1450°C gives alite 
crystals of the form T, (D.T.A. gives peaks at 636°C, 
882°C, 930°C, 978°C) attaining 300 on an average, 
by means of the well known mineralizing effect of 
SO3 (Fig. 2).

Conversely, the global composition: 2(Ca2Al0.065 
Feo.ois Sio.92 O3.96), Ca2 K2 (SO4)3, 2 CaO forms 
R alite under the same thermic treatment as previ
ously explained (Fig. 3). '

Similarly the heating of the mixture corresponding 
to 99.4 per cent clinker and 0.6 per cent CaSO4 
(Table 1) gives an R alite. The same observation can 
be made in sintering, in a confined atmosphere with 
a model which permits heating at real time tempera
ture, raw cement material enriched by CaSO4 and 
Ca2K2 (SO4)3 as may be produced for example in the 
cyclones of the Humboldt kiln. .

The percentage of SO3 which produces the transi
tion from the inverse form M to R seems to fall 
between 0.24 and 0.45 per cent for an amount of 
potential C3S in the neighbourhood of 55 per cent. 
Inasmuch as all the SO3 is combined with the alite, 
the result is in close accordance with that which 
H. Lafuma indicates (11).

Taking in account the hypothesis concerning the 
compacity of the ß C2S structure, one can easily 
predict that the formula for the constitution of the 
sulfate belites can be written:

Ca2_xSi1_xSxO4 
Ca2_2xK2xSi1_xSxO41

The solubility limits were determined by D.T.A. 

during the second heating cycle, from mixtures 
corresponding to various values of x, previously 
heated for two hours at 900°C then for 3 hours at 
1180°C.***

***This temperature has been chosen in order to avoid the 
risks of volatilization.

In this way we verified that with CaSO4, x = 0.06, 
and with K2SO4, x = 0.02 (Fig. 4 and 5).

Moreover it appears in the second case that the 
insertion takes place in the form a'L, whereas it is 
necessary to go beyond the inversion temperature 
«L in the presence of CaSO4. The X-rays 
spectra reveal that a ßt belite (12) corresponding to 
a weak variation of the constants of the lattice, is 
stabilized. K2SO4 is discernable from the point 
x = 0.05 onwards, and is detected by the peak of 
transition at 560°C for x = 0.04 in D.T.A.

CaSO4 is partly combined in the form of sulfatic 
spurrite between 900°C and 1150°C, and at 1180°C 
CaSO4, Ca(OH)2 are additionally present along with 
ß C2S, the reaction not yet being complete. Heating 
for 10 minutes at 1450°C followed by quenching, 
produces mixtures where 7 C2S is found, with the 
exception of the CaSO4 synthesis which on the con
trary contain a form a' for high values of x.

Belites are of the ßx type slightly modified. 2 hour 
plateau at the same temperature increases the modi
fication of the crystalline cell when SO3 is introduced 
as CaSO4. Slow cooling accentuates the instability 
in a manner similar to that of the belites Ca2 Mx 
Sii-X O4-X/2

The same is true for the K2O belites all of which 
have the form ßx, and which seem to correspond to 
the composition formula Ca2_xKxSiO4_x/2.

The solubility limit x = 8 • 10 "2 was deduced from



Fig. 4. The two experimental points figuring on the graph for 
x = 0.04 and x = 0.06 results from the observation of a 
double peak.
Note: During the first heating cycle, an endotherme peak is 

noticed about I360°C, which characterizes (CzS^CaSO^ 
increasing with x, and which disappears during the second heating.

Fig. 6. Two synthesis have been made for x = 0.09.

Fig. 5. The different points which are represented for the same 
value of x have been obtained with several experiments and 
distinct synthesis. ,

the D.T.A. (Fig. 6) during the second heating cycle 
as precedently on products heated for 3 hours at 
1180°C,* although the peak ai, a was very flat. 
For 0.07 < x < 0.12, a temporary phase—giving at 
approximately 1250°C endothermic peak which 
increases in size with x—appears during the course 
of the first heating.

Moreover, with K2CO3-23 CaCO3-12 SiO2 heated 
at 950°C this effect is observed:

The result of the heating at 950°C gives an X-rays 
spectrum which corresponds to an imperfectly cry
stallized a' configuration. After a 3 hour plateau at 
1180°C the X-rays spectrum resembles that of CaL88 
Ko 12 SiO3 94 where one perceives ß C2S and some 
supplementary equidistances in the neighbourhood 
of 2.705 Ä and 1.99 A. -

The diverse synthesis expressible by the formula 
Ca2_xKxSiO4_x/2 brought to a temperature of 1180°C 
for 3 hours contain percentages of y C2S which 
decrease when x increases. The reaction not yet 
being complete it is possible to detect CaO and cri
stobalite.

Heating at 1450°C for 10 minutes followed by

, (l-x)C,A, xC,S

Fig. 7. The spectra of powder containing silicium as an internal 
standard of reference were obtained with Guinier de Wolff’s 
focalisation chamber equipped with a monochromator. The 
contraction of the crystalline unit cell was determined by 
applying the statistical method to approximately 35 reticular 
distances, which were calculated after being corrected by 
comparison with the silicium, and whoss bragg angles are 
located in the domain of achromatization ai«2 of Ka Cu. 
(C.K.% = 78)
Note: A broadening of the lines is observed when x rises. 
Blaine fineness of SiOz used for the synthesis: 12000 cm2g-L 
when x = 0.1, it seems that the intensity of the lines 440 and 
008 is about 10%, lower than those observed with C3A.

intense quenching leads to ßx belites and stabilizes 
an a' form for x > 0.07.

These observations, as N. F. Fedorov and E. R. 
Brodkina have already demonstrated, therefore seem 
to contradict the accepted fact that the formula 
KC23S12 represents K2O belite (14).

Finally, the study of the process of inserting Si 



into C3A which we are continuing to study and which 
is included in the framework of the activities of 
C.E.T.I.C. (14) concerning the diffractometric mea
surement of this phase was based on the publication 
of A. E. Moore (15).

Considering the movement of the figurative point 
of the Rankin diagram along the C3A-C2S line, 
experience shows that the saturation corresponding 
to a contraction of the crystalline cell of 0.02 Ä is 
obtained for 0.1 C2S-0.9 C3A with a purity rate of 
95 per cent determined by the salicylic acid method 
of S. Takashima (16) (Fig. 7 groups all the observa
tions). ,
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Oral Discussion

Theodor Hahn, W. Eysel, P. Brenner 
and Eduard Woermann

Structures of a’-and a-Ca2SiO4

At this symposium, Regourd et al. (1) reported 
the existence of two a'-Ca2SiO4 forms: «h and a'L 
(transformation temperature 1160°C). The high-form 
is isotypic, the low-form homeotypic to low-K2SO4. 
The structure of a'L represents a small deformation 
of the «H structure, involving doubling of a and b. 
This is clearly evident from the structure determina
tion of Suzuki and Yamaguchi (2). The space group 
of «a is Pmcn. For a(., however, it is not yet certain 
whether all the space groups listed in Table 1 actually 
occur (for instance in different solid solutions) but 
in all of these space groups structures homeotypic 
to low-K2SO4 may be attained.

For the high-temperature a-form only little data 
exist: On the basis of crystal-chemical considerations 
and by comparison of powder patterns. Bredig (5) 
suggested that this modification is trigonal and iso
typic to high-K2SO4 (space group P3ml). This result 
is supported by single crystal studies by Douglas (3).

Recent single crystal investigations, however, 
indicate that the symmetry of a-Ca2SiO4 and a- 
Ca2GeO4 is not trigonal but hexagonal (Table 2): 
For all three crystals the Laue symmetry 6/mm was 
clearly established. For two crystals a c-glide was 
found. Packing considerations exclude a mirror 
plane perpendicular to the six-fold axis. Therefore, 
of the three possible space groups, P62c, P63/mmc 
and P63mc, the first two can be rejected and the last 
one appears to be the most probable space group



Table 1. Lattice constants and space groups of a£ and «H-CazSiO»

Author Type a[A] blA] c[A] Space group
Temperature 

of pattern Material

Rcgourd ct al, (1) «i. 11.184 18.952 6.837 Pmcn or Pbcn 
or Pmnn

1000°C Powder, pure Ca2SiO4

Douglas (3) 11.08 18,55 6.76 Pmnn (T) 750° C Powder, pure Ca2SiO4
■ 10.91 18.41 6.76 Pmnn 20°C Single crystals, bredigite

Suzuki and Yamaguchi (2) 11.07 18.80 6.85 Cmc2i 20°C Single crystals, 
stabilized with BaO

r r r aL 11.02 18,69 6.83 Cmc2i 20° C Single crystals, 
stabilized with SrO

r v tr «L 10.96 18,43 6,86 Cmc2i 20° C Single crystals 
stabilized with B2O3

tr » r Cell similar to stabilized crystals 1000°C Powder, pure CagSiOi
Regourd et al. (1) “h 5.593 9,535 6.860 Pmcn 1250°C Powder, pure Ca2SiC>4
Yamaguchi et al, (4) “h 5,605 9.543 6.883 Pmcn 1300°C Powder, pure CagSiO*

*Even if twinning is assumed, a hexagonal space group with 
a c-ghde can not be derived from the trigonal space group

Table 2. Crystallographic data of single crystals of a-CazSiOt

Material 
(Stabilizer) a[A] c[A] Extinctions

Probable 
space group

a-Ca?SiO4(6) 5,45 3 x 7.20 hhl with Pösmc
(VsOs) 1 odd
Ä-CagGeO-it?) 5.52 7.16 hhl with P6amc
(AhO,) 1 odd
a-CagSiO^S) 5.47 7.23 None (P6mm)
(Na,P2O,)

of hexagonal a-Ca2SiO4 *
If the new results are correct, the structures of 

a-Ca2SiO4 and a-Ca2GeO4 can not be isomorphous 
to high-K2SO4: In the hexagonal structure the apices 
of all tetrahedra1 are aligned in one direction (along 
the c-axis) while in the trigonal structure they are 
alternately oriented. Regardless whether the symmetry 
of a-Ca2SiO4 is hexagonal or trigonal, the transfor
mation «H-a involves a structural rearrangement: 
Half of the tetrahedra must rotate but in each case 
different tetrahedra are involved.

Isotypism of Na3BeF5, Ca3SiO5 
and Ca3GeO5

Structure and polymorphism of Ca3SiO5 and 
Ca3GeO5 are very similar (9). One of the present 
authors (10) showed that Na3BeF3 is the fluoride 
“model” of Ca3SiO5. Recent investigations revealed 
that at room temperature Na3BeF5 occurs in a tri
clinic modification, which is very similar to modi
fication Tj of Ca3SiO5 and Ca3GeO5 (Table 3).

In this table the doubling of the a- and h-axes, 
as found for Ca3SiO5 (11), has been neglected. The 
close analogy of all three compounds is apparent. 
As expected, the fluoride has a smaller cell. We have 
indications that for Na3BeF3 also a monoclinic 
modification exists.

Table 3. Lattice parameters of CasSiOs, CaaGeOs 
aniV Na jBeFs (Modification Ti)

a[A] b[A] c[A] «H sn tH

Ca3SiO5(ll) 12.199 7.106 25.103 89.91 89.69 89.69
CasGeO5(9) 12.429 7.237 25.467 89.84 89.76 89.78
NasBeFs 11.827 6.908 24.481 89.81 89.93 89.64

Fig. 1. Variation of some characteristic 26-values of Ca3SiOs 
solid^ solutions. Constant concentrations of AP+ and Fe3 + 
(0.9%Al2O3 + 0.5%Fe2O3) and variable amounts of MgO.

Modification M, of Ca3SiOs

The monoclinic form M3 of Ca3SiO3 occurs in two 
types: Pure C3S, between 980 and 990°C, has a mono-



Fig. 2. Body of solid solutions of CaaSiOs ’with MgO, AI2O3 
and FejOj (.weight %). The domains of the stabilized modi
fications Tt, Tn, Mia and My, on the surface of this body are 
indicated by thin lines.

clinic cell with a/b < V"?" and ß < 90° (11). For 
solid solutions at room temperature, however, only 
a/b > V 3 and ß > 90° have been reported thus far. 
We have recently found that both types can be stabil
ized by incorporation of MgO + A12O3 + Fe2O3. 
In Fig. 1 characteristic 29-values are plotted. The 
difference between both types is evident.

Previously (11), it was assumed that the two types 
represent different metrices of the unit cell of Mz. 
The discontinuous change with composition (Fig. 1), 
however, suggests the existence of two distinct forms: 
MIa with a/b < V 3 , ß < 90° and MIb with a/b 
> VT, ß > 90°.

The composition region of the monoclinic Ca3SiO5 
solid solutions with MgO, A12O3 and Fe2O3 is sub
divided into domains of MIa and MIb as shown in 
Fig. 2.

Further details will be reported in Zement-Kalk
Gips.
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Oral Discussion

Kinzo Tomita

Guinier and Regourd show that a'-C2S hardly 
reacts to water, that is, it may have no hydraulic 
property.

Ono, Kawamura and Soda (1), however, have 
reported on the a'-C2S stabilization by MgO and 
K2O, and Suzuki, Morita and Sugiyama (2) also have 
reported on the a'-C2S stabilization by BaO, SrO 
and other additives. Both of these have shown that 
these a'-C2S have a higher hydraulic strength than 
ß-C2S.
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Oral Discussion

Yoshio Ono

In your study, M-II phase of alite is monoclinic 
after space group, but the three angles between the 



orthohexagonal crystal axes are kept to be 90°, against 
variation of temperature and solid solution, and the 
inversion from R to M-II takes place continuously 
without detective heat change.

On our microscopic study, alite in portland cement 
clinker seems optically as if orthorhombic, e.g. 
2V = 20° — 60° and X II c (3-fold axis of trigonal 
outer shape). The optical axial angle and birefringence 
are varied widely according as the variation of minute 
component and burning condition, but the parallelism 
between X and c is kept rigidly against the above 
variations.

I suppose that there is substantial relationship 
between your X-ray crystallographic result and my 
optical observation. Though these phenomena can 
not be explained by the symmetry of space group, 
these must not be accidental on view point of phe
nomenon.

I should be very much obliged if you would give 
me your opinion.

Oral Discussion

> 150 Torr O, for manganese, the impurity ions will 
oxydize. Cr6+ with a radius of 0, 35 Ä and M6+ 
with ~ 0.4 Ä radius exist, so that the specified con
ditions for stability are fulfilled.

Quantity of Stabilizing Ion

With regard to the added stabilizers, H. Funk (2) 
found out, that the substances which stabilize a-C2S 
as well as a'-C2S, also supply j8-C2S when added in 
very small quantities. This is made clear in the case 
of Na3BO3, in which the quantities of 200, 100, and 
1 mol per 1000 mol C2S clearly showed the X-ray 
results: a-, a'-and jS-forms respectively.

The Interchangeability of Stabilizing Ion

By our experiments we are able to show that stabil
izers could be exchanged partly by iron, manganese 
and magnesium silicates. This is evident from X-ray 
diffraction diagrams of C2S with a constant quantity 
of 3 mol% Ba2SiO4 and with variable admixture 
of Mg2SiO4, shown in Fig. 1.

Hans E. Schmiete, W. Krönert 
and K. Deckert

According to our investigations the crystal chemical 
stabilization of C2S is determined by three factors:

1. by the size of the stabilizing impurity ions or 
ion complexes .

. 2. by the amount of stabilizer added
3. by the presence of a non-stabilizing substance, 

which may replace the stabilizer within certain 
limits

The Size of the Stabilizing Ion

According to the hypothesis of A. Dietzel and L. 
Tscheischwili (1), stability can be achieved in two 
different ways.

a) The Ca2+-ions are replaced by a corresponding 
amount of larger cations, or

b) a part of (SiO4)4--groups, is replaced by a 
smaller anion complex.

Our results for oxides of chrome and manganese 
can also be explained by this theory. We found in 
these experiments a relationship between the partial 
pressure of oxygen present and the stabilizing effect 
of C2S, as follows \,r . ' .
'-At a pressure of >75 Torr O2 for chrome and 

For the stability condition we propose the following 
hypothesis: According to the findings of M. Volmer 
(3), I. N. Stranski and co-workers (4, 5) on nucleation 
regarding the modifications of polymorphic trans
formation, there is below the transformation point 
for each temperature a critical nucleus size for the 
new phase. All the smaller nuclei return to the old 
phase, whilst all the larger nuclei grow and build up 
new modifications. As the rate of undercooling in



creases the critical nucleus size decreases. The trans
formation of a sample into the new modification is 
more probable when cooled.

If one considers a substance stabilized by crystal 
chemical means, it can be deduced, that the nucleus 
growth will be interrupted by the stabilizing ions. But 
when these impurity ions are present in the sample 
in such quantities that no nucleus exceeds the critical 
size, than the old phase remains stable.

With this theory it is possible to explain the small 
amounts which are necessary for the stabilization in 
the case the change of phase is determined by spatial 
nuclei. Then by statistical division of the stabilizing 
ions, the substance is subdivided into small blocks 
whose corners are each occupied by an impurity ion. 
Because a stabilized ion belongs simultaneously to 8 
adjoining blocks, it follows that one impurity ion is 
necessary for the stabilization of each block. But this 
would mean that at room temperature the amount 
of 0.1% for the prevention of ^-^-transformation of 
C2S, would be required. So that a cube of C2S of 
10 X 10 X 10 formula units could be stabilized by 
one stabilizing ion, and would correspond to a critical 
nucleus radius of ~ 15 Ä.

According to the hypothesis of A. Dietzel and L. 
Tscheischwili (1), only those substances whose size 
allows them to fit well into the C2S-lattice, act as 
stabilizers. Beside that certain substances, which 
because of their ion radii should not be structural 
effective, can replace the stabilizers within certain 
limits. This process may be explained by the higher 
degree of disorder, so that the incorporation of sta
bilizers into the C2S-lattice is facilitated.

Because for a-C2S as well as for a'-C2S at room 
temperature the degree of supercooling correspond
ingly increases, a greater number of impurity ions is 
necessary for the stabilization of these modifications, 
compared with J?-C2S.

References

1. A. Dietzel and L. Tscheischwili: Ber. Deutsch. Keram.
Ges. 30(1953). 151-154.

2. H. Funk: Silikattechnik 6 (1955), 186-189.
3. M. Volmer: Kinetik der Phasenbildung. Verlag Th.

Steinkopff, Dresden (1939).
4. R. Kaischew and I. N. Stranski: Z. phys. Chem.

(B) 26 (1934), 317-326. ,
5. O. Knacke and I. N. Stranski: Ergehn, exakt. Natur-

wiss. 26 (1952). 383^127.

Authors’ Closure

Andre Gunier and Micheline Regourd ■

Reply to J. Forest

Dr Forest’s contribution establishes a link between 
the behaviour of the pure components and the reac
tions actually taking place during the clinkerisation of 
industrial products: synthesis of belites and alites 
have been carried out in presence of minor oxides 
MgO, A12O3, TiO2, K2O and sulfates CaSO4, K2SO4.

Another important and new result is the evaluation 
of the maximum content of CaO which can be intro
duced in /?C2S (0.5 %): these additions of CaO cause 
an increase of the a'H -> a transition temperature. 
However one must note that the accuracy of the chem
ical analysis is of the order of 0.2%. Furthermore the 
state and location in the lattice of the excess Ca ions 
is not known. Perhaps CaO is simply dissolved in the 
lattice or its introduction is accompanied by imper
fections like oxygen vacancies for instance.

Dr. Forest’s reports that “the symmetry deduced 
from the X-ray spectrum is sometimes superior to 
that which the interpretation of the DTA thermo
gram furnishes”. G. Yamaguchi, K. Shirasuka and 
T. Ota have shown that the monoclinic alite in the 
system C3S-Al2O3-MgO is thermodynamically 
instable. During a slow heating, the monoclinic form 
inverts to the stable triclinic form. In agreement with 
these results, Th. Hahn, E. Woermann and W. 
Eysel have found that the M, forms in the C3S-MgO 
solid solutions, during heating, transforms first into 
Tn at about 700°C, the temperature being dependent 
on the amount of MgO. Further heating causes the 
usual endothermic transformation Tn-Mj at about 
900°C.

Reply to Th. Hahn, W. Eysel. P. Brenner and 
E. Woermann

Phase transformation of a —> a' Ca2SiO4
It seems difficult to characterize surely the nature 

of the a —»«H C2S transformation. Perhaps this 
transition is not purely displacive as indicated by the 
sharp and reversible DTA signal or the cl C2S struc
ture is not trigonal as suggested by Bredig but hexa
gonal.

Stabilized crystals of ot C2S have an hexagonal 
structure, however the space groups are different. 
In the solid solutions, the nature and amount of the 
stabilizer, the burning and cooling of the sample can 
modify substantially the structure of cl C2S. Further 



studies would be necessary.
Modification MY of Ca3SiO5

The discontinuous change of the two C3S mono
clinic forms Mj, and MIb in A12O3, Fe2O3, MgO, 
C3S solid solutions is very interesting.

We had also found two types of Mj modification 
in synthesized MgO-C3S solid solutions: MIa for 
C3S +1.25 MgO and MIb for C3S + 2%MgO 
(we had called it inverted form). The last form is 
metastable: MIa is obtained, at room temperature, 
after 4 hours at 65O°C.

Reply to K. Tomita

We thank Mr. K. Tomita for his contribution on 
hydrated a'C2S strength.

In our paper, we had reported Dr. Nurse’s results: 
a'C2S stabilized by P2O3 hardly reacts to water. 
However, another stabilizers such as MgO, K2O, 
BaO, SrO... can modify the C2S lattice and give 
better hydraulic properties.

Reply to H. E. Schwiele, W. Krönert 
and K. Decket

According to the working hypothesis of A. 
Dietzel and L. Tscheischwili on the size of the stabiliz
ing ions, H. E. Schwiete, W. Krönert and K. Deckert 
have given two examples showing that, in the C2S 
lattice, the Ca2+ ions (0.99 Ä) may be replaced only 
by a respective amount of bigger cations or a part 
of (SiO4)4- groups (Si = 0.39 Ä) is replaced by a 
smaller anion complex.

But our own experiments do not verify this cri
teria. J. Forest (1) has been able to synthesize some 
belites Ca2 Mx Si,^ O4_x/2 in which. M = Al3 + 
(0.50 A) and Fe3+ (0.64 A) are out of the precedent 
limits, however the ß form is obtained.
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Reply to Y. Ono

The Mn form of pure C3S is monoclinic with ß 
= 90°. The lattice parameters have been obtained 
accurately by indexing powder patterns on a pseudo
hexagonal lattice.

The shape of the crystal lattice is orthorhombic. 
Dr. Ono’s microscopic observations show the 
parallelism between the optical axis X and the axis 
c. However, the stacking of the structural groups 
does not permit the orthorhombic symmetry: there 
is no orthorhombic subgroup of the R 3 m trigonal 
space-group and the R —> Mn transformation is 
small and continuous. However, we have not exactly 
proved this result. Only Laue and oscillation photo
graphs of a single crystal would distinguish a pseudo- 
orthorhombic form from a true orthorhombic struc
ture.

Another examples of monoclinic structures with 
ß = 90° exist. For instance, the W V2O7 crystals are 
monoclinic (1) with the parameters a = 12.20, 
b = 3.72, c = 3.95 A, ß = 90°.
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Closure

The Supplementary Papers and Discussions permit 
to clarify some problems and to propose further studies 
on the structures of portland cement minerals.
C3S The results of C3S studies are the most com

plete. The list of the transition points and the various 
phases is definitively established. The identifica
tion of any alite form is possible and sure with high 
resolution X-ray diffraction and DTA. However, 
the DTA diagrams must be interpreted with care 
in the case of inverted monoclinic forms MIb and 
Mnb which are decomposed above 600°C. Some 
alites, similar to those found in clinkers have been 
synthesized: they are solid solutions with A12O3, 
Fe2O3, MgO, Cr2O3, TiO2, MnO2. It shall be 
possible to classify all the alites of clinker with the 
combined use of electron probe microanalysis 
which identifies the foreign ions and X-ray diffrac
tion which characterizes the crystalline structure.

The six forms of C3S have very close crystal 
structures and present a similar reactivity. Only 
the early strength can be increased in presence of 
some foreign ions as Cr2O3 but these effect does 
not persist.

1170DC
C2S A new transformation a'L a,'H C2S has 

been detected by DTA and X-ray diffraction. 
The a'L form is a superstructure of the orthorhom
bic <Xh structure (a and b doubled).



The structures of the a' and ct forms are not well 
known. Stabilized crystals of these forms have 
different space groups. Further studies would be 
necessary about the following topics: 
—the nature of the a -> ®h transition 
—the space group of the a and a/L forms 
—the formation of a' and a belites 
—the introduction of CaO in ßC2S

The five forms of C2S have different structures 
and present different hydraulic properties. The 
minor oxides, present in the clinker, can modify the 
crystal lattice of C2S and affect the cementive 
properties of belites.

C3A The structure of C3 A is not known. In the cubic 
lattice, the aluminium/oxygen coordination is 
probably all tetrahedral. A new paper (1) on iso
morphous replacement in tricalcium aluminate 
indicates that the aluminium ions are not in A1O6 
octahedra and the Ca2+ ions occupy two types of 
reticular sites.

In C3A, it is possible to replace the group Ca-Al 
by Na-Si, K-Si. Orthorhombic C3A solid solutions 

with alkalis would be more reactive at early ages 
than cubic forms.

C4AF Solid solutions of C2(APF1_P) with MgO, 
Cr2O3, Mn2O3 have been synthesized. Micro
crystalline ferrite phase has been observed in indus
trial clinkers by X-ray diffraction (broad powder 
lines); the Mössbauer spectra (2) of Fe57 of the fei- 
rite present in poitland cement can be understood 
assuming that the volumes of some of the ferrite 
particles are small enough to show superparamag
netism instead ferromagnetism.
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Belites in clinker are solid solutions of dicalcium 
silicate. Their X-ray diagrams are, usually, similar 

to that of the j8C2S form, more rarely to that of the 
a'C2S forms.

Dicalcium Silicate

The structure of the five C2S forms is described in 
the Principal Paper entitled “Structure of Portland 
Cement Minerals” (1).

At high temperature (t > 1420°C) the aC2S form 
is hexagonal. We have calculated the lattice constants 
from powder pattern: a = 5.526, c = 7.307Ä at 
1500°C. These results agree with those of Yamaguchi, 
Ono, Kawamura and Soda (2): a = 5.527, c = 7.311 
A, space group P3ml.

With decreasing temperature, the a variety gives 
the a' form. By X-rays and D.T.A., Niesel and 
Thormann (3) have proved the existence of two a' 
forms: and a£ whose stability domains are respec
tively 1420-1165°C and 1165-650°C. We have con
firmed the existence of these two a'C2S forms.

At 1250°C the parameters of the orthorhombic 
a'HC2S unit cell are a = 5.593, b = 9.535, c = 6.860 A, 
space group Pmcn (Table 1).

Yamaguchi, Ono, Kawamura and Soda (2) have 
found the same unit cell a = 6.883, b = 5.606, 
c = 9.543 A, space group Pnma at 1300°C.

We have determined the lattice of the a'L form, at 
1000°C.

The orthorhombic parameters are a = 11.184, 
b = 18.952, c = 6.837 A, space group Pmcn (Table 
2).

Table 1. afaCzS (1250°C)

hkl I/h dobeerved dcalculated

Oil 3 5.574 5.569
110 1 4.830 4.824
020 5 4.766 4.767
111 9 3.945 3.946
021 9 3.916 3.915
002 19 3.430 3.430
012 8 3.226 3.227
121 25 3.209 3.207
102 37 2.924 2.924
031 22 2.8842 2.8837
200)
112J too 2.7960 (2.7964

■[2.7954
022 20 2.7842 2.7842
130 90 2.7632 2.7632
131 3 2.5632 2.5631
211 3 2.4988 2.4990
122 4 2.4927 2.4925
220 21 2.4128 2.4121
032 36 2.3311 2.3313
221 28 2.2755 2.2759
041 23 2.2513 2.2516
013 53 2.2226 2.2230
202 7 2.1674 2.1674
212 12 2.1136 2.1135
141 28 2.0087 2.0887
113 7 2.0657 2.0663
023 15 2,0613 2.0617
231 18 2.0078 2.0075
222 25 1.9734 ; 1.9730
042 11 1.9572 1.9574
033 2 1.8565 1.8562
142 3 1.8479 1.8475
051 7 1.8376 1.8373
150 4 1.8043 1.8049
232 20 1.7911 1.7906
213 15 1.7407 1.7404
004 7 1.7148 1.7150
014 4 1.6876 1.6879
321 3 1.6830 1.6832
052 6 1.6670 1.6667
302 7 1.6387 1.6380
114)
312f 14 1.6151 11.6159

(1.6143
330 15 1.6091 1.6080
242 5 1.6041 1.6036
152 3 1.5910 1.5913
143 11 1.5827 1.5827
124 7 1.5501 1.5505
251 6 1.5357 1.5355
034 4 1.5094 1.5093
161 2 1.4926 1.4920
204 1 1.4629 1.4620
134 2 1.4572 1.4571
214 5 1.4453 1.4451



Table 2 a£C2S (1000°C)

hkl I/h ^observed dcalcula ted

021 1 5.542 5.545
220 4 4.826 4.816
040 1 4.736 4.738
221 5 3.938 3.937
041 6 3.895 3.894
231 2 3.565 3.571
002 12 3.420 3.419
022 5 3.217 3.216
241 17 3.195 3.196
122 2 3.088 3.090
202 24 2.918 2.917
061 13 2.8672 2.8675
400 70 2.7969 2.7961
222 100 2.7881 2.7878
042 18 2.7730 2.7724
260 83 2.7496 2.7503
341 3 2.6993 2.6931
350 2 2.6583 2.6579
261 1 2.5514 2.5516
421 2 2.4953 2.4966
242 2 2.4837 2.4839
440 12 2.4076 2.4081
062 21 2.3202 2.3200
441)
162f 16 2.2714 J2.2714

■(2.2717
081 12 2.2375 2.2385
023 32 2.2157 2.2160
123 2 2.1764 2.1737
402 4 2.1643 2.1644
4221
530J 7 2.1095 J2.1101

12.1086
281 15 2.0774 2.0782
043 6 2.0531 2.0539
461) 9 2.0011 (2.0019
233/ 9 2.0011 12.0018
442 28 1,9683 1.9687
082 6 1.9463 1.9472
063 1 1.8488 1.8483
282 4 1.8380 1.8389

0.10.1 3 1.8259 1.8264
462 12 1.7848 1.7854
423 8 1.7368 1.7367
004 3 1.7097 1.7094
641 3 1.6814 1.6814
363)
443j 4 1.6566 fl.6559

.11.6553
204 4 1.6354 1.6347
622 6 1.6119 1.6127
660 10 1.6046 1.6054
482 3 1.5968 1.5979
5231
283/ 8 1.5751 f 1.5743

11.5759
244 4 1.5450 1.5453

4.10.1 3 1.5280 1.5291
652 4 1.5024 1.5025

2.12.1 2 1.4830 1.4837
0.10.3 1 1.4527 1.4572

264 3 1.4512 , 1.4518
424 4 1.4408 1.4415
681 2 1.4318 1.4324

The doubling of a and b parameters is required 
by the presence of five weak lines which cannot be 
indexed with a cell similar to cell (d231 = 3.565 Ä, 
d122 = 3.088 Ä, d341 = 2.699 Ä, d350 = 2.658 Ä, 
d123 = 2.176 Ä). ■

A.M.B. Douglas (4) using a natural mineral, bre- 
digite Cuj 59 Bag.gg ^go.si Mng.g» SiO4 usually 
considered identical with a'C2S has found an ana
logous cell a — 10.91, b = 19.41, c = 6.76 Ä space 
group Pmnn and on the other hand she indexed 
Trömel’s (5) powder data taken at 750°C with an 
orthorhombic cell of parameters a = 11.08, b = 18.55, 
c = 6.76 A.

The a'H —»a'L transition corresponds therefore to 
a superstructure and beside to a small change of 
parameters.

The Fig. 1 shows the microdensitometer tracings 
of «H and «Ji, focussing film patterns. At 1250°C, the 
calculated components of the doublet 220, 112 being 
only separated by 1 X 10'3 Ä (Table 1) are not re
solved on the powder pattern but it is obvious that the 
200 line is broader than the single line 130.

The transition a'L ß takes place at 650°C. The 
ß structure is monoclinic (6). The new parameters 
of pure ß C2S, calculated from powder Guinier 
camera pattern, at room temperature, are a = 5.506, 
b = 6.749, c = 9.304 Ä, ß = 94.62°, space group 
P21/n. .



Ca2MxSi1_xO4_x/2 Belites

Yannaquis and Guinier (7) have suggested that the 
^C2S, B2O3 solid solutions correspond to a partial 
substitution of (SiO4)4- by (BO4)5~ groups and to the 
formation of tetrahedric vacancies in order to main
tain electroneutrality in the lattice by the elimination 
of Si4+ ions (probably in the form of silica). The inser
tion of supplementary ions seems difficult in a lattice 
as compact as that of j9C2S. Sasaki (8), Schlaudt and 
Roy (9) have shown that ß form is not stabilized in 
Ca substituted preparations.

Forest (10) has been able to prepare some belites

Q01 0,03 0,05 0,07 Q09
Fig. 2. Limits of solubility of Al, Fe, B in C2S through the 

decrease of the a'n -> a transition temperature.

similar to those found in clinker. These belites are 
oxygen-defective solid solutions with Si substituted, 
with general formula Ca2MxSi1_xO4_x/2. In the C2S 
crystal lattice, the exchange reaction 2Si4+ + Oz"

2M3+ forms the solid solutions at temperatures 
higher than a'H -> a inversion.

The limits of solubility of Al, Fe, B in C2S have 
been determined by D.T.A., through the decrease 
of the «H a transition temperature (Fig. 2). The 
microscopic examination shows that the belite gen
erally bistriated by the quenching contains a very small 
amount of interstitial phase located at the grain 
boundaries (Fig. 3 (a)).

Belite is apparently a non-equilibrium phase. In 
a belite containing alumina, synthesized at 1550°C, 
a very rapid quenching from 1550°C stabilizes a large 
part of a' type form, quenching from 1450° gives a 
mixture of a' and ß forms and from 1000°C the ß form 
with C3A (Fig. 4). Furthermore, the microscopic 
examination of slowly cooled belites reveals the 
presence of solutes within the ß grain which is spotty 
(Fig. 3 (b)).

Fig. 3. Belite Ca2AIo.O3 Fe0.03Si0.94O3.97 (,3h at 1450°C, 3 
grindings').

(а) quenched from 1450° C: striated.
(б) slowly cooled from 1450°C: partly spotty.



«tßl

Fig. 4. Betite Ca2Alo.10Sio.90O3.95 synthesized at 1550°C.
1. rapid quenched from 1550°C: large part of a form
2. quenched from 1450°C: ß + a' forms
3. quenched from 1000°C: ß form + C3A

Crystallographic investigation of some ß Belites

Powder patterns of four ß belites Ca2MxSi1_xO4_x/2 are reproduced in Fig. 5. The comparison with the
in which M = B, Al = Fe, and the C2S-C2F mixture ßC2S diagram shows the displacement of some lines,

200 022 121

Fig. 5. X-ray diagrams of some ß belites (Guinier camera, 
CuK a,i radiation),

1. ßCaiSiOt
2. Ca2B0.01Si0.99O3.995
3. Ca2SiO4(70%) + Ca2FeO5(50%) (presence ofC2F)
4. CajFeo.oiaAlo.oiiSio.976O3.988 (prerence of yC2S)
5. Ca2Fe0.035Al0.035Sia.930O3.96s
6. Ca2Feo,o5oAlo.o5oSio.9oo03.95o



in particular 103, 121 and 200, 022, 121.
Belite is a product of imperfect crystallisation. 

With increasing proportion of foreign ions, reflections 
are broader and broader (see in Fig. 5, M = Al, Fe, 
in 4, 5, 6).

The lattice constants of five ß belites have been 
calculated, the results being collected in Table 3. 
The j?C2S lattice is slightly altered, the symmetry 
remaining monoclinic. We have called ßv the type of 
belites in which the jffC2S lattice is not significantly 
modified and ß2 a belite such as Ca2Fe0.03Al0.05Si0igo 
O3.95 in which the powder pattern presents broad 
lines and a modification more important of the tri
plet 200, 022, 121, Corresponding to a larger variation 
of c and ß parameters.

Table 3. Lattice constants of some ß belites

Type 
of 

belite
Constitution Formula a(A) b(A) C(A)

Bi
/3 CagSiOa
Ca2Al0.10Si0.60O3.95

5.506
5.499

6.749
6.745

9.304
9.318

94.62
94.53

Sl
(quenched at 1000°C)

Ca2Ba.01Si0.99O3.995 5.503 6.749 9.302 94.51
fli Ca2Fe0.035Al0.035Si0.930O3.B65 5.502 6.750 9.316 94.45
/3t Ca2SiO4(70%) + Ca8FeO5(30%) 5.507 6.755 9.325 94.45
92 ca2Feo.050Alo.050sio.90003.950 5.502 6.753 9.344 94.19

Synthetic belites of ßv type with M = Al, Fe are 
similar to some belites extracted from industrial 
clinkers (10) but are different from solid solutions 
C2S, B2O3 (11) wich approach ßT belites.

Conclusion

The X-ray diagrams of belites are similar to those 
of ß and a'C2S forms.

The precise parameters of ß,a'L,a'a, aC2S have been 
calculated from powder Guinier camera patterns. 
Our observations on pure dicalcium silicate confirm 
the previous data obtained with bredigite, C2S solid 
solution. The «h—a'L transition, at 1170°C, corre
sponds to a superstructure (a and b doubled) and a 
very small change of lattice which remains orthor
hombic.

In the C2S crystal lattice, the reaction 2Si4+ + O2" 
—» 2M3- forms belites at temperatures higher than 
«H —> a inversion. These solid solutions, oxygen
defective compositions Ca2MxSi1_xO4_x/2, synthe

sized at 1500°C, are metastable in the case of M = Al, 
Fe. Furthermore, a decrease of foreign ions solu
bility in C2S is observed after a long heating at high 
temperature.

The crystal lattice of stabilized belites, similar to 
some belites extracted from industrial clinkers is 
monoclinic, corresponding to a slightly altered ßC2S 
lattice. However belites are products of imperfect 
crystallization.

It seems to exist one form of a'C2S type, its lattice 
constants shall be calculated.

Other ß belites may be synthesized in the presence 
of sulphates and alkalis. Their powder patterns are 
similar to those of precedent belites. ’
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Supplementary Paper 1-36 Cation and Anion Replacements 
in the Structure of Tricalcium Silicate

Nikita A. Toropov*

Synopsis

This article contains the results of experimental work by the author and his collaborators 
establishing numerous cases of formation of solid solution between different constituents of 
portland cement clinker. The authors have established the dissolution of rare-earth oxyortho
silicates in tricalcium silicate, the formation of continuous solid solution between Ba2GeO4- 
Ba2SiO4, between CajSiOs-CasGeOs etc. These studies were accomplished with the aid of 
the polarizing microscope. X-rays, and thermal analysis.

Crystal Lattice of Tricalcium Silicate

The anionic part of the structure of tricalcium sili
cate is treated usually as constructed by silicon
oxygen tetrahedra SiC^4- and by additional oxygen 
ions which do not participate in the formation of 
tetrahedra. The cationic part of the structure is 
formed by calcium ions characterized by two kinds 
of oxygen coordination polyhedra.

The accurate determination of the crystal structure 
of tricalcium silicate using direct diffraction methods 
is rather complicated. The main difficulties are con
nected with large single cell parameters, existence of 

superstructure and with complexity of the mutual 
coordination of atoms composing this structure. And 
this is why other methods of crystal chemistry are 
of great importance. The study of compounds isostruc- 
tural (or isomorphous) to tricalcium silicate is espe
cially promising. Equally important are the inves
tigations of solid solutions produced by tricalcium 
silicate and its structural components with some other 
radicals.

The most useful and effective is the studying of the 
crystals of chemical compounds isostructural to C3S.

Solid Solutions of Tricalcium Silicate

Particular investigations of the solid solutions 
formed by C3S or its separate structural radicals and 
various structural constituents are of special value. 
A waste number of isovalence or hetervalence type 
substitutions are possible as well as partial penetration 
of some atoms and ions in the lattice of tricalcium 
silicate.

These solid solutions may be confined by certain 
limits of possible replacements or may be quite con
tinuous. However the second type of solid solutions 
formed by C3S has not yet been described in litera
ture.

Contrarily, all examples studied up to date have 
been characterized by small concentrations of replace
ments in the matrix lattice of C3S (0.5 to 5.0 weight 
7o).

Only recently in our laboratory the possibility of 
the full replacement of one of the structural units has

The Academy of Science of the USSR, Institute of Silicate 
Chemistry, Leningrad, U.S.S.R. 

been demonstrated in the system 3CaO-SiO2- 
3CaO GeO2 by Boikova, Toropov and Vavilonova 
(1). Nonlimited substitution of SiO44- radicals by 
isomorphous radicals GeO44~ takes place in this 
system. It is worth mentioning that in the case of the 
system 2BaO SiO2-2BaO GeO2 there occurs only 
a very narrow region of interruption according to

Fig. 1. Phase diagram of the system Ba2SiC>4-Ba2GeO4



Grebenschikov, Toropov (2).
The possibility of the synthesis of C3S single

crystals where one of the structural components- 
SiO44- is fully replaced by other component with 
larger atomic weight is of great importance for the 
further X-ray investigations of the initial crystal 
and its structural analog.

In our recent investigations special attention has 

been paid to the structural transitions between the 
states with different degree of ordering of the atomic 
arrangement in the structure of tricalcium silicate.

These transformations for the case of pure trical
cium silicate have been previously examined by X-ray 
and DTA methods by Regourd (3, 4). Only a few 
data are available concerning such transformations 
in solid solutions of this compound.

Nonstoichiometry of the Composition of Tricalcium Silicate

The synthesis of nonstoichiometric forms of C3S 
and of solid solutions of C3S with the excess of CaO 
is considered to be very important. The possibility 
of the penetration of some additional amounts of 
calcium oxide into the lattice of tricalcium silicate has 
been found in our laboratory in the course of the 
examination of the solid solutions between Ca3O • SiO4 
and Y2O SiO4.

The choice of yttrium silicate as a component of 
this new type of the solid solutions was made by vari
ous reasons. One of them is the closeness of the ionic 
radii Ca2+ = 0.96 A and Y3+ = 0.99 A (according 
to Pauling’s data). The other one is concerned with the 
similarity in chemical structure of both silicates. 
The differencies between these compounds in optical 
properties, density and other characteristics provide 
the use of yttrium oxyorthosilicate and some other 
rare-earth silicates as a kind of crystal chemicals 
indicators. The determination of concentration limits 
for solid solutions, and the study of complex poly
morphism of them are considerably simplified when 
using such indicators.

For example, only the use of this method enables 
us to succeed in the determination of the possible 
entering of some excess calcium atoms into the lattice 
of C3S and its solid solutions.

Microscopical (in transmitted and in reflected light) 
and X-ray analyses of the samples with 6-7 weight % 
of yttrium oxyorthosilicate proved the homogeneity 
of this solid solution. At higher concentrations this 
silicate separates into a second crystalline phase.

From these data follows the formation of a limited 
series of solid solutions between Ca3O-SiO4 and 
Y2OSiO4.

All samples of solid solutions contained some 
amounts of /?-Ca2SiO4 and y-Ca2SiO4 crystals.

The amounts of these crystals increased with in
creasing yttrium oxyorthosilicate contents and reached 
the value of 10-15%. The increase in the number of 
the vacant positions in the structure caused by the 
heterovalent replacement 3Ca2+ 2Y3+is the cause 

of this phenomenon. The filling of. these vacancies 
causes formation of the solid solutions of oxyortho
silicates with the excess CaO according to the stoi
chiometric ratio 3:1.

The chemical analysis data given in Table 1 con
firmed these predictions and showed that the excess 
of chemically bonded CaO increased from 0.5 weight 
% in pure Ca3O • SiO4 to 2.5-3.0 weight % in the solid 
solution. The accuracy of the determinations amounted 
±0.3% for CaO and ±0.2% for SiO2 and Y2O3.

These results were checked up additionally using 
the C3S samples obtained by sintering CaCO3 pre
cipitated from Ca(NO3)2 and (NH4)2CO3 of high 
purity and by sintering rock crystal.

Fig. 2. Phase diagram of the system YaSiOs-CasSiOs
a—Monoclinic solid solutions
b—Triclinic » // (III)
c—Triclinic » (II)
d—Triclinic // (I)
e—Y2O3 -SiOz



Our data concerning C3S polymorphism are well 
correlated with polymorphism of its crystal chemistry 
analog—tricalcium germanate, and region of solid 
solutions in the phase diagram for the system 
3CaO • SiO2-3CaO • GeO2.

DTA data (Fig. 4) show that increasing germanate 
concentration in the solid solution primarily causes 
slight decrease in the temperatures of endothermic 
effects. Then these temperatures begin to increase and 
approach those for germanate. According to Regourd 
(4) phase transitions of C3S are as follows:

620°C 920°C
triclinic I ; > triclinic II < >

970°C 990°C
triclinic III 7^. monoclinic <

1050°C
orthorhombic < y hexagonal.

Fig. 3. Phase diagram of the system CasSiOs-CajGeOs 
M—Monoclinic solid solutions
Tj—Triclinic »
Tn— 
Tni—

(D 
(ID 
(III)

Fig. 4. DTA-curves of solid solutions CaiSiOs-CajGeOs

These transitions of 3CaO • GeO2 take place accord
ing to our data at 750°, 1020°, 1150°C and are as 
follows:

750°C 1090°C
triclinic I ( triclinic II "< *

1150°C
7TL.:. tricilinic III TTT. monoclinic
It was previously shown by Toropov, Boikova 

(5)(6) that C3S can contain some amount of the excess 
CaO according to the stoichiometric ratio 3:1.

This content of nonstoichiometric CaO can be 
increased with increasing firing temperature. Devia
tions from stoichiometry were also observed in 
3CaOGeO2.

Chemical analysis of 3CaO GeO2 carried out for 
the composition containing excess CaO proved that 
the excess CaO in germanate can achieve 1.5 weight 
%. The presence of free lime was not observed.

Fig. 5 gives infrared absorption spectra of the solid

Fig. 5. YR-spectra of solid solutions Ca3Si-O5-Ca3GeOs 
a—Ca3SiO5 
b—30%Ca3SiOs + 70%Ca3GeO5 
c—50%Ca3SiO5 + 50%Ca3GeO5 
d—80%Ca3SiO5 + 20%Ca3GeO5 
e—Ca3GeOs _



Table 1. Chemical analyses of samples of nonstoichiometric 
solid solutions tricalcium silicate

NN

Chemical analysis after 
recalculation to dehydrated 

material, weight %
CaO: SiO2 
in calcium 

silicate

Excess of 
CaO in solid 
solution above 

stoichiometry.CaO SiOg YzOs S

1 68.96 25.64 5.40 100.0 3.05:1 1.20
2 67.79 25.64 6.57 100.0 3,04:1 0.97
3 67.90 25.64 6.45 100.0 3.04:1 0.97
4 67.37 25.06 7.57 100.0 3.13:1 3.09
5 67.07 25.10 7.83 100.0 3.12:1 2.86

solutions recorded in the interval 700-1200 cm-1. 
They are in agreement with other data indicating the 
formation of continuous solid solutions. Some shift 
of Si-0 stretching bands to lower wave numbers 
corresponding to the increasing 3CaO • GeO2 content 
is typical of orthosilicate-orthogermanate solid solu
tions. On the other hand, Ge-0 stretching bands 
between 700 and 800 cm"1 2 move to slightly higher

1. A. I. Boikova, N. A. Toropov and V. T. Varilonova,
“On the analogy and solid solutions between trical
cium silicate and tricalcium germanate” (in Russian), 
Doklady Akad. Nauk SSSR, Chem. Ser. 175’ 
654-657 (1967).

2. R. G. Grebenschikov, N. A. Toropov and V. I.

Table 2. Nonstoichiometric tricalcium silicate

Chemical analysis weight % Amount Excess— - of free CaO: SiOs of CaO
Losses CaO in above

NN CaO SiO2 on 2 weight final stoichio-
heating % product metry

1 73.35 25.50 0.94" 99.79 0.9 3.04:1 0.97
2 73.28 25.98 0.89 100.15 — 3.02:1 0.50
3 73.63 26.10 0.37 100.10 _ 3.02:1 0.50
4 73.83 26.17 — " 100.0 3.02:1 0.50

wave numbers when the content of the silicate 
increases. This concentration dependence is another 
straightforward indication of continuous series of 
solid solutions in this system.

The above-mentioned system 3CaO SiO2-Y2O3- 
SiO2 is an example of C3S solid solutions with limited 
solubility of another component. Phase diagram for 
its subsolidus region is shown in Fig. 2 according to 
Boikova and Toropov (7).

Electron Microscopic Investigations

Studies of solid solutions of C3S with various oxides 
have been carried out in our laboratory with the aid 
of electron microscope. The main points of this 
investigation are:

1. Morphological study of crystals of solid solutions.
2. Observations of some defects of crystal surface 

with various minor components.

Fig. 6. Etching figures of crystals C3S-Magn. x 15000

3. One of the first tasks of this investigation is 
connected with refinements in sample preparations 
and conditions of etching. Figs. 6 and 7 give the ob
tained photomicrographs which show different forms 
of etching figures, their interorientation and emer
gences of dislocations.

Fig. 7. Etching figures of crystals solid solutions 
Ca3SiO5 + 1 %P2OS
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Supplementary Paper 1-54 Polymorphism and Solid Solution 
of the Ferrite Phase

Eduard Woermann, Walter Eysel and Theodor Hahn*

Synopsis

In the ferrite solid solution Ca2(Fe1_pAlp)1O5 with 0 < p < 0.70 magnesium is incor
porated according to two different substitution schemes. For 0 < p < 0.50 the substitution 
ratio Ca/Mg = 2/3 is verified (limit of solid solution 1.6 mol. % MgO), while for p > 0.50 
the ratio is Ca/Mg = 1/3 (solubility limit 3.0 mol.% MgO).

The curves of the lattice parameters as a function of p indicate two discontinuities at 
p «= 0.30 and p «= 0.50.

DTA-investigations of Ca2Fe2O5 revealed two polymorphic transformations of very 
small enthalpies. High-temperature X-ray patterns showed that the three modifications are 
very similar.

DTA-results on samples with varying p support the discontinuities at p = 0.30 and at 
p = 0.50.

Introduction

Since the publication by Hansen, Brownmiller 
and Bogue (1) on the system CaO-Al2O3-Fe2O3 the 
ferrite solid solution series Ca2Fe2Os-“Ca2Al2O3” 
has been the subject of many detailed investigations. 
The present paper deals with the polymorphism of 
the ferrite series and its solid solution with MgO.

The ferrites are represented by the chemical formula 
Ca2(Fe1_p A1p)2O5 where, (Majumdar (2)), 0<p 

< 0.70 (line C2F-L in Fig. 1). According to Swayze 
(3), in equilibrium with free CaO the solid solution 
terminates slightly below p = 0.50, according to 
Newkirk and Thwaite (4) and Majumdar (2) slightly 
above this value. In agreement with the latter we found 
p = 0.52 for the limiting composition of ferrites in 
equilibrium with free CaO and aluminate at 1300°C 
(point B in Fig. 1).

Substitution of Magnesium in Ferrite

The fact that the ferrites take up MgO in solid 
solution is well known. Fujii and Asaoka (6) as well 
as Schwiete and zur Strassen (7) observed that a 
normally reddish-brown ferrite acquires a greenish- 
black colour in the presence of MgO. The latter authors 
found that upon incorporation of MgO into the ferrite 
structure no CaO is liberated. They concluded that 
Mg cannot substitute for Ca. On the other hand, 
Kato (8) as well as Sanada and Miyazawa (9,10) 
assume replacement of Ca by Mg. The limits of solid 
solution are given by Sanada and Miyazawa to be 
< 1.0 wt.% MgO in Ca2Fe2O5 (p = 0) and 1.5%

"Institut für Kristallographie der Technischen Hochschule 
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in Ca2FeA105 (p = 0.50).
We have investigated the modes and limits of sub

stitution of Mg by means of the “lime deviation 
method”: The original ferrite sample was synthesized 
with a small excess of free CaO which was analytically 
determined using the method of Franke (11). Sub
sequently, a definite amount of MgO was added to 
the sample and after equilibration at 1300°C the free 
CaO was analyzed again. From the gain or loss of 
free CaO the type and limit of substitution of MgO 
in the structure can be derived. This procedure is of 
high accuracy (maximum error ±0.05% CaO). It 
should be noted, however, that it can only be applied 
to phase assemblages containing free CaO in equilib
rium.



Fig. 1. Suhsolidus phase relations in the ternary system 
CaO-FezOs-AhOa after Newkirk and Thwaite (4a') (4) and 

Tarte (4b) (5). The diagram is based on mol. %.

Fig. 2. Decrease in free CaO as a function of incorporation 
of MgO in CazFezOs. Temperature of ignition 1300°C.

Fig. 3. Decrease in free CaO as a function of incorporation 
of MgO in CazFeAlOs (p = 0.50). Temperature of ignition 
I300°C. •

Fig. 2 represents the results for Ca2Fe2Os: Upon 
addition of MgO the amount of free CaO is reduced,
i.e.  additional CaO is combined by the ferrite. Beyond 
0.7% MgO the amount of free CaO remains constant. 
Surplus MgO forms periclase without reacting with 
the ferrite phase. Thus the bend in the curve represents 
the limit of solid solution.

The slope of the curve corresponds to an atomic 
ratio Ca/Mg = 2/3. This indicates that incorpora
tion of three Mg atoms causes two additional Ca- 
atoms to enter the structure, resulting in a solid 
solution of Ca2Fe2O3 with the hypothetical end 
member “Ca2Mg3O5". This implies that two out of 
three Mg2+ ions replace two Fe3+ ions, while the 
third Mg2+ ion occupies one of the interstitial sites, 
according to the formula:

Ca^Mg2+[Fe3+lxMg2+]2Os (1)
3 1 3x

with 0 < x < 0.045 at 1300°C.
Similar investigations on Ca2FeAlO5 (p = 0.50) 

gave somewhat different results (Fig. 3): Again, 
additional CaO is combined by incorporation of 
MgO (solubility limit 1.5% MgO). The atomic sub
stitution ratio, however, is changed to Ca/Mg = 1/3,
i.e.  with three Mg atoms one additional Ca atom is 
incorporated. This leads to another solid solution 
with the hypothetical end-member “CaMg3O4” 
= “Ca5Mg15O20".

This end-member can be compared with the pure 
ferrite Ca2R2O5:

[Ca8] [B-slOzo
[Ca5Mg3] Mg4 [Mg8]O20

where R = Fe3+, Al3+
Thus, the solid solution involves simultaneous 

Mg-substitution in three different structural sites: 
Replacement of Ca, replacement of R and occupa
tion of interstitial positions. This effect can be des
cribed as superposition of the two simple substitution 
types

[Mg8] [R8]O20 Ca/Mg = -l
(Ca/M g-substitution)

[Ca8] Mg4 [Mg8]O20 Ca/Mg =4-2/3 
(end-member of (1))

in the fixed ratio 1: 4, resulting in formula (2) for Mg- 
incorporation into a ferrite with p = 0.50.

[Ca i —i-Q MgyQ-JzMg^-xlR i —r5-xMgT45 x]2O5 (2)

with 0 < x < 0.100.
Figs. 4 and 5 represent the solid solutions of the 

ferrites with p = 0 and p = 0.50 resp. in the respective 
“ternary” systems. .

The question arises on whether the change from the



Fig. 4. Solid solution of CafFeiOs in the ternary system 
CaO-MgO-Fe2O3 at 1300°C; concentration lines in intervals 
of 0.5 mol. %.

Fig. 5. Solid solution of Ca2FeAlOs in the “ternary" system 
CaO—MgO—R2O3 with R2O3 — (Feg.sAlo.5)203 at 1300^C.

substitution ratio Ca/Mg = 2/3 to Ca/Mg = 1/3 
is gradual or whether occurs as a discontinuous step. 
Experiments show that Mg is substituted according 
to formula (1) in ferrites with 0 < p < 0.48, and 
according to formula (2) in ferrites with 0.50 < p 
< 0.52. The composition p = 0.49 gave somewhat 
scattering results. Members with p > 0.52 cannot be 
investigated by the lime-deviation method since they 
are not stable in equilibrium with free CaO (see Fig. 
1). Therefore, it could not be ascertained whether 
formula (2) is valid up to p = 0.70.

These results indicate an abrupt change in the mode 
of substitution of MgO near p = 0.49 to 0.50. Since 

all specimens were quenched rapidly, a transformation 
of one type into the other during cooling can be ex
cluded, particularly in view of the structural rearrange
ments involved. The observed substitution type of 
Mg, therefore, corresponds to that of the temperature 
of synthesis (1300°C).

The solubility limit of MgO increases with the Al- 
concentration as well as with temperature (Fig. 6). 
At 1300°C, the limits are 0.7 wt. % MgO for Ca2Fe2O5 
and 1.5 wt. % MgO for Ca2FeAlO5, corresponding to 
1.6 mol. % MgO and 3.0 mol.% MgO resp. These 
data are in good agreement with those of Sanada 
and Miyazawa (9, 10).



X-ray Investigations

X-ray investigations of the ferrite series have been 
carried out by various authors. Smith (12) has estab
lished a structural discontinuity around p = 0.30. 
For p < 0.30 the space group is Pnma, in agreement 
with the structure determination by Bertaut, Blum 
and Sagnieres (13). Above p = 0.33 the thigher- 
symmetrical space group Imma exists. The change of 
the structure is gradual as indicated by the continuous 
decrease of the intensities of certain reflexions and their 
final disappearance at p 0.30. In Ca2Fe2O5 half 
of the Fe atoms occupy octahedral, the other half 
tetrahedral positions. Smith assumes that in the Pnma- 
phase the tetrahedral Fe are preferentially replaced 
by Al, while above p = 0.33 the rate of Al-substitu
tion in both positions is nearly equal. This assumption 
has been confirmed by Tarte (14) with the aid of in

frared absorption spectra and by Pobell and Wittmann 
(15) by means of the Mößbauer technique.

The discontinuity at p % 0.30 is reflected in Smith’s 
curves of lattice constants: The b- and c-axes show 
changes of slope, while the c-axis remains straight. 
This confirms the results of Newkirk and Thwaite 
(2) who found slight bends in the curves of all three 
lattice constants at p % 0.33.

We have investigated the lattice parameters as a 
function of composition for two ferrite solid solution 
series, one without MgO and one saturated with 
MgO. The samples were prepared in the subsolidus 
region at 1300°C, and investigated by powder diffrac
tometry using FeK.-radiation and NaCl as internal 
standard.

The results for the MgO-free ferrites are given in

Fig. 7. Variation of lattice parameters of ferrites as a function 
of the Al-content, d) MgO-free samples, b) samples saturated 
with MgO.



Table 1. Lattice constants offerrite solid solutions Ca2(Fei-pAlp)2O5 
(Average standard deviations for a and c: 0.003Ä., for b: 0.005Ä)

P = 0 p = 0.30 p = 0.50 p = 0.70

Bertaut Smith (12) Yannaquts This paper
etal. (13) et al. (17) This paper This paper This paper

Q 5.39 5.42 5.432 5.427 5.380 5.346 5.309
Without MgO b 14.68 14.76 14.760 14.758 14.606 14.508 14.463

c 5.64 5.60 5.600 5.594 5.592 5.564 5.514

Q 4 5.417 5.374 5.341 5.303
Saturated with MgO b 14.778 14.623 14.520 14.470

c 5.591 5.590 5.565 5.516

Fig. 8. Position of infrared absorption bands in the ferrite
series after Tarte (Fig. 6 in ref. 13'); p = 1 — xjlOO.

Fig. 7. The cell-dimensions decrease with increasing 
substitution of the smaller Al ion for the larger Fe 
ion. The plot of the a-axis is nearly a straight line 
without any discontinuity. The curves for the b- and 
the c-axes, however, exhibit one bend each. The c-axis 
plot shows a dinstinct inflection at p «= 0.30, thus 
confirming the discontinuity discussed above. The 
6-axis curve is straight up to p «s 0.50. At this value 

the slope changes distinctly.
Similar effects are observed in the samples saturated 

with MgO, thus confirming again the two disconti
nuities at p «= 0.30 and p as 0.50 (Fig. 7b). A compari
son of the lattice constants in Table 1 demonstrates 
that the incorporation of MgO causes the a-axis to 
increase and the /»-axis to decrease while it has no effect 
on c.

Indications of a discontinuity at p = 0.50 have been 
described previously by two authors: Swayze (3) found 
that the composition p == 0.50 “acts as a definite 
compound so far as its influence on melting tempera
ture along the C3A-C6AxFy phase boundary line is 
concerned”. Tarte’s (14) diagram of infrared absorp
tion spectra (Fig. 8) shows the occurrence of a new 
absorption band at 780-760 cm-1. According to the 
author, no explanation of this effect can yet be given 
(16).

High-Temperature Investigations

Several members of the ferrite solid solution series 
were investigated by differential thermal analysis.

The end-member Ca2Fe2OJ shows two weak (order 
of magnitude 0.1 cal./g) but distinct signals at 430°C 
and 690°C resp. (Fig. 9). Both are reversible without 
any measurable hysteresis. This implies that Ca2Fe2O3 
occurs in three different polymorphic forms. Yan- 
naquis & Regourd (17) have kindly investigated the 
nature of these phase transformations by means of 
high-temperature X-ray measurements (Fig. 10): 
The transformation at 430°C is accompanied by a 
sudden shrinkage of the cell in all dimensions (AV 
= 0.1 %), while the 690°C-transformation involves 
a slight decrease of thermal expansion. No systematic 
extinctions of X-ray diffraction lines occur up to 
900°C, thus proving that the space group Pnma 
persists in the entire temperature range. All experi
ments indicate that the differences between the three

polymorphic forms are very small and that the trans
formations are of the displacive type.

--------- heating—»
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Fig. 9. DTA-diagram of Ca2Fe2O5(5DC/zra"n).



Variation of d(hM) of CajFejp^ with temperature.

Fig. 10. High-temperature X-ray results: Variation of spacings 
of several lines with temperature. {After Yannaquis & 
Regourd 17).

According to Fig. 11 both DTA-peaks are shifted 
to lower temperatures with increasing amount of Al, 
at the same time decreasing in intensity and finally 
disappearing around p = 0.30 at temperatures of 
220°C and 630°C resp. There is an indication that the 
latter peak is splitting into a doublet just before 
its disappearance (17). For compositions 0.30 < p 
<0.50 a very weak and indistinct thermal effect 
occurs in the region 780°-800°C. For solid solutions 
with p > 0.50 no DTA-signals have been observed.

The DTA signals of Ca2Fe2O5 saturated with MgO 
occur at slightly lower temperatures (365°C and 670°C 
resp.). With increasing p the signals again shift to lower 
temperatures and finally disappear. Here, too, very

Fig. 11. Variation of transition temperatures in the ferrite series 
as determined by DTA.

weak thermal effects are observed around 800°C 
for samples with p = 0.35, 0.40 and 0.45. The thermal 
behaviour of magnesia-free and magnesia-saturated 
ferrites thus is quite similar.

Conclusion

The investigations offer evidence for two discon
tinuities in the ferrite solid solution series Ca2(Fe1_p 
A1p)2O5 at p ae 0.30 and p se 0.50. Of these only the 
first one has been described before.

The discontinuity at p 0.30 is indicated by the 
following effects:

1. Change of space group from Pnma to Imma 
(Smith, 12)

2. Bend in the curve of the c-axis
3. Disappearance of the two DTA signals at 220°C

and 630°C '
4. Infrared-absorption spectra (Tarte, 14).

The new discontinuity at p «e 0.50 is supported by 
the following evidence:

1. Bend in the plot of the b-axis •
2. Disappearance of the weak DTA signal at 800°C
3. Appearance of an additional IR absorption band 

(Tarte: 14)
4. Change of the substitution type of MgO.
The discontinuity at p «= 0.50 has been established 

for MgO-free samples. This suggests that the dis
continuity is inherent in the ferrite series and thus 
is the reason for the change in the substitution type 
of MgO.



Smith (12) has explained the discontinuity at p «= seems reasonable to interpret the effect at p «= 0.50 
0.30 as the transition from predominant Al-incorpora- as the beginning of preferential Al-substitution into 
tion in tetrahedral sites to nearly equal rates of replace- octahedral sites.
ment in both tetrahedral and octahedral positions. It
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Supplementary Paper 1-55 Crystal Chemisty of Tricalcium 
Silicate Solid Solutions

Theodor Hahn, Walter Eysel and Eduard Woermann*

Synopsis

The incorporation of various atoms into Ca3SiO5 has been investigated with respect to 
the types of substitution, the limits of solubility and the stabilization of high-temperature 
modifications. In particular, the effects of the following oxides have been studied: MgO, 
ZnO, GeO2, Fe2O3, A12O3. ;

The combined substitutions of MgO and A12O3, MgO and Fe2O3, A12O3 and Fe2O3 
correspond to three-dimensional bodies in the appropriate quaternary systems. From these 
results conclusions about the alite phase in the quinary system Ca0-Mg0-A1203-Fe203- 
SiO2 have been drawn.

Introduction

Solid solutions of Ca3SiO5, called alite, are the main 
constituents of cement clinker. Confusion existed 
about the nature of the alite phase until in 1933 
Guttmann and Gille (1) were able to prove that alite 
is Ca3SiO5, modified by slight solid solution. In 
1952 Jeffery (2) determined the structure of Ca3SiOs. 
Later work confirmed his results (3). The structure 
consists of Ca ions, isolated SiO4 tetrahedra and 
additional oxygens, the latter being coordinated to 
Ca only. The oxygen coordination around calcium 
is very irregular and the structure contains voids. 
These features are considered to be the main reasons 
for the hydraulic properties of this substance (4).

Jeffery postulated three modifications for C3S. 
Recent detailed investigations, however, revealed six 
polymorphs (5): three triclinic (TD Tn, Tni), two 
monoclinic (MD Mn) and the rhombohedral high- 
temperature form (R). The structures of all these 
modifications are extremely similar. The five trans
formations represent small distortions of the struc
tural framework (displacive transformations) and their 
enthalpies are minute.

Of particular interest, both for the crystal chemistry 
and the technical role of Ca3SiO5, are the modes and 
limits of incorporation of foreign atoms into the struc
ture and the stabilization of the different polymorphs.

"Institut für Kristallographie der Technischen Hochschule, 
Aachen, West Germany.

Pure Ca3SiO5 is unstable with respect to Ca2SiO4 
and CaO below ~1200°C. In solid solutions this 
temperature is shifted slightly; the principal situation, 
however, remains unchanged. This necessitates that 
Ca3SiO5 and its solid solutions can be prepared only 
above 1200°C, i.e. in the stability range of the rhom
bohedral modification (R).

Fortunately, the solid solutions can be quenched 
and investigated at room temperature. Depending on 
the composition of the solid solution, some of the 
transformations are suppressed, thus causing the 
stabilization of high-temperature modifications. In 
particular, ZnO is unique in stabilizing all polymorphs 
except Tm (5). It should be noted that all transforma
tions occur in the temperature range in which Ca3SiO5 
is metastable.

We have studied the incorporation of various oxides 
into Ca3SiO5 (6, 7, 8, 9, 10). In particular, the com
bined substitution of MgO, A12O3 and Fe2O3 resem
bles very closely the alite phase in clinker; accordingly, 
the results reveal several aspects of the nature of this 
phase.

Our investigations established that pure tricalcium 
silicate possesses no compositional range, but repre
sents a stoichiometric compound of composition 
3CaO • SiO2 (7). This disagrees with results by Boikova 
and Toropov (11), who found an excess of 0.5—1.0 
wt.% CaO in pure tricalcium silicate, corresponding 
to ratios CaO: SiO2 of 3.02—3.04.



Individual Substitution of Foreign Atoms

Replacement of Ca in 6-coordinated (VI) positions:
(Ca.^MeJ^SiO» (Ca/Me = 1.0) (1)

with Me = Zn, Mg
The limits of solid solution for MgO and ZnO 

are strongly dependent on temperature. At 1550oC 
up to 2.0wt.% MgO and at 1400°C up to 5.0wt.% 
ZnO can be incorporated into Ca3SiOs.

For MgO, very similar results have been obtained 
by Locher (12) and by Midgley and Fletcher (13). 
Replacement of Si in tetrahedral (IV) sites by Ge:

Cayi(Si,-xGexyvO5 (Ca/Ge = 3.0) (2)
Our results (14) are in good agreement with those 

of Boikova et al. (15). Ca3GeO5 exhibits the same 
structures and polymorphism as Ca3SiO5; unlimited 
solid solution exists between both compounds. In 
analogy to Ca3SiO5, germanate-alites can be prepared 
and high-temperature modifications can be stabilized. 
Likewise, Ca3GeO3 is metastable at lower tempera
tures (below 1335°C) but the rate of decomposition 
into Ca2GeO4 and CaO is much higher than that of 
the silicate. Thus the investigations on Ca3GeO5 
support the results obtained for the silicate.

The incorporation of the trivalent ions Fe and Al 
is more complicated:

Substitution of Fe3+ takes place in two structural 
sites. Half of the Fe-ions substitute for Si, the other 
half for Ca:

(Cai-^Fey3vi(Sii-^)IVO5 (Ca/Fe = 1.0)
(3)

Accordingly, the solid solution is represented on the 
line Ca3SiO5-“Ca2Fe2O5” in the system CaO-Fe2O3- 
SiO2. Contrary to these results, Fletcher (16) found 
a solid solution along the line Ca3SiO5-“Ca3Fe2O6”. 
The limit of solid solution at 1550°C is 1.1 wt. % 
Fe2O3, in good agreement with Fletcher’s value of 
1.05% Fe2O3.

Substitution of Al: Aluminum atoms can enter into 
three different positions in the structure of Ca3SiO3: 
Substitution for Si (IV), substitution for Ca (VI) 
and occupation of 6-coordinated voids (VI'). The 
distribution of Al among these three sites is variable 
and controlled by the amount of Ca-atoms available.

Fig. 1. Field of Ca3SiOj solid solution in the ternary system 
CaO-AljOs-SiOz at 1550°C. The regions of the stabilized 
modifications 7i and Tn apply to room temperature.

Thus, Al as well as Ca take part in the solid solution 
and the substitution must be described by two para
meters, i.e. in the system CaO-Al2O3-SiO2 the C3S- 
phase is represented by an area and not by a line. 
This area has a small but well defined “CaO-width” 
(up to 0.14% CaO at B-C in Fig. 1).

All solid solutions can be described by superposition 
of the two formulae:

(Cai-^Alj) 3VI(Si1-U19'vO5 (Ca/Al = 1.0)
(4)

Ca3VIAlfVI'(Sii-S.zAI|z)IVO3 (Ca/Al = 2.25)
(5)

These substitution types correspond to the hypo
thetical end-members “Ca2Al2O5” and Ca3Al4/3O3” 
respectively. Midgley and Fletcher (13) found sub
stitution type (5) only, while Locher (12) assumed 
replacement of Si by Al, the balance of charges being 
maintained by removal of oxygen atoms from the 
structure. Both models correspond to lines in the 
ternary diagram but not to areas. The limit of solubility 
of A12O3 in Ca3SiO3 is independent of temperature and 
amounts to l.Owt. % A12O3.

Combined Substitution of Mg and Al in Ca,SiO5

So far the solid solutions of Ca3SiO5 with individual 
oxides have been described. In the following chapters 
the results of the combined substitution of MgO, 

A12O3 and Fe2O3 will be presented. The object of the 
investigations has been to establish the one-phase 
regions of the alites in the respective quaternary sys-



♦The line A-A' in Figure 2 represents a bend in this face which is of no significance for the phase relations.

Table 1. Coexisting phases on the faces of the bodies of Fig. 2, 3 and 4 at 1550°C 
(On cooling the liquids crystallize to the phases given in brackets)

System CaO-MgO-Al2O3-SiO2 System CaO-MgO-Fe2O3-SiO2 System CaO--Al2O3-Fe2O3-SiO2

Face 
C3S-B B’-L* 
B-C-C'-B' 
C3S-C-C'-L 
L-B'-C'

Coexisting phases 
CjS -f- CaO 
CgS + liq.(C3A) 
c3s + C2S 
C3S + MgO

C3s-M-M'-L 
M-M'-N' 
C3S-M-N'-L 
L-M'-N'

Coexisting phases 
C3S 4- CaO 
C3S liq.(C2F') 
C3S 4~ C2S 
C3S 4- MgO

C3S-B-S-M 
B-C-S-T 
C3S-C-T-M 
S-T-M

Coexisting phases ■ 
C3S 4- CaO 
C3S 4- liq.(aluminate) 
CgS 4~ CgS 
C3S 4- liq.(ferrite)

Fig. 2. Body of Ca3SiOs solid solution in the quaternary system 
CaO-MgO-Al2O3-SiO2 at I550°C.

terns.
Fig. 2 shows that the solid solutions of Ca3SiO5 

with MgO and A12O3 in the quaternary system CaO- 
MgO-Al2O3-SiO2 are represented by a nearly pris
matic body. This implies that not only MgO and A12O3 
but also CaO participate in the solid solution. The 
basis C3S-A-B-C corresponds to the Al-substitu
tion in the system Ca0-Al2O3-SiO2 (Fig. 1). The 
edge C3S-L corresponds to the Mg-substitution in 
the system Ca0-MgO-SiO2. The phases which coexist 
on the different faces of the body are given in Table 1.

The “CaO-width” B-C (0.14% CaO) is enlarged 
to B'-C' (0.34% CaO) due to the influence of Mg. 

Upon combined substitution the individual limits 
of solid solution of MgO and A12O3 remain unchanged 
and amount to 2.0% MgO and 1.0% A12O3 at 1550°C. 
This is in good agreement with the results of Midgley 
and Fletcher (13). The limit for A12O3 is independent 
of temperature, while the MgO-solubility decreases 
with falling temperature (e.g. 1.5% at 1420°C). No 
accurate data exists about the temperature-depen
dence of the CaO-width.

The solid solutions with A12O3 are described above 
as superpositions of formulae (4) and (5), while the 
incorporation of MgO is represented by formula (1). 
Upon combined incorporation of MgO and A12O3 
the individual substitution types remain valid. Accord
ingly, the solid solution can be described by super
position of formulae (6) and (7):

(Cai-x-^Mg^AlD^Sit-^Al^ivo,
(Ca/Al = 1.0) (6)

(Ca1_xMgx)3^Airi'(Sii-FAl|0lvOs
(Ca/Al = 2.25) (7)

Independence of substitution types was already 
proposed by Midgley and Fletcher (13). Their model, 
however, corresponds to formula (7) only, i.e. to one 
of the limiting faces of the body in Fig. 2. Jeffery’s 
alite (2, 4) Ca54MgAl2Si16Ogo as well as the line con
necting this composition with the point of pure 
Ca3SiO5 are entirely outside of this body.

Fig. 2 also shows the regions of the various modi-, 
fications which can be quenched to room tempera
ture. The stabilized forms depend upon the amount 
of MgO and A12O3 but are independent of the CaO- 
concentration. The stabilization effects were also 
investigated by Yamaguchi and Kato (17) and by 
Midgley and Fletcher (13).

Combined Substitution of Mg and Fe in Ca3SiO5

The combined substitution of MgO and Fe2O3 in 
Ca3SiO5 is represented in the system CaO-MgO- 
Fe2O3-SiO2 by the body of Fig. 3, which is less com

plicated than that of Fig. 2. While the individual solid 
solutions with MgO and with Fe2O3 (lines C3S-L 
and C3S-M resp.) exhibit no “CaO-width", combined



Fig. 3. Body of CajSiOj solid solution in the quaternary system 
CaO-MgO-Fe2O3-SiO2 at 1550°C.

substitution results in a very small width with a maxi
mum value at M'-N'. The coexisting phases are com
piled in Table 1.

From the shape of the body it can be deduced that 
the individual limits of solid solution of both oxides 
(2.0% MgO and 1.1 % Fe2O3 at 155O°C) do not influ
ence each other. The substitution types are analogous 
to those for combined Mg-and Al-substitution 
(formulae (6) and (7)).
" The regions of the stabilized modifications Tj, 
Tn and Mx are also indicated in Fig. 3.

Combined Substitution of Al and Fe in Ca,SiO5

Fig. 4. Body of CajSiOs solid solution in the quaternary system 
CaO-AhOg-FeiOg—SiO2 at 1550°C. The points S and T 
apply to subsolidus temperatures (< 1340°C).

For the tricalcium silicate phase in the system CaO- 
Al2O3-Fe2O3-SiO2 the body of Fig. 4 has been found. 
It is again characterized by a CaO-width, which in 
this case is predominantly a function of the A12O3- 
concentration. The coexisting phases are given in 
Table 1.

In contrast to the two cases discussed above, the 
limits of solid solution of A12O3 and Fe2O3 are not 
independent. The interaction causes the face B-C-M 
to be curved. This can be accounted for by the fact 
that Fe and Al atoms compete for the same positions 
in the structure. Fletcher (16), however, reports 
independent limits of solid solution. -

In this system the modifications T, and Tn occur 
at room temperature (Fig. 4). In addition, a small 
region of form Mj has been found.

Combined Substitution of Mg, Al and Fe in Ca3SiO5

conclusions on the tricalcium silicate phase in the 
latter system can be drawn (10):

1. Since the Ca3SiO3 phases in the various quater-

On the basis of the results in the three quaternary 
systems and of additional experiments in the quinary 
system CaO-MgO-Al2O3-Fe2O3-SiO2 the following



nary systems are represented by three-dimensional 
bodies, it follows that in the quinary system a four
dimensional “body” occurs. The bodies in Figs. 2 to 4 
represent limiting “faces” of the latter.

2. The independence of the limits of solubility, 
for the atoms Mg and Al as well as Mg and Fe resp. 
and the interaction between Al and Fe, observed in 
the quaternary systems, have been found to persist 
in the quinary system. The CaO-concentration does 
not influence the solubility limits of the other atoms.

3. The “CaO-width” of the tricalcium silicate 
phase saturated with (A12O3 + Fe2O3) is increased 
by addition of MgO.

4. No “higher” modification than M, has been 
obtained in the quinary system at room temperature.

5. Tricalcium silicate in the quinary system CaO- 
MgO-Al2O3-Fe2O3-SiO2 closely resembles the alite 
phase in technical clinker. Thus our results may 
safely be extended to technical alite (10).

Discussion

The investigations established that alites are true 
solid solutions of Ca3SiO5 which are represented by 
definite phase regions in the appropriate multi-com
ponent systems. The ranges of these solid solutions 
are very small, except for the unlimited substitution 
Si-Ge.

The different modes of incorporation of foreign 
ions are based on simple substitution types which 
are well known in crystal chemistry, for example the 
distribution of Al3+ or Fe3+ among tetrahedral and 
octahedral sites in silicates.

Mutual interactions of Mg, Al and Fe influence the 
stabilization of the high-temperature modifications 
Tj, Tn and M3: Figs. 2 to 4 demonstrate that the 
amount of one oxide which is necessary to obtain a 
“higher" form is decreased with increasing amounts 
of the other oxide. These results as well as those of 
Ono, Uno and Kanai (18) indicate that by addition 
of further suitable atoms also the modifications 
Mn and R can be stabilized., thus explaining the 
occurrence of these forms in some clinkers.
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Synopsis

The a'-C2S is synthesized by substituting Ba, Sr for Ca and substituting B for Si. The 
authors synthesized the single crystal of a' form and analyzed the structure of it by optical 
observation, Laue method, rotating crystal method and X-ray goniometry. The lattice 
parameters of the a' form with Ba, Sr and B were obtained about as follows; a = 11.07Ä, 
b = 18.80Ä, c = 6.85Ä in Ba stabilized, a = 11.02Ä, b = 18.69Ä, c = 6.83ÄinSrstabilized 
and a = 10.96Ä, b = 18.43Ä, c = 6.86Ä in B stabilized. Among them the lengths of a- and 
b-axes are 2 times as long as so far authorized ones (a = 5.49A, b = 9.26Ä, c = 6.75Ä). The 
152 diffraction which could be interpreted only by these large lattice was also observed in 
pure a,-C2S by the high temperature X-ray diffraction. The crystal structure of a'-C2S 
stabilized by Ba was analyzed and the atomic parameters were determined.

Introduction

As to the crystal structure of C2S polymorphs, 
only that of j5-C2S is reliable because it has been ana
lyzed by the single crystal method (1). The structures 
of other polymorphs have been estimated by Yama
guchi et al. (2), but they cannot but be said to be 
approximation. Suzuki (3) investigated the substi
tution amount and the sort of the ion which can 

stabilize each form and obtained a’ form by Ba, Sr 
and B, a form by Ba, V, P and ß form by a small 
quantity of each ion when the preparations were 
carried out by quenching from about 1500°C. Accord
ing to the above mentioned experiments, the authors 
succeeded to obtain single crystals of a'-C2S so that 
they attempted to analyze a true crystal structure.

Preparation of a'-C2S Stabilized by Ba, Sr and its X-ray Analysis

The mixtures of raw materials of C2S whose CaO 
is substituted by 0.15-0.30 mole of BaO or SrO were 
burned at 1500°C about 20 minutes and quenched, 
thus a'-C2S was formed distinctly containing single 
crystals of fairly good size. In more substitution of 
BaO, about 0.7 mole, a type was formed by quench
ing, but by substitution of SrO none of a type was 
formed. The composition of single crystal was 56.12 
per cent CaO, 11.21 per cent BaO and 32.67 per cent 
SiO2 and that stabilized by Sr was 57.84 per cent 
CaO, 8.65 per cent SrO and 33.51 per cent SiO2. 
Optical observation revealed the crystals have no 
twinning and the refraction indices are ng = 1.741, 
np = 1.726 in Ba stabilized one and ng = 1.737 and 
np = 1.721 in Sr stabilized one. Laue’s photographs 
of these a'-C2S are really same one another, namely, 

the symmetries along X, Y are that with perpendi
cularly crossed mirror planes, but along Z is 
pseudo 3 fold. The reciprocal lattice projections on 
b*  — c*  plane and rotating crystal photographs about 
a-axis show that the length of a-, b-axis are about 2 
times as long as those of Tromel’s a'-C2S (4); a = 
11.07Ä, b = 18.80Ä, c = 6.85Ä in Ba stabilized one 
and a = 11.02Ä, b = 18.69Ä, c = 6.83Ä in" Sr 
stabilized one. These Laue’s photographs, rotating 
crystal photograph and reciprocal projections are 
shown in Fig. 1, Fig. 2 and Fig. 3. The systematic 
absence of this projections are as follows:

hkl h + k = 2n hOO h = 2n
Okl k = 2n OkO k = 2n
hOl 1 =2n 001 1 = 2n
hkO h + k = 2n



Fig. 1. Laue’s photographs of a'-C2S stabilized by Ba

Fig. 2. Rotating crystal photograph of a'-C2S stabilized by Ba 
(about a-axis)

Thus the space group of this a' form was decided 
as Cmc2j. The X-ray powder diffraction figures 
were indexed and the lattice parameters were cal
culated as shown in Table 1 and Fig. 4.

Table 1 -1. Powder diffraction data of a'-C2S stabilized by Ba 
a = 11.07k, b = 18.80k, c = 6.85k

observed calculated
2y(CuKa) d I/Io 2^(CuKct) d

040 18.98 4.67 5
002 25.94 3.43 3
112 27.56 3.23 3
022) 27.65 3.22 3
31 If
241 28.08 3.17 10
202 30.59 2.919 11
132 30.78 2.903 8
331 ' 30.85 2.896 4
061 31.51 2.838 5
222 32.06 2.789 65
400) 32.19 2.778 74
042f
260 32.88 2.721 100
152 36.35 2.469 3
440 37,67 2,386 10
062 38.95 2.310 8
441 40.00 ' 2.252 13
113] 40.56 2.222 11
023/
081 40.72 2.214 15
422 42.93 2.105 5
223 43.83 2.064 5
2811 
043 J

44.00 2.056 7
461 45.75 1.982 41911 46.30 1.959 16442f
082 46.92 1.935 3153 47.09 1.928 3

18.94 4.69
25.91 3.45
27.56 3.23
27.63 3.22
27.75 3.21
28.08 3.17
30.56 2.922
30.74 2.906
30.92 2.891
31.45 2.842
32.05 2.790
32.21 2.777
32.28 2.770
32.88 2.721
36.36 2.468
37,62 2,389
38.95 2.310
39.92 2.256
40.45 2.228
40.51 2.225
40.68 2.216
42.93 2.105
43.78 2.056
43.97 2.058
43.97 2.058
45.65 1.986
46.26 1.960
46.27 1.960
46.92 1.935
47.10 1.928

Table 1-2. Powder diffraction data of a'-C2S stabilized by Sr 
a = 11.02k, b = 18.69k, c = 6.83k

hkl
observed calculated

20(CuKa) d 1/1» 2Ö(CuKa) d

040 19.01 4.66 4 18.98 4.67
002 26.05 3.418 2 26.07 3.41
112) 27.72 3.21
022} 27.81 3.21 2 27.79 3.20311J 27.81 3.20241 28.16 3.17 15 28.16 3.17202 30.73 2.907 10 30.72 2.907132) 30.88 2.893 5 30.91 2.891
331J 31.00 2.882061 31.51 2.837 7 31.55 2.833
222 32.22 2.776 75 32.21 2.776400) 32.25 2.773 95 32.26 2.773
042 f 32.45 2.757260 32.96 2.715 100 32.96 2.715152 36.50 2.460 4 36.52 2.458440 37.69 2.384 8 37.69 2.384062 39.22 2.301 15 39.22 2.301441 40.05 2.249 17 40.02 2.251113) 40.73 2.213 19 40.71 2.214023 J 40.76 2.212081 40.76 2.212 24 40.80 2.210422 43.09 2.098 7 43.09 2.098223) , 44.05 2.054 5 44.04 2.054281) 44.08 2.053043 44.16 2.050 9 44.22 2.046461 45.87 1.977 7 45.92 1.974191) 46.41 1.955 15 46.40 1.955442j 46.41 1.955082 47.12 1.931 3 47.11 1.928153 47.20 1.924 2 47.23 1.923



0

Fig. 3. Reciprocal lattice projections of a'-CiS stabilized by Ba 
{about a-axis) ■

Zero layer 1st layer 2nd layer

3rd layer 4th layer

1
- 30 40 5,0

Fig. 4-1. X-ray powder diffraction pattern of o.'-CiS stabilized 
by Ba

Fig. 4-2. X-ray powder diffraction pattern of a’-C^S stabilized
■ by Sr

Preparation of a'-C2S Stabilized by B and its X-ray Analysis

The raw materials mixtures were prepared sup
posing the substitution of B for Si. The most proper 
composition to get a' form was 67.88 per cent CaO. 
31.17 per cent SiO2, 0.95 per cent B2O3. This mixture 
was heated and quenched from the temperature of 
1450-1500°C and the single crystal was picked up 
from the products whose composition was analyzed 

to have about the same composition as the raw materi
als mixture; 67.91 per cent, CaO, 31.18 per cent SiO2, 
0.91 per cent B2O3. Optical properties are the same 
as that of Ba stabilized one and the refraction indices 
were n8 = 1.732 and np = 1.709. The symmetry of 
Laue’s photographs and the projection data by Weis
senberg goniometry are nearly the same as those of



Along a-axis Along b-axis Along c-axis
Fig, 5, Laue’s photographs of a'-CiS stabilized by B

Fig, 6. Rotating crystal photograph of a'-CzS stabilized by B
■ (about a-axis)

. . . 20 30 40 M
Fig. 7. X-ray powder diffraction pattern of «.'-CfS stabilized 

by B

a' form substituted by Ba and Sr. Thus, it was clari- 

observed calculated

Table 2. Powder diffraction data of a'-CzS stabilized by B 
a = 10.96k, b = 18.43k, c = 6.86k

2«CuKa) d 1/1= 2»(CuKa) d

040 18.93 4.61 8 19.25 4.61
002 25.94 3.43 • 6 25.96 3.42
112 27.57 3.23 1 27.66 3.22
022 27.87 3.20 7 27.74 3.21
311 . 28,10 3.17 7 28.06 3.18
241 28.41 3.14 17 28.43 3.14
202 30.79 2.901 5 30.73 2.907
132 30.98 2.884 13 30.93 2.888
331 31.33 2.853 18 31.30 2.856
061 31.87 2.806 1 31.90 2.803
222 32.36 2.764 38 32.26 2.774
042 32.54 2.749 83 32.52 2.751
400 32.64 2.741 79 32.64 2.741
260 33.42 2.679 100 33.42 2.679
152 36.76 2.443 6 36.69 2.447
440 38.25 2.351 13 38.17 2.356
062 39.34 2.288 26 39.35 2.288
441 40.49 2.226 12 40.45 2.228
113) 40.59 2.221 17 40.57 2.222
023/ 40.63 2.219
081 41.24 2.187 22 41.31 2.183
422 43.38 2.084 3 43.35 2.085
223 44.03 2.055 4 43.99 2.057
043 44.24 2.046 4 44.19 2.048
281 44.61 2.029 19 44.63 2.028
461 46.35 1.957 13 46.29 1.960
442 46.92 1.934 36 46.75 1.942
191 47.24 1.922 8 47.15 1.931
153) 47.50 1.912 13 47.49 1.913
082/ 47.51 . 1.912

fled that this crystal has the same structure as those 
synthesized by Ba, Sr. Laue’s photographs and rotat
ing crystal photograph are shown in Fig. 5 and Fig. 
6, and X-ray powder diffraction data and figure are 
shown in Fig. 7 and Table 2. Lattice lengths of it are 
listed as a = 10.96Ä, b = 18.43Ä, c = 6.86Ä.

Lattice Parameters of Pure a'-Ca2SiO4

c TheJantluC parameters of *' form stabilized by Ba, axis, and this is based on the same stacking of Ca and 
Sr and B have all the same periodicity along each SiO4 packing. But these periodicity seems unlikely



20 30 40 50
Fig. 8. High temperature X-ray diffraction pattern of pure 

a'-C2S (at 1000"C)

due to the substutution of Ba, Sr or B ion at the 
symmetrical place such as to make these periodicity 
along each axis. For example, in the calculation of the 

structure factor of a' form stabilized by Ba, an 
assumption that Ba is substituted for the special 
position of Ca gives less agreement than an assump
tion that Ba enters to the position of Ca at random. 
In the former assumption, the atomic scattering factor 
of Ba and Ca were adopted for each atom respectively 
in calculation, but in the latter, mean values according 
to the composition ratio of Ba and Ca were adopted. 
The synthesis of a single crystal of pure a'-C2S is 
unable, so that the high temperature X-ray diffraction 
method should be taken as the only method to con
firm the periodicity. Pure y-C2S was employed for 
this experiment. It inverts into a' at about 890°C 
and to a at 1450°C. In the range of temperature where 
a' form is stable, the characteristic peak such as to 
suggest the lattice parameters appears in the diffrac
tion pattern; this was confirmed by 152 diffraction. 
This diffraction pattern is shown in Fig. 8.

The Crystal Structure of a'-C2S Stabilized by Ba

Determination of atomic parameters of a'-C2S 
and their refining by Fourier synthesis were carried 
out. The a' form stabilized by Ba was used because 
its X-ray powder diffraction figure is most similar to 
that of pure a'-C2S. Approximately cylindrical crystal 
having average radius of 0.2 mm, was used for col
lecting intensity data. The intensity data were recor
ded on equi-inclination Weissenberg photographs by 
the multiple-film technique with Cu Ka radiation. 
Five layers 0k/-4k/ were collected about the <z-axis. 
Absorption effect was so small that it was neglected 
and the extinction effect was also negligible. The 
structure factors were caluculated using the tempera
ture factor 1.1, and the parameters that was made by 
piling the Yamaguchi’s unit cell (2) gave a reliability 
index R = 0.42. This shows that Yamaguchi’s data 
are fairly reliable. But about the structure of stabilized 
by Ba, the pile are not constructed by parallel moving 
of the Yamaguchi’s cell but are constructed with small 
shift. This is explained by the fact that if the pile 
is made by parallel moving of the unit cell, the diffrac
tion such as h + k = In disappeared when h and k 
are both odd, but if the pile is constructed with small 
shift, the upper diffraction appears and its structure 
factors are not usually zero. Thus the slight moving 
of Ca, Si or O atom can make the structure factors 
to have more good agreement with observed structure 
factors. For this purpose two-dimensional or three
dimensional Fourier summations were carried out on 
the computer. Form the symmetry of the space group 
it is understood that the projection is sufficient to be 

limited in a[2 X 6/2 x c. The former was carried out 
to obtain a projection on b-c plane deviding 6/2 into 
30 parts and c into 20 parts and calculating the sum
mation of F(0k/) in a range of k = 0 — 8, 1 = 0 — 4, 
The latter was carried out to obtain bounded projec
tions on a-c plane limited bound of 6-axis 0.0-0.25, 
0.25-0.50, deviding a/2 into 20 parts and c into 20 
parts and calculating the summation of F(hkZ) in a 
range of 6 = 0 — 4, 6 = 0 — 8,1 = 0 — 4. Thus the 
atomic parameters in the step of the present time, the 
bond lengths and angles were obtained as shown in 
Table 4 and Table 5. The structure factor calculated 
showed fairly good agreement with those observed. 
Thus the R index was reduced to 0.11 for both OkZ 
and khZ reflexions. A list of observed and calculated

Table 4. Atomic parameters of a'-C2S stabilized by Ba

x y z

Ca 1 0.00 -0.095 0.382
Ca2 0.00 0.405 0.367
Ca 3 0.25 0.17 0.113
Ca 4 0.00 0.271 0.00
Ca 5 0.00 0.228 0.50
Ca 6 0.25 0.022 0.50
Si 1 0.25 0.16 -0.28
Si 2 0,00 0.105 0.28
Si 3 0.00 0.395 -0.22
O 1 0.125 0.20 -0.16
O 2 0.375 0.20 -0.16
O 3 0.25 0.08 -0.17
O 4 0.25 0.155 -0.54
O 5 0.125 0.065 0.16
O 6 0.00 0.185 0.17
07 0.00 0.11 0.54
O 8 0.125 0.435 -0.34
O 9 0.00 0.315 -0.33
O 10 0.00 0.39 0.04



structure factors is given in Table 3, and the electron
density maps are shown in Fig. 9.

Fig. 9-1. Section of the electron density map on b-c plane

Table 5. Chief bond lengths and angles

Cal-01 2.42Ä 06-Cal-05 64°13'
Cal-03 2.81 06-Cal-01 63 37
Cal-05 2.40 07-Cal-01 89 2
Cal-06 2.56 07-Cal-03 82 14
Cal-07 2.32 05~Cal-05? 70 53

O5-Cal-O3 60 00
Ca6-O3 2.47 O5-Cal-O5' 130 10
Ca6-03' 2.23 oi-cai-or 70 1
Ca6-05 2.79
Ca6-08 2.40

03-Ca7-08 84 12
Sil-01 1.77 08-Ca7-05 70 48
Si 1-02 1.77 O8-Ca7-O5 69 41
Sil-03 1.67 O3-Ca7-O8 80 21
Sil-04 1.75 O8-Ca7-O8' 105 40

08-Ca7-05 146 6
01-02 2.78 O3-Ca7-O8 127 27
01-03 2.64
01-04 3.02
03-04 2.86

Fig. 9-2. Sections of the electron density maps on a-c plane
Table 3. Observed and calculated structure factors of a'-CiS

hkl Fo Fc hkl Fo Fc hkl Fo Fc hkl Fo Fc hkl Fo Fc

001 0 0
2 141 149
3 0 0
4 76 78

010 0 0
1 0 0
2 0 0
3 0 0
4 0 0

020 80 145
1 186 185
2 70 64
3 660 676
4 35 24

030 0 0
1 0 0
2 0 0
3 0 0
4 O 0

040 282 278
1 65 60
2 457 469
3 402 418
4 335 310

050 0 0
1 0 0
2 0 • 0
3 0 0
4 0 0

060 0 13
1 81 64
2 275 413
3 593 551
4 139 175

070 0 0
1 0 0
2 0 0
3 0 0
4 0 0

101 0 0 201 0 0 301 0 0
2 0 0 2 330 334 2 0 0
3 0 0 3 0 0 3 0 0
4 0 0 4 121 120 4 0 0

110 - 0 0 210 0 0 310 0 0
1 9 7 1 0 0 1 13 7
2 21 19 2 0 0 2 0 18
3 19 17 3 0 0 3 42 16
4 25 30 4 0 0 4 36 28

120 0 0 220 202 244 320 0 0
1 0 0 1 102 68 1 0 0
2 0 0 2 411 425 2 0 0
3 0 0 3 603 620 3 0 0
4 0 0 4 404 394 4 0 0

130 0 0 230 0 0 330 0 0
1 23 12 1 0 0 1 9 11
2 20 5 2 0 0 2 25 4
3 18 29 3 0 0 3 32 27
4 25 7 4 0 0 4 48 7

140 0 0 240 0 0 340 0 0
1 0 0 1 325 318 1 0 0
2 0 0 2 220 237 2 0 0
3 0 0 3 212 223 3 0 0
4 0 0 4 180 171 4 0 0

150 0 0 250 0 0 350 0 0
1 45 32 1 0 0 1 0 2
2 10 21 2 0 0 2 42 20
3 29 4 3 0 0 3 16 4
4 16 33 4 0 0 4 7 31

160 0 0 260 940 985 360 0 0
1 0 0 1 138 20 1 O 0
2 0 0 2 245 283 2 0 0
3 0 0 3 163 204 3 0 0
4 0 0 4 188 154 4 0 0

170 0 0 270 0 0 370 0 0
1 180 154 1 0 0 1 42 9
2 29 48 2 0 0 2 26 9
3 131 153 3 0 0 3 46 22
4 103 58 4 0 0 4 43 15

401 0 0
2 402 392
3 0 0
4 340 356

410 0 0
1 0 0
2 0 0
3 0 0
4 0 0

420 12 73
1 92 113
2 476 504
3 247 204
4 401 376

430 0 0
1 0 0
2 0 0
3 0 0
4 0 0

440 350 327
1 467 500
2 466 480
3 463 439
4 350 328

450 0 0
1 0 0
2 0 0
3 0 0
4 0 0

460 0 89
1 302 345
2 590 639
3 167 126
4 249 227

470 0 0
1 0 0
2 0 0
3 0 0
4 0 0



Conclusion Oral Discussion

From the result of high temperature X-ray diffrac
tion of pure C2S, we acknowledged that 152 peak 
appears in many case in the temperature range where 
a' form is stable. This shows that the pure C2S has 
perhaps the same periodicity as that of a' solid solution 
phase. But the intensity of this diffraction is not strong 
and it does not appear immediately after a' inversion. 
When the specimen is kept in its stable temperature 
more than 20 minutes, the peak appears perhaps 
according to the good rearrangement of atom packing 
The other diffractions which prove the doubling of a- 
and 6-axes, lie overlapping upon another diffractions, 
so we cannot confirm the doubling of a-, 6-axis by 
them. This 152 diffraction appears also in other a' 
forms stabilized by V and P. Four Si-O distances of 
the SiO4 tetrahedra are significantly different. And 
this is caused by the combination of each O to two 
types of Ca ion. As to 32 Ca ions, 16 of them (Ca 
1, 2, 3) are positioned alternately above and below 
SiO4 tetrahedra in the z direction and the remaining 
16 (Ca 4, 5, 6) are accommodated in the holes be
tween the tetrahedra. The co-ordination number of 
Ca, 1, 2, 3 are eight and of Ca 4, 5, 6 are six. The 
positions of Ca 1, 2, 3 are perhaps easily substituted 
by other ions but in the structure of a' form the 
stabilizing ion does not enter into the special position 
of Ca or Si but enters at random.
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Yoshio Ono

As I understand, you have determined the space- 
group of the low-temperature form of a'-C2S being 
Cmc21. Could you tell me how you did it? What is 
the correlation between this and the high-temperature 
form?

Authors’ Closure

K. Suzuki and G. Yamaguchi

The space group and the structure of a’H was sug
gested by us.*  Its space group is Pnma and in another 
setting Pmcn as shown in the figure. While the X-ray 
powder diffraction pattern of a'L is very similar to that 
of «.'H, so that a'L has a very similar atomic arrange
ment to a'H. It was interpreted that the unit cell of 
a'H is piled toward a- and /»-directions by two times 
slightly changing symmetries as shown in the figure. 
Thus the space group of a'L was determined as Cmc21.

* J. Ceram. Assoc. Japan, 71, 21-26 (1963)

Relationship between lattices of expand «l 
, a b c_, ., b c a (standard)

Pnma — = Pmcn

Mirror planes 
change to 
axial glide 
planes • 
alternately.

Axial glide planes change 
to diagonal glide planes 
alternately.

All horizontal screw 
diads and symmetric 
centers disappear. 
Vertical screw diads 
disappear alternately.

Cmc 2,



Supplementary Paper 1-127 New Crystallographic Data 
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Synopsis

Attempts to prepare material of Ca2SiO4 and Ca3SiO5 for hydration studies yielded 
besides others single crystals which by X-ray methods gave crystallographic data different 
from those given in the literature for calcium silicates.

1) Ca2SiO4; For one phase lattice constants similar but definitely CaCl2 small 
amounts of slightly hygroscopic needle-like crystals were formed. X-ray single crystal 
studies and crystal optical studies revealed two different but structurally related phases. 
Lattice constants show no relation to other known calcium-silicates. Crystals of both 
phases show diffuse OD-structure diffraction effects. The chemical composition could 
not yet been determined but chloride ions were not detectable in them.

Lattice constants of all these phases will be given and other results of investigations 
in progress will be discussed.

Introduction

Experiments for the synthesis of material of Ca2SiO4 
and Ca3SiO5 for hydration studies yielded a large 
number of crystals which were large enough for single 
crystal X-ray work. Many of these gave lattice con

stants in agreement with values given in the literature 
by various authors. A number of crystals, however, 
gave crystal data different from those given before. 
These new results only are described in this paper.

Ca2SiO4

A mixture of polycrystalline Ca3SiO5, Ca2SiO4 
and a large excess of CaCl2 was heated to 1500°C 
for 4 1/2 hours in a platinum vessel and slowly cooled 
in the furnace. After dissolution of the calcium chlo
ride with methanol twinned crystals of y-Ca2SiO4 
(< 400 /z) and some platy crystals of up to 100 p, 
were found in the sample. One of the latter gave lattice 
constants which are compared with those given for 
a'-Ca2SiO4 by Bredig (1) and Douglas (2) and for 
merwinite Ca3Mg[SiO4]2 by Nurse (3) in Table 1.

Although the cell dimensions of our crystal are 
similar to the values of Douglas’ a'-Ca2SiO4 our 
crystal is certainly not identical with Douglas’ a' 
because

“Liebau < “Douglas
while

bLiebau > "Douglas.

Only hkO reflexions with h + k = 2n and hOO 
reflexions with h = 4n were observed in the Weis
senberg diagram.

This and some other observations suggest that, 
depending on the amount and kind of impurities as 
well as the heating and cooling history of the Ca2SiO4 
sample, the structure of the a' phase may be some
what different. These structural differences are prob
ably small at temperatures in the stability range of the 
a' phase and become more pronounced below this 
temperature range.

Table 1. Cell dimensions of various a'-Ca2SiO4 varieties

Phase a[A] b[A] c[A]

a\ 2D°C, Liebau 
(this paper) 10.80 = 2 X 5.40 18.92 = 2 x 9.46 6.79

a’, 750°C,
Douglas (1) 

a', 700°C,
11.08 = 2 x 5.54 18.55 = 2 x 9.28 6.76

Bredig (2) 
merwinite.

5.30 9.55 6.78

Nurse (3) 10.77 = 2 X 5.38 9.20 13.62 = 2 x 6.36



Pseudowollastonite a-CaSiO3
The low-temperature form J?-CaSiO3 is known as 

wollastonite. It is an inosilicate in which the [SiOJ 
tetrahedra are joined to long chains. Due to different 
stacking sequences, there are at least three polytypes 
of this phase:

1) ordered triclinic wollastonite (4)
2) ordered monoclinic wollastonite (5)
3) disordered wollastonite (6, 7)
The high-temperature modification a-CaSiO3 is 

called pseudowollastonite. It is a cyclosilicate contain
ing [Si3O9] rings. So far three stacking modifications 
of this phase have been reported. '

A fourth one has been found in this investigation.
From polycrystalline Ca3SiO5 heated with small 

amounts of Ca(OH)2 and CaF2 in a sealed quartz 
tube to 1300°C for 18 hours, dendritic pseudowollas-

Table 2. Cell dimensions of the polytypes of pseudowollastonite

a[A] b[A] dooojl-^1

Me Geachin (8) —6.9 — 11.8 —9.8
Jeffery and Heller (9) 6.90 11.78 19.65 = 2 X 9.83
Smith (10) —6.9 -11.8 —3 x 9.8
Liebau (this paper) 6.90 11.95 9.72

tonite crystals were formed by transport reactions. 
On Weissenberg photographs these crystals gave 
diffuse streaks parallel c* with intensity maxima for 
which t, = nl-^- (related to c = 9.72 Ä). No devia

tions from hexagonal symmetry were observed for 
the intensities. This disordered form of a-CaSiO3 
is, therefore, analogous to the disordered forms of 
Sr3Si3O9 and Ba3Si3O9 described by Hilmer (11) and 
Dornberger-Schiff (12).

Phases of Unknown Chemical Compositions
An equimolar mixture of polycrystalline Ca2SiO4 

and CaO was heated to 1500°C with an excess of CaCl2 
until the calcium chloride was almost evaporated. 
After treatment with methanol the resulting material 
was found containing a small amount of slightly 
hygroscopic needles. Microanalytically no chloride 
ions were detectable in them.

Single crystal diagrams revealed two different but 
structurally related phases with [010] as needle axes. 
The lattice constants of these two phases are given in 
Table 3.

They show no simple relations to the cell dimensions 
of any of the known calcium silicate phases.

For both phases reflexions with k = 2n + 1 are 
extremely weak and diffuse so that rotation photo
graphs about [010] look similar to those of disordered 

jff-wollastonite.
Due to the small amount and the failure to seperate 

these phases their chemical compositions could not 
yet be determined. Attempts to study these two phases 
in more detail are going on.

Table 3. Cell dimensions of two new calcium silicate phases 
of unknown chemical composition

Phase LI Phase LJI

a[A] 16.08 18.36
b[A] 7.56 7.75
c[A] 7.62 12.63
all 90.0 90
An 104.4 90.0
71°] -90 90
V[A3] 897 1797

Symmetry triclinic orthorhombic 
or monoclinic
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Synopsis

A review is made of new or revised phase diagrams or associated data published since 
the Washington Symposium. Crystalline solutions of the main clinker phase are considered; 
insufficient attention has been paid to the dependence of solubility on temperature and to 
the precise composition of the solute. Systems between CaO, SiO2 or CaO, A12O3 and 
volatile components such as SO3 and water vapour are described and also systems with 
fluxing agents such as fluorides. Deviations from equilibrium and especially the question 
of glass content are discussed. Some reference is made to kinetics of reactions occurring 
during the formation of the clinker minerals.

The conclusion is drawn that phase studies are a valuable aid to understanding clinker 
constitution, but that it is not warranted to try to obtain very great accuracy in calculating 
constitution from the chemical analysis. If very precise estimates of constitution are required 
each clinker must be individually studied by chemical, microscopie, X-ray and electron 
beam microprobe methods.

Introduction

In the course of this paper the constitution of clinker 
will be considered solely from the point of view of 
phase studies. Questions of mineral structure and 
direct estimation of consititution will be dealt with 
by other authors. Papers earlier than the Washington 

(1960) Symposium will rarely be referred to, and in 
order to avoid a too lengthy list of references it will 
be assumed that detailed references to the Washington 
and earlier symposia are unnecessary.

Cement Quaternary System, with MgO

System CaO-SiO2

The currently accepted melting point diagram and 
stability relations in the pure system are given as 
diagram 237 in reference (1) and incorporate the 
revised melting behaviour of C3S described by Welch 
and Gutt (2). Gutt has since revised the temperature 

of incongruent melting of C3S to 2150°C with con
comitant rise in the liquidus temperature (Fig. 1). 
From the viewpoint of cement technology the effects 
of solid solutions in the system on the silicate phases 
are of major interest and these will be discussed next.

The Solid Solutions of 3CaO • SiOi
As has been shown in the previous paper, the pure 

substance C3S can exist in many polymorphic forms.



Fig. 1. Revised phase diagram for lime-rich portion of system 
CaO-SiO2 (.Ref 12)

In theory, when C3S is in equilibrium with other com
pounds and crystalline solutions are a possibility, the 
solubility/temperature curve for a given impurity will 
be different for each of the modifications, and the 
trend of this curve towards higher or lower tempera
tures will determine whether the presence of the 
impurity will stabilize the given polymorph or vice 
versa. In practice, the inversions all take place below 
1050°C at a temperature where solution and exsolu
tion will be very slow, and where they are metastable 
(because of the decomposition of C3S at about 
1275°C); therefore the matter of principal concern 
is the solid solubility of impurities in the trigonal form 
of C3S stable at clinkering temperatures. This is the 
so-called alite of portland cement, although it may 
have inverted to a lower symmetry on cooling. The 
interval between first liquid formation and clinkering 
temperature is several hundred degrees, so that it is 
possible for a range of alite compositions to be found 
even in the same clinker, corresponding to the solu
bility levels of impurities at the different temperatures 
of formation.

We have to consider whether in these circumstances 
the phase diagram, being necessarily drawn for 
equilibrium conditions, is helpful.

An examination of recent investigations into alite 
shows that in many cases the results become clearer 

when the phase diagram is taken into account. Thus 
one frequently reads that the solubility of A12O3 in 
C3S has been determined. Such a crystalline solution 
must fall within the diagram C-A-S and since A12O3 
is not in equilibrium with C3S in that system, it is 
extremely unlikely that a solid solution of these two 
components would form without side reactions involv
ing the formation of C2S in order to make extra cal
cium available for the solid solution. Midgley and 
Fletcher (3) have shown that this is the case and that 
4.5 moles of CaO must accompany each mole of A12O3 
taken into solution in C3S. An enlarged part of the 
phase diagram would appear as in Fig. 2. Below 
1475°C, the temperature of the C3S-CaO-C3A invari
ant point, the C3S solid solution will be in equilibrium 
with C3A and CaO; above, it will be in equilibrium 
with CaO and liquid. If now we consider the results 
of Woermann, Hahn and Eysel (4), we note that their 
preparations were made up with up to 4% excess 
CaO, and were processed at 155O°C. The inflections 
in their curves of CaO absorbed do not therefore 
indicate a change in the nature or composition of the 
solid solution but are to be expected as the composi
tion of the starting material leaves the triangle 
CaO-C3S-C3S (Solid Solution) and begins to form 
liquid at point “A”. Considering only the composi
tions which do not melt, their results confirm exactly



Equilibrium < 1470s

Fig. 2. Part of system CaO-AlaOj-SiOz {Diagrammatic only}

Midgley and Fletcher’s ratio of 4.5 for the C/A in 
solid solution. Similarly Bigare (5) calculates an 
“expected” C3A content although his mixes were 
processed at 1650°C; the C3A he found must have 
formed during the cooling of his specimens. Midgley 
and Fletcher also processed their mixes at a tempera
ture where liquid formation is expected, but their 
solid solution composition was calculated after sub
struction of all other solid phases present including 
C2S and C3 A and although the results are variable they 
should be free from consistent error. Locher (6) 
recognised that melting was occurring in those mixes 
between C3S and C3A containing more than 2 % C3A, 
but he assumed without proof that the solid solution 
lies on this join.

Midgley and Fletcher, and Woermann, Hahn and 
Eysel agree that each Al incorporated requires 2.25 
Ca and a structural explanation can be found for this 
(3). Since the lines solid solution—CaO and solid 
solution—C2S are essentially parallel to the CaO-SiO2 
side of the ternary system, the results of all authors 
can be compared as to the approximate percentage 

of A12O3 taken up at the temperature of synthesis. 
About 1 % by weight of A12O3 is taken up at 1500°C, 
accompanied by enough CaO to maintain a C/A 
ratio of 4.5. There is some indication that the solu
bility falls off with increasing temperature but this 
tentative conclusion requires checking by further 
experiments. If it proved to be correct, it would explain 
why synthetic preparations based on Jeffery’s (7) 
formula for alite are found to contain C3A when 
processed at 1400-1450°C. Microprobe analyses of 
alite in clinker give A12O3 contents from 0.2-1.1 %.

By contrast, the solid solution of MgO in C3S is 
a simple substitution of MgO for CaO. A phase dia
gram is suggested by Schlaudt and Roy (8) (Fig.3) 
and by Schlaudt (9). Woermann, Hahn and Eysel (4) 
show the increase in solubility with temperature (Fig.
4);  their results are in fair agreement with others but 
probably underestimate the solubility somewhat, 
since they studied the join C3S-MgO and not C3S- 
“M3S”; according to Fig. 3 their estimate represents 
the composition on the line from CaO towards the 
solid solution in equilibrium with CaO and MgO. Most



Fig. 3. Revised solidus compatibility relations in part of system 
CaO-MgO-SiO2 (Ref. 8)

authors agree that the solubility of MgO is little 
affected by A12O3 and vice versa. Fletcher (10) found 
that Fe2O3 dissolved in C3S to the extent of 1 % by 
weight at 1400-1500°C in the form of a hypothetical 
3CaO Fe2O3. This conclusion was little changed by 
the simultaneous presence in solution of A12O3 or 
MgO.

Solid Solutions of 2CaO ■ SiO2
The position in this case is simpler, since the inver

sions in C2S take place over a temperature range 
where the parent phase is stable. Most of the data 
reported by the present author at the 1952 Symposium 
remain valid, and most authors of new work have 
recognized the need to establish the nature of the new 
phase in equilibrium with the C2S solid solution 
studied.

Yamaguchi, Ono and Kawamura state that in the 
presence of 2% MgO, C2S is stable in content with 
C3A and C4AF when A12O3 and Fe2O3 are added. 
The solubility of A12O3 is between 2-3 % by weight 
in the a-form (1400-1500°C) and less than 1% in 
the «'-form (1300o-1350°C); the solubility of Fe2O3 
is 1.5% in the a-form at 1400°C, 2.5% in the a-form 
at 1500°C, and less than 1 % in the a'-form at 1300- 
135O°C.

The solubility of MgO in C2S according to^ Schl- 
audt and Roy is shown in Fig. 3. Gutt (12) also inves
tigated the system C2S-C3MS2; he noted some solu
bility of merwinite in a-C2S but did not give a limit; 
Schlaudt and Roy give the equivalent of 1.5 % MgO in 
a-C2S at 1600°C. For a'C2S at 1400°C Gutt gives 2% 
as against Schlaudt and Roy’s 1.0% of MgO, but his 
diagram shows the solid solution in contact with phase 
T(Cj 7M0 3S), not merwinite.

System CaO-Al2O3

This system was revised (13) by Nurse, Welch and 
Majumdar, using high temperature microscopy and 
X-ray studies. That portion of special interest in por
tland cement was studied in more detail by the same

alter admixture of MgO burnt at teC

«after previous burning at 1500eC tempered at teC

Fig. 4. Increase in free CaO and consequent substitution of 
MgO-oversaturated C3S samples (3%or57o MgO) in relation 
to the reaction temperature (Ref 4)

SOLID SOLUTION
Co^2 ^'14^33 — ^0^2 AI^O^tOH)^

Fig. 5. Hypothetical diagram CaO-AhOj-HzO

authors (14), who showed the important effect of 
water in the furnace atmosphere on the equilibria 
observed. It appears probable that in a completely 
dry atmosphere a eutectic is formed between C3A 
and CA, but at normal laboratory humidities a com
pound intermediate between Ca12Al14O33 and 
Ca12Al14O32(OH)2 intervenes, melting into homoge
nous liquid at 1392°C with expulsion of water vapour. 
In the presence of products of combustion in rotary 
kilns, the formation of a ‘C12A7’ phase in appro
priate circumstances can be assumed.

No work appears to have been done to establish the 
effect of water vapour on the temperatures or posi
tions of the invariant points involving C12A7 in such 
systems as C-A-S, C-A-S-F. Since the water vapour 
counts as an additional component, such invariant 
points will be one phase higher in rank and the 
additional phase will be in equilibrium.
Fig. 5 is a hypothetical representation of the phase 
equilibria in the system CaO-Al2O3-H2O at high 
temperatures. Preparations processed in moist la
boratory air will fall within the shaded band, giving 
a ‘C12A7’ phase which will expel water as the tempera-
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ture is raised so that ‘C12A7’ disappears at the constant 
temperature 1392°C as reported in (14).

Solid Solutions of Calcium Aluminates
Miyazawa and Tomita (15) quote various determin

ations of the maximum solubility of MgO in C3 A but 
finally redetermine it as 0.4% MgO replacing CaO at 
1410°C, Majumdar (16) found 4.5% of Fe2O3 present 
in C3A as “C3F” at 1325°C and Lister and Glasser 
(17) 4.2% Fe2O3 as “C3F” at 1180°C. The latter 
authors find 4.9% Fe2O3 as C2F in C12A7 at 1180°C.

System CaO-Al2O3-Fe2O3

This system has been re-investigated by Lister and 
Glasser (17) and the portion of interest to cement 
technology by Majumdar (16). The latter’s diagram 
is reproduced as Fig. 6. The principal conclusions were 
that, although the solid solutions C2F-‘C2A’ are 
continuous from 70% mol% ‘C2A’, the ferrite phase 
compatible with C3A(SS) and CaO is 48 mol % 
C2A, i.e. very close to C4AF. The C3A(SS)-C-Fer- 

rite invariant point was judged to be peritectic. To 
obtain exact phase relations Majumdar carried out 
his preparations in pure oxygen atmosphere, in air 
some slight reduction occurred. Lister and Glasser 
worked at controlled partial pressures of oxygen in 
a specially constructed furnace. Schlaudt obtained 
very similar results (9).

System CaO-MgO-SiO2

The high MgO region of this system has been further 
studied by Gutt (12) and Roy (8) (9). Both groups 
record the occurrence of a new compound “T” 
described by Gutt (18) with the composition C j 7M0 3S, 
stable in contact with C2S at sub-solidus temperatures. 
Schlaudt and Roy thought that it decomposed at 
1381°C and was therefore unstable with respect to 
a-C2S, but Gutt shows a-C2S and T in co-existence, 
T decomposing at 1460°C. This discrepancy could be 
of some importance since according to Gutt’s diagram 
T might form in portland cement clinkers in contact 
with liquid. Schlaudt and Roy also show a lower 



decomposition limit for T at 979°C, but Gutt consi
ders it stable at room temperature.

System CaO-Al2O3-MgO-SiO2

Two new compounds in the system C-M-A were 
described by Welch (19); C2JA17M8 exists at the 
liquidus and CAM is metastable. While not of direct 
importance to portland cement they could occur in 
high alumina cement and Majumdar (20) has pointed 
out their relationship to the quaternary phase of high 
alumina cement. Majumdar considers the stable ternary 

phase to be C3A2M, but he was unable to resolve the 
discrepancy between X-ray and phase equilibrium 
results on the quaternary compound; the composition 
must be close to the C6A4MS of Parker. Welch’s 
view that it is a solid solution was not upheld.

The sections C2S-M2S-A and C3MS2-MA-C2AS 
have been delineated by Gutt (21,22) and Christie (23) 
has reviewed the melilite series as a whole. Schlaudt (9) 
records significant solid solution of CaO and SiO2 
in MgO at 175O°C; if such solution takes place at 
clinkering temperature it could be highly significant 
in cement technology.

The Alkali Systems

The latest work confirms that in the system C2S- 
KCS solid solutions are formed, and not the com
pound KC23S12; at 1300°C. and air quenching ß C2S 
is stable up to 5% KCS, at 10 % a'-C2S is stabilized 
and at 25% a-C2S (24). Yamaguchi and Ono give a 
diagram (Fig. 7) showing C2S solid solutions of 
Na2O together with A12O3 and Fe2O3 (25). According 
to Yamaguchi and Uchikawa (26), Na substitutes for 
Ca and/or Mg in Jeffery’s alite structure. The solubility 
in material processed at 1200-1400°C is 0.3 to 6.7% 
Na2O.

Brownmiller and Bogue reported temperature 
maxima on the boundary curves “C5A3”-CA and 
‘CjAj’-CjA which they interpreted as indicating 
solid solution in “C5A3” of one or more of the calcium 
sodium aluminates. The extent of this solid solution 
would be about 1 % of Na2O.

The relation between C3A and C3NA3 has been 
re-investigated (27). Lattice changes were observed in 
C3A up to 2% replacement of CaO by Na2O. The 
results for greater amounts of Na2O could be inter
preted as mixtures of C3A(SS) and CsNA3(SS) or 
as showing polymorphic behaviour in C3 A with exten
sive solid solution. The system CaO-Na2O-Al2O3 
close to the C-A boundary system should be re
investigated in a water-free atmosphere.

Fig. 7. Solid solution region of a-CazSiCU in the system 2CaO • 
SiO2-(2CaO(Al2O3 •Fe2O3))-Na2O-5 %MgO; AbOj/FezOi 
= 1.

Sulphates, Fluorides, Phosphates

A technique of studying systems with volatile com
ponents using sealed capsules has been described (28), 
and used in studying part of the system CaO-SiO2- 
CaSO4 (29) (30). A new silico-sulphate, 2(2CaO • SiO2) ■ 
CaSO4, was described, decomposing at 1298°C into 
a'-C2S and CaSO4. The maximum content of SO3 in 

a'-C2S at 1200°C is 0.4%.
Halstead and Moore confirm the composition of 

the expansive component of certain expanding 
cements as 3CaO • 3A12O3 ■ CaSO4 and give a suggested 
structure (31). Budnikov, Kuznetsova and Savelev 
discuss the formation of this compound from the 



aluminates in the presence of S03 (32).
A new version of the system CaO-CaF2-2CaO • SiO2 

has been produced by Mukerji (33). A much larger 
field of C2S is shown compared with the earlier version 
of Eitel. No solid solution in the various forms of C3S 
or C2S was discovered. Similar results at the liquidus 
were reported by Gutt and Osborne (34) but they found 
an intermediate compound 2(2CaO ■ SiO2) • CaF2, the 
fluoride analogue of calcio-chondrondite. The new 
compound decomposes at 1040°C into a'-C2S and 
CaF2. It seems likely that 2(2CaO • SiO2) • CaF2 is 
‘phase B’ described by Bereczky (35), who also found 
another compound in the system, ‘phase A’, related 
to C3S. Akaiwa, Sudoh and Tanaka (36) identify this 
as HCaO -4SiO2-CaF2. The same authors also show 
changes in the X-ray spacings of ß-C2S up to 3 % of 
added CaF2.

In the system CaO-Al2O3-CaF2, Leary (37) found 
3CaO• 3A12O3■ CaF2 and Jeevarathnam (38) llCaO- 
7Al2O3-CaF2 (Ca12Al)4O32F2, analogous with 
Ca12Al14O32(OH)2).

The system CaO-P2O5-SiO2 in the high lime region 
has been described by Gutt (12), Fig 8. Schlaudt (9) 
also did some work on this system, and accepted 
Gutt’s liquidus data. He interprets the solid solution 
equilibria rather differently, guided in part by an 

assumed structural interpretation. The conclusions 
for cement technology are not materially affected by 
the discussion.

Fig. 9 shows the section 3CaO • SiO2-3(3CaO - P2O5) 
CaF2 (fluorapatite) after Schlaudt (9), and Fig. 10 
the system CaO-C2S-fluorapatite. These systems were 
investigated in order to clarify the effect of fluorspar 
additions to phosphate-containing cement. Schlaudt 
concludes that since C3S disappears from the system 
CaO-C3S-C3P at 3 molecular percentage of C3P 
and from the CaO-C3S-fluorapatite system at 4 
molecular percentage of fluorapatite, the “tolerance 
for combined fluoride and phosphate impurity in 
cement raw materials is seen not to be substantially 
different from the tolerance for phosphate alone.” 
This does not however allow for the much higher 
molecular weight of apatite compared with tricalcium 
phosphate. In fact, the addition of fluorspar to the 
system according to Schlaudt’s data increases the 
tolerance for phosphate in terms of the weight of 
P2O5 about 3-^ times. Fig. 10 also indicates that fluora
patite will not appear as a phase until all C3S has 
been decomposed. This is in agreement with the 
mineralogical examination of cement clinkers con
taining these impurities.

Fig. 8. Phase diagram of the system CiS-CaP-CaO (Ref. 12)
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Reducing Conditions

Several contributions at the Washington Symposium 
dealt with this question, and in particular the role of 
FeO. It was shown that formation of FeO in large 
quantities results in dusting of the clinker and an 
acceleration of the low-temperature decomposition 
of C3S. Woermann determined the solubility of FeO 
in C3S at 15OO-16OO°C as 2.6 per cent, substituting 
for CaO. Phillips, Somiya and Muan’s (39) studies on 
MgO-iron oxide in air atmosphere indicate that 
extensive solid solution of FeO in MgO may occur at

/

Other Minor

The solid solutions of the orthosilicates of alkaline 
earth oxides were described by Toropov at the Was
hington Symposium, and a new study with Fedorov 
(44) concerns the system 2BaO - SiO2-2CaO- SiO2. The 
same authors (45) find that ‘complex’ crystals as 
previously described by Douglas at the London 1952 
Symposium occur in the system 2CaO • SiO2-2Nd2O3 • 
3SiO2 (neodymium orthosilicate). Four new com
pounds in the system 2BaO • SiO2-2CaO • SiO2- 
2MgO • SiO2 were found by Nadchovski and Grylicki 

clinkering temperatures; earlier work (40) indicated 
solid solution of FeO in CaO (10 per cent maximum) 
which slowed down the rate of hydration.

The reduction of Cr2O3 and its effect on C2S were 
studied by Glasser and Osborn (41), and Kondo and 
Goto have described a new compound 7CaO- Cr2O3 ■ 
2SiO2 (42). In the system 2Ca0 SiO2-2MnO SiO2 
Glasser (43) measured maximum solid solubility of 
19 and 31.5% Mn2SiO4 in a and a' C2S, respectively.

Components

(46). Reference (4) quotes solubility (at 1550°C) 
of Cr2O3 (1.4%) and Ga2O3 (0.9 %) in C3S. Sychov and 
Korneev (47) state that Cr substitutes for Si in C3S 
up to a weight percentage of 2% Cr2O3. Larger addi
tions of oxide decompose the C3S. See also (41). 
Part of the quaternary system CaO-ZnO-Al2O3-SiO2 
was investigated by Segnit (48). Willemite, 2Zno • SiO2, 
does not co-exist with C2S; the latter forms a join 
with ZnO and no solid solution was observed.

Glass Formation

Since the development of improved methods of 
X-ray analysis, in particular quantitative diffrac
tometry, doubts have been expressed as to the possi
bility of a glassy phase existing in portland cement 
clinker. For instance it has been considered that such 
differences as do exist between clinkers cooled at 
different rates are “textural” rather than qualitative. 
Nevertheless, quicker cooling of clinker is accepted in 
practice as improving strength and particularly soun
dness with regard to MgO and resistance to sulphate 
attack.

All the observations on which opinions regarding 
the absence of glass are based have been made on 
commercial clinkers as received from the kiln and 
rely on the fact that the totals of C3S, C2S, C3A and 
ferrite phases are reasonably close to that expected 
on the assumption of complete crystallinity, having 
regard to the known fairly high errors in diffractometry 
of clinker. It could be asked whether the method is 
accurate enough to detect the small quantities of glass 
which might be expected in commercially prepared 
clinkers. Jeffery and Chatterji (49) prepared quenched 

and annealed clinkers from plant clinkers, but al
though some changes in X-ray pattern were noted 
did not detect glass either by difference or by a dif
fuse X-ray reflection. It was therefore decided at the 
Building Research Station to look for glass in labora
tory clinkers, cooled under controlled conditions. 
The clinkers chosen were repetitions of some of the 
compositions studied by Parker (50). The composi
tions chosen are given in Table 1 and the results ob
tained in Table 2. Methods of preparation and cooling 
were as described by Parker.

The quantities of glass calculated from the diffrac
tion results are almost certainly significant and varied 
from 10-20% as compared with calculated values of 
31-32% assuming perfect quenching. Looking at 
the results from a different angle, the reduction in 
C3A brought about by quenching is from 15 to 5% 
for composition 15; 17-13 for composition 17 and 
17-5 for composition 18. This correlates well with 
Parker’s observations that the alkali- and magnesia
free clinker 17 was difficult to quench, and that this 
clinker differed little in sulphate resistance whether



Table 1. Composition of synthetic portland cement clinkers (Original preparations from Parker (50))

Sample Original CaO Free CaO SiO2 A12O3 Fe2O3 MgO k2o Na2O

15X Original preparation 63.96 0.30 22.26 7.78 2.93 1.97 0.36 0.75
Annealed New preparation* 63.77 0.17 22.17 7.97 3.59 1.99 0.09 0.42

15G Original preparation 63.78 0.30 22.04 8.20 3.41 1.89 0.11 0.24
Quenched New preparation 63.70 0.06 22.14 7.96 3.59 1.99 0.11 0.52

17X Original preparation 67.42 0.60 20.86 8.08 3.33 — —
Annealed New preparation 67.55 0.07 20.93 8.18 3.35 — — —

17G Original preparation 67.22 0.60 20.86 8.26 3.36 — —
Quenched New preparation 67.55 0.13 20.93 8.18 3.35 — — —

18X Original preparation 66.00 0.20 20.22 8.06 3.32 1.93 0.13 0,27
Annealed New preparation 65.85 0.30 20.24 8.05 3.31 2.00 0.09 0.49

18G Original preparation 65.97 0.20 20.36 8.04 3.30 2.00 0.16 0.34
Quenched New preparation 55.87 0.09 20.25 8.05 3.31 2.00 0.08 0.46

*The new preparations were analysed only for K2O, Na2O, and free CaO. The analysis is deduced from the original composition.

Table 2. Constitution of synthetic clinkers

Sample c3s c2s C3A c4af Form of CjS Form of C3A Ferrite composition 
mol.%C2F

•Estimated glass 
by difference, %

Bogue calculation 32 40 15 11 59-70 
mostly 59Annealed X-ray diffraction 

Microscopy
43
41

36
36

15 10
20

Monoclinic Cubic —

•Rounded to nearest 10.

15G 
Quenched

Bogue calculation
X-ray diffraction

Microscopy

32
56
52

39
15
26

15
5

22

11
5

Monoclinic

Trigonal
Cubic, some 
orthorhombic 50 20

Bogue calculation 56 18 16 10
Annealed X-Ray diffraction 63 10 17 10 Monoclinic Cubic 53 —

Microscopy 54 22 22

Bogue calculation 56 18 16 10
Quenched X-ray diffraction 

Microscopy
63
65

11
14

13
19

5 Monoclinic Cubic 64 10

Bogue calculation 54 17 16 10
Annealed X-ray diffraction 59 12 17 10 Monoclinic Cubic 54 —

Microscopy 70 10 19

18G
Quenched

Bogue calculation
X-ray diffraction

Microscopy

55 17 16 10
Trigonal Cubic and 

orthorhombic Peak too weak 20

quenched or crystallized. Clinkers 15 and 18 increased 
markedly in sulphate resistance when quenched.

It is worth while noting some other indications 
brought out in this study. In general the C3S/C2S 
ratio found by diffractometry or microscopy is higher 
than calculated from Bogue’s formula. It is higher 
also than the raised values obtained by the modified 
Lea and Parker’s formulae. Nurse and Parker report
ing on the microscopy of Parker’s clinkers found fair 
agreement with Bogue’s formula for annealed clin
kers but raised C3S/C2S ratios in better agreement 
with Lea and Parker’s formulae for quenched clinkers. 
Lea in his book gives a table of factors all tending to 
raise the C3S/C2S ratio above that given by the simple 
Bogue formula.

Clinkers 15 and 18 when quenched gave a trigonal 

form of C3S. It might be queried whether this could 
have affected the properties of the quenched series as 
compared with the crystalline. Parker’s original tables 
indicate that such an effect if present is overshadowed 
by the effect of cooling rate.

It appears that glass cannot be ignored as a possible 
phase in cement. Present accuracy in diffractometry 
means that it cannot be detected unless present in 
large amounts. The effect of cooling rate on clinker 
warrants further study, both in regard to the factors 
affecting the glass stability and the effect of cooling 
rate on the C3S/C2S ratio (51).

Other recent studies of the liquid phase have not 
attempted to estimate changes in constitution with 
heating rate (49) (52).



Kinetics

The departures from equilibrium which have so far 
been considered are those arising from the range of 
the clinkering temperature and the rate of cooling. 
A very important deviation is caused by lack of homo
geneity in the clinker, either by insufficient grinding, 
poor mixing, segregation or absorption of foreign 
material such as ash or volatile matter in the kiln; 
phase studies can be of only minor help in solving 
these problems. Studies with synthetic systems can 
be useful when carefully blended raw materials are 
processed according to a known temperature schedule 
and the progress towards equilibrium is measured. 
Alternatively the interface between reactants may be 
studied.

The author pointed out at the Washington Sym
posium the importance of free CaO as a clinker 
constituent, and the possible effect it may have on 
the composition of the liquid at the clinkering tem
perature. It is not unusual for British cements to have 
free CaO as high as 4%. Free CaO may be present as 
relict, unreacted matter; may have formed at equi
librium either in the absence of C2S or in contact 
xvith C3S and C2S solid solutions; may have been 
formed by high temperature decomposition reactions, 
or may result from low temperature decomposition 
of C3S. The composition of the clinker liquid at 
various stages of time and temperature and its vis
cosity are highly important factors in the kinetics 
of clinker formation. During the preheating and cool
ing stages solid/solid reactions are important.

A review of the contribution of the Brussels group 
to the subject of solid state reactions was published in 
1956 (53). Andouze (54) showed that CA is the primary 
compound formed at 900°C in the system CaO- 
A12O3, the rate-controlling process of formation of 
other aluminates being diffusion; on the other hand 
Uchikawa, Tsumagari and Koike found a preferen
tial formation of C3A in the early stages (55). In the

Discussion and

With the greater precision now attempted, the ac
curacy of chemical analysis needs to be questioned; 
e.g. recent changes in specifications have introduced 
a more direct estimation of A12O3, of practical impor
tance in defining sulphate-resistant cements.

The merits of phase studies as a means of elucidating 
clinker constitution are (1) the number of independent 
variables is reduced and trends emerge much more 
clearly (2) there is the possibility of calculating 
clinker constitution from the bulk analysis. 

system CaO-SiO2 Schrämli and Becher (56) demons
trated the importance of the physical condition of the 
silica phase, the low rate of reaction of pure crystal
line quartz is a severe problem in cement burning. 
The extension of DTA. methods to high temperatures 
has opened up new possibilities of studying the pro
cess of clinker formation (57).

It has always been recognized that the low tempera
ture decomposition of C3S represents a hazard in 
processes, such as shaft kiln burning, which involve 
slow cooling. Formation of FeO or presence of other 
oxides which lower the decomposition temperature 
increases these difficulties. On the other hand, in the 
presence of these substances there is a longer tempera
ture range for the formation of C3S in the heating 
cycle. Butt and Timashev show that C3S forms already 
at 900-1000°C in the presence of CaSO4 or CaF2 (58). 
Under atmospheric conditions favouring the forma
tion of spurrite 2(2CaO • SiO2)CaCO3, C3S is formed at 
1050°C (57) (59). The discovery of new silicofluorides, 
silicosulphates and the recognition of the possibility of 
transient formations of silicocarbonates throws new 
light on the possible use of mineralisers in cement 
burning. By further studying the kinetics and phase 
equilibria in these systems it might be possible to 
invent new methods of cement burning using a large 
excess of volatile flux at intermediate temperatures 
which could be driven off at a higher temperature, 
recovered and returned to the kiln. It seems important 
in each case to establish the phase equilibria precisely. 
This information is also required to follow processes 
using impure raw materials such as by-product 
gypsum.

Mineralizers affect not only the silicate phases 
but the aluminates, and it is important to study them 
in combination (60) (61). Also many minor compo
nents have a disproportionate effect on the composi
tion of the ferrite phase.

Conclusions

It is now becoming apparent that too close a limi
tation of the number of constituents will lead to errors 
of two kinds; an incorrect estimation of the nature 
and quantity of the phases present and the obscuring 
of variability that may exist among the physical 
and chemical properties of these phases. For instance, 
while the addition of MgO to the C-A-S-F system 
is fairly simply dealt with as in Swayze’s classical work, 
when the C3S and C2S contain minor oxides in solid 
solution, the addition of MgO to the system often 



materially changes the solid solubility. Even larger 
disturbances are created by some of the ‘fluxing’ 
substances such as fluorides, sulphates, carbonates and 
FeO. In each case it is necessary to work out the phase 
diagrams accurately. Some classification may then 
be possible e.g. between those minor components 
that form extensive C2S solid solutions in equilibrium 
with C3S and CaO, and those which either themselves 
enter into equilibrium with CaO and C3S or form 
definite compounds which do so. The sub-solidus 
reactions of C3S must be investigated in each case.

Attempts are made to introduce more accurate 
computations of phase constitution than the Bogue 
formula. For instance Schlaudt (9) has set up a com
puter programme which aims to take into account a 

number of minor constituents. Miyazawa (15) sug
gests allowing for MgO present in liquid and in solid 
solution in C3S: Free MgO = Total MgO — (0.77 + 
0.12C3S). It is doubtful if these formulae will be of 
much practical use until a more accurate allowance 
can be made for the composition of the ferrite phase. 
For most purposes the Bogue calculation is sufficient; 
otherwise the composition of the ferrite may be deter
mined by X-rays and the “modified Bogue” composi
tion calculated. For any more detailed estimation of 
clinker constitution a combination of optical micro
scopy, X-ray analysis, phase calculation, microprobe 
analysis and DTA. is desirable. Nevertheless proper 
and rigorous phase studies among clinker components 
remain a fruitful and necessary region of study.
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Written Discussion

J. A. Hedvall

I have the impression that reactions in the solid 
state, taking place at temperatures as low as 500-600 
degr. centigrade have not, as yet, been sufficiently 
investigated. Such reactions, whether the formation 
of more or less complex compounds or solid solutions, 
influence the reactions and sintering processes or the 
formation of molten phases at the higher tempera
tures in the kiln.

Many industries, especially cement factories, start 
with very heterogeneous raw materials. Many years 
ago it was established that calcium silicate (first C2S) 
and aluminates are formed already at about 500 degr. 
and that the compositions of limestone and clay do 
not exactly correspond to the ideal formulae of calcium 
carbonate or kaolin. We have to take into considera
tion the influence of many factors, admixtures of 
other substances, lattice distortions in the form of 
guest particles and the formation of a number of 
unstable reactive phases formed during thermal 
decomposition processes. At our institute we have 
studied such reactivity effects. I am leaving out the 
great but very little investigated influence of dissolved 
inert gases on the properties of surfaces.

" In order to complete our knowledge many problems 
are still left more or less unanswered about the pro
perties of single substances, binary or more complex 
systems and the behaviour of such systems at different 
temperatures, especially the processes at relatively 
low temperatures.

Oral Discussion

Fig. 1. Quench growth of free lime {dark grey) in a sample 
corresponding to the composition of the invatriant point D 
(2), after rapid cooling {5°Clsec.) from above the liquidus 
temperature. Enlarged: 500x; etched with dist. water.

Fig. 2. CaO-rich corner of the ternary system CaO-AljOa- 
SiC>2. Experimental data on the “lime-limit" of samples cooled 
at a rate of 10°Cjsec. The dashed line corresponds to the 
theoretical lime limit assuming quenched high-temperature 
equilibrium.

E. Woermann and D. Knoefel

Non-Equilibrium Crystallization of Free Lime

In the ternary system CaO-Al2O3-SiO2 the “lime 
limit” (1) of white portland cement clinker—i.e. the 
maximum amont of CaO which can be combined 
without the formation of free lime—is given by the 
straight line through the points C3S and invariant 
point D (CaO + C3S + C3A + liq; 1470°C). The 
equation of this line is: CaO = 2.80 SiO2 + 1.18 
A12O3.

It has been found, however, that free lime can also 
appear upon quick cooling of certain mixtures in 
which equilibrium crystallization of free lime is

excluded (Fig. 1). Thus the practical lime limit is 
shifted to lower CaO-concentrations (Fig. 2).

The possibility that the position of the invariant 
point D with: CaO = 58.2%, A12O3 = 33.1% and 
SiO2 = 8.7% (2) is incorrect, can be excluded. There
fore the surprising appearance of free lime beyond 
the line C3S-D must be due to non-equilibrium 
crystallization or quench growth, effected by the 
high viscosity of the liquid phase and the sluggish 
crystallization of the aluminate.

The amount of free lime is dependent on composi
tion and cooling rate of the sample: Fig. 3 shows 
that for the sample-composition of the invariant 
point D a maximum value of about 4.5% free CaO 
is attained for a cooling rate of about l°C/sec.



Fig. 3. Formation of non-equilibrium free lime in a sample 
corresponding to composition D as a function of cooling rate. 
(The abscissa represents the reciprocal value of the cooling 
rate in an arbitrary spacing.-)

This effect may be important to manufacturers of 
white cement. In iron-containing systems, however, 
the viscosity of the liquid phase is lower and the 
ferrite phase crystallizes quite rapidly. Accordingly, 
non-equilibrium crystallization of free lime is not 
observed in normal portland cement clinker.
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Oral Discussion

Della M. Roy

Dr. Nurse has emphasized the point that one must 
consider the effect of temperature when describing 
the limits of crystalline solution of a particular com
ponent in a given phase. A good example of this was 
found in our studies of C3S-“M3S” crystalline solu
tions, where we have found that up to 9 mole percent 
“M3S” may be incorporated in C3S at high tempera
tures in equilibrium with liquid. These crystalline 
solutions are, however, metastable at lower tempera
tures. Slow cooling, or re-cycling, such as under the 

conditions present in DTA experiments results in 
exsolution to produce a phase containing relatively 
little Mg. Such changes in the character of the crystal
line solutions are reflected in the temperature of the 
DTA peaks of the resultant phase.

Author’s Closure

Ronald W. Nurse

Since the preparation of the Principal Paper, 
Woerman, Hahn and Eysel have published two more 
papers (1) (2) on the question of MgO and A12O3 
in C3S. Their first paper described a chemical inves
tigation by the free lime method and used starting 
mixtures stated to contain 2-4% free CaO. The 
final limit of solution of A12O3 at 1 % was said to 
be determined microscopically. The second and third 
papers started in addition with mixes originating with 
C3S or its solid solution, without excess free CaO, 
and relied also on microscopic determinations by 
reflected light. These investigations are therefore more 
rigorous than the original one and suggest that a 
range of solid solutions is possible, giving rise to a 
solid volume in the quaternary system CaO-MgO- 
Al203-SiO2. The high CaO limit of this volume is 
in agreement with Midgley and Fletcher (loc.cit) 
in respect of CaO/Al2O3 ratio, but not in the A12O3 
value, which shows an inflexion at 0.5 %, terminating 
at 1 %. Both Woermann, Hahn and Eysel and Midgley 
and Fletcher chose to process their mixes above the 
eutectic temperature rather than wait long periods for 
equilibrium to be attained by solid state sintering. 
This may well account for the discrepancy between 
their results, for the appearance of C3A on subsequent 
heat treatment will depend very markedly on time and 
temperature. It has been noted by all the early workers 
on the quaternary system that it is almost impossible 
to re-absorb free CaO formed by decomposition of 
C3A. Nevertheless, if only those points in Woermann, 
Hahn and Eysel’s diagram showing a homogenous 
crystalline solution of C3S are noted, the evidence for 
solutions of varying C/A ratio is strong, and the 
authors have given a crystallographic interpretation 
of what happens.

. Foster (3) has pointed out an error in the presenta
tion of phase diagrams for pure C2S. Regourd, Bigare, 
Forest and Guinier (this Symposium) confirm the 
existence of the a'H and a'L forms. The difference in 
structure appears to be small and there may not 
therefore be much difference in the solubility of other 



ions in the two a' forms. This could be checked by 
determining the variation of the a'H a'L inversion 
temperature in the presence of added ions. The same 
authors determined the effect of added ions on the

a’H inversion and from this deduced the solubility 
in the a phase. Since the lowered inversion points are 
lower than the usual clinkering temperature of cement, 
this is the appropriate solubility to be considered. 
Inversion to ß on cooling may produce exsolution, 
according to the cooling rate and the nature of the 
dissolved ions.

The various vlaues suggested for the solubility of 
MgO, A12O3, Fe2O3 in alite and belite are in good 
agreement and approximate to what has been found 
in microprobe analysis. The “partition” of foreign 
ions between alite and belite will depend on the direc
tion of the tie lines in the appropriate ternary system, 
or on the intersection of bounding planes in higher 
systems. For Mg, Al and Fe solutions these are almost 
parallel to the CaO-SiO2 axis and so only a small 
range of the “partition coefficient” is found (Midgley, 
this Symposium). The relative proportions of K2O 
and Na2O in the silicate phase as found by microprobe 
analysis and by chemical separation (Pollitt and 
Brown, this Symposium) are not in good agreement. 
Some further work on this is required.

In the ferrite system Woermann, Eysel and Hahn 
(this Symposium) have again used their very accurate 
free CaO determinations to investigate the solid 
solutions with MgO for those ferrites in equilibrium 
with CaO. They propose polymorphic inversions in 
the ferrite phase.

The very interesting work by Pollitt and Brown rein
forces the need to study further the phase relations 
of the orthorhombic calcium aluminate, especially 
in respect to K2O. The new paper by Gutt and Smith 
(4) summarises data on the effect of Mg and SO4 
ions on the system CaO-Al2O3-SiO2, but without 
alkalies. As Brown and Pollitt show, alkalies must 
always be considered together with SO3 in clinker 
constitution. Compounds richer in SO3 may form 
transiently during the burning process.

The new compound described as Ca12Si4OigF2 
by Tanaka, Sudoh and Akaiwa (this Symposium) is 

identical with the 3(3CaO-SiO2)-CaF2 of Gutt and 
Osborne (5), and phase II appears to be the 
2(2CaO SiO2) CaF2 of Gutt and Osborne. Tanaka 
et al. found a primary phase field for the incongruen- 
tly melting Ca]2Si4O19F2. Further study is required 
to settle the exact composition of this compound.

The possibility of glass formation has become of 
increased interest because of the renewed study of 
high-magnesia cements. Rapid cooling reduces the 
amount of free periclase, but whether this is due to 
glass formation or to retention of magnesia in crys
talline solutions is not clear. Some Stereoscan pho
tographs of clinker, appear to show glassy envelopes 
on silicate grains.

I am grateful to Prof. Hedvall for emphasising the 
importance of kinetics of reaction in the solid state, 
which was dealt with interestingly by a number of 
supplementary papers. Mrs. D.M. Roy underlines 
the importance of controlling the temperature when 
studying solid solubility.

The new reason advanced by E. Woermann for 
formation of free CaO in clinker mixes emphasizes 
the need for continuing study of the liquid formed at 
clinkering temperatures, and its crystallization inde
pendently of the silicate phases. At temperatures 
below 1250° the lime will form under equilibrium 
conditions.

I thank all those who have contributed to the discus
sion which emphasises the need to use a combination 
of crystallographic, synthetic and analytical methods 
in studying clinker.
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Synopsis

The importance of the minor constituents in modifying the major phases of portland 
cement clinker was emphasized by Welch and Gutt at the 4th International Symposium 
on the chemistry of cement. The present paper deals with the manufacture of portland 
cement from materials containing one such impurity, phosphate.

After discussing the possible mode of action of the minor constituents an account is 
given of studies by Nurse which led to the utilization of phosphatic limestone deposits at 
Totoro, Uganda, for cement manufacture. This work was followed by detailed studies at the 
Building Research Station of phase equilibria in the system CaO-SiO2-P2O5, their objective 
being to provide a fundamental basis for the understanding of the effect of phosphate. 
Phase diagrams of the systems 2CaO-SiO2-3CaO P2O5 and 2CaO-SiO2-3CaO-P2O5-CaO 
have resulted from this work. The practical significance of these phase equilibria in relation 
to manufacture of portland cement from phosphatic limestone and other phosphatic raw 
materials is explained in the present paper.

Since fluorspar is in practice sometimes added to phosphatic cement raw meal to 
facilitate manufacture, the role of fluorine in the process is also considered. In the course of 
periodic examination of plant produced phosphatic cements it has been found that fluorine 
and sulphate may in some circumstances have a combined controlling influence on the 
hydration and therefore early strength of phosphatic portland cements. Examples of this 
are given.

The influence of sulphate and of fluorine is being studied systematically by examining the 
systems CaO-SiO2-CaF2 and CaO-SiO2-SO3. Some data is given in the present paper on 
the strength of tricalcium silicate containing sulphate and fluorine.

Introduction

The importance of the minor components in modi
fying the major clinker phases, a role in which their 
influence is far greater than their quantitative repre
sentation in the clinker might suggest, was emphasized 
by Welch and Gutt (1) at the 4th Symposium. The 
presence of these minor components may influence the 
formation of the principal cement compounds, their 
proportion in the clinker and their quality as cement
ing compounds. Generally, minor components can 
affect the properties of the cement in three main 
ways:

a) They can lead to different phase relations and 
therefore to different reaction products at the 

temperature at which cement clinker is made in 
the kiln. This effect may include the stabilization 
of high temperature polymorphs of the cement 
compounds. They may differ in their reactivity 
towards water.

b) They may alter the reactivity of the main cement
ing compounds towards water by forming solid 
solutions of different properties.

c) Minor components could produce compounds 
soluble in water which influence the process of 
setting and hardening.

Phosphate combined in the clinker has influence 
under categories (a) and (b). The nature of its in
fluence, and the measures taken in the manufacture 
of portland cement from phosphatic raw materials 
to take account of this influence, and the side effects 
of these measures, are the subject of the present paper.



The Effect of Phosphate on the Constitution and Hardening of Portland Cement

Work Leading to the Establishment of the 
Uganda Cement Industry

While in most portland cements the phosphate 
level is of the order of 0.2% expressed as P2O5, 
phosphate occurs in significant amounts in various 
limestone deposits. In Uganda, for instance, the only 
limestone available for cement manufacture, until 
recently, was a carbonatite containing up to 6 % P2O5. 
Phosphate in such amounts was known from experi
ence to be deleterious in the cement making process 
but the nature of its action was not understood until 
Nurse (2) began to investigate it in 1950 in connection 
with the possible utilization of the Uganda phos
phatic limestone for cement manufacture. This had 
been considered before, in 1940, and was rejected 
because of the phosphate, (3) but the intention to 
build the Owen Falls dam which controls the outflow 
of the river Nile from Lake Victoria lent special 
importance to the investigations in 1950. '

Nurse (2) made experimental portland cement clin
kers containing known amounts of CaO, SiO2, 
A12O3, Fe2O3 and P2O5 and studied their mineralo
gical content. He found that their tricalcium silicate 
content decreased as their P2O3 content grew and 
became nil at 7 % P2O5 by weight. It was established 
that phosphate was present in the clinker in solid 
solution with dicalcium silicate and that the maximum 
solid solution had the approximate composition 
66.5% CaO, 26.5% SiO2, 7% P2O5. The practical 
recommendations made by Nurse (2) were that to 
obtain a satisfactory portland cement, phosphate 
should be kept below 2.25 % P2O5 and a process was 
devised for reducing the phosphate content of the 
limestone by a three stage process consisting of igni
tion, hydration of the resulting CaO and elutriation 
of the lime hydrate. By elutriation the coarse frac
tion containing phosphatic material could be removed 
and the phosphate in the lime hydrate diluted.

On the basis of his findings Nurse (2) provided 
proportioning formulae for the manufacture of cement 
from phosphatic limestone. These formulae were 
based on the assumption that in a portland cement 
containing phosphate, all the phosphate would be 
combined as the previously mentioned solid solution, 
or if the cement is not lime-saturated, a solid solution 
lying between 2CaO • SiO2 and the composition given 
above. He showed that for each 1 % P2O5 added the 
content of 3CaO - SiO2 is lowered by 9.9% and that of 
the dicalcium silicate phase is raised by 10.9%. Nurse 
(2) tested the validity of these equations by making

experimental cements and comparing their compound 
content based on these equations with that obtained 2 
by microscopic point counts of crystals seen in poli- j 
shed and etched sections of clinker viewed in reflected 1 
light. These were found to be in agreement. Nurse .
stressed two other points, firstly the need to maintain ;
the saturation of lime, and secondly, the lower water 
requirements in mixing phosphatic cement. In a dry 
mix (0.5% water) phosphatic cements gave better 
results than ordinary portland cements.

Nurse’s work provided the basis for the establish
ment of the Uganda Cement Industry who commenced 
manufacture at Tororo in 1953. Over 17,000 tons of 
the cement was used in the building of the Owen Falls 
dam maintaining supply when it would have been 
impossible to obtain sufficient cement via the port of 
Mombasa.

Phase Equilibria in the System :
CaO-SiO2-P2O5

Phase studies of the system dicalcium silicate— I
tricalcium phosphate by Nurse, Welch and Gutt (4) 1
and of the system 2Ca0 Si02-3CaO-P2O5-CaO by ' 
Gutt (5-6) have consolidated and extended the inter
pretations which followed from the earlier work.
The system 2CaO-SiO2-3CaO P2O5 presents at high j 
temperature a continuous series of solid solutions with i
a liquidus maximum at 2240°C. A new high tempera- j 
ture form of 3CaO - P2O5 designated ä was discovered I 
(4-7) which does not survive quenching to room !
temperature but is completely miscible with the a i
form of 2CaO- SiO2. Since the discovery of the super- s
alpha form (ä) of tricalcium phosphate by Nurse, ■'
Welch and Gutt (4) Trömel and Fix (8) and Berak :
(9-10) repeated some of their earlier studies and 1
published confirmations of the new polymorph. It is " 
of practical importance that ß, a' and a dicalcium 
silicates can in turn be stabilized by increasing phos- , 
phate additions. At lower temperatures two compounds 
are formed by solid state reactions, the long-known 
silicocarnotite stable below 1450°C and a new phase , 
denoted ‘A’ stable below 1125°C of the approximate 
composition 7CaO P2O5 • 2SiO2. The latter compound 
will not therefore be a compatibility product relevant 
to the clinkering temperature of portland cement.
The phase diagram of the system 2CaO • SiO2- 
3CaO ■ P2O5 is reproduced in Fig: 1. (

Gutt (5-6) studied the system 2CaO ■ SiO2-3CaO • 
P2O3-CaO and delineated the liquidus surface. Four
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solid phases were individually recognisable at the 
liquidus, tricalcium silicate, lime, tetracalcium phos
phate and dicalcium silicate/tricalcium phosphate 
solid solution.
’ The primary crystallisation fields of these phases 
were delineated by the examination of 68 composi
tions by high temperature microscopy. For these 
compositions the liquidus temperature and the primary 
phase were established and, where possible, the crys
tallisation path was followed and the second phase 
and its dissolution temperature were also determined. 
Some compositions selected for examination lay on 
two-phase boundaries and the composition of the 
reaction point where the three phases C2S/C3Pss, 
CaO and C4P coexist with liquid where also located 
experimentally. All the individual compositions 
studied and the observations relating to each of them 
together with an account of the melting behaviour 
and characteristics of crystal growth of the solid 
phases encountered in this system were given by Gutt 
(6) In accordance with the study of 3CaO SiO2 by 
Welch and Gutt (11) which established that this 
compound melts incongruently, 3CaO SiO2 has a 
primary crystallisation field in the system 2CaO • SiO2- 
3CaO P2O5-CaO which extends to the binary system 
CaO-SiO2. In the system 2CaO-SiO2-3CaO-P2O5- 
CaO this field extends to 13% P2O5.

There are two reaction points. The first of these R, 
between lime, C4P and C2S/C3Pss occurs at the com
position 34.5 P2O5, 60.75 CaO, 4.75 SiO2 (weight %) 
and has a liquidus temperature of 1636°C. The simul
taneous presence of the three phases at the liquidus 

temperature in this composition was established by 
high temperature microscopy. R,. is a ternary eutectic 
point. The boundary between the primary crystal-, 
lisation fields of C4P and the C2S/C3Pss passes through 
a liquidus temperature maximum M2 before reaching 
Rj. The maximum M2 occurs at the point where the 
C4P-C2S/C3Pss boundary is intersected by the Alke- 
made line C4P'-C3P. The formula C4P' represents a 
solid solution of C4P with calcium and silicate ions.

The second reaction point between C3S, CaO and 
C2S/C3Pss occurs at the composition 67.2 CaO, 
19.8 SiO2,13 P2O5 (wt %) and its liquidus temperature 
is 1970°C. The liquidus temperature maximum M, 
on the C3S-C2S/C3Pss field boundary is at the point 
where the Alkemade line C2S-PSS' intersects this 
boundary although some displacement of PSS' to
wards C3P is expected as the temperature rises.

The liquidus temperatures along the C3S/CaO 
primary field boundary rise from the reaction point R2 
and reach 2150°C as this boundary approaches the 
CaO-SiO2 system. This seemed to be in conflict with 
the liquidus temperature of 2070°C reported by Welch 
and Gutt (11) for the composition 71.5% CaO, 28.5% 
SiO2 (wt %) where the incongruent boundary with 
lime occurs. In view of this the lime rich region of the 
system CaO-SiO2 was re-examined leading to the 
revised diagram (5-6) in Fig. 2. It will be seen that the 
work of Welch and Gutt (11) is confirmed in every 
respect with the exception of the liquidus tempera
tures between the eutectic, between C2S and C3S and 
lime.

The phase diagram of the system C2S-C3P-CaO is 
reproduced (5-6) in Fig. 3. In comparing it with 
earlier phase diagrams proposed by Barret and Mc
Gaughey (12) and of Trömel, Harkort and Hotop (13) 
it should be remembered that their work preceded 
successful delineation of the equilibria in the binary 
system 2CaO-SiO2-3CaO P2O5 (4), the detection of 
ä tricalcium phosphate (7) and the demonstration 
that 3CaO SiO2 melts incongruently (11). These 
earlier studies failed to detect the primary crystallisa
tion field of 3CaO-SiO2 in the system 2CaO-SiO2- 
3CaO-P2O5. Barret and McGaughey included in 
their proposed diagram a primary crystallisation field 
for silicocarnotite a phase which does not exist at 
liquidus temperatures as it inverts above 1450°C 
without decomposition into a ä tricalcium phosphate 
solid solution (see Fig. 1).

. Compatibility relations were examined for the system 
C2S-C3P-CaO that apply at 1500°C since this is the 
temperature of particular importance in portland 
cement manufacture. While considering the division 
of the system into compatibility triangles a hypothe-
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tical join was studied between C3S and PSS the com
position of maximum liquidus temperature on the 
C2S-C3P join (PSS = 75.9% C2S, 24.1% C3Pwt). 
Examination of fully reacted compositions showed, 
however, that lime was present in compositions on 
the side of this join nearer to the system CaO-SiO2 
indicating that the true join led to a point on the C2S- 
C3P join poorer in C3P than PSS. The method then 
adopted for the location of the true joins consisted of 
free lime analysis of selected compositions in the 
system in which CaO is one of the three stable phases 
at 1500°C. Subtraction of free lime gave the corres
ponding two phase compositions on the join.

The joins
PSS 
C3S 
C4P 

and C4P

where thus established.
The whole scheme was tested by examining by X-ray 

analysis the phases present in 40 selected composi
tions, which are plotted in Fig. 4, and further, by 
examining equilibria at 1650°C. The full details were 
given by Gutt (5-6), but the compatibility diagram 
is reproduced in Fig. 4.

Schlaudt (14) studied the system CaO-SiO2-P2G3 
with reference to C3S crystalline solutions and exam
ined experimentally 19 compositions on the joins 
Ca19Si3O29-C4P and C3S-C4P. For other parts of 
the system Schlaudt (14) accepted the liquidus data 

published by Gutt (5) and he also accepted the valid
ity of the phase diagram of the system C3S-C3P pro
vided by Nurse, Welch and Gutt (4). Since all the com
positions studied experimentally by Schlaudt lie inside 
the primary crystallization field of lime and provide no 
data on phase boundaries, Schlaudt, in effect, assumed 
the validity of the whole of the liquidus surface of 
the system C2S-C3P-CaO due to Gutt (5) and repro
duced here in Fig. 3. Schlaudt’s work therefore pro
duced no modification of the phase diagram at liquidus 
temperatures. Schlaudt further stated that “he dis
regarded subsolidus reactions in phase identification 
and that higher temperature assemblages were deter
mined by observation of textures”. He stated also 
however, that “crystal growth during the quenching 
process was so rapid throughout the system that the 
appearance of several quench phases often masked 
the true high-temperature equilibrium assemblages”. 
In these circumstances, the interpretation of Schlaudt’s 
observations by the methods he adopted must indeed 
have been difficult and the advantages of high tem
perature microscopy and X-ray analysis used by Gutt 
(5-6) are manifest.

While accepting Gutt’s liquidus surface for the 
system C2S-C3P-CaO, Schlaudt suggested minor 
modifications to the compatibility diagram for the 
subsolidus. These included, firstly, a preferred compo
sition for the tricalcium silicate solid solution with 
calcium and phosphate ions, i.e. 98.2 C3S, 1.8 C3P 
mole% = 73.4 CaO, 25.5 SiO2, 1.1 P2O3 wt% for 

— C3S"
— C3S"
— C4P'
— PSS"

THIS FIGURE SHOWS COMPOSITIONS EXAMINED 
TO TEST COMPATIBILITY SCHEME. IT GIVES

Fig. 4. Phase diagram of the system C2S-C3P-CaO



C3.uSPo.oi ='74 CaO, 25.5 SiO2, 0.5 P2O3, wt%, on 
the grounds that it is theoretically more fitting. 
Secondly, Schlaudt arrived at the composition 58 
mole%C2S, 42mole%C3P as preferable to PSS" 
which is equivalent to 75 mole % C2S, 25 mole % C3P. 
This preference does not appear to be borne out by 
Schlaudt’s experimental results. Thirdly, Schlaudt 
would prefer the composition 94.8 C2S, 5.2 C3P 
mole% = 91 C2S, 9C3Pwt% = 64.1 CaO, 31.8 SiO2, 
4.1 P2O3 wt% to Gutt’s point PSS' given at the 
composition 92.65 C2S, 7.35 C3P mole% = 87.5 C2S,
12.5 C3Pwt%.
It should furthermore be noted that Schlaudt’s 

compatibility triangles apply to unspecified solidus 
temperatures and cannot be directly compared with 
Gutt’s (5-6) compatibility scheme for the system 
C2S-C3P-CaO applicable at 1500°C and checked at 
1650°C. Further theoretical speculations were also 
made by Schlaudt (14) on compatibility in the region 
of C4P but these were not based on any experimental 
data. - ■

On p. 58 of his thesis Schlaudt (14) attributes to 
Welch and Gutt the assertion that aC2S cannot be 
stabilized to room temperature by ‘phosphorus’ alone. 
These authors have, in fact, earlier shown (4) that aC2S 
can be stabilized by calcium phosphate in the region 
of 34 C3P (wt%) in the system C2S-C3P as shown in 
Fig. 1, reproduced here. Welch and Gutt (1) have also 
used the same composition to assess the hydraulicity 
of aC2S stabilized as phosphate. The modifications 
suggested by Schlaudt to the system C2S-C3P-CaO do 
not affect significantly the practical considerations 
which follow in which Gutt’s (5-6) original phase 
diagram for the system C2S-C3P-CaO is used and all 
subsolidus reactions (4) are taken into account.

Practical Significance of the Phase Data in 
Relation to the Cement Making Process

Before the publication of Nurse’s paper in 1952 (2) 
it was believed that tricalcium silicate, the most im
portant compound in portland cement clinker did 
not occur in the system CaO-SiO2-P2O3 and that the 
phases formed in phosphate containing cement would 
be CaO, 2CaO-SiO2 and Nagelschmidtite (7CaO- 
P2O3-2SiO2) or 2CaO SiO2, 3CaO-2Si02 and Nagel
schmidtite. If this had been true it would have been 
impossible to make portland cement from phosphatic 

raw materials. Nurse showed by making cements 
containing tricalcium silicate with raw material having 
up to 7 % P2O5 that the earlier phase diagrams of the 
system CaO-SiO2-P2O3 could not be correct in rela
tion at least to tricalcium silicate. The present work 
has shown directly that 3CaO-SiO2 has a primary 
crystallization field extending to 13 % PjOj and that 
at 1500°C 3CaO-SiO2 or (3CaO-SiO2)" (see Figs. 
3-4) would be present as compatibility products in 
compositions of low P2O3 concentration.

The second point in order of importance is that in 
addition to limiting the quantity of 3CaO Si02 due 
to preferential formation of a phosphatic dicalcium 
silicate solid solution, the presence of phosphate may 
lead to stabilization of dicalcium silicate in the non- 
hydraulic a or the weakly hydraulic a' form. This 
adverse effect of phosphate is counter-balanced by 
the fact that ß dicalcium silicate stabilized by phos
phate may be of high cementing quality (15). The 
cementing quality of the four polymorphs of dicalcium 
silicate stabilized with calcium phosphate was asses
sed by Welch and Gutt (1).

The maximum solid solution of phosphate with 
2CaO SiO2 at 1500°C would be in weight per cent 
PSS' (87.5% 2CaO SiO2, 12.5% 3CaO P2O5) or 
PSS" (62.4% 2CaO SiO2, 37.6% 3CaO-P2O5) not 
the composition suggested by Nurse (66.5 % CaO, 
26.5% SiO2, 7% P2O5). This, however, applied to the 
ternary system. Nurse’s (2) composition for this 
solid solution originates from studies of five com
ponent mixtures containing also Fe2O3 and A12O3 
and this difference must represent the effect of Fe 
and Al on the phase relations.

The tricalcium silicate solid solution with Ca++ and 
PO;~ ions (C3S") has been tested for strength. The 
cementing quality of the composition (C3S") is not 
much different from that of pure 3CaO SiO2 apart 
from slightly lower one day strength.

The polymorphism of 3CaO ■ SiO2 has been studied 
by Nurse and Welch (16) who found transformations 
at 923°C and 980°C respectively. These transforma
tions have been confirmed and further studied by 
Yamaguchi and Miyabe (17). More recently further 
complexities of the polymorphism of this compound 
have been studied and (18-19) the question whether 
the cementing quality of the different structural modi
fications differs has received attention (20). The exist
ing evidence indicates that the influence of polymor
phism on hydraulicity of tricalcium silicate is small 
but in this connection it should be stated that both the 
phases 3CaO SiO2 and (3CaO-SiO2)" identified in 
the system CaO-2CaO SiO2-3CaO-P2O5 were in the 
triclinic form.



The Role of Fluorine in Portland Cement Manufacture

It is necessary to consider next the effect of fluorine 
on the reactions occurring in the formation of port
land cement clinker since CaF2 may be added to the 
raw meal to improve the quality of phosphatic cement. 
The phosphatic cement made at Tororo, Uganda, 
contains approximately 1 % fluorine.

Welch and Gutt (1) reported at the previous sym
posium that fluorine ions enter the crystal lattice of 
tricalcium silicate changing the structure from tri
clinic in the direction of the monoclinic form. The 
addition of fluorine increased the rate of formation 
of 3CaO SiO2 but its cementing quality was reduced. 
Fluorine did not stabilize high temperature forms of 
C2S. Nurse, Midgley, Gutt and Fletcher (20) explored 
the effect of polymorphism of C3S on the reactivity 
of this compound towards water. They used prepara
tions in the series C156_.cM.cS52 in which x took the 
values 0, 1, 2, 5, 6. A second series of preparations of 
the same composition was made with addition of 
CaF2 and subtraction of CaO so that 0.5% fluorine 
remained in the mix. In this way various polymorphs 
of C3S were stabilized. It was concluded that the 
T„-T,-Mono structural changes do not have a strong 
influence on reactivity towards water as meausred by 
strength of mortars. The effect of the change to the 
trigonal structure remained in doubt since Gutt (21) 
had found that a trigonal (or possibly orthorhombic 
M„) preparation of C3S containing 2.9%MnO and 
0.7 % F give very low strength. Fluorine had a predo
minant effect independent of structural form leading 
to lowered strength for T„ structures.

Since then the practical importance of the role of 
fluorine enhanced by world interest in fluorophos
phatic materials had warranted renewed study of 
the system CaO-SiO2-CaF2. Gutt and Osborne (22) 
established the phase diagram of the system C2S-CaF2 
showing that C2S polymorphs do not form solid 
solutions with fluorine ions alone (1,22). These authors 
(22) characterized two calcium silico fluorides (C2S)2 • 
CaF2 and (C3S)3-CaF2 which are believed to be 
intermediates in the formation of C2S and C3S when 
fluorine is present in the cement raw materials. The 
following reaction sequences have been identified:

This sequence of reactions was observable in com
positions in the ternary system containing 2 % fluorine. 
The formation of C3S in the presence of fluorine oc
curs at 1170°C in agreement with previous work (1).

Evidence is available from two sources that the 
proposed mechanisms based on studies of the system

*approximate formula.

950°C
CaO + Si02 * Cafg -------- > (C2S)2#CaT2

*Sudoh and Tanaka. _

95O°g^T
yC2S + Ca?2

1040oC ,
-------- > a C2S ♦ CaP2

(C5S)3.Ctf2

v K >1170°P 
5SSS+li»uia

950°c ioto°c ,
CaO ♦ S102 + CaF2-------- > (ly^.Cal^+CaO-------- > a C2S + CaO ♦ Ca?2

CjS + CaP292^^

CaO-SiO2-CaF2 are applicable to cement clinker. 
Firstly, Bereczky (23) reported two calcium silico
fluoride phases, which he named A and B, as present 
in ignited mixtures of C3S and calcium fluoride. He 
did not assign compositions to these phases but they 
are identical with the compounds (C3S)3-CaF2 and 
(C2S)2-CaF2 respectively, both of which were charac
terized by Gutt and Osborne (22). Bereczky also iden
tified phases A and B in cement compositions during 
ignition of cement raw meal containing fluorine and 
he proposed that C3S was formed by the following 
mechanism:

900°C 1100'C
Reagents--------- »phase B---------- »decomposition products+CaO

rise 
of temp

1200"C
C3S <-------------phase A

Secondly, Akaiwa, Sudoh and Tanaka (24) have 
reported a calciumsilico-fluoride of the composition 
HCaO-4SiO2 CaF2. Comparison of their X-ray dif
fraction pattern for this compound shows that it is 
identical with the compound (C3S)3-CaF2 reported 
by Gutt and Osborne (22a) and with phase A reported 
by Bereczky (23). Akaiwa et al.*  found that the com
pound HCaO-4SiO2-CaF2 formed by decomposition 
of C3Sss and was especially prominent in slow cooled 
clinkers. They also stated that at 2 % CaF2, C3A lines 
were no longer detectable and preferential formation 
of HCaO-4SiO2-CaF2 occurred in the clinker. 
Ignition of llCaO-4SiO2-CaF2 above 1190°C gave 
monoclinic C3S.

The formation of the compounds (C2S)2-CaF2 
and (C3S)3-CaF2 in the quaternary system CaO- 
SiO2-P2O5-CaF2 is being studied but there is no 
reason to suppose that the reaction sequences pro
posed above do not apply similarly to phosphatic 
cement.



Table 1. Compositions in the system CaO-SiOz-PzOj-CaFz 
(«'/%)

CSPF CaO P2O5 SiO2 F

1 70.99 1.98 26.03 1.04
2 71.99 0.99 26.04 1.04
3 69.99 2.97 26.04 1.07
4 72.34 LOO 26.17 0.51
5 71.34 1.99 26.17 0.50
6 68.31 3.17 27.52 1.00
7 = (PSS' with 1 %F) 63.16 5.64 30.20 1.00

The System CaO-SiO2-P2O5-CaF2

In considering the effect of fluorine in the specific 
case of phosphatic cement the system CaO-SiO2- 
P2O5-CaF2 is especially relevant.

The compositions which have been examined are 
given in Table 1 below. They were all ignited at 1450°C 
for hr and air-quenched. The fluorine figures are 
derived from chemical analysis after heat treatment.

X-ray analysis of compositions 1 to 6 in Table 1 
showed as the main phase, tricalcium silicate modified 
towards the monoclinic form in the same way as re
ported by Welch and Gutt (1) for C3S containing fluo
rine alone. .

The 7th preparation was the solid solution desi
gnated PSS' (see Figs 3-4)with 1 % added fluorine and 
ignited to nil free time. In this a'C2S was the phase 
identified. The compressive strength of 1:3 half 
inch mortar cubes made from this preparation and 
4% gypsum was 20 psi at 1 day and nil at later ages 
indicating that a'C2S stabilized with phosphate in the 
presence of fluorine was even less hydraulic than 
phosphatic a' in the absence of fluorine (1).

Schlaudt (14) studied the system CaO-C2S- 
Ca10P6O24F2 (fluorapatite) and proposed a phase 
diagram for the system C3S-Ca10P6O24F2. a dical
cium silicate was stabilized to room temperature. A 
tricalcium silicate solid solution with fluorapatite was 
found on the join C3S-Ca10P6O24F2 up to slightly more 
than 2 mole % at 1905°C, the invariant temperature for 

coexistence of liquid, C3S, CaO and C2S. On the basis 
of his work on this join a phase diagram was also 
proposed for the system CaO-C2S-Ca10P6O24F2.

In this diagram a very small primary field is shown 
for C3S extending to 3 mole% of Ca10P6O24F2 which 
is equivalent to 5.08 % P2O5 whereas Gutt (5-6) has 
shown that in the system C2S-C3P-CaO the C3S field 
extends to 13% (wt) P2O5. It is considered that the 
existing data on the extent of the C3S primary field 
in the system CaO-SiO2-CaF2 is still imprecise. 
Eitel (25) reported that this field in the system CaO- 
C2S-CaF2 ended at 43 % CaF2 and Mukerji (26-27) 
that it extends to 44 % CaF2 but the diagrams proposed 
by these authors differ substantially in the proposed 
stable phase assemblages in this region and include 
different phase grouping at invariant points. The 
discovery of the compound (C3S)3-CaF2 means that 
the primary field of this compound may intrude in the 
ternary system. An important feature in Schlaudt’s 
results for the join C3S-Ca10P6O24F2 is that fluorapa
tite does not appear in mixtures containing less than 
10% (mole%) of this compound.

This is equivalent to 1.2% fluorine (wt%) and this 
compound need not be expected therefore in detectable 
amounts in phosphatic-fluorinated portland cements 
which normally contain no more than 1.4% fluorine. 
Schlaudt stated that 3 mole % of C3P or 4 mole % of 
fluorapatite would be needed to eliminate C3S from 
the compatibility products. He argued that “the tole
rance for combined fluoride and phosphate impurity 
in cement raw materials is not substantially different 
from the tolerance for phosphate alone (11). This 
interpretation must be questioned since 3 mole % of 
C3P in the composition 97C3S, 3C3P (mole%) is 
equivalent to 4.03wt%C3P or 1.84wt%P2O5, 
whereas 4 mole % of 3C3P • CaF2 in the composition 
96C3S, 4C3P CaF2 (mole%) is equivalent to 15.75 
wt% 3C3P-CaF2 or to 6.55 wt% P2O3. It follows that 
the tolerance for phosphate is substantially greater in 
the presence of fluoride and this is compatible with 
practical experience in cement manufacture.

The Role of Sulphate in the Manufacture of Phosphatic Portland Cement

Practical evidence exists from studies of Uganda 
cements that the amount of SO3 in the clinker infl
uences the quality of phosphatic portland cements. 
For this reason the systems CaO-SiO2-SO3 and CaO- 
SiO2-SO3-F are being studied and a logical extension 
of this work would include the systems CaO-SiO2- 
P2O5-SO3 and CaO-SiO2-F-SO3.

The System CaO-SiO2-SO3

The volatility of sulphate causes considerable ex
perimental difficulty in the study of this system 
being examined by Gutt and Smith. These authors 
have delineated the stable phase assemblages in the 
subsystem CaO-CS-CaSO4 at 1000°C and 1200°C 



(28). They also detected a new compound (C2S)2- 
CaSO4 which takes part in stable assemblages at these 
temperatures. This compound is analogous to sili- 
cocarnotite C5PS in the system C2S-C3P(4). The only 
solid solution detected in the 1000°-1200°C tempera
ture range was between a'C2S and Ca2+ and SOJ“ ions 
giving 98.9 C2S, 1.1 CaSO4 mole% as the maximum 
solid solution at 1200°C and 98.3 C2S, 1.7 CaSO4 
mole% at 1000°C. The C3S primary crystallization 
field has not been delineated as yet. The compound 
(C2S)2-CaSO4 appears to be incompatible with C3S 
and the decomposition temperature for (C2S)2 ■ CaSO4 
on the join C2S-CaSO4 is 1300°C. To study the beha
viour of C3S it is necessary to treat at above 1300°C 
where liquid is also present in the system CaO-CS- 
CaSO4 as a stable phase. The presence of liquid com
plicates the diagram of the isothermal section at 
1310°C which has been studied.

If it is assumed that the CaSO4 present in prepara
tions annealed at 1310°C and water quenched has 
crystallized from the glass and has not been exsolved 
from the C3Sss then compatibility triangles can be 
drawn for the system at 1310°C. The results based on 
this procedure give the maximum solid solution of 
C3S and Ca2+ and SO2” ions as 92 % C3S, 8 % 2CaSO4• 
SiO2mole%, which is equivalent to 2.9wt%SO3. 
The substitution assumed was 1 sulphur ion for 2Ca2+ 
+ 0.5Si4+. Tricalcium silicate was detected after this 
heat treatment at 1310°C, in the presence of 38 wt% 
SO3, a much higher figure then the equivalent for 
phosphate.

Many workers (28, 30) have reported stabilization 
of the ß form of C2S by very small amounts of CaSO4 
and Okorokov, Golynko-Wolfson and Korneyev 
(30) claimed high strength for j5C2S so stabilized. 
It has also been claimed (31) that CaSO4 accelerates 
formation of C3S in the temperature range 1300°C- 
1450°C and improves its crystalline form. Sychev and 
Korneyev (32) reported that at 1500°C formation of 
C3S was hindered by the presence of SO3. The ques
tions whether (C2S)2-CaSO4 has a primary field in 
the ternary system and whether this compound is an 
intermediate in the formation of C2S and C3S solid 
solutions in cement clinker if the SO3 content is subs
tantial remain unanswered. It has been shown, 
however, that (C2S)2-CaSO4 is compatible with 
3CA CaSO4 at 1200°C. The effect of iron on the 
stability of (C2S)2-CaSO4 was tested by prolonged 
heating of a mixture of reagents of the composition 
33.3% (C2S)2-CaSO4, 33.3% 3CA-CaSO4, 33.3% 
C4AF at 1200°C and air-quenching; The compound 
(C2S)2-CaSO4 was also stable after this heat treat
ment.

Strength Test of Preparations on the 
Join CjS-SOj

Preparations of compositions on the join C3S-SO3 
were ignited at 1400°C in covered platinum boats 
until free lime was less than 1 %. Some of these 
preparations contained glass and they were annealed 
at 1300-1350°C to crystallize the glass phase. In 
Fig. 5 the time taken to obtain combination less than 
1 % free lime is plotted against % SO3 added, showing 
a rapid fall in the time needed between 1 and 3 % SO3, 
a region in which SO3 clearly aids the formation of 
C3S; the effect of fluorine is as expected from earlier 
work. The heat treatment and phase composition of 
the preparations are shown in Table 2. These pre
parations were ground to 3700-4000 sq.cm/g mixed 
with 4 % gypsum and tested for compressive strength 
on half inch 1 : 3 mortar cubes. The strength results 
are given in Fig. 6.

Fig. 5. Time to obtain free lime < 1.0% against added SOj %



Results and Discussion

The phases identified in the preparations tested for 
strength are listed in Table 2. Tricalcium silicate was 
present in the triclinic form and there were no detect
able changes towards the monoclinic structures such 
as reported by Welch and Gutt (1) for C3S with added 
fluorine. The only marked change, probably connected 
with SOJ" solid solution, was that the intensity of the 
reflection at 32.1° 29 increased relatively to that of 
the reflection at 34.4° 19. Dicalcium silicate was 
present in the ß form.

The strength results (Fig. 6) show that up to 3% 
SO3 there is a decline in strength followed by a very 
sudden drop just above 3 % SO3 as shown by the 
strengths of the preparation with analysed SO3 figure 
of 3.035 %. This SO3 level is almost identical with the 
maximum solid solution limit for SO3 in C3S at 1310°C 
beyond which CaSO4 appears.

The effect of sulphate ions is similar to that of pho
sphate ions (see Fig. 2 of ref. 1) in producing at low 
SO3 concentrations a C3Sss of low strength but the 
analogy ends here since continued addition of sul
phate, unlike that of phosphate, does not lead to en
hanced hydraulicity of the C3Sss. Between 3 and 6.5 % 

SO3 the strength rises and this can be attributed to 
the entry of ßC2Sss of high cementing quality (30). 
The slow decline in strength beyond 6.5% SO3 is 
connected with the increased quantity and possibly 
also specific action of CaSO4.

The System CaO-SiO2-SO3-CaF2

Compositions on the join C3S-SO3 with 0.5% 
added fluorine were also studied. The details of the 
preparations used are shown in Table 3. The entry of 
/?C2S and of CaSO4 occurs at a lower SO3 content 
in the presence of fluorine indicating a C3Sss of lower 
SO4“ content. The strength results in Fig. 7 show that 
the features found in the presence of SO3 without 
fluorine are reproduced, but largely at lower strengths. 
The strength minimum occurs again in the region of 
3% SO3. The most significant feature is presented by 
the 1 day strength curve. This has become isolated 
from the curves for later ages and it lies at very low 
strength with a minimum at 300 psi at 3.2(4)% SO3 
and 0.45% fluorine. Furthermore, the strength reco
very seen in the 1 day strength curve for preparations 
containing SO3 but not fluorine is not reproduced. 
It will be seen from a discussion of phosphatic cements

Fig. 7. Compressive strengths of 1:3 mortar, cubes of C3S 
with SO3 and 0.5°/^. (.Cement fineness 3700 to 3900 cm2igi

Fig. 6. Compressive strengths of 1". 3 mortar, cubes of C3S 
with SOj only. iCement fineness 3700 to 4000 cm2lg)

Table 2. The system CaO-SiO2-SO3

Initial 
SOs 

(wt %)

Composition of ignited mix (wt

Mix Analysed Recalculated treatment 
at 14ßDcr

Free lime
(wt %)

X-ray analysis phase composition
so3 CaO SiO2

tr = trace

13 1 Nil 73.68 26.32 59 hours 0.78 triclinic C3S only
12 2 Nil 73.68 26.32 22.5 /y 0.56 do.

3 3 2.14 72.11 25.75 3.0 // 0.30 triclinic C3S, CaSO4 tr.
4 4 3.00 71.47 25.53 1.75 // Nil do.
1 5 3.03(5) 71.45 25.52 1.0 0.79 triclinic C3S, CaO, tr. CaSO4

17A „ 7 6.55 68.86 24.59 1.3 0.16 do.
10 10 9.08 66.99 23.93 1.0 0.50 triclinic C3S, ßCgS & /3CaSO4 tr.
11(a) 15 14.0S 63.31 22.61 1.5 » 0.56 triclinic C3S, /3C2S, ßCaSO4



Table 3. The system CaO-SiOz-SOj-CaFa

Mix
Initial composition wt % Composition after ignition wt % Heat

- treatment

1400°C

Free 
lime 
wt %

X-rays analysis
SO3 F SO3 

(
F

analysed)
CaO 

(calcul
SiO2 

Lated)

5 3.0 0.5 2.43 0.48 71.54 25.55 1.75 <1.00 C3S, jSCgS & /3CaSO4 trace
8 4.0 0.5 3.64 0.43 70.68 25.25 1.50 1.35 C3S do CaO
2 5.0 0.5 3.24 0.45 70.96 25.35 2.75 1.06 C3S

18 7.0 0.5 6.09 0.40 68.90 24.61 3.00 0.93 CtjS, CaSO4, ^C2S, CaO trace
9 10.0 0.5 9.06 0.40 66.75 23.84 2.25 1.05 C3S, CaSO4, /3CgS

Note: The C3S found in these mixes was triclinic modified towards monoclinic as described for C3S with fluorine alone(1>

in the final section of this paper that the strength 
behaviour of C3S with SO3 and fluorine offers vital 
evidence for the theory that the combined influence of 
SO3 and fluorine superimposed on the effects of phos
phate can in certain circumstances decide the early 
strength of phosphatic cements especially at 1 day. 

In the region of nil to 2%SO3 the effect of 0.5% 
fluorine is not great but it is expected that the posi
tion of the strength minimum on the SO3 ordinate 
varies with the fluorine content and that it may occur 
at a lower SO3 figure than 3.2(4)%.

Examination of Cements

In the preceding sections of this paper the various 
systems relevant to the manufacture of portland ce
ment from phosphatic materials were considered in 
turn and the links between them and the manufac
turing process have been indicated. The final section 
of this paper will be devoted to observations on pho
sphatic cements which may add to the information 
previously published (1,2, 6).

The cements made by the Uganda Cement Industry 
have continued to be made at the rate of approxima
tely 100,000 tons per annum and to pass B.S.12 Port
land Cement in every respect. The P2O5 level has 
generally been near 2%. An important special feature 
of the process in Uganda is the addition of fluorspar 
to the raw meal in a quantity leading to approxima
tely 0.9% fluorine in the clinker. The lime saturation 
factor calculated by the modified equations put for
ward by Nurse (2) is kept very near one. The alite 
present in Uganda cements is very often present in 
the trigonal form (20) whereas monoclinic alite is the 
predominant form in other portland cements. No 
correlation was found, however, between the strengths 
of Uganda cements and the polymorphic form of the 
alite present. Welch and Gutt (1) found a'C2S in 
Uganda clinkers and the presence of this polymor
phic has continued to be a feature of these cements. 
The C3 A content of Uganda cements is low and their 
low heat of hydration makes them suitable for use in 
massive concrete constructions as low heat cement. 
For the same reason their sulphate resistance is 
expected to be good.

Whereas the blended Uganda cement is satisfactory 
in every respect ‘spot’ samples of clinkers taken from 
the plant and examined individually have at times 
given low early strength at one day. Groups of such 
samples have been examined and examples are given 
below in Table 4 of their minor component content 
and other properties.

Welch and Gutt (1) argued at the previous sympo
sium that strength measurements must be made in 
conjunction with microscopic estimates of phase 
present to assess cementing quality of clinkers and that 
the latter alone may mislead. The figures in Table 4 
give further evidence of this. Cements containing alite

Table 4a. Details of low strength cements prepared from special 
clinkers (compositions are in wt %)

♦control sample 
BS12 mortar cubes

No. F so3 MgO p2o5 k2o Na2O ■
Strength psi

CaOId 3d 7d

B 95 0.87 1.19 0.56 2.23 0.80 0.62 840 4390 6140 2.2
B 97 1.11 1.35 0.96 2.29 1.18 0.80 nil 4150 5170 0.5
B102 1.44 1.75 1.01 2.57 1.04 0.65 nil 4090 5530 0.2
B121 0.62 1.39 2.66 1.08 1.05 nil 2530 3370 1.8

Table 4b. Phase composition wt % by microscopy

Alite Belite Interstitial

B 97 55 25 20
B102 67 13 20

67 14 19
72 9 19

B121 53 35 12



in quantities from 53 to 72% can be seen to give nil 
strength at 1 day.

The early hydration of cement B 121 was studied 
by X-ray diffractometry (33). Cement B 119 which 
gave 1505 psi at 1 day was used as a control. The 
low strength cement showed a much lower rate of 
production of calcium hydroxide and a lower rate of 
disappearance of alite than the high strength cement.

The rate of hydration of clinker Bl02 was followed 
by the method described by Lea and Jones (34) in 
which the development of strength is taken as pro
portional to the rate of hydration. The clinker was 
ground and a paste with 32% of water was sealed and 
stored at 64°F for varying periods of time. At 1, 3 
and 7 days samples were removed, ground, dried at 
110°C and heated to 900°C. Lea and Jones found that 
the corrected weight loss between 110°C and 550°C was 
a useful criterion of the degree of hydration and they 
obtained a smooth curve of compressive strength 
versus this weight loss. The loss for clinker B102 
was at 5.5% low and corresponded to a strength of 
300 psi for 1:2:4 concrete.

It is believed that these slow hydrating clinkers con
tain low strength alite of the type encountered in the 
studies of fluorinated C3S and of phosphatic clinkers 
reported by Welch and Gutt (1), and in the present 

work especially in the case of C3S containing fluorine 
and sulphate at certain levels. It is not argued that the 
fluorine and sulphate figures in Table 4 give the precise 
numerical position of the minimum strength region 
in all clinkers since it is known that other minor 
components such as K2O, Na2O and MgO exert 
additional influence. It is argued that the results 
derived from the examination of C3S containing SO3 
and F together with the observations on the cements 
having nil one day strength show that a controlling 
influence by SO3 and fluorine is at times probable 
and indicates how a pessimum in the cement strength 
may arise due to low strength alites or C3S solid solu
tions.
' The possibility that phosphate may produce com
pounds soluble in water which influence the process 
of setting and hardening of portland cement was 
explored. Two cements were selected from plant pro
duction of markedly different early strength but the 
same chemical and phase composition. A paste of 
high water cement ratio was made up with the weaker 
cement and after two hours the liquid was separated 
by centrifuging. This solution was then used as mixing 
water for the high strength cement. The strength of 
the latter was unaffected indicating absence of in
fluence through the solution phase.
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Supplementary Paper 1-18 Burnability of Raw Mixes

Jerzy P. Sulikowski*

* Academy of Mining and Metallurgy, Krakow, Poland.

Synopsis -

The work constitutes an attempt to elaborate a laboratory method to enable the quanti
tative, if only relative, definition of the burnability of a raw mix.

The suggested test consists in determining the changes in the content of uncombined 
CaO in the mix within the temperature range from 900°C to 1400°C and in measuring the 
temperatures at which the cylindrical specimens prepared from calcined mix undergo a 
definite deformation under a constant load.

The results of the above mentioned parallel tests serve for the calculation of three values 
which may serve as the basis for a comparative estimation of the behaviour of the raw mix 
during its burning in a rotary kiln.

Four industrial raw mixes of various origins were tested by means of the suggested 
method.

Observations were carried out during a long period on the behaviour of the mix during 
burning, its effect upon the refractory lining, and the length of the burning zone. These 
observations were carried out in the rotary kilns of the cement plants from which the four 
mixes tested originated.

The observations proved the possibility of applying the three suggested values for a 
comparative evaluation of the burnability of the raw mixes.

The results of the investigations also confirmed the known fact that the burnability of 
raw mixes cannot be assessed on the basis of their chemical composition.

Introduction

Observations of the material in the burning zone 
of industrial rotary kilns testify that raw mixes of 
various origin behave in a different way during burn
ing.

In practice it is said that the mixes prepared for the 
production of portland clinker, but blended of com
ponents of different geologic origin, have a different 
burnability.

Some of these mixes sinter at a lower temperature 
and in a shorter time, others require higher tempera
ture and a longer time for the synthesis of alite and 
thus a longer sintering zone in the rotary kiln.

The differences in burnability mentioned above 
may be estimated by observation of the differences in 
consistency of the whole mass of grains in motion in 
the hot zone of the rotating kiln. It should be men
tioned here that a raw material mix of a given cement 
plant, i.e. a mix always blended with the same raw 

materials components also shows variations in burna
bility. This is caused by the natural chemical variation 
of the raw material deposit, that is, by the fluctuations 
in the content of such components as for example 
SiO2 and Fe2O3.

Moreover, intentional changes in the degree of 
saturation with lime, which is sometimes applied for 
technical reasons, clearly influence the burnability of 
the mix.

It should be stressed that the burnability of mixes 
has also an evident influence on the refractory lining 
of the kiln and very often decrease in the burnability 
of the mix is decisive in the shortening of the lining life.

Thus the problem of burnability is of great impor
tance in industrial practice. A correct, and if possible, 
quantitative determination of burnability will enable 
a more exact technological characterization of the 
raw material deposit and facilitate the selection of the 
suitable type of rotary kiln and kind of refractory 
material.



Discussion of the Problem

As mentioned in the previous chapter, the specific 
consistency of the whole mass of clinker grains in the 
burning zone of the rotary kiln is characterized by the 
fact that this material as a whole cannot be defined 
as bulk materials.

The separate grains of this material are lifted in 
consequence of the kiln rotations, but reaching their 
highest position they do not roll freely and individually 
on the slope of the material. The rotating kiln carries 
up the whole mass of material, which, though an ag
glomeration of separate granules, when considered 
as a whole, displays a certain compactness. This 
material has a dictinct adhesiveness occurring on the 
interferences of the individual granules.

This phenomenon is explained by the fact that each 
clinker grain while remaining in the high temperature 
zone is imbibed with a liquid phase.

In these circumstances it may be concluded that in 
the temperature range in'which the said phase is liquid 
each clinker grain is not only sticky on the outside, but 
also deformable under the influence of mechanical 
static load.

Both the above mentioned adhesiveness and defor
mability of the clinker grains while in the high tempera

ture zone depend on the amount of the liquid phase 
and its viscosity and both these features change in 
turn with temperature.

There exist, moreover, justified grounds for stating 
that the deformability of hot clinker granules depends 
also on the amount, size and habit of the crystals 
glued with the above mentioned liquid phase. This 
calls to mind an analogy with the macrostructure of 
fireclay bricks.

It should be also mentioned that in the case of port
land clinker the dimensions and the crystal habit of the 
calcium silicate crystals and their distribution in a 
clinker granule depend to a great extent on the natural 
structure of the raw materials. Such a statement is the 
more justified as it is shown in practice, that the burna
bility of cement raw materials does not depend merely 
on their chemical composition.

The total result of the co-operation of all the above 
presented factors and phenomena is conclusive as 
regards the burnability of raw materials for cement 
plants. The burnability can be quantitatively and 
comparatively assessed visually by observing the 
differences in the consistency of the material in the 
burning zone of the rotary kiln.

The Idea of the Present Investigation

The present investigation is an attempt to elaborate 
a laboratory method which would enable a quantita
tive, though only a relative, determination of the 
burnability of the raw material mix.

The idea of the suggested method lies in the quanti
tative determination of the changes of one of the chem
ical features of a sample heated in given conditions 
and in the measurement of temperature at which 
appropriately shaped specimens of raw mix undergo 
defined physical changes.

Thus each raw material mix is tested in parallel 

in two different ways, two series of tests being carried 
out.

The first series is the determination of the changes 
in the content of uncombined calcium oxide in the 
mix in the temperature range from 900°C to 400°C.

The second series of investigation consists in the 
measurement of temperature at which the specimen 
formed of the tested mix undergoes further defined 
deformations during heating under the influence of 
a constant static load.

Investigated Materials

The idea of investigating the raw mix in the two 
different ways presented in the previous chapter was 
applied to several raw mixes of industrial origin.

The mixes originated from four cement plants work
ing with the wet method. Each of these plants has 
its own deposit of raw materials and the deposits 
differ from each other as to geologic and petrographic 
characteristics.

The A cement plant exploits the raw material from 
cretaceous deposits. Soft chalk of great natural dis
persion, easily forming slurries with water is the car
bonate component of this raw material. In general 
the argillaceous component is distributed uniformly 
thoughout the whole mass of the deposit.

The B cement plant exploits Jurassic limestones, 
having a high CaCO3 content and the mix has to be 



prepared with additional component, i.e. bituminous 
shales.

The C cement plant also bases its production on its 
own deposit of raw material of Jurassic origin built 
of rather hard limestone interbedded with marls of 
various CaCO3 content.

The D cement plant blends its mix for the produc
tion of portland clinker from marls with relatively 
low CaCO, content and from very hard crystal Devon 
limestones of high purity.

It should be added that in the four cement plants 
from which mixes were sampled, bituminous coal 
with a rather high ash content is burned in their rotary 
kilns. For this reason the mixes are adjusted to a rather 
high CaO content.

The portions of the mixes designed for the tests 
were not submitted to preliminary grinding to powder 
and they remained in the state in which they were 
supplied from the plants. The omission of the pre
liminary grinding of these samples is justified by the 
fact that the burnability of the raw mix is not only 

influenced by numerous factors such as chemical 
composition and textures of the raw material com
ponents, but also by the degree of grinding of the mix 
which is characteristic in each of the given plants.

The chemical composition of the raw mixes used is 
given in Table 1.

Table 1. Chemical composition of mixes

Raw mixes

A B c D

Loss of ign. 35,60 36.04 37.92 35.51
SiOg 15.52 13.12 12.50 13.66
AlgO^ 3.86 3.75 3.72 4.10
Fe2O3 1.20 2.07 2.08 2.10
CaO 42.94 43.56 42.48 43.96
MgO — 0.50 1.08 0.52

Total 99.12 99.04 99.78 99.85

Calcined mixes

SiO2 24.48 20.82 20.25 21.24
AlgOg 6.02 5.94 6.02 6.36
Fe2O3 1.90 3.25 3,37 3.25
CaO 67.60 69.20 68.60 68.29
MgO — 0.79 1.76 0.86

Methods of Investigation

Determination of Uncombined Lime

A sample of raw material mix was pressed by hand 
so as to give it the shape of a cylinder of the dimen
sions ^20 x 20 mm.

The specimen thus shaped was placed in a cold 
electric furnace on a platinum plate and heated to a 
definite temperature. The measurement of tempera
ture was carried out by means of a Pt-PtRh thermo
couple.

Heating up to 1000°C was carried out at the rate 
of 10°C/min and above 1000°C at the rate of 5°C/min.

After the desired temperature has been reached, 
the specimen was removed from the furnace and after 
cooling in dessicator it was ground and the content 
of uncombined CaO was determined by the glycol 
method.

Deformation of the Samples During 
Heating under a Static Load

Cylindrical specimens of sizes 020 X 20 mm were 
pressed from the mixes and placed in a vertical electric 
furnace under a constant load of 0.02 kg/cm2. The 
heating rate was the same as in the test described 
previously.

The readings of the value of the deformations of a 
cylindrical specimen squeezed during heating under 
a static load given above were taken by means of a 
gauge as accurate to within 0.01 mm. Changes in the 
sample height were transmitted directly to the gauge 
by means of a refractory bar. The terminal elongation 
of the bar during heating the furnace was predeter
mined experimentally, which made it possible to intro
duce a suitable correction to the measurements of the 
deformation of the specimen.

Results

Detailed numerical data are not presented in tables in Fig. 1 and Fig. 2. 
and only a graphic presentation of the results is given



Intervals
Mix Centigrades

A 190

B W

C MO

D 425

Fig. 1. Changes of free CaO

Discussion of the Results

All the four raw mixes tested were blended for the 
production of normal standard portland clinker and 
differed only relative slightly as regards their chemical 
composition.

Even a superficial comparison of the results obtained 
allows to state that the four mixes tested behave in 
a markedly different way during burning.

There are different temperature intervals in which, 
during burning of these mixes, a considerable amount 
of uncombined CaO exists.

Maximum amounts of free CaO which appear dur
ing the heating of each mix differ greatly.

The deformation of the specimens prepared from 
different mixes has a different course during burning.

The differences described above and observed during 
the tests confirm the comparative observations made 
during a long period in the cement plants from which 
the four raw mixes tested are supplied. As might be 
expected the attempt to establish a relationship be
tween the chemical composition of the mixes and the 
numerical results of the tests did not indicate any 
regularity which would make it possible to assess 
the burnability of the mixes on the basis of their chem
ical composition.

The known fact that the burnability of a mix 
depends on many factors acting simultaneously which 
are difficult to formulate quantitatively, was confirmed 
by this.

The Suggested Quantitative Characterization of Burnability

On the basis of the results of the tests presented above the author suggests the characterization of the



burnability of raw mixes by means of the following 
three values: “K”—The ratio of the CaO content in 
the calcined raw mix to the maximum free lime con
tent which occurs during the burning of the mix, 
“L”—The temperature range in which the burned mix 
contains the free lime content in amounts exceeding 
10%,
“M”—The temperature at which the cylindrical speci
men of the pressed mix is sqeezed in its height by 5 % 
under a static load of 0.02 kg/cm2.

Table 2 illustrates the values of K, L and M cal
culated and measured for all the four mixes tested.

Table 2. Characteristics of burnability

Mix

A B C D

“K" 2.74 2.03 1.59 2.40
“L” 290° 440° 410° 425°
“M” 1200° 1225° 1255° 1250°

Conclusions

During a long period observations were carried out 
on the behaviour of the raw mixes in the burning zone 
of the rotary kilns of four cement plants from which 
the tested mixes were sampled. It was proved that in 
each of these cement plants the observed mix behaved 
differently. In other words, it was proved that each 
cement plant has at its disposal a raw material with a 
specific burnability for the given deposit.

The differences in burnability were considerable 
and it was impossible to explain them univocally by 
comparative analyses of the chemical composition 
of the mixes. It was impossible to establish neither 

[ any correlation nor any functional relationship 
between the chemical composition of the material 
and its burnability.

However the three values characterizing the bur

nability introduced in the present work make it pos
sible to assess comparatively the raw mixes as regards 
their behaviour during burning.

Value “K” indicates the reactivity of the mix com
ponents and the degree of the chemical aggressiveness 
of the mix toward the refractory lining of the rotary 
kiln.

Value “L” enables to a certain degree a comparative 
estimation of the length of the burning zone and the 
time the burned material remains in the calcining and 
clinkering zones.

Value “M” may constitute an intermediate measure 
of viscosity of the liquid phase of the clinker and this 
value makes it possible to assess comparatively the 
tendency of the clinker granules to adhere to one 
another.



Supplementary Paper 1-38 On Kinetics of Formation 
of Portland Cement Clinker

P. F. Rumyantsev*

Synopsis

Investigation of portland cement clinker burning as a single process and derivation of a 
general kinetic equation are connected with inconceivable difficulties. Therefore, it is worth 
while to study the mechanism and the rates of separate stages of clinker formation.

Formation of cement clinker is accomplished by physico-chemical processes in the 
liquid phase appearing as a result of partial melting of cement raw mix on heating.

Kinetics of these processes has been studied at the Institute of Silicate Chemistry for 
several years.

Data on kinetics of dissolution of CaO, 3CaO-SiOz, 2CaO-SiO2 clinker minerals and 
SiO2 (quartz) in the clinker liquid phase have been obtained. These data confirm the deter
mining role of the dissolution rates of CaO and 2CaO-SiO2 in formation of 3CaO-SiO2. 
Kinetic equation which adequately describes the dissolution functions got experimentally, 
may be used in the converted form as a kinetic equation of clinker formation.

Crystallization of the clinker liquid phase in the temperature range 850-1450°C 
proceeds very quickly disregarding the fact whether one phase or a eutectic is crystallizing.

In the case of the crystallization of one phase the process is mainly determined by the 
linear velocity of the crystal growth, while on the simultaneous crystallization of two and 
more phases the process is to a greater extent determined by the rate of the crystal nuclei 
formation.

Glasses obtained from the clinker liquid phase are stable up to 800°C. Above this 
temperature intense crystallization of the glasses is observed.

Introduction

Kinetics of the portland cement clinker formation 
is a very important and difficult problem.

The importance of its decision is determined by the 
necessity of further development of scientific views 
on the processes occurring in clinker formation. 
Evolution of these ideas is necessary for automatiza
tion and intensification of the existing cement tech
nology and its progress.

. The difficulties in the decision of this problem 
consist of a series of physico-chemical processes 
occurring on clinker formation, for it appears impos
sible to express the rates of these processes by common 
parameters. In addition, in studying the kinetics of 
some processes there arise difficulties due to the lack 
of the reliable methods and the impossibility of experi
mental modeling of the separate processes apart 
from the other processes.

The rate of CaO interactions with other constit
uents of cement raw mixture may serve as a general

institute of Silicate Chemistry of the Academy of Science, 
Leningrad, U.S.S.R.

and most significant parameter for a series of physico
chemical processes occurring on cement burning. 
Usually a figured and graphical expression of the free 
CaO content is used for characterization of the given 
parameter. This parameter is common for the lime
stone decomposition, the majority of the solid state 
reactions, and the sintering process.

Using the available experimental material on the 
changes of free CaO in the burning process, it appears 
possible even at present to derive a kinetic equation 
for the given parameter. Such equation will be very 
complicated and formal because the constants will 
be deprived of physical sense, and the functional 
characteristics on different stages of burning will not 
reveal the mechanism of the processes taking place 
during the burning.

But it seems more difficult to derive a kinetic equa
tion revealing the intrinsic nature and the character 
of the interaction between the elementary particles on 
burning. For derivation of such equation it is neces
sary to study the kinetics of separate processes, and 
on the base of the joining of kinetic equations for these



separate processes, to get more general kinetic charac- teristics and equations of clinker formation.

On Kinetics of Cement Clinker Sintering

Basing on the considerations given in introduction, 
kinetics of the processes occurring on cement clinker 
sintering (namely the final and less studied stage of 
sintering) has been under study at the Institute of 
Silicate Chemistry of the Academy of Science of the 
USSR for several years.

Sintering of clinker is considered to be a complex 
of three interdependent physico-chemical processes:

1. Dissolution of the minerals of raw mixture and 
the products of solid state reactions in the liquid phase 
of clinker.

2. Diffusion of Ca2+ and SiOJ- ions from the sites 
of their migration into the melt to the crystallization 
regions of new phases.

3. Crystallization of new phases.
The mutual connection and the chain character of 

the above processes stipulate the determining role of 
that process in the sintering which proceeds at the 
minimum rate.

Analysis of many literature data permitted us to 
assume that the dissolution process has the minimum 
rate.

The works by Toropov, Rumyantsev and Filipovich 
(1) and those by Toropov and Rumyantsev (2) give 
the results of the studies on dissolution kinetics of 
clinker minerals CaO, 3CaO SiO2, 2CaO SiO2 and 
SiO2 (quartz) in the liquid phase of cement clinker.

Two equations have been derived to describe the 
dependence of the dissolution time (r) on tempera
ture (T) and diameter of the dissolving particles (D):

Experimentally

T = 4 ■ eE,RT (1)
A

and theoretically

T = ^5. . etB+Asj/fir (2)

where E = activation energy of dissolution, R = 
gas constant, A = constant value, D < D = certain 
effective size of the grain, AE = activation energy of 
the block separated from the grain (for example, the 
activation energy of the crack emergence in crystals), 
N = multiplication factor considering that 109 — 1010 
particles separated as a whole block fit for one mo
lecularly separated particle, <5 = diameter of the ele

mentary particle, v0 = frequency of elastic vibrations 
of the elementary particle in the solid state.

Analogous appearance of two equations describing 
one and the same process but obtained in different 
ways confirms, to a certain extent, their accuracy.

Moreover, it can be imagined that A = N!28v0, 
and E of equation (1) is equal to E + AE of equation 
(2). . ,

Thus both equations turn into one.
Establishment of the molecular-dispersion charac

ter of the dissolution is considered to be an important 
result of the presented works. This means that the 
dissolution of clinker minerals in the liquid phase 
doesn’t proceed through migration of the elementary 
particles (atoms, ions, molecules) into melt, but it 
proceeds by means of separation of individual blocks 
with sizes to 1 micron from dissolving crystals and 
polycrystals.

Derived functions are analogous to temperature 
dependence of the rate of tricalcium silicate formation 
obtained by Kondo (3), but the activation energies of 
CaO and 2CaO SiO2 dissolution (150kcal/mol) 
approach to the activation energy of the 3CaO-SiO2 
formation (200 kcal/mol).

The determining role of the dissolution and not that 
of the diffusion in silicate melts was shown by Cooper 
and Kingery (4).

The established time for the grain dissolution of 
CaO and 2CaO SiO2 about 0.1-0.01 mm in size 
is of the same order as the time for the assimilation 
of free CaO obtained by Toropov and Luginina (5).

The indicated conformities as well as the experi
mental confirmation of the determining role of dis
solution given by Rumyantsev and Kozlov (6) permit 
us to convert equations (1) and (2) into kinetic equa
tions for clinker formation of the following type:

= 4 • e"E,RT <3)
v _ 25Vp -(e+aej/ät o-n
Vk - ND W

Where it is taken into consideration that Vp = 1/t 
and Vp = Vk, Vk = rate of clinker formation, 
Vp = rate of dissolution of CaO or 2CaO ■ SiO2 in 
the liquid phase of clinker; the values of the other 
letters are the same as in formulas (1) and (2).



On Kinetics of Crystallization of Clinker Liquid Phase

The final stage of clinker sintering—the liquid phase 
crystallization—is of interest from the view-point 
of clinker formation kinetics because it appears pos
sible to obtain from here data on the mechanism and 
the rate of crystallization under conditions where 
participate diffusion and crystallization without over
lap of the dissolution process.

Data on kinetics of crystallization of the liquid 
phase is also useful for the progress of crystalliza
tion theory in complex silicate systems. For our inves
tigation a liquid clinker phase with alumina modulus 
p = 1 was synthesized at 1450°C. Its composition 
(in wt %) was as follows:

6.7SiO2; 18.5A12O3; 18.5 Fe2O3; 56.3 CaO.

The observation on the crystallization was accom
plished with the aid of the high-temperature micro
scope. ‘

On cooling the melt pre-heated up to 1500°C at the 
rate of 20° per second, there was observed the growth 
of one (sometimes two) crystal of tetra-calcium alumi- 
noferrite, and the rate of its growth almost doesn’t 
fall behind the rate of decreasing temperature.

Fig. la, represents photomicrographs of the melt at 
1400°C where one can see such crystal.

Fig. lb, shows an increase in the crystal size with 
decreasing temperature up to 136O°C.

The same photomicrograph also shows that crystal
lization of other phases is taking place at 136O°C. 
At the same time their crystallization is of different 
character, that is, it doesn’t proceed through the linear 
crystal growth but it is due to the formation of a great 
amount of fine crystals.

With further decrease in temperature up to 133O°C 
the growth of tetra-calcium aluminoferrite crystal 
ceases and the formation of fine crystals continues 
down to the full crystallization of the sample shown 
in Fig. 1c.

Small samples of glass were obtained by rapid 
cooling of a fully fused liquid phase. At slow heating 
of these samples of glass quick crystallization was 
observed as soon as temperature exceeds 820°C, 
whereupon for this period of time crystals grew up 
to 20-30 microns. Photomicrographs of such crystals 
are given in Fig. Id.

With fast heating and stoppings at higher tempera
tures (850-1250°C), still quicker crystallization was 
observed.

During seconds and parts of seconds crystalliza
tion from the melt on its fast cooling till 850-1250°C 
is also taking place.

In Fig. le, are shown crystals of 60-80 microns in 
size grown for 1 second at 1200°C. .

The quenching method appears to be ineffective 
for determining crystallization rates, because a 
considerable crystal growth inhibiting to record the 
sample state at the temperature of the experiment 
occurs on cooling. In Fig. If, is given a photomicro
graph of the sample quenched from 1390°C.

A crystal of 4CaO- A12O3 Fe2O3 is seen here. It 
consists of two parts. The central part is a crystal 
which exists at temperature 139O°C, and the outer 
part is that formed during quenching.

The presented actual data indicate that crystalliza
tion processes in the clinker liquid phase proceed 
very intensively if they are not connected with the 
dissolution process. The latter is one more proof for 
the determining role of the dissolution of raw mixture 
minerals and products of solid state reactions on 
burning of cement clinker.

Quick crystallization, the rate of which is impossible 
to calculate because of the overlap of the crystal 
growth on determining the experimental temperature, 
doesn’t permit to approximate with acceptable preci
sion kinetic rules of the liquid phase crystallization 
with the aid of the existing methods of investigation.

Conclusions

Burning of cement at the stage connected with the 
process of CaO and 2CaO SiO2 dissolution in the 
liquid phase is depends upon by the rate of the dis
solution. Therefore the formulas describing the dis
solution process may be used as kinetic equations of 
clinker formation.

The principal conclusions on kinetics of crystalliza
tion of clinker liquid phase at the given stage of inves
tigation may result in the following:

Crystallization of clinker liquid phase in the tem
perature range 820-1450°C proceeds very quickly.

In the case when one phase is crystallizing, the rate 
of crystal growth is predominant, while in the case of 
crystallization of two and more phases the rate of 
crystal nuclei formation appears to be prevailing.

There is also observed quick crystallization of 
glasses obtained from the liquid phase at temperatures 
above 800°C.



b

Fig. 1. Crystallization of the liquid phase of cement clinker 
preheated up to 1500°C. a—at 1400°C, b—at 136O°C, c—at 
1330°C, d—quenched and heated to 820°C e—at 1200°C, 
f—quenched at 1390°C.
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Supplementary Paper 1-49 Clinker Burning in Fluidized Bed

Yuichi Suzukawa, Hisashi Kono, Haruhiko Miyazaki and Sigeyuki Nakai*

*Central Research Laboratory, Ube Industries, Ltd., Ube, 
Japan.

Synopsis

The burning of cement clinker in a fluidized bed has already been known as the Pyzel 
process. (1-4)

The purpose of this paper consists in establishing the basic chemical process designs on 
this process through the operation of a pilot plant, particularly on the combustion of fuel oil 
in the fluidized bed, control of the size distribution of solid particles in the bed, and heat
recovery installations of the exit gas and of the red hot clinker from the bed.

Through these studies, it has been found that this process makes it easy to control the 
burning temperature and makes it possible to manufacture clinker containing low alkalis and 
free lime of uniform and superior quality.

Introduction

The chemical process designs of clinker burning 
by the fluidized-bed process were studied by using the 
pilot plant.

The basic chemical process design of the combus
tion of fuel oil in the bed was established, and the 
particle size distribution of solid particles in the bed 
was controlled by charging a suitable amount of the 
seed pellets into the bed and simultaneously by selec
tive discharge of coarse clinker particles from the bed.

The agglomeration of solid particles with each other 
and the adhesion of solid particles to the inside wall 
or the bottom of the bed were prevented by the injec
tion of gas jet stream which is used for selective dis

charge of coarse clinker particles and does not pass 
the gas distributor of the bed. This gas jet stream was 
not only effective for the improvement of the flow 
and motion of solid particles in the bed, but also for 
the dispersion of fuel oil throughout the bed, thus the 
complete combustion of fuel oil being attained.

The heat-recovery systems for the exit gas at the 
high temperature and for the red hot clinker from the 
bed were also established.

Tests of the resulting clinker showed that the quality 
is good and is comparable with that of the clinker of 
rotary kiln.

Experimental

The schematic diagram of the fluidized-bed parts 
and the flow sheet of the pilot plant are shown in Figs. 
1 and 2, respectively.

Powdered cement raw mix and seed pellets were 
fed into fluidized-bed reactor (1) together with pre
heated air through the injection opening of solid 
materials (10).

On the other hand, the fuel oil injected through 
injection nozzle of fuel oil (6) was burnt by the aid of 
the gas jet streams injected through the injection 
opening of gas jet stream (8) and the selective dis

charge pipe opening (12) so as to maintain the bed at 
the temperature required for burning cement clinker.

Into fluidized-bed reactor (1) was also introduced 
the fluidizing air through gas distributor (4) so as to 
maintain solid particles in the bed in a good fluidizing 
state.

Solid particles in the bed at a temperature of approx
imately 1450°C reacted with powdered raw mix 
and grew in size, simultaneously cement clinkering 
reaction being promoted.

The sintered coarse clinker particles which has 
grown in size larger than a definite diameter, e.g., 
approximately 2 mm0, were selectively discharged 
from the bed through the selective discharge pipe (11)
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Fig. 1. Schematic diagram of the fluidized-bed parts 
of the pilot plant.

by means of the preheated air through heat exchanger 
(13), transferred to the clinker cooler (14) and then 
discharged as the final product by means of discharge 
gate (15). The gas velocity at selective discharge pipe 
opening (12) was adjusted at approximately 20 m/sec.

Further, in the present fluidized-bed reactor of 
cement clinker, funnel-shaped portion of gas distri
butor (4) is indispensable.

The solid particles in the bed which liquid fuel was 
blown on their surface, were dispersed from the vicin
ity of the injection nozzle of fuel oil (4) by gas jet 
stream injected through the injection opening of gas 
jet stream (8) around injection nozzle of fuel oil (6) 
and further dispersed throughout the bed by a forced 
circulation flow caused by the gas jet stream for use to 
discharge selectively the coarse clinker particles. 
Consequently the dispersion of fuel oil in the bed 
is very good, and the complete combustion of fuel oil in 
the bed is accomplished.

In order to cool the clinker discharged from the 
reactor, the cooler (14) shown in Fig. 1 was installed. 
The red hot clinker discharged from the bed and the 
air contact countercurrently with each other, and the 
resulting preheated gas was introduced into the bed 
through three pipes (2), (7) and (11) respectively. 
Thus the enthalpy of the hot clinker can be recovered 
efficiently, and the discharged clinker is cooled as 
low as 200°C. -

To recover the enthalpy of the exit gas from the 
fluidized-bed reactor, a new hot cyclone system was

I Exit gas

Fluidizing gas

Cement clinker

discharge gas

Gas jet stream 
Atomizing gas 
for fuel oil

IFluidized -bed reactor, 14: Cooler, 
!5’Discharge gate , |6*. Hopper, 
17:Feeder, 18: Oil pump, 19'.Oil tank, 
2O:Compresser, 21: Blower

Fig. 2. Flow sheet of the pilot plant.

Raw mix 
and seed pellets 

t (7)

Fuel

developed. In the ordinary hot cyclone system used 
for cement kiln such as Humboldt system (5), the hot 
exit gas at higher than 1000°C could not be used 
directly for calcining and preheating cement raw 
mix, because the adhesion of raw mix to the inside 
wall of the cyclone is liable to occur. This adhesion 
phenomenon was prevented by contacting the hot gas 
at 1400-1450°C with lime and clay mix components 
separately as shown in Fig. 3.

The example of the chemical analysis of cement raw 
mix was shown in Table 1.

As a controlling factor of the size distribution of 
solid particles in the fluidized bed, seed pellets of 
1.0-1.6 mm made with cement raw mix were used. 
The chemical composition was also shown in Table 1. 
These seed pellets were prepared with the fluidized- 
bed pelletizer developed in this laboratory (6).

In order to maintain the temperature of the bed at



Exit gas

22: Inlet of lime component
231 Hot cyclone for heating lime 

■component ,
24: Inlet of clay mix component
25: Hot cyclone for heating clay mix 

component
26: Dust collector
27: Suction blower

Fig. 3. Heat-recovery system of hot exit gas 
from the fluidized-bed reactor.

Table 1. Chemical composition of powdered 
raw mix and seed pellets

Powdered raw mix Seed pellets

1g, loss 35.1 35.0
SiO2 14.3 14.6
A1A 3.5 3.7
Fe2O3 2.1 2.1
CaO 43.8 43.3
MgO 0.6 0.6
so3 0.03 0.03
Na8O 0.20 0.19
k2o 0.45 0.45

Total 100.08 99.97

approximately 1450°C., heavy oil (JIS C-heavy oil 
corresponding to ASTM D396-48T No. 6) was used.

Results and Discussion

Operating Condition of the Pilot Plant and 
Quality of the Cement Clinker

The pilot plant was operated under the condition 
shown in Table 2.

The quality of the clinker is shown in Table 3.
As shown in Table 3, the quality of the clinker 

is as good as that of the clinker of rotary kiln. It is 
characteristic of the clinker that it has low alkalis 
and free lime.

Combustion of Fuel Oil in the Fluidized Bed

It is very difficult to realize a complete combustion 

of fuel oil with a high load in the ordinary fluidized 
bed. In the pilot plant, however, the fuel oil could 
effectively be burnt with a combustion load as high as 
6,000,000 Kcal./m.3 hr. so as to maintain the bed at 
a temperature required for burning cement clinker, 
and the temperature of the bed was controlled within 
a range of 10°C. Such a precise temperature control 
could have never been attained in the other burning 
processes of cement clinker.

■ Control of the Size Distribution 
of Solid Particles

To operate the pilot plant continuously for a long



Table 2. Operating conditon of the pilot plant

Gas velocities:
Superificial velocity in the fluidized bed t70 = 6 mVsec. (at 1450°C.)
Velocity of the gas jet stream U= 25 m./sec. (at 6OO6’C.)
Velocity of the selective discharges gas Us — 20 m./sec. (at 1000°C.)

Ratios of volume flow rate of the gases:
r,./^o = 0.25 yrJVQ - 0.10 VFIV0 = 0.50 = 0.10 VJVq - 0.05

Temperature:
Burning temperature in the fluidized-bed reactor = 145O°C.
Temperature of clinker discharged from the cooler = 200°C.
Temperature of exit gas from the fluidized-bed reactor = 1400°C. 
Specific combustion load = approx. 6,000,000 (Kcal./m3.hr.)

Feed ratio of seed pellets to powdered raw mix: F5IFT = 0-15

Size distribution:
Seed: 1.0-1.6 mm<£ Final cement clinker: 2-4 mm<j> 

where,
Vc: Volume flow rate of the atomizing gas (N.m.3/hr.)
Vf". Volume flow rate of the fluidizing gas (N.m.s/hr.)

Volume flow rate of the gas jet stream (N.m.3/hr.)
y0: Volume flow rate of the whole gas (N.m.3/hr.)

yTf7l: Volume flow rate of the gas for feeding solid material (N.m.3/hr.)
y$: Volume flow rate of the selective discharge gas (N.m.3/hr.)
Fg: Amount of seed pellets (Kg/hr.)
Ft: Amount of powdered raw mix (Kg/hr.)

Table 3. Quality of the resulting cement clinker

Chemical composition Physical property

Ig. loss 0.2 Amount of gypsum as SO3 1.7%
Insol. 0.2 Specific surface 3350 (cm3/g.)

21.5 (Blaine)
A^Og 6.2
FegO3 3.7 ♦Time of setting
CaO 67.0 Initial 2—46 (hr.—mm.)
MgO 0.9 Final 4—48 (hr.—min.)
so3 0.2
Na2O 0.07 ♦♦Compressive strength
K2O 0.10 3 days 2420 (psi)

Total 100.07 7 days 3300 (psi)
----------------------- 28 days 5650 (psi)

Free CaO 0.1
H.M. 2.13 ♦♦Tensile strength
S.M. 2.22 3 days 371 (psi)
I.M. 1.7 7 days 412 (psi)
L.S.R. 0.96 28 days 461 (psi)

* Time of setting are the valves of ASTM C266-65 (Gillmore).
**Compressive and tensile strength are the values of ASTM C109-64 and 

C190-63, respectively.

time, it is indispensable to control the size distribu
tion of solid particles in the bed. For this purpose, 
the gas velocity for the selective discharge of clinker 
was adjusted, and also the size and amount of the seed 
pellets were controlled. The selective discharge effi
ciency of the clinker tis was defined as shown in Fig. 4.

In Fig. 5, the relation between mean diameter of 
solid particles Dp mean and t], is given.

In Fig. 6, the relation is shown between t}s, gas 
velocity of selective discharge U5, and mean retention 
time of solid particles in the bed 6.

In Fig. 7, the relation between mass velocity of the 
discharged clinker Fc and gas velocity of selective 
discharge Us is given, in which the amount of seed 
pellets Fs is used as a parameter.

Dp (mm.)

Dp^ Diameter of solid particle (mm.) 
Ki (Dp)Particle size distribution of 

clinker particles discharged 
from the fluidized-bed reactor(—) 

Ko(Dp). Particle size distribution of 
solid particles in the fluidized- 

bed reactor(—)
'I. Selective discharge efficiency Ys=tan0

Fig. 4. Definition of the selective discharge efficiency 1),.

Dp Average diameter of the solid r mean 
particles in the fluidized-bed 
reactor (mm.)

Ks ." Feed ratio seed pellets to 
discharged clinker F^/Fc (—)

Is • Selective discharge efficiency^-)

Fig. 5. Relation between mean diameter of solid particles 
 in the bed selective discharge efficiency.

By using these relations the process design for the 
control of the size distribution of solid particles in the 
bed was achieved.



Fs : Amount of seed pel lets (Kg/hr.)

Us : Gas velocity of selective discharge 
(m./firJ

7s Selective discharge efficiency (-)

6 ; Mean retention time of solid 
particles in the fluidized-bed 
reactor (hr.)

Fig. 6. Relation between gas velocity of selective discharge 
and selective discharge efficiency.

Fci Mass velocity of the discharged clinker 
(Kg./frf.hr.)

Fs I Amount of the seed pellets 
(Kg./firJ

Us*Gas velocity of the selective discharge gas 
(m./fir.)

6 : Average retention time of solid 
particles in the fluidized-bed 
reactor (hr.)

Fig. 7. Relation between mass velocity of the discharged clinker 
and gas velocity of selective discharge.

Conclusion

The burning of cement clinker in the fluidized-bed 
reactor was studied by using the pilot plant, and the 
basic chemical process designs were established. 
The characteristic points are summarized as follows;
(a) The fluidized bed in which solid particles were 
circulated forcedly by the gas jet streams, fuel oil 
such as heavy oil can efficiently be burnt with a com
bustion load as high as 6,000,000 Kcal./m.3hr.
(b) The temperature of the bed can be controlled 
within a range of 10°C.
(c) The size distribution of solid particles in the bed 
can be controlled by the gas velocity of selective dis
charge and also the size and amount of the seed pellets. 
These seed pellets are efficiently prepared in the fluid
ized-bed pelletizer developed in this laboratory.

(d) The heat-recovery systems for the exit gas and the 
red hot clinker discharged from the bed were studied.
(e) The resulting clinker has low alkalis and free lime 
and shows a uniform and superior quality.
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Oral Discussion

Hitoaki Mori

I am much interested in the burning of cement 
clinker in a fluidized bed. In your paper, the gas jet 
streams are injected into the fluidized bed in addition 
to the fluidizing gas which passes through the gas 
distributor.

Could the authors explain the effects of these gas 
jet streams on the burning process in the fluidized bed ? 
Why the fuel oil could effectively be burnt with a high 
combustion load ? •

Author’s Closure

Hisashi Kono

I should like to answer for the question presented 
by Mr. Mori. -

As is shown in our paper, in addition to the fluidizing 
gas, which passes through the gas distributor, the gas 
jet streams are injected into the reactor in order to 
realize the forced circulation flow of solid particles 
in the bed.

The forced circulation flow of solid particles in the 
bed can be controlled by the gas velocity and volume 
flow rates of said gas jet streams. Through these 
circulation flows, the dispersion of atomized fuel 
oil in the bed can easily be controlled.

In this way, the complete combustion of fuel oil 
with a high combustion load in the bed can be attained, 
which have never been realized by the conventional 
fluidized bed.
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Synopsis

By finding the presence of a new ternary compound of the system CaO-SiO2-CaF2 
and explicating its properties, a new interpretation was given to the mineralizing mechanism 
of CaFz in the burning of cement clinker.

The chemical formula of this phase was determined to be Caj iSiiOj9F2 and it was 
considered that this phase takes up, when formed in the clinker, small amounts of Na2O and 
A12O3 in solid solution. The form of pure Ca, 28140! 9F2 was orthorhombic (pseudo-hexa
gonal) with a = 12.29, b = 7.09, c = 5.69Ä. Its observed density was 3.13 g/cm3 and the 
number of formula unit was 1. Under the microscope, it looked granular and colorless in 
thin section, being biaxial (2V ~ 0) negative with the refractive indices a = 1.676 ± 0.002, 
y = 1.684 ± 0.002. The heat of hydration was low, approximately 7, 39, and 51 cal/g at the 
age of 7,28, and 56 days, showing little hydraulic activity. The synthetic phase was stable in a 
temperature range of about 1110° to 1185°C if held in a closed state, and over 1185 ± 2°C it 
melted incongruently into trigonal C3S, a,-C2S, and a liquid phase. The primary crystal
lization field of CaI2Si4O19F2 in the phase diagram CaF2-SiO2-2CaO SiO2 was deter
mined.

In the burning of a raw mix with addition of CaF2, formation of this phase was con
spicuous at about 1050°C and it transformed into an alite phase and probably a belite 
phase, too, between 1100° and 1150°C. Namely, one of the important role of CaF2 as a 
mineralizer is thought to be intermediate formation of the new phase Ca12Si4O19F2 solid 
solution, which mainly transforms into an alite phase at a low temperature level. Even in 
the cooling process after burning, Ca12Si4O19F2 solid solution was formed again while 
covering the alite phase when fluorine remained in the liquid phase. This peritectic structure 
was considered to be one cause of decline in the mechanical strength of cement.

In fluorine-containing clinker generally, the amounts of alite and belite phases tended to 
decrease, and formation of the aluminate phase was obstructed while the ferrite phase grew 
A12O3—rich in composition as the fluorine content increased. Surplus fluorine became 
concentrated mainly in the liquid phase.

Introduction

Many investigations have been made concerning 
various effects of fluorite, a mineralizer actually in 
use for production of portland cement. In order to 
explicate the effects of fluorine component on the for
mation and structure of clinker minerals, we have also 
tried detailed studies on clinker burned with addition 

of CaF2.
The studies revealed the presence of a new com

pound based on the system CaO-SiO2-CaF2 in the 
clinker (1) (2). The properties of this compound were 
investigated precisely, and at the same time the min
eralizing mechanism of CaF2 as well as the cement
chemical significance of this compound was discussed.

Moreover, the fine structure of clinker containing 
fluorine is explained in the present paper.



Experimental

Burning Conditions of CaF2—Containing 
Raw Mix

Table 1 shows the chemical composition of the raw 
mix used in the present experiment. To this raw mix 
was added reagent-grade CaF2 in varying amounts 
0.0-5.0 wt-% and the burning temperature was varied 
from 800° to 1400°C. The variation of the raw mix 
moduli due to the addition of CaF2 was corrected by 
simultaneous admixing of calculated amounts of 
powder reagents SiO2, A12O3, and Fe2O3 so that they 
might be equalized to the initial raw mix moduli. 
All burnings were carried out in an electric furnace. 
The clinker was immediately taken out of the furnace 
after burning and quenched in air or mercury.

Selective Dissolution and X-ray Diffraction 
Analysis of Clinker Minerals

In order to identify the new compound phase or 
determine its content in the clinker, a solution of 
salicylic acid in methanol (3) was used for selective 
dissolution and removal of silicate phases and free 
CaO. Namely, 7g of clinker powder was dispersed in 
300 cc of the 10 % salicylic acid methanol solution, and 
agitated for 2 hours with a magnetic stirrer. After 
separation of the liquid and solid by filtrating, the 
insoluble residue left on the filter paper was suffici
ently washed with methanol and dried at 105°C. These 
conditions permitted an almost complete removal 
of the alite phase, belite phase, and free CaO.

The insoluble residue consisted mainly of the ferrite 
phase, new phase, and glass phase, and contained also 
an aluminate phase and CaF2 depending upon the 
burning conditions. Meanwhile, the synthetic new 
compound that will be discussed later was hard to dis
solve in the salicylic acid methanol solution, and 5 g 
in fine powder of the compound as put in 100 cc of the 
same solution dissolved no more than about 2 wt-% 
under the condition mentioned above. Therefore this 
method of selective dissolution was considered to 
satisfy the intended purposes. X-ray investigation and 
chemical analysis were carried out on the insoluble 
residue of clinker.

Synthesis of New Compound

Based on the results of X-ray powder diffraction and 
chemical analyses on findings of the clinker residue 
from selective dissolution, the various mixtures of 
pure chemicals were burned for X-ray diffraction and 
chemical analyses. The fluorine component of the 
synthetic compound was repeatedly analyzed by 
means of quantitative colorimetric determination with 
Neo Thorine. (4)

Studies on Crystallographic Property

The oscillating-crystal and powder X-ray diffraction 
methods were employed to determine the crystal sys
tem and lattice constants of the synthetic compound. 
The single crystals tested, measuring about 0.1-0.2 mm 
in size, were prepared from pre-synthesized fine cry
stals by heating them in a closed platinum capsule for 
150 hours at 1140 ± 20°C. '

Studies on Thermal Property

The thermal properties were studied by DTA, 
high-temperature X-ray diffraction analysis, and elec
tron probe microanalysis methods. The starting 
materials used for DTA were the synthetic new com
pound and also the compositions which, in the phase 
equilibrium diagram CaF2-SiO2-2CaO • SiO2 of 
J. Mukerji (5), were included mainly in the primary 
crystallization field of C3S, and moreover have a 
liquidus temperature range of 1200-1450°C. In order to 
minimize the loss of fluorine, the starting materials 
were sealed in platinum capsules. The DTA heating 
and cooling rates were 10°C/min, the synthetic new 
compounds and mixtures being held for 30 minutes at 
1250°C and at a higher temperature than the expected 
liquidus before they were cooled. The heating rate of 
high-temperature X-ray analysis applied to the syn
thetic new compound was 0.94°C/min.

As the samples for electron probe microanalysis, 
pellets made of the pre-synthetized new compound 
of about 0.1 mm size were heated again at specified 
temperatures and then quenched in air. For selection 

Table 1. Chemical composition and fineness of starting raw mix.

Chemical composition (%) Fineness

ig. loss SiO2 AI2O3 FesOs ' CaO MgO SO3 Na2O KaO Total
88jU- 

residue 
(%)

Blaine 
surface area 

(cm2/g)

34,4 14.8 3.4 2.0 43.5 1.1 tr 0.52 ' 0.48 100.2 7.2 5,430



of the field to be examined, slight etching was provided 
with a solution of 1 % HNO3 in alcohol. The etched 
surface was carbon spattered for conductive coating. 
The conditions for microanalysis were: acc. voltage, 
15kV; sample current, 0.1 /zA; X-rays, CaKoc, SiKa, 
FKa; crystals, LiF, ADP, KAP; detectors, Kr- 
Exatron, Ne-Exatron, FPC; X-ray spot size, 1.5 
sample scan, speed, 8 /z/min; chart speed, 20mm/min.

Studies on Solubility of A12O3 and Na2O 
in Pure Ca12Si4O19F2

The new compound phase formed in the clinker 
differed somewhat in lattice constants from pure 
synthetic compound. To explain this, studies were 
made. To the pure compound were added specified 

amounts of reagent-grade a-Al2O3 and Na2CO3 as 
A12O3 and Na2O, sufficiently mixed and finely ground 
in an agate mortar, and molded under pressure into 
pellets. After drying, the pellets were sealed in a 
platinum capsule and held at specified temperatures. 
With A12O3 added, the pellets were heated at 1130°C 
for 3 hours, and with Na2O added, they were heated 
for 2 hours with the temperature lowered from 1130°C 
at the rate of 30°C with every 1 % increase in the dosage 
up to 8 % because the temperature of transformation 
into C3S declined depending on the Na2O dosage. 
After being heated, they were quenched in air. The 
lattice constants were measured by X-ray powder 
diffraction analysis using silicon (99.99% purity) 
as an internal standard and compared with those 
of the phase existing in the clinker.

Results and Discussion

Identification of New Compound Phase 
in Clinker and Determination of Chemical 

Composition by Pure Synthesis

Table 2 shows the result of X-ray diffraction analy-

Table 2. X-ray powder data of synthetic Cai2Si4Oi9F2 and 
insoluble residue of clinker burned with 5%CaF2 addition.

Insoluble residue Pure Ca12iSijOjgFg

d(Ä) 
obs. Int. Mineral d(A) 

obs. Int. hid d(A) 
cal.

7.31 m F 6.14 w 110, 200 6.14
6.17 VW NC 4.17 VW Hl,

020,
201 4.17

3.65 m F 3.55 w 310 3.55
3.153 vs CaF2 3.31 VW
3.087 s NC 3.071 s 220, 400 3.071
2.929 w 9 2.844 vs 002 2.844
2.800 $ NC 2.703 VS 221, 401 2.703
2.770 s F 2.471 w
2.704 8 NC 2.434 VW
2.663 m F 2.361 VW
2.644 vs F 2.326 w 130, 420, 510 2.322
2.582 w F 2.218 w 022, 312 2.219
2.202 w F 2.149 w 131, 421, 511 2.150
2.152 w F 2.087 s 222, 402 2.087
2.074 m NC 1.927 w 331, 601 1.927
2.053 m F 1.851 w
1.931 s CaF2 1.773 m 040, 620 1.773
1.917 s F 1.703 VW 240, 530, 710 1.704
1.852 w F 1.683 w
1.823 w F 1.663 W 332, 602 1.662
1.780 w NC 1.614 m 223, 403 1.614
1.721 VW F 1.537 VW 440, 800 1.536
1.647 m CaF2 1.504 m 042, 622 1.505
1.596 w NC 1.484 W 441, 801 1.482
1.571 w F 1.421 w 004 1.422
1.502 w NC 1.390 vw 333, 603 1.391
1.488 VW NC 1.352 w 442, 802 1.351

1.292 vw 224, 404 1.291
1.194 w 443, 803 1.193
1.162 vw 840, 10.2.0, 260 1.161
1.138 w 841, 10.2.1, 261 1.137
1.110 w 044, 624 1.109

Notation of mineral: F = Calcium aluminoferrite; NC = New compound 
phase..

sis for the cement clinker completely freed of silicate 
phases and free CaO by the solution of salicylic acid 
in methanol. In the clinker with addition of over 2% 
CaF2, a total of 9 unknown peaks were identified over 
an angle range 10° to 70° 20 CuKa. Especially, the 
2.70Ä peak (33.1 ° 20 CuKa) in the diffraction pattern 
agreed well with the peaks of C3A (the 440), a'-C2S 
(the 130), and a-C2S (the 110) (6) in position, but the 
presences of those compounds were denied because no 
other characteristic peaks of them were detected.

Checks by the synthesis on pure chemicals showed 
the unknown phase to be a ternary compound based 
on the system CaO-SiO2-CaF2, and experiments 
with open burning in a platinum boat disclosed that the 
synthetic which was composed of (8.0-8.1) CaO, 
3SiO2, and (1.0-9.0) CaF2 and burned 2 times at 
1130°C for 3 hours, most easily gave only the unknown 
peaks detected in the insoluble residue of clinker. 
X-ray data of this compound did not correspond to 
those of various CaO-SiO2 compounds or of cus- 
pidine Ca4Si2O7F2 (7) (8) previously described in the 
system CaO-SiO2-CaF2.

The result of chemical analysis on the synthetic 
compound which was regarded as a single phase in 
X-ray diffraction and microscopic observation is 
given in Table 3, which tentatively shows the unknown

Table 3. Chemical analysis of new compound

CaO F SiO2 Chemical formula

Found (%) 71.2 3.99 (26.5) 11.1 CaO.4.2 SiO2*CaF2

Theoretical (%) 71.95 4.07 26.70 11 CaO.4 SiO2.CaF2 - 



compound to be Ca12Si4O19F2. Because an accurately 
determined value can not be expected of silicon 
which easily combines with fluorine and volatilizes 
during chemical analysis, the percentage of SiO2 
given in Table 3 indicates the value obtained by 
subtracting the contents of CaO and F from the 
entire amount. Table 2 also shows the X-ray powder 
data of the synthetic Ca12Si4OJ9F2 compared with 
those of the phase detected in clinker.

Crystallographic and Optical Properties

Fig. 1 shows an oscillating-crystal photograph of 
the synthetic Ca12Si4O]9F2. Analyses of the photo
graphs and the X-ray powder data revealed its unit 
cell to be orthorhombic (pseudo-hexagonal) with 
a = 12.286, b = 7.092 c = 5.689A. Its density was 
observed to be 3.13 g/cm3 and its number of formula 
unit Z was determined to be 1. Although the axial 
ratio a/b was equal to V 3, the diffraction spots on the 
photograph showed no hexagonal symmetry. Thus, 
the indexing of the X-ray powder data given in Table 2 
is based on the orthorhombic cell. Meanwhile oscil
lating-crystal photographs disclosed the presence of 
vertical oblique pairs of weak diffraction spots being 
centered on strong diffraction spots and forming 
weak layer lines above and below the strong layer 
lines. No definite interpretation is still available as to 
this pattern as well as to the weak peaks which could 
not be indexed in Table 2.

Under the microscope, the new compound when 
well developed usually looks granular, being colorless 
in thin section. Cleavage also is observed but few 
show twins. It is biaxial negative (2V ~ 0) with refrac
tive indices a = 1.676 ± 0.002, y = 1.684 ± 0.002, 
and its birefringence is weak. In the clinker, it could be

Fig. 1. Oscillating-crystal photograph of Cai2Si4Oi9F2.
- ■ ■ (b-oscillation)

identified as a phase of indeterminate form sur
rounding an alite phase.

Thermal Property and Determination of 
Primary Crystallization Field in Phase 

Equilibrium Diagram CaF2-SiO2-2CaO • SiO2

Fig. 2 shows the results of DTA and high-tempera
ture X-ray diffraction analysis on the synthetic 
Ca12Si4O19F2. This compound was stable in a temper
ature range of about 1110° to 1185°C and metastable 
at room temperature. When cooled slowly or when 
held in an open state for many hours even in the 
stable temperature range, it had a tendency to dusting.

When being heated, it showed no particular decom
position temperature, began to decompose gradually 
at 500-600°C, and while liberating CaO and small 
amounts of C2S, changed into a different unknown 
compound phase containing fluorine. In the present 
paper, this unknown phase is referred to tentatively as 
Phase II. The endothermic peak, at 825°C in the DTA 
curve shows an inversion of formed C2S. Phase II 
decomposed at about 1040°C into C2S, CaF2, and 
probably CaO, too. The two phases A and B reported 
by E. Bereczky (9) seem, from their thermal proper-

---------Cals^i40l,F1 (400)

500 600 700 800 900 1000.1100 1200

-------- C3S (205)
--------GaFä (111)

Temperature (°C)

Fig. 2. DTA and high-temperature X-ray diffraction analysis 
on Cai2Si4Oi9F2. .



ties, to correspond respectively with our Ca, 28140! gF2 
and with Phase II. If Phase II is a single phase, 
it is a compound with considerably less CaO content 
than Ca12Si4O19F2 and showing 3.80, 3.31, 3.04, 
2.95, 2.89 Ä and so forth as its main interplanar 
spacings.

The prominent endothermic peak beginning at 
1113°C indicates an initial formation of liquid or a 
solidus. At this temperature, an intial thin liquid 
layer was expected to form between CaF2 and the 
grains aorund it, facilitating movement of atoms and 
allowing Ca12Si4O]9F2 to crystallize rapidly here. 
The formed Ca12Si4O]9F2 melted incongruently to 
crystallize C3S and C2S, together with a liquid phase 
when it reached 1185 ± 2°C by heating. In the burning 
of the raw mix, formation of such a liquid phase will 
accelerate diffusion of atoms and the alite phase crys
tallized by incongruent melting will also serve as a 
germ promoting the subsequent growth of alite crys
tals.

A large part of the C3S crystallized by incongruent 
melting showed parallel growths. Alite phase of clinker 
burned with a relatively high CaF2 dosage was also 
observed to present this elongated form. The C3S 
crystallized here belonged to the trigonal system, its 
lattice constants a and c being 7.06 and 25.05 Ä, 
respectively. When quenched in air, it showed a ten
dency to inversion into a monoclinic form. The 
lattice constants of this monoclinic C3S were deter
mined as a = 12.26, b = 7.05, c = 25.09 Ä, and 
j? = 90°07'. Both the trigonal and monoclinic forms 
of C3S took lower values than their lattice constants 
previously reported (10), and this was thought to be 
due to containing some fluorine being contained in 
solid solution.

Ca12Si4O19F2 trigonal C3S
+ a'-C2S + liquid

Fig. 3-1 shows a representative form of synthetic 
Ca12Si4O19F2, and Figs. 3-2 to 3-5 illustrate the 
processes of incongruent melting indicated in the 
order of the numbers given. Namely, Fig. 3-2 repre
sents the earliest stage of incongruent melting where 
Ca12Si4O19F2 began to transform. Fig. 3-3 shows C3S 
beginning to develop in strip form with the progress 
of incongruent melting where the formation of a 
liquid phase and globular C2S grains can be identified. 
Figs. 3-4 and 3-5 show completion of the melting 
with disappearance of Caj 2Si4O! 9F2 and C3S beginning 
to develop. The amount of liquid phase increases and 
C3S grows in prismatic or rectangular form. Fig. 3-6 
shows a characteristic structure due to the develop
ment of much grown trigonal C3S and a'-C2S.

In the cooling process, an exothermic peak was ob
served at 1145°C in addition to a major exothermic 
peak for the solidus. Quenching experiments showed 
this exothermic peak to mean an energy change due 
to peritectic reaction and not an exothermic peak for 
the liquidus. Namely, it indicated the presence of a 
ternary peritectic point where peritectic reaction took 
place on the surface of contact between C3S and the 
liquid phase containing great amounts of fluorine, 
decomposing C3S and at the same time absorbing 
C2S to crystallize Ca12Si4O19F2. Microscopic observa
tion revealed that the peritectic reaction did not pro
ceed completely at the relatively rapid cooling from the 
above peritectic temperature, and the peritectic struc
ture covering the periphery of C3S with Ca12Si4O19F2 
was formed as shown in Fig. 4. The cause for the 
peritectic temperature given by DTA being consider
ably lower than the decomposition temperature of 
Ca12Si4O19F2,1185°C, is probably thermal hysteresis.

There are phase diagrams proposed by W. Eitel 
(11) and J. Mukerji (5) as typical of the system 
CaF2-SiO2-2CaO SiO2. Despite the well-known 
presence of cuspidine Ca4Si2O7F2 as a compound of 
this system, none of the diagrams carries a ternary 
compound as the primary crystal phase. Because 
preparation of a phase equilibrium diagram for this 
system involves the difficulty of fluorine being easily 
volatilized in high temperature range, no complete 
diagram has yet been established. C. Brisi (7) stated 
that cupsidine was a eutectic stable compound melting 
congruently above 1400°C, if heated in welded con
tainers. Our Ca12Si4O19F2 is a stable compound 
melting incongruently. DTA investigation of the 
cooling process down to 1090°C for the compositions 
contained in the various primary crystallization fields 
of C3S, C2S, CaO, and CaF2 on the diagram of J. 
Mukerji disclosed mainly the compositions in the 
C3S primary crystallization field to produce an exo
thermic peak at around 1145°C in addition to peaks 
for the liquidus and the solidus. Based on the results 
obtained, the primary crystallization field for 
Ca12Si4O19F2 has been established on the phase 
equilibrium diagram. It is shown in Fig. 5.

Result of Examination by Electron Probe 
X-ray Microanalyzer

The results of electron probe microanalysis are 
indicated in Fig. 6. These reveal the density distribu
tion of elements and also phases present in the incon
gruent melting process of Ca12Si4O19F2 and the process 
of peritectic reaction that occurs during cooling.
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Fig. 3. Synthetic CanSi^isFi and its incongruent melting. 
Optical micrograph, reflected light. 1. Typical form of 
CaizSi^OisFi; 2. Earliest stage of melting; 3. Formations 
of C3S, CzS, and liquid phase with progress of melting; 
4. Completion of melting; 5. Development of C3S crystal 
after completion of melting; 6. Characteristic structure 
provided by well-developed C3S and fine CzS.
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Fig. 4. CaiiSitOisFz formed by peritectic reaction. Optical 

micrograph, transmitted light. 1. CaizSiiOigFi covering 
CjS; 2. Same field as 1. Crossed nicols.

Fig. 5. Primary crystallization filed of CauSi^igFi in the 
phase diagram CaF2-SiO2-2CaO-SiO2.

Fig. 6-1 indicates the texture of coarse C3S crystals, 
fine C2S crystals, and liquid phase formed with the 
progress of incongruent melting as well as of the 
still remaining Ca12Si4O19F2. Fig. 6-2 indicates the 
incongruent melting completed, Ca12Si4O19F2 extinct, 
and all transformed into C3S, C2S, and liquid phase. 
Fig. 6-3 shows the structure of Ca12Si4O19F2 formed 
by peritectic reaction to cover C3S in the process of 

cooling from above the peritectic temperature. The 
presence of Ca12Si4O19F2 enclosing C3S was proved 
by the stepped curve of fluorine distribution on the 
periphery of C3S as seen in the line analysis of Fig. 6-3. 
Figs. 6-1 to 6-3 disclose surplus fluorine concen
trated mainly in the liquid phase, and in the cooling 
process, very fine CaF2 crystals are easily crystallized 
secondarily from this liquid phase. Little silicon was
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Fig. 6-1. Transformation of CanSiiO^Fi by incongruent 
melting. Electron probe microanalysis. 1. Optical micro
graph; < 2. FKa characteristic X-ray image; 3. SiKa char
acteristic X-ray image; 4. CaKa characteristic X-ray image;
5. Line analysis following on the arrow head in the optical 
micrograph.
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Fig. 6-2. CjS, CzS, and liquid phase formed by incongruent 
melting. Electron probe microanalysis. 1. Optical micro
graph: 2. FKa characteristic X-ray image; 3. SiKa char
acteristic X-ray image; 4. CaKa characteristic X-ray image; 
5. Line analysis following on the arrow head in the optical 
micrograph.



1 2

3

Fig. 6-3. Peritectic structure produced in cooling process. 
Electron probe microanalysis. 1. Optical micrograph; 2. 
FK« characteristic X-ray image; 3. SiKa characteristic X-ray 
image; 4. CaKa characteristic X-ray image; 5. Line analy
sis following on the arrow head in the optical micrograph.



identified in the liquid phase.
The electron micrograph carried in Fig. 7 shows very 

fine stripes of CaF2 grain crystallized from the liquid 
phase and also some Ca12Si4O19F2 formed on the 
surface of C3S crystal even in the case of immediate 
quenching from above the peritectic temperature.

Heat of Hydration and Hydraulicity of 
Ca12Si4O19F2

As Table 4 shows, the heat of hydration measured 
for synthetic Ca12Si4O19F2 was only somewhat higher 
than that of j9-C2S. A twin-type conduction calorim
eter was used for measurement at the age of one 
hour. With the progress of hydration, Ca,jSiiOj9F2 
transformed gradually into fibrous tobermorite phase 
with liberating Ca(OH)2 and showed some cementa
tion at the age of 28 days, but this compound after 
all proved to be poor in hydraulicity.

R.W. Nurse et al (12) reported a low hardening 
property of C3S holding fluorine in solid solution. But 
attention must be paid to the effect of Ca12Si4O19F2 
which is frequently present together with C3S solid 
solution containing fluorine. Our measurement on the 
insoluble residue from a salicylic acid methanol 
solution treatment of C3S synthesized by adding 
fluorine in the form of CaF2 gave the value of the 
residue as 18.7% with 1.64% fluorine, as 0.31%

Fig. 7. Secondary-formed fine CaFj in the glass phase. 
Electron micrograph.

with 0.82% fluorine, and as 0.03% with 0.55% 
fluorine. On the other hand, the pure C3S without 
addition of fluorine dissolved completely. This sug
gested these insoluble residues to be Ca12Si4O19F2.

Solubility of A12O3 and Na2O in Pure 
Ca12Si4O19F2

As already shown in Table 2, there is some difference 
in interplanar spacing and peak intensity in X-ray 
diffraction patterns between synthetic Ca12Si4O19F2 
and the phase existing in the clinker. Further inves
tigation in this respect revealed the difference to be 
due mainly to the solubility of A12O3 and Na2O in 
Ca12Si4O19F2. Fig. 8 shows the lattice constants of the

Table 4. Heat of hydration of CaizSi+OisFz (wjs = 40%)

Heat of solution 
(cal/g) Heat of hydration (cal/g)

1 hr 7 days 28 days 56 days

(0.27) 7.3 39.1 50.9

Fig. 8. Variation of lattice constant of Ca^Si+OjgFz with 
take-up of AlzO3 and NazO.

Notes: 1. X denotes the amount of AI2O3 or NazO 
added.

2. The numerals on the chart indicate the lattice 
constants of the phase existing in clinker.



phase actually identified in the clinker and the varia
tion of lattice constants with take-up of A12O3 and 
Na2O in Ca12Si4OigF2.

In the case of A12O3, the interplanar spacings changed 
successively up to 3.0-3.5% addition, and above that 
level, C12A7 (Z1) formed. When heated with addition 
of Na2O, the synthetic compound encouraged libera
tion of CaO, and in a dosage range of 6-7 %, developed 
a structural change to become an unknown phase 
having hexagonal lattice constants a = 14.34 and 
c = 5.39 A which appeared to be a ternary compound 
based on the system CaO-SiO2-NaF. CaO was 
liberated at the rate of 2 moles for 1 mole of Na2O 
added—a unique phenomenon—and the content of 
free CaO became constant (12.7%) over 7% addition.

The dosages of A12O3 and Na2O with which the 
compound became most similar to the phase present 
in the clinker were 3.5wt-% and 3.0-4.0wt-%, re
spectively. The amount of C2S liberated by heating 
with addition of A12O3 and the amount of CaO 
liberated by heating with addition of Na2O were 
quantitatively determined and calculated to be 
equivalent to about 4.0-5.0wt-% of A12O3 and 
about 3.5-4.5wt-% of Na2O held in solid solution. 
In this case, A12O3 was assumed not to be contained 
in C2S with heating at about 1100°C.

Formation Condition and Amount of New 
Compound Formed in Burning of Raw Mix

Fig. 9 shows the relationship between burning 
temperature and amount of mineral present in the 
clinker, and Fig. 10 shows the relationship between 
CaF2 dosage and amount of mineral present in the 
clinker. At 800°C, CaCO3 still remained in a consider
able amount so that there also was much insoluble 

residue resulting from the treatment with the solution 
of salicylic acid in methanol, but at 850°C, decomposi
tion of CaCO3 was almost over and a Ca12Si4O]9F2 
solid solution began to form. The maximum amount 
of Ca12Si4O19F2 solid solution occurred at around 
1050°C, and in this region free CaF2 was absent. If 
this phase is of pure Ca12Si4O19F2 even when formed 
in the clinker, and moreover, if added CaF2 entirely 
takes part in the formation of this phase, then:

% Ca12Si4O19F2 = % CaF2 Added
X (Ca12Si4O19F2 mol. weight)/(CaF2 mol. weight)

Since the content of ignition loss of raw mix is 
34.4% in the present experiment, the maximum 
amount of Ca12Si4O19F2to be formed is calculated at 
54.8 wt-% with addition of 3 wt-% CaF2 (dry base) 
if the above-mentioned assumption is followed. 
Actually, however, the amount of it lessens because 
the fluorine is contained in other compounds, and 
also because it inevitably volatilizes out of the sys
tem. As Fig. 10 shows, with less than 1 % CaF2, 
Ca12Si4O19F2 solid solution could not be identified 
by X-ray investigation even at 1050°C where it was 
most stable.

In the raw mix system, Ca12Si4O]9F2 soild solution 
transformed into an alite phase and probably a belite 
phase, too, at 1100-1150°C. Therefore, formation of 
the alite phase was started at a temperature 150-200°C 
lower than in the case of a raw mix not containing 
CaF2. With an initial CaF2 addition of over 2%, 
meanwhile, the presence of a Ca12Si4O19F2 solid solu
tion was recognized even in the clinker burned over 
1150°C. This was a product of secondary crystal
lization in the cooling process. Formation of a 
Ca12Si4O19F2 solid solution is considered as one 
cause of decline in the mechanical strength of cement, 
and it is practically supported by a sharp decline in 

Fig. 9. Burning temperature and amount of mineral existing 
in clinker (.with 3.0% CaFi addition)

Fig. 10. Amount ofCaFi added and amount of mineral existing 
in clinker (burning temperature: 1050°C) •



the mechanical strength of cement burned with over 
2%CaF2 (2).

Influence of Burning with CaF2 on 
Other Clinker Minerals

Among the alite, belite, aluminate, and ferrite 
phases that constitute portland cement clinker, most 
affected by the addition of CaF2 is the aluminate 
phase. In the clinker burned at 1400°C with over 
2%CaF2, no aluminate phase whatever could be 
identified by X-ray examination. Instability of C3A 
arising from fluorine has already been reported by W. 
Eitel (13), and it has been disclosed by J. Jeevaratnam 
et al (14) that the C12A7(F) made stable instead 
of C3A is a solid solution Ca24Al28O64F4 which 
has substituted 4 fluorine atoms for 2 oxygen atoms 
not definitely located but statistically distributed 
in the unit cell and whose lattice constant a is 
11.964 Ä, about 0.02 Ä less than that of pure C12A7. 
In the present experiment, too, C12A7(jF) could be 
definitely identified in the clinker burned below 
1250°C, but its formation could not be recognized 
in the clinker burned above 1300°C. It will remain to 
be studied why CjjA,^) is absent in clinkers burned 
at high tempertures.

In contrast to the sharp decrease in the aluminate 
phase caused by fluorine, a quantitative increase and 
a shrinkage of interplanar spacing (the 141) were 
observed in the ferrite phase. Measurements on the 141 
reflection revealed its intensity to be maximum with 
3 % CaF2 addition, about 1.4 times its value in the case 
of burning without CaF2. Likewise, with 3 % CaF2, 
the interplanar spacing (the 141) was minimum. Fig. 11 
shows the variation of molar Al2O3/Fe2O3 ratio of the 
ferrite phase as calculated by the methods of L.E. 
Copeland et al, D.K. Smith, or H.G. Midgley (15).

The variations of interplanar spacings of alite phase 
at 30.1°, and belite phase at 31.0° 29 CuKa are also 
indicated in Fig. 11. In the clinker burned without 
CaF2, the composition of ferrite phase was approx
imate to that of C10A2F3 in the present experiment. 
With an increased dosage of CaF2, however, it became 
Al2O3-rich and almost equal to the composition of 
C4AF with 3.0% addition. This phenomenon is inter

Fig. 11. Amount of CaFi added and interplanar spacing of 
clinker mineral.

preted to mean that part of the alumina content to 
form aluminate entered into the ferrite phase to make 
this Al2O3-rich and at the same time to increase 
its amount. With over 3.0% CaF2, however, the alu
mina content in the ferrite phase began to decrease 
again because of formation of a great deal of the 
Ca12Si4O19F2 solid solution holding A12O3 in it.

The intensity of alite reflection at 30.1° 29 CuKa 
began to decline appreciably and decrease in amount 
with addition of 2 % CaF2, and that of belite reflec
tion at 31.0° 29 CuKa, with 3% addition. With 5% 
CaF2, they were 0.65 and 0.88 times respectively the 
intensities of them in the clinker burned without 
CaF2. These decreases in amount both came proba
bly from peritectic crystallization of Ca12Si4O19F2 
solid solution in the cooling process of clinker. The 
interplanar spacing of alite phase at 30.10 29 CuKa 
shrank up to 1.0% CaF2 addition, but beyond that, 
it again expanded. The interplanar spacing of belite 
phase at 31,0° 29 CuKa contracted unilaterally 
with an increased addition of CaFz. Generally, sur
plus fluorine occurred mainly in the glass phase, and 
fine free CaF2 produced secondarily was frequently 
identified in the clinker burned with over 2%CaF2.
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Notation

Chemical compositions were expressed by abbrevia
tion symbols based on the usage of cement chemistry, 
but fluorine contained in solid solution was distin

guished as F and parenthesized at the end of chemical 
formula.
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Supplementary Paper 1-82 Formation of Double Salt in Cement Burning

Mono Amafuji and Akira Tsumagari*

* Central Research Laboratory, Onoda Cement Co., Ltd., 
Tokyo, Japan.

** The chemical formula of this silicosulphate is postulated 
from the chemical analysis of this mineral occuring in ring. 
The theoretical formula should be detected by crystalographic 
study.

Synopsis

We have undertaken an investigation concerning the mineral composition of ring in 
cement kiln in order to expose the cause of the formation of ring.

Through this investigation we found in the texture of ring a few kinds of double salt 
minerals, 2Ca2SiO4 CaCO3, 3CazSiO4 •2CaSO4** and 2CaSO4 K2SO4 etc., besides single 
salt minerals, CaCO3, CaSO4 and (K, Na)2SO4.

Two double salt minerals, except 2Ca2SiO4 CaCO3, have not been produced yet in 
natural world, they were synthetized in laboratory.

2CazSiO4 CaCO3, named spurrite in mineralogy, is rarely found in geological meta
morphic calcite rock zone.

We assumed that these salt minerals in cement kiln were formed by gas-solid reaction 
between CO2 or SOZ of fuel gas and raw material or clinker in cement burning. Thereupon, 
we made an experiment for verifying this gas-solid reaction under current of COZ or SO2 
gas by electric furnace in laboratory.

The results of this burning experiment determined clearly the forming condition of 
these double salt minerals in the burning of raw material or clinker under current of CO2 or 
SO2 gas.

We were able to conclude that even a small quantity of SO2 gas by far predominates a 
large quantity of CO2 gas at the reaction with raw material and clinker at high temperature. 

> Moreover, we found by the original experiment that the burned pieces bearing a large 
quantity of double salt minerals have great coagulative strength.

The results obtained from these experiments are expected to give some important 
suggestions to the research both about the cause of the generation of ring and about the 
temperature condition at each inner part of kiln where ring adheres.

Introduction

Since long ago, many reports of the research about 
ring adhered in cement kiln have been published 
(1, 2, 3, 4, 5, 6, 7, 8, 9, 10). Almost all of them have 
not dealt with the texture of the ring body, but 
generally with the various operating conditions of 
kiln or the chemical properties of clinker which were 
supposed to have an principal effect upon the genera
tion of the ring.

It is natural that the burning condition of cement 
kiln is strongly influenced by the ring adhered to the 
inner wall. The ring is always an obstacle in the burning 
operation of kiln. It is especially affected in case of 

excess charge of raw material or in case of long period 
operation. Naturally, generation of the ring has 
attracted attentions of many investigators.

Fortunately, we had many chances to observe 
directly the state of formation of the ring in kiln and 
pick pieces of sample for test purposes from each part 
of the body of ring from surface to bottom.

Each sample picked up systematically from the 
each part of ring as shown Fig. 1 was tested for making

Front of kiln Rear of kiln .
Fig. 1. The position in ring where the samples were picked.
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Fig. 2. The X-ray diffraction pattem of a ring material prin
cipally composed o/2Ca2SiO4 -CaCOj.

Fig. 3. The X-ray diffraction pattern of a ring material 
principally composed of SCazSiCU -2CaSO4.

clear mineralogical composition by simple chemical 
treatment, chemical analysis, microscopic observation, 
X-ray diffraction, and differential thermal analysis 
etc.

We found a few kinds of mineral which were not 
expected to be formed in cement kiln. They are double 
salt minerals composed of Ca2SiO4 or CaSO4.

2Ca2SiO4 - CaCO3 was frequently found in the ring 
adhered to the wall not far from burning zone (11). 
On the other hand, 3Ca2SiO4-2CaSO4 (12, 13) and 
2CaSO4 • (K, Na)2SO4 were found in the ring adhered 
to the wall of calcing zone or the one near the upper 
end of kiln. -

When we used grate chamber or disused gas utilized 
boiler directly connecting to the upper end of kiln, 
the pile that adhered to the wall or to water tubes 
was principally composed of 3Ca2SiO4-2CaSO4 
or 2CaSO4-(K, Na)2SO4. We regard the piles as ring 
in this paper.

Fig. 4. The X-ray diffraction pattern of a ring material 
principally composed o/2CaSO4'(K, Na)2SC>4.

a e (Cu K<]

These double salt minerals are generally formed 
accompanied by Ca2SiO4, CaSO4, CaCO3 or 
(K, Na)2SO4 respectively.

Fig. 2, Fig. 3 and Fig. 4 which show the results of 
X-ray diffraction of the ring are principally composed 
of 2Ca2SiO4 CaCO3, 3Ca2SiO4 • 2CaSO4 or 2CaSO4- 
(K, Na)2SO4 respectively. Table 1 shows the differ
ence in chemical and mineralogical characters 
between the double salt minerals and the already 
known clinker minerals.

2Ca2SiO4 CaCO3 is rarely formed in geological 
metamorphic calcite rock region in natural world 
(14,15). It is supposed that CO2 gas at a certain 
temperature range plays an important part in forming 
2Ca2SiO4-CaCO3. 3Ca2SiO4 • 2CaSO4 and 2CaSO4- 
(K, Na)2SO4 were synthesized by J. J. Rowe, G. W. 
Morey and C. C. Silber through solid-solid reaction 
using of reagents of sulphates (16).

We supposed that these double salt minerals in the 
ring were formed by gas-solid reaction between CO2 
or SO2 of fuel gas and raw material or clinker in cement 
burning. .



Table 1. The difference in chemical and mineralogical characters between the double salts minerals and the clinker minerals.

Css C2s CgA c4af Spurrite Calcium 
langbeinite

Ca^Al2
Fe2Oi0

2Ca2SiO^ 
.CaCO3

3Ca2SiO4
.2CaSO4Chemical formula CujSiOg Ca^SiO^ CagAlgOy K2SO4»2CaSO4

CaO 73,7 65,1 62.3 46.2 63.1 56.9 25.1

SiO2 26.3 34.9 27.0 22.8

AlgOj 37.7 21.0

Fe2O3 32.8

co2 9.9

Analysis so3 20.3 53.8

k2o 21.1

Polymorphism a oc 8 7

Specific gravity 3.15 3.035 3.31 3.28 2.974 3.04 3.77 3.014

a(6>) 1.718 1.652 1.712 1.717 1.642 1.640 1.628 1.52

Refractive 0 1.716 1.645 1.710 2.05 1.674

index 7(e) 1.723 1.661 1.725 1.735 1.654 1.679 1.636

Birefringence 0.005 0.009 0.013 0.018 0.012 0.10 0.039 0.008 1.53

Optical character - uniaxial 
(-)

biaxial 
(+)

biaxial 
(-) isotropic uniaxial

(-)
uniaxial 

(-) biaxial

2V, degrees small 0-20° 30° large 60° medium 40° large

Thereupon, we made an experiment for verifying of C02 or SO2 gas by electric furnace in laboratory, 
the above mentioned gas-solid reaction under current

The Manner of an Experiment of the Gas-Solid Reaction

For the experiments of the gas-solid reaction we 
used a horizontally laid electric furnace, made of 
about 5cm in diameter mullite tube surrounded with 
six heat elements of SiC. Two end sides of the tube 
are tightly closed by plugs which have openings for 
passages of both gas and thermocouple.

The material was laid in the center of the tube and 
the top of the thermocouple was laid very closely to 
the material in order to measure the accurate tempera
ture of it. The temperature controller was employed.

The gas drawn from the gas bomb was led to passing 
through the bin for regulation of gas pressure filled 
with cone H2SO4, and then through the flow-meter. 
The bin of cone H2SO4 was used for the purpose of 
dehydration of gas. The disused gas that passed 
through the furnace was led into the bin of cone 
NH4OH for the purpose of absorption of wasted 
SO2 gas and then was sucked out by aspirater. In 
the experiment by the mixed gas we used the bin for 
mixing of gases. ,

The whole apparatus of experiment is shown in

Fig. 5.
The actual disused gas of the upper end of cement 

kiln contains about 0.05 percent SO2 gas and about 
20 percent CO2 gas. Even very small quantity of SO3 
was supposed to have strong reactivity.

We made an experiment with saturated CO2 or SO2 
gas in the first step. Next we used the mixed gas 
component which is similar to the actual disused 
gas located at the upper end of kiln. The gas was let 
flow at room temperature with a constant quantity 
of 150 cc per minute, except in special cases.

As the material cement clinker we used ordinary 
one. As the material cement raw material we used the 
one in which calcined calcite was mixed as CaO com
ponent. Their chemical analysis are shown in Table 2.

After the material was burned in rising temperature 
with constant speed of 15°C per minute it was kept 
for an hour at a certain aimed temperature. Then the 
mineral constituent of the burning pieces was inves
tigated mainly by means of X-ray diffraction.



Table 2. The Chemical Analysis of the materials for the test under current of saturated gas.

Chemical 
composition Ig. loss SiO2 AlgOg Pe2O3 CaO MgO Na2O k2o so3 Total

Clinker 0.30 22.52 4.16 3.50 65.75 2.77 0.38 0.47 0.03 99.88

©Material ©Bin for gas mixing Bomb ofCOzgas

©Mullite tube®Flovf meter (©Temperature 

©Heater (9)Bin of cone H2SO4 regulator

©Insulator ® Bin of cone HzSO* ©Bin of cone NHtOH

@ Plug ©Bin for gas regulation

(6)Thermocouple©Bomb of SOzgas

Fig. 5. Outline of the apparatus for experiment of 
the gas-solid reaction.

The Reaction between CO2 Gas and Raw Material or Clinker

By the pre-experiment we ascertained the phenome
non that 2Ca2SiO4 • CaCO3 could be synthesized by 
the gas-solid reaction between CO2 gas and ^-Ca2SiO4, 
y-Ca2SiO4 or ^-CaSiO3 with CaCO3 in the range of 
temperature from 800°C to 900°C.

In this experiment, by the improved apparatus, we 
studied details in regard to the formation of 
2Ca2SiO4-CaCO3 by the gas-solid reaction. The 
result of X-ray diffraction of the burned pieces of raw 
material under the current of CO2 gas is omitted here 
as it does not show special phenomenon.

Fig. 6 and Table 3 show the result of X-ray diffrac

tion of the burned pieces of clinker under the current 
of CO2 gas. By these results we came to the conclu
sion described below.

Re-crystalized CaCO3 was formed and no 
2Ca2SiO4 • CaCO3 was formed in the reaction between 
CO2 gas and raw material. On the other hand, 
2Ca2SiO4-CaCO3 was remarkably formed in the 
reaction between CO2 gas and clinker.

In case of the former, CaCO3 was remarkably 
formed at temperature above 600°C and de-carbonized 
mostly in the range of temperatures between 900°C 
and l,000°C, then 2Ca2SiO4 was formed at l,100°C.



+ + + Very much + + Much + Moderate — A little 
•Later memion.

Table 3. The mineral eompmifiirn of the burned pieces of 
clinker under current of COz gets.

BnnriDig 
temper- 

atwe 
°C

Forming mineral
Penetrative 

degree*Ca^SiO- CaCOj CaO 2Ca2SiO5 
•CaCO3

Room) 
temp1. + + + 4-4- 0

66Ö -H- + 4-4- 71

700 ++ + 4- + 497

75O +++ + + + + + + 792

860 + + + + + + ++ + 1440

850 + + 4- + + + + +

900 4-4-4- + + + + + + 1568

950 + + + - + + 1505

1000 4-4- + - + + 1393

1100 + + + + + 1757

1100

950

900

850

800

750

700

600

R.T

Temp. Co

X^aAvv^vv/^

j I I I I I t
20 25 30 35 40 , 45 50

2 6 (Cu Kf )

Fig. 6. The X-ray diffraction patterns of the burned pieces of 
clinker under current of COz gas.

c

20 2 5 30 35 4 0 45 50
29 (CuKx)

Fig. 7. The X-ray diffraction pattern of the burned piece mixing 
^-CazSiOa and CaCOj under current of COz gas. (Keeping 
temperature al 85(FC')

In case of the latter, we found a decrease in intensity 
of X-ray diffraction peak of alite, Ca3SiO5, as increase 
in 2Ca2SiO4CaCO3. The diffraction peak of 
2Ca2SiO4 • CaCO3 showed the strongest intensity in 
the range of temperatures between 800°C and 900°C 
and mostly disappeared at 950°C, while the diffrac
tion peak of jff-Ca2SiO4 and CaO showed the strongest 
intensity at temperature above 950°C.

The following chemical reaction was noted with the 
increase in the temperature.

750°C~900°C 
Ca3SiO3 + Ca2SiO4 4- CO2 *------------- >

Alite Belite
above 900°C

2Ca2SiO4 • CaCO3------------- > 2Ca2SiO4 + CaO
Fig. 7 shows the result of X-ray diffraction of the 

burning piece which was made by the reaction of pure 
/?-Ca2SiO4, CaCO3 and CO2 gas. We also found 
clearly the formation of 2Ca2SiO4 • CaCO3 in this case.

At any rate, the evidence thus obtained supports 
the suggestion that the formation of 2Ca2SiO4 - CaCO3 
is influenced by the control of density of CO2 gas, the 
quantity of clinker mineral and the temperature of 
reaction. Therefore we can know why 2Ca2SiO4- 
CaCO3 was not formed from raw material which 
does not change to clinker mineral at temperature 
under 900°C. The existence of Ca3SiO5 is presumed 
to accelerate the production of 2Ca2SiO4 CaCO3.

In both cases of the gas-solid reaction with raw 
material and the one with clinker, CaCO3 was clearly 
re-crystalized as shown in Fig. 6 and Table 3.

The Reaction between SO2 Gas and Raw Materal or Clinker

We made an experiment of the gas-solid reaction between SO2 gas and raw material or clinker at a



Table 4. The mineral composition of the burned pieces of 
raw material under current of SOj gas.

Burning 
temper

te

Forming mineral Penetra- 

degreeCa3SiO5 Ca^jOj CaO Quartz CaSO4 3Ca2SiO4
• 2CaSO4

+ + + + + 0

500 ++ + + +
550 + -H- + +

600 + + + + + + + 217.5
700 4- + + + + + +

800 + + -F + + + ^
900 + + + + +

950 + + 4- + + + 426
1000 + + + + + +

1050 — + + + +
1070 + + + 4- + 2165

1100 + + + + + + >2800

1125 + + + + + >2800

1150 + + + + + >2800

fixed condition, 15°C per minute speed of rising tem
perature, keeping the aimed temperature constant 
for an hour and a 150 cc per minute speed of SO2 
flow.

Fig. 8 and Table 4 show the result of X-ray diffrac
tion of the burned pieces by the reaction between 
SO2 gas and raw material. Fig. 9 and Table 5 show 
the burned pieces of clinker under current of SO2 
gas. We can notice by these that there is a remarkable 
formation of CaSO4 or 3Ca2SiO4-2CaSO4 in both 
cases by the reaction of raw material and the one by 
clinker.

In case of the former, CaSO4 is first formed at 600°C 
and 3Ca2SiO4-2CaSO4 is formed when /?-Ca2SiO4 
begins to appear at l,050°C. This double salt mineral 
grows and increases at l,100°C. In case of the latter, 
the condition of the formation of CaSO4 and 
3Ca2SiO4 • 2CaSO4 is similar to the former one. 
CaSO4 is first formed at 550°C and 3Ca2SiO4 • 2CaSO4 
is formed at l,050°C and this double salt mineral 
grows and increases at l,100°C.

No doubt the formation of CaSO4 is due to the 
decomposition of clinker minerals with the attack 
of SO2 gas and the formation of 3Ca2SiO4 -2CaSO4 
is due to the reaction between formed CaSO4 and 
Ca2SiO4 in clinker. The SO2 gas itself plays a very 
important part in the reaction as a catalyzer. Further
more the existance of H2O vapour may remarkably 
affect the reaction.

In reference to the result of the gas-solid reaction 
we show the result of the solid-solid reaction in Fig. 
10. This shows the result of X-ray diffraction of the

Table 5. The mineral composition of the burned pieces of 
clinker under current ofSOi gas.

Burning 
temper

ature Ca^SiOg

Forming mineral

3Ca2SiO4
• 2CaSO4

Penetrative 
degree/3-Ca2SiO4 CaO CaSO4

Room + + + + + 0

500 + + + + + - 60

550 + + + + + + 474

600 + + + + + 4-4- >2800

700 + 4-4- >2800

800 + + ++

900 + + + +

950 + + + + +

1000 + 4- + + +

1050 + 4- 4-4- + +
1070 - + + + + + + 2800

1100 + + + + + + 2800

1125 - + + + + 2800

burned pieces which are products of the experiment 
of the reaction between the powder of synthesized 
belite (2Ca2SiO4) and the reagent of anhydrite (CaSO4), 
in a proportion of 3: 2 at temperature over l,100°C. 
It was found that 3Ca2SiO4 • 2CaSO4 is rarely formed 
at l,100°C and a little quantity of 3Ca2SiO4-2CaSO4 
is formed at l,150°C.

Fig. 11 shows the relation between SO3 content 
and burning temperature concerning the burned pieces 
formed by the reaction between SO2 gas and raw 
material or clinker.

E. Vogel performed a similar experiment as ours 
(17). Fig. 12 shows the result of the experiment by 
him. The results of Vogel’s experiment the condition 
of which are probably different from ours in the 
equipment, the quantity of gas-flow and the way of 
keeping of temperature etc., is almost similar to ours 
in case of raw material. However, there is a remark
able difference in the results between his experiment 
and our one in case of clinker.

In both experiments, Vogel’s and ours, the quantity 
of absorbed SO3 increases slowly as the temperature 
increases to l,000°C. It decreases slowly as the tem
perature increases over l,000°C in Vogel’s experi
ment. In our experiment it increases rapidly as the 
temperature increases to 1,100°C and reaches to the 
maximum quantity at l,100°C.

The increase of absorbed SO3 between 500°C and 
l,000°C means the formation of CaSO4, while the 
rapid increase of absorbed SO3 between l,070°C and
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Fig. 8. The X-ray diffraction patterns of the burned pieces of 
raw material under current of SO2 gas.
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Fig. 9. The X-ray diffraction patterns of the burned pieces of 
clinker under current 0/SÖ2 gas.
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Fig. 10. 3Ca2SiO4-2CaS€>4 synthesized from the solid-solid 
reaction between and the reagent of CaSC>4.

under current of SO2 gas.

Fig. 11. The relation between SO3 content and burning temper
ature concerning the burned pieces of raw material or clinker

Temperature ("C)

Fig. 12. The relation between SO3 content and burning temper
ature concerning the burned pieces of raw material or clinker 
under current of SO2 gas. (By E. Vogel)

l,100°C means the formation of 3Ca2SiO4-2CaSO4. 
The earlier investigator did not find the phenomenon 
of the extraordinary absorption of SO2 gas by clinker 
caused by the formation of 3Ca2SiO4-2CaSO4. ■



The Reaction under Current of Mixed Gas

By the results of the above mentioned experiment 
we know that cement clinker is very easily decomposed 
by CO2 gas or SO2 gas.

It is presumed that general fuel gas consists of about 
80 percent N2 gas, less than 20 percent CO2 gas and 
less than 1 percent SO2 gas. Naturally, if we want 
to study about the gas-solid reaction in cement kiln, 
we must consider the effect of the mixed gas consisting 
mainly of N2, CO2 and SO2, especially the effect of 
SO2 as change of density of it.

We made the same experiment of gas-solid reaction 
as mentioned above using the mixed gas the composi
tion of which is shown in Table 6. The apparatus 
for this experiment is the same as that used in the 
foregoing experiment.

The value of chemical analysis of raw material and 
clinker used here is shown in Table 7. No. 1 raw 
material is chosen as one of a little more alkali com
ponent, but No. 2 raw material as one of a little less 
alkali component. The clinker is the same as used in 
the foregoing experiment.

Each gas was passed into the burning tube of the 
furnace through the bin for mixing gas after it was 
dehydrated by cone H2SO4 solution and was measured 
by flow meter.

The conditions of experiment, speed in rising tem
perature, timing of the aimed temperature and the 
speed of gas flow etc., were the same as the above.

Tables 8, 9,10 and 11 show the result of this experi
ment. The tables show the mineral composition of 
burned pieces after the reaction at each temperature. 
Data is derived from the result of X-ray diffraction. 
In these tables two signs are shown in each mineral 
component. The upper sign shows the quantity of the 
mineral component of the upper part of the pieces, 
from the surface down to the 3 cm, while the lower 
sign shows the lower part of the pieces, from the 3 cm 
to the bottom.

It was unavoidable that there was a few difference of 

the mineral component between the upper part and 
the lower one of the burned pieces, because the length 
of time of the aimed temperature was not enough for 
uniform reaction through the body in case of mixed 
gas. These tables, however, undoubtedly show the 
general tendency of the reaction in case of the mixed 
gas.

Table 8 and Table 9 show the results of the examina
tions of two kinds of raw material. The former shows 
the result for No. 1 raw material and the latter for 
No. 2 raw material. This experiment indicates that 
we can not find the double salt minerals derived from 
the gas-solid reaction between CO2 or SO2 gas and 
raw material, but find the single salt minerals, CaCO3 
and CaSO4.

In contrast to this result, we found evidently 
the double salt minerals, 2Ca2SiO4- CaCO3 and 
3Ca2SiO4 - 2CaSO4 in the reaction by clinker as shown 
in Table 10 and Table 11. Table 10 shows the result 
of the reaction keeping the aimed temperature for one 
hour and Table 11 when the temperature is keeped 
for two hours.

The range of the producing temperature of each 
double salt minerals is clearly distinguishable: 
2Ca2SiO4 CaCO3 is produced in range of tempera
tures from 800°C to 850°C, and 3Ca2SiO4-2CaSO4 
is from 900°C to l,100°C. At 850°C 2Ca2SiO4 • CaCO3 
is decomposed to Ca2SiO4, CaO and CO2.

In the reaction with the raw material the formation 
of CaCO3 is dominant at temperature below 800°C 
and CaSO4 above 700°C. In the reaction with the 
clinker the formation of CaCO3 is barely seen in range 
of whole temperature and that of CaSO4 is dominant 
at temperature above 700°C. By these results it seems 
reasonable to assume that even a small quantity of 
SO2 gas by far predominates a large quantity of CO2 
gas at the reaction with raw material and clinker at 
high temperature.

Table 7. The Chemical analysis of the materials for the lest
Table 6. The composition of the mixed gas. under current of the mixed gas. (Value of dry base.)

Quantity of flow cc/min Volume percent sio2 AI2O3 Fe2O3 CaO Na2O k20 Total

N2 960 ,, 79.5 No. 1
Raw material 22.76 5.60 3.48, 66.91 0.15 0.36 99.26

co2 240 19.9
No. 2
Raw materialso2 7 0.6 22.52 5.38 3.36 66,01 0.42 0.59 98.28



Burffimig 
temperaCwe 

°C

Tested 
pam

Fornrmg mineral Penetrative 
degree

Ca^SiO^ jS-CaigSiOj CaO CaSO4 CaCO3 «-Quartz

Upper ++ + + + + + + +
40

Lower + + + + + +++

Upper + + + + +++ + + +
47

Lower + +++ + + + +

Upper + + . ++ + + + + +++
40

Lower H- + + + + + +

1150
Upper + + + + + + + + H-

196
Lower + + + + + + + +

Upper ++ + + + +
760

Lower + + + + + +

+ + + + Remarkably much + + + Very much ++ Much + Proper - A little

Table 9. The mineral composition of the burned pieces of No. 2 raw material under current of the mixed gas. 
(In case of keeping for 1 hour at the aimed temperature.)

Burning 
temperature 

»C

Tested 
part

Forming minerals Penetrative 
degreeCa3SiO5 jS-CagSiO^ CaO CaSO^ CaCO3 a-Quartz

600
Upper + + + + ++ +

Lower + + + + + + +

700
Upper + 4-4-4-4- 4-4-4-

10
Lower - + + + + + +

SOO
Upper + + + + ++++ +

70
Lower - + 4- + 4- 4-4-

900
Upper * +++ + + 4-4- 4-

30
Lower + + + 4- + ++

950
Upper + + + + 4-4-4- 4-

35
Lower + + + + - 4-

1000
Upper - + + + + + 4-

30
Lower - ++ + + 4-

1050 ■
Upper + _|_ + + + + -

52
Lower + + + + + +

1100 ■
Upper + + + + + +

52
Lower + + + + + +

1150 .
Upper + + + + + +

190
Lower + + + + 4* +

1200
Upper + + + ++ +

740
Lower + + + +++



Burning 
temperature 

°C
Tested 
part

Forming minerals
- Penetrative 

degreeCa3SiOs /S-CagSiOj CaO CaSO4 3Ca2SiO4
.2CaSO4

2Ca2SiO4
• CaCO3 CaCO3

500 ■
Upper + + + + + +

Lower + + + + + +

600 ■
Upper + + + + + +

Lower +++ + + +

700 ■
Upper + + + + + + + +

Lower + + ■ ++ + -

800 ■
Upper + + 4- + + - + + +

Lower + ++ + + + +

850 ■
Upper - ++ + 4- + ++ + + + -

Lower + + + + 4~ 4- ++

900 -
Upper - + + + + + +

Lower + + + + 4 1-

950 -
Upper - + 4- 4-4- + + + + +

Lower - + 4- + 4-4-4-

1000 ■
Upper - + + + ++ + +

- 152
Lower - + + + 4-4-4-

1050 -
Upper + + + + 4-4- + -

- 215
Lower + + + + ++ + -

1100 ■
Upper - + + + +++ -

Lower + + + + + + +

1150 -
Upper + + + 4" + + + -

- 265
Lower - 4- + + + + +

Upper + ++ + + +

Lower + + + + + ++

Effect by Alkali Component upon the Gas-Solid Reaction

In the foregoing experiment of the gas-solid reaction 
we used both raw material and clinker of a small 
quantity of alkali component, not more than 1 percent 
of R2O.

It is widely known that the flying dust at the end 
side of the kiln contains a large quantity of alkali 
sulphate. As it is apt to condense at the end part of 
the kiln, alkali sulphates are presumed to be one of 
the cause of the generation of the ring (18,19,20,21).

Therefore, we made an experiment of the gas-solid 
reaction using the raw material and the clinker con
sisting of a great deal of alkali components.

The manner of the experiment is the same as above. 
We selected K2CO3 as alkali component as its vapor 
pressure is moderate, and added it to the raw material 
or the clinker, which were used in the foregoing ex
periment under current of saturated gas, so as to 
K2O is calculated 3, 6 and 9 weight percent for the



Burning 
temperature 

°C
Tested ■ 
part

Forming minerals
Penetrative 

degree
Ca^SiOg ^-CagSiOj CaO CaSO4 3Ca2SiO4 

.2CaSO4
2Ca2SiO4
•CaCO3 CaCO3

Upper + + + + +++
210

Lower + + + +

Upper - + + + + +
490

Lower + + + + +

850 ■
Upper + + + + +

275
Lower + + + + + +

900 ■
Upper + + + + + + +

725
Lower - + + + +

950
• Upper + + - + + + +

210
Lower + + + + + + +

1000
Upper + + + + + + +

Lower + +++ +++

1050
Upper - + + + + + + + -

255
Lower + + + + + + +

1100
Upper + + + + + + +

255
Lower + + + + + +

1150
Upper + + + + + +

325
Lower + + + + + +

1200 ■
Upper - + + + + + +

505
Lower — + + + + + +

raw material or the clinker. The values of chemical 
analysis of the raw material and clinker are much the 
same as in the foregoing experiment.

The mineral components of the burned pieces after 
the gas-solid reaction were made clear by X-ray 
diffraction. Table 12, Table 13 and Table 14 show the 
mineral components of the burned pieces of raw 
material with K2O added. Table 15, Table 16 and Table 
17 show mineral components of the burned pieces 
of clinker with K2O added. Fig. 13, Fig. 14 and Fig. 
15 show parts of the results of X-ray diffraction of 
the burned pieces. -

We found both single salt mineral and double salt 
mineral CaCO3, CaSO4 and 2Ca2Si04-CaCO3 in the 
foregoing experiments, at the proper temperature, 
and also found K2SO4 which had not been found in the 
foregoing experiments. We found an unknown mineral 
Y also.

This unknown mineral could be found remarkably 
well in the samples picked up from the pile that ad
hered to the surface of the water tube of the wasted 
gas boiler. Fig. 4 shows the result of X-ray diffraction 
of the sample obtained from one place in the gas 
boiler.

We presumed that this unknown mineral Y must 
be a double salt mineral consisting of CaSO4 and 
(K, Na)2SO4. In order to ascertain this assumption 
we made the experiment of gas-solid reaction among 
K2CO3, CaCO3 and SO2 gas. The manner of the 
experiment for the reaction is the same as the one in 
the foregoing experiment. Two kinds of solid material, 
K2CO3 and CaCO3 were inserted into the center of 
the tube of the furnace.

Fig. 16 shows the result of X-ray diffraction of the 
burned sample in range of temperatures from 600°C 
to 900°C. CaCO3 and K2CO3 were mixed in the pro-
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Burning 
temperature 

°C
Tested 
part

Forming minerals
Penetrative 

degreej3-Ca2SiO4 CaO CaSO4 2Ca2SiO4 
•CaCO3 CaCO3 Y k2so4 a-Quartz

800
Upper + + + + +++ 4-

15
Lower + + 4- 4-

900
Upper + + + + +

15
Lower + + + + +

950
Upper + + + + 4-

15
Lower + + + + +

1000
Upper + + + + +

15
Lower + + + + +

1100
Upper + + + + + + + +

20
Lower + + 4- +

Y 2CaS04(K,Na)zS04

Y C

35 30 55
25 30____________ 3,5 ------------------ 1 —1------------------------------L

' 2 9 (Cu"^)_____________________________________________________ 26 (C"K*)

(a) (b)

Fig. 13. 'The X-ray diffraction patterns of the burned 6%KzO
pieces mixing clinker and K2CO3 under current of SO2 gas.

(The ones of upper side of the pieces)



Burning 
temperature 

°C
Tested 
past

Forming minerals
Penetrative 

degree
jS-Ca^SiO^ CaO CaSO4 2CagSiO4 

.CaCO3 CaCO3 Y k2so4 a-Quartz

800
Upper + + + + + -

Lower + +++ +

900
Upper + + + +++ + +

455
Lower + + + + + + +

950
Upper + + + 4- + + +

270
Lower + + + + + +

1000
Upper + + + + + + +

210
Lower +++ + + +

1100
Upper + + + + + + +

340
Lower + + + + + + +

1200
Upper + + + + + +

90
Lower + + + + + +

C
CaO

2i5 2 3|°3,5 25 ____________ 30

2 9 (Cu K«] 2 6 (Cu K«)

(a) (b)

Fig. 14. The X-ray diffraction patterns of the burned 6% K2O 
pieces mixing clinker and K2CO3 under current of SO2 gas. 
(The ones of lower side of the pieces)



Burning 
temperature 

°C
Tested

Forming minerals
Penetrative 

degreejS'CagSiOj CaO CaSO4 2Ca2SiO4 
eCaCO3 CaCO-j Y K8SO4 a-Quartz

800
Upper ++ + - +++ +++ ++ +

340
Lower + + + + + + + 4-

900
Upper + + + + + + ++ + +

1460
Lower + + + 4- + + + +

950
Upper + + + + + + ++

970
Lower + + + +++

1000
Upper + + + + + + + +

680
Lower + + + + + + + +

1100
Upper + + + + + + + +

1110
Lower + + + + + + + +

iz en C C CoO

25 30 35
- ---------- 1 I I

2 e (Cu Krf]

Fig. 15. The X-ray diffraction patterns of the burned 6% K2O 
pieces mixing raw material and K2CO3 under current of SO2 
gas. (The ones of upper side of the pieces)

20 25 30
—1------------------- 1______________ 1______________

2 6 (Cu K*)

(a)
Fig. 16. The X-ray diffraction patterns of the burned pieces 

mixing K2CO3 and CaCOa in the proportion of 1: 2 under 
current O/SO2 gas.



20 __ 1____________.21_____ 2P____ 2I5 30

29 (Cm K*) 2 6 ( Cu K4 )

(b)
Fig. 16

(c)

Table 15. The mineral composition of the burned 3% K2O pieces mixing clinker and K2CO3 
under current of the mixed gas. (In case of keeping for 1 hour at the aimed temperature.)

Burning Forming minerals
Penetrative 

degreetemperature 
°C

Tested
Ca3SiO5 CaO CaSO, 29'^1?4

1 «C-aCXJ^ CaCO3 Y

700
Upper + + + + + 4 + 4

250
Lower + + + + + - - 4

SOO
Upper + 4- + + + 44 + -

2110
Lower + + 444 + 44

19i0(0
Upper + + + + + +

I3IO
Lower 4- + + 4 4 4

950
Upper + 4~ 4~ 4 + 44

1200
Lower 4-4-4- 4 4 4

MW
Upper 4-4~4- + 4 4

610
Lower 4- 4- 4- + 4

11W
Upper -4-4-4- 444 -

Lower 4" 4- 4" 4 + 4

Upper 4-4-4- ++
540

Lower 4- 4- 4- 4 +



Table 16. The mineral composition of the burned 6% K2O pieces mixing clinker and K2CO3 
under current of the mixed gas. (In case of keeping for 1 hour at the aimed temperature.-)

Burning 
temperature 

°C
Tested

Forming minerals
Penetrative 

degreeCa^SiOg (3-Ca2SiO4 CaO CaSO^ .CaCO3 CaCOj Y k2so4

600
Upper ++ + + + + 4

95
Lower + + + + + +

700
Upper + + + + + +

120
Lower + + + + + + 4

800
Upper + + + + + ++

350
Lower + + + +

900
Upper +++ 4 4

2180
Lower + + + ++ '

950
Upper + + + ++ + 4

2150
Lower +++ +++

1000
Upper ++ + ++ - 4

1110
Lower + + + + +

1100
Upper + + + + + 4 +

930
Lower + + + + + 4

1200
Upper + + + - 4 4

300
Lower + + + + 4 +

portion of 2: 1. We could detect three characteristic 
diffraction peak in a row from 27° to 28° in 20 as shown 
in Fig. 16. These three characteristic diffraction peaks 
coincide with the characteristic peaks of the unknown 
mineral Y.

Other experiment for the solid-solid reaction be
tween CaSO4 and K2SO4 in proportion 2: 1, 1: 1 
and 3:1 at each temperature proved that the three 
characteristic diffraction peaks stood in a row from 
27° to 28° in 20 must be of 2CaSO4 ■ K2SO4.

The burned pieces mixed in 2: 1 proportion have 
neither diffraction peaks of CaSO4 nor ones of K3SO4, 
but have only several characteristic lines that is attri
buted to the synthesized double salt mineral. The 
burned pieces mixed in 1:1 proportion have the 
refractive lines of unreacted K2SO4 in addition to the 
ones of the synthesized double salt mineral, and the 
burned pieces mixed in 3: 1 proportion have the refrac
tive lines of unreacted CaSO4 in addition to the syn
thesized double salt mineral. It seems most reasonable 
to conclude that this synthesized double salt mineral 
is 2CaSO„ • K2SO4. Fig. 17 shows one part of the result 
of X-ray analysis of the burned pieces in this experi
ment of solid-solid reaction.

- CC1SO4+K2SO4-

900‘C

20
_L_

30 
_L-

(a) 20(CuK«r]
Fig. 17. Some of the X-ray diffraction patterns of the burned 

pieces mixing CaSO» dm/K2SO4.



2CoSO++ K1S0+ 3CoSO++K2SO4
Y

900 *C

Table 17. The mineral composition of the burned 9% KzO pieces mixing clinker and K2CO3 
under current of the mixed gas. (In case of keeping for 1 hour at the aimed temperature?)

Burning 
temperature 

»C
Tested

Forming minerals
Penetrative 

degreeCa^SiOg jS-CugSiO^ CaO CaSO4 2Ca2SiO4
• CaCOj CaCO3 Y K2SO4

700
Upper ++ + + + + + -

160
Lower ++ + + + + +

800
Upper + + 4-4- + + +

2500
Lower +++ + + +

900
Upper + + + + + + + +

2500
Lower + + + + +

950
Upper + + + + + + +

2500
Lower + + + + + +

1000
Upper + + + + + + +

2500
Lower + + + + +

1100
Upper + + + + + + +

2080
Lower + + + + + +

1200
Upper +++ + + + +

980
Lower + + + + + + + +



Recently we chanced to read the paper “The Ter
nary System K2SO4-MgSO4-CaSO4” by J. J. Rowe, 
G. W. Morey and C. C. Silber. We got the informa
tion of the binary system K2SO4 from it and knew 
that 2CaSO4-K2SO4 was already named “calcium 
langbeinite” (16).

The index of optic refraction of our synthesized 
double salt mineral shows about 1.550, while the 
double salt mineral show about 1.553 which is a 
component of the sample picked from the pile in the

gas boiler. This little difference is supposed to be 
caused by other chemical elements which are soluble 
in very small quantity.

In view of the above facts it was made clear that a 
great quantity of alkali component condensed at the 
end part of the kiln easily reacts with SO2 gas forming 
the double salt mineral, 2CaSO4 K2SO4, in addition 
to the single salt mineral, K2SO4, and both salt min
erals are contained in abundance in the pile or the 
ring.

One of Physical Properties of Double Salt Minerals

We could find a few double salt minerals, 2Ca2SiO4 • 
CaCO3, 3Ca2SiO4-2CaSO4 and 2CaSO4 K2SO4 in 
addition to re-crystallized single salt minerals, CaCO3, 
CaSO4 and K2SO4 both in the ring and in the pile 
at end part of the kiln.

On the other hand we could succeed in synthesizing 
those double salt minerals by means of the gas-solid 
reaction between raw material or clinker and CO2 
or SO2 gas.

Furthermore we found the character of strong coa
gulation of those double salt minerals in the course 
of the gas-solid reaction.

We show the result of the experiment of coagula
tion by the following data. We are sure that this data 
gives important suggestion to the elucidation of the 
cause of generation of the ring.

Hitherto various kinds of means have been devised 
concerning measurement of the strength of adhesion 
or coagulation of solid grains at lower or room tem
perature, but it has been hard to apply a higher tem
perature for industrial purposes.

We devised an original apparatus for the measure
ment of the strength of coagulation of the burned 
pieces in the gas-solid reaction. Outline of the appara-

Fig. 18. Outline of the apparatus for the measurement of the 
strength of coagulation.

tus is shown in Fig. 18. It was changed from the 
Vicker’s cement-setting test apparatus.

We regarded the penetrative degree of the fixed 
needle as the strength of coagulation of the burned 
pieces on the one side of dish of the balance. The 
penetrative degree was measured by the weight of 
shot on the other side of the dish just when the fixed 
needle penetrated into the bottom of the piece. The 
figure of the penetrative degree of the fixed needle is 
written down in each foregoing table which show the 
mineral composition of the burned pieces at the gas
solid reaction, Tables 3,4, 5, 8, 9, 10, 11, 12, 13, 14, 
15,16,17.

Figs. 19, 20, 21, 22 show graphs of the temperature 
and the penetrative degree of the needle obtained 
from the result of the experiment of each foregoing

Temp. (C)
Fig. 19. The relation between the burning temperature and 

the penetrative degree of the burned pieces of clinker under 
current of saturated CO 2 gas.



(a) (b)
Fig. 20. The relation between the burning temperature and 

the penetrative degree of the burned pieces of raw material 
and clinker under current of saturated SO2 gas.

Fig. 21. The relation between the burning temperature and 
the penetrative degree of the burned pieces of raw material 
or clinker under current of the mixed gas.

gas-solid reaction.
Fig. 19 shows graph of the burning temperature and 

the penetrative degree of the burned pieces in the gas
solid reaction between saturated CO2 gas and raw 
material or clinker. Fig. 20 shows the one in the reac
tion between saturated SO2 gas and raw material 
or clinker. Fig. 21 shows the one in the reaction 
between the mixed gas and raw material or clinker. 
Fig. 22 shows the one in the reaction between the 
mixed gas and the clinker to which a little quantity 
of K2O are added.

From Fig. 19 we know that the penetrative degree 
.of burned pieces in the reaction with clinker increases 
remarkably at 800°C as the quantity of 2Ca2SiO4- 
CaCO3 increases. On the other hand, there shows very 
small quantity of the penetrative degree of pieces at 
each burning temperature in the reaction with raw 
material, because 2Ca2SiO4 CaCO3 is barely formed 
from raw material unable to produce 2Ca2SiO4 
easily.

From Fig. 20 we know that a very rapid increase 
of the penetrative degree is shown at l,050°C as 
3Ca2SiO4 • 2CaSO4 is formed in the reaction with 
raw material. In the reaction with clinker, however.



Temp. xIOO’C

Fig. 22. The relation between ,the burning temperature and 
the penetrative degree of the burned pieces of clinker KzO 
added under current of the mixed gas.

very rapid increase of the penetrative degree is shown 
at 600°C as CaSO4 is formed. The piece burned at 
l,070°C forming 3Ca2SiO4-2CaSO4 shows very 
strong coagulation in appearance. Its penetrative 
degree is far over the limit of measurement.

From Fig. 21 we know that extraordinary increase 
of the penetrative degree is shown at the range of 
temperatures from 800°C to l,000°C in the reaction 
between the mixed gas and clinker. On the contrary 
no increase of the penetrative degree is shown in the 
reaction with raw material and sintering appears at 
l,200°C. It is surprising that even a very small quantity 
of SO2 gas gives considerable effect on the penetrative 
degree of burned pieces producing 3Ca2SiO4 • 2CaSO4.

From Fig. 22 we know that an extraordinary increase 
of the penetrative degree is shown at the range of the 
temperatures from 800°C to l,000°C in the reaction 
between the mixed gas and clinker with addition of 
K2O. It is probably caused by the formation of 
2K2SO4- CaSO4. The increase of the penetrative 
degree in the reaction with raw material with addition 
of K2O is far less than the one in the reaction with 
clinker by addition of K2O.

Conclusion

From the investigation for the detail of mineral 
composition of ring we found ordinarily some 
kind of double salt minerals, 2Ca2SiO4 CaCO3, 
3Ca2SiO4 • 2CaSO4 and 2CaSO4 • K2SO4 besides single 
salt minerals, CaCO3, CaSO4 and (K, Na)2SO4, 
in the texture of ring.

As we assumed that these salt minerals found in 
cement kiln were formed by gas-solid reaction between 
CO2 or SO2 of fuel gas and raw material or clinker 
in cement burning, we tried to make an experiment 
to verify the existence of this reaction.

The experiment was made by burning raw material 
or clinker in the electric furnace at each temperature 
under the current of CO2 or SO2 gas.

The results of this experiment led to determine 
exactly the forming condition of these salt minerals 
in burning of raw material or clinker under current of 
CO2 or SO2 gas.

In the reaction between saturated CO2 gas and 
clinker, CaCO3 was newly formed at the range of 
temperatures from 700°C to 900°C and 2Ca2SiO4- 
CaCO3 was formed remarkably well from 75O°C 
to 900°C, but in the reaction between CO2 gas and 
raw material 2Ca2SiO4-CaC03 was not observed. It 
is supposed that gas density, temperature condition 
and volume of clinker minerals, especially volume of 
Ca3SiO5 play an important role in the formation of 
2Ca2SiO4CaCO3.

In the reaction between saturated SO2 gas and raw 
material or clinker, CaSO4 was newly formed well 
in the range of temperatures from 550°C to l,150°C 
and 3Ca2SiO4-2CaSO4 was formed well from l,050°C 
to l,150°C. It is probable that SO2 gas has the action 
of catalyzer for acceleration of the formation of 
3Ca2SiO4-2CaSO4.

On the other hand, in the reaction between the 



mixed gas, N2 of 79.5 vol. percent, CO2 of 19.9 vol. 
percent and SO2 of 0.6 vol. percent, and clinker 
CaCO3 was not newly formed in the range of tempera
tures used, but CaSO4 was dominant above 700°C. 
In this case 2Ca2SiO4 • CaCO3 was formed in the range 
of temperatures from 800°C to 850°C and 3Ca2SiO4 • 
2CaSO4 was formed from 900°C to l,100°C. We 
could conclude that even a small quantity of SO2 
gas by far predominates than a large quantity of 
CO2 gas in the reaction with raw material and clinker 
at high temperature. In the reaction between the mixed 
gas and raw material we could synthesize CaCO3 
and CaSO4, however could not do the double salt 
minerals at each temperature.

In the reaction between the mixed gas and raw 
material and clinker to which K2O of 3, 6 and 9 wt. 
percent was added, 2CaSO4 K2SO4 was formed at 

600°C and remarkably well in the range of tem
peratures from 600°C to 900°C. From this fact we 
assumed that after clinker minerals, especially alite 
(Ca3SiO5), was dissociated to belite (Ca2SiO4) and 
CaO, CaSO4 was formed by the reaction between 
CaO and SO2 gas and K2SO4 was formed from K2O, 
then the double salt mineral (2CaSO4-K2SO4) was 
formed by the reaction between CaSO4 and K2SO4.

Furthermore we found that the double salt minerals 
show greater strength of coagulation than clinker 
minerals. We verified this fact by the original experi
ment.

The results obtained from these experiments should 
give important suggestions to the research about the 
cause of the generation of the ring and also about the 
temperature condition of each inner part of kiln 
where the ring adheres.
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Supplementary Paper 1-94 Problem of Admixtures

Maxim M. Sichov*

*Leningrad Lensoviet Institute of Technology, Leningrad, 
U.S.S.R.

Synopsis

The influence of raw material admixtures and alloying additions on the properties of 
the liquid are considered in the paper, (viscosity, electrical conductivity, surface tension) as 
well as the peculiarities of clinker sintering and the microstructure in the presence of admix
tures. The influence of admixtures and alloying additions on the properties of cement is 
also discussed. The role of BaO, SrO, Cr2O3, R2O, P2O5, B2O3, SO3, TiO2, Mn2O3 in the 
formation of tricalcium silicate has been found. It has been shown that in the presence of 
P2O5 and B2O3 the passivation of SiO2 and CaO takes place, which results in the difficulties 
of the reaction of CaO + SiO2. It has been found that the formation of C3S in the presence 
of certain admixtures goes not only according to the scheme of C2S + CaO but also by 
means of the interaction of C2S supersaturated with CaO and C3S. It is shown that the 
hydraulic activity of C3S increases when the concentration of P2OS and Cr2O3 are low. It 
occurs if the concentration of P2OS and Cr2O3 in the solid solution does not exceed the 
solubility limit.

The modifying action of P2OS and Cr2O3 is the reason of increasing the hydraulic 
activity of cement in the presence of P2O5 and Cr2O3 which appeared to be surface active 
substances apd they affect the conditions of the crystallization of the minerals from the 
liquid. The action of the raw material admixtures is seen not only on the surface tension but 
also on the viscosity. So, there is a miximum on the viscosity curves for concentration of 
the liquid containing MgO. In contrast to the generally recognized ideas, alkalies increase 
the viscosity of the liquid which is the result of increasing the basicity of the melt and the 
fact that aluminium and iron ions show more expressed acidic properties. The connection 
has been found between the physicochemical properties of the liquid in the presence of 
admixtures and the peculiarities of clinker sintering in the case of contamination of the 
raw material by MgO and R2O. It has been shown that the raw material admixtures and 
the alloying additions may be mineralizers and the mineralizers may become alloying com
ponents. It has been suggested, therefore, to single out the problem of admixtures and addi
tions into a special section of the chemistry of cement.

Introduction

The minor components of portland-cement clinker 
have been investigated mainly with concentrations of 
1-3 per cent. (1, 2, 3, 4). When the works of L.D. 
Ershov appeared (5) who introduced the idea of alloy
ing action of admixtures, it became necessary to pay 
greater attention to admixtures when their concen
tration is less than 1-0.5 per cent.

From the author’s point of view the role of minor 
components of raw materials in clinker sintering has 
not been considered quite fully.

The present work carried out by V. I. Korneev, 
P. V. Zozulia and G. I. Kopina under the guidance of 
the author, at the chair of chemical technology of 
cement, Leningrad Lensoviet Institute of Technology, 
USSR, is dedicated to the role of admixtures in sin
tering and to the influence .of low concentration of 
admixtures and additions on the properties of cement.



Influence of Admixtures on Hydraulic Activity of C3S and Cements

To find out the influence of admixture components 
upon the formation and the properties of C3S it was 
necessary to elaborate the method of obtaining pure 
monomineral C3S during one burning since the exist
ing methods require repeated sintering which leads 
to the passivation of the mineral. For this it was neces
sary to secure great fineness of the raw materilas 
(CaCO3 and SiO2) while retaining the purity of the 
latter.

It was realized by grinding the raw materials in a 
jet mill (particle size 0.5-3 micron, specific surface 
11,500 sq.cm per g.) After a single burning at the 
temperature of 1500°C (during 6 or 7 hrs) there was 
no free CaO in the product. The preparation, however, 
contained several per cent of C2S, it being the result 
of supersaturating of C3S with excess CaO.

Thus, to obtain monomineral C3S the raw mixture 
should be prepared with the greater molar ratio than
3. As a result, a sufficiently pure preparation contain
ing 99 per cent of C3S can be obtained.

Further, on the basis of physico-chemical and 
petrographic analysis the influence of admixtures 
(K2O, Na2O, P2O5, SO3, TiO2, Mn2O3) on the forma
tion and composition of tricalcium silicate has been 
found. Beside the admixtures of raw materials, BaO, 
SrO, B2O3, Cr2O3 have been considered which are 
analogous to the raw materials components. A number 
of interesting peculiarties of C3S formation in the 
presence of admixtures have been discovered. Below 
is given the information about the admixtures for 
which the new data were received.

In the presence of P2O5 the preparation contained 
free CaO the amount of which required approximately 
13 per cent of C3S; However, with regard to the 
presence of about 40-45 per cent of low-basic com
pounds in the sintered material, the author explains 
from the fact that CaO forms solid solutions with 
2CaO-SiO2 and 3CaO SiO2. Quartz was also present 
in the sinter material in the shape of grains which were 
like those of the original raw silicic acid. Thus, if 
concentration P2O5 exceeds its solubility limit in C3S, it 
leads not only to the dissociation of C3S but also brings 
about the passivation of CaO and SiO2. The same pic
ture may be noticed in the presence of B2O3. The 
reason for such a course of synthesis can be explained 
by the difficulty of the reaction of CaO + SiO2 in 
the presence of B2O3 and P2O5 rather than of the 
reaction of 2CaO • SiO2 + CaO as it is usually thought. 
' Therefore, the formation of C3S in the presence 
of admixtures goes not only according to the scheme of 
C2S + CaO, but also by means of the interaction of 

C2S (supersaturated with CaO) and tricalcium sili
cate. This fact indicates to the importance of studying 
the phase relations in the system of C2S-C3S in greater 
detail than the author and his collaborators are now 
doing.

Further, it was necessary to find out the influence 
of additions on the technical properties of C3S. For 
this purpose the physico-mechanical properties of 
sintered materials of C3S have been determined with 
regard to compressive strength and grindability as 
well as its hydraulic activity, the latter containing 
0.25, 0.5 and 1.0 per cent of additives. It was found 
that TiO2, Mn2O3 and Cr2O3 decrease the strength of 
sintered materials and improves the grindability. 
P2O5, SrO, Cr2O3, TiO2, Mn2O3, La2O3, CeO2, and 
Na2O3 increase the hydraulic activity of C3S, the lat
ter changing in the presence of admixtures more often 
during the first three days of hardening. Thus, the 
admixture effect depends both upon its nature and 
upon the concentration.

As a result of this, it became clear that most of 
the raw material admixtures affect the composition 
and the formation of the alit crystals that points to 
the alloying role of certain admixtures (natural alloy
ing) and also to the possibility of employing a number 
of materials for the artificial alloying of the clinker. As 
it was mentioned above, the action of admixtures is 
determined not only by their nature but also by 
their concentration. Therefore, a number of oxides, 
the presence of which in the raw material is generally 
considered to be harmful, may be thought of as pro
spective alloying components if proper concentration, 
lower than the solubility limit in C3S is provided. 
Taking this into consideration, P2O5, Cr2O3, TiO2 
and SrO present greatest interest as alloying com
ponents. To confirm this statement it was necessary 
to study the formation of solid solutions of the alloy
ing oxides in C3S and their properties in greater 
detail. From the systems C3S-alloying oxide, it was 
decided to consider C3S-Cr2O3 system, as far as the 
solid solutions of P2O5 and SrO have been already 
studied (1, 6, 7).

The physico-chemical investigations give reason 
to think that chrome plays the same role in chromalite 
as aluminium in alite, i.e. it substitutes a silicon atom. 
The maximum solubility of Cr2O3 in C3S may be esti
mated at 2 per cent and it corresponds to the data of 
A. I. Boikova (8). When the concentration of Cr2O3 is 
more than 2 per cent, solid solution dissociates as 
a result of chemical interaction with Cr2O3. In the 
presence of TiO2 alite is formed in the shape of short 



prismatic crystals, their refractive indices being higher 
than those of C3S. This indicates the formation of 
the solid solution of TiO2 in 3CaO SiO2.

The hydraulic activity of solid solutions of TiO2 in 
CjS appeared to be higher than that of the pure C3S. 
Therefore, one should consider titanium-containing 
clays as a raw material which is suitable for obtaining 
natural alloying clinkers.

Further, it was important to define more exactly 
the allowable content of P2O5, TiO2, Cr2O3 in the 
clinker and to find the materials suitable for use as 
alloying additions. It appeared that, at a certain con
centration of Cr2O3, free CaO is found in the clinker, 
the amount of which is connected with the CS value 
(CS-coefficient of saturation). The permitted Cr2O3 

amount in the clinker depends upon the CS value. 
It is 2.6% when CS = 0.85; 1.6% when CS = 0.90; 
1.4 % if CS = 0.95.

The concentration of Cr2O3 resulting in the impro
vement of cement properties (approximately 0.25 per 
cent) is five or six times lower than the permitted 
Cr2O3 content in the clinker that allows proportion
ing of chrome—containing materials in a usual way. 
The permitted P2O3 content in the clinker is equal to 
0.10-0.20%. For this purpose it is advisable to deal 
with materials having low content of P2O5, and in cer
tain cases it is necessary to dilute the phosphorus— 
containing material with limestone. The utmost per
missible TiO2 content is estimated at 2-2.5 per cent 
to obtain high alite cements.

The Reasons for Increasing the Hydraulic Activity of Cements in the Presence 
of Raw Material Admixtures or Alloying Additions

It was stated above that the formation of the solid 
solutions of admixtures in C3S increases the hydraulic 
activity if the concentration of the admixture is lower 
than the solubility limit in C3S. If the concentration 
of an admixture or an alloying addition is lower than 
it is necessary for the depolymerization of the struc
ture, its presence leads to the formation of defects 
and vacancies in the lattice of 3CaO ■ SiO2 which ex
plains the higher hydraulic activity of solid solutions 
in comparison to pure C3S. If the concentration of 
admixtures or additions is sufficient to form the 
overstructure, the increase of the hydraulic activity 
is explained by increasing the energy of the lattice, 
by breaking the bonds and by lowering the density of 
the high—temperature form. It should be taken into 
account that the hydraulic activity of C3S containing 
admixtures depends upon the nature of an ion which 
is a part of the structure of 3CaO-SiO2. (basic or 
acidic character, valency, ion radius).

In 1955—56 the works of E. Grzhimek and V. N. 
Young (9,10) appeared in which it was stated that the 
increase of the hydraulic activity of cement may be 
realized by the modification of the microstructure.

E. Grzhimek showed, in particular, that the modi
fication may be realized by introducing certain 
admixtures into the alite lattice and in this way may 
be obtained the alite having the ratio of axes up to 
1:7. Later, U. M. Butt and V. V. Timashov (11) 
developed those works and at present modification 
showed to be a recognized method of improving 
cement quality.

The raw material admixtures affect the physico
chemical properties of the liquid. As far as the greatest 
amount of C3S is crystallized from the clinker liquid 

(liquid phase) and aluminates and aluminoferrites are 
crystallized when the melt solidifies, the presence of 
admixtures or alloying and mineralizing additions 
cannot but affect the crystallization conditions and 
therefore the clinker microstructure. There appeared 
the idea whether the increase of the hydraulic activity 
of cement in the presence of admixtures and alloying 
additions is connected not only with the formation 
of solid solutions but also with the modification of 
the clinker microstructure at the expense of surface— 
active action of admixtures.

From the point of view of adsorption theory, the 
modification should lead to the change of shape, 
since when adsorbing a surface-active substance the 
relation of the crystallization speed is changed on dif
ferent faces. Thermo-dynamic description of the 
phenomena taking place during modification was given 
by P. A. Rebinder and M. S. Lipman (12). According 
to P. A. Rebinder, if the surface activity of da]dc 
is less than zero (the gradient of surface tension in 
concentration) i.e. if the surface tension decreases 
when the concentration increases, the positive ad
sorption takes place and the dissolved substance should 
be considered a surface-active one. And, on the con
trary, if the surface tension increases when the con
centration is raised (doldc is greater than 0) a negative 
adsorption takes place and the dissolved substance 
should be considered as a surface-inactive one. 
Therefore, the surface activity of substances is deter
mined by changing the surface tension of the melt 
and the estimation of the modifier may be based on 
the information about the influence of additions 
upon the surface tension of the melt. That is why 
P. V. Zozulia and G. I. Kopina studied the influence



Table 1.

alumina 
modulus —

P

Composition in per cent

CaO SiO2 AI2O3 Fe^Og

1.0 55.2 7.1 18.85 18.85

2.5 57.0 8.0 25.0 10.0

of Cr2O3, P2O3 and TiO2 on the surface tension of 
the liquid.

To measure the surface tension the method of 
determining the shape of drops of fluid was used. 
The measurement was done at the temperature of 
1400°C. The measurement of the parameters of the 
melted drops on the negative was made by means of 
a microscope. The surface tension was calculated with 
the help of the tables of Bashfort and Adams (13) 
according to the formula:

a = a1 pg 
where

a—is a capillary constant
p—the density of the melt
g—the acceleration of the gravitational force.

There have been two melts chosen the composi
tion of which was determined according to Lea and 
Parker (14), the former corresponding to the composi
tion of the melt at 1450°C formed from the readily 
sintered raw mixture having alumina modulus p = 1.0, 
the latter corresponding to the melt at 1450°C formed 
from hard sintered raw mixture having alumina modu
lus p = 2.5. The chosen compositions are given in 
Table 1.

The additions were introduced into the original mix
tures in the amount providing in the melt 0.25, 0.5, 
2.05, and 4.0 per cent. The results of determination of 
the surface tension are given in Table 2.

The analysis of the data given in Table 2 shows that 
when Cr2O3 and P2O5 are introduced a considerable 
decrease of the surface tension of the liquid is observed. 
The isotherms of dependability of surface tension on 
the concentration of the addition have the appearance 
of the curve convex to the X-axis which is characteris
tic, according to V. K. Semchenko, for the surface 
active substances. Cr2O3 has the greatest surface 
activity: when the content of Cr2O3 is four per cent 
in the melt, Acr = <j0 — f reaches 70-100 erg per 
sq.cm.

One should note the similarity of the values of sur
face tension of the melts having different alumina 
modulus and containing either Cr2O3 or P2O5. There
fore, Cr2O3 and P2O5 are typical modifiers, the intro
duction of which favours the microstructure of the 
clinker, particularly when burning hard-sintered raw 
material.

And indeed, when alloying additions are introduced 
into the raw mixture in amounts providing the maxi
mum increase of hydraulic activity of cement (0.25 % 
of Cr2O3, 0.15% of P2O5 in the clinker), the size of 
the crystals and the habit of alite and belite are 
changed (the elongated alite and split belite appear)
i.e.  the modification of the clinker with the compounds 
of chrome in particular takes place which is one of 
the reasons for increasing the hydraulic activity of 
cements.

Table 2.

alumina 
modulus 

P

a erg per sq. cm

concentration of additions in per cent

without 
additions

Cr2O3 p2o5 tIO2

0.12 0.62 1.25 2.37 3.89 0.10 0.43 0.81 1.80 3.65 2.0 4.0

1.0 562 519 499 486 450 425 561 540 551 533 510 575 562

2.5 608 565 517 486 471 420 555 566 550 520 493 600 548

The Role of Admixtures in the Process of Sintering

It was shown by the author above that the peculiari
ties of sintering raw mixtures of different compositions 
are determined by the properties of the liquid during 
the final period that allows the use of physico-chemical 
analysis as the basis of optimization of raw mixtures 

composition. The presence of admixtures in the raw 
materials, however, cannot but affect the properties 
of the liquid and their viscosity in the first instance. 
That is why P.V. Zozulia made an experimental deter
mination of viscosity of the clinker liquid containing 



MgO and R2O in the laboratory of the chair.
According to the data of Kholin and Entin (15) and 

Mgjdic and Schwiete (16) the greater the decrease of 
the viscosity and of the eutectic melt, the greater the 
content of MgO in the raw material. According to the 
determinations made by P. V. Zozulia, the viscosity 
decrease in the presence of MgO is particularly 
noticable at the temperatures approaching the eutec
tic one. Such viscosity decrease is connected with 
the destruction of the prenucleous groups in the pre
liquid area (group P according to Augustinik (17)) 
and by lowering the eutectic temperature at the 
expence of making the melt composition more com
plex. If MgO concentration in the melt is brought to 
5-6 per cent (1.5-2.0% in the clinker) the viscosity 
of the liquid is again raised. At first the introduction 
of Mg2+ cations having greater field of force than Ca2+ 
(greater electronegativity and smaller radius) promotes 
the transformation of Al3+ and Fe3+ from tetrahedral 
coordination to the octahedral one is accompanied by 
the viscosity decrease. With greater Mg2+ concentra
tion the ion bridge can be formed between the tetra
hedrons of SiO4 which is possible only when MgO 
content in the melt becomes comparable to the silica 
amount that takes place when the MgO concentra
tion in the melt is increased up to 5 or 6 per cent.

In contrast to the generally recognized views it 
appeared that the introduction of alkalies into the 
clinker liquid leads to the viscosity increase. Such a 
mechanism of alkalies action is connected with the 
basicity increase of the melt the result of which is 
that aluminium and iron ions acquire acidic properties 
that leads to the tetrahedral coordination of aluminium 
and iron in relation to oxygen. The complexes [A1O4] 
are able to replace tetrahedrons isomorphously, [SiO4] 
forming alumino—silicon—oxygen frame that increa
ses the viscosity. In the light of the data obtained the 
generally accepted explanation of the peculiarities 
of sintering in the presence of R2O needs to be cor
rected. '

In the system C-S-A-F-R-M the viscosity is 
lower than that of the clinker liquid of the like com
position without MgO. Therefore, it is assumed that in 
the raw material containing alkalies, the presence of a 
small amount of MgO (up to 1 per cent in the clinker) 
or the intensional introduction of such amounts of 
magnesia additions may be favourable for the clinker 
formation, that is confirmed by the investigators (18). 
When there are alkalies and a great amount of MgO 
(more than 1.5% in the clinker) in the raw material 
the raw mixtures will sinter with greater difficulties.

Since the eutectic melts in the system C3S-C2S- 
C3 A-C4AF refer to the associated liquids, the Frenkel 

equation cannot be used for the description of the 
temperature dependence of their viscosity. The tem
perature dependence of viscosity may be well described 
by means of the Evstropiev equation (19). MgO 
effect on the viscosity of the clinker melt brings to 
the changes in the crystallization character as well. 
So, for clinkers containing one per cent of MgO 
the more distinct crystallization of silicates is typical, 
the crystal sections have more regular shapes, greater 
uniformity of size, it referring particularly to alite, 
the uniformity of the distribution of all phases and 
negligible content of joints and aggregates of alite 
and belite. When MgO content is increased up to two 
per cent in the clinker the deterioration of crystal
lization takes place. For clinkers containing alkalies 
(1 % of R2O) zonal structure of the grains is typical— 
in a thin layer on the surface of a grain greater crystals 
of alite are formed—up to 300 micron and in the centre 
their size is up to 50-70 microns. When introducing 
magnesium oxide into alkali-containing raw mixtures 
the weakening of alkalies influence upon the character 
of silicates crystallization takes place.

The cited information shows that most raw material 
admixtures affect the composition and formation of 
alite crystals that indicates the alloying role of certain 
admixtures (natural alloying) as well as the possibility 
of using a number of materials for the artificial alloy
ing of the clinker. It is the alloying action of natural 
admixtures that explains the differences in the activity 
of cements produced at the mills having the same kind 
of equipment and similar clinker composition.

The action of admixtures and additions is seen 
also during the solid phase stage of clinker minerals 
formation, the admixtures and alloying additions 
producing mineralizing and inhibiting effect. Thus, 
there is a direct connection between admixtures and 
alloying and mineralizing additions. Mineralizing 
additions should not be considered only from the point 
of view of catalytic effect. The influence of mineralizers 
upon the properties of the liquid phase of sintering 
clinker may bring about the modification of clinker 
minerals. Besides, mineralizers may affect the peculiari
ties of structure of clinker minerals. Therfore, miner
alizers often have alloying effect. Meaning by alloying 
the artificially introduced additions, one should not 
forget that many admixture additions may be con
sidered as natural alloying materials, rendering proper 
effect if their concentration is low enough. The raw 
material admixtures having high concentration pro
duce harmful effect on technology and properties of 
cement.

Taking into account the facts stated above, the 
author suggests to single out the problem of admix- 



tures and additives including admixtures, as well 
as alloying and mineralizing components into a sepa
rate section of the chemistry of cements.

References

1. R. W. Nurse. “Gen. Appl. Chem.” No 2, 708-716
(1962).

2. R. E. Simanovskaja and Z. V. Vodzinskaya “Cement”
(in Russian) No. 5, Moscow, USSR (1955).

3. G. H. Welch and W. Gutt, “The influence of small -
additions on the hydraulic properties of calcium 
silicates”, p. 56. Proceedings of the Fourth Intern, 
symp. on the Chem. of Cem,., Washington (1960).

4. F. M. Lea, “The chemistry of cement and concrete".
p. 75, London (1956).

5. L. D. Ershov, “High quality cements” (in Russian)
Gostekhizdat. Kiev. USSR (1952).

6. N. A. Toropov and M. I. Borisenko. “Cement” (in
Russian) No. 6, Moscow, USSR (1959).

7. N. A. Toropov and A. I. Boikova. “Reports academy
of sciences” (in Russian) Vol. 137, No. 4, Moscow, 
USSR (1962).

8. A. I. Boikova, M. A. Toropov, M. M. Purutko and
C. V. Grum-Grzhimailo “Inorganic materials”, (in 
Russian) Vol. II, No. 10, Moscow, USSR (1966).

9. E. Gzhimek. Proceeding of the Symposium on Chemi
stry of Cement (in Russian) Promstroiizdat, p. 27, 
Moscow, USSR (1956).

10. V. N. Young “Cement” (in Russian), No. 6, Moscow,
USSR (1955).

11. U. M. Butt and V. V. Timashev. “Technology and
properties of special cements”, (in Russian) Stroi- 
izdat. p. 52, Moscow, USSR (1967).

12. P. A. Rebinder and M. S. Lipman, “Research in the
field of surface phenomena” (in Russian) p. 8. 
Moscow, USSR. (1936).

13. F. Basnforth and G. C. Adams “An attempt to test
the theories of capillary action". Cambridge (1883).

14. F. M. Lea, T. W. Parker, Build. Research Station
Technical. Paper No. 16 (1935).

15. 1.1. Kholin and Z. B. Entin “New in the chemistry and
technology of cement” (in Russian) Gosstroiizdat 
p. 7 Moscow. USSR. (1962).

16. A. Mgjdic and H. E. Schwiele “Zement-Kalk-Gips".
(in German) No. 3 (1959).

17. A. I. Augustinik “Glasslike condition” (Proc of III
Sym. Acad. Sciences. USSR) p. 13. (1960).

18. S. Kakitani and M. Fujisaka “Zement-Kalk-Gips”
(in German) No. 12(1960).

19. K. S. Evstropiev and N. A. Toropov “Chemistry of
silicon and physical chemistry of silicates", (in 
Russian) Promstroiizdat, p. 98. Moscow. USSR 
(1956).



Sapplementary Paper 1-98 Mechanisms and Kinetics of Portland 
Cement Clinker Formation for an Example of the Solid State 

Reaction in the Presence of a Liquid Phase

Renichi Kondo*  and San-Heul Choi**

* Research Laboratory of Engineering Materials, Tokyo 
Institute of Technology, Tokyo, Japan.

** Hanyang University, Seoul, Republic of Korea.

Synopsis

The mechanism and kinetics of the solid state reaction between CaO and C2S to form 
C3S, in the presence of a melt, was investigated.

In order to make clear the mechanism of reaction the sandwich method was employed, 
powdered glassy phase is sandwiched between the compact disk of CaO and j?-C2S. After 
where heating, studies were carried out with the aid of X-ray diffraction, microscopic obser
vation, and electron probe micro analysis. The results show dissolution and diffusion of 
CaO and C2S into the melt. The melt is supersaturated on these components, and C3S 
crystallizes out from the melt.

The viscosities were measured by the ball pulling-up device for the melt containing 
various amounts of CaO, y-C2S, and C3S. The relationship between T) vs. 1/T could not be 
accepted as linear in a wide temperature range.

Furthermore the kinetics of the solid state reaction in the presence of a liquid phase 
has been developed. The reaction is thought to be controlled mainly by the diffusion in the 
liquid phase. On the same assumption, a dander’s type of equation is derived where dissolu
tion is considered in spite of the inward diffusion being assumed by Jander. This equation 
is found to express the experimental data most appropriately.

Finally, diffusion coefficient was calculated from the results on the rate of reaction and 
the concentration difference estimated in the phase diagram. Calculated value was lower 
than those obtained by viscosity and tracer experiments. As these discrepancies are in such 
a magnitude to be compensated by the effects of a limited amount of melt and the tortuosity 
of diffusion path, the assumptions on the kinetics in this study seem to be reasonable.

Introduction

On the solid state reaction a number of studies 
which dealt with the mechanisms and kinetics have 
appeared since the early works of Tamman and 
Jander. So far as a melt is concerned, however, it 
has not been investigated owing to the difficulties 
experienced.

There are also a few studies on the mechanisms 
and kinetics of the formation of portland cement 

clinker. One of the present authors, Kondo (1) in 
his studies on the kinetics of this reaction found it 
necessary to simplify the experimental conditions in 
order to obtain accurate results. Yamaguchi, Uchi- 
kawa, and Kawamura (2), on the other hand, observed 
by microscope that the formation of alite took place 
in the liquid phase. Further, the rate of dissolution of 
CaO, C2S, C3S, and silica in a melt was studied by 
Toropov, Rumyantsev, and Filipovich (3) using a 
high-temperature microscope.

In this paper, the solid state reaction in the presence 
of a liquid phase in the formation of portland cement 
clinker is dealt with.



Experimental Methods and Results

Starting Materials

Starting materials except silica used for synthesis 
were special grade reagents. As the source of silica, 
quartz with high purity was selected and ground. 
It was then purified by acid washing and elutriated 
to cut off coarser particles of more than 10 p, in radius. 
Synthesis of y-C2S, C3S and the glassy phase were 
made. The composition of the glassy phase was chosen 
the invariant point (4) in which C3S, C2S, C3A, and 
C4AF are coexisted at 1338°C. Its chemical composi
tion corresponds to 54.8 CaO 22.7 A12O3 6.0 SiO2 
and 16.5 Fe2O3. The particles of synthetics of limited 
size were then isolated by the Bahco type classifier.

The Reaction on the Boundary Layer

In order to investigate the mechanism of reactions 
on the boundaries of CaO-melt and C2S-melt, a 
sandwich method was designed. A powdered glassy 
phase is sandwiched between the specimens which 
consists of two compact disks of CaO and j?-C2S 
each. After heating in an electric furnace, the specimen 
was air quenched, and then examined by X-ray diffrac
tion, microscopic observation and electron probe 
micro analysis.

X-ray Diffraction

The heat-treated specimen was cut at the position of 

interfaces of CaO and C2S each in parallel with the 
boundary of the two disks and investigated by X-ray 
diffraction on each surface. In consequence, the for
mation of C3S was clarified in the melt of the boundary 
surface. Fig. 1 shows the diffraction patterns of each 
part before heating (A) and after heating for 120 
min. at 1450°C (B).

Microscopic Observation

The heat-treated specimen was cut vertically at the 
boundary of disks and the thin sections were utilized, 
so that it can be observed through the reflection and 
transparent polarizing microscopes. The formation 
of C3S crystals was confirmed in the melt of the bound
ary surface. Fig. 2 shows the appearances forming 
C3S by heat treatment of for 120 min. at 1450°C. The 
crystals of C3S tended to elongate to the parallel with 
the boundary.

Concentration Distribution of Components 
in the Boundary Layer

Since the analysis of the chemical composition of 
micro area of solid surface became possible by elec
tron probe micro analysis, it has been applicable to 
the analysis of cement clinker. The concentration 
distribution of Ca, Si, Al, and Fe on the boundary 
layer was investigated by electron probe micro analysis 

(A) before heating (B) after heated at l,450°C
for l20min. 

Fig. 1. X-ray diffraction patterns of sandwich specimen.



with the results as shown in Fig. 3.
The concentrations of various chemical components 

on the boundary layer were corresponding to the 
theoretical value of mineral components. Nearly the 
same amount of Al and Fe seems to be incorporated 
in both C2S and C3S, more in the former, to form 
solid solutions. The reason for the higher concentra
tion of Si at the holes, is attributed to carborundum 
intermixed at polishing (5).

From the experimental results it is considered that, 
when the sandwiched specimen is heat-treated, the 
glassy phase melts above 1338°C, and dissolves 
CaO and C2S, and then after the melt is supersaturated 
on these components, C3S crystallizes out from the 
melt.

Fig. 2. C3S formed in the melt heated at IdSO^C for 120 min. 
(Open nicol')

H i hole M : melt

Fig. 3. Concentration distribution in sandwich specimen by 
line analysis of EPMA.

Viscosity of the Melt

On the viscosity of the melt assumed to exist at 
the time of portland cement clinker formation, Vysot- 
skii, Butt and Timashev (6) studied the effect of tem
perature and chemical composition, and Sychev, 
Zozulya, Shtefan, and Ivantsova (7) studied the 
influence of raw admixture and additional agents 
such as Cr2O3, TiO2, MgO, P2O5, and K2O + Na2O.

In this study, the viscosities were measured with 
the ball pulling-up device (8) for the melt containing 
various amount of CaO, y-C2S and C3S in the tem
perature range from 136O°C to 155O°C. Fig. 4 shows 
the relationship between the viscosity (jf) and reci
procal absolute temperature (l/T). The relationship 
could not be accepted as linear, in a wide tempera
ture range. The values of activation energy for the 
viscous flow were calculated from the following 
equation, on the assumption that the linear relation
ship holds within a narrow temperature range.

log ti = log A + 0.4343^ (1)
Ki

A marked decrease in the activation energy is 
observed with increasing temperature which may 
result from the structural change.

Fig. 5 shows the influ ?nce of the addition of CaO, 
y-C2S, and C3S respectively on the viscosity of the 
melt. The viscosity increases with the amount of C3S 
or C2S and decreases with the amount of CaO, but 
the effect of composition on the activation energy of 
viscosity affects reversely.

Determination of the Reaction Rate

The raw mixtures consisting of the particles of CaO,

0)

Fig. 4. Temperature dependence of the viscosity of the melt.



Fig. 5. Viscosity isotherms and energy of activation 
for viscous flow.

CaO(%)

(0)

Fig. 6. Fraction of reacted part vs. reaction time.

y-C2S and the glassy phases were pressed at a pres
sure of 100 kg/cm2 to form disk of an area of 1 cm2 
and weight of 1 gr. Determinations of the free CaO 
were made on these disks after they were heat-treated 
and air quenched. For the simplification in the theore
tical treatment, uniform size of particles were used. 
The chemical composition and fineness of the raw 
mixtures and the burning conditions in this experi
ment are as follows:

CaO: y-C2S = 1:1. (molar ratio)

amount of the glassy phase = 15%, 30% (in wt% 
of CaO and C2S)

particle size r = 5/z, 7.5/z
heating temperature = 1400°C, 1450°C
heating time = 2, 4, 8,15, 30, 60 min.
The heating was done in a vertical electric furnace 

with an automatic temperature controller. The speci
men was put into a small container made of platinum 
foil and suspended with platinum wire for the con
venience of rapid heating and quenching.



The free CaO content of the heat-treated specimen 
was determined by modified Franke’s method, using 
a mixture of isoprophyl alcohol and ethyl aceto 
acetate as the extraction solvent.

The reaction ratio are calculated from the value of 

free CaO as shown in Fig. 6. The rate of C3S forma
tion increases with the content of the glassy phase, fine
ness of the particle of reactants, and temperature. 
And the degree of these effect is approximately in this 
order.

Discussion

Mechanism of the Reaction Kinetics of the Reaction

On the reaction of CaO and C2S in the presence of 
the melt, the composition change accompanied with 
dissolution is considered. The phase diagram of the 
system CaO-C2S-C4AF (4) is selected for simpli
fication and used for consideration. Fig. 7 is a part 
of the diagram of above system. The course and com
position of dissolutions of CaO and C2S in the melt 
indicated by point T will be examined. In the process 
of dissolution, if the boundary reaction is sufficiently 
rapid compared with transport, the interface composi
tion has the value of the liquid composition and if the 
boundary reaction is sufficiently slow, the interface 
composition is identical with that of the bulk. We 
shall now consider the mechanism of the formation 
of C3S in making use of Fig. 7. It is expected that the 
Concentration path would be along the straight lines 
T-CaO and T-C2S when CaO and C2S are separately 
dissolved in the melt marked as T. In the concentra
tion path, however, the interface compositions are 
not always located on the straight line but shifts as 
indicated by the dotted line, because of the difference 
in the relative rates of diffusions of the components. 
This effect has been described by Cooper and Kingery; 
Samaddar, Kingery, and Cooper; Oishi, Cooper, and 
Kingery (9) in their studies on the dissolution mecha
nisms in a ceramic system.

If we suppose the temperature is 1450°C, the com
position of melts at the interfaces of CaO and C2S 
should be Cj and D, respectively. According to the 
counter diffusion between the melts Cj and D,, the 
compositions of melts move with the isotherms 
towards M beyond C2 and D2 which indicate the 
solubility of C3S in coexistence with CaO or C2S 
respectively. For the supersaturated solution with 
compositions beyond C2 and D2, C3S is crystallized 
out. After a steady state is reached, the concentration 
of the interface of CaO and C2S are indicated as C3 
and D3, the melt is in this range, as a result of counter 
diffusion between the interfaces. Accompanied with 
increasing temperature, the rate of formation of C3S 
is accelerated because of increasing the amount of 
melt, decreasing of the viscosity and increasing of the 
diffusion coefficient.

Since lander the kinetics of the solid state reaction 
have been studied by many investigators. The effect 
of a melt coexist with reactants has never been 
considered in the solid state reactions, especially 
when they are in powder. In the presence of a melt,

Fig. 7. Detail of the high C<AF portion of the system CaO- 
C2S-C4AF [-#] (.-1) (ß) and schematic illustration of the con
centration difference and diffusion paths in the melt (C).



the starting material are dissolved and diffuse each 
other in a melt from which a product is formed.

Depth of Dissolved Layer

On the assumption that the dissolution begins from 
the surface of a spherical particle of radius r0, the 
volume of the substance unreacted after the time t is

V=^r6-^ (2)

or
V = A-TirKl - a) (3)

from Eq. (2) and Eq. (3), Eq. (4) is obtained

= r0(l - (4)
where f is the depth of the dissolved layer and a is 
the reaction ratio.

Fig. 8 shows the relationship between the depth of 
dissolution and heating time obtained by author in 
comparison with the results obtained by Cooper and 
Kingery (9), and Toropov, Rumyantsev, and Fili- 
povich (3). Within the limits of experimental error, 
the depth of the dissolved layer does not depend upon 
the particle size. The plots of the depth of dissolution 
$ versus the root time treated F/2 can be taken as linear 
in a certain range. It is observed some shift from the 
straight line at the later stage of reaction, and this 
seems to be due to the effect of distribution of the 
particle size, however the powder of reactants was 
elutriated. Above mentioned facts suggest that the 
particle dissolution is diffusion-controlled.

Similar results were obtained by Cooper and Kin
gery (9). However, they employed an alumina rod 
dipped in molten slag. On the other hand, Toropov, 
Rumyantsev, and Filipovich (3) presents somewhat 
different results from those above mentioned, and this 
discrepancy seems to have a relation with their experi
mental conditions in which they used different sizes 
of reactant particles. As the big particle may not be 
a single crystal, it disperses before dissolution so that 
it may be eliminated in a shorter time than expected.

X

Rate of Reaction

The rate of solid state reaction is accelerated by the 
presence of a melt, in which the solid reactants are 
dissolved and counter diffused. The composition of 
the melt is supersaturated with the product which 
crystallizes out from the melt. Assuming that the 
rate is proportional to the concentration gradient 
across the diffusion layer formed around the dissolv
ing particle, as the amount of the melt is limited, the

Fig. 8. Thickness of dissolved layer vs. time of heat-treatment.

T°C giassy 
phase%7^ TC

(1) 1.450 30 7.5 ( 9) 1,480
(2) 1.450 30 5 (10) 1,410
(3) 1,400 30 7 5 (11) 1.350
(4) 1.400 30 5
(5) 1.450 15 7 5 (12) 1,450
(6) 1.450 15 5 (13) 1.400
(7) 1,400 15 7.5 (14) 1.350
(8) 1,400 15 5

area of diffusion is regarded as corresponding to the 
surface of dissolving particle. The following equations 
are derived from Fick’s first law.

= -AD^. (5)
dt x ;

or

(6) dt
where A = 47rr2, = r0 — r, and

= -dr (7)
and hence

+ c = D-AC-t (8)

and c = 0 which the initial condition f = 0 when 
t = 0 therefore

52=2Z).AC.t (9)
from Eq. (4) and Eq. (9)

(1 - v'I^ä)2 = = Kt = F(a) (10)

Thus a lander’s type of equation is derived with a 
clear physical meaning where dissolution is considered 
in this paper in spite of the inward diffusion being 
assumed by Jander. This equation is found to express 
the experimental results with better accordance than



the other kinetic formulas such as the one reported 
by Ginstling.

It is convenient in comparing experimental data 
with Eq. (10) to use a reduced time scale, such as 
//t0-5 where t0.5 corresponds to a = 0.5. Then

F(0.5) = 0.0426 = Kt 0.5 (11)
combining Eq. (10) and Eq. (11) gives

F(a) = 0.0426f—)
■ '-to.5'

(12)

From Eq. (12), a single curve can be drawn on a 
versus t/t0.5. This single curve represents all the data 
obtained in various conditions including tempera
ture, particle size, and content of the melt as shown in 
Fig. 9.

The apparent activation energy E can be obtained 
by Arrhenius’ equation;

log K = log A - (13)

Table 1. Apperent activation energy

Glassy phase 
M(%)

Particle size 
r({i)

E 
(kcal/mol) A

30 5 123 IQie.s
30 7.5 121 IO15'5
15 5 42 1Q5.T
15 7.5 42 IO5-8

As shown in Table 1 the activation energy depends 
upon the content of the melt, so that, the activation 
energy increases with amount of the melt.

Further research will be carried out to examine the 
relation between the rate of reaction and the relevant 
surface area or the tortuosity or the situation of the 
phases.

Activiation Energy

The temperature dependence of the reaction constant 
K on each experimental condition was calculated from 
Eq. (10) and plotted in Fig. 10. The slopes of logE 
(k = r2K) versus 1/Tshow different tendencies accord
ing to the content of melt, that is, the temperature 
dependence becomes greater with the content of 
the melt, and point of intersection of the lines coincide 
with the melting point of the melt.

The value of activation energy in a low amount of 
the melt coincides with the one from viscosity meas
urement. On the other hand, the value obtained with 
a large amount of the melt is in the same order with 
the value reported by Toropov, Rumyantsev, and 
Filipovich (3). The similarity in order obtained by the 
dissolution of various oxides in a melt imply that the 
counter diffusion in the melt is directly related with 
activation energy. There are unexpectedly greater 
values which doesn’t seem to be a real activation energy 
on the material transfer in the melt but contains other 
effects such as dispersion or a change of tortuosity of 
the path for diffusion.



Diffusion Coefficient

The diffusion coefficient of each species could be 
calculated from Eq. (10) in which a is given experi
mentally, r0 and t are known, and AC is approximated 
to one half of the concentration difference between 
C2 and Z>2 in Fig. 7(B).

As the diffusion of silicon in the melt is regarded 
as the slow step in the reaction, calculated results on 
silicon are shown in Fig. 10 as M-line.

Next, the diffusion coefficient is also calculated from 
the following equation.

D= RT
SittlSN (14)

where q is experimentally obtained in this study and 
5 is the radius of diffusing species and assumed to be 
Si4+ ion with 0.4 Ä. Result is shown in Fig. 11 as 
F-line, however, the values must be somewhat lowered 
if the silicate ions are the diffusing species.

On the other hand, tracer diffusion coefficient for 
Si31 in a molten slag has been measured by Towers 
and Chipman (10). In consideration of the melt, 
however, diffusion coefficient must be corrected on 
the basis of the effect of viscosity. Following relation 
must hold good, when T and 5 are the same.

T(°G)

Di) = D'H' (15)
where D and D’ are diffusion coefficients of the melt 
and the slag. and are viscosities of the melt and 
the slag (11). The corrected result is shown in Fig. 
10 as T-line.

In comparison between various results, V and 7 
are in good accordance, however M is lower than the 
formers. This discrepancy is considered to be due to the 
effects of the amount of melt and tortuosity of the 
diffusion paths.

Thus, the assumption on the kinetics in this study 
seem to be reasonable as such result on diffusion 
coefficient was obtained from the rate of reaction.

The authors are indebted to Mr. M. Kobayashi 
and his co-workers for electron probe micro analysis.

One of the present authors, S. Choi is studying 
abroad from Korea at the Japanese Governments 
expense. Thanks are due to the authorities concerned 
of both countries.
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Synopsis

The lime standard formula I was postulated by Kühl on the basis of investigations by 
Spohn. Its modification by Lea and Parker has served for more than 30 years as a valuable 
tool in calculating the raw mix composition. Together with the

' Silica Ratio (Silikatmodul) Q^^pe~Q~ ar|d the

Alumina Ratio (Tonerdemodul)
£‘62'^3

cement properties can be well judged. The following refined Lime Standard Formula is now 
proposed.

t ct nt - 100(CaO + 0.75 MgO)
2.80 SiO2 + 1.18 A12O3 + 0.65 Fe2O3

where the values for MgO shall not exceed 2.0.

The complete analysis data of a cement clinker 
expressed in the oxides CaO, SiO2, A12O3 etc. are not 
very convenient for the purpose of recognizing the 
phase composition from which the cement properties 
can be deduced. The cement manufacturer cannot 
judge directly, whether the mixture has an optimum 
lime content, or whether some lime deficiency will 
lead to poor strength, or excess of lime to expansion 
of the cement product.

A number of manufacturers use Spohn’s lime devia
tion method (1) to measure directly the deviation from 
the optimum lime content. The result can be obtained 
in approximately one hour. Today, however, a com
plete analysis can be made by X-ray fluorescence
method within a few minutes. Here again, we look 
for a method to transform the analysis data to some 
figures which meet our purpose.

For many years, two such methods have been in 
use: One is connected with the name of Bogue, the 

other one with the name of Kühl. Since the time of 
their origin, our knowledge of the chemistry of cement 
clinker has been enlarged. Let us have a look at these 
two methods from the point of view we have today.

The classical research of Bogue and the other scien
tists is still the foundation of our cement industry. 
From the investigation of phase relationships in the 
ternary system CaO-Al2O3-SiO2 and the quaternary 
system CaO-Al2O3-Fe2O3-SiO2 Bogue devised a 
method to calculate the theoretical amounts of the 
cement minerals C3S, C2S, C3A and C4AF. This calcu
lation seems to be ideal for the classification of cement, 
if we suppose that the cement properties can be de
duced from the mineral composition. This helped to 
spread the Bogue-formula (2) all over the world.

Some disadvantages, however, have to be taken 
account of:

1. The formula does not indicate the optimum 
amount of lime in a technical clinker and

2. some errors are introduced by neglecting the 
mutual solid solutions of the clinker minerals 
as well as the fact that the calculated amount 
of C2S partially is not present as a mineral itself 
at sintering temperature but makes up part of 



alite 
belite 
aluminate ' 
ferrite

The data obtained by these methods are compared 
graphically in Fig. 1.

It appears that the alite content is higher than the 
calculated amount of C3S throughout, in some cases 
by as much as 20%. Conversely, the belite content 
is lower than the potential C2S-content. The differ
ences between calculated and measured values for the 
aluminate and the ferrite phases are sometimes posi
tive, sometimes negative, but generally small by com
parison. It can be expected that the latter deviations 
will be more serious in the range of a smaller C3A- 
content than in our samples. Analogous effects have 
been observed by other authors, and they are dis
cussed in detail by Lea (3). According to Krämer 
and zur Strassen (4), the MgO-content is a predo
minant factor in controlling the deviation of the alite 
content from the potential C3S-value. The presump
tive advantage that cement properties can be estimated 
with sufficient accuracy from the potential composi-

the liquid phase. Upon cooling the high-tem
perature equilibrium will be quenched.

The mineral composition calculated according to 
Bogue, has been called “potential composition” in 
the English language. The word “potential” is easily 
forgotten, especially when translating into languages 
which have no corresponding expression. After the 
“potential composition” has been incorporated into 
the standards of some countries, this expression has 
been shifted from the use of the chemists to the use 
of salesmen and cement consumers. They readily 
ignore the word “potential” and even take the cal
culated phase composition for actual or approximately 
so. By the time this formula was borne, one could not 
probably think of the actual size of descrepancies 
which were faintly suggested by that word “potential”. 
Meanwhile, it became evident that in a clinker not 
the pure compounds C3S, CZS etc. are present but 
quite complex solid solutions, and the old names of 
alite, belite and ferritic phase were taken up again.

In order to obtain a comparison between the “real” 
phase composition and the calculated “potential” 
composition according to Bogue’s formula 52 tech
nical clinkers from 9 cement plants were analyzed 
by standard wet-chemical methods for the oxides as 
well as by microscopic point-counting methods for 
their respective phase compositions. The data obtained 
by point-counting methods were transformed to 
weight-percent data by multiplication with the cor
responding density factors:

d = 3.22 g/cm3
d = 3.28 //
d = 3.04 //
d = 3.76 //

Calciumaluminalefernte (actual)

Fig. 1. Comparison of the potential composition of technical 
portland cement clinker and their actual phase composition 

determined by microscopical point counting method.

tion proves to be an illusion.
Another method to transform the analysis data 

has been given by Kühl (5). His consideration is based 
on the comparison of the actual lime content of a 
clinker with the maximum amount of lime to be com
bined under technical conditions, the “Standard Lime” 
(Standardkalk). Taking the Standard Lime as 100, 
the ratio of the lime content of a technical clinker 
to its Standard Lime will be the “Lime Standard” 
(Kalkstandard). Together with the Silica Ratio (Sili
katmodul) S]^A + F) and the Alumina Ratio (Toner
demodul) A /Fan expert has a clear concept of the com
position of a cement and its properties. For the lay
man the figures are not as temptingly demonstrative 
as the “potential composition”—we would say for
tunately they are not.

Kühl’s lime standard formula was based on a 
paper by Spohn (6) who found that the “lime limit” 
of a clinker is controlled by equilibrium conditions 
at sintering temperature. Upon cooling this equilib
rium is quenched. The formula suggested by Kühl 
(5) was

t t _ lOOCaO
“ 2.8SiO, + I.IALO, + 0.7Fe2O3

Basing on the work of Lea and Parker (7) the 
formula was later modified to

T TT lOOCaO
" 2.80SiO, + 1.18ALO, + 0.65Fe2O3 Z 1 Z 3 1 A3

In the British Standards (8) the so-called Lime 
Saturation-Factor of a cement is defined as

y yp CaO — 0.7SO3
"2.8S1O, + 1.2ALO. + 0.65Fe2O3



Fig. 2. CaO liberated from C3S as a function of additions 
of MgO. (77)

(thus taking consideration of the gypsum content of 
cement by the SO3-factor.)

Kühl’s as well as Lea and Parker’s formulas, 
however, are functions of CaO, SiO2, A12O3 and Fe2O3 
only. Minor components, such as MgO, Na2O, 
K2O, SO3, P2O5, TiO2 and others are not being con
sidered although some of them may be present in 
measurable amounts and accordingly exert influences 
on the lime-limit of a clinker. Both formulas, therefore, 
do contain a certain error. It is known for a long time, 
indeed, that with some raw materials lime standard 
values of approximately 100 can be attained, while 
with some other materials the practical limit is lower, 
sometimes, even as low as 96.

In this paper it is attempted to refine the lime stan
dard formula by including a factor for MgO. Investi
gations of the solid solution of Ca3SiO5 with MgO 
(9, 10, 11) (Fig. 2) proved that MgO is replacing CaO 
up to a limit which, being temperature dependent, is 
1.6% MgO at 1450°C the normal firing temperature 
of portland cement clinker.

Since in lime-saturated clinker C3S is a major com
pound and, at sintering temperature, the only solid 
phase in equilibrium with liquid, it is evident that 
the liberation of lime by incorporation of MgO 
in C3S must be a measurable quantity in clinker, too.

In the ternary system CaO-Al2O3-SiO2 the formula
CaO = 2.80SiO2 + 1.18A12O3

is the analytical expression for the straight line 
connecting the point of C3S and the invariant point 
C3S + C3A + CaO + liquid. It must be kept in mind, 
however, that the C3S-phase contains some A12O3 
in solid solution, and the point representing the com
position of the alite-phase is shifted accordingly.

Any MgO added to this phase assemblage is dis
tributed among the coexisting phases alite + liquid 

according to a defined distribution scheme. A set of 
tielines exists, until finally both the C3S-phase and 
the liquid are saturated with MgO and periclase ap
pears. Accordingly the lime-limit is to be defined as 
surface between the points:

1. Alite (saturated with respect to CaO and A12O3)
2. Invariant point C3S + CaO + C3A + liquid
3. Invariant point C3S + CaO + C3A + MgO 

+ liquid
4. Alite (saturated with respect to CaO, A12O3 

and MgO)

The line through the latter two points at the same 
time is the magnesia-limit.

These four points do not lie in one plane, however, 
and the surface connecting these points is slightly 
contorted. Its analytical expression is complicated and 
not suitable for quick calculations on clinker analyses.

It is more convenient to select a certain sector of this 
surface around “normal" clinker compositions, treat
ing the latter as a plane by approximation.

Analogous problems arise on defining the lime
limit in the quinary system CaO-MgO-Al2O3-Fe2O3- 
SiO2, requiring the same limitations to “normal” 
compositional ranges.

Preliminary experiments were conducted to prove 
the assumption, that CaO is liberated by addition of 
MgO to clinkers.

A laboratory clinker with composition:
CaO 69.69%
A12O3 5.46%
Fe2O3 3.64%
SiO2 21.21%
Alumina Ratio 1.50 
Silica Ratio 2.33

—thus representing a “normal” portland cement 
clinker-composition—was carefully mixed from r.g. 
reagents and heated to a temperature of 1500°C, 
rapidly cooled and analysed for free CaO after the 
method of Franke (12)*.  Subsequently this finely 
ground homogeneous clinker was subdivided into equal 
portions of 3 grams each, and different, well defined 
amounts of MgO were added to each sample which 
was finally heated for a second time for two hours at 
1500°C to accomplish equilibrium. After cooling the 
free lime was determined. The sample’s increase in 
free lime above that of the magnesia-free charge was 
entered into a graph (Fig. 3) against the corresponding 
addition of MgO.

*In preliminary experiments, the method after Schlaepfer- 
Bukowski (13) was applied. This method, however, introduces 
analytical errors by attacking the C3S-phase.



Fig. 3. Increase in free CaO by additions of MgO to a laboratory 
clinker with “normal’' clinker composition.

The curve in Fig. 3 may be subdivided into three 
sections:

In section I (low magnesia-contents) a steady 
increase in free lime, proportional—but not equiva
lent—to the MgO-additions is observed. This is due 
partly to the solid solution of MgO in alite, thus 
causing a liberation of free lime as demonstrated in 
Fig. 2 and partly to the solution of MgO in the liquid 
phase at sintering temperature, thus causing a change 
of its composition to lower CaO-contents. No periclase 
has been observed during microscopical investigation 
of these samples. Thus all MgO is present in the com
bined form. '

In section II the free lime content with a smooth 
curve passes through a maximum and then decreases 
with higher MgO-contents to lower free CaO-values. 
No satisfactory explanation so far is given for the 
maximum of the curve. It may be due to supersatura
tion of the sample with respect to MgO. The first 
periclase is observed on the descending part of the 
curve.

In section III (high magnesia-contents) the curve 
is straight again and practically parallel to the abscissa. 
Further additions of MgO do not exert any influence 
on the lime-limit of the clinker. They result in forma
tion of periclase which can be observed microscop
ically.

The following information is gained from the curve:
1. The relationship between liberated CaO and 

combined MgO-the “C/M-ratio”—is given by 
the slope of the curve in section I.

2. For the limiting amount of MgO to be combined, 
the maximum of the curve should be representa
tive. Since, however, the data in section II of 
the curve were less reliable and were, moreover, 
influenced by the cooling rate, the intersection 

Fig. 4. Influence of variable silica-ratio on the combination of 
MgO and liberation of CaO in laboratory clinkers.

of the two straight portions of the curve— 
sections I and III (point “X” in Fig. 3)—was 
preferred to define the magnesia-limit. In addi
tion, this point makes it possible to determine 
the amount of CaO liberated by MgO, regardless 
of higher MgO-concentrations.

The above model clinker was selected to have a 
normal clinker-composition. It is necessary, however, 
to investigate whether

1. the C/M-ratio and
2. the magnesia-limit

are influenced by a change of composition or of 
temperature. For the purpose a series of laboratory 
clinkers was investigated by analogous methods.

Fig. 4 presents graphically the results of these 
experiments on some clinker with constant alumina
ratios AjF but changing silica ratio Sj(A + F). With 
increasing silica ratio there is a shift towards higher 
C/M-ratios of the first section of the curve, but a 
decrease of combined MgO. In the range of normal 
clinker compositions, however, this shift is small.

Fig. 5 shows the results of experiments on clinker 
with constant silica ratio but varying alumina-ratios : 
The C/M-ratio remains essentially unchanged, but 
the total amount of combined MgO increases with 
increasing Al2O3-content and decreases with increas
ing Fe2O3-content.

Fig. 6 shows the influence of the firing temperature 
on the solution of MgO in the solid and liquid clinker
phases: Again the C/M-ratio remains unchanged 
while the total amount of MgO combined is tempera
ture dependent.

From the above data the following deductions are 
made:

1. The C/M-ratio is independent of temperature



Fig. 5. Influence of variable alumina ratio on the combination 
o/MgO and liberation of CaO. ’

Fig. 7. Experimental. data on the CjM-ratio of all clinker 
samples investigated in the range of silica ratio 1.5-4.0

Fig. 6. Influence of temperature on the combination of MgO 
and liberation of CaO from a laboratory clinker. The curves 
marked 1600°-I400° and 1400°-! 100°C show the corresponding 
results on clinker samples heated to the higher temperature 
indicated and cooled slowly—within 1 hour—to the lower 
temperature.

and of the alumina-ratio of the clinker, but it is slightly 
shifted with the silica ratio. This shift, however, is 
small, being hardly greater than' the experimental 
error if only normal cement compositions with silica 
ratio = 1.5 — 4.0 are considered. Fig. 7 contains 
all experimental data within this range. The weighted 
average of these points lies on a line representing a 
C/M-ratio of 0.75. Accordingly, it may be con
cluded that MgO is distributed among the solid and 
liquid clinker phases in such a way that as a resultant 
effect for each weight unit of MgO dissolved 0.75 
units of CaO are liberated. This distribution factor 
is independent of temperature in the investigated 
temperature range.

2. The total amount of MgO combined is influenced 
by a greater variety of factors:

Table 1. The magnesia-limit at various clinker compositions

s 
A + F 1.50 1.86 2.33 3.0 4.0

A
F
0.64 (2.5>* (2.3) 2.1 (2.0) (1.9)
1.50 2.6 (2.4) 2.2 (2.1) 2.0
4.0 (2.7) (2.5) 2.3 (2.2) (2.1)

♦numbers in brackets are interpolations

The increase of the MgO-limit with temperature 
(±0.6%/100°C according to Fig. 6) is in agreement 
with the higher solubility of magnesia in the liquid 
phase at higher temperatures, and at the same time 
with the temperature dependence of the solid solution 
of MgO in C3S.

Since the concentration of MgO in alite (1.8% 
MgO at 1500°C) is considerably lower than the mag
nesia content of the Mg-saturated liquid (5.5% 
MgO at the invariant point C3S + CaO -j- C3A 
+ MgO + liq. (14) and ±5.0% MgO at the invari
ant point C3S ± CaO ± C3A ± ferrite ± MgO ± 
liquid (15)) an increase in the liquid content will result 
in a corresponding increase of the magnesia-limit. 
Since the concentration of the silicates (i.e. of C3S 
at the lime limit) and of liquid are controlled by the 
silica-ratio, and since, moreover, with constant 
silica-ratio a clinker with higher alumina-ratio con
tains a higher amount of liquid, the influence of these 
factors on the total amount of combined MgO is 
explained.

The following data for the magnesia-limit in clinker 
in equilibrium at 1500°C are taken from Figs. 4 and 5.

Thus for compositions of technical portland cement 
clinker (inside the frame in the table) about 2.1-2.5%



Fig. 8. Comparison of the formulas LSt II (open circles') and 
LSt III (black dots') as applied to technical clinker from nine 
different cement plants. The lime limit of these clinkers has 
been determined by the lime deviation method. The straight 
lines at LSt = 98 and 102 define the total error tolerated in 
wet-chemical routine-analyses.

MgO are combined by alite and the liquid phase at 
1500°C. Assuming a temperature dependance of 0.6% 
MgO/100°C (see Fig. 6), this range will be shifted to 
1.8-2.2% MgO at 1450°C, or, in the average, to 
2.0% MgO.

The magnesia-limit at 2.0 % MgO is supported by 
microscopical investigation of technical clinker: 
With considerable regularity periclase is observed in 
clinker with more than about 2.0% MgO. There are 
exceptions, however. In some cases clinker with MgO- 
contents of up to 2.5% did not show periclase, or, 
on the other hand, clinker with lower MgO-concen- 
tration contained periclase. Mostly the latter case, 
however, may be due to inhomogenities of the raw 
mix.

In order to apply these results successfully to tech
nical conditions they may be simplified as follows:

A maximum of 2.0% MgO can be combined in 
clinker at a CaO/MgO-ratio of 0.75.

Based on these data a factor for MgO may be in
cluded into the formula LSt II. Since MgO is equiva
lent to CaO, this factor must be added to the amount of 
CaO. '

The modified formula will be:'

T ttt WO(CaO + 0.75MgO)
2.80SiO2 + I.I8ALO3 + 0.65Fe2O,

for all compositions with MgO sS 2.0 % and

T5;tTTT 100(CaO + 1.50)
2.80SiO2 + 1.18A12O3 + 0.65Fe2O,

for clinker compositions with MgO > 2.0%.
In order to check whether the new formula is an 

improvement for the calculation of the lime limit 
under technical conditions, carefully analysed clinkers 
from nine different cement plants were tested: They 
were finely ground and according to Spohn’s lime 
deviation method mixed with a well defined addition 
of CaCO3, then subsequently heated for 30 minutes 
to 1450°C. Free lime was determined and subtracted 
from the bulk composition. The results were calculated 
according to LSt II and LSt III. Under ideal conditions 
now the lime standard should be equal to 100. The 
experimental results are compared graphically in 
Fig. 8. Here the open circles represent the calcula
tions after LSt II while the black dots show corre
sponding data for LSt III.

From Fig. 8 it follows that the points calculated 
after LSt II are, in the average, distinctly too low.



Fig. 9. Standard Lime for clinker of three different cement 
works (A, B and C)

Open circles: heated for 30 minutes at 1450° C
Black dots: heated for 15 hours at 1500°C

Calculated after LSt III the points are shifted to 
higher values. For the greater part of the investigated 
clinkers they now fall within a range between LSt 
= 98 — 102, which is set by tolerance limits of wet
chemical analyses in plant laboratories.

It may be noted that still some of the points are too 
low, but some distinctly too high. On comparing the 
clinkers of single plants seperately, it is demonstrated 
that a certain high or low deviation is typical for each 
cement plant. These deviations are due to the influ
ence of further minor components in clinker. Some 
clinkers, containing more alkalies than their equivalent 

of SO3 will have the tendency to shift the points to 
lower LSt values, while others containing more SO3 
will shift the points to higher LSt values. Expelling 
these components by heating the sample for a few 
hours at 1500°C helped to shift these points closer 
to the line of LSt = 100 (Fig. 9). Here we find an 
indication that the formula LSt III still can be 
improved by further investigations.

In consideration, however, of the fact that our values 
are within the range of analytical error, the formula 
LSt III seems to be accurate enough for most practical 
purposes.
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SESSION 1-3 ANALYSIS OF PORTLAND 
CEMENT CLINKER

Principal Paper 1-3 The Analysis of Portland Cement Clinker

Goro Yamaguchi and Shigehide Takagi*

Synopsis 1

The identification study in the cement chemistry by the X-ray powder diffraction 
method has been developed immensely since diffraction patterns of the cement minerals 
became able to be interpreted precisely. Circumstances of the development are described.

As to the separation of the cement minerals from clinker, physical separation and 
chemical separation were employed. Any separation method was not perfect alone but combi
nation of treatments was useful for clarifying the nature of the minerals.

Analysis of the chemical composition of the minerals and the mineral composition of 
clinker was attempted using a combination method of separations and chemical analysis.

Transmitted light and reflected light microscopy are both useful for analyzing the 
texture of clinker, especially the former is indispensable for clarifying it completely. Using 
these methods the inversion texture was interpreted. •

Using an electron microscope fine textures of inverted belite were analyzed and photo
graphs are presented.

Application of an electron probe microanalyzer to the clinker analysis is explained. 
Photographs of reflected light microscopy and electron probe microanalysis in the same 
field of clinker are presented and explained in order to clarify alite, belite, ferrite and alumi
nate textures.

The chemical composition of the minerals and the mineral composition of clinker 
obtained by several methods are discussed.

Introduction

It is so long since portland cement has been invented 
and it seems that the improvement has been already 
at a top level. In spite of the scientific researches per
formed by many investigators, the analysis from the 
standpoint of the modern materials science is not 
enough and delicate properties of cement are still left 
not clear.

The first problem is about the nature of the clinker 
minerals. What are true chemical compositions of 
alite phase, belite phase, ferrite phase and aluminate 
phase? What are their crystal structures? What 
relationship is there between properties of cement 
such as hydration, hardening etc. and the natures of

‘Faculty of Engineering, The University of Tokyo, Tokyo, 
Japan. 

mineral phases? About those problems there exist 
many questions.

The second problem is how do those minerals exist 
and make textures in clinker. Although the develop
ment of measuring and observing equipments made 
some successful answers possible, many questions are 
yet left as future problems.

The third problem is how their textures are pro
duced in sintering and cooling processes of manufac
turing. The process and the result of solid state 
reaction, crystal growth and modification transition 
have many insolvable points.

At this circumstance a project of this thesis is to 
attempt to systematize an analytical method of cement 
clinker. In order to approach to the project many 
analytical procedures conducted by former investiga



tors were practiced, considered and improved and 
new procedures were developed using several Japanese 
clinkers as testing samples.

Mineral phases mainly objected in this experiment 
are four major components of clinker, that is, alite 
phase, belite phase, ferrite phase and aluminate phase, 

and minor components are treated in a necessary case. 
Clinkers employed in the experiment are ten kinds from 
Japanese factories denoted Nt, N2, N3, N«, N5, R, 
Mj, M2, W; and W2. N means normal cement, 
R rapidly hardening cement, M moderate heat cement 
and W white cement.

Identification by the X-ray Diffraction

The identification of the cement minerals by the 
X-ray powder diffraction method has been carried out 
since so long time. However, the correct interpretation 
of diffraction patterns has not been done before the 
development of a recording X-ray diffractometer. The 
same subject was dealt with in the last symposium but 
this time it will be described on the standpoint of 
clarifying circumstances.

The X-ray powder diffraction data before the devel
opment of a recording X-ray diffractometer were less 
reliable, because many diffraction lines were not in
dexed and some times wrongly indexed. The develop
ment of the apparatus resulted in correct measurement 
to separate and index multiplets and to revise wrong 
indexings. Those studies were conducted by many 
investigators by means of synthesizing and examining 
clinker and its component minerals in pure state and 
solid solution state.

A recording X-ray diffractometer caused splendid 
progress in a field of the identification of the cement 
minerals. However, its weak point is that it cannot 
resolve an extremely close multiplet because of 
adjoining of at and a2 diffractions although it has a 
higher resolution power than an ordinary diffraction 
camera. For this purpose an application of a focusing 
diffraction camera caused the wonderful results.

The following is description about respective mine
rals. Through this experiment a diffraction angle is 
expressed in 20 by Cu Ka radiation.

Alite and Relating Minerals

R. Naito, Y. Ono and T. Iiyama (1957) (1) describ
ed examining characteristic powder diffraction pat
terns of pure C3S and C3S solid solution that a 
diffraction pattern of pure C3S mentioned as triclinic 
seemed more complex and lower symmetric than that 
of C3S solid solution mentioned as monoclinic and that 
indexing of the powder diffraction patterns seemed 
nearly impossible.

However, G. Yamaguchi, H. Miyabe and K. Tanaka 
(1959) (2) successfully attempted to index the main 
diffractions of pure C3S and C3S solid solution using 

a pseudo-orthorhombic provisional lattice based 
upon the result of the structure analysis done by J. W. 
Jeffery (1952) (3). Moreover, G. Yamaguchi, H. 
Miyabe (1960) (4) measured precisely and indexed the 
diffraction patterns of the triclinic and the monoclinic 
lattices, and succeeded in an interpretation of the 
diffraction patterns and a calculation of the lattice 
parameters, and presented useful data for the identifi
cation of the minerals.

The characteristics of the diffraction pattern of C3S 
minerals are diffractions of 221, 401, 222 and 402 at 
29°-30°, 009, 224, 404, 225 and 405 at 31°-34O, 228 
and 319 at 41°, and 620 and 040 at 51°-52°. These 
indexes are after the provisional pseudo-orthorhombic 
lattice of Yamaguchi et al. Among these diffractions 
620 and 040 diffractions are most important because 
they are independent from other minerals and 
remarkably changeable according to lattice deforma
tion.

N. Yannaquis, M. Regourd, Ch. Mazieres and A. 
Guinier (1962) (5) mentioned there exist six kinds of 
polymorphs in pure C3S, and they denoted 7), Tn 
and Tm in triclinic, and Mlt in monoclinic and 
R in trigonal according to an experiment using a 
focusing camera. They did not agree with the indexing 
of Yamaguchi et al. but it seems misunderstanding as 
well as a description in “The Chemistry of Cement” 
by J. W. Jeffery (1964) (6). M. Regourd (1964) (7), 
however, adopted the principle of Yamaguchi et al. 
and connected her result with that principle using a 
pseudo-hexagonal lattice based on the trigonal lattice 
instead of the pseudo-orthorhombic lattice of Yama
guchi et al. She suggested 7) and Tu have large lat
tices because of some extra diffractions of long spac
ings and Mu might be orthorhombic. According to 
the author’s opinion, it is more convenient to use the 
pseudo-orthorhombic lattice as a provisional lattice, 
anyway it is no more than a convenient one.

H. Miyabe and D. M. Roy (1964) (8) studied that 
problem using a recording X-ray diffractometer and 
recognized polymorphs corresponding to and Tn 
but not Tm and Mn. This disagreement seems due to 
the lower resolution power of a recording diffractom
eter than a focusing camera.
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Fig. 1. Characteristic diffraction pattern of triclinic C3S

32 . 33 51 52
20 CuKa.

Fig. 2. Characteristic diffraction pattern of monoclinic C3S

Fig. 3. Fine structure of diffraction pattern of 
C3S polymorphs (7)

Besides thermal polymorphism of C3S, studies of 
lattice deformation caused by impurity solid solution 
were carried out. G. Yamaguchi and H. Uchikawa 
(1960-1) (9), (1961-2) (10) described that a triplet 
diffraction at 51°-52O of triclinic C3S solid solution 
with Na2O gets closer in proportion to an amount of 
Na2O and inverts into monoclinic having a doublet 
diffraction with 040 shifted to high angle side.

G. Yamaguchi, H. Uchikawa, S. Takagi and H. 
Koike (1962) (11) and G. Yamaguchi, H. Uchikawa 
and S. Kawamura (1961) (12), (1962) (13) recognized 
the same phenomena in C3S solid solution system with 
A12O3, Fe2O3 and Na2O. G. Yamaguchi and H. 
Uchikawa (1962) (14) traced that lattice deformation 
concerning to alite in commercial clinkers. G. Yama
guchi and K. Kato (1962) (15) studied a lattice defor
mation in the solid solution system with MgO and 
A12O3. E. Woermann, Th. Hahn and W. Eysel (1963) 
(16) and H. G. Midgley and K. E. Fletcher (1963)

(17) performed the same investigation more minutely. 
Especially Woermann et al. found out a discontinuity 
of spacing shift among triclinic forms with gradiently 
different amount of impurities and denoted them Tt 
and Tn corresponding to pure C3S polymorphs.

Y. Ono, T. Uno and Y. Kanai (1965) (18) synthe
sized triclinic C3S solid solutions with various impuri
ties having different features of diffractions. These 
phases seem to be discontinuous one another, but it 
remains as a problem to define them as different 
polymorphs until the certification of the phase dis
continuity or another certification would be done.

G. Yamaguchi and K. Kato (1964) (19) and G. 
Yamaguchi, K. Shirasuka and T. Ohta (1966) (20) 
examined that monoclinic C3S solid solution inverts 
into triclinic by reheating.

Recently M. Bigare, A. Guinier, M. Regourd, 
N. Yannaquis, W. Eysel, Th. Hahn and E. Woermann 
(1967) (21) summarized this C3S polymorphs problem
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Fig. 4. Shift of diffraction of C3S solid solution with MgO 
and AhOadö)

and confirmed the correspondency of 7^, Tn and Tni 
in the pure system to those of the solid solution system 
from the standpoint of the spacing discontinuity and 
the differential thermal analysis.

The classification and the identification of poly
morphs among those which have only such very small 
gaps of physico-chemical continuity as seen in the C3S 
system are delicate problem and it needs much more 
experiments to systematize the problem. Any way, 
since Yamaguchi et al. have succeeded in interpreta
tion of the X-ray powder diffraction through Bigare 
et al. have summarized the problems, a splendid prog
ress has been brought in this field.

As to relating minerals, S. Akaiwa, G. Sudoh and 
M. Tanaka (1966) (22) found and analyzed a new 
mineral HCaO-4SiO2-CaF2 which resembles C3S 
structurally.

^CßtC^/n
; CoC(Pnma) I
I I

Fig. 5. Relation of C2S lattices among ßPl 1/c, j3P2 1/n, a' 
Pmna and aP3cl

Table L Relation of equistructural indexes of C2S

ÄP3cl 3P21/C

101

102

110

201

202

rn.
1102

1211

1202

[013

1020

[122
1104

[222 
(204

110 111
112 in
012 012
122 121

121 121

022 022
104 103

102 103
200 200

’214 212

210 212
014 014

’224 222

,220 222
024 024

Belite and Relating Minerals

G. Yamaguchi, H. Miyabe, K. Amano and S. 
Komatsu (1957) (23) and G. Yamaguchi, Y. Ono, 
S. Kawamura and Y. Sohda (1963-1) (24), (1963-2) 
(25) interpreted and indexed X-ray powder diffraction 
patterns of C2S polymorphs at high temperature and 
stabilized by several impurities, using a provisional 
lattice based on the monoclinic lattice obtained by 
C. M. Midgley (1952) (26) and presented useful data 
for identification. The lattice of ^-C2S should be P2 1 /c 
after International Table for X-ray Crystallography 
(27) but P2 1/n is more convenient to compare with 
the a'-C2S lattice (Pnma). The indexes will be shown 
in P2 1/n followed by those in P2 1/n as hkl (h'k'l').

Characteristic diffractions of )?-C2S are 104(103), 
122(121), 202(200), 022(022) and 120(121) at 32o-33°, 

102(103) at 34° and 014(014) and 031(031) at 41°. 
However, all these diffractions overlap to those of 
C3S, so that these diffractions are not convenient for 
identification. For that purpose 121(120) diffraction 
at 31° is independent and convenient though it has 
somewhat weak intensity.

As to a-C2S, 110 diffraction at 33° is the strongest 
and characteristic one though it situates rather near 
by diffractions of others.

The strongest diffraction of a'-C2S, 020, 211, 202 
at 32°-33° overlaps to others then 013 diffraction near 
by 110 of a-C2S is characteristic. Suggestions of a 
slight inversion in a'-C2S, a(, < y a'H, were presented 
by D. K. Smith, A. J. Majumdar and F. Ordway 
(1961) (28) and K. Niesel and P. Thormann (1967) 
(29), although confirmation by the X-ray diffraction 
was not carried out.



Fig. 6. Diffraction pattem of /?C2S (P21/c)

Fig. 7. Diffraction pattem of «CzS

Fig. 8. Diffraction pattern of a'CiS (Pnma)

The lattice parameters and the situations of diffrac
tions of polymorphs of pure C2S can not be obtained 
because pure C2S inverts into y-C2S at room tempera
ture. The shift of the lattice parameters and diffrac
tions of polymorphs of C2S solid solutions according 
to impurity amount cannot also be determined be
cause each polymorph is not able to be stabilized by 
any kind and any amount of impurities. However, the 
fact that a shift of diffractions of C2S is caused by 
impurity is shown in data of G. Yamaguchi, Y. Ono, 
S. Kawamura and Y. Sohda (1962) (30).

As to relating minerals, a precise interpretation of 
X-ray powder diffraction of KC23S12 was done by Y. 
Ono (1963) (31), a diffraction of merwinite, C3MS2, 
was correctly determined from powder diffractions 
and single crystal data by G. Yamaguchi and K. 
Suzuki (1967) (32) although questionable data of M. A.

30 35 40 45 50 55 60 65
20 Cu Kot.

Fig. 9. Diffraction pattern of C4AF

Fig. 10. D-spacing of C4AF solid solution of C2F-C2A system

Bredig (1945) (33) (34) had been so far quoted, and a 
intermediate mineral, (C2S)5.6(C3MS2)4.4, between 
C2S and C3MS2 was reported by W. Gutt (1961) (35).

Ferrite and Relating Minerals

The lattice parameters of C4AF solid solution had 
been determined by the single crystal analysis but the 
analysis of powder diffraction patterns for identifica
tion had been incorrect, for instance, diffractions of 
141 and 200 had been misindexed. G. Yamaguchi and 
A. Kato (1957) (36) correctly analyzed it followed by 
E. F. Bertaut, P. Blum and A. Sagieres (1959) (37) 
who determined the atomic parameters also. Relation 
between compositions of solid solutions and d-spa- 
cings has been measured somewhat differently accord
ing to investigators. Fig. 10 shows data of G. Yama
guchi et al. and D. K. Smith (1962) (38).

A. Kato (1958) (39), (1959) (40) studied the solid



Fig. 11. D-spacing of C<AF solid solution with SiOz, right 
scale side corresponds to C^F mol %

Fig. 12. Lattice parameters of C4AF solid solution with MgO
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solution system of C4AF with MgO and SiO2 and 
found out the fact that some spacings and crystal 
axes expand according to the dissolution of MgO 
and SiO2. '

Aluminate and Relating Minerals

Pure C3A and its solid solution with small amount of 
impurities are cubic having diffractions analyzed 
already but the splitting of cubic diffractions has been 
recognized by many investigators in the case of solid 
solution with some amount of Na2O, especially 
NC8A3. A. E. Moore (1963) (41) interpreted the 
splitting as a formation of an orthorhombic lattice. 
J. A. Conwicke and D. E. Day (1964) (42) dealt with 
the same problem and K. E. Fletcher, H. G. Midgley 
and A. E. Moore (1965) (43) summarized well this 
problem. '



Fig. 14. Diffraction pattem of cubic C3A

( 2 6) CuKoc
Fig. 15. Diffraction pattern of orthorhombic C3 A

A shift of diffractions caused in cubic C3A by small 
amount of impurities such as Na2O, MgO, SiO2 and 
Fe2O3 was investigated by C. M. Schlaut, D. M. Roy 
(1965) (44), A. J. Majumdar (1965) (45), P. Tarte 
(1965) (46) and A. E. Moore (1966) (47) and it was 
clarified that Na2O, MgO and SiO2 cause shrinking 
of a lattice while Fe2O3 causes expanding.

Commercial Clinker

Fig. 17 is a typical X-ray powder diffraction pattern 
of a commercial clinker. In general the pattern of 
alite is dominant because of its large amount and high 

15.2 5 LElEliuJ—1-------1,u.
0 5 10 15 20 25 

C3F mol %

, 0 . ■
d(A) '

1530
1 1 1 1 1 "

" Tarte (1310°C)"

15.29

15.28
/ .....  Moore 0

■/.....5ryfed)(i35oc>

15.27v■

1526 /Schlaudt and Roy -

15.25
?[sl 1T- 1 r-| t , 1 | f e

Fig. 16. Lattice parameter of C3A-C3F solid solution

Fig. 17. Typical diffraction pattern of commercial clinker

crystallinity.
At 51°-52°, 610 and 040 diffractions of alite (A) 

appear as a doublet in the case of monoclinic but a 
triplet in the case of tricilnic, so that a question which 
is dominant whether monoclinic or triclinic is detect
able. At 41°-42°, 228 and 319 diffractions of alite 
and 014(014) and 031(031) diffractions of belite (B) 
as ^-C2S are overlapping. At high angle side of 34°, 
225 and 405 diffractions of alite are dominant but 
102(103) diffraction of belite is overlapping. At low 
angle side of 34°, 141 diffraction of ferrite (F) solid 
solution appears. Its 200 diffraction appears at about 
1/2° lower from 141 in the case of pure C,AF but in 
the case of commercial clinker it usually overlaps to a 
low angle side of 141 diffraction with clearance about



1/4°. Other diffractions of ferrite solid solution appear 
at 47° overlapping to high angle side of 40,10 and 
22,10 diffractions of alite and at 12° independently. 
The former diffraction is 202 and the latter 020.

A diffraction at 33.3° is 440 of aluminate (L) but 
this is somehow overlapping to 220 of C4AF in the 
case of pure minerals. However, in the case of com
mercial clinker the overlapping does not realize. If a 
part of belite is the form of a-C2S or a'-C2S, 110 
diffraction of the former or 013 diffraction of the latter 
appears near 33°. At 32°-330, 009, 224 and 404 dif
fractions of alite and 104(103), 122(121), 202(200), 
022(022) and 120(121) diffractions of belite as J?-C2S 
appear overlapping and forming two peaks. A dif
fraction at 31° is 121(120) of belite as j8-C2S and 
diffractions at 29o-30° are 221, 401, 222 and 402 of 
alite. Figs. 18 a-j are diffraction patterns of Japanese 
commercial clinkers.
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Fig. 18. Diffraction pattern of commercial clinker



Monoclinic alite is dominant in all clinkers and 
belite is jff-C2S except diffractions at 33° in N, and N2 

seem belonging to a-C2S. In Wt and W2 there exists 
little amount of ferrite but a large amount of aluminate.

Heavy Liquid Separation

The heavy liquid separation study of the cement 
minerals has been carried out since long time but 
perfect separation is very difficult. On the other hand 
a separation yield is so small that there is a fear whe
ther or not a gathered sample may represent a whole 
lot. The method of separation employed in this experi
ment to gather average samples as far as possible was 
as follows:

Clinker were pulverized into particles all passable 
through a 4900 mesh (88/z) sieve. Then 10 kg of them 
were suspended in absolute alcohol and particles 
smaller than 20/z were removed by sedimentation. Next, 
3 kg of them were treated with a magnetic separator 
repeatedly until 300 g of sample with low ferrite con
tent remained. At last, the centrifugal separation by 
heavy liquid of a definite specific gravity was employed 
to gather alite part and belite part. The liquid was 

made from methylene iodide-benzene mixture. Prop
er ranges of specific gravity were 3.13-3.17 for alite 
and 3.18-3.26 for belite. Figs. 19a-j are X-ray dif
fraction patterns of separated alite parts and Figs. 
20a-j are those of belite parts.

Difficulty of the separation is differrent according to 
kind of clinkers. In general, alite is separated easily 
but belite is not and has a tendency of being accom
panied with ferrite and alite.

The belite parts of N, and N2 show strong diffrac
tions at 33° and they seem to be 110 diffractions of

d N4
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Fig. 19. Diffraction pattern of alite part
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Fig. 19. continued

CN3
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Fig. 20. Diffraction pattern of belite part

Table 2. Comparison of 110 diffraction of a-CjS 
and 013 diffraction of a'-CjS

110 diffraction 
of a-C2S 013 diffraction of a'-C2S

Stabilizer p2o5 AlaOg, Fe2O3 MgO N, N3
and Na2O and K2O

Literature (23) (25) (23) (25)
26 33.00 33.02 33.27 33.28 33.00 32.97

a-C2S. However, 013 diffraction of a'-C2S is expected 
to appear near by, so that a careful checking is needed 
to confirm that the diffraction is whether a or a'. 
Table 2 shows the checking data of them.

These data show a-C2S is probable. If the diffrac
tion were 013 of a'-C2S the strongest diffraction of 
020 and 211 would appear together at 33.5° and a shape 
of diffraction peak would change immensely. As a 
further evidence for a-C2S, nearly pure a-C2S was 
gathered by careful separation of N, clinker as shown 
in Fig. 21. This problem will be reported separately 
(48).

It was not until the precise interpretation of X-ray

powder diffraction patterns of cement minerals could 
be established that a discussion of this kind became 
possible. (

A principle of the separation method mentioned 
above is an equal weight sampling from all parts of 
clinker, so that it does not contain such a pretreatment 
that ferrite-less parts in clinker are selected. Therefore, 
the interstitital phase is apt to adhere to alite and 
belite, and a perfect separation is nearly impossible.

Another experiment of separation including a pre
treatment of selecting ferrite-less parts was perform
ed, although it might be a problem in an equal weight 
sampling. X-ray diffraction patterns of those samples 
are shown in Figs. 22 and 23. Both of these samples 
seem fairly pure and it is interesting that diffractions 
of belite are broader than those of alite.
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Fig. 21. Diffraction pattern of separated «CzS
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Fig. 20-3.

Chemical Separation

A separation between alite and belite is nearly 
impossible because they have very close chemical 
property. Various methods of separating the inter

stitial phase were tested and it was found that salicylic 
acid methanol solution method studied by S. Taka- 
shima (1958) (49) is the best and quantitative method.
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Fig. 24. Diffraction pattem of separated interstitial phase

The residue of this treatment was again treated with 
1 N acetic acid aqueous solution and after this 
treatment all of aluminate and a part of ferrite were 
dissolved into solution and the major part of ferrite 
was left as a residue. The glass phase is also hardly 
dissolved. Figs. 24a-j are X-ray diffraction patterns 
of the interstitial phases and Fig. 25 is characteristic 
patterns of the interstitial and the ferrite phase of N3 
clinker. Amounts of the interstitial phase determined 
by this method are shown in Table 10 (line C).

The interstitial phase of N, contains fairly large 
amount of alkali sulphate and the aluminate phase. 
Those of N2, N3 and N4 contain free MgO. Those of 
Mj and Mz consist almost only of ferrite. Those of 
Wj and W2 contain no ferrite. The 440 diffraction of 
all aluminate show splitting, so that all aluminates 
consist of or contain orthorhombic one.

The diffraction of 141 and 200 of ferrite appear 
very closely. The former lies at about 33.8° and the 
latter at about 1/4° low angle side. In the case of 
pure C4AF, 141 is at almost the same situation but 
200 is at about 1/2° low angle side.

Fig. 25. Characteristic diffraction patterns of separated 
interstitial and ferrite phase from N3 clinker
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Fig. 24. continued

Chemical Analysis

As to wet chemical analysis there are many studies 
and regulations in every country. The chemical anal
ysis was conducted applying Japanese Industrial 
Standard, JIS R 5202. Table 3 shows results of wet 
chemical analysis.

Chemical analysis of the separated alite part (A), 
the belite part (B), the residue of the salicylic acid 
treatment (R) and the residue of the acetic acid treat
ment (F) were conducted.

If the glass phase does not exist in (F), its chemical 

composition is that of the ferrite phase. Mixed ratio of 
ferrite and aluminate in (R) was determined by the 
X-ray quantitative analysis. Then chemical composi
tion of the aluminate phase was determined con
sidering free MgO and free alkali sulphate.

(A) and (B) were treated with salicylic acid meth
anol solution, and chemical compositions of alite- 
belite mixtures in (A) and (B) were obtained. Con
tents of alite and belite in (A) and (B), aA, /?A, aB 
and j?B, were determined by the X-ray quantitative

Table 3. Chemical composition of clinkers

Clinker Ig. loss Insol. SiO3 ai2o3 Fe2O3 CaO MgO so3 Na2O k2o Free CaO

Ni * 0.43 0.01 22.66 5.03 2.96 64.31 1.40 1.18 0.55 1.07 0.65
n2 0.73 0.01 22.93 5,87 3.35 64.10 1.85 0.54 0.44 0.79 0.08
n3 0.77 0.01 23.11 4.73 3.17 65.76 1.67 0.39 0.44 0.98 0.00
N4 0.44 0.22 21.15 5.55 3.17 65.31 3.36 0.46 0.21 0.53 0.31
n5 0.93 0.02 23.14 5.65 3.22 64.60 1.68 0.64 0.17 0.61 0.12
R 0.70 0.03 22.41 5.28 2.74 67.33 1.32 0.06 0.07 0.21 0.30
Mi 0.78 0.02 23.41 4.92 3.72 64.97 1.41 0.45 0.16 0.32 0.02
m2 0.75 0.01 23.36 5.02 3.60 65.10 1.57 0.33 0.17 0.34 0.03
W] 1.34 0.05 23.27 5.33 0.29 66.31 1.44 0.26 0.48 0.11 0.67
W2 1.65 0.04 23.15 4.93 0.23 66.24 1.41 0.30 - 0.33 0.14 1.71



Fig. 26. Calculation chart of chemical composition of component 
from mixture.

analysis. From these values, chemical compositions 
of alite and belite were determined. This calculation 
was performed following Fig. 26, an example of CaO.

Chemical compositions of the salicylic acid dis
solved parts of the clinkers are values of alite and 
belite mixtures in clinkers. Then using these values 
and CaO contents in alite and belite, which were 
most reliable and had sufficient gradient, contents of 
alite and belite in the original clinkers could be cal
culated. Details will be reported separately (50).

Transmitted Light Microscopic Observation

Transmitted light microscopic observation has been 
established as the mineralogical optics. Nevertheless, 
the application of this method to the cement minerals 
is not so frequently conducted because its technique is 
more difficult than that of reflected light microscopic 
observation. This technique, however, is indispen
sable in order to investigate the nature of minerals and 
should be applied more frequently. The measurement 
of optical properties and the observation of stereo
graphic structure cannot be done by a reflected light 
microscopy. The systematization of both microscopy 
of cement clinker was almost established by H. 
Insley and V. D. Frechette (1955) (51).

Almost no study using the transmitted light micro
scopic technique has been carried out since the last 
symposium with some exception. G. Yamaguchi and 
Y. Ono (1966) (52) studied the alite phase. They mea
sured precisely angles of two characteristic shapes 
of alite and correctly interpreted that these shapes are 
trigonal own shapes formed at high temperature. 
Moreover, they recognized two kinds of twins whose 
twinning planes are a basal plane and an R, plane, 
characteristic optical properties such as wavy extinc
tion caused by trigonal-monoclinic inversion twinning 
and a polysynthetic twinning parallel to c axis caused 
by monoclinic-triclinic inversion.

As to the type I and type II structure of belite, it had 
been interpreted that the type I structure is a poly
synthetic twinning of a-a’ inversion and the type II 
structure is that of a'-ß inversion. But no more detail 
of twinning structure had not been clarified.

G. Yamaguchi and Y. Ono (1962) (53) mentioned 
that the type I and type II structures can be seen 
without nicol and in almost all cases neighboring 

parallel lamellas have the same extinction position, 
and therefore lamella structures are not always poly
synthetic twinnings but dominantly simple flake 
structures. Their further results are as follows:

Parallel lamella structure of the type I is a simple 
flake structure and not parallel polysynthetic twinning 
structure, but as it will be mentioned later, some
times a-C2S phase is being sandwiched between 
main lamellas which have already inverted into ß- 
C2S but remain as a'-C2S skeletons. However, the 
intersecting parts of lamellas shew usually complex 
wavy extinction and seem probably having twinning 
structure whose twinning plane should be «'{013} 
as will be shown later.

Yamaguchi et al. measured the orientation of 
lamellas using microscope with universal stage and 
found out that there exist six directions of lamellas 
in one grain at maximum and that angles between 
lamellas and the X-Y plane 33 ± 5°. The angle 
between {102} and c plane in a-C2S is theoretically 
36°, so that the type I lamellas seem to be «'{101} 
planes which are equistructural to the «{102} plane 
and developed topotaxitically on that plane. Fig. 27 
shows the orientation of the type I lamellas of belite 
corresponding to {102} of a-C2S. ■

In Fig. 28 the type II lamellas of belite can be observ
ed also without nicol. They lie nearly parallel to the 
Y-Z plane (b-c plane in P2 1/n) and can be observed 
distinctly from Y direction but imperfectly from Z 
direction. When the lamellas are observed with cross
ed nicols from Y direction extinction position of 
every parallel lamella is same, but from Z direction 
polysynthetic twinning structure parallel to lamellas 
can be seen. Therefore lamellas observed without 



nicol are flake structure of {101} in P2 1/n or {100} in 
P2 1/n which topotaxially developed on {010} plane of 
a'-C2S(Pnma) and polysynthetic structures of the 
same direction can be observed only from Z direction 
with crossed nicols.

The orientation of lamellas and twinning planes 
can be clearly explained in the following interpretation 
in which the structure of <x'-C2S is treated as ocg 
and Pnma same as the above description.

In a-C2S(P3cl), {110}, {120} and {210} are mirror

Fig. 27. Orientation of type I lamellas

planes, so that when it inverts topotaxially into a'- 
C2S (Pnma), these mirror planes change into twinning 
planes or remain as a mirror plane of a'. In Fig. 
29, if «'{101} lamella grows topotaxitically on «{102}, 
in this «' lamella crystal «{110} and {2l0} change into 
twinning planes as «'{013} and {013} respectively and 
«{120} remains as a mirror plane «'{010}.

Then, when «'-C2S inverts topotaxitically into ß- 
C2S(P2 1/n), mirror plane {010} of a'-C2S changes into 
a twinning plane {100} of ß-C2S.

The type I lamella in belite and the type HI belite 
which have already inverted into j?-C2S should have 
a structure like type II. However, that structure can 
not be observed so easily. They might have extremely 
fine flake structure and polysynthetic structure.

A. Metzger (1953) (54) mentioned that a'-C2S was 
found by the optical observation at a drop like inclu
sion in C3S. In the present experiment a'-C2S was 
never found in any of Japanese clinkers but in N, and 
N2 clinker many grains containing a-C2S could be 
found.

Fig. 30 shows a belite grain of N, clinker having the 
type I structure in which lamellas of two directions 
can be seen. A reason why only lamellas of two direc
tions are distinct is that only those lamellas are nearly 
perpendicular to a stage. In a space between lamellas

• Fig. 28. Type II lamella and optical axes in belite



a a' ß
Relation of lamella. {102] {101}

 {010] {100)
Relation of mirror m{2i0] t {013] (103)
plane and twinning m{ 120] m{010] t [100]
plane. m{110] t {013] {103}
Fig. 29. Relation among lamellas, mirror planes and twinning 

planes in CzS polymorphs

Fig. 30. Transmitted light microscopic photograph of bellte 
grain containing «CzS

a matter of low refractive index and low birefringence 
is sandwiched. This structure is liable to be misunder
stood as a polysynthetic twinning structure. If a- 
C2S had inverted into a'-C^S to make polysynthetic 

twinning structure and a'-C2S had remained as it 
was or reinverted into ß-C2S, it would be possible 
that extinction positions are different one another, 
but it would be imppssible that lamellas have so dif-



a reflected light photograph of etched surface b transmitted light photograph of thin-sectioned specimen 
(a) without nicol -

Fig. 31. Reflected and transmitted light microscopic photograph 
°f type 1 belite grain.

ferent birefringence from the stand point of topotaxitic 
inversion. Moreover, the sandwiched matter has low 
refractive index, considering all those facts it is nearly 
unquestionable that the matter should be a-C2S.

In Fig. 31 a reflected light microscopic photograph 
of an etched surface and transmitted light microscopic 
photographs of the thin sectioned same field are 

shown. A large belite grain has two parallel lamella 
groups A and B. Both groups can be recognized even 
in parallel nicols. Each group has almost the same 
extinction position and the difference of angle be
tween extinction position of A and B groups is only 
about 4°. Although, the a'-ß inversion structure can
not be seen in this figure. -



Reflected Light Microscopic Obeservation

Reflected light microscopic observation has been 
systematized also by Insley et al. Investigations ap
plying this method are being conducted as a daily 
work, especially a point counting quantitative analysis 
of the mineral composition. The essential point of 
this method is a polishing and etching technique. 
Table 4 shows usual etching techniques.

The interpretation about informations observed 
from a polished and etched surface of clinker is 
established. Recently F. Trojer (1966) (55) described 
this problem clearly. Figs. 32-36 are typical photo
graphs of clinkers of the present experiment.

Table 4. Some examples of etching technique

Etching reagent
Etching ‘ 
period Reaction effect to;

1-5%HNO3 
alcohol solution 10 sec Alite Uniformly etched, out line is cleared.

Belite Inner texture and out line is cleared.
Ferrite Unetched, looks light.
Aluminate Etched, looks dark.

1-5%NH4CI 
aqueous solution 10 sec Alite Same as above

Belite Same as above
Salicylic acid Alite Same as above
saturated Belite Same as above
methanol 4 sec Ferrite

solution
aluminate

Unetched, looks light

HF vapor properly Alite Etched, colored brown
Belite Etched, colored bluish
Ferrite 

aluminate

Unetched, looks light

Fig. 32. Reflected light microscopic photograph of alite group 
etched with H^Oi-alcohol.

Fig. 33. Reflected light microscopic photograph of alite and 
type I belite etched with HKO^-alcohol.

Fig. 34. Reflected light microscopic photograph of type I and 
type II belite etched with HNOj-alcohol.

Fig. 35. Reflected light microscopic photograph of type III 
belite etched with HNOi-alcohol,



Fig.36. Reflected light microscopic photograph of dark inter
stitial and light interstitial etched with HNOa-a/co/jo/.

Electron Microscopic Observation

A few investigations into cement clinker using an 
electron microscope have been reported since the last 
symposium. G. Yamaguchi and Y. Ono (1962) (53) 
observed very fine type II structure in the type III 
belite and lamella of the type I belite. P. Brunner 

(1965) (56) explained electron microscopic photo
graphs of clinker comparing to reflected light micro
scopic photographs. F. Trojer (1966) (55) presented a 
photograph taken by the ion etching technique. The 
photograph shows the very fine type II structure in

Fig. 37. Electron microscopic photograph of type II structure 
in type III belite. ■ '

Fig. 38. Electron microscopic photograph of type II structure 
" ' in type I lamella of belite.



lamellas of the type 1 belite.
It is necessary to use the electron microscopic 

technique in order to clarify fine textures which can
not generally be observed with an ordinary optical 
microscope. The a'-ß inversion in belite is not always 
observed even with an electron microscope, so that 
improved observation techniques are needed to con

firm this structure. Some photographs taken with an 
electron microscope in this experiment are presented 
in Figs. 40-42 in which whether or not a fine structure 
in belite is due to the a'-ß inversion is not clear.

The scanning type electron microscopic observation 
will become useful in future. Some photographs are 
shown in Figs. 43 and 44.

Fig. 39. Electron microscopic photograph of type II structure 
in type I lamella of belite (55).

Fig. 40. Electron microscopic photograph of type I belite

Fig. 41. Electron microscopic photograph of type II belite Fig. 42. Electron microscopic photograph of alite
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Fig. 43. Scanning electron microscopic photograph of etched 
surface of N2 clinker.
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Fig. 44. Scanning electron microscopic photograph of belite of 
N5 clinker etched with HNO ■>-alcohol. ■ ■

Differential Thermal Analysis

The differential thermal analysis (DTA) has been 
applied as a testing technique of experimentally 
synthesized clinker. Especially it is useful for a sup
plementary method to identify a polymorph of mine
rals. For instance, it is not reasonable to maintain 
that some C3S solid solution should be classified into 
the same polymorph of pure C3S such as Tn from only 
a reason of resemblance of 620 and 040 diffractions. 
But if there is resemblance of DTA feature, the reli
ability of the classification increases.

The fact that two phases belong to the same poly
morph means thermodynamical parameters (atomic 
parameter, lattice parameter, lattice enthalpy, lattice 
entropy etc.) of those phases are varying with no gap 
according to conditions such as temperature, chemical 
composition etc. In other words, the fact that two 
phases belong to different polymorphs means there 
exists a gap between two continuous series of para
meters of those phases. That gap is sometimes so small

that its detection is not so easy and even impossible 
as in the case of some polymorph of C3S. • ,

In an experiment of comparing polymorphs of pure 
C3S and C3S solid solution, the continuity between 
Tj of pure C3S and that of C3S solid solution 
can be proved by an experiment, but the continuity 
between Tn of pure C3S and that of C3S solid solution 
cannot be proved. Therefore there is nothing useful 
but DTA experiment to increase the reliability to 
maintain those classification, so far as today’s experi
mental technique.

A problem of clarifying a relation among poly
morphs of minerals in clinker, those of pure minerals 
at several temperatures and those of solid solution 
phases is very important. For this project DTA 
method will act an important role as well as the X-ray 
method etc. Moreover, a study of thermal change in 
the cooling process of the manufacturing should be 
an essential problem.

Electron Probe Micro Analysis

An application of the electron probe micro analysis oped after the last symposium. Some results have been 
(EPMA) to an investigation of cement clinker devel- reported. H. G. Midgley (1964) (57) presented EPMA



photographs of clinker in “The Chemistry of Cement”.
E. Fletcher, H. G. Midgley and A. E. Moore 

(1965) (58) applied this technique to determine the 
phemical composition of a phase ofNa2O-Al2O3-CaO 
system. G. Yamaguchi, H. Uchikawa and S. Takagi 
(1965) (59) discussed the method of the application, 
took photographs and performed the quantitative 
analysis of Al and Fe in alite and belite. G. Yamaguchi, 
S. Takagi, M. Yoshizumi and T. Ohta (1966) (60) 
analyzed the ferrite phase and obtained such a result 
that its composition is in a range between C4AF and 
C6A2F containing special elements such as Zn, Cu, Co 
etc. At the same time they reported that a back scat
tered electron image (BSEI) has very good resolution 
power. G. Yamaguchi, S. Takagi and M. Yoshizumi 
(1967) (61) analyzed MgO, Na2O and K2O quantita
tively in alite and belite. S. Akaiwa, G. Sudoh and 
M. Tanaka (1966) (22), (1967) (62) reported a new 
mineral UCaO-4SiO2-CaF2 analyzing with EPMA. 
I. Peterson (1967) (63) analyzed A12O3, K2O and 
MgO in clinker.

An application of EPMA to cement clinker has 
some difficulties comparing to that to metals because 
it consists of light metal oxides and has very fine 
textures. Details will be reported separately (64) but 
essential points are as follows; they are preparation 
methods of specimens such as grinding and coating, 
and setting of experimental conditions such as voltage, 
current, beam diameter, diffraction crystal, counter 
and pulse hight analyzer system.

Specimen Preparation

Grade of grinding should be the same as micro
scopy specimens but more flat surface is needed so 
that it is desirable to use fine diamond powder paste 
whose diameter is less than 0.2/7 at finishing. Carbon 
coating and beryllium coating are both useful for 
giving electric conductivity but the latter is better.

Resolution Power

The texture of clinker is so fine that the resolution 
power is important to decide a limit of the application. 
An ability expected to EPMA is to analyze the com
position of every texture quantitatively, therefore, not 
only in that analysis but also in measuring a qualita
tive distribution of elements the check of resolution 
power is essential. Because clinker consists of light 
metal oxides, there exist such several causes which 
decrease the resolution power as an electron penetra
tion effect and a secondary X-ray effect. Among 
several setting conditions which cause to decrease the 

resolution power are too high voltage, unsuitableness 
of coating and too large diameter of electron beam. 
However, decreasing the exitation voltage causes 
decrease of signal intensity and results badly in a 
signal noise ratio, so that it has naturally a limit to 
decrease the voltage. In general, a proper range of the 
exitation voltage is 15-35 KV. Even when the exita
tion voltage is 15 KV the resolution power of the X-ray 
image is about 5/r. Therefore, a matter having a di
ameter or thickness less than 5/z can not be reliably 
detected. On the contrary BSEI has a good resolution 
power which can be expected less than 1/z.

X-ray Image

The X-ray image has a demerit of lower resolution 
power but a merit of conveniency to look over the 
distribution of elements. Its essential points are to set 
a proper voltage, to cut a noise well enough by pulse 
hight analyzer and to give a long exposure in order 
to gain an enough density of light points, but so small 
beam size is not necessary. The X-ray image of any 
element can make the contrast between a low content 
part and a high content part, but can not make so 
good contrast between parts in which difference of 
contents is not so large.

Back Scattered Electron Image

The BSEI has high resolution power and it can 
resolve less than 1/z. That image has the contrast 
caused by difference of the electron scattering power, 
so that difference of composition can be detected.

Figs. 45-49 are photographs taken in this experi
ment. Photographs (a) are reflected light microscopic 
figures in which the alite phase, the belite phase, the 
dark interstitital phase and the light interstitial phase 
are clear. These photographs were taken by such a 
procedure that after EPMA test specimens were 
repolished and etched. Photographs (b) are BSEI 
which can detect all phases distinctly with high resolu
tion. Photographs (c) are Fe X-ray image (XRI), 
photographs (d) are Al XRI, photographs (e) are 
Si XRI, photographs (f) are Ca XRI and photographs 
(g) are Mg XRI. Those EPMA photographs have non 
linear deformations which result in shortening of 
longitudinal size.

In Fig. 49 correspondency of (b) to (a) is very good 
because careful polishing has been conducted, but in 
other figures images are somewhat changed. Photo
graphs (c) and (d) reveal that Fe2O3 and A12O3 dis
tribute nearly uniformly in the interstitial phase but 
only at some parts which are ferrite phases of large size
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Fig. 45. EPMA photograph of clinker.
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Fig. 46. EPMA photograph of clinker.
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Fig. 47. EPMA photograph of clinker.

left (h) is an explanatory figure
(A) alite (B) belite
(L) light interstitial
(D) dark interstitial
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Fig. 48. EPMA photograph of clinker.

left (g) shows an MgO rich spot which makes a hole by 
polishing. J



a b

c d

Fig. 49. EPMA photograph of clinker.

left (h) is an explanatory figure
(A) alite (a) belite
(L) light interstitial .
(D) dark interstitial



high concentration of Fe can be vaguely seen. This 
fact is due to low resolution power of the XRI.

Photographs (f) show nearly uniform intensities of 
Ca in the alite phase, the blite phase and the inter
stitial phase, but according to an experimental con
dition some difference can be given. Photographs (e) 
show Si is rich in alite and belite and also show exist
ence of some Si in the interstitial phase.

The order of whiteness in photographs (b) is as 
follows; light interstitial, alite, dark interstitial, then 
belite. This phenomenon corresponds to the fact that 
light interstitial is the ferrite phase and dark inter
stitial is the aluminate phase.

Point Analysis

The resolution power of the point analysis is also 
not so high. The information seems to come from a 
range of several microns diameter from the center of 
a beam though signal intensity is weighted average 
about the center. The point qualitative analysis is 
conducted simply by rotating a diffraction crystal. 
Fig. 50 is a result of the qualitative analysis of the 
interstitial phase showing the existence of many heavy 
metals.

As to the quantitative analysis, the first problem is 
also the resolution power. In the case of a small crystal, 
a thin crystal or an inclusion containing crystal, the 
determination of the true chemical composition is 
difficult. Therefore, it is impossible by this method to

t I *'OL-H I r 6 f]DI V
20 30 ' 40 5Ö 60

2 0 CuKa.
Acce. Voltage : 25 KV. Anal, Crystal : Mica.

Fig. 50. EPMA qualitative analysis of interstitial phase.

Table 5. Result of EPMA quantitative analysis

A12O3 1 FeaOs MgO Na2O k2o
Nx alite 0.88-1.40 0.40-1.20 0.11-0.98 0.01-0.12 0.01-0.10
Nj belite 0.80-3.10 0.63-1.55 0.21-1.05 0.01-0.20 0.10-0.42
Mj alite 0.45-2.50 0.51-1.31 0.32-0.65 0.01-0.02 0.03-0.09
Ml belite 0.60-3.51 0.40-1.51 0.36-1.11 0.01-0.06 0.11-0.33

obtain the reliable chemical composition of minerals 
in cement clinker except it contains fairly large 
crystals.

The second problem is a procedure of the quantita
tive treatment. In the case of metals it is well known 
that the calculation is not so hard to conduct, but 
in the case of light metal oxides such as cement clin
ker, the quantitative calculation is nearly impossible. 
So that a method using standard samples is the only 
way of conducting the quantitative analysis. The 

Table 6. Flow chart of clinker analysis



best standard samples are experimentally synthesized 
alite, belite, ferrite and aluminate crystals which 
contain definite amount of impurities and have large 
sizes, but to make those samples is impossible. There
fore, instead of true base crystals, lithium borate 
glasses containing 50 weight % of constituents of 
each base crystal were employed as standard bases. 
Definite amounts of several impurities were dissolved 
into base glasses to make standard samples. These 

standard samples were tested by the point analysis 
and calibration curves were drawn in intensity ratio 
to Ca and Si. Values of EPMA analysis were so vari
able according to conditions that calibration curves 
had to be drawn by a test conducted together with 
unknown samples at the same time and on the same 
sample holder.

Results of quantitative analysis are shown in Table 
5.

Chemical Composition of Minerals

Chemical composition of the cement minerals has 
not yet been determined precisely because of experi
mental difficulties, nevertheless it is one of the most 
important problems in the chemistry of cement. 
Therefore, this problem was considered from all 
directions as a main project.

X-ray Diffraction Method

The chemical composition of a solid solution can 
be determined by measuring the d-spacing if the solid 
solution system is simple.

L. E. Copeland, S. Brunauer, D. L. Kantro, E. D. 
Schulz and C. H. Weise (1959) (65) and M. G. 
Midgley, D. Rosaman and K. E. Fletcher (1960) (66) 
reported results of employing this method to the 
ferrite phase. S. Sato, S. Takashima and M. Kato 
(1962) (67) reported the same kind of result. This 
method is effective when a shift of some diffraction 
caused by solid solution formation is remarkable but 
if a complex solid solution is formed this method is 
unapplicable.

In the case of the ferrite phase, 141 diffraction shifts 
to low angle side according to the substitution of Al 
by Fe while it shifts to high angle side according to 
the substitution of Fe by Al. However, A. Kato 
(1958) (39), (1959) (40) clarified that the ferrite solid 
solution with Si and Mg have a shift of 141 diffraction 
to low angle side as shown in Figs. 11-13.

The former three reports mentioned above show 
that the ferrite phase in clinker is generally C4AF 
composition and sometimes shifts to Fe2O3 rich side. 
However, this conclusion has disregarded the effect 
of Si and Mg, so that the true composition should be 
at CSA2F side. In this experiment, 141 diffraction of 
the ferrite phase appears at about 33.8° as shown in 
Figs. 23 and 24 and this situation is that of pure 
C4AF. Therefore, if the system were pure C2F-C2A, 
the composition would be C4AF, but'in fact the ferrite 
phase contains some amount of Si and Mg, so that 

the true composition seems surely to be at C6A2F 
side.

This method cannot be employed in the polycom
ponent system. But, in this experiment, it was applied 
successfully to the determination of alkali sulphate 
composition in the interstitial phase. According to 
Fig. 51, the composition of alkali sulphate in N, 
clinker was determined to be at slightly K rich side of 
3K2SO4-Na2SO4.

EPMA Method

A result of EPMA method is not reliable unless a

Na2SO4

-4 1 1------- 1------- 1____ I------- 1____ I____ 1____ I

20 40 60 80 100

Fig. 51. X-ray quantitative analysis of composition of 
■ alkali sulphate. 

Sample value 
(022,112)

0 
K2SO4

©

©

Sample value 
•(130)

"U

d(A).

3.000
r

— i
i

i

2950

1

2.900
1

- 1
1

• 1
1

2.850 - 4 1
2.800

- K^Na 

i i i l



tested point is more than 10/z far from another phase 
from the standpoint of the resolution power. On the 
other hand, from the standpoint of the technique, a 
reliable analysis seems not to be easily realized. In 
this experiment, it was successful result that the solid 
solution composition of alite and belite was roughly 
estimated and the composition of the ferrite phase was 
obtained to be at rather C6A2F side.

Chemical Analysis

A method combining the chemical treating separa
tion, the heavy liquid separation, the X-ray analysis 
and the chemical analysis was already mentioned 
above. A combination flow chart is shown as Table 
6. Results of that calculation are shown in Table 7. 
The chemical formulas of them are expressed as a

Alite

Table 7. Chemical composition of minerals in clinkers

Clinker SiOg aj2o$ Fe2O$ CaO MgO so5 NagO K2O

N, 24.15 1.30 0.66 72.76 1.10 0.00 0.03 0.00
n2 25.13 1.17 0.61 71.46 1.40 0.00 0.05 0.18
n3 24.10 1.20 0.61 72.74 1.16 0.05 0.09 0.05
n4 difficult to separate
N5 23,95 1.49 0.47 72.54 1.16 0.25 0.03 0.11
R 24.10 1.38 0.41 73.05 0.94 0.05 0.02 0.05
Ml 24.72 1.36 0.77 71.85 1.01 0.16 0.05 0.08
m2 25.66 0.59 0.45 71.98 1.23 0.00 0.03 0.06
Wj 25.71 0.37 0.28 72.53 0.93 0.07 0.11 0.00
w2 25.52 1.16 0.24 71.94 1.00 0.11 0.00 0,03

Belite

N, 31.85 2.68 1.25 62.53 0.74 0.27 0.36 0.32
33.17 1.61 1.05 62.38 0.79 0.05 0.46 0.49

n3 31.62 1.99 0.78 63.86 0.60 0.26 0.40 0.49
N., difficult to separate
n5 31.52 2.38 1.43 63.51 0.89 0,00 0.16 0.11
R 31.68 2.99 1.03 62.65 1.02 0.08 0.08 0.49
Mi 30.66 2.41 1.29 63.79 0.72 0.52 0.22 0.39
M, 31.36 2.81 1.63 62.35 0.60 0.50 0.25 0.50
W, 32.92 0.49 0.16 65.09 0.53 0.32 0.33 0.16
W2 31.80 1.94 0.10 64.33 0.62 0.50 0.58 0.13

Ferrite

Ni 4.3 25.1 20,0 45.5 4.2 0.0 0.6 0.3
n2 3.0 24.6 22.2 44.9 4.3 0.0 0.6 0.5
N3 4.3 24.3 22.1 44.5 4.2 0.0 0.3 0.3
M, 4.2 22.7 21.9 46.4 4.5 0.0 0.2 0.1

Aluminate

Ni 4.6 27.2 11.4 53.0 2.2 0.0 1.5 0.1
n2 7,1 27.5 6.0 53.4 2.2 0.0 2.0 1.8
Ns 5.8 28.7 5.3 54.8 2.2 0.0 1.7 0.8
M! 5.0 21.4 16.0 54.2 2.2 0.0 0.3 0.9

standardized form having 90 oxygen atoms as shown 
in Table 8. Moreover, the standard chemical formulas 
having 180 oxygen atoms and the theoretical chemical 
compositions of cement minerals contained in Japa
nese clinkers are obtained and shown in Table 9. 
Details will be reported separately (68).

Alite

Table 8. Chemical formula of minerals in clinker

Clinker Si Al Fe Ca Mg S Na K O

N1 16.59 1.04 0.34 53.58 1.13 0.00 0.04 0.00 90
n2 17.15 0.94 0.30 52.29 1.41 0.00 0.06 0.16 90
N3 16.57 0.98 0.32 53.46 1.19 0.02 0.12 0.04 90
N5 16.49 1.20 0.24 53.48 1.19 0.13 0.04 0.10 90
R 16.74 1.12 0.22 54.37 0.97 0.03 0.02 0.04 90
M, 16.93 1.10 0.40 52.72 1.03 0.48 0.06 0.06 90
m2 17.71 0.48 0.24 53.13 1.26 0.00 0.04 0.04 90
W1 17.57 0.30 0.14 53.11 0.95 0.04 0.14 0.00 90
W3 17.37 0.94 0.12 52.45 1.01 0.06 0.00 0.02 90

Belite

Nj 21.52 2.06 0.60 43.48 0.72 0.13 0.46 0.26 90
20.44 1.22 0.52 43.21 0.76 0.02 0.58 0.26 90

N$ 20.64 1.54 0.38 44.67 0.58 0.12 0.52 0.40 90
Ns 20.49 1.82 0.70 44.23 0.86 0.00 0.20 0.10 90
R 20.63 2.28 0.50 43.49 0.98 0.04 0.10 0.40 90
M1 20.10 1.86 0.64 44.80 0.71 0.26 0.28 0.32 90
m2 20.43 2.16 0.80 43.51 0.58 0.24 0.32 0.42 90
W1 20.73 0.38 0.08 45.47 0.51 0.16 0.42 0.14 90
w2 20.74 1.48 0.04 44.95 0.60 0.24 0.74 0.10 90

Ferrite

Ml 2.95 18.52 10.31 33.41 4.29 0.00 0.80 0.26 90
n2 2.99 20.09 11.53 33.34 4.45 0.00 0.81 0.44 90
n3 2.96 19.68 11.43 32.78 4.31 0.00 0.40 0.26 90
Mi 2.92 18.51 11.41 34.44 4.65 0.00 0.27 0.09 90

Aluminate

Ni 3.2 21.9 5.8 38.7 2.3 0.0 2.4 0.1 90
n2 4.8 21.8 3.1 38.6 2.2 0.0 3.1 1.6 90
n3 3.9 22.7 2.7 39.5 2.9 0.0 2.7 0.7 90
M] 3.5 17.6 8.4 40.6 2.3 0.0 0.5 0.8 90

Alkali sulphate in Ni is about KgNa (804)2

Table 9. Standard chemical formulas of cement minerals 
and their compositions

Alite CaI()6Mg2(Nal/4K1/4Fe1/2)O3ß(Al2Si34O141p
Belite Ca87Mg AlFe(Nal/2Kb2)(Al3Si42O13iy)
Ferrite Ca^Mg^Naj, 2KI/2Fe)(Al40Fe22Si5Mg5O180)
Aluminate Na6K2Ca78Mg4(A144Fe8Si8OJ80)

SiO2 AlgOg Fe2O3 CaO MgO Na2O, k2o
Alite 24.83 1.24 0.49 72.23 0.98 0.09 0.14
Belite 32.50 2.63 1.03 62.83 0.52 0.20 0.30
Ferrite 3.61 24.51 22.08 44.50 4.36 0.37 0.57
Aluminate 5.88 27.43 7.81 53.49 1.97 2.27 1.15

Texture of Interstitial Phase

It seems a reasonable interpretation that the light 
interstitial corresponds to the ferrite phase and the 

dark interstitial to the aluminate phase in the etched 
figure of the interstitial phase. However, a perfect



certification of the fact from many experimental 
standpoints has never been carried out. In the figure 
of the interstitial in Fig. 49, correspondency of the 
reflected light microscopic figure to the back scattered 
electron image is very good, while the X-ray images 
are not so clear because of the low resolution for too 
small crystals. One of the best methods to identify 
the ferrite phase and the aluminate phase is to com
bine the transmitted light microscopic observation in 
a thin section. This combined technique was attempted 
and the result is shown in Fig. 52. In this figure, cor
respondency among two reflecting (reflected light and 
back scattered electron) images and two transmitting 
(open nicols and crossed nicols) images is fairly good 
about silicate crystals but not so good, though some

how detactable, about ferrite crystals which show 
yellow-colored high birefringence. The reason is that 
the section is not so thin that crystals lie one upon 
another in the vertical direction especially in the case 
of small crystals.

Therefore, a synthesis of the interstitial phase of 
large crystals were attempted with experimental 
composition from the residue of the salicylic acid 
methanol treatment. The texture of thus synthesized 
interstitial phase resembled that of commercial 
clinker but consisted in more than ten times larger 
crystals, and the specimen could be polished into a 
thin section easily. Ferrite crystals are sectioned longi
tudinally in Fig. 53, and transversely in Fig. 54. In 
both figures, correspondency among light and dark

a) EPMA back scattered electron image
b) Reflected light microscopic image
c) Open nicols microscopic image
d) Crossed nicols microscopic image

Fig. 52. EPMA and optical microscopic photograph of inter
stitial in commercial clinker.
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a) EPMA back scattered electron image
b) EPMA Fe image
c) EPMA Al image
d) Reflected light microscopic image 

light part—ferrite
dark part—aluminate >

e) Open nicols microscopic image
f) Crossed nicols microscopic image

Fig. 53. EPMA and optical microscopic photograph of synthetic 
interstitial.
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Texture of Interstitial Phase (P.P. 1-3)

Open nicols

20m

Crossed nicols

Fig. 53 
e f

Fig. 52 Silicate part is alite. Interstitial seems dark because of its complex structure rich in FeiOa. 
Ferrite seems strongly anisotropic with yellow polarization color in crossed nicols.

Fig. 53 Ferrite seems strongly anisotropic with yellow polarization color while aluminate seems weakly 
anisotropic with dark bluish color in crossed nicols.

Fig. 54 Ferrite seems anisotropic with yellow polarization color and dark brown own color. Aluminate 
seems weakly anisotropic. (This photo-plate was contributed by the authors).



interstitials, electron scattering power, Fe and Al 
distribution and optical properties of crystals is 
reasonable.

Especially it is characteristically stressed that Al 
distribution is nearly uniform, ferrite has strong 

birefringence and aluminte is somewhat anisotropic. 
The anisotropy of aluminate agrees with the X-ray 
diffraction data showing orthorhombic. This analysis 
will be reported separately (68).

Mineral Composition of Clinker

Bogue’s Method

Mineral compositions were calculated by the con
ventional Bogue’s method. It is well known that Bo
gue’s calculation is fairly practical in spite of neglect
ing the solid solution phenomena. This fact is explain
ed as follows: The composition of the ferrite phase 
has lower Fe2O3 than C4AF but Bogue’s calculation 
is conducted applying the composition C4AF, so that 
the fact that Fe2O3 content is lower is compensated 
by its distribution other phases. The composition of 
the aluminate phase has also lower A12O3 than C3A, 
but this fact is compensated by substitution with 
Fe2O3 etc., and the calculation value becomes rather 
reasonable. In the silicate phases, CaO contents are 
lower than the simple theoretical value but the same 
phenomenon takes place and rather reasonable values 
are obtained. Results are shown in Table 10.

Point by Point Counting Method

The counting method has been already established. 
The reliability depends technically on the etching 
method and theoretically on the distribution charac
ter. The relation among content, accuracy, reliability 
and count number is informed from values of the 
binominal distribution shown in Table 11.

However, the distribution uniformity should be 
taken into account for measurement. If the distribu
tion is uniform enough, the distance between one 
counted point and a next point must not be so long, 
on the contrary if the uniformity is not enough, for 
instance, when there exist nests of some phase, the 
distance must be long. Therefore employing the same 
counting system independently to the uniformity is not 
reasonable, and a measuring method of the uniformity 
and a proper counting distance suitable to that should 
be established. Counted results are shown in Table
10.

Calculation from Chemical Composition

According to the method of calculation of the

Table 10. Mineral composition determined by several method

Clinker Method
Belite ., .

Alite a + 3» Ferrite A u711* 
, < nate(a)

Others

jK3Na(SO4)21.4
ztCaO0.6 MgO 0.03

N, Bogue 52 26 8 9
Microscopy 52 30 10 9
Chemical 51 32 8 7
X-ray 55 26(8) 9 9
New method 54 28 13 5

n2 B 42 34 10 10
M 52 32 11 5
C 59 23 10 6
X 55 26(6) 11 7
N 49 31 13 7

(K3Na(SO4)20.7
ztCaO0.08 MgO 0.6

N3 B 
M 
C 
X 
N

57
65
61
58
61

24
20
22

24 (0)
23

10 
7

10 
11 
13

7 
8 
6 
7
2

JK3Na(SO4)20.2
'{MgO 0.7

n4 B 63 13 10 9
M 
C 
X

69
72

17
10

9 6 JMgO 1.05
"(CaO 0.31

N 65 13 14 7

n5 B 45 33 10 10
M 50 36 8 6
C 50 36 [CaO 0.12
X
N 52 30 12 7

R B 64 16 9 8
M 65 18 9 8
C 67 19 14 {CaO 0.03
X
N 73 11 8 8

B 48 31 11 7
M 48 32 10 10
C 51 33 9 2 5{CaO 0.02
X 49 33(0) 14 3
N 58 27 14 0

m2 B 49 30 ir 7
M 55 26 10 9
C 56 27 17 ; {CaO 0.03
X
N 58 26 14 1

Table IL Values of binominal distribution

Composition %

±e% ±X<r 10
90

20 
80

30
70

40
60

50
50

e 1 n

1 1 900 1600 2100 2400 2500
2 3600 6400 8400 9600 10000
3 8100 14400 18900 21600 22500

2 ' 1 225 400 525 600 625
2 900 1600 2100 2400 2500
3 2025 3600 4725 5400 5625

3 1 100 178 233 267 278
2 400 712 932 1068 1112
3 900 1602 2097 2403 2502



mineral composition from chemical analysis, the 
mineral compositions were calculated as shown in 
Table 10 (line C). Moreover, if the standard chemical 
compositions of the minerals shown in Tables 8 and 9 
are reliable, the mineral compositions can be obtained 
by solving the following equations applying the least 
square method. Solutions of this method obtained 
using an automatic computor are shown in Table 10 
(line N).

Equation Main notation Suffix
Cax 4- CbY + CfZ + Ciu — Ce 
Sax + SbY + SfZ + Sju — Sc 
Fax + FbY + Ftz + F|U = Fc 
Aax + Aby + Afz + Aiu = Ac

x + y + z + u = 100

C CaO% 
s SiO2% 
F FezO3%
A A12O3%

a alite 
b belite 
f ferrite
1 aluminate 
c cement

X-ray Quantitative Analysis

The X-ray quantitative analysis has been studied 
by many investigators. This method concerning to the 
cement chemistry employed first to the analysis of 
Ca(OH)2. G. Yamaguchi and A. Kato (1956) (69) 
and L. E. Copeland and R. H. Bragg (1958) (70) 
conducted such an analysis. The analysis of clinker 
in the early stage was studied by G. Yamaguchi, H. 
Miyabc and K. Tanaka (1958) (71), M. Euw (1958)
(72) , G. Yamaguchi, K. Tanaka and M. Kajii (1959)
(73) , L. E. Copeland, S. Brunauer, D. L. Kantro, 
E. G. Schulz and C. H. Weise (1959) (74), G. 
Yamaguchi, K. Takemoto, H. Uchikawa and S. 
Takagi (1959) (75), H. G. Midgley, D. Rosaman, 
K. E. Fletcher (I960) (76), G. Yamaguchi, K. 
Takemoto, H. Uchikawa and S. Takagi (1960-1) 
(77), (1960-2) (78) and H. G. Smolzyk (1961) (79). 
As the latest one, R. L. Berger, G.J.C. Erohnsdorff, 
P. H. Harris and P. D. Johnson (1966) (80) reported 
a routine method using an automatic computor. 
Principles of these methods are almost the same and 
there would be no trouble if the diffraction patterns 
of minerals were always constant. But the fact is not 
so simple and there are habits of patterns according 
to clinkers. Some problems are shown as follows:

a. What are the best for standard samples ?
b. A pattern of alite always appears dominantly. 

Therefore, what is the best way to determine 
belite? To use the diffraction at 31° or what?

c. At the valley between 33° and 34°, there appear 
diffractions of ferrite, aluminate and a-C2S. 
How are they treated ?

After some considerations in this experiment the 
following conclusion was obtained. Details will be 
reported separately (68).

a. The separated minerals are the best for stan
dards.

b. The intensity of diffraction is measured as total 
counts through a proper angular range.

c. The determination of alite can be conducted by 
counting only two doublet diffractions, 620 and 
040 at 51°-52D, and 221 and 401 at 29° more 
reliably than by counting other diffractions 
together.

d. The determination of belite can be conducted 
by counting only two diffractions, 014 and 031 
at 41°, and 121 at 31° more reliably than by 
counting other diffractions together.

e. The primary approximate contents of ferrite, 
aluminate and oc-C2S are calculated from those 
peak-point intensities, and each overlapping 
total count is estimated and used as correction 
value to others.

Fig. 55. Counting program of X-ray diffraction quantitative 
analysis of cement clinker.

Notation of
Notation of 
peak point

Point. Angle. total count. intensity.
a 52.25
b 51.22
c 41.75
d 1 40.50
e,P 34.00 P
Q 33.75 C Q
f 33.50
R 33.25 D R
g 33.00
S 32.90 E S
h . 32.75
i 31.25
j 30.50
k 29.75
1 28.75

Counting ranges, counting points and their nota
tions are shown in Fig. 55. Calculation formulas are 
as follows and results are shown in Table 10.



Alite % a = xA[Aa + (1 — x)G/G0
Belite % ß = yFJF6 + (1 - j)(B - aBa^]Bß0 

as jS-C2S
Ferrite % 7 = (C - Pp!po - r'KIP^C»
Aluminate % 5 = (D — qQ!Q0 — s'S/S0 — kß^D0 
a-C2S % e = (E - rJ?/7?0 - k'ß);E0

Ao, Bct0, Bßa, Co, Do, Eo, Fo, Go,
Diffraction intensities of pure

x,y
p0? Qm ^0, So

p, q, r, r', s’

k, k'

minerals
Coefficients owing to clinker 
Differction peak point inten
sities of pure minerals
Coefficients of intensity effect 
to neighbours
Coefficients of /?-C2S effect

Discussion of Compositions

As to the chemical compositions of alite and belite, 
if the formulas keep the structural stoichiometry, they 
may be described as follows respectively referring to 
the experimental ones:

Ca104Mg2Al(Na1/4K1/4Fe1/2)O36(AlSi33O144)
and

Ca85MgAl2Fe(Na1/2K1/2)(Al2Si43O1S0).
However, these formulas result in lower CaO and 
higher SiO2 values than experimental ones in both 
minerals. On the contrary the following experimental 
formulas,

Ci0 6Mg2(Na1/4Kj/4Fe1/2)O36(Al2Si34O144) 
and

Ca87MgAlFe(Na1/2K1/2)(Al3Si42O180),
are slightly out of the structural stoichiometry and 
have cations occupied excess lattice points.

Alite has little impurity except MgO and A12O3, 
so that the simplified typical formula is described as 
Ca105Mg2AlO36(AlSi35O144). This corresponds to 
Jeffery’s alite formula which may be described as 

Ca108Mg2O36(Al4Si32OI44) but has a half of A12O3. 
Less A12O3 content in alite has been recognized and 
mentioned by many investigators.

The formulas of ferrite and aluminate may have 
some errors because the existence of glass phase was 
neglected, but in general they show the tendency of 
the chemical compositions of those minerals, so that 
several crystallochemical phenomena can be inter
preted from these compositions. The mineral composi
tions of clinkers calculated from the simultaneous 
equation are fairly reasonable, this fact shows a 
reliability of these chemical compositions of the mine
rals. However, about these problems it needs further 
investigation to obtain the perfect solution.

As to the quantitive analysis of the mineral com
position of clinker, of course the X-ray analysis is a 
direct and desirable method, but still it has many 
problems and establishment of that system is expected.

This experiment was carried out by the following 
members besides the authors:
Motohiko Yoshizumi, Takeshi Ohta, Shunji Takeda, 
Eiichi Miyao and Akio Kawashima.
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Written Discussion

Pierre Terrier

When different methods lead independently to the 
same result, they strengthen this result. It is the case 
for the Fe2O3 content of alite crystals of clinker.

Our results, obtained from the electron microprobe 
indicate that the Fe2O3 content of the alite crystals 
is variable, it depends on the Fe2O3 content of the 
clinker (Table 1). Your results (Table 3 and Table 
6 of the principal paper: The analysis of portland 
cement clinker) obtained from a different manner agree 
with this observation. We can group these data on 

Table 1. FejOj in alite crystals (by EPMA) andFeiOi 
content of clinkers (chemical analysis)

Fe2O3 Alite FegOg Clinker

0.35 0.51
0.47 2.25
0.48 2.61
0.53 2.55
0.63 3.02
0.66 3.42
0.73 2.81
1.04 5.09
1.36 5.42

Table 2. MgO in alite crystals (by EPMA) T or M, 
and MgO content of clinkers (chemical analysis)

Form MgO Alite MgO Clinker

trigonal 0.23 0.41
trigonal 0.30 0.91
trigonal 0.33 0.30
trigonal 0.37 1.02
monoclinic 0.55 1.81
trigonal 0.58 1.44
monoclinic 1.00 1.61
monoclinic 1.04 2.11
monoclinic 1.10 2.32

Fig. 1, showing as an average

Fe2O3 alite = 0.2Fe2O3 clinker

Our operating conditions are as follows: 
—MS 46 CAMERA electron microprobe 
—diamond polishing of embedded clinker 
—nickel metallization of the polished face 
—Fe Ka radiation analysis 
—crystal analyzer quartz 10~II
•—accelerating tension of the electrons 20 kV 
—standard = S2Fe pyrite
—corrected concentration from TONG formula

Fig. 1. Relation between Fe2O3 in Alite crystals and total FeiOs' 
content of clinkers



Fig. 2. Relation between MgO in Alite crystals and total MgO 
content of clinkers

On the other hand, your results (Table 3 and Table 
6 of principal paper: The analysis of portland cement 
clinker) and ours (Table 2) indicate that the MgO 

content of alite crystals is variable, depending on the 
MgO content of the clinker.

But, whilst your results organize about the right 
line with a 0.74 slope, ours do about 0.45 slope line 
(Fig. 2).

Here is a problem, the importance of which will not 
escape to us, so much the more that the X-ray diffra- 
tometers have shown that the low MgO content alites 
were trigonals and the high content ones were mono
clinic.
Our operating conditions are as follows:
—Mg K, radiation analysis
—crystal analyser KAP
—accelerating tension of the electrons 12 kV
—standard: MgO, periclase
Contributions:
M. Venuat sampling
M. Regourd X-ray diffractometer
P. Longuet chemical analysis
P. Terrier, H. Hornain, G. Socroun E.P.M.A.

Written Discussion

Kenneth E. Palmer and Kenneth T. Greene

The authors have indicated the applicability of the 
electron probe microanalyzer in the analysis of port
land cement clinker and have described several of 
the techniques which may be used with this instrument. 
Another method which they did not mention is the 
line scan, which gives an X-ray intensity profile for 
an element of interest along a preselected line on 
the surface of the specimen. Such scans, while not 
highly quantitative, provide data for a qualitative 
and semiquantitative correlation of the various 
elements present in the phases occurring along the 
line of scan.

Line scan analyses of several portland cement clink
ers were performed for us by the Applications Labora
tory of Applied Research Laboratories, Dearborn, 
Michigan, U.S.A. The instrument used was an AMX 
microprobe, .and scanning was done by the electron 

beam scanning method. This instrument has a take
off angle of 52|-0. Operating parameters were: 15 kV 
excitation potential and 0.1 /zA sample current. 
The beam diameter was 1 /zm or less.

Data on two clinkers are presented in Figs. 1-4. 
These specimens received a final polish with 1 /zm 
diamond paste and were coated with an evaporated 
carbon film. Clinker A was a failry normal U.S.A. 
Type II clinker. Clinker B was of U.S.A. Type I 
composition but was laboratory prepared from rela
tively pure natural raw materials and contained 0.21 
percent chlorine by chemical analysis as a result of 
interburning with a small addition of CaCl2. In 
these figures the zero positions of the traces for some 
of the elements have been adjusted in a vertical direc
tion to avoid confusing overlap.
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Fig. 1. X-ray line scans across clinker A. Counts per second 
full scale; Ca 30,000; Si 3000; Al 10,000.

Figs. 1 and 2 show line scans taken along the same 
line on Clinker A. Of particular interest is the strong 
direct correlation of Mg with Fe and Al (ferrite phase) 
and the partial direct correlation of Na and K. There 
is some indication that part of the Na and K is con
centrated in the belite phase (direct correlation with 
Si), whereas part—particularly K—may be in the 
ferrite phase. It appears from Fig. 1 that the silicate 
grains along this traverse line on Clinker A are essen
tially all alite, except for a small belite grain near 
the right side of the figure.

Of primary interest in Figs. 3 and 4 is the distri
bution of Cl relative to the other elements. It appears 
that Cl generally correlates directly with Al when Fe 
and Mg are low but not when they are high. This 
suggests that Cl is present in an aluminate phase such 
as C11A7-CaCl2 or possibly an impure C3A, but is 
absent or of much lower concentration in the ferrite 
phase. One exception may be noted where, about mid
way across Fig. 4, a Cl peak appears to correlate 
directly with moderate-sized Al and Fe peaks and a

Fig. 2. X-ray scans along same line on clinker A as in Fig. 1. 
Counts per second full scale: Na 300; K 1000; Mg 3000; 
Fe 3000.

small Mg peak. The silicate grains along this line 
on Clinker B are also mainly alite. However, the higher 
Si and somewhat lower Ca concentrations located 
at about 30 ^m from the left side of Fig. 3 indicate 
the presence of a small belite grain.

In these experiments we observed that the instru
ment was able to reproduce an X-ray scan rather 
accurately on repeated traverses along the same line. 
Small peaks no more than 1 or 2 /<m broad were repro
duced quite faithfully.

Obviously, these observations are of a preliminary 
nature, but they serve to illustrate further the poten
tialities of the electron probe microanalyzer in cement 
research. ‘ .



Fig. 3. X-ray line scans across clinker B. Counts per second 
full scale: Ca 30,000; Si 3000; Al 10,000.

Fig. 4. X-ray scans along same line on clinker B as in Fig. 3. 
Counts per second full scale: Cl 1000; Mg 1000; Al 10,000; 
Fe 3000.

Written Discussion

Toshio Sakurai and Takeshi Sato

Introduction

The purpose of this discussion is to report the re
sults of some studies on an application of X-ray 
fluorescent spectrometry to a solid state analysis 
of minor components, such as chromium oxide, 
in portland cement minerals.

Although an analysis of solid state of minor com
ponents is very important in order to explain the phy
sical and chemical properties of clinker minerals, it 

is, nevertheless, very difficult to separate the solid 
state of minor components from that of their mothers.

From this viewpoint the authors think that an 
application of X-ray fluorescent spectrometry on 
an solid state analysis of chromium oxide in clinker 
minerals is very effective.

Experimental

The Philips’ vacuum spectrometer was used in 



this work with a special receiving slit of 10 cm long. 
Excitation condition was fixed at voltage of 50 KV, 
used with 36 mA. Topaz crystal was used for chromium 
lines K^1i3. The step scanning method was adopted 
at the fixed time of 20 seconds in every 0.01 degree 
(20) step. And this method was repeated 10 times 
on each sample.

In order to detect the direct relation between 2 
and valency of chromium in the crystal field, chro
mium K^,i3 line of Cr2O3, CrO2, Cr3O8 and CrO3 
was measured.

Each spectral curve was analyzed as follows; as 
this spectral curve can be regarded as Gaussian 
distribution function:

S= -.£... e X
V27T a P L 2<72 J

where S is intensity, a the standard deviation of each 
curve, p. the average value, x the degree (20) and A 
the coefficient determined by the chromium concen
tration in each sample. At the region of x «= p, this 
function can be written as:

+ 2VS^<2"z -
In this equation, each coefficient <7, p and A can be 

calculated from the measured data by the simultaneous 
equations using the least mean square method, 
simultaneous equations.

Experimental Results

Listed in Table 1 are the terms a, p and A calculated 
from the coefficients of each spectral curve equation. 
Fig. 1 shows three examples of the spectral curves. 
Fig. 2 shows a calibration curve correlating each 20 
with the valency of each standard chromium.

Although each point has some deviation from the 
calibration curve, this linear relation is very signifi
cant.

The average valencies gained by interpolating the 
measured values in this linear relation are listed in 
Table 2. In this table the average valencies of dis
solved chromium obtained by chemical analysis (1) 
are also listed in contrast with the former.

For tri-calcium silicate solid solutions, these pairs 
of values agree fairly well with each other. For di

Table 1. The term a, /z and A calculated from the coefficients 
of each chromium K^3j spectral curves.

Sample M<2ö) er A

Cr (met.) 100.5089 0.1092 -18936.7031
Cr2O3 100.4980 0.1078 -17890.6116
CrO2 100.5015 0.1102 -14867.9246
Cr3O8 100.5223 0.1136 -16943.2391
CrO3 100.5229 0.1133 -17101.9860
KgC^Oj 100.5189 0.1141 -4766.2096
C2F + 0.05“"'C3Cr 100.5026 0.1133 -409.2528
C2F + 0.10™->iC3Cr 100.5034 0.1124 -739.0879
C4AF + O.O5m->!C3Cr 100.5018 0.1278 -262.9488
C4AF + 0.20molC3Cr 100.5024 0.1151 -771.5176
C3S + 0.75w,%Cr2O3 100.5113 0.1423 -155.2836
C3S 4- 1.75w‘%Cr2O3 100.5143 0.1291 -257.3000

C3S s.s. (Ca^ooSigjAlgFe^^O^) 100.5121 0.1306 -228.1802

Cr02 2CaOFe2O3+ 3CaO.SiO2+
O.lOmol.CgCr 1.75wt%Cr2O3

Fig. 1. Three examples of the chromium K/3i,3 spectral curve.



Fig. 2. The calibation curve showing 29 against 
the valencies of dissolved chromium.

Table 2. Comparison of a pair of average valencies 
between (A) and (B).

(A) by X-ray fluorescent spectrometry
(B) by chemical analysis

■ Sample
Cr average valencies

X-ray 
spectrometry

Chemical 
analysis

C2F 4- O.OS-oiCgCr 3.8 3.2

CäF + O.IO'"C3Cr 3.8 3.6

C4AF + 0.05-'C3Cr 3.7 3.1

CdAF + 0.20""lC3Cr 3.7 3.2

C3s + 0.75w,%Cr2O3 4.9 4.6

C3S + 1.75w,%Cr2O3 4.6 4.4

C3S solid solution 
(^'a3OoS’94J^^6^e2^-'r5^x) 4.7 4.8

calcium ferrite solid solutions and for tetra-calcium 
alumino ferrite solid solutions, however, the values 
by chemical analysis are considerably smaller than 
those by X-ray spectrometry. This may be because, 
in chemical analysis, chromium in these solid solu
tions reduces to the more stable valence state, Cr3+, 
during dissolving of these solid solution into H2SO4 
solvent. Therefore, these values obtained by X-ray 
spectrometry show the truer valence state in solid 
solutions.

In Fig. 2, chromium in these ferrites takes the aver
age valencies of 3.7 ~ 3.8 which are corresponding 
to the valency of chromium in CrO2.

CrO2 has the structure of rutile TiO2 of 6 : 3 
coordination. Every chromium atom is surrounded 
by six oxygen atoms approximately at the corners 
of a regular octahedron, and every oxygen atom by 
three chromium atoms approximately at the corners 
of an equilateral triangle.

The structure of 2CaO-Fe2O3 determined by Ber
taut et al. is composed of one layer of octahedral 
groups of oxygen atoms around iron atom connected 
with another layer of tetrahedral groups of oxygen 
atoms around iron atom.

On the other hand, chromium trioxide, CrO3, 
has an arrangement composed of CrO3 chains held 
together only by van der Waals forces within which 
each chromium atom has four oxygen neighbors. 
Every two of these four oxygens is combined with 
only one chromium atom and every other two is 
surrounded by two chromium atoms.

Considering these structures, the structure of CrO2 
octahedra is far similar to the iron octahedra in 
2CaO • Fe2O3 than the structure of CrO3 tetrahedra is.

Therefore, it may be sure that chromium in the 
ferrites substitutes for octahedral iron or aluminum 
ion. The similarity of the standard deviation a of the 
chromium spectral curves of the ferrites to those of the 
standard samples also proves that chromium in ferrite 
substitutes only for octahedral iron or aluminum ion.

Fig. 2 also shows that chromium in tri-calcium 
silicate solid solutions take the average valencies of 
4.6~4.9. ,

In this case, these average valencies are situated 
about in the middle between those of CrO2 and CrO3.

In Table 1, the standard deviation a from the chrom- 
uim spectral curves of tri-calcium silicate solid solu
tions is obviously a little larger than the standard 
deviation from the chromium spectral curves of the 
ferrites and of the standard chromium oxides.

This result means that these spectral curves of tri
calcium silicate solid solutions are composed of two 
or more curves.

In other words it may be sure that chromium in 
tri-calcium silicate solid solutions has two or more 
kinds of valence states and coordination numbers.

In order to clarify the details of these considerations, 
however, the study of X-ray absorption-edge spec
trometry for chromium in these tricalcium silicate 
solid solutions must be performed.

Conclusion
As mentioned above, solid state of minor compo- 



Hört!, eHiromwiii ©»idle, dissolved in jwthnd cement 
cllmi&er mniimerajfe can be dariffied failry well by X-ray 
s-peWowetry y»mg the proper standard samples,

This method can be, of come, applied to« the other 
transition elements dissolved as minor components.

The key to a significant resolution ©if the problem 
is to find the most profitable standard samples for 
a coming minor element and to improve the analy
tical accuracy of X-ray spectrometer.
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Oral Discussion

Hiroshi Uchikawa

1 should like to ask you about the calculation of 
the mineral compositions.

Although you did not refer to it today, in your 
principal paper you have put forward a method for 
it, that is, solutions of simultaneous equations by the 
least square method. May I ask, to what extent we 
can count on the accuracy of this method?

Author’s Closure

Goro Yamaguchi

Reply to Terrier

It seems reasonable that the contents of minor 
constituents in clinker minerals depend to their total 
contents in clinker. In our study, however, we could 
not confirm this phenomenon because there is little 
dispersion of contents of minor constituents in Japa
nese clikers.

Mr. Terrier’s and our results about Fe2O3 content 
in alite are coincident, so that the values seem highly 
reliable. As to MgO content in alite our result and 

Ms are somewhat different. It is not clear whether or 
not the contents are essentially different between 
Japanese clinkers and others.

I would like to check the reliability of our results. 
We also attempted to determine minor constituents 
in clinker minerals by the electron probe microanaly
sis. However, we could not obtain a reliable result 
because of the low resolution of the microanalysis. 
I would like to know many details and error problem 
of his experiment such as resolution, standard speci
men and calculation.

Reply to Palmer and others

We also carried out the line scanning analysis of 
the electron probe microanalyzer but did not de
scribe it in our principal paper. I think that analysis 
is valuable to find some special elements at some 
points. In their results a behavior of chroline is espe
cially interesting. If whole data had been presented 
together with reflected light microscopic images they 
would be more valuable.

I think spectrum of line scanning analysis should 
show nearly rectangular shape. In their case, however, 
as well as our experiment a fact that the spectrum 
does not show rectangular shape seems due to low 
resolution of the microanalysis. I can not estimate 
sizes of ferrite and aluminate of their clinker. In our 
clinkers texture of ferrite and aluminate is very fine 
and complex as shown in our principal paper. There
fore, I can not exectly discuss the descrimination 
between ferrite and aluminate in the interstitial phase 
of their clinker and the descrimination seems not so 
clear as well as in our clinkers.

Reply to Sakurai and others

I also think that X-ray florescent study is useful to 
investigate states of elements in solid phase if uniform 
samples can be provided as in the case of synthesized 
samples.

We applied an electron probe microanalyzer to 
obtain such an information from fine minerals in 
clinker, especially an information of iron. We have 
recognized that the diffraction of Fe Ka radiation 
from ferrite in clinker shifts to slightly higher angle 
side than that from a metalic iron. As to Fe radiation 
from other mineral phases in clinker, such an obser
vation has not been accomplished because of very low 
intensity.

Reply to Uchikawa

The simultaneous equations consist of four varia



bles and five equations. If analytical data of chemical 
composition of minerals were exact it would be able 
to solve the mineral composition from upper four 
equations. However, because some errors are inevi
table, the fifth equation become necessary in order 
to apply the least square method. 1 he calculation was 
carried out using an automatic computer giving some 
proper weight to equations.

The calculation did not become possible until 
fairly exact chemical compositions of minerals could 
be obtained. However, a little deviation of the chemi
cal composition of minerals affects a value of the 

mineral composition, so that as much as possibly 
exact chemical compositions are needed. Especially, 
ratios of CaO: SiO2 in alite and belite affect the 
results. Moreover, exactly saying, chemical composi
tions of minerals are slightly different according to a 
kind of clinkers, especially in white cement, so that 
we can not obtain exact mineral composition unless 
using special data according to a kind of clinkers.

At the todays’ step, errors have not become so 
small but I think it is valuable to use this analyzing 
system in each factory according to its own clinker.
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Synopsis

The minor elements present in tricalcium silicate (alite) and dicalcium silicate (belite) 
from four portland cement clinkers have been determined quantitatively by electron probe 
X-ray micro analysis.

The following elements were detected in alite: calcium, silicon, iron, aluminium, potas
sium, magnesium with traces of cobalt and sulphur; and in belite, calcium, silicon, iron, 
aluminium, potassium, phosphorous, chromium, titanium and traces of cobalt, sulphur and 
magnesium.

It has been found that magnesium, aluminium and iron are present as important addi
tions in alite, and that alkalies, iron and aluminium are important constituents of belite, 
and these have been determined quantitatively. The ranges of each substituting element have 
been investigated for the clinkers and compared.

Introduction

Midgley (1) referred to the use of electron probe 
X-ray micro analysis, gave an analysis for alite and 
published a series of elemental distribution photo
graphs of portland cement clinker in 1964, but the 
first serious work on the subject published seems to 
be that by A.E. Moore (2) in 1965. Peterson (3) has 

presented some values for A12O3, K2O, Na2O and SO3 
in alite and belite crystals in portland cement clinkers. 
Midgley (4) has investigated the composition of alite 
in one portland cement clinker and Fletcher (5) has 
investigated the composition of belite in two portland 
cement clinkers.

Experimental

The technique of electron probe X-ray micro 
analysis has been dealt with extensively in the litera
ture; for a recent compendium of the methods and 
a review of mineralogical applications Adler (6) 
should be consulted.

In the present work a “Geoscan” microprobe manu
factured by the Cambridge Instrument Co. Ltd. of 
Cambridge, United Kingdom was used. This ins
trument is capable of resolving an electron “spot” 
of \p. m. in size. The take-off angle is 75° for X-rays 
and the spectrometer is of the fully focussing type. 
A flow proportional counter using argon-carbon 

dioxide gas mixture is used as the X-ray sensing 
device and the output is capable of pulse height 
analysis. The high take-off angle has a major advan
tage in that it minimizes the effect of surface relief 
and at the same time reduces the need for large adsorp
tion corrections. One of the few disadvantages of the 
geometry is that the instrument is thus capable of 
receiving X-rays generated at a comparatively great 
depth below the surface. The presence of shallowly 
lying artefacts beneath the surface can thus give rise 
to erroneous results. Such results can usually be 
checked by moving the sample in relation to the static 
probe. In the event of an artefact giving rise to a signal 
the count rate would significantly change in the vici
nity, the exception being where the boundary of the 



two phases lies parallel to the surface of the sample. 
The likelihood of this occurring is statistically small 
when compared with the probability of the phase 
boundary making a significant angle to the specimen 
surface.

An accelerating voltage of 20 kV was used for all 
elements and a specimen current of about 100 m/t 
amps was found to give the best compromise between 
stability and counter rates. The diffracting crystals 
used were mica for sodium, magnesium and aluminium 
K alpha X-radiation; quartz for potassium K alpha 
X-radiation and lithium fluoride for titanium, man
ganese, and iron K alpha X-radiation.

The specimens were prepared by standard methods 
used for optical microscopy of polished sections, 
Midgley and Taylor (7). The clinkers were embedded 
in a resin (araldite) and the specimen surface ground 
flat using a rotating steel lap with 120 grade silicon 
carbide powder. The specimen surface was then poli
shed by using successively 6/z, 1/4, and |/4 diamond 
paste on nylon bolting cloths. Following polishing 
the specimens were given a conducting coating with 
about 200 A layer of graphite deposited in a vacuum 
shadow casting unit.

Since the electron probe had co-axial visual and 
electron optics the specimen could be examined 
microscopically with the same instrument.

The method of analysis depended upon the nature 
and size of the mineral grains. Where the minerals 
were sufficiently large (alite and belite) at least two 
local spot analyses were made on each grain. Where 
the minerals were present as complex intergrowths 
in the ground mass recourse was made to a scanning 
method by which the sample was moved very slowly, 
3/zmpermin., under a stationary probe, the ratemeter 
readings being used to activate the pen of a chart 
recorder. Ratemeter readings had a much lower 
precision than those obtained by counting but inter
ference of phases could be readily assessed and there
fore the overall accuracy was better for this type of 
specimen.

For quantitative analysis standards were prepared 
by synthesizing minerals with bulk compositions near 
those to be analysed and spanning the range of elemen
tal content encountered in the unknowns.

The composition of C3S and the introduction of 
elements into its lattice has been studied in detail 
by various workers and preparations based on these 
studies were made with magnesium, aluminium, 
potassium, titanium, sodium and iron in C3S. These 
preparations were also used as standards for C2S with 
appropriate corrections for absorption and enhan
cement. One of the major advantages of using C3S or 

other mineral of similar matrix as a standard for C2S 
instead of the pure metals is that the corrections due 
to matrix differences are very small and this mini
mizes the errors introduced by uncertainty of values 
for mass absorption coefficients. The homogeneity 
of all standards was checked by X-ray diffractometry 
and by optical microscopy. The standards used are 
listed in Table 1.

A melt corresponding to the invariant point in the 
system CaO—A12O3—Fe2O3—SiO2, Lea and Parker 
(8) was also made; this was useful in estimating small 
quantities of aluminium and iron.

Absorption corrections were made following the 
general formula given by Philibert (9) and fluorescence 
enhancement corrections were made by the formula 
given by Castaing (10).

The sensitivities of the method for various elements 
are given in Table 2.

A considerable amount of information can be ob
tained by deflecting the electron beam to describe 
a raster over the surface of the clinker. The outputs of 
the counterrecording the reflected electrons and the 
countermeasuring the X-ray output can then be used 
to modulate a cathode ray tube. Typical “pictures” 
for certain elements are shown in Fig. 1 which illus
trates element distribution in a part of a cement 
clinker, (P.1012/3), showing alite, belite and interstitial 
minerals.

Table 1. Standards used for electron probe micro analysis

Sodium CgA containing 3 %Na20
Magnesium C3S containing 1.02% 0.67% and 0.32%MgO
Aluminium C3A, C4AF, and C3S containing 0.80%A1203
Silicon C3S, C2S and C3S2 (Rankinite)
Potassium C12A7 melt containing 1 %K2O
Calcium c3a, c3s, c2s, c4af
Titanium C3S containing 0.61 and 0.31 %TiO2
Manganese C3S containing 0.73 %MnO2
Iron C3S with varying small amounts of Fe2O3, C4AF

Table 2. Sensitivity i.e. 3 x standard deviation of background 
for 200 sec. counting times, for minor and trace elements 
in calcium silicate matrices. This is the minimum quantity 
detectable.

Element Sensitivity wt. per cent

Na 
Mg 
Al 
K 
Ti 
Mn 
Fe

0.01
0.04
0.05
0.02
0.02
0.01
0.01



OPTICAL MICROGRAPH ELECTRON IMAGE ALUMINIUM DISTRIBUTION

SILICON DISTRIBUTION POTASSIUM DISTRIBUTION CALCIUM DISTRIBUTION

TITANIUM DISTRIBUTION MANGANESE DISTRIBUTION IRON DISTRIBUTIOR

Fig. 1. Elemental distribution in minerals in a portland cement 
clinker. The hexagonal shaped outlines are of alite (C3S), 
rounded belite (CjS) and the rest interstitial. It is quite evident 
from these pictures that the aluminium is concentrated in the 
interstitial, which is also deficient in silicon.

Cement Clinkers Examined

Four samples of portland cement clinker, P 1012/3, 
P 1017/2, P 1018/1 and P 1020/1 of the collection of 
the Mineralogy Laboratory, Building Research Sta
tion, were examined. Table 3 is a summary of the 
chemical and mineralogical compositions. The miner
alogical composition was determined by the quanti

tative X-ray diffraction analysis (Q.X.R.D.) method 
proposed by Midgley, Fletcher and Cooper (11). 
Clinkers No. P 1012/3 and P 1017/2 are of the sulphate 
resisting type, having a C3A content of less than 3.5 
per cent (S.R.P.C.). The other two are ordinary por
tland cements (O.P.C.).



Table 3. Chemical and mineralogical composition of portland 
cement clinkers used

P1O12/3 P1017/2 P1018/I P1020/1

SiO2 23.06 21.90 23.56 21.39
A12O3 4.23 3.89 4.83 6.00
Fe2O3 6.33 6.69 2.55 3.09
TiO2 0.28 0.26 0.24 0.34
PzO, 0.24 0.20 0.20 0.19
CaO 64.08 64.35 65.75 65.47
MgO 0.88 0.86 0.96 1.34
SO3 0.24 0.64 0.19 0.73

0.11 0.41 0.06 0.32
k2o 0.40 0.62 0.21 0.86
Na-O 0.28 0.20 0.51 0.20

Mineralogical composition by Q.X.R.D.
alite 41.6 52.9 53.4 56.0
belite 31.1 27.4 25.8 23.0
c3a 3.8 2.6 7.8 11.8
f.ss. 14.4 14.2 6.9 8.7

Composition offerrite solid solution in mol per cent CyF
56 64 51 52

Mineral composition according to Bogue calculation
C3S 47.3 50.6 47.7 57.4
C2S 30.2 24.7 31.3 17.3
c3a 6.5 nil 8.5 10.7
c4af 19.3 19.6 7.8 9.4

*AU the alites were monoclinic by X-ray diffraction (X.R.D.)

Composition of Alite

The following elements were detected by the probe 
in alite crystals in various clinkers: calcium, silicon, 
iron, aluminium, potassium, manganese, magnesium, 
with traces of cobalt and sulphur. It was found that 
sodium, magnesium, aluminium, potassium, titanium.

Table 4. Summary of minor element contents in alite (C3S)

Oxide Clinker

Average wt % 
of oxide

Range
in phase

X n s c

Na2O P1012/3 0.3 6 0.0(5) 16.7 0. —0.5
P1017/2 0.2 2 0. —0.3
P1018/1 0.2(5) 6 0.1 40 0.1 —0.4
P1020/1 0.2(5) 4 0.2 80 0.1 —0.4

MgO P1012/3 0.86 6 0.16 18.5 0.67—1.03
P1017/2 0.61 5 0.07 11.5 0.52—0.68
PI018/1 0.90 7 0.16 17.7 0.61—1.10
Pl 020/1 1.01 4 0.17 16.8 0.81—1.20

AI2O3 P1012/3 1.19 6 0.09 7.6 0.87—1.57
P1017/2 0.92 3 0.83—1.05
P1018/1 1.26 6 0.20 15.6 0.91—1.45
P1020/1 1.68 4 0.50 29.8 1.03—2.24

k2o P1012/3 0.10 9 0.02 20 0.08—0.12
P1017/2 0.25 2 0.23—0.26
P1018/1 0.06(2) 10 0.01(4) 23.0 0.04(5)—0.08(5)
P1020/1 0.13 12 0.02(5) 19.4 0.10—0.17

TiO2 P1012/3 0.11 2 0.09—0.13
P1017/2 0.16(5) 1
P1018/1 0.12 6 0.05(3) 44 0.06—0.19
P1020/1 0.15 7 0.06 25 0.08—0.25

MnO2 P1012/3 0.02 8 0.01 50 0.01—0.04(5)
P1017/2 0.03 4 0.02 67 n.d.—0.05
P1018/1 0.02 4 0.01 50 n.d.—0.03
P1020/1 0.02 8 0.01 50 0.01—0.04

Fe2O3 P1012/3 1.39 11 0.29 21 0.92—1.94
P1017/2 1.62 2 1.51—1.73
P1018/1 0.43 2 0.30—0.56
Pl 020/1 0.72 11 0.09 13 0.47—1.44

x = arithmetical mean
n = number of determinations
s = standard deviation

m . , , .  s x 100c = coefficient of variation,----=----  

manganese and iron were the more important and so 
these were determined quantitatively. The resulting 
alite compositions are given in Table 4 where the ele
ments have been calculated as being present as the 
oxides. It is clear from the coefficients of variation 
‘c’ that the difference in composition between indi
vidual alite grains with some clinker is real since the 
‘c’ values for most elements present should be much 
lower, in the range of 0.5 per cent to 10.0 per cent. 
Fletcher (5) using the same instrument as the present 
author has given the standard deviations (Table 5) for 
determination of the same elements in similar cements. 
The coefficient of variation ‘c’ has also been calculated 
assuming average oxide contents for alite. It must be 
noted here that the large values for the coefficient 
of variation for sodium determinations (Table 4) may 
be due to the inaccuracies of the estimation.

Examination of the results for the minor elements

tThe coefficient of variation has been calculated using approximate values 
for the contents of the oxides in alite.

Table 5. Standard deviation of determination of elements in 
portland cement clinker minerals on the electron probe 
microanalyser at the Building Research Station.

Element, as oxide Standard deviation Coefficient of variation, 
per centt

CaO 0.25 3.3
SiO2 0.25 9.4
k2o 0.025 10.0

- Na2O 0.05 15.0
MgO 0.025 2.5
Fe2O3 0.05 5.0
TiO2 0.025 25.0
A12O3 0.05 5.0



present iw aiTito from the* fow clinker s- sHrow tthat fov 
sotitaM, MaigweS'iiiM,. petaissihiw, titentiuim, anaidl ■aiiD- 
ganesev the1 difference betweem elimkeiis- is less thaiin the1 
dlMfereHGes' expected betweem iind'ividiiMll erystajls im 
ai singfe' clinker. The' greasiest differ ewe betweem cliink- 
ersoeewrswithiaillumiimiiie aimdl iron,, the ratio1 of Fe^O^, 
-AHjOji i® the1 ailite’beimg govermed by theraitio* in the1 
who'le'Gliniker. Table 3 givesthe amiailyses- ©f the elimkers 
msed;. Tabfe 6> gives the1 Fe’^-Al^Oj ratios for alite1 
aimd for climker. It niwst be1 motedl here1 that it is the1 ire® 
eomtent of the alite1 which varies most; A12O$ varies 
fr©w 0'.92 to1 1.68' per Gent, dlifferemce ®.76> per1 cent 
while1 the1 Fe2O31 varies from ©>.43 to 1.62 per cent, 
dliffeTence1 IW per Gent. If the1 molar contents of the 
alites are1 cafewllaite'd for the1 three1 effinkers P 110’12/3, 
P 10>17/2 andl P1020/1 the snms for Fe2O$ and AlA 
are very similar, respectively OiOSO1, 0.0(22 andl 0.021. 
Clinker P 10>l 8/1 is differ ent, having a molar percent
age of AljOj pfas Fe'jOj of 0.015. It is mot cl’earwhy 
this should! be so, except that the original material 
is exceptionally low in iron, 2.55 per cent Fe2O3., 
as compaired with 3.091, 6.33 and 6.99 per cent for the 
other clinkers.

Tabfe 6>. Fe^Os-AH^Oj raritre N alite wd im eemeM eMcer

Samptenumbcr P10H7/2 »0118/1 PIIOMfl

AMite II. 17 1 76 0134 01.4$
Clinker 1.50> 1.72 0153 01311

The analyses of the alites expressed as molar con
tents are Na2O l 0'.004; K20.0.002; MgO: 0.020; 
IiO2r 0.002; A12O3: + Fe2O$: 0.020.

These results may be compared with one alite crystal 
thorooghly analyzed by Midgley (4); with Na2O: 
0.005; K2O: 0.001; MgO: 0.020; TiOz: 0.001 ;A12O$: 
0.010; Fe2O»: 0.009; AT2O3 + Fe2O$: 0.019.

One the basis of a cell content of 180 oxygens the 
composition is Ca„ ,.M Fe, Al „ ,»z Na®. ao K,., 8 Mho, o2 
Tio.m SiM48 Olg0.

In one special clinker, B.R.S. sample No. B102, the 
following elements were also detected in the alite; 
phosphorus and strontium, equivalent to P2O5: 2.0; 
SrO: 0.5 per cent by weight. This result shows that the 
average composition for alite only applies to raw ma
terials that contain similar elemental compositions.

Composition of Betite

TaHe 7, Summary of minor element contents in belile ^C2S

Oxide Cfiflfcer

Average 
wt 
o*xi>de iff 
p'h'ase’ 

X « s £ Ramge

lSa2O «011/5 0.9 6 0.2(5) 27.8 0.6 —1.2
«017/2 0.5 3 0.1 —0,9
«018/1 1.0 6 0.3(5) 35.0 0.4 —1,3
«020/1 0.5 4 0.3 60 0 —0.9

MgO «012/3 0.56 6 0.16 28.6 0.17—0.75
TlOlt/l 0.24 5 0.03 12.5 0.17—0.28
«018/1 0.50 7 0.15 30,0 0.27—0.76
«020/1 0.42 4 0.08 19.0 0.32—0.49

A1A «012/3 1.19 6 0.28 23.5 0.87—1.57
1*1017/2 1.25 5 0.18 14.4 0.97—1.43
«018/1 2.04 6 0.31 15.2 1.65—2.57
Pl 020/1 2.58 5 0A7 18.2 1.96—3.28

k2o «012/3 0.75 14 O.07 93 0.62—0.87
P1017/2 0,95 9 0,20 21.0 0.66—1.25
«018/1 0.50 13 0,14 27.9 0.27—0.88
P1O20/1 0,70 7 0,12 17.1 0.53—0.87

TiOä P1O12/3 0.18 2 0.15—0.21
P1017/2 0.14 2 0.12—0.15
P1018/1 0.12 10 0,04 33 0.07—0.18
Pl 020/1 0.17 7 0.04 23.5 0.11—0.24

MfiOs P1012/3 0.06 7 0.02 33 0.05—0.07
P1017/2 0.01(2) 5 0.00(7) 58 n.d.—0.02
P1018/1 0.03 5 0,01 33 0.02—0.04
1*1020/1 0.02 2 0,00(7) 35 0.02—0.03
«012/3 2.16 16 0,65 30.0 1.34—3.76
P1017/2 1.79 10 0,20 11,3 1.49—2.10
P1018/1 0.69 9 0.27 39.0 0.36—1.23
P1020/1 0.86 14 0.16 18.6 0.48—2.50

H = 1s = pee key ai end of Table 4 
e = J
* = Average wt % of oxide present in bellte in clinker.

The following elements were detected by the probe 
in belite crystals in the clinker samples: calcium, 
silicon, iron, aluminium, potassium, magnesium, 
phosphorus, chromium, titanium, and traces of cobalt 
and sulphur. The same elements were determined 
quantitatively for belite as for alite. Results are given 
in Table 7, calculated as oxides. It is noticeable that 
the coefficient of variation, c, is of the same order as 
for alite, but that Na2O, A12O3, K2O and Fe2O3 
contents are higher in belite than in alite, MgO is 
less and TiO2 about the same. Again the greatest 
difference between belite in different clinkers is in 
theFe2O3 and A12O3 contents, the ratio being governed 
by the Fe2O3-Al2O3 ratio of the original clinker. 
The results are given in Table 8.

The average molar compositions of the belites can 
be represented by Na2O: 0.008; K2O: 0.008; MgO: 
0.010; TiO2:0.002; A12O3 + Fe2O3:0.026. The ranges 
in compositions are given in Table 7.

Table 8. Fe2O3-Al2O3 ratios in belite and in cement clinker

Sample number P1012/3 P1017/2 P1018/1 P1020/1

Belite 1.81 1.43 0.34 0.33
Clinker 1.50 1.72 0.53 0.51



Distribution of Elements between Co-Existing Alite and Betite Crystals

The partition of minor elements between alite 
and belite crystals has been determined by experi-

Table 9. PaTtition <of juxt-aposed pairs of
and belite

Oxide Sample
Wt % of oxide in phase c,s

C3SC3S CsS

<0.38 LOO 2.6
0 0.45 >4.5
0.4 0.9 2.25

P1012/3 0.1 LI 11.0
0.5 1.2 2.4
0.3 0.6 2.0

P1017/2 0 0.1(5) 1.5
0.3 0.9 3.0

Na2O 0.2 0.4 2.0
0.4 1.1 1.7
0.2 0.7 3.5

P1018/1 0.2 1.1 5.5
0.4 1.3 3.3
n.d. 0.4 4.0

0.4 0.7 1.7(5)
P102Ö/I 0.4 0.9 2.2(5)

0 0.4 —
0 0 —

1.03 0.62 0.60
0.93 0.58 0.62

P1012/3 0.94 0.75 0.80
0.92 0.63 0.68
0.68 0.52 0.76
0.67 0.27 0,40

0.68 0.24 0.35
0.63 0.17 0.27

P1017/2 0.62 0.23 0.37
0.52 0.28 0.54
0.61 0.26 0.43

MgO 0.83 0.41 0.49
1.10 0.61 0.55
0.86 0.27 0.31

P1018/1 0.88 0.76 0.86
0.61 0.47 0.77
1.06 0.46 0.43
0.95 0.50 0.53

LIO 0.32 0.29
P1020/1 0.93 0.47 0.51

1.20 0.49 0.40
0.81 0.39 0.46

1.40 1.80 1.3
0.94 1.40 1.5

PI0I2/3 1.32 1.65 1.2(5)
1.03 1.32 1.3
0.87 1.70 1.9(5)

0.87 1.43 1.6(5)
P1017/2 1.05 1.17 1.1

0.83 1.28 1.5(5)
0.97 1.39 1.4(5)

AI2O3 1.28 2.10 1.6(5)
1.39 2.57 1.8(5)

P1018/1 0.91 2.08 2.3
1.35 1.94 1.4(5)
1.45 1.64 1.1(5)
1.16 1.88 1.6

2,24 2.59 1.1(5)
P1020/1 1.03 2.49 2.4

1.64 1.96 1.2
1.81 2.58 1.8

mentally estimating the elements in adjacent grains 
of alite and belite; the results are given in Tables 9 and
10.

The factors influencing partitioning of the trace 
elements between co-existing mineral phases in por
tland cement clinker are many and complex. There 
is some evidence to indicate that there is a consider
able lack of homogeneity in the sample populations. 
Tables 9 and 10 show that the values of minor ele
ments in the host minerals may differ by a factor of 
4 within the same sample.

Generally speaking, however, the partition coeffi
cients, here defined as the ratio of element concentra
tion in belite to alite, do not depart from each other 
to the same degree. This, of course, may only reflect 
gross inhomogeneities within the initial raw material, 
and that the mainly solid state reactions have not been 
sufficiently energetic or have not continued for a 
sufficiently long time to average out these differences. 
It is thus likely that areas initially high in potassium, 
for example, would favour the nucleation and growth 
of belite. Belite is often concentrated around vesicles 
in the clinker, which may have contained gaseous 
potassium ions, flue gases are often rich in this cons
tituent. However, owing to the difficulty of obtaining 
reliable analyses for the interstitial clinker phases it

Teble 9. (Cont’d)

Oxide Sample
Wt % of oxide in phase C2S

C3SC3S C2S

0.08 0.75 9.4
0.12 1.10 9.2
0.11 0.72 6.5
0.11 0.73 6.7

P1OI2/3 0.10 0.76 7.6
0.08 0.81 10.1
0.09 0.87 9,7
0.07 0.80 11.5

PL0I7/2 0.26 0.92 3.5
0.23 0.70 2.7

0.04 0.88 19.6
P1018/1 0.06 0.70 11.7

0.05 0.45 ' 9.0
0.08(5) 0.62 7.3

K2O 0.17 0.71 4.2
0.12 0.64 5.3
0.12 0.75 6.3

P1020/1 0.16 0.53 3.3 •
0.14 0.60 4.3
0.13 0.87 6.7,

0.18 0.75 4.2
0.11 0.91 8.3
0.11 0.73 6.6

B102 0.10 0.64 6.4
0.15 0.52 3.5
0.17 0.70 4.1
0.17 ' 0.82 4.8



is not possible to give a quantitative expression for 
this inhomogeneity. No data is available for the tem-

Table 9. (Cont’d)
Partition of elements between juxtaposed pairs of alite and belite

Oxide Sample
Wt % of oxide in phase CsS

CsSC3S C2S

P1012/3 0.09 0,21 2.3
0.13 0.15 1.3

P1017/2 0.16(5) 0.12(5) 0.76

0.19 0.18 0.95
0.18 0.11 0.60
0.07 0.07 1.00

P1018/1 0.08 0.10 1.20
TiO2 0.14 0.16 1.11

0.06 0.07(5) 1.33

0.16 , 0.22 1.4
0.17 0.15 0.88
0.16 0.10 0.6

P1020/1 0.25 0.24 0.9(5)
0.08 0.12(5) 1.55
0.10 0.15 1.50
0.12 0.17 1.4

0.02 0.05 2.5
0.04 0.03 0.75
0.02 0.07 3.5

P1012/3 0.04(5) 0.07 1.75
0.02 0.05 2.5
0.02(5) 0.05(5) 2.6
0.02(5) 0.06(5) 2.6

0 0.05 _
P1017/2 0.02 0

0.05 0 __
0 0 —

MnOg 0.02 0.02 1
P1018/1 0 0.04

0 0.02 —
0.01(5) 0.02(5) 1.7

0.02 0.03 1.5
0.02 0.02 1
0.02(5) 0.03 1.2

P1020 0.01 0.02 2.0
0.03(5) 0.03 0.8(5)
0.00(5) 0.01(5) 3
0.01(5) 0.02 1.3

1.28 2.00 1.56
1.23 2.23 1.82
0.92 1.38 1.56
1.39 2.04 1.47
1.15 1.04 1.78

P1O12/3 1.18 1.71 1.45
1.53 2.72 1.78
1.76 3.76 2.15
1.34 3.27 2.34

PcgUg 1.94 2.27 1.17

1.52 1.74 1.16
P1017/2 1.73 1.73 1.00

0.56 0.92 1.64
P1018/1 0.30 0.58 1.94

0.47 2.51 5.30
0.61 0.77 1.27

P1020/1 0.85 1.05 1.24
* 0.52 0.61 1.09

0.44 0.58 1.32
0.49 0.50 1.02

P1012/8 0.48 0.66 1.38
0.45 0.86 1.91

perature of formation and the differences in partition 
coefficients, although generally small, are nevertheless 
significantly greater than would be expected, were the 
clinkers all brought to equilibrium at the same tem
perature. In many cases, however, the distributions 
are distinctly different between clinkers and the minor 
differences within the clinkers could be attributed to 
differences in the temperatures at which parts of the 
clinker achieved equilibrium.
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Table 10. Summary of data for partition coefficients 
of oxides present in C3S and CjS

Oxide Sample a: n s c

Na2O P1012/3 4.1 6 3.5 85
P1017/2 2.2 2
P1018/1 3.3 6 1.7(5) 53
Pl 020/1 2.2(5) 4 1-1(5) 51

MgO P1O12/3 1.63 6 0.42 26
P1017/2 2.69 5 0.66 24
P1018/1 1.95 7 0.67 34
P1020/1 2.48 4 0.66 27

A12O3 P1012/3 1.46 5 0.29 20
P1017/2 1.44 4 0.24 17
P1018/1 1.67 6 0.39 23
Pl 020/1 1.53 4 0.57 37

k2o P1012/3 8.9 8 1.9 21
P1017/2 3.1 2 _
P1018/1 11.9 4 5.4(5) 45
Pl 020/1 5.0 6 1.3 26
B102 5.4 7 1.7 31

TiO2 P1012/3 1.80 2 — —
P1017/2 0.76 1 — _
P1018/1 1.03 6 0.08 8
P1020/1 1.18 7 0.37 31

MnO2 P1012/3 2.31 7 0.81 35
P1017/2 <0.5 4 — —.
P1018/1 >2.2 4 — _
P1020/1 1.55 7 0.74 48

Fe2O3 P1012/3 1.70 10 0.11 6.5
P1012/8 1.41 4 0.37 26
P10I7/2 1.08 2 _
P1018/1 1.79 2 — —
P1020/1 2.22 4 2.04 92

x = arithmetical mean of partition coefficient for mineral pairs. 
n = number of determinations
s = standard deviation
c = coefficient of variation '
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Synopsis

Solid solutions between 3CaO-SiO2 and Cr2O3, and 3CaO-SiO2, Cr2O3 and MgO 
have been investigated. It has been shown that at Cr2O3 concentration higher than 1.5 
wt % decomposition of solid solutions with formation of new phases takes place. MgO as a 
component of solid solutions prevents this decomposition.

The effect of oxidation-reduction conditions on the oxidation degree of Cr2O3 in solid 
solutions has been studied. Solid solutions of yellow, green and blue color have been ob
tained under various conditions. Chromium valence has been determined in the samples by 
chemical analysis.

Spectroscopic investigation has shown that solid solutions of yellow, green and blue 
color have different spectra characteristic for each of them. Theoretical interpretation of 
the absorption spectra has been considered.

Assumptions on Cr3+ and Cr6+ positions in the structure of the solid solutions have 
been proposed.

X-ray method was used to show disordering of the solid solutions. Solid solutions can 
be triclinic and monoclinic depending on chemical nature of addition, its amount and heat
treatment conditions.

Introduction

The main cementing mineral of commercial clin- 
kers-3CaO SiO2-always contains some amount of 
additions occurring in the lattice in the form of solid 
solution. Chemical nature of the addition, its amount 
and heat-treatment conditions considerably change 
the structure of the silicate and consequently, its 

chemical and technical properties.
Among the studied solid solutions of 3CaO Si02 

with other components, chromium solid solutions are 
of special interest because of the presence of a cation 
of variable valence in the lattice.

Experiment

The tested samples were obtained by annealing in 
air in a Pt-Rh furnace at temperatures 600-1500°C 
and in argon at 1600-1800°C using a tungsten vacuum 
microfurnace.

The synthesis of the samples was realized according 
to the method described by Boikova and Toropov

(1). Solid solutions of the yellow (at 600°C in air), 
green (at 1500°C in air), and blue (at 1600-1800°C 
in argon) color were obtained. .

Most of the tests were carried out at temperatures 
1450-1500°C in air under conditions near to practical 
ones.

Methods of Investigation and Results

The preference was given to the study of the solid 
solutions of the green color. The blue and the yellow 

solid solutions were examined in connection with the 
question of the influence of oxidation-reduction con
ditions on the chromium valence.

By means of optical, X-ray, DTA and chemical 
(determination of free CaO) methods it was found that 



the limiting solid solution contained only 1.5 wt % 
Cr2O3, had light green color and refractive indices 
higher than those of pure 3CaO SiO2:

NgNo = 1.726 ± 0.003 and NpNo = 1.722 ± 0.003
Characteristic property of the solid solutions with 

Cr2O3 is their instability. If Cr2O3 content in the mix
ture exceeds 2 wt %, there occurs the decomposition 
of the solid solutions with formation of free CaO and 
crystals of the green color brighter than the solid 

solution itself and representing one of the high-tempe
rature forms of dicalcium silicate stabilized by Cr2O3. 
Their refractive indices are as follows:

NgNa = 1.767 ± 0.003 and NpNa = 1.754 ± 0.003.
With increasing Cr2O3 content in the mixture the 

amount of the solid solution 3CaO SiO2 with Cr2O3 
decreases, and at more than 5 wt % Cr2O3 no for
mation of the solid solution is observed.

Differential Thermal Analysis

DTA curves in Figs 1 and 2 show polymorphous 
transformations most characteristic of pure 3CaO- 
SiO2, where two brightly expressed effects are observed 
at 920° and 980°C (Fig. 2, a).

One of the interesting phenomena detected in the 
DTA curves is the splitting effect of the curves for solid 
solutions with 1.5 and 2 wt % Cr2O3 (Fig. 1, c, d).

The DTA curves also show that with increasing 
Cr2O3 content in the samples, the amount of 3CaO- 
SiO2 solid solution with Cr2O3 decreases while in the 
samples with 5 %Cr2O3 and 95% 3CaO SiO2 the 
solid solution does not form. Endothermic effects in 
the temperature regions 700-800°C, 1000-1100°C 

700

e

9S6/o3CaO-SiOa 
5?»

97% 3CaO'5iOa 
3% C?aOj 
96% 3CaO - Si0a

<1% Cta03

<200 99.5%'3CqO.SiO, 
0.5% CljOj

’».IS?0*

58% 3CaO-SlOa
2.efo CeaO3

900

1200

Fig. 1, DTA curves of the solid solutions with Cr2O3.

and 1200-1300°C characterize the phases developed 
as a result of the decomposition (Fig. 1, e, f, g). The 
splitting of endothermic effects is characteristic of the 
state preceding the decomposition.

In the study of the solid solutions between 3CaO- 
SiO2, Cr2O3 and MgO, the presence of magnesium in 
the lattice was found to prevent the decomposition. 
DTA curves for the solid solutions with MgO (Fig. 
2) allow to observe the phenomenon opposite to that 
characteristic of the curves for the solid solutions 
without MgO. With increasing MgO content in the 
solid solution two endothermic effects converge, and 
in the sample curves two endothermic effects fuse into 
a single effect (Fig. 2, d, e, f).

^00

Fig. 2. DTA curves of the solid solutions with CrzOs and MgO.
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X-ray Analysis

X-raiy dliffraictiio» patteTns of' prore 3'CaO-SiO4 
represemt cowpHicatedl Himes ctoarnging their shape and 
itittefflsity in relatioe to eertaim factors • chemical mature 
of' the aidtiitio», its amowt and heat-treatment con
ditiws.. Im Figs. 3 and 4 are given most characteristic 
areas of X-ray dliffraction pattern! for the solid solations 
at the angles 32-34° and 51-53°.

Analysis of the diffraction effects show that depend
ing on the matmre ©if the addition (Fig. 3, b, c) and 
heat-treatment conditions (Fig. 4, b, c, d), distances 
between the effects change, splitting or fusing of some 
of them and redistribötion of the intensities are ob
served. These factors indicate the disordering of the 

3Cal3SCfe

98%38<54
CSgQj

97%3CaOS^ 
2% M§0 
<% ttjOj

29
Fig. 3. X-ray diffraction patterns of the solid solutions with 

CrjOj and with CrjOj and MgO.

solid solution lattice. Solid solutions may be both 
triclinic and monoclinic depending on the nature of 
the addition, its amount and heat-treatment con
ditions.

I 3CaO-5iO2

ytlKow solid solution 
with ^’/oCzpOj, 
(600-C, in ato) 

cpeen solid solution 
with (%Cza03

' (l500eCinai2)

6lue solid solution 
vvith 
H800oC,in as^on)

M 33 32 31

Fig. 4. X-ray diffraction patterns of the yellow (Z>), green (c), 
and blue (tZ) solid solutions.

Chemical Analysis

Depending on the change in the oxidation-reduction 
conditions of the experiment, the oxidation degree of 
chromium altered, too. Thus, it was found by chemical 

analysis that solid solutions of the yellow color ob
tained in air at 600°C contained mainly Cr6+. Solid 
solutions heated in air at 1500°C got green color and 



showed the presence of both Cr'6+ and Cr3+. Heating 
in vacuum in argon under gas pressure of about 7-8 
psi at 1600-18OT°C produced solid solutions of blue 
color. According to the chemical analysis data, these 

samples contained mainly Cr'6+.
Table 1 represents results of the chemical analysis 

of the solid solutions with Cr2O3.

Table 1. of dit®M «wMysis of wlM solwtiows wink CrzOs

<ctf saunpll'es
ExTperiraeiiital 

comditioitiis Color
Components oontent aocordimg to analysis i(wt %)

CaO SiO2 CrjO3 CrO3
Losses on 
heating SllTtiCS)

W%3CaO.S»2 I %CrjO3 . f6(])i0oC in air yellow 25.36 1,32 0.78 100.15

550cC in air yellow 73.30 24M — 1.06 0.'9l9 100.01

9S%3CaO.SuO2 2%Crp3 5S0°C in air yellow 70,84 - 25.40 — 2^9 1.09 100.32

^%3CaO-SiOs l^CrjOa 1430X3 in air green 72.75 25.05 0,41 1.05 1.03 100.28

99%3CaO.SiO2 I %CrjO3 15WX3 in air green 72.52 25.37 0.42 0.56 ö.<62

W%3CaO,SiO2 2'%Cr/)3 1300X3 in air green 7L71 25.73 0.62 1.54 0.49 100.09

W%3CaO.SiO2 I%Cr2O3 18O0°C in arg'on blue 73,61 25,77 0.84 — 100.22

99%3CnO.S«O^ I%CrjO3 1600X3 in argon blue 72.71 26.©2 0.82 0.22 — w.n

Optical Investigations

Fig. 5. Absorption spectra curves of the yellow (a), green (b), 
and blue (c) solid solutions.

Fig. 5 shows the absorption spectra curves ob
tained on a spectrograph SF-4 for polycrystalline 
samples in the region 340-1100mm/r under reflected 
light. The absorption spectrum curve for the yellow 
sample represents one band in the shortwave range with 
a maximum at 380 mm/z. The absorption spectrum of 
the green solid solution exhibits two bands (Fig. 5, b): 
one corresponding to the intense band of the yellow 
sample with a maximum at 380 mm/z and the other-to 
the broad band of the blue sample with a flat maxi
mum in the wavelength range 640-700 mm/(. The 
blue crystal spectrum displays two absorption bands: 
an intense broad band with a flat maximum in the 
wavelength range 640-700 mm/z and a considerably 
more narrow weak band with a maximum at 470 mm/z 
(Fig. 5, c).

Discussion

According to the chemical analysis data for the 
yellow solid solutions and to the conditions of the 
synthesis providing the maximum degree of Cr oxida
tion, the absorption band at 380 mm/z characterizes 
Cr6+. The blue solid solutions contain mainly Cr3+. 
Two absorption bands—a broad one with a maximum 
at the wavelength region 640-700 mm/z and a narrow 

weak band with a maximum at 470 mm/z-characterize 
Cr3*. Though in the samples heated in vacuum there 
was chiefly found Cr3+, nevertheless conditions of 
vacuum could provide formation of chromium with 
lower valence, namely Cr2+, as a result of partial 
reduction or possible disproportionation of Cr3+. 
But according to the method of chemical analysis 



used by Boikova, Toropov, Grum-Grzimailo and 
Piryutko (2), it was impossible to determine Cr2+ 
in the presence of Cr with valence higher than three. 
Theoretical interpretation of the absorption spectra 
given by Sviridov and Boikova (3) permits to suppose 
the occurrence of Cr2+ in the blue solid solutions, 
too.

The absorption spectrum of the green solid solutions 
seems to represent a summary curve of two spectra: 
one—for the yellow sample (with Cr6+) and the other 
—for the blue one (with Cr3+). Chemical analysis data 
for the green solid solutions show that crystals really 
contain both Cr6+ and Cr3+.

In the lattice of 3CaO • SiO2 additions may occupy 
three positions: to substitute isomorphously Ca2+ 
and Si4+ and to be placed in the holes whose occur
rence was stated by Jeffery (4) in studying the fine 
structure. Cr6+ (jk = O.35Ä) probably substitutes 
Si4+ (Tk = 0.39Ä) in tetrahedral coordination. The 
substitution proceeds with formation of vacancies 
according to the scheme 3Si4+ "< 4 2Cr6+ + Q.

In case of Cr3+ ions, the octahedral coordination 
is most advantageous, and in our opinion, isomorph
ous substitution of Ca2+(Tt = 1.04Ä) by Cr3+ in 
octahedral coordination takes places in the structure 
of the solid solutions: 3Ca2+ < y. 2Cr3+ + Q.
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Synopsis

In this paper the contribution of the thermogravimetry to the chemistry of cements is 
reported with a particular mention of the works carried out at the CERILH (Centre d’Etudes 
et de Recherches de 1’Industrie des Liants Hydrauliques).

After a short map of generalities the characteristics of the thermogravimetric measure 
are specified and the essential contribution of the quantitative ponderable balance to the 
interpretation of thermograms is shown.

Next it is suggested to present the bibliographical analysis of the works starting from 
the principal thermoponderable reactions met in the chemistry of cements, particularly 
the heterogeneous equilibria solid-gas, in presence or no of the equilibrium gas, of the 
type hydration-dehydration, carbonation-decarbonation, oxidation-reduction, adsorption
desorption.

In this summary, two examples will only be quoted:
1. In the scope of the general reaction hydration-dehydration the use of the equili

brium:
Ca(OH)2 CaO + H2O

(solid) (solid) (gas)
for the investigation and the determination of “free" CaO and Ca(OH)2, for the 
reactivity of Ca(OH)z in complex systems and for the hydration in the vapor phase 
of the system C3S + C.

2. In the scope of the general reaction carbonation-decarbonation, the use of the 
equilibrium:

CO3Ca CaO + CO2
- (solid) (solid) (gas)

for the measurements of reactivity in the systems calling into action CO3Ca (syn
thetic mixes, raw mixes), for the study of C3S behaviour in CO2 and its determina
tion in the complex powdered mixtures and for the evolution of the system CO3Ca- 
SiO2-CO2 under atmospheric pressure in presence of mineralizers with the 
showing and the synthesis of spurrite Ca5(SiO4)2CO3.

The conclusion shows the research possibilities given by the thermoponderable analysis 
and the continuous weighing applied to the chemistry of cements.

Thermogravimetry allows one to measure in a 
constant way the changes in weight, as a function, 
either of temperature or of time, of a sample undergo
ing a given thermic treatment in a definite atmosphere.

The conception of continuous weighing goes back 
to the beginning of the century. The first reference 
to it seems to be that of Nernst and Riesenfeld (1) 
and the thermobalance was invented by Honda (2). 
Reference can be made to an excellent historical 
summary of the question in the book of Clement 
Duval (3).



Apparatus

Thermogravimetry may be used, as a rule, to study 
all the physico-chemical systems the evolution of 
which occurs with a ponderable change. This highly 
general use of the method is the source of an impres
sive number of laboratory devices and various com
mercial applications. In the present work, only the 
general principles will be quickly commented on, in 
referring to notes 3 and 5 for the essential descriptions 
and the drawing up of a fairly complete list of the dif
ferent models we put forward.

A thermobalance has 3 essential components: the 
balance, the thermal and the recording components.

The Balance Component

This component may be divided into two large 
sections according as the change in weight is measured 
either by a deviation (deflection balances) or by the 
value of the restoring force to return to the original 
null-point (compensation or null-point balances).

In both cases the same weighing arrangements are 
used in the laboratory apparatus: conventional analy
tical balance, more or less modified, wire suspension 
balance, torsion balance, helical springs in silica glass 
or in invar, strain gauges... These instruments can 
weight from one milligram to one hundred grams, the 
sensitivity being of about 10"6 times the weight.

In the deflection balances, the deviation generally 
in proportion to the change in weight, can be measured 
with an optical collector (a turning mirror), electric 
collector (feeler with mechanical deviation), a magne
tic, photo-electric, ionizing collector.

In case the collector should exert no stain on the 
deviation, the initial properties of the balance which 
is used remain entirely the same. One may reproach 
this type of instrument with having an area of measures 
relatively narrow bound to the sensitivity. Moreover, 
the deviation may binder direct actions on the sample 
(simultaneous measures, magneto chemistry...)

In the null-point, any change in balance is at once 
counterbalanced. This compensation entails, first, 
the detection of the lack of balance (electric, electros
tatic, magnetic, photo-electric and ionizing collectors). 
This detection must have a sensitivity higher than 
that of the weighing arrangements which are used. 
The feed-back force may either have a mechanical 
origin (deviation of a chain bound to the beam, 
torque, electro deposit, hydrostatic pull on a diver), 
or be of an electric nature (action of a magnetic field 
on a permanent magnet, an iron core, or a mobile 
coil). Sometimes, the same arrangement provides for

both the detector and the compensation. With the 
null-point the sample keeps a fixed position, which 
increases the number of possible measurements 
(connector without feed-back torque permitting elec
tric connections or direct gas admission, sedimento- 
metric analysis....). ' .

The Thermal Component

As a rule, it is the thermal resistance of the sample 
holder which limits the temperature of thermogra- 
vimetric measurements which can be effected either 
in constant temperature, or according to a definite 
thermal cycle.

For low temperatures, one uses liquefied gases or 
refrigerating machines (from about —80° C), around 
the room temperature the thermostats or conven
tional drying ovens, and, at last, electric ovens for 
higher temperatures (nichrome resistor up to l,200°C, 
platinum, alloy of platinum or rhodium, from 1,200 
to l,700°C, graphite or tungsten (under vacuum up 
to 3,000°C (16),). One must secure, first, a homogene
ous thermal area around the sample, then in the case 
of the thermal cycle, carry out a continuous tempera
ture change vs time in a determined programme, 
(generally linear). These requirements set delicate 
problems in the designing of ovens, problems of regula
tion and of planning which have been rightly resolved, 
in several different ways mainly up to l,600°C.

The Recording Component

This component must ensure the recording of 
changes in weight and that of temperature. The 
recording of these two variables vs time on a same 
diagram is preferred to the recording in X—Y in order 
to allow the immediate examination of the incidence 
of a casual thermal anomaly on the weighing curve.

The type of balance and the method of regulation 
of temperature make one decide on the type(s) of 
recorders to be used.

Additional Devices

Most of the apparatus, to-day, permit one to work 
either under vacuum or in a controlled atmosphere 
by atmospheric pressure, whilst higher pressures need 
very special apparatus.

The gases evolved during the reaction may often 
be collected quantitatively. . Many thermobalances 



permit one to associate differential thermal analysis 
(DTA) to thermogravimetry (TGA) so as to complete 
understanding of the thermal effects occuring in the 
studied system, although it often happens that the 
ideal thermal conditions for each technique are not 
simultaneously fulfilled. Many commercial thermo
balances now put on the market offer this possibility 
which often leads to make easier the comparison 

between the curves, to draw also, on the same diagram, 
the derivated thermogravimetric curve (DTGA) 
achieved by electric or electronic treatment of the 
direct TGA information. Densitometrie (gas and li
quids), tensiometric, magnetochemical, sedimento- 
metric, chromatographic measurements... can as 
well be effected with the thermogravimetric apparatus 
(8).

Thermogravimetric Measurement

The use and interpretation of the experimental 
values achieved with a thermogravimetric apparatus 
must take into account the conditions which are 
peculiar to the measurement. The problems having 
been raised lead to a lot of published works we refer
red to in the general articles already quoted (3) to 
(15). In this study we will only give the essential points 
of the problems. '

The Thermogramme

The changes in weight plotted against temperature, 
as showed in Fig. 1, represent the most commonly 
faced aspects. A plateau shows that there is no weigh
ing change. An isolated weighing change—A—shows 
a continuous loss of weigh A<u characterized by an 
initial temperature tt and a final temperature rz 

(the value of which starts from zero, goes up to 

a maximum and goes down to zero, generally allows 
a strict definition of t£, tf and also tm corresponding to 
a maximum). In the case of simultaneous weighing 

changes (chosen with opposed signs in B part) is 

not reduced to zero. These reflections show the advant

age of the simultaneous recording of the TGA and 
DTGA values.

Measurement of Temperatures

Any influence preventing the instantaneous homo
geneous distribution of temperature alters the real 
value. '

Influence of the Collector
The measurement of temperature depends on the 

position of the collector (usually a thermo-electric 
torque). The optimum position enabfing one to obtain 
the real value is the center of the sample. This condi
tion is now often fulfilled, in the apparatus specially 
in those achieving simultaneously TGA and DTA.

Influence of the Studied System
Weight, volume, calorific capacity, thermal conduc

tivity, reaction heat, state of subdivision, compactness, 
sintering, apparition of a liquid phase and any other 
cause which can be the start of a temperature gradient 
disturbs the measurement.

Influence of the Crucible or Sample Container
In addition to its own thermal inertia, this fitting 

determines the importance of the interface system
wall and marks the limits of the free area of the sample 
(catalytic effects—gaseous exchanges).

Influence of the Thermal Cycle
All the other conditions remaining the same, a 

more rapid heating rate strengthens the heterogeneity 
of the temperatures due to the previous influences. 
The deviation can reach tens of centigrade degrees 
for a sample of about one milligram, under requested 
conditions of temperature, with a speed varying from 
one to three.

Influence of the Gaseous Environment
This influence has an effect on the conditions of the 



balance gas-solid and must be considered as an influ- 
encial factor, and not as a disturbing factor.

Measurement of Weights

Any influence liable to exert an action on the balance 
of the weighing devices apart from the changes in 
weight of the system must be either taken into account, 
or suppressed.

Influence of the Gaseous Buoyancy
The gaseous atmosphere surrounding the sample 

container, the crucible and its content, exerts on the 
whole a pressure function of temperature, nature 
of the gas and gas flow too, in the case of a renewed 
atmosphere. In spite of the different trials of a priori 
calculation, the rectification is most often effected 
by achieving a blank test in the expected conditions. 
This rectification is almost always indispensable.

A lowering of pressure permits the buoyancy to be 
reduced but phenomena of molecular pressure occur 
when the average molecular courses reach the value of 
the chamber dimensions.

A dependent shell reduces this effect but hinders 
the gaseous exchanges. Devices also exist allowing 
to act in presence of corrosive gases.

Influence of Convection -
The crucible must be at best protected by shields 

against the turbulence resulting from the overheating 
of the gaseous atmosphere.

■ Various Influences
The distortions obtained by expansion of the weigh

ing system must be avoided by keeping isotherm the 
balance housing.

In microthermogravimetry (weighing at a 10-9 g.) 
radiometric and electrostatic effects are to be taken 

into consideration.

Standardization of the Thermogramme

The buoyancy rectification being most often enough 
to achieve correct variations in weight, the exact 
values of the reaction temperatures are the most 
difficult to reach, and a certain number of thermogra- 
vimetric standards allowing interesting comparisons, 
have been proposed (18).

Anyway, it is advisable, when issuing a thermo
gramme, to state precisely as much as possible the 
experimental conditions and especially to indicate 
clearly which thermal cycle is used.

Interpretation of the Thermogravimetric Data

Thermogravimetry presents the fundamental advant
age to obtain the weight balance of the studied reac
tions. This sound quantitative element has lead 
numerous authors to attempt the reckoning, from the 
thermogrammes, of a certain number of kinetic 
constants: the speed of polymerization, the order of 
the reactions, the activating energy (4), (5), (8). The 
evaluations are often long and delicate, but the expan
sion of the calculations, using an electronic computer, 
will certainly make this kind of application easier.

Present Tendencies in Thermogravimetry

The critical study of the disturbing causes in thermo
gravimetric measurement shows the advantage of 
working with very small quantities of substance.

The evolution will certainly go that way up to a 
compromise taking into account the easiness of 
measurements and the limits of representativity of 
the studied sample. Moreover, the simultaneous 
TGA, DTGA and DTA measurements on the same 
apparatus will be generalized.

Fundamental Reactions

The heterogeneous solid-gas systems, or, more 
rarely, liquid-gas systems, under the general decar
bonation-carbonation, dehydration-hydration, oxi
dation-reduction and desorption-adsorption forms, 
are at the origin of the main thermogravimetric studies 
concerning he cement chemistry. It is thus necessary 
to start with the study of basic reactions before deal
ing with the applications often involving several simple 
reactions (19).

Decarbonation-Carbonation

The CO2 combinations take an important part, as 
well in the production as in its use and they deserve 
a detailed study. ■

Equilibrium CO3Ca^ZZt CaO + CO2
It has been the subject of numerous theoretical 

studies apart from the programme of the present work; 



the Fig. 2 gathers the essential thermogravimetirc 
conclusions:
—In a current of gas, inert towards the system (air 

without H3O and CO2, nitrogen, argon, etc...) the 
plot of the curve (in dotted lines) is fixed by the 
variation of dissociation pressures, vs temperature, 
the evolved CO2 being continuously withdrawn.

—In a current of CO2 equilibrated with the atmos
pheric pressure there is no reaction up to the dis
sociation temperature at this pressure. Over that 
stage, the decomposition is quite rapid. During the 
cooling cycle, a rapid recarbonation, always incom
plete and variable, is noticed. No compound of 
the COgCa CaO type, pointed out by Raoult (20) 
could be revealed.

Equilibrium CO3Mg < * MgO + CO2
Under the same conditions as those achieved for 

CO3Ca the pure giobertite (CO3Mg) gives the same 
curves as in Fig. 3.

CO2 at the atmospheric pressure fairly changes the 
dissociation temperature of CO3Mg and the resulting 
MgO does not fix CO2 during the cooling. The reaction 
is practically irreversible.

stress the complexity of the problem. Bader’s proposi
tion (22) concerning the fixed water in a continuous 
way, and the water fixed in a discontinuous way fits 
perfectly with the thermogravimetric studies of the 
hydrated compounds of the cement chemistry for 
which a superposition of the different types of binding 
of water are often noticed. The thermogrammes 
must be achieved in well-controlled experimental 
conditions (well-defined law of the heating rate and 
definite water-vapor pressure) in order to allow an 
interpretation. The water-vapor adds a further diffi
culty during the treatment of the atmosphere by 
condensing on every “cool-point" for which it becomes 
saturing. To avoid this trouble, many devices have 
been proposed (23) (24). We will quote as the main 
basic reactions, those referring to the well-defined 
crystalline structured hydrates. For the hydrated 
phases imperfectly crystallized and sometimes unst
able requiring the setting of a network of isobaric 
and isothermal curves, so as to state precisely the 
different equilibria of hydration, the excellent study 
by Lavanant on hydrated calcium aluminates will be 
referred to (24).

Equilibrium Ca(OH)2 CaO + H2O

Dehydration-Hydration The loss of water is bound to the disparition of the 
OH- groups. The thermogravimetric study (23) is

The process of the thermal elimination of water 
depends on its type of binding in the studied compound. 
The association of water with solids assumes very 
different forms "and the numerous types of classi
fication which are offered (21) do nothing else but

summarized in Fig. 4.
—In a current of gas, inert towards the system (air 

without H2O and CO2, nitrogen and argon...) the 
plot of the curve is the dotted one. The weight 
balance often shows an incomplete hydration and 
a light carbonation. The pressures of dissociation 
varying rapidly with temperature, the slope changes 
are quite clearly marked.

Fig. 3. COgMg ; *■ MgO + COz



Fig. 4. Ca(OH)2 CaO + HzO

—In a water-vapor saturated atmosphere, at the 
ambient pressure, (curve drawn in thick line), the 
dissociation temperature is clearly stressed. A series 
of hydration-dehydration cycles points out the 
previous remark about the weight balance by 
achieving a total rehydration after the loss of CO2 
and shows the perfect reversibility of the system.

Equilibrium SO4Ca 2H2O . " SO4Ca + 2H2O (23)
In conditions similar to those achieved for Ca(OH)2, 

SO4Ca, 2H2O provides the curves shown in Fig. 5.
The water-vapor saturated atmosphere makes clear 

the formation of hemihydrate. At this moment the 
rehydration is incomplete and variable according to 
the nature of the sample.

Oxidation-Reduction

Carbon, iron and sulphur elements or their com
pounds are mainly at the origin of the auto-reducing 
phenomena met in cement chemistry. The nature of 
the gaseous environment encompassing the sample 
gives rise to the different simple reactions liable to 
occur (19, 25).

Oxidizing Atmosphere
It is the most frequent case, the reactions occurring, 

most often, in presence of air. The action can be 
strengthened by the use of pure oxygen.

c + o2—> co2
SCa + 2O2 —> SO4Ca
4Fe + 3O2 —> 2Fe2O3 This reaction may occur 

from 400°C in CO2 atmosphere with the oxygen 
resulting from the dissociation: 2CO2 2CO + O2

Neutral or Inert Atmosphere
Oxidation is hindered. Nitrogen, argon, helium and 

vacuum too, are used. However, the present reducers 
may then react with other components of the system 
during the increase of temperature. The reduction of 
sulphates by the carbon is a frequent example (19):

SO4Ca + 2C —> 2CO2 + SCa
SO4K2 + 2C —* 2CO2 + SK2 (the resulting 

alkali sulphide is volatile above 800°C and can be 
eliminated).

The relative initial concentrations of the reactants 
fix the reaction balance.

Reducing Atmosphere
Hydrogen is often used. The three reactions:

SO4Ca + 4H2 —> SCa + 4H2O
SO4K2 + 4H2 —> SK2 + 4H2O

(same reaction with SO3 Na2)
Fe2O3 + 3H2 —> 2Fe + 3H2O

are very important in cement industry. The reductant 
being in excess, the reactions are complete. The disad
vantage comes from the secondary reaction of the pos
sible interaction between the watervapor and the 
resulting sulphides (25).

Adsorption-Desorption

These phenomena are mainly used in the specific 
surface area measurements by gaseous adsorption 
for which the sluggish balancing and the very small 
changes in weight require special techniques (from 9 to 
14). In the conventional measurements, disturbing 
effects are bound to changes of gaseous environment



(passage from H2 to CO2, for instance) during the 
same determination. They specially appear with sys
tems of noticeable surface (from m2/g.) ..

Real Systems

A real system is most often the site of several simple 
reactions. The following general cases may occur.

Distinct Reactions
It is the most simple case. Each reaction is marked 

by its characteristic temperatures and its importance 
measured by the corresponding change in weight.

Simultaneous Reactions
The curves are more or less mingled together and 

directly uninterpretable. One tries thus to make the 
balance factors varying in order to diversify the two 
reactions. A conventional example is given by the 
dolomite (CO3)2Ca, Mg which forms in the air, a 
continuous carbonation curve parting in two stages 
in a CO2 atmosphere (see Figs. 2 and 3).

Competitive Reactions
There are simultaneous reactions with interaction.

Fig. 6. —Ca(OH)2 in CO2 atmosphere 
------Ca(OH)2 CaO + H2O in air

The interpretation is delicate and additional measure
ments are often necessary (X-rays, diffraction, analy
sis of the gaseous compounds eventually evolving). 
Fig. 6 relative to the dehydration of Ca(OH)2 in CO2 
atmosphere at the atmospheric pressure (19) illustrates 
a case of carbonation-dehydration competition. The 
weight balance and the thermogramme in inert atmos
phere allow the complete understanding. .

Applications

The applications will be introduced by following the 
conventional order of the different chapters of cement 
chemistry; the most characteristic researches will be 
stated if necessary for each of them.

Raw Materials

Clays
In cement chemistry the “clay-phase” is often 

wrongly defined and raises delicate problems of charac
terization (26). This is the reason why basic studies 
dealing with the thermogravimetric behaviour of 
definite mineral species (from 27 to 35), the influence 
of the particle sizes in same particular cases (36, 37), 
the grinding effects (38) or the formation of clay 
organometallic complex (39, 40) will certainly allow 
one to make the problem clearer.

Limestones
The determination of the CO3Ca content does not 

generally present difficulties. The case of the simul
taneous presence of CO3Ca and CO3Mg has been 

examined (19). Calcareous substances are often 
thermogravimetrically studied (41, 42, 43).

Raw Mixtures—Formation and Synthesis of the Spurrite
In this area, the problem of reactivity is raised. 

The principle of the thermogravimetric measurement 
utilizes the CO3Ca CaO + CO2 balance under a 
CO2 pressure of one atmosphere. In such conditions 
a system containing CO3Ca, does not show any 
loss of weight before the dissociation temperature 
(about 900°C) is reached, except if stable combinations 
with the present CO3Ca occur. In the latter case the 
loss of weight before 900°C permits to estimate the 
“reactivity” of the system at this temperature (Fig. 7). 
On this basis, numerous studies have been carried out 
at the CERILH either on the technological level for 
calcareous pastes (45), raw mixes with or without 
mineralizers (46, 47) or in the fundamental research 
level, where the study of the CO2-CaO-SiO2 system 
in presence of small quantities of F2Ca, has proved 
that the stable phase was the spurrite (SiO2-2CaO)2 
CO3Ca which offers the thermogravimetric peculi
arity of decomposing at about 980°C under CO2 at



loo*-------------------------- -----------
600 C <isotherm 880 > 

heating heating
cycle 1507h

Fig. 7. Reactivity of raw mixtures.

the atmospheric pressure (48,49). The compound 
synthesis has been described, with its main properties 
(50). The CO2-CaO-Al2O3 system has been also 
partly studied in the same conditions and a compound 
of empirical formula 7A12O3-12 CaO-2.5 CO3Ca 
pointed out (48).

Fuels
The fact of working either in an inert atmosphere 

(argon, nitrogen...) or in an oxidizing atmosphere 
permits and easy study and determination of the humi
dity, of the volatile substances and of the coal ashes 
(19 and 51).

Clinkers

Fig. 8. Reactions between COz and SC3
■—Pure SC3 fixes one mole CO2 per mole SC3. A mixture 
of variable composition is formed. This binding allows 
the determination of SC3 in clinkers.
-----With fluoride, the reaction is faster and reproducible. 
Spurrite Ca5 (SiO^COj is quantitatively formed as per 
equation 2SC3 + 2CO2 -> COjCa + (SC2)2CO3Ca 
(spurrite).

500"C heating
Cycle 15O'C/h

isotherm l,000°C

Fig. 9. Oxide-reducing study of a clinker.
A. Reduction of SO4K2 or SO4Na2]
B. Reduction of SO4Ca and C4AF> by H2 atm.

Distillation of SNa2 and SK2 J
C. Oxidation of Fe at l,000°C by CO2 atm.
D. Oxidation of SCa l,000°C by O2 atm.

The basic studies refer more specially to the pure 
clinker components (C3S, C2S, C3A, C4AF...).

Determination of C3S
The systematic study of the behaviour of these 

components in CO2 atmosphere allows to state that 
C3S only (after the possible elimination of free lime) 
binds CO2 according to the theoretical equation 
SC3 + CO2 —» CO3Ca + SC2. The importance of the 
binding allows one to estimate the SC3 content. In 
reality, the reaction is more complex (19) and it really 
results in a mixture of spurrite and CO3Ca. An addi
tion of F2Ca leads more rapidly to the compelte equi
librium (48, 53). This determination offers the advan
tage of being liable to be achieved on ground cement 

and of being of a precision comparable with the 
methods of determination by X-ray diffraction. 
(Fig- 8).

Oxidoreduction Reactions
The behaviour of the alumino ferrite phase and 

sulphated combination in hydrogen atmosphere, 
already mentioned (25) allows one to indicate the 
quantity of iron having reacted and the nature of 
sulphated phases existing by the action at l,000°C, 
after reduction and elimination by volatilization of 
alkali sulphide, of CO2 first oxidizing of reduced 
iron) then O2 (oxidizing of SCa into SO4Ca) (Fig. 9).



Preparation of Pure Compounds
The checking of the reactivity of the initial mixtures 

intended to the preparation of calcium silicates or 
aluminates has led to recommend the general method 
of coprecipitation from homogeneous solutions of 
the components (calcium nitrate, aluminium nitrate, 
colloidal silica gel....) in order to obtain the close 
contact of the reagents (19). The fact that the weight 
balance is known enables one to verify the compound 
formula from the changes in weight: thus the 4 CaO3 ■ 
A12O3-SO3 compound has been made clear in the 
CaO, A12O3, SO3 system (54), the reactions of CO3Ca 
with SO2 in oxidizing environment have been stated 
(55) and the simple or composite ferrite stoichiometry 
has been better defined (56).

Addition Products

Calcium Sulphates
Before addition to the clinker, the nature of the 

sulphate (SO4Ca-2H2O, generally) and its purity are 
of easy determination. After grinding, the more deli
cate problem of the state of hydration is raised. 
Solutions have been offered for the mixtures of pure 
components, as plasters, for instance (57, 58) but the 
low relative sulphate content of cement makes the 
determination more complex.

Blast-Furnace Slags -
The slags contain reductant substances and show a 

gain in weight after the roasting above 700°C in air 
environment. In inert atmosphere takes place the real 
loss (19). To the roasting, a devitrification is joined, 
and so the thermal analysis of a slag cement often 
uses both the two techniques DTA and TGA (48, 
59, 60).

Thermic Power Station Ashes
No marked characterization for these products 

except the determination of the unburnt substances, 
made easier, if necessary, by a pure oxygen environ
ment.

Cements

The Problem of Free Lime
The free calcium oxide of the clinker hydrates more 

or less completely during the making of cement and 
may, if noticeable quantities are left, cause prejudicial 
swellings after use. The usual chemical methods give 
the sum: CaO + Ca(OH)2, the thermogramme mea

sures Ca(OH)2 and free CaO is deducted by difference. 
In order to avoid the uncertainties of the chemical 
titration, it is possible, by starting from Bied’s obser
vations (61) to achieve a preferential hydration of free 
CaO at 250°C in the water-vapor, at the atmospheric 
pressure. The comparison between the thermogramme, 
after the hydration and the thermogramme of the 
initial sample, allows an easy estimation of free CaO 
which may be corrected of a casual carbonation (Fig. 
10). This method (62, 19) has been compared with the 
chemical or physical methods (63 and 64).

Aeration of Cements (19)
The hydraulic properties of a cement are altered 

when left for a long time in air environment. Thermo
gravimetry contributes to the study of this phenomenon 
(Fig. 11). The small variation of Ca(OH)2 content 
seems to prove a superficial attack of the anhydrous 
components by atmospheric water and CO2 with a 
cumulative formation of CO3Ca and rather loose 
bindings of water which are shown by the dotted curve 
obtained after alcohol treatment according to Hayden 
(65). Besides the determination of C3S which has 
already been described (19) shows the decrease of the 
content of this phase. Let us remark, too, a formation 
of syngenite (SO4)2 K2Ca-H2O in a study on the 
clodding during aeration (66).

Loss on Ignition of Cements
When oxidizable compounds are lacking, the ther

mogramme differenciates the loss on ignition into three 
areas (Fig. 11). The first one corresponds to water 
fixed on SO4Ca and eventually aeration water, the

in CaO content: = 0.46 "

Fig. 10. Determination of free CaO and Ca(OH)z. Water loss 
due to the free CaO hydration: 1.25 — 1.05 = 0.15°/o or



. Fig. 11. Aeration of a CPA.
A. initial sample
B. after aeration
C. aerated cement treated by Hayden method.

second one to water fixed on Ca(OH)2 and the third 
on to CO2 fixed on CO3Ca. In presence of reductors 
(slags, unburnt substances) an inert environment 
enables one to avoid the oxidizing but secondary 
reactions may be observed (62,19). ,

Hydrated Products

Hydration forms an important fundamental part 
of cement chemistry liable to have numerous ther- 
mogravimetric applications

Pure Compounds
The first study on the hydrates of cement chemistry 

appears to be Lefol’s thesis (67). Since then the method 
has been often used to measure the stage of progress 
of the hydration reaction by evaluating the quantity 
of released Ca(OH)2, (68, 69). As this quantity does 
not perhaps represent all the released lime (70) the 

DTGA brings some precisions (71, 72). The beginning 
of a thermogramme of an hydrated product depends 
on the evolution of the different existing hydrated 
phases; according to the heating rate and the water 
vapor pressure which are in the shell. Numerous 
checkings are necessary to definite the system, we have 
already referred to the study on the calcium aluminates 
(24). The zeolithic water may also be indicated in 
certain cases (73).

Cement Pastes, Mortars, Concretes
The technological studies are numerous. They use 

almost exclusively the changes of the Ca(OH)2 content 
to follow the different studied phenomena: setting and 
hardening (74, 75), influence of thermal treatments 
(76, 77, 78, 79), resistance to corrosion (80) action of 
accelerators and retarders (81). The action of CO2 
under pressure on Ca(OH)2 and the concretes have 
been subject to a particular examination (82). The 
pozzolanic activity of an addition can be evaluated by 
comparing the quantities of released Ca(OH)2 during 
the hydration, in comparable conditions, for the same 
binder, either with an addition of pozzolane, or of an 
equal quantity of inert substance (19).

Various Considerations

We shall only mention, in this chapter, a certain 
number of references regarding articles issued from 
the previous headings but which have a general interest 
for cement chemistry. Application of thermogravi- 
metric analysis to building materials, to the study of 
soils (83, 84), to refractory rocks (from 85 to 88), to 
different minerals: asbestos (89, 90), brucite (91), side
rite (92), oxidized compounds (93), zeolites (94), 
phosphate cements (95) and at last to fundamental 
problems: action of fluoride on kaolin (96), dehy- 
droxilation of kaolinite (97), study of Fe-Mg spinel 
(98), evaporation and dehydration (99) and on ad
sorbed water (100).
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Supplementary Paper 1-64 On the Color Change of Portland Cement

Kiyoshi Miyazawa and Kinzo Tomita*

Synopsis

The cause of the color change of portland cement in presence of a small amount of 
MgO is studied by measuring the electrical specific resistance of synthesized C4AF-MgO 
solid solution. The result obtained shows that lightness L and specific resistance tend to 
decrease with increasing of MgO content in analogous inclination.

The experiment may suggest that C4AF-MgO solid solution contains, in its structure, 
somewhat free electrons or positive holes, which would increase the conductivity and as 
well respond to any wave length of the visible spectrum; thus leading to color change in 
black.

In addition, the color change of portland cement with the increase of rate of cooling is 
studied by measuring the color, strength, and heat of hydration of the prepared cements. 
These clinkers are cooled from 1450°C in following methods: that is, slow cooling, quench
ing in air, and quenching in water. When the clinker is quenched in air, the color of cement 
is more darkened than that of the clinker cooled slowly. If the clinker is quenched in water, 
the color of cement becomes yellow with the highest lightness. Strength test shows maximum 
strength can be obtained when the clinker is cooled slowly from 1450°C to 1250°C or above 
and then quenched in air. ..

X-ray diffraction of the interstitial materials of these clinkers shows that the change of 
d-spacings with the increase of rate of cooling gives different inclination from that with the 
increase of C2F content in system C2A-C2F.

When quenched in nitrogen, the color of the clinker becomes as yellow as that of the 
clinker quenched in water. X-ray diffraction patterns of the interstitial material of the clin
ker quenched in nitrogen agree with those of the clinker quenched in air. This fact may 
suggest that light color of the clinker quenched in water is not due to freezing the iron- 
containing liquid to glass, but to the absence of oxygen.

Introduction

Color of portland cement is changeable with in
numerable factors. In this report, effect of MgO 

contained in clinker, and that of cooling rate were 
studied.

Effect of MgO on the Color of Portland Cement

The Color of the Prepared Cement (1)

It is well-known that portland cement is darkened 
by small amounts of MgO. K. Fujii and K. Asaoka 
(2) have took the lead in this subject. Practically, 
MgO is useful not only for obtaining a slate-gray color, 
but also for promoting a strength of the cement. 
However, the reason of the above color change has 
not been clarified yet.

Three kinds of original raw mixes of portland 
cement, i.e. normal type (type N), high early strength 
type (type H), and moderate heat type (type M) were

’Sumitomo Cement Co., Ltd, Tokyo, Japan. 

made from pure chemical reagents to which magne
sium carbonate were added so as to contain MgO 0 
to 3 % on nonvolatile basis. The chemical compositions 
of the clinkers resulting from original raw mixes are 
shown in Table 1. These raw mixes were burnt at 
1450°C for half an hour. Produced clinkers were

Table 1. The chemical compositions of the prepared clinkers 
resulting from original raw mixes—(%)

Loss SiO2 A]2O3 Fe2O3 CaO MgO Na2O k2o HM SM

Type N 0.2 23.4 5.3 3.4 67.4 0.08 0.03 0.02 2.10 2.7
Type H 0.4 22.3 5.3 3.2 68.6 0.07 0.05 0.02 2.23 2.6
Type M 0.2 24.4 4.8 4.2 66.4 0.06 0.01 0.02 1.99 2.7



ground with adequate amounts of natural gypsum as 
shown in Table 2.

The color of the prepared cement was measured by 
means of the photo-electric color difference meter. 
The prepared cement was packed into a capsule made 
by transparent glass. The light beam was reflected at 
the capsule and the reflected light was converted to 
electric current by the photo-cells which were fitted 
in three windows with color filter. The color was 
measured reading the current and indicated L, a, and 
b color scale values (3). L indicates lightness, and 
+«, —a, +6 and — b indicates degree of red, green, 
yellow and blue respectively (Fig. 1).

The color of the prepared portland cement was 
given in Fig. 2 as function of MgO content.

As to value L, all types of the cement have a mini
mum point in the range of 1 to 2 % in weight of MgO.

The Color of Ferrite Phase (1)

The color of ferrite phase, which may principally

Table 2. Properties of the prepared cement

SO3(%) Specific surface (cm2/g) F.CaO(%)

Type N 1.6 3200 ± 100 <0.2
Type H 2.3 4300 ± 100 <0.6
Type M 1.6 3200 ± 100 <0.3

dominate the color of cement, was examined. Raw 
mixes composed of the formula 4{(1 — v)CaO-

Fig. 1. Color diagram ofL, a and b color scale system.



xMgO}Al2O3-Fe2O3 were made from pure chemical 
reagents and burnt somewhat below their melting 
point and cooled quickly. The chemical compositions 
of the ground clinkers are shown in Table 3 and the 
lightness values of them are shown in Fig. 5.

Lightness L of the ferrite decreases with the increase 
of MgO content and has the minimum at 4.5 to 6 
moles % of MgO, in agreement with the solubility 
limit of MgO in C4AF, as clarified in our previous 
report (4).

Electrical Specific Resistance of Ferrite Phase

The ferrite shown in Table 3 were examined by X- 
ray diffractometer. In this study, it is found that d- 
spacing for (141) expands with the increase of MgO 
content and becomes unchangeable at 4.5 to 6 moles 
% of MgO; however, intensity of the reflection lines 
of X-ray diffraction is almost unchangeable. There
fore, cause of the color change cannot be explained by 
the slight change of crystal structure of ferrite phase 
directly.

In this report, the cause of above color change was 
studied by measuring the electrical specific resistance 
of synthesized C4AF-MgO solid solution.

The specimens were made by compressing the 
synthesized ferrites in a steel mold under a pressure of 
300 kg/cm2, to form disks of 40 mm in diameter, 
about 5 mm in thickness and by reheating at 1200, 

Table 3. The chemical compositions of the prepared 
C4AF-MgO system

Comp. 
No.

Replaced MgO
(moles %)

Oxide analysis—( %)

CaO A12O3 Fe2O3 MgO

Co 0 46.16 20.98 32.86 0.00
Cl.5 1.5 45.56 21.02 32.92 0.50
C3.O 3.0 44.95 21.06 32.99 1.00
C4.5 4.5 44.34 21.11 33.05 1.50
Cfi.o ' 6.0 43.73 21.14 33.12 2.01
C9.0 9.0 42.50 21.23 33.25 3.02

1250 and 1300°C respectively. The specimens were 
coated by the conductive silver coating material as 
shown in Fig. 3 and put between electrode as shown 
in Fig. 4.

Each of the specific resistance values of the speci
mens, as shown in Fig. 5, was measured by the micro
amperemeter at 50 volts and calculated from following 
formulas.

p: specific resistance (Q-cm) = A- Rid
*A; available area of specimen (cm2) = ti-Tq, r0 = 

(r, + r2)/2
d: thickness of specimen (cm)
R: Resistance (Q) = voltage/current
The bulk specific gravities of the specimens de

pended on the reheating temperature as shown by 
following results: — about 2.3 g/cm3, 2.5 g/cm3 and 
3.2 g/cm3 at 1200°C, 1250°C, and 1300°C respectively; 
however, they did not depend on the MgO content. 
The result obtained showed that lightness L and 
specific resistance tended to decrease with the increase 
of MgO content in analogous inclination (Fig. 5).

Somewhat higher resistance of the specimens reheat
ed at 1200°C maybe affected with the insufficiency of

surface reverse side
Fig. 3. Specimen coated by silver coating material:—coated 

part is indicated by shading.

Fig. 4. Circuit diagram for specific resistance measurement.



Fig. 5. The color and the electrical specific resistance of C4 AF 
as a function o/MgO moles %.

sintering. The curve of the specimens burnt at 1250°C 
almost agreed with that of the specimens burnt at 
1300°C in spite of considerable difference of bulk 
specific gravities.

Discussion on the Color Change of Ferrite 
Phase by Small Amount of MgO

Because the color of C4AF-MgO becomes darkest 
when MgO ranges from 4.5 to 6 mol. % (1.5 to 2% 
by weight), in agreement with the solubility limit of 
MgO in C4AF, the above color change may be due to 
incorporation of MgO into ferrite phase. However, 
it is considered that the color change cannot be ex
plained by a slight change of some spacings of C4AF- 
MgO solid solution.

As mobility of ions increases at high temperature, 
specific resistance at high temperature may be affected 
by ionic conduction; however, above measuring being 
carried out at room temperature, the increase in the 
electrical conductivity was considered to be caused by 
the increase in electrons playing as carrier.

The experiment may suggest that C4AF solid solu
tion with MgO contains, in its structure, somewhat 
free electrons or positive holes, which would increase 
the conductivity and as well respond to any wave 
length of the visible spectrum; thus leading to color 
change in black (5). As an example, it is possible that 
positive holes are brought about by substitution of 
Mg2+ ions for Fe3+ ions.

Effect of Rate of Cooling on the Color of Portland Cement

Effect of Cooling Rate on the Properties 
of Portland Cement

In cement clinker burning, effect of cooling rate is 
more important for strength and heat of hydration of 
cement than the matter of color. On the color, it is said 
that the color of clinker quenched in air is darkened 
than that of the clinker cooled slowly. Light color of 
the clinker quenched in water takes advantageous to 
white cement production.

Two kinds of industrial raw mixes used in A or B 
works, were put into a electric furnace and heated at a 
rate of 180°C/hour and held at 1450°C for half an 
hour. After burning, they were cooled by five follow
ing methods:—■

a) cooled slowly: the clinkers were cooled at a rate 
of 100°C/hour up to 1000°C; and then cooled 
with the furnace to room temperature.

b) quenched in air (1250): the clinkers were cooled 
' at a rate of 200°C/hour up to 1250°C; and then

taken out from the furnace to air.
c) quenched in air: immediately, the clinkers were 

taken out from the furnace to air.
d) quenched in water (1250): the clinkers were 

cooled at a rate of 200°C/hour up to 1250°C; 
and then the clinkers taken out from the fur
nace were put into water and dried.

e) quenched in water: immediately, the clinkers 
taken out from the furnace were put into water 
and dried.

The chemical compositions of the clinkers quenched 
in air are shown in Table 4.

Produced clinkers were ground with adequate 
amounts of natural gypsum containing 44.6% of SO3 
as shown in Table 5. The color of the prepared cement 
was shown in Table 6.



When the clinker is quenched in air, the color of 
cement is more darkened than that of the clinker 
cooled slowly. If the clinker is quenched in water, the 
color of cement becomes yellow with the highest light
ness as shown in Table 6. The difference of color 
between A and B is small because the specific surface, 
and Fe2O3 or MgO content of the cement A are 
almost equal to the cement B.

In addition, the color of the cement almost depends 
on the color of its ground clinker containing no gyp
sum. At same finesnes, the color of the cement is almost 
equal to its ground clinker.

The strength of these cement mortars was measured 
by means of JIS R 5201 and heat of hydration was

Table 4. The chemical compositions of the clinkers 
(Quenched in airy—V/d

Loss SiO2 A1A Fe2O3 CaO MgO SO3 Na2O k2o HM SM

A 0.1 23.4 5.1 3.3 65.9 1.2 0.1 0.36 0.32 2.07 2.8
B 0.1 22.0 5.8 3.2 66.5 1.4 0.1 0.32 0.30 2.15 2.4

Table 5. Properties of the prepared cement

SO$(%) Specific surface(cm2/g) F, CaO(%)

A 
B

3200 ± 100
3200 ± 100

0.7
0.9

•These industrial cements are produced by A or B works.
Chemical composition and fineness are somewhat different from the 
prepared cement.

Table 6. The color of the prepared cement

Cooling condition L
Cement 

a b L
Cement B 

b

Cooled slowly 52.8 -0.6 +6.2 53.0 -0.6 +7.0
Quenched in air (1250) 48.0 -0.3 +6.6 49.4 -0.3 + 7.1
Quenched in air 47.0 -0.1 +6.6 48.4 -0.3 + 7.1
Quenched in water (1250) 63.5 +0.3 + 15.0 66.2 +0.2 + 15.2
Quenched in water 67.4 +0.6 + 16.1 67.3 +0.3 + 15.9
Industrial cement* 48.1 ±0.0 +7.3 50.4 -0.3 +7.3

tested also by means of JIS R 5203. The result obtained 
is shown in Table 7 and Table 8.

It is well-known that the higher strength of cement 
is obtained when a clinker is cooled slowly from the 
sintering temperature to about 1250°C, and then 
quenched in air. As shown in Table 7, this result 
agrees with this experience. Moreover, maximum 
strength is obtained when clinker is quenched from 
higher temperature above 1250°C. The cement pre
pared from clinker of water quenching shows retarda
tion of setting and lower strength at 3 days; but the 
strength of 28-91 days approaches to that of air quen
ching.

Heat of hydration may tend to increase correspond
ingly with their strength; however, the difference of 
heat of hydration with the increase of cooling rate is 
so small that the ratio of heat of hydration to strength 
for higher strength cement is smaller than that for 
lower strength cement.

The color of hydrated cement paste was measured 
also. The color of hydrated cement may be consider
ably changeable depending upon its hydrating condi
tions. .

In this test, the cement prepared above was mixed 
with water (W/C = 0.30), spread on glass plate and 
then cured in damp closet for 24 hours, and then the 
specimens were put into boiling water for 90 minutes, 
and dried in air.

The surface color of the prepared specimens was 
measured and the results were shown in Table 9.

In roughly speaking, the color of hydrated cement 
paste depends on the color of dry cement; however, 
the difference in the lightness values of hydrated 
cement is smaller than that of dry cement and the 
lightness values of cement cooled slowly are rather 
lower than that of cement quenched in air. The light
ness values of the hydrated cement B containing high 
calcium are higher than those of the hydrated cement 
A containing low calcium.

Table 7. The strength of the prepared cement mortar*

Flow 3d
Bending strength (kg/cm2) 

7d 28d 91d
Compressive strength (kg/cm2) 

3d 7d 28d 91d

A cooled slowly 228 29.4 41.7 52.2 62.9 104 185 282 384
quenched in air (1250) 238 28.5 48.6 66.3 77.2 105 215 380 488
quenched in air 242 27.5 49.1 78.9 81.9 108 218 425 508
quenched in water (1250) 230 26.9 41.6 65.4 77.0 99 176 364 455
quenched in water 225 26.4 39.3 61.8 74.8 94 158 342 436

B cooled slowly 237 37.2 50.4 66.8 72.5 151 251 342 419
quenched in air (1250) 232 32.3 54.3 72.7 75.8 139 255 430 475
quenched in air 246 30.3 53.7 69.1 75.8 132 258 438 498
quenched in water (1250) 232 31.4 46.4 71.5 79.1 127 230 412 474
quenched in water 230 29.1 42.8 70.2 78.9 119 200 398 464

♦Mixing ratio 1:2, water—cement ratio 0.65



Heat of solution
of dry cement Heat of hydration (cal/g)

Table 8. Heat of hydration of the prepared cement

(cal/g) Id 3d 7d 28d

A cooled slowly 614.8 41.4 57.6 76.7 90.5l
quenched in air 618.3 40.8 57.4 74.8 96.8
quenched in water 617.1 38.7 47.8 69.1 91.0

B cooled slowly 620.5 45.7 61.7 77.9 91.4
quenched in air 624.2 41.9 56.2 76.5 97.8
quenched in water 624.0 41.1 54.9 70.6 94.0

X-ray Diffraction of the Residue after 
Salicylic Acid Treatment of the Clinkers

The color change of portland cement with the in
crease of cooling rate was studied by means of X-ray 
diffraction of the residue after salicylic acid treatment 
of the clinkers shown in Table 6. Since X-ray dif
fraction of clinker is not enough to provide informa
tion of ferrite or interstitial materials, which may 
principally dominate the color of clinker, ferrite en
riched residue was prepared by means of treatment 
with salicylic acid proposed by Satö, Takashima and 
Katö (6).

The residue was prepared as follows:—5 g of 
clinker was treated with 35 g of salicylic acid and 
200 ml of methanol, stirred for 30 minutes, filtered 
and dried. The typical chemical composition of the 
residues is shown in Table 10. No appreciable dif
ference of composition between A and B or among 
cooling rate was observed. '

FeO was determined by titrimetric method with 
dichromate as titrant proposed by Ishii, Einaga and 
Watanuki (7). Loss of ignition and FeO content of 
water quenching specimens are somewhat greater 
than others.

X-ray diffraction patterns of the residue resulting 
from the clinker A are shown in Fig. 6. As internal 
standard, a-Al2O3 was used. Both the residues 
resulting from A and B clinkers showed almost the 
same X-ray patterns and d-spacings, except for dif
ference of relative intensity of C3 A and ferrite.

The patterns of ferrite phase become broader and 
smaller with the increase of rate of cooling. It may 
show an increase of vitrified part. The d-spacings also 
change with the increase of the rate of cooling as 
shown in Fig. 7.

As the cooling rate is increased, d-spacing for (141) 
reflection expands, but d-spacings for (002) and (202) 
reflections shrink. This shrinking phenomena gives 
contrary inclination comparing with that the spacings 
for (002) and (202) reflections expand with the increase 
of C2F content in system C2A-C2F.

The result of Fig. 7 suggests that crystalline ferrite

Table 9. The surface color of the hydrated cement 
paste specimens

L
Cement £

b L
Cement B

a b

Cooled slowly 35.2 + 1.0 +3.8 38.8 +0.8 +4.2
Quenched in air (1250) 37.8 +0.8 + 3.4 38.3 +0.8 + 3.3
Quenched in air 38.1 +0.8 +3.4 41.4 +0.5 +2.9
Quenched in water (1250) 45.2 + 1.3 +9.8 46.2 + 1.0 +8.8
Quenched in water 47.7 + 1.9 ■+ 11.9 49.5 + 1.8 + 11.3

Table 10. The typical chemical composition of the residues 
after salicyclic acid treatment of clinker—(%)

Loss SiO2 A18O3 Fe2O3 CaO MgO FeO

1.0 10.4 23.0 13.9 45.8 4.0 Cooled slowly: 
Quenched in air: 
Quenched in water: 
Industrial clinker:

0.12—0.19
0.15—0.19
0.26—0.30
0.10—0.20

in the clinker deforms by rapid cooling as well as its 
partial vitrification. When the lattice parameters are 
calculated from d-spacings for (141), (002) and (202), 
a is almost unchangeable, b expands and c shrinks 
with the increase of rate of cooling; however, some
what different a, b and c values are given, when they 
are calculated from other d-spacings values. The cause 
of the crystal deformation cannot be clarified yet. 
Perhaps the change of co-ordination of some atoms 
may occur.

Above experiments indicate that the expansion of 
d-spacing for (141) does not always mean the increase 
of iron content in ferrite.

X-ray diffraction patterns and d-spacings for the 
residue resulting from the industrial clinkers (A and 
B works) almost coincide with those of the clinker 
quenched in air.

However, above experiments do not make clear the 
reason for the color change with the increase of the 
cooling rate.

Study of Clinker Quenched in Nitrogen

A raw mix from the same cement works as shown 
in Table 4-A was burnt at same process (1450°C-30 
minutes) and quenched in a cylindrical vessel which 
had been filled with nitrogen. Comparative test was 
carried out, quenching this clinker in the above vessel 
which had been filled with air instead of nitrogen. The 
color of the ground cl nkers (specific surface: 3200 
cm2/g) is shown in Table 11.

The color of the clinker quenched in nitrogen 
agrees with that of the clinker quenched in water as 
shown in Table 6. Of course, the color of the clinker 



Table 11. The color of the ground clinkers quenched 
in nitrogen or in air

La b

Clinker quenched in nitrogen 65.9 +0.1 +15.6
Clinker quenched in air 50.1 —0.5 +7.3

quenched in the vessel which is filled with air instead 
of nitrogen agrees with that of the clinker quenched in 
air as already shown in Table 6.

The residue after salicylic acid treatment of both 
clinkers gives similar X-ray dififaction patterns and 
d-spacings, which are almost equal to those of the 
clinker quenched in air (Fig. 8).

FeO content of the residue resulting from the clin
ker quenched in nitrogen and in air was 0.39 and 0.15 
% respectively.

Thermal Gravimetrical Analysis and 
Differential Thermal Analysis

Both of the residues resulting from the clinkers 
shown in Fig. 6 and from the clinker quenched in 
nitrogen were tested by means of thermal gravimetrical 
analysis and differential thermal analysis. During 
operating temperature up to 1000°C, the color of the 
residues resulting from both the clinkers quenched in 
water and in nitrogen changed from yellow to black;

Fig. 6. X-ray diffraction patterns of the residue after salicylic 
acid treatment of the clinkers.

Target: Cu, Filter: Ni, Voltage: 40 KVP, Current: 16 mA, 
Time constant: 4 sec., Scanning speed: 0.257min., Diver
gence slit: 1°, Receiving slit: 0.15 mm, Internal standard: 
a-Alumina.



however, no appreciable thermal change was observed.
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Fig. 7., X-ray powder spacings for C2A-C2F (with MgO)
- systeni and for the residue after salicylic acid treatment of 

the clinkers.



Fig. 8. X-ray diffraction patterns of the residue after salicylic 
acid treatment of the clinker quenched in nitrogen and those 
of the clinker quenched in air instead of nitrogen.

Operating condition of X-ray diffractometer is the same 
as Fig. 6.

Discussion on the Color Change of Portland 
Cement with the Increase of the Cooling Rate

There is a concept that the color change of portland 
cement with the increase of rate of cooling is due to the 
decrease of the amount of crystalline iron compound 
present and its replacement by glass (8). Generally, 
it may be considered that, in rapid cooling, MgO 
comprised in ferrite solid solution is released and 
dissolves in the liquid phase, and as a result the absence 
of MgO in crystalline ferrite leads to the light color of 
clinker.

However, the color of the clinker quenched in 
nitrogen became as yellow as that of the clinker 
quenched in water. This result suggests that the color 
change of the clinker quenched in water may not 
depend on freezing the iron-containing liquid to glass, 
but on the absence of oxygen in cooling process. Both 
in the water quenching and nitrogen quenching, the 
clinkers did not contact with oxygen in cooling 
process.

Though the color of the clinker quenched in nitro
gen is considerably different from that of the clinker 
quenched in air, the X-ray diffraction patterns of their 
residues are almost equal as shown in Fig. 8. This fact 
suggests that the reason for the color change of the 
clinker with the increase of the cooling rate does not 
largely depend on the crystal structure of ferrite, but 
on the distribution of electrons which surround the 
ions constituting the crystal, as in the case of the 

C4AF-MgO as shown in above. These information 
may rather be determined by electrical or magnetic 
methods.

The effect of oxygen to ferrite could not be clarified. 
Both by the fact that little FeO is present in the resi
dues and by the results of thermal gravimetrical 
analysis and differential thermal analysis, it is sug
gested that no simple oxydation occurs.

It is doubtful that oxygen can diffuse into clinker 
grain within a few seconds. Peculiar mechanism of 
oxygen to ferrite phase may be concerned.

It could not also be clarified why the color of the 
clinker quenched in air is darkened than that of the 
clinker cooled slowly. Although a part of this may be 
due to the properties of C2S, it may be chiefly due to 
the slight color change of the ferrite itself.

Moreover, microscopic or electron microscopic 
examination also should be carried out besides above 
testing methods.
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I should like to make two questions. First, did you 
measure the photoconductivity of your material? 
Secondly, what is the temperature coefficient of the 
electrical conductivity? As I understand, these mea
surements will help you to interpret the mechanism 
of the electrical conduction of the material.

Neither of these properties you mentioned has been 
determined yet. I agree with you in that such measure
ments are necessary for understanding the mechanism 
of the electric conductivity more accurately. Since 
these are the iron-containing compounds, the partial 
pressure of oxygen should be taken into consideration 
in order to clarify the relationship between the temper
ature and the electric conductivity.
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Synopsis

The purposes of this study are, firstly, to determine the miscibilities of special elements 
such as Ti and Mn in C3S and alite and, secondly, to elucidate the hydraulic properties of 
these solid solutions.

The compositions lay in the hypothetical systems, C3S-3CaO-TiO2, C3S-3CaO- MnO2, 
alite-3CaO-TiO2 and alite-3CaO-MnO2. To synthesize the sample, each mixture was heated 
at 1500°C or 1600°C and air-quenched.

The limit of miscibility and the modification of the synthesized solid solution were 
examined by means of chemical analysis, X-ray diffraction, microscopic observation and 
electron probe X-ray microanalysis.

It was found that Ti can substitute for 0.13 mole Si both in C3S and alite and that 
their crystal lattice expands and their modifications change into the high-temperature forms 
through its substitution. In the case of dissolution of Mn, it was also found that Mn dis
solves up to 0.06 mole in C3S and up to 0.08 mole in alite. Their crystal lattice contracts 
very slightly and the modification of C3S changes into the high-temperature form and that 
of alite changes into the low-temperature form through its dissolution.

Moreover, the effects of Ti and Mn on the hydraulic properties of C3S and alite were 
studied. The samples used were C3S, alite, and their solid solutions containing 0.07 mole Ti 
or 0.05 mole Mn. As shown formerly, these samples were prepared by heating at 1500°C.

The hydration on paste was investigated by means of calorimetry, X-ray diffraction and 
chemical analysis, and the mortar strength was also tested. It was found that the hydration 
characteristics of C3S and alite are affected by the dissolution of Ti or Mn. In the Ti bearing 
solid solutions, the degree of hydration is lowest at early stage, but, after 3 days’ curing, it 
becomes highest and the mortar strength also becomes highest. In the Mn bearing solid 
solutions, the degree of hydration and the mortar strength become higher at later stage. 
These results seem to be due to the chemical composition rather than to the change in the 
modification of C3S or alite.

Introduction

An investigation on the behavior of additional 
special elements in cement compounds is considered 
not only interesting scientifically but also as enabling 
us to expect therefrom some technological advance
ment.

Above all, as alite is the most important hydraulic 
mineral in portland cement, many reports have been 
found on the miscibilities of Al and Mg, both and 
individual, and on the polymorphism of alite by 
Woermann, Hahn and Eysel (1-2), Yamaguchi and 

Kato (3), Locher (4) and Midgley and Fletcher 
(5).

Yamaguchi, Shirasuka and Ota (6), Nurse, Midgley, 
Gutt and Fletcher (7) and Ono, Uno and Soda (8) 
recently reported on the effects of the polymorphism 
on the hydration and mechanical strength of C3S. 
However, no clear conclusion has yet been obtained, 
partly because this is due to the greater effects of some 
foreign elements added.

The miscibilities of minor or special elements such 
as Ti, Mn, P, S and Cr in C3S or alite were studied by 
Kondo (9). The effects of these elements on the pro
perties of cement had been studied in order to improve 
the hardening ability or utilize special raw materials 
for cement manufacture (10-12). Moreover, studies 



were made on the effect of F and P by Welch and 
Gutt (13), on Ti by Ershov (12) and on Mn by Sakurai 
(14). However, systematical studies on the limit of 
miscibility, type of dissolution, rate of hydration and 
mechanical strength have been scarcely made. The 
effects of additional special elements on the properties 

of alite containing Al and Mg, have not yet been 
reported.

The purpose of this study is to elucidate the mis
cibilities of Ti or Mn in C3S and alite as well as their 
effects on the hydraulic properties such as the rate of 
hydration and the mortar strength.

The Miscibility of Ti or Mn in C3S and Alite

Experimental Procedure

In order to clarify the limits of miscibily of Ti or 
Mn in C3S and alite, the hypothetical systems, C3S- 
3CaO»Ti02, C3S-3CaO-MnO2,alite-3CaO-TiO2 and 
alite-3CaO'MnO2 were examined, on the assump
tion that Ti4+ or Mn4+ substitutes for the Si4+ in C3S 
or alite up to a certain amount and that when the 
special element added exceeds this limit, the other 
low-lime compound will be formed, accompanying 
with the liberation of free CaO. According to the 
report by Woermann, Hahn and Eysel (1), the chemi
cal composition of alite used in this experiment was 
CaO 71.08, MgO 2.14, A12O3 1.01 and SiO2 25.77%.

All these preparations were made by using guarantee 
grade reagents in Japanese industrial standards and 
quartz powder of high purity and smaller than 10/z 
in radius. Each mixture was ground, mixed thorou
ghly and then formed into granules of 3 mm in radius 
with water and dried at 110°C. The granules were 
placed in a platinum crucible and heated at 1500°C 
for 5 hours in an automatically controlled electric 
furnace and then air-quenched. This process was 
repeated three times to approach to the equilibrium 
state. The heating was made also at 1600°C on samples 
in hypothetical systems, C3S-3CaO-TiO, and C,S- 
3CaOMnO2.

The samples obtained were then examined by me
ans of chemical analysis, X-ray diffraction, microsco
pic observation and electron probe X-ray microanaly
sis. Free CaO was determined by a modified Franke’s 
method, the solution consisting of 80 parts isopropanol 
and 12 parts acetoacetic ethylester being used as the 
extraction solvent. X-ray diffraction was made in the 
region of 15-55° (20, CuKa). In order to identify the 
modification of solid solutions of C3S and alite con
taining Ti or Mn, accurate determination was made 
by using quartz as an internal standard. Selected 
peaks are those of (009), (224), (224), (404), (040), 
(620) and (620). The identification was made with 
reference to the shape of these peaks which had been 
studied by Bigare, Guinier, Mäzieres, Regourd, 
Yannaquis, Eysel, Hahn and Woermann (15). Especi

ally in the case of Mn, an electron probe X-ray 
microanalyzer was also used to determine the limit of 
miscibility in C3S or alite. '

Experimental Results

The results of free CaO determination on the sam
ples in the systems, C3S-3CaO-TiO2 and C3S-3CaO- 
MnO2 heated at 1500°C or 1600°C are shown in 
Fig. 1. Fig. 2 shows free CaO on the samples in the 
systems alite-3CaO-TiO2 and alite-3CaO-MnO2 at 
1500°C.

The changes in the d-values of (040), (620) and (620) 
on the samples in the system C3S-3CaO TiO2 are 
shown in Fig. 3; those in the system C3S-3CaO- 
MnO2 in Fig. 4; and those in systems alite-3CaO- 
TiO2 and alite-3CaO- MnO2 in Fig. 5, respectively.

The X-ray diffraction patterns of the samples in 
which the miscibility is approximately above or below 
its maximum value are shown in Figs. 6-7.

The characteristic X-ray images by CaKa, by 
SiKoc and by MnKa on the sample containing 3CaO.

Fig. 1. Free CaO content on sample in the systems, C3S- 
3CaO'TiO2 and C3S-3CaO-Mn02 heated at 1500'‘C or 
1600° C and quenched.



MnO2 0.08 mole in the system C3S-3CaO-MnO2 
and these images on the sample containing 3CaO- 
MnO2 0.10 mole in the system alite-3CaO-MnO2 
are shown in Figs. 8 and 9, respectively,

Discussion

It is convenient to discuss the miscibilities case by 
case on the combinations of components.

Fig. 2. Free CaO content on sample in the systems, alite- 
3CaO'TiO2 and CsS-SCaO-MnOz heated at 1500°C and 
quenched.

Miscibility of Ti in C3S
It is concluded from the facts described below, that 

the Si4+ in C3S is substituted by Ti4+ up to 0.13 mole 
at 1500°C and up to 0.14 mole at 1600°C, and that the 
triclinic lattice of C3S expands slightly with increasing 
amount of dissolved Ti4+.

First of all, free CaO is hardly found in the samples
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containing up to 0.13 mole 3CaO TiO2 and heated at 
1500°C and up to 0.14 mole and heated at 1600°C. 
The d-values of (040), (620), (620) expand slightly 
with increasing amount of replaced 3CaO TiO2 up 
to 0.13 mole at 1500°C and up to 0.14 mole at 1600°C. 

However, in the case exceeding these value, they be-, 
come constant. Moreover, the X-ray diagram of each 
sample containing 0.15 or 0.20 mole 3CaO-TiO2 
indicates the existence of 3CaO-2TiO2 or CaO-TiO2. 
As an evidence, a peak is found at approximately 25 =:



(A) Ca-Ka Image

(B) Si-K« Image

Fig. 8. Characteristic X-ray images on the sample containing 
0.08 mole SCaO-MnOz in the system CjS-3CaO-MnO2 
(X500)

Fig. 9. Characteristic X-ray images on the sample containing 
0.10 mole SCaO-MnOi in the system alite-3CaO-MnOi 
(X500)

33° (CuKa). The sample containing 0.20 mole 3CaO- 
TiO2 was treated with a salithylic acid-methanol 
solution to remove CaO and C3S phases (16), and then 
the residue was examined by X-ray diffraction. And 
the result showed that the residue is most likely CaO • 

TiO2. Attention must be paid, however, to the fact 
that CaO ■ TiO2 precipitated also from the Ti dissolved 
solution with lapse of time by this method.

The modification of C3S solid solution changes 
from triclinic T, to triclinic Tn through the dissolution 



of Ti under 0.05 mole.
The lattice expansion due to the dissolution of Ti 

in C3S seems to be related with the difference of ionic 
radii between Si4+ and Ti4+, Ionic radii are reported as 
0.40Ä for Si4+ and 0.68Ä for Ti4+, and a little smaller 
value is expected for the 4-fold co-ordinated ion, 
Ti4+.

Miscibility of Mn in C3S
On the miscibility of Mn in C3S, it is found that 

the hypothetical compound, 3CaO MnO2, dissolves 
at 1500°C congruently in C3S up to 0.01 mole and 
incongruently from 0.01 to 0.06 mole with the libera
tion of free CaO. When the amount of Mn extends 
over 0.06 mole, free CaO and 2CaO • MnO2 are for
med.

As for the evidence, free CaO was not liberated up to 
0.01 mole 3CaO MnO2 in the system C3S-3CaO- 
MnO2 at 1500 or 1600°C, and the liberation of free 
CaO occurs, when the amount of 3CaO MnO2 ext
ends over 0.01 mole. The amount of free CaO in 
sample increases sharply in propertion to the amount 
of 3CaO-MnO2 in the range from 0.01 to 0.06 mole 
and less sharply in the range exceeding 0.06 mole. The 
molar ratio of free CaO to Mn can be calculated from 
the curve in Fig. 1. This ratio is 0 for the amount of 
Mn up to 0.01 mole, approximately 3 for its amount 
from 0.01 to 0.06 mole and approximately 1 for its 
amount over 0.06 mole.

The d-values of (040) and (620) of C3S decrease very 
slightly with increasing amount of mixed 3CaO- 
MnO2 up to 0.06 mole, and become almost constant 
over this value. The d-value of (620), however, incre
ases very slightly, and both values of (620) and (620) 
approach each other, with increasing amount of 
mixed 3CaO-MnO2 up to approximately 0.06 mole.

The peaks at 20(CuKa) = 32 — 33° in Fig. 6 are 
found on the samples containing not less than 0.10 
mole 3CaO- MnO2, and these peaks seem to be due to 
the existence of 2CaO -MnO2. Under a polarization 
microscope, this phase was an opaque crystal, identi
fied as 2CaO • MnO2 and also detected in the sample 
containing 0.08 mole 3CaO-MnO2. Moreover, the 
electron probe microanalysis revealed that Mn is 
distributed uniformly in C3S on the sample containing 
3CaO-MnO2 not more than 0.06 mole. On the other 
hand, the mass concentration of Mn occurs on the 
sample containing 3CaO MnO2 at 0.08 mole, as 
shown in Fig. 8.

It may be considered from the results described 
above that the Si4+ in C3S is substituted by Mn4+ 
up to 0.01 mole, and that when the amount of Mn 
extends over 0.01 mole, the simultaneous substitution 

of Ca2+ and Si4+ with Mn2+ and Mn4+ occurs in the 
ratio of 3:1, or all Mn, regardless of valencies, is 
introduced in the interstitial positions of C3S, up to 
0.06 mole. The ionic radii of Ca2+ and Si4+ are 0.99 
and 0.40Ä, respectively and those of Mn2+ and Mn4+ 
are 0.80 and 0.60Ä respectively. The last value is that 
for the 6-fold co-ordinated ion, and a little samller 
value is expected for the 4-fold co-ordinated ion. The 
lattice of C3S will expand slightly, if Si4+ is substi
tuted by Mn4+, and the lattice will contract slightly, 
if Ca2+ is substituted by Mn2+. As the lattice are found 
to be contracted in this experiment, the substitution 
for Si4+ is probably superseded by the substitution for 
Ca2+. The modification of C3S solid solution changes 
from triclinic T3 to triclinic Tn through the dissolu
tion of Mn under 0.01 mole and changes from triclinic 
Tn to triclinic Tin through its dissolution above 
approximately 0.06 mole. According to Yamaguchi 
and Uchikawa (17), the modification of C3S has a 
tendency to change from triclinic to monoclinic throu
gh the substitution of Ca2+ with other ion.

Miscibility of Ti in Alite
It is obvious from the data in Figs. 2,5 and 7 that the 

Si4+ in alite is also substituted by Ti4+ to the extent of 
0.13 mole at 1500°C in accordance with the case of 
C3S, nevertheless alite is already saturated with Al3+ 
and Mg2+. The modification of alite changes from 
monoclinic Mn to rhombohedral R through the dis
solution of Ti above approximately 0.07 mole. The d- 
values of alite expand slightly with increasing amount 
of replaced 3CaO - TiO2 up to 0.13 mole. But, when the 
amount of 3CaO- TiO2 is beyond this value, free CaO 
and calcium titanate are formed. The composition of 
this titanate is suggested to be CaO-TiO2 by the X- 
ray diagram in Fig. 7 and also by the chemical analysis, 
in which the molar ratio of combined CaO to exces
sive TiO2 is approximately 1, as shown in Fig. 2. An 
additional evidence of the formation of CaO-TiO2 
is the result of X-ray analysis of the residue from which 
CaO and C3S or alite phases were separated by the 
treatment of the sample containing 0.20 mole 3CaO • 
TiO2 with the salithylic acid-methanol solution.

Miscibility of Mn in Alite
It is estimated from Figs. 2 and 7, that the hypothe

tical compound 3CaO-MnO2 dissolves congruently 
in alite up to 0.02 mole at 1500°C and incongruently 
from 0.02 to 0.08 mole with the liberation of free CaO. 
The molar ratio of free CaO to Mn reaches to 3, when 
3CaO MnO2 from 0.02 to 0.08 mole is contained 
(Fig. 2). 2CaO-MnO2 was detected in the sample 
containing 3CaO MnO2 not less than 0.10 mole by 



X-ray diffraction (Fig. 7) and also by microscopic 
observation. Moreover, the characteristic X-ray im
ages on the samples containing 3CaO MnOz not 
more than 0.08 mole showed that Mn is distributed 
uniformly in alite. Meanwhile, the mass concentration 
of Mn occurs on the sample containing 3CaO-MnO, 
at 0.10 mole, as shown in Fig. 9.

These results probably indicate that the Si4+ in 
alite is substituted by Mn4+ up to 0.02 mole, and that 
the simultaneous substitution of Ca2+ and Si4+ with 
Mn2+ and Mn4+ occurs in the ratio 3:1 up to 0.08 
mole, when the amount of Mn extends over 0.02 

The Hydraulic Properties of C3S, Alite and

Experimental Procedure

Preparation of Samples
The samples used for hydration experiment were 

C3S, 0.07 mole Ti bearing C3S (hereafter abbreviated 
as C3S (Ti 0.07)), C3S (Mn 0.05), alite, alite (Ti 0.07) 
and alite (Mn 0.05), all of which were synthesized by 
heating three times at 1500°C for 5 hours as described 
previously. It was confirmed that the samples thus 
obtained contain no free CaO and other foreign pha
ses. The chemical compositions of them are shown in 
Table 1. The modifications were identified as triclinic 
Tj for C3S, triclinic Tu for C3S (Ti) and C3S (Mn), 
monoclinic Mn for alite and alite (Mn) and rhombo-

mole. It may also be concluded that the excessive 
amount of 3CaO-MnO2 forms free CaO and calcium 
manganate. From the fact that the molar ratio of 
combined CaO to excessive Mn is not 2 but 1.5, it 
seems that the composition of the manganate is 
2CaO-MnO2, and C2S is not formed appreciably.

The d-values of (040) and (620) decrease very 
slightly with increasing amount of dissolved Mn. The 
modification of alite changes from monoclinic Mn 
to monoclinic Mj through the dissolution of Mn above 
approximately 0.03 mole.

Their Solid Solutions Containing Ti or Mn

hedral R for alite (Ti).
The sintered products were crushed to pass through 

a sieve with 2 mm openings and pulverized in a pot 
mill of sintered corundum. The particle size distribu
tions of the final samples were determined with Bahco 
particle classifier.

As shown in Fig. 10, the particle size distributions 
showed no difference in the samples of C3S series and 
those in alite series, respectively. Blaine surface area 
of C3S series was 3,220 ± 20 cm2/g and that of alite 
series was 3,420 ± 20 cm2/g, respectively.

Tests on Hydration
Neat paste of each sample with a water-cement

Table 1. Chemical compositions of synthesized samples for hydration experiment

Sample SiO8 TiO2 MnO2 AI2O3 CaO MgO

C3S 26.32 — — — 73.68 —

C3S(Ti0.07) 24.33 2.43 — — 73.24 —

C3S (Mn 0.05) 25.10 1.91 — 70.20 —

alite 25.77 — — 1.01 71.08 2.14

alite (Ti 0.07) 23.80 2.45 — 0.93 70.75 1.97

alite (Mn 0.05) 24.30 — 1.91 0.96 68.44 2.02

Estimated chemica' formulas

c3s Ca3SiO5

C3S (Ti 0.07) Ca3SiQ.93Ti0>07O5

C3S (Mn 0.05) (Ca2 ayMnJ^ß) (Sig.0gMn^2)O5

alite (Ca2.879Mg0-i]2All).oog3)Alo.0056(Si0i 971A1o.029)05

alite (Ti 0.07) (Ca2.379Mg0.1I2Al0.Q093)Al0.0o56(Si0 903^0.027^*0.070)^5

alite (Mn 0.05) (Ca2.85iMg0-I17Al0.0083MnjiIn23)Al0-0058^io.942^^0.029^nO 029)^5
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Fig. 10. Particle size distribution of sample 

for hydration experiment.

ratio of 0.50 was prepared and, after sealing in a 
plastics bottle, cured at 20 ± 1°C. After reaching a 
certain period, hardened paste was crushed, stopped 
the hydration, and subjected to “D-drying” reported 
by Copeland and Hayes (18). The free Ca(OH)2 and 
loss on ignition of each dried sample were determined, 
and the unhydrated part was determined quantita
tively by X-ray diffraction.

Free Ca(OH)2 was determined by a modified 
Franke’s method and loss on ignition was determined 
by heating at 1000°C and its amount was regarded as 
the amount of combined water. In the quantitative 
determination by X-ray diffraction, periclase powder 
from 2 to 5/z in radius was used as the internal stand
ard. On the same sample, five new compacted speci
mens were used and its determination was repeated 
twice. The intensities of peaks, 20(CuKa) = 42.9° (200) 
of periclase and 20(CuKa) = 41-42°(319 etc.) of C3S 
or alite, were used for this determination.

The hydration at early stage was also examined with 
a conduction calorimeter at 20°C on paste with a 
water-cement ratio of 0.50.

Mortar Test -
Mortar strength was determined according to the

Fig. 11. Degree of hydration of C3S, alite and their solid 
solutions determined by X-ray determination lw]c = 0.5, 
at 20°C).

Fig. 12. Combined water content in D-dried paste with C3S, 
alite and their solid solutions represented on ignited base 
(wjc = 0.5, at 20aC)

RILEM method on each sample without gypsum. 
The sand-cement-water ratio was 3-1-0.5. The test 
pieces of 2 X 2 X 8 cm were cured in water at 
20 ± 1°C.

Experimental Results and Discussion

Hydration Characteristics
The degree of hydration determined by X-ray dif 

fraction, the content of combined water and free 
Ca(OH)2 are shown in Figs. 11-13, respectively. All 
of the data were determined on D-dried paste and 
represented on ignited base.



Fig. 13. Free Ca(OH)z in D-dried paste with C3S, alite and 
their solid solutions represented on ignited base (wfc = 0.5, 
at 20°C).

Table 2-A. CaO/SiOj molar ratio on calcium silicate hydrates

Sample ■
Curing time (hours or days)

9h 15h Id 3d 7d 28d 91d

C3s 1.5 2.1 2.1 1.9 1.9 1.8 1.8

C3S (Ti) — — 2.2 1.6 1.8 1.8 1.8

C3S (Mn) 2.0 2.2 1.7 1.6 1.8 1.7 1.7

alite 2.2 2.2 2.1 1.9 1.9 1.8 1.8

alite (Ti) — 2.0 2.2 2.0 1.8 1.7 1.7

alite (Mn) 2.1 2.0 2.0 1.8 1.8 1.7 1.7

Table 2-B. H2O/S1O2 molar ratio on calcium silicate hydrates

Sample -
Curing time (hours or days)

9h 15h Id 3d 7d 28d 91d

C3S 3.1 2.9 3.1 2.1 2.6 2.4 2.4

C3S (Ti) — — 3.3 2.2 2.3 2.4 2.3

C3S (Mn) 6.1 3.7 3.4 2.6 2.6 2.0 2.0

alite 2.9 2.2 2.7 2.4 2.2 2.4 2.4

alite (Ti) — 3.1 2.4 2.5 2.3 2.4 2.2

alite (Mn) 4.2 2.4 3.3 3.3 2.3 2.3 2.5

As Figs. 11-13 show the similar tendency, the data 
in Fig. 11 are used as the representing ones to discuss 
the degree of hydration. But the data are accompanied 
inevitably with experimental errors in the intensity of 
X-ray diffraction. In addition, the chemical composi-

Fig. 14. Heat of liberation on paste with C3S, alite and their 
solid solutions (yvfc = 0.5, at 20°C).

tion of calcium silicate hydrate seems to change during 
the progress of reaction as shown in Table 2.

The rate of heat liberation was determined with the 
conduction calorimeter, and the results are shown in 
Fig. 14.

As shown in Figs. 11-14 except from a very rapid 
hydration immediately after contact with water, the 
progress of hydration can be divided into the following 
three stages:

(1) At the induction period the rate of hydration is 
extremely low;

(2) At the acceleratory period the rate of hydration 
increases and then reaches to a maximum value;

(3) At the decay period the rate of hydration 
decreases.

The induction period of C3S and alite is over within 
2 hours and the maximum rate is observed at 11 hours. 
The maximum rate of C3S and alite is higher than 
those of their solid solutions, (Fig. 14). In the case of 
C3S (Mn) and alite (Mn), the induction period is a 
little longer and the acceleratory period is a little 
shorter than those of C3S and alite, respectively. The 
hydration behaviors of C3S (Ti) and alite (Ti) differ 
extremely from those of the other samples.

Rate of Hydration
To compare the rate of hydration, the thickness of 

reacted layer was calculated from the data of the 
particle size distribution (Fig. 10) and of the degree 
of hydration (Fig. 11). In this calculation, it was 
assumed that the individual reactant particles were 
spherical and the thickness of the reacted layer is 
always uniform. Although the thickness of the reacted 
layer is not the same with that of the layer of hydra
tion product, it can be regarded equal to the thickness



Fig. 15. Thickness of hydrated layer calculated from degree of 
hydration and particle size distribution Iwjc = 0.5, at 20°C')

of the layer of inner product. In Fig. 15, the relation
ship between thickness of reacted layer (y) and the 
curing time (/) is expressed on logarithmic scale.

In the figure, the degree of hydration is expressed 
by two-straight lines with a crook point, and the rate 
corresponds to the slope of these lines. The reaction 
time required for reaching the crook point corre
sponds to that required for reaching the maximum 
rate of hydration on each sample (Fig. 14). The incli
nations of the lines before the crook points are appro
ximately 1.7, 1.9, 1.9, and 2.0 for C3S, C3S (Mn), 
alite and alite (Mn), respectively. As these are all 
approximately 2, the following equation is derived,

Therefore,
logy = 2logt + logki ory = (2)

The differentiation with respect to t, one obtains

^ = 2^1 = ^ (3)

In this equation, K; is the rate constant which is 
calculated from the thickness of hydrated layer at a 
certain unit of time.

Thus, in the acceleratory period, the rates of hydra
tion of C3S, alite and their solid solutions of Mn 
increase with time. The hydration during this stage 
may be considered to be a kind of autocatalytic 
reaction. In connection with this process, further 
discussion will be presented by one of the authors in 
the other paper at this symposium (19).

On the other hand, the inclinations of the lines 
before the crook points are approximately 2.7 for 
C3S (Ti) and approximately 2.8 for alite (Ti). When 
these values approach to 3, the rate of this reaction 
can be expressed as follows; '

rfy 

dt K'2t2. (4)

In this equation, K'2 is the rate constant which can be 
calculated from the thickness of reacted layer at a 
certain unit of time. Thus, this type of hydration may 
also be considered to be a kind of autocatalytic reac
tion. This type of reaction will also be discussed by 
one of the authors in the other paper at this sympo
sium.

The inclinations of lines after the crook points are 
0.39 for C3S, 0.32 for C3S s.s. (Ti), 0.57 for C3S. 
(Mn), 0.40 for alite, 0.37 for alite (Ti), 0.62 for alite 
(Mn). If they are approximated as 0.5, the following 
equation is derived,

(/logy AC
<71ogz

Therefore,
logy = 0.5 log t + log k3 or y = k3t0-5 

Differentiation with respect to t, one obtains

If = o.ski— = k;-L, 
dt 3 y 3 y ’

(5)

(6)

(7)

where K3 is the rate constant which can be calculated 
from the apparent thickness of the reacted layer 
obtained by extrapolating the lines straightly to a 
certain unit of time.

Thus, the rate of hydration at this stage changes in 
inverse proportion to the thickness of the hydrated 
layer. It can be considered that the thickness of the 
hydration product layer is in proportion to that of the 
hydrated layer, so that the rate of hydration during this 
decay period is controlled by diffusion through the 
layer of hydration product formed around the particle 
of reactant. As described previously, all the inclina
tions obtained on C3S, alite and their solid solutions 
of Ti are smaller than 0.5, so their hydration products 
may become denser with the progress of reaction.

Finally, the hydration process of the samples used 
in this experiment is outlined as follows:

In the hydration of C3S and alite, the induction 
period is shorter, so that the acceleratory hydration 
begins earlier. After the thickness of hydrated layer 
reaches to 0.3/z, the rate of hydration is affected 
mainly by the diffusion through the layer of hydration 
product and the value is decreased gradually. In the 
cases of Ti bearing C3S and alite, on the contrary, 
the induction period is exceedingly prolonged, but the 
degree of hydration at 1-3 days is high, because the 
rapid autocatalytic hydration continues until the hy
dration product layer reaches to 0.6/z. In the hydra
tion of the Mn bearing C3S and alite, the induction 
period is prolonged a little at early stage. After the 



thickness of the hydrated layer reaches to 0.2/z, the 
rate of hydration is affected mainly by the diffusion 
phenomenon through the layer of the hydration pro
duct and the value is decreased gradually. After 28 
days, however, the degree of hydration is highest 
in comparison with that of the other samples, because 
the layer of hydration product is not so dense com
pared with the other samples.

Mortar Test
It was observed that the setting of mortar made with 

C3S and alite occurs within a few hours after mixing. 
The setting of C3S (Mn) and alite (Mn) were a little 
slower and that of C3S (Ti) and alite (Ti) occurred after 
approximately 10 hours.

Mortar strength is shown in Fig. 16. On 1 day stren
gth, the highest value is obtained by C3S and alite, 
followed by C3S (Mn) and alite (Mn) and the lowest 
by C3S (Ti) and alite (Ti). However, the strength of 
the samples containing Ti was increased, extremely 
between 1 day and 7 days, C3S (Ti) showing the highest 
strength at 3, 7, 28 and 91 days among the samples of 

C3S series. Alite (Ti) showed also the highest strength 
at 3, 7, and 28 days among the samples of alite series. 
The increases in the strength development of C3S 
and alite are a little greater at early stage and a little 
smaller at later stage than those of C3S (Mn) and alite 
(Mn). The strength development of alite is a little 
greater than that of C3S and the strength development 
of alite (Mn) is also a little greater than that of C3S 
(Mn).

The significant effects of Ti, Mn or Mg and Al on 
mortar strength of C3S may be mainly due to the 
chemical effects of the elements rather than to the 
changes of the modification.

Relations between the Degree of Hydration 
and the Mortar Strength

The relationship between the degree of hydration 
and the mortar strength is shown in Fig. 17.

The effects of the degree of hydration on the stren
gth, both compressive and bending, are similar in the 
series C3S solid solution and alite series. The effects 
of Ti or Mn are also observed similarly in both series.

Time
Fig. 16. Mortar strength on C3S, alite and their solid solutions 

(c; s; w = 1:3: 0.5, at 20°C)



Fig. 17. Relationship between degree of hydration 
and mortar strength.

The ratio of the strength to the degree of hydration is 
higher for the Mn bearing solid solutions at early age 
of hydration, but the ratio decreases at later ages. The 
strength of the Ti bearing solid solutions shows 
highest value at later above middle ages of hydration. 
These facts suggest that mortar strength is affected 
greatly by the change in property of hydration pro
duct which occurs by the addition of the special 

elements.
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Supplementary Paper 1-79 Microscopic Observations of Alite 
and Belite and Hydraulic Strength of Cement

Yoshio Ono, Shigeo Kawamura and Yoshiaki Soda*

Synopsis

The external forms and the inner texture of alite and belite occurring in clinker 
are studied, referring to the crystal structures and inversion of the temperature modifications. 
And the facial indexes and the orientation of optical axes are determined.

Relationships between the microscopic figure of alite and belite, the conditions 
of cement burning and the hydraulic strength are given.

The microscopic exermination is effective to the daily control of clinker burning 
in manufacture. For this purpose, observation of the crystallization and the inversion 
textures of alite and belite, birefringence of alite, color of belite and content of a-phase in 
belite, is light and effective.

Introduction

For a long time, many microscopic investigations 
were made on the clinker minerals, and were in detail. 
But the analysis and the interpretations on the crystal 
form and the inner texture remained incomplete, 
since the microscopic measurement of the minute and 
complex textures is very difficult.

A. E. Törnebohm (1) showed by poralizing micro
scopic examination that clinker was composed of 
“Alit”, “Belit”, “Celit”, “Felit” and “isotrop Sub
stanz”, “Alite” was psendo-hexagonal orthorhombic. 
E. S. Shepherd and G. A. Rankin (2) and N. Sundius 
(3) found more complex and minute textures in clin
ker minerals. B. Tavasci (4), H. Insley (5) and W. C. 
Taylor (6) presented precise reflecting microphoto
graphs of the clinker minerals, and explained the 
minute texture of belite in relation to the burning 
condition. C. E. Tilley (7) (8) examined on larnite 
(jS-C2S) and bredigite (ct'-C2S) occurring in natural 

rock and slag, and it was concluded that the former 
was monoclinic and the latter was pseudo-hexagonal 
orthorhombic. In recent year, the former microscopic 
studies on clinker minerals were compiled by F. Tro- 
jer, (9) P. Terrier and H. Hornain (10).

Through the advance of X-ray crystallographic 
studies on synthetic single crystals of clinker minerals, 
the crystal structure and polymorphism of Alite were 
made clear by A. Guttmann and F. Gille (11) and J. 
W. Jeffery (12) and those of belite by M. A. Bredig 
(13), C. M. Midgley (14), D. K. Smith et al.

In this paper, the microscopic figure, texture and 
optical property of alite and belite are examined 
(16), (17), (18) by polarizing microscope and explained 
from the crystal structure and the polymorphism, and 
the relationships between burning condition, crystal
lographic property and hydraulic strength are given.

Microscopy on Clinker Minerals

In this study, polarizing microscope, X400, with

♦Central Research Laboratory, Onoda Cement Co., Ltd, 
Tokyo, Japan.

universal stage was used. For precise observation, the 
thin section must be polished perfectly, to be free from 
irregular dispersion of light, and the thickness of thin 
section must be fit for each purposes, e.g. for the op
tics of alite: 25/z, for the fine texture of belite: 10/z.



Fundamentals on Alite

The direction of the acute bisectrix, X, of alite can 
be determined most accurately, and is suitable for the 
basis of goniometry of the crystal faces and the tex
tures.

The horizontal section, X being perpendicular to the 
section, shows a regular hexagonal shape with 3-fold 
symmetry, and the side planes bounding the hexagon 
are inclined against X. The birefringence of this 
section is very weak.

The vertical section, X being parallel to the section, 
shows a elongate hexagonal shape. The elongate sides 
are normal to X, and the faces are perpendicular to the 
section. Rotating the section about X, the another four 
faces can be brought to vertical position. At this posi
tion, the all six faces are parallel to view line, and the 
elongate hexagonal outline shows 2-fold symmetry.

Above observation shows that the external form of 
alite is bounded by a set of basal planes (c), and two 
sets of rohmbohedrons, (rl) and (r2), and may be
long to D3d. The angles between the rohmbohedrons 
and X are measured as (rl) A X = 26.2°, (r2) A X = 
13.5°, therefor

{c}:{0001}, {rl}:{01l2}, {r2}:{10ll}. '

These observations are in good agreement with the 
results obtained by Guttmann, who could measure 
accurately the facial angles of alite, grown in a large 
crystal in basic slag, using reflective goniometer.

Guttmann showed the facial indises as {rl):{10l2} 
and {r2]:{lT01}. The difference in the notation of 
facial indices comes from differing in setting of crystal
lographic axes, and is not substantial.

In this paper the crystal axes are set as, —h + k + 
1 = 3n, after International Table for X-ray Crystal
lography, for the benefit of comparison with the 
X-ray diffraction data.

Jeffery concluded from the X-ray crystallographic 
study that the high temperature modification of alite 
belonged to C3v. D3d is made by adding point of 
symmetry to C3v. From the careful observation on the 
difference in growth of crystal faces, no indication is 
found which shows lack of point of symmetry.

The form of alite changes extremely by the para
genetic twin due to the trigonal symmetry. These 
twin crystals are abundant in clinker. The twin planes 
are (c) and (rl).

In twin crystal, twin plane being (c), the difference 
in extinction position of each twins cannot be detected 
by polarizing microscope, and the twin crystal seems 
as if single crystal having horizontal symmetry and 
being D3h. When alite inverts to triclinic form, inver

sion polysynthetic twin of triclinic system occurs and 
the textures are discontinuous at the twin plane, and 
it becomes evident that the crystal is not single crystal 
but twin crystal.

The twin crystal of which twin plane is (rl), shows 
frequently hexagonal outline in thin section, and the 
diagonal of the hexagon is coincident with the twin 
plane (rl). In these sections, the twin method was 
frequently mistaken for (1010) of pseude-hexagonal 
system. When a twin plane (rl) inclines to the section, 
remarkable wavy extinction appears on the contact 
zone. ■

No other paragenetic twin of the symmetry in 
trigonal system, except (c) and (rl), occurs in alite in 
commercial cement.

The external form of alite occurring in cement 
clinkers shows the trigonal symmetry of its high 
temperature polymorph, but almost all of the dif
fractometer traces of alite are monoclinic and those of 
trigonal and triclinic are very rare.

Alite of which diffractometer traces are trigonal of 
the high temperature polymorph is uniaxial negative 
or its optic angle is very small:

2V = 0 - 20°X||c(trigonal)
Alite of which diffractmeter traces are monoclinic 

of the medium temperature polymorph (metastable) 
is biaxial negative, 2V = 20 — 60°, X||c (trigonal): 
This relation is accurately established. Y]|a (trigonal), 
Z J_a (trigonal): The accuracy in the determination is 
less than in that of the direction of the X axis.

In the horizontal section, the extinction position 
differs locally, and irregular patches of triple cryclic 
twin can be observed. On the contrary, in the vertical 
section, the crystal extincts at the same time exactly, 
and the twin structure can not be detected. This 
cyclic twin is paragenetric twin through R —> M inver
sion, so the twins must be orientated geometrically 
with 3-fold symmetry of R. Therefore, it is concluded 
that X of monoclinic form exactly coincides with 
3-fold axis, c, of trigonal form. Through R —> M 
inversion, 3-fold axis changes to oblique axis of mono
clinic form. It is unnatural that an optical elastic 
axis coincides with an oblique axis of monoclinic 
form. These properties are those of pseudo-hexagonal 
orthorhombic crystal, and may be caused by the 
remarkable likeness of crystal structure between the 
trigonal form and the monoclinic form or existence 
of submicroscopic twin. _

Alite of which diffractometric traces are triclinic 
of low temperature polymorph is biaxial negative. 



2V = 20 — 60°. X axis inclines to c (trigonal) :X A 
c (trigonal) = 0 — 15°.

In the horizontal section of the crystal the extinction 
is very obscure. In the vertical section, indistinct 

stripes parallel to c axis like the polysynthetic twins 
are observed.

The presence of (0001) twin is clear from the dis
continuous stripes in two crystals.

Fudamentals on Belite

H. Insley classified belite into the types of I, la, 
II and III from the observations of clinkers by the 
reflecting microscope.

Belite of type I and la is- obtained by heating up to 
the stability temperature region of a-form.

Belite of these types has the complex inversion 
textures due to the transitions of a —>■ a' and a' 
ß. Belite of type let separates its impurities along the 
inversion texture of a -» a' inversion and has the 
textures as well as type I.

Belite of type II crystallizes at the a' phase region 

of temperature and is cooled to room temperature 
having the inversion textures due to a' —> ß inver
sion.

Belite of type III belongs to type I or type II having 
the indistinct inversion textures which are so minute 
as not to be determined by the optical microscope or 
not to be observed in some sections.

Thus belite is then classified into type I and II 
from its inversion textures. Törnebohm called the 
former “Belit” and the latter “Felit”.

Belite of Type 1

Type I crystallizes in a rounded grain having indi
stinct crystal faces. It has a complicatedly crossed la
mellar structure and a set of lamellae, in two directions 
crossing in about 60° each other, is usually observed 
distinctly. The acute bisectrixes, Z, of all lamellae in a 
grain are parallel each other, and can be accurately 
determined.

In horizontal section, Z being perpendicular to the 
section, the birefringence is very weak and the extinc
tion are indistinct. The section is divided into minute 
patches by the difference of the extinction positions.

In the vertical section, Z being parallel to the 
section, the birefringence is highest and it extincts at 
the same time. Rotating the vertical section around 
Z, a set of lamellae, in two directions crossing about 
60° each other, can be brought to vertical position, 
the crystal faces of the lamellae being parallel to view 
line. At this position, the set of lamellae makes a 
symmetry extinction, and the obtuse bisectrix of angle 
of the lamellae is coincident with Z. The angle be
tween the lamellae and X-Y plane is about 33°. Then 
the section is further rotated 60° form the vertical 
position around Z, a new set of lamellae becomes 
prominent and the crystal faces of the lamellae be
come parallel to view line.

Above observation shows that belite is composed 
of 3 sets of lamellae and the sets are orientated with 3
fold symmetry around Z. .

Usually, the lamellae do not rigidly connect each 

other, but there are some spaces between the lamellae. 
The spaces are filled with glassy phase. The refractive 
index and birefringence of the lamellae with high 
birefringence are shown as follows: N = 1.720, 
B = 0.015 - 0.018.

Those of the glassy phase with low birefringence 
are shown as follows:

' N = 1.700 - 1.710 B = 0.000 - 0.003

The very minute polysynthetic twins are often obser
ved in the lamellae with high birefringence and its twin 
planes are parallel to Z.

Above shows that the high birefringence phase is ß 
and the low birefringence phase is a.

The complex lamellar structure with 3-fold sym
metry must be skeleton structure through a -> a' 
inversion with remainder of a-phase. The minute 
polysynthetic twin structure of lamella must be 
inversion twin structure through a' —> ß inversion.

Because of the resemblance of crystal structure be
tween a, a' and jff-forms, the crystal axes of each 
modifications keep in same direction through the 
inversions, and 3-fold axis, c, of a form is transformed 
to unique axis, b, of jff-form.
. The facial indexes of the lamellae of the skeleton 
structure are calculated, from the facial angle obtain
ed by microscopic measurement and the lattice con
stants obtained by X-ray diffraction. The facial in
dexes are as follows:



«-form (10l2)^ a'-fonn (112), • of a'- and )?-form are set after the ortho-hexagonal
(022) -> jff-form (112)(l 12)(022) ■ axes of «-form.

For the convenience of comparison, the crystal axes

Belite of Type II

This type of Belite crystallizes in a irregular grain 
with the distinct parallel striations whose directions 
are in Z'.

In the horizontal section, Z being perpendicular to 
the section, the striations are incomplete and observed 
as cleavage or parting parallel to X and Z. The minute 
polysynthetic twins, i.e. (100) and (010) approximately 
parallel to X and Y, are clearly observed and the 
difference of their extinction positions is from 10° to 
20°.

In the vertical section, Z being parallel to the sec
tion, striations are observed as complete cleavage or 
parting parallel to Z. The section extincts at the same 
time, and the polysynthetic twin structure cannot be 

observed. Though never abundant, the lamellae paral
lel to Z and inclined to the optic plane in 60°, i.e. to 
(110), and those of nearly parallel to X and inclined 
X-Y plane in 35°, i.e. (011), are observed. These are 
important to determine the directions of the crystal 
axes.

Following may be concluded from the aboves. X 
I Ja (approx.), Y||b (approx.), Z||c and X A a = 10°.

(In this case, the monoclinic acute bisectrix is c.)
It is evident that the polysynthetic twin structure of 

(100) and (010) can not occur in orthorhombic system 
(a') but in a' -> ß inversion. The polysynthetic twins 
observed in the lamellae in belite of type I may be the 
same ones in belite of type II.

Effects of the Burning Condition of Clinker on the Microscopic Textures 
of Clinker Minerals

The minerals in clinkers and cements being ex
amined in detail by the microscope, the clear dif
ferences will be found in their microscopic textures. 
This comes from the differences in the conditions of 
producing: For examples, in kinds, fineness and minor 
components of raw mixtures or in heat treatments. 
Thus the conditions of producing may be analyzed 

from the microscopic textures of minerals.
Many factors exist in the conditions of cement 

producing. They can be simplified in terms of the 
crystallization velocity and the recrystallization of 
minerals, their solution and exsolution of impurities 
and polymorphic transformation.

Textures of Alite

Effects of the Crystallization Velocity

Since alite crystallizes as precipitation from the 
liquid phase in which Ca2+ and SiOJ- diffuse and mix 
and supersaturate for C3S, the crystallization velocity 
will be effective on the shape and size of crystals.

When the crystallization is rapid, the crystals will 
be in small and thin grains of developing in (0001). 
The slow crystallization will result in the formation 
of large and thick crystals of well developing in rohm- 
bohedrons of (0112) and (1011).

In the early state of formation of alite, at the tem

perature of 1250-1300°C, CaO and C2S are very 
minute, as 1-2/z, and in contact with each other. 
The reaction between CaO and C2S proceeds rapidly 
and alite is crystallized in minute and thin crystal. 
As the coming reaction brings about the consumption 
and the crystal growth of CaO and C2S, the resulting 
long distance between them in the reaction and the 
down of the crystallization velocity result in the for
mation of the moderate size of alite (15-30/z).

Since it is considerable of decreasing in amount of 
CaO, as less than 5 %, in the late period of reaction, 
the further long distance between CaO and C2S and 



the delay in the reaction velocity result in the forma
tion of thick and large size of alite (30-60/z).

The crystallization reaction of alite going on through 
the liquid in which Ca2+ and SiO^~ diffuse, and the 
diffusing velocity of Ca2+ is regarded higher than 
SiOJ-, alite crystallizes in a large crystal near the nest 
of belite, because of the reaction occurring near the 
nest of belite. ‘

■ Alite occurring near the nest of belite has often a 
periodic zonal structure. The width of the zones com
ing broad near belite. ,The zoning structure of alite 
shows that alite grews toward belite.

It may be concluded that the minute alite flocking 
in a region, in which often small grains of CaO are 
dispersed, crystallizes in the early state.

Even in a piece of clinker alite distributes differing 
is shape and grain size, according to the varying period 
of reaction.

When clinkers are burnt quickly to a high tempera
ture, the amount of the small alite increases and that 
of large one decreases. 1

When clinkers are burnt slowly at a medium low 
temperature, amount of the small alite decreases and 
amount of the thick and moderate size alite increases 
with accompanying considerable amount of large 
alite.

When the raw mixture is fine, the small alite occurs. 
The raw mixture being coarse, large alite increases. 
These all come from the difference in the crystalliza
tion velocity of alite. -

The components of Na2O, K2O and SO3 restrain 
the crystallization of alite. When these components 
are contained considerablely in clinkers, alite becomes 
extremely thick and large, as up to 100-200/z.

Effects of Recrystallization

Alite being treated at a high temperature for a 
long time, it recrystallizes and grows, but the rate of 
recrystallization is very slow: It requires 20 hours at 
1450°C for 10/z alite to grow to 20/;. Therefore, effects 
of the recrystallization of alite are practically negli
gible in a clinker burnt by rotary kiln and its shape and 
size are considered to be kept as it is at the state of 
crystallizing.

Alite of moderate size is generally abundant in the 
well-burnt clinkers, and alite in the half-burnt clinkers 
is small. These phenomena are not caused by the length 
of time in treatment at a high temperature, but by 
the following: In the former case, a raw mixture 
comes into the burning zone after limestone has 
already been decomposed and silica has been spent to 

form C2S and CaO and C2S grow to some crystal 
size in decarbonating zone. In the latter, since a raw 
mixture containing the half decomposed limestone 
and free silica comes into the igniting zone, the 
decarbonation of limestone, C2S formation and one 
of C3S all occurs at the same time to crystallize C3S 
explosively.

Effects of the Solid Solution

Birefringence of pure C3S is in 0.002-0.003. That of 
alite in clinkers is generally in 0.004-0.007, but comes 
up to 0.010 in clinkers rich in Na2O, SO3 and MgO 
and burnt at a high temperature.

In general, birefringence of alite is low in clinkers 
burnt at a low temperature, and that is high when 
clinkers are burnt sufficiently at a high temperature. 
These may be caused by the high solubility of im
purities in alite at a high temperature and the poor 
one at a low temperature.

A zoning alite whose birefringence is lower in the 
inner part of the crystal than in its outer zone is often 
found in clinkers burnt slowly to a high temperature. 
This may shows the process that alite with low bire
fringence crystallized at a low temperature absorbs 
the impurities from the liquid in the course of its 
heating up to a high temperature.

Effects of Polymorphic Transformation

Alite is usually monoclinic and rarely trigonal and 
triclinic in clinkers. Trigonal C3S, containing some 
stabilizer, shows a high birefringence and triclinic 
C3S, being pure, shows a low birefringence. It is dif
ficult to determine whether the above tendency exists 
on the three forms of alite with the same chemical 
composition in the same quantity or trigonal alite is 
cooled absorbing a large quantity of impurities and 
triclinic alite is in the comparatively high purity.

When alite is cooled slowly in the temperature 
range of 1250-1300°C, its birefringence often comes 
to be remarkably low in spite of the absence of the 
decomposition of C3S(C3S —» CaO + C2S) and its 
being monoclinic optically and in the diffractometric 
traces. In this case, the texture of alite always departs 
into many small parts with the different extinction 
positions and the extinction in whole is indistinct. It 
may be reasonable that the indetectable decomposition 
of alite at 1250-1300°C makes the crystal structure 
into disorder, and this disorder acts as a nucleus in 
the trigonal —> monoclinic inversion. . . .



Textures of Belite

Effects of Crystallization Velocity

Belite crystallizes mostly in the very minute crystals 
of 1—4/z below 1300°C through the dry solid-solid 
reaction. The crystals of 2(M0/z found in clinkers is 
formed by recrystallization in the course of the heat 
treatment at a high temperature. The direct relation 
cannot be found between the size of belite and its 
formation velocity.

Effects of Recrystallization

The liquid being formed in the course of the rising 
of temperature, belite begins to recrystallize quickly 
to a large crystal. The growth of belite in clinkers is 
due to the recrystallization. The grain size of belite 
is related to the period of the heat treatment at a high 
temperature after the liquid formation. -

Since the large grains of feldspar or clay and CaO 
always react to form the liquid with a low melting 
point, belite contacting to the liquid crystallizes 
quickly to form a crust of belite crystals around the 
liquid. Thus these crystals are then larger than those 
usual.

Effects of the Solution and Separation 
of Impurities

Belite crystallizes at first in «'-form which is almost 
pure. In the previous investigation (20) the solubility 
of A12O3, Fe2O3 and Na2O are less than 1 % in total. 
After a'—>a inversion belite begins to absorb the 
impurities.

Belite separate the impurities according to the 
difference in their solubility during a —» a' inversion 
on cooling. When belite is cooled quickly, the separa
tion of impurities cannot be observed optically and 
crystals are colorless. Being cooled in a medium velo
city, crystals are pale yellow. A slow cooling makes 
belite muddy yellow. In a extremely slow cooling, it 
can be observed the minute dots of impurities sepa
rated to be despersing.

Yellow or muddy of belite is more remarkable in 
outer zone of the crystal than in its inner part. This 
may be attributed to the fact that the inner part of the 

crystal has scarcely absorbed impurities in a' —> a 
inversion and its outer part has overgrown on the 
former absorbing plenty of impurities by the recry
stallization in a' -> a inversion.

The half-burnt clinker burnt at a remarkably low 
temperature easily brings about “dusting", because 
belite is cooled in a pure a'-form.

Effects of Polymorphic Transformation

When clinkers are burnt below the temperature of 
the stable a-C2S and cooled from the stability tem
perature of a'-C2S, belite is cooled in type II with the 
monoclinic polysynthetic twins due to a' —> ß inver
sion. But belite of type II is scarcely found in the 
commercial cements.

When clinkers are burnt at the stability temperature 
of a-C2S, belite is cooled in type I with both of the 
skeletal structure due to a —> a' inversion and the 
monoclinic polysynthetic twins due to a' —> ß inver
sion.

The quantity of a phase of belite being contained 
among skeletons varys in the range of 0-30% with 
differing clinkers.

For a phase of belite being cooled to room tempera
ture, it is necessary to be rich in A12O3, Fe2O3 and 
Na2O in clinkers and to cool clinkers quickly.

When clinkers are kept for a sufficiently long time 
at a high temperature and cooled quickly from near 
the lower limit of stability temperature of a-C2S, 
the quantity of a phase of belit increases. This shows 
that the crystallinity of a-C2S rises to restrain a —> 
a' inversion under the above condition.

When clinkers are cooled very slowly, a-C2S inverts 
completely to a'-C2S. The skeletal structure occurred 
in three directions disappears entirely to alter into a 
single crystal of a'-C2S taking a texture recrystallized 
in one direction, which inverts immediately to ß- 
C2S taking a texture of type II.

It can be easily determined whether belite of type 
II is one formed by the burning at a low temperature 
or one by the very slow cooling, because the former is 
taking a small round shape and the latter is a large 
irregular shaped grain.

Strength of Cement and Burning Condition .

Hydraulic modulus, free lime and fineness of cement are known as important factors for the strength of



cement, and these are always controled by cement 
makers to be optimum values. But the considerable 
difference of the strength of cement, such as the 
compressive strength at the age of 28 days is 300-450 
kg/cm2, is usually examined. These must be due to 
the difference of properties of clinker minerals, such 
as polymorphism, crystallinity and solid solution.

Alite in commercial clinkers is almost monoclinic 
form, and exsolution of solutes from solid solution 
through cooling period cannot be detected. The dif
ference of crystallinity can be deduced from the dif
ference of the birefringence and of the intensity of 
X-ray diffraction.

Belite in commercial clinker consists of a and ß- 
phase, and the difference of solid solution and of 
crystallinity also can be detected. .

The compressive strength of each modifications of 
belite stabilized by usual components of commercial 
cement is examined, and the compressive strength 
of «-form is found to be about 3 times, that of ß- 
form.

The chemical composition of each modifications is

(kg/cm2)

as follows:

a-form 
a'-form 
/?-form

SiO2 A12O3 Fe2O3 CaO MgO K2O Na2O
30.4

33.8
31.4

2.4

2.5

2.5

2.5

59.1 —
60.0 2.3
63.1 —

— 5.8
3.8 —
— 0.5

(%)

The compressive strength of each modifications is
as follows:

7 days 28 days 91 days
a-form 47 80 169
a'-form 11 41 86
/?-form 11 38 51

In commercial cement, a'-form cannot be detected. 
Even if a'-form is contained in cement, the crystal
linity may be exceedingly imperfect, and may be 
practically regarded as warped y?-form, the compres
sive strength of both modifications is about the 
same.

The content of a-form in belite is varied according 
to the cooling condition. Belite quickly cooled from 
a high temperature contains a-form abundantly, 
and gives high strength. Belite slowly cooled to a low 
temperature scarcely contains a-form, and gives very 
low strength.

The relationship between the content of a-form and 
the strength of belite, saturated with A12O3, Fe2O3 
and Na3O, is examined.

The chemical composition of belite is as follows
SiO2 A12O3 Fe2O3 CaO MgO Na2O
32.3 1.5 1.5 62.3 0.5 2.0

(%)
The samples of belite are burnt at 1450°C for 

0.5, 1.0, 2.0 and 3.0 hours, and cooled under several 
conditions. The content of a-form is determined by 
X-ray diffraction method, and the strength of the 
cement is examined.

The results are shown as follows:
The relationship between the content of a-form and 

the compressive strength of belite, burnt under sev
eral burning conditions.

*Test pieces of 1 x 1 x 7cm—1/2 Mortar (W/C = 0.65)

Burning 
period 

at I450°C 
(hr)

Quickly 
cooled 

from the 
temp. (°C)

a-form
(%)

Compressive strength* 
(kg/cm2)

7d. 28d. 91d.

0.5 1400 20 42 102 183
1300 24 57 132 231
1200 29 42 126 251
1100 0 26 50 138

1.0 1400 35 66 116 231
1300 32 71 141 268
1200 40 48 120 245
1100 0 25 50 175

2.0 1400 19 69 146 268
1300 26 53 138 262
1200 20 45 101 204
1100 0 26 53 142

3.0 1400 4 46 116 253
1300 22 47 132 265
1200 17 32 89 206
1100 0 19 53 172

The effect of colling condition on the strength of 
cements prepared from raw materials used in plant is 
examined.

The chemical composition and the mineral composi
tion of the clinker are as follows:

Note: MC; Moderate heat cement, NC; Normal cement
HC; High early strength cement
C3S—C4AF; Calculated by Bogue’s equation
Alite—matrix; Measured by microscopic method.

SiO2 ai2o3 Fe2O3 Cal MgO Na2O
(%)

k2o
MC 24.5 4.2 4.3 65.7 1.7 0.33 0.41
NC 22.7 5.1 3.3 66.2 1.6 0.30 0.54
HC 21.9 5.1 3.0 67.3 1.7 0.28 0.45

(%)
Free CaO C3S C2S c3a c4af Alite Belite Matrix

0.0 46.3 35.5 3.9 13.1 46 36 18
0.5 56.2 22.9 8.0 10.0 64 16 20
1.4 63.7 14.9 8.4 9.0 76 2 22

The moderate heat cements and the normal ce
ments were burnt at 1450°C for 30 minutes, and the 
high early strength cements were burnt at 1500°C for 
45 minutes, and each cements were cooled under four 
conditions, shown as (Q), (M), (S) and (VS).



(Q): Quickly cooled from burning temperature. 
(M): —»1200°C for 15 mins., 500°C for 10 mins.
(S): —»1000°C for 25 mins., 500°C for 15 mins.

(VS): -> 1000°C for 25 mins., 500°C for 35 mins.
The compressive strength of cements are as follows:

Cement Cooling condition 3d 7d
(kg/cm2) 
28d

MC Q 57 93 215
M 60 83 172
S 62 94 157
VS 59 89 158

NC Q 99 153 259
M 97 210 273
S 97 193 239
VS 87 187 230

HC Q 102 188 293
M 142 267 333
S 102 210 292
vs 91 181 279

The burning condition and strength of cement are 
now inferable from the optical and X-ray diffraction 
test, and the faults in burning can be pointed out to 
reform the quality of clinker.

Normal portland cements sold in Japan in 1962 
and 1963 were examined. Some of them are omitted, 
having the obvious faults on chemical composition, 
free lime, fineness and storage.

The properties of the 45 cements used in this exami
nation were as follows:
Specific gravity: 3.12-3.18 specific surface (Blaine) 
3010-3430cm2/g., ig. loss: 0.5-1.5%, SM: 2.5-3.0, 
HM: 2.02-2.11, free lime: 0.2-1.1 %.

Among the several properties obtained by micro
scopic observation and X-ray diffraction, content of 
a-form in belite, color of belite and birefringence of 
alite were most characteristic.

The strength of moderate heat cement at the ages 
of 3 days and 7days is scarcely varied by cooling 
condition. At the age of 28 days, the slower is the 
cooling, the lower is the strength.

The strength of high early strength cement, at all 
ages, moderately cooled is strongest.

The situation of normal cement is medium for the 
above two types cements. From these facts, the fol
lowing is induced.

1) When clinker is cooled quickly, belite contains 
a-form abundantly, and the compressive strength 
becomes stronger.

2) When clinker is cooled moderately, the crystal
linity of R-form of alite may rise at the lower 
part in the stable temperature reagion of the R- 
form, and inversion of modifications may be 
disturbed, and alite is cooled in active state.

3) The compressive strength of cement is additive 
for that of alite and belite.

Compressive 
strength at 

28 days 
(kg/cm2)

Number 
of cement Max.-Min.(Mean)

Color of belite 
(No. of cement) 

Color
less Yellow Amber

(455)—410 14 36—13(22.4) 14 0 0
410 — 360 19 30— 8(18.2) 0 18 1
300 —(298) 12 24— 0( 9.7) 0 3 9

birefringence of alite (number of cement)
B S 0.007 B < 0.007

13 1
3 16
0 12

Occurrance of alite with high birefringence and 
belite containing a-form abundantly and being color
less in high strength cement shows that the cement 
was burnt at a high temperature and quickly cooled. 
Low temperature burning and slow cooling almost go 
together in cement burning, and take the greater parts 
of faults in cement burning.

Conclusion

The authors studied the microscopic figures and 
inner textures of the minerals occurring in clinkers, 
referring to the fundamental knowledges about the 
crystal structures and the polymorphisms. And the 
meaning of the figures and the textures were ascer
tained.

The conclusions are as follows:
a-1 The external figure of alite is that of trigonal 

' form with the symmetry of D3d.
a-2 The crystal faces are indexed, setting the crystal 

axes as —h + k + 1 = 3n, as tabular basal 
planes {c}:{0001}, rhombohedral planes {rl}: 
{0112} and rhombohedral planes {r2}:{10ll}.

a-3 Acute bisectrix, X, is exactly parallel to the 3
fold axis, c, of trigonal form and perpendicular 
to basal plane, (c), except triclinic form. X is 
used as most sure datum line.

a-4 The external figure of alite is deformed by para
genetic twin. The twin planes, (c) and (rl), are 
common.



a-5 The optical property of alite is disordered by 
metagenetic twin. Triple cyclic twin occurres by 
trigonal —> monoclinic inversion, polysynthetic 
twin occurres by monoclinic —>• triclinic inver
sion.

b-1 Belite in clinker is crystallized in irregular roun
ded grain.

b-2 Belite is classified into two types, named “Type I” 
and “Type 11”

b-3 Type I has a skeleton structure and a polysynthe
tic structure. Type II has only a polysynthetic 
twin structure. The skeleton structure is observed 
as complexed lamellae structure. The polysyn
thetic twin structure of Type I is very minute. 
The polysynthetic twin structure of Type II, sub
stantially same as that of Type I, is observed as 
parallel striations.

b-4 The skeleton structure occurres by a —> a' in
version. Through this process, a'-phase grows 
into skeleton crystal, following the crystal struc
ture and symmetry of a-form, and a part of 
rt-form remains between the lamellae of skeleton 
crystal.
The crystal faces of the lamellae of skeleton 
crystal are indexed as follows:

a-form {1012} -> a'-form {112},
{022} -> £-form {112}, {112}, {022}

b-5 The polysynthetic twin structure occurres by 
a' —> /? inversion. The conjugate planes of the 
twin structure are as follows: (100) and (010) are 
dominant, (110) and (011) are rare.

b-6 The acute bisectiox, Z, of j3-form is exactly 
parallel to the 3-fold axis, c, of a-form, and is 
used as most sure datum line.

Burning condition of cement clinker and hydraulic 

strength of cement can be deduced from the micro
scopic observations of clinker minerals. In this ex
amination, immersed powder preparation of clinker 
or cement may be used for thin section. This technique 
is effective to the daily control of clinker burning in 
manufacture.

Distinct features of clinker minerals varied with 
burning conditions are as follows:
c-1 When raw mixture is heated slowly, at low tem

perature C2S and CaO grow to coarse grains, 
and velocity of C3S formation at high tempera
ture decreases, and alite in clinker crystallizes in 
large and thick form.

c-2 When clinker is burnt up to a high temperature, 
birefringence of alite becomes higher. This phe
nomenon may depend on the crystallinity of alite 
and the content of impurities in alite.

c-3 When clinker is burnt for a long period, alite 
and belite recrystallize into large crystals.

c-4 When clinker is cooled slowly, value of birefr
ingence of alite decreases and that of belite 
increases, and a-C2S content of belite decreases 
and belite exsolutes the solid solute and the color 
of belite grains turns from colorless to yellow or 
amber. These phenomena are related to trans
formation of temperature modifications of alite 
and belite.

The quality of alite and belite is a dominant factor 
affecting the compressive strength of cement. Gene
rally, high temperature modification of crystals is 
more active than low temperature modification.

In order to obtain a high strength cement, (1) 
clinker must be burnt at a high temperature for a 
sufficiently long period to raise crystallinity of high 
temperature modification and (2) cooled quickly from 
moderately high temperature to stop the inversion.
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Supplementary Paper 1-95 Thermal Stabilization of ß-2CaO, SiO2

Valentin I. Korneev and Elysaveta B. Bygalina*

Synopsis

The conditions of transformation of y-2CaO-SiO2 into the ^S-form due to heat treat
ment without introducing the additions—stabilizers have been studied. The degree of trans
formation of 7-ß-C2S depends upon the temperature and upon the duration of heat 
treatment (reheating in the range of 900-1500°C). Thermally stabilized ß-C^S has the refrac
tive indices. X-ray data and differential thermal analysis corresponding to the ß-form, 
and it preserves the shape of the grains, the cleavage, the extinction and the elongation which 
is typical of the original y -C2S. The formation of solid solutions of CaO in dicalcium silicate 
promotes the stabilization of the jff-form. ^-2CaO SiO2 has been obtained which contains 
up to 6 per cent of excess CaO in a solid solution. The availability of binding properties 
of y-C2S containing CaO in a solid solution has been determined. The dependence of the 
hydraulic activity of the jS-form of dicalcium silicate upon the concentration of CaO in a solid 
solution has been found.

Introduction

It is considered that dicalcium silicate which is 
one of the main minerals of portland-cement clinker 
may exist in four polymorphous modifications: 
7, ß,«.' and a, from which only y-C2S is stable at 
room temperature (1, 2). The existence of high tem
perature modifications of Ca2SiO4 in industrial prod
ucts is connected with crystallochemical stabiliza
tion (the presence of additions-stabilizers). The at
tempts to obtain ß, a' or a-C2S without introducing 
stabilizers were not successful.

In the works of the chair of chemical technology

of cement, Leningrad Lensoviet Institute of Tech
nology, the Soviet Union, the possibility to obtain 
ß-C2S without stabilizers by means of thermal stabili
zation (by annealing) has been considered. The prob
lems of thermal stabilization of jff-C2S depending 
upon the formation and the concentration of solid 
solutions of calcium oxide in dicalcium silicate (with 

CaQ _
the ratio of > 2) are discussed in the present 

S1O2
paper.

Experimental Part

■ CaCO 2The raw mixture of 3 = y- was prepared 

from the calcium carbonate of high purity and anhy
drous spectrally pure silicic acid. The raw mixture was 
ground in a jet mill until the fineness of 1-3 microns
was reached, in conditions excluding contamination.
On the basis of such a raw mixture, after its having 
been mixed according to the chemical analysis, the
mixtures of the following compositions have been

prepared: -2-00’ 2.10, 2.20, 2.22

The burning of the samples was carried

and 2.24.

out in thi

*Leningrad Lensoviet Technological Institute, U.S.S.R.

laboratory kiln with carborundum heaters at the 
temperature of 1500°C and rapidly cooled in air.

The petrographic analysis of sinter materials (not 
containing CaO) did not show the presence of any 
other phases but dicalcium silicate up to the ratio of

= 2.20. Only with greater CaO content the phases 
S1O2
different from those of C2S appear in the sinter material.

As far as the authors were interested in the stage 
where dicalcium silicate appeared, the work was 
further carried on with the following compositions of 
CaO ■— 2.00, 2.10, and 2.20, which contained 0.3 and 
O1U2
6 per cent of excess CaO respectively in comparison



with the stoichiometric dicalcium silicate. The immer
sion analysis has shown that the sinter material of 
CaOgjQ- = 2.0 composition, which crumbled on cooling, 

consists completely of y-C2S, where Ng' = 1.656 
and Np' = 1.642 (Ng' — Np' = 0.014). The crystals 
of y-C2S are prismatically elongated in shape, have 
perfect cleavage and great 2V, positive optical sign 
and negative elongation; they are also biaxial. The 
extinction is parallel to the prism.

CaOThe sinter materials which is higher than 2.0, SiO2 c
except y-form, have a certain amount of jff-C2S 
(Ng' = 1.739, Np' =1.718); it amounts to 10-15 

per cent for = 2.10 and 15-20 per cent forSiO2 SiO2
= 2.20. y-2CaO SiO2 in those sinter materials has 
Ng' = 1.662; Np' = 1.642; Ng' - Np' = 0.020. The 
shape of the grains is prismatically elongated, with 
perfect cleavage. The elongation is negative, 2V is 
great, the optical sign is negative, the grains are biaxial. 
The extinction is parallel to the cleavage.

The durable burning at the temperature of synthesis 
did not change the phase relationships (the relation 
between v-ß forms), only the dimensions of the 
grains of 2CaO • SiO2 were altered. Thus, the difference

CaOof sinter materials having more than 2.0 from 
01U2

stoichometric composition is in the appearance of 
ß-torm, which is connected with the excess lime 
stabilization. The stabilization, however, takes place 
only partially (up to 20 per cent). y-2CaO SiO2 in 

CaOsinter materials which is more than 2.0 has 

higher refractive index than the normal ones, greater 
birefringence and it changes the optical sign of the 
crystals from positive to the negative one, which indi
cates the formation of solid solution of CaO in y- 
dicalcium silicate. This conclusion is confirmed by the 
X-ray analysis and the infra-red spectroscopy.

The compositions burned at 1500°C and having 
CaOmolar ratio of = 2.00; 2.10; 2.20 were annealed 
blU2

(reheated) within the temperature range of 800
1400°C during the time from 5 to 240 min. The degree 
of thermal stabilization (the content of j8-2CaO • SiO2) 
was determined by the immersion method for all 
samples (See Table 1).

It follows from the table that 90-95 per cent ß-C2S 
can be obtained as a result of thermal stabilization, 
by means of annealing y-C2S. The degree of y-j9 
transformation during thermal stabilization (anneal
ing) depends upon the composition of the original 
y-2CaO SiO2. The most favourable conditions for 
stabilizing ß-C2S are obtained at a maximum level of

/ CaO 
supersaturation y-dicalcium silicate with CaO I ^vT =

\^1 O2

For C2S having = 2.00 and 2.10, ß-C2S 
0IIJ2

is thermally stabilized only at the temperature of 
CaO1000"C. For the composition having = 2.20, 

j5-form is stabilized within the temperature range of 
1000-1400°C. For each annealing temperature there 
is a most favourable time period, giving the maximum 
yield of >?-2CaO-SiO2.

To avoid possible stabilization of j8-C2S by the 
materials sublimed out of refractories, coatings, and 
heaters of the furnace, the control experiments were 
made with annealing of y-C2S in a closed platinum 
crusible sealed in quartz tube. Under those conditions 
the stabilization of ^-2CaO-SiO2 also took place, 
that gives reason to consider the process of stabiliza
tion from the point of view of annealing exclusively.

Petrographically, in ß-C2S, stabilized by the anneal-
CaO ing of the y-form and having the ratio of =

2.00, the shape of the grains, the cleavage, the extinc
tion, the elongation, which are characteristic for the 
y-dicalcium silicate are retained. At the same time 
the optical sign of the crystals is changed and the 
refractive indices are found, which are characteristic 
for jff-2CaO-SiO2Ng' = 1.734, Np' = 1.716 (Ng'- 
Np' = 0.018). The crystals of ß-C2S, obtained from 

Table 1. Thermal stabilization of ß-1 CaO-SiOz

„ CaO The ratio of _SiO2

The degree of thermal stabilization (content of in %)

800°C lOOO^C 1100°C 1200°C 1400°C

in dicalcium silicate Time of annealing in minutes

5 30 90 5 30 90 5 30 90 5 30 90 5 30 90

2.00 0 0 0 75 85 70 0 0 0 0 0 0 0 0 0
2.10 0 0 0 55 80 80 0 0 0 0 0 0 0 0 0
2.20 0 0 0 70 80 95 75 85 95 80 90 95 90 95 95



y-2CaO SiO2, which contains in the lattice 3 and 6 
per cent of excess lime respectively are characterised 
by the prismatically elongated shape, perfect cleavage, 
greater 2V value, negative optical sign and Ng' = 
1.739; Np' = 1.716. (Ng' - Np' = 0.023)

The X-ray patterns of the annealed products with 
CaOvariable ratio of show the difraction maximums
S1O2

CaOof the j9-form of C2S (in the samples, where = 
M1U2

2.00 and 2.10, y-C2S is also present). Particularly 
clearly the thermal stabilization of y?-2CaO-SiO2 is 
determined by the method of differential thermal 
analysis (Fig. 1). Thus, for the curves 5, 3 and 1 cor-

• • CaOresponding to y-C2S, having the ratio of = 
01U2

2.00; 2.10 and 2.20 respectively, the transformation 
of y-a' is typical at the temperatures 750-760°C. The 
curves 6, 4, 2 correspond to the same products in the 
annealed state. In the curves 6 and 4 the endothermal 
effects are shown which are characteristic of the ß to 
a' (at 660°C) and y to a' (at 745°C) transformations. 

Fig. 1. Differential thermal analysis 0/2CaO‘SiO2.
1, 3, 5 are the curves of heat treatment of y-CjS obtained 
from the raw material and having CaO/SiO2 = 2.20, 2.10 
and 2.00 respectively.
2, 4, 6 are the curves of heat treatment of the annealed 
materials of y-C2S having the same ratio of CaO/SiOz 
(respectively).

y?-from thermally stabilized from y-C2S, where 
CaO = 2.20 (curve 2) does not contain y-C2S and

so it gives only one endothermal effect (at 660°C) 
which is characteristic for the ß to a' transformation.

As far as non-stoichiometric y-C2S or )S-C2S 
which did not contain the additions-stabilizers were 
not known, it was interesting to study the properties 
of these phases and especially their hydraulic activity. 
The compressive strength of samples (1:3 mortar) 
kept under humid condition is determined after 7,28 
days and three months curing. Moreover, the com
pressive strength of specimens autoclaved under the 
pressure of 8 atm. is determined (See Table 2). The 
binding properties of the compounds received by the 
authors have been compared with those of y-C2S and 
/1-form stabilized by boric anhydride (Table 2). Two 
points should be considered (Table 2):
1. The appearance of binding properties of y-C2S 
containing CaO in solid solution.
2. The influence of CaO concentration in solid solu
tion (the ratio of ) on the hydraulic activity of 

)?-2CaO.Si02.
. CaOThe hydraulic activity of y-C2S (having = 

01U2

2.20) is of the same order as that of the jS-form stabi
lized by B2O3 and on the same level as jS-C2S thermally 

stabilized and having

CaOWhile increasing the ratio of up to 2.20 (6 per 
01U2

cent of CaO in solid solution) the hydraulic activity
of C2S increases twice during 28 days, and four times 
when autoclaving. y-2CaO • SiO2 with the molar ratio 

CaOof y. _ = 2.00 has no binding properties. One should 
blC/2

think that when excess CaO is dissolved in dicalcium 
silicate, the regular olivine structure of y-C2S is 
changed into the one having irregular coordination of 
calcium with oxygen that is supposed to be the reason 
of the appearance of binding properties.

Table 2. Binding properties of synthesized forms of dicalcium silicate

Composition of the product t-, - 1 -CaOMolar relation of-^.Q
Compressive strength in kgs. per sq. cm

7 days. 28 days 3 months
after autoclaving 

under 8 atm.

y-CsS 2.00 0 0 0 not determined
y-^S 2.20 10 15 not determined 40

^-C2S stabilized by B2O3 2.00 15 15 not determined 15
/3-C2S '2.00 10 15 not determined 10
,8-C2S 2.10 10 20 40 55
fl-C2S 2.20 10 15 140 250



Summary

1. The authors have the conditions of stabilizing 
jt?-2CaO-SiO2 not containing additions-stabilizers, 
due to annealing y-C2S. The formation of solid 
solutions CaO in C2S propmotes the stabilization of 
the j9-form of dicalcium.
2. 7 and y?-2CaO-SiO2 have been synthesized which 
contain up to six per cent of excess calcium oxide in a 

solid solution.
3. The binding properties of y-C2S has been given 
when it contained CaO in a solid solution.
The dependence of the hydraulic activity of j9-C2S 
upon concentration in a solid solution of calcium 
oxide has been shown.
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Supplementary Paper 1-101 Properties of Substituted 
Dicalcium Silicate and Alumino-Ferrite
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Synopsis

It is known that ionic substitutions can occur in portland cement clinker minerals, 
and that such substitutions can materially alter their properties including the rate of hydra
tion.

In this study ß-C2S was prepared in which some of the Si4+ ions were substituted with 
tetrahedral Al3+, by using lime-soda felspar (bytownite) and potash soda felspar (micro
cline), in which all the Al3+ ions are tetrahedrally coordinated as the main siliceous material.

The bytownite-based products required boric acid for stabilization of the ß-C2S phase, 
while the microcline-based preparations did not require boric acid. The products contained 
some C3A, those with larger attempted substitution containing more C3A.

The larger was the attempted substitution of Si4+ by Al3+, the faster was the rate of 
hydration. The bytownite-based products released much more Ca(OH)2 during hydration.

In the C6AxF3_x series, in C4AF with Fe partly or wholly substituted with Mn and/or 
Ca partly substituted with Mg and in C6AF2 with half of Fe substituted by Mn, the rates 
and the products of hydration were studied, and differences observed.

On admixing with water, some of these started hydrating immediately while the others 
exhibited induction periods of at least 1 1/2-2 hours before the start of hydration.

Introduction

The main phases of portalnd cement clinker, viz. 
the two calcium silicates, and calcium aluminate and 
alumino-ferrite are not pure in that other ions such 
as aluminium and magnesium are known to enter 
e.g. the silicate lattice. The presence of such foreign 
ions may modify the structure and stabilize certain 
phases, or make the compound more or less hydrau
lic.

Thus e.g. a number of oxides besides B2O3 stabilize 
the /?-C2S structure by substitution for SiO4- other 
groups such as BO4~, PO4~ where B3+, P5+ are smaller 
than Si4+ ions, or by replacing some of the Ca2+ 
ions with larger cations Ba2+, K+ etc. (1). Stabilization 
due to larger size ions such as of chromium and man
ganese substituting for Si4+ has also been reported
(2) . Incorporation of P2O3, V2O3, BaO makes ß- 
C2S chemically more active to the hydration reactions
(3) , and it is thought that in the extreme case ß-C^S 
can be made to approach C3S in the development of 
early strength (4). Therefore, a study of the formation 
of such substituted compounds and their hydration 
behaviour should prove to be of interest.

One of the possible significant modifications of 
^-C2S is the substitution of some of the Si4+ ions with 
tetrahedrally coordinated Al3+ ions with the charge 
neutralization being obtained with interstitial cations 
or in some other way. Towards this end members of 
the felspar series were chosen as the main siliceous 
material since in these all the Al3+ ions are tetra
hedrally coordinated with the oxygens and form part 
of the silicate network, the charge balance being 
effected by cations such as Na+, K+, Ca2+ in interme
diate lattice positions (5). The felspar together with 
lime and silica to give varying degrees of substitution 
of Si4+ by Al3+ was heated to high temperatures to 
give the ß-C2S.

The calcium alumino-ferrite in portland cement is a 
member of the solid solution series from C2F to 
alumina-rich C6A2.1F0.g. The rate of hydration as 
well as the nature of hydrated products in this series 
are known to depend on the A/F ratio of the material 
(6). Further changes in the properties of these com
pounds on replacing the Fe2O3 partly or wholly by 
Mn2O3 as also on replacing CaO partly by MgO 
should prove of interest. The manganite analogue of 
C4AF, viz. C4AM' (M' — Mn2O3) is known, and a 
complete solid solution ränge between C4AF and



C4AMz has been observed (7). However, the hydration does not appear to have been reported,
behaviour of the manganese-containing compounds

Experimental

The finely powdered —90 microns materials were 
blended, pelletized at 30 tons/sq. inch pressure, and 
heated for 2-4 hours at temperatures around 1250°- 
1450°C at which the pellets showed slight softening. 
After powdering the pellets the free lime of the product 
was determined, and in case it was above 1.0 per cent, 
the pelletizing and the heat treatment were repeated. 
The pellets were now pulverized to —44 microns and 
used for further hydration studies. The powdered 
material as such or after admixing 4.3% CaSO4- 
2H2O(2.0% SO3) was used for further hydration 
studies.

1. The specific gravity of the samples was deter
mined. The different substituted ß-C2S prepara
tions were assumed to have the same mono
clinic symmetry as ^-C2S, and the various ferrites 
and manganites to have the same orthorhombic 
symmetry as brownmillerite. From the X-ray 
spacings of four and three lines respectively the 
unit cell dimensions were calculated and, in the 
case of ferrite-manganite series, the density as 
determined in this manner from the X-ray data 
was compared with the above value. Cu KaX- 
radiation was used for the diffraction studies.

2. The different powders (with and without CaSO4 ■ 
2H2O) were mixed with water to have a W/C 
ratio of 0.4-0.5 for the ß-C2S preparations and 
0.5 for the ferrite-manganites (0.75 was required 
for C6A2F in order to avoid undue stiffening 
during mixing) and left hydrating in sealed test 
tubes. At the end of 1- (for ferrite-manganites 
only), 3-, 7-, 14-, 28- and 56- (for J$-C2S prepara
tions only) day hydration the material was 
powdered to —592 microns, washed twice with 

acetone and ether, filtered, further powdered to 
—75 microns, and taken up for D.T.A. and X- 
ray diffraction examination as well as for fixed 

. water (loss on ignition). It was found that the 
loss due to any uncombined water, acetone and 
ether still remaining in the sample was less than 
1 per cent so that prior drying of the sample 
before ignition was not resorted to. For D.T.A. 
125 mg of the sample was mixed with equal mass 
of finely powdered calcined alumina and the 
whole material was packed in the sample hold
er. For X-ray examination 0.5 g of the un
hydrated material or 0.45 g of the hydrated 
material was packed in the standard size dif
fractometer specimen holder.

3. In some case 100 ml of water were added to 0.4 
g of the sample along with 0.15 g of CaSO4- 
2H2O, and the flask was shaken continuously. 
The pH of the suspension was periodically 
determined. At the end of 1 and 3 days the 
suspension were filtered and the residue examined 
by D.T.A.

4. In the case of the ferrites-manganites the sample
was mixed with water (W/C = 0.5), packed in 
the X-ray diffractometer specimen holder, 
covered with a thin polythene film, the diffrac
tometer adjusted to the top of the most intense 
ferrite peak, and the X-ray count taken peri
odically to determine the initial rate of hydration 
according to the method described by Tsumura 
(8). ■

The results for the ß-C^S and the alumino-ferrites 
are discussed separately in the following.

Substituted jß-C2S

Materials

There were two felspars used for the following 
experiments, a lime-soda felspar and a potash-soda 
felspar called bytownite and microline respectively 
in the following:

In calculating the compositions of the felspars the 
following assumptions were made:

i) Al3+ went into tetrahedral positions along with 

Si4+ to the extent that other charge neutralizing 
cations were available:

ii) In the case of bytownite, where there was an 
excess of the charge neutralizing cations, these 
were present in the felspar lattice in proportion 
to their molar concentration in the sample.

On these assumptions, these samples were supposed 
to be composed of the following:



Bytownite Nao.siKo.osCao.ssMgo.igAU.gsSis.isOis 94.46%
Excess FejOs 4.20

CaO 0.16
MgO 0.02
Na2O 0.19
K2O 0.03
Loss 0.50
Total 99.56

Microcline Ki.stNao.tTÄli.siSie.isOie 94.94%
Excess A12O3 3.67

' Loss 0.63
Total 99.24

Thus, in bytownite, the Al3+ had substituted for Si4+ 
in 5.70 positions out of 16 and, in microcline, the sub
stitution was in 3.62 positions in 16.

This tetrahedrally coordinated aluminium was 
regarded as equivalent to silicon and the felspar was 
regarded as equivalent to SiO2 with some charge 
neutralizing interstitial cations. Silica and lime were 
added to the felspar so that in the j8-C2S finally 
produced the Al3+ should substitute for Si4+ in 4, 2,1 
positions in 16. (The microcline did not require any 
silica addition for approximate 4 in 16 substitution).

Silica gel (B.D.H) and dehydrated amorphous 
silicic acid were used for silica additions. The lime 
used was obtained by calcining CaCO3 of better than 
99.5% purity.

The following observations were made:
i) The microcline-based preparations required 

heating at 1460°-1480°C, while the bytownite
based preparations reacted at 138O°-14OO°C 
only.

ii) The two preparations with 4 in 16 Al substitu
tion required two heating cycles, while the 
remaining four required a single heating cycle 
only for bringing down the free lime.

iii) The bytownite-based preparations required 0.5 
% B2O3 added to the raw mix to prevent con
version of the product to y-C2S and consequent 
dusting. On the other hand, the microcline-based 
preparations did not require a stabilizer for the 
jff-C2S phase. The 4 in 16 substitution product 
did not dust at all. The 2 in 16 product showed 
slight dusting tendency and the 1 in 16 product 
dusted to the extent of 10% only, and was 
examined free of dust.

The bytownite-based 4 in 16 product was analyzed 
for ferrous iron since Fe2+ has been reported to pro
mote the conversion of jff-C2S to y-C2S (2). How
ever, all the iron in it was found to be in the ferric 
state.

For comparison, synthetic C3'S and boric acid 
stabilized jff-C2S were also used.

Results

The six products were chemically analyzed. The 
design and the actual values of the alkalis are given in 
the following:

Bytownite-based preparations
Desired

replacement 
of Si by Al: 

Na2O 
K2O

4 in 16
Actual Design
0.81% 0.77%
Nil 0.10

2 in 16
Actual Design
0.49% 0.39%
Nil 0.05

1 in 16
Actual Design
0.32% 0.20%
Nil 0.03

Microcline-based preparations:
Desired 

replacement 4 in 16
of Si by Al: Actual Design

Na2O 0.54% 0.96%
K2O 0.19 4.18

2 in 16 1 in 16
Actual Design Actual Design
0.32% 0.57% 0.26% 0.28%
0.19 2.43 0.58 1.24

The analyses show that from the microcline-based 
preparations a large proportion of the potash as well 
as some soda also had evaporated during the heat 
treatment. From the bytownite-based preparations 
also the minor quantities of potash volatilized com
pletely.

The X-ray diffraction analysis also showed these 
samples to be composed of ß-C2S as the main phase 
along with some C3A, the proportion of C3 A increas
ing in the higher substituted compounds. Obviously 
some of the aluminium ions had come out of the 
j9-C2S lattice so that the actual substitution of Si4+ 
by Al3+ was less than the attempted 4, 2 and 1 in 16. 
For convenience, however, these samples will be 
referred to as 4, 2 and 1 in 16 substitution products.

In addition to the above, the two 4 in 16 products 
contained some C3S. (In the microcline-based sample 
a little more lime than needed was already present in 
the raw mix).

The 4 in 16 bytownite-based product showed, in 
addition, the presence of some a-C2S from the 32.4° 
29 line between the 32.1° and 32.6° ß-C2S lines as 
well as from the fact that the 33.2° 20 line (due to C3A) 
did not disappear completely at 3-day hydration, but 
rather went down to a small peak at 33.0° 29, which 
corresponds to a-C2S and which had earlier merged 
in the strong C3A line.

Unit Cell Dimensions

: The X-ray diffractometer records of these six prod
ucts were taken with silicon metal as internal stand
ard, and the positions of the (020), (210), (031) and 
(202) peaks of jff-C2S accurately determined. Assum
ing these products to have the same monoclinic



symmetry as boric acid stabilized j8-C2S, the lattice
constants of these modified ß-C2S products were
determined.

Attempted /?-C2S
substitution Bytownite-based Microcline-based
4 in 16 a = 5.5OÄ a = 5.51Ä

b = 6.79 b = 6.78
c= 11.06 c= 11.00
ß = 123°28' ß = 123°47'

2 in 16 a = 5.50Ä a = 5.50Ä
b = 6.77 b = 6.76
c= 11.22 c= 11.18

ß = 123°40' ß = 123°45'
1 in 16 a = 5.50Ä a = 5.51Ä

b = 6.11 b = 6.77
c = 10.98 c= 11.04

ß = 123O39' ß = 123°46'
These values may be compared with the literature
values for ß-CfS (9)

a = 5.514Ä 
b = 6.757 
c= 11.197 
ß = 123°59'

The differences are thus not very significant.

Specific Gravity

The specific gravity of these products was found
to be:

Design 
substitution

Bytownite-based Microcline-based

4 in 16 3.19 3.23
2 in 16 3.24 3.25
1 in 16 3.24 3.29

The literature values of the specific gravity of a few 
of the substances concerned are as follows (9):

/?-C2S 3.28
y-C2S 2.97
a-C2S 3.04
a'-C2S 3.40

C3S 3.12-3.25
CaO 3.345
C3A 3.03

The 4 in 16 products contained the largest C3A, 
besides some C3S. In addition, the bytownite-based 
product showed some a-C2S also. Thus, these prod
ucts showed lowest specific gravity.

One may add that, if there is 4 in 16 substitution of 
Si4+ by Al3+ with lime alone as the charge neutralizing 
cation, the formula for C2S would be:

Hydrated as such Hydrated with 2.0%SO3*

Table 1. Fixed water of samples hydrated for 
varying periods/days (Unhydrated basis) (%)

Preparation 3 8 14 28 56 3 8 14 28 56
Bytownite-based

4 in 16 16.7 24.5 28.5 31.6 36.0 18.3 24.2 28.2 32.4 34.8
2 in 16 8.7 13.8 18.1 25.5 28.7 10.2 15.2 18.3 24.5 25.8
1 in 16 4.2 7.4 12.2 19.0 28.9 7.1 9.2 12.6 17.0 23.8

Microcline-based
4 in 16 19.8 23.3 24.2 25.3 30.6 18.1 23.5 24.4 25.5 30.4
2 in 16 6.2 7.9 8.0 10.9 18.5 8.3 18.9 10.5 12.0 13.8
1 in 16 4.7 5.9 5.9 10.7 19.0 7.5 7.8 10.4 14.7 21.2

$-C2S (Boric 3.7 9.5 13.9 18.8 —
acid stabilized)

C3S 16.0 19.3 24,1 29.0 —

♦The fixed water of unhydrated material will be 0.9 % due to 4.3 % gypsum.

16CaO-CaAl2SieO16 instead of 16CaO-SisO16.
Assuming no change in the lattice dimensions, the 
specific gravity would increase from 3.28 to 3.37 
only.

Fixed water

The water fixed at 3 days is, to non-inconsiderable 
extent, due to the hydration of C3A. Since the higher 
substitution products contained more C3A, their 
higher fixed water contents are partly due to the C3A 
hydration.

The difference in the water fixed at 3 days and at 8 
days can be, for a given series of products, a measure 
of the rate of hydration of the ß-C2S. The higher 
substitution products thus appear to hydrate faster.

The water fixed by the bytownite-based products is 
higher than that by the microcline-based products. 
This is, to some extent, due to more Ca(OH)2 being 
released by the former during hydration, as will be 
presently seen.

Hydration Studies with X-ray Diffraction 
and D.T.A.

Bytownite-Based Products:
4 in 16:

Almost all the C3A had hydrated at 3 days giving 
C+AHj3 when hydrated as such, and monosulphate 
with a trace of ettringite when hydrated with gypsum. 
The ettringite disappeared at later ages while the 
C4AH13 and monosulphate respectively remained at 
the same level as examined both by X-rays as well as 
by D.T.A. '

The small quantity of C3S had of course hydrated at 
3 days.

The amount of Ca(OH)2 formed was large com-



Fig. 1. X-ray diffractometer trace between 30° and 35° 26 of 
bytownite-based “4 in 16" substituted ß-CfS hydrated for 
different periods.

pared to that formed by pure ß-C2S at 3 days, and this 
increased with age along with the endothermic dip 
due to tobermorite gel, while at the same time the 
X-ray lines due to the unhydrated ß-C2S went down 
in intensity (Fig. 1). The lime was obviously coming 
out of the j5-C2S lattice.

A small tobermorite peak at 50.0° 26 appeared at 
14-day hydration only as with C3S, and a further low 
angle 8.1° peak appeared at 28 days.

On hydrating with SO3, a-C2S also appeared to 
hydrate by 2 months. '

The X-ray lines due to the j8-C2S went down in 
intensity considerably by 56 days.

2 in 16 and 1 in 16f
These products contained, besides jff-C2S, lower and 

lower amounts of C3A as compared with 4 in 16, the 
C3A formed decreasing with the attempted substitu
tion of Si by Al. As a result, on hydrating without SO3 
less and less of C4AH13 was formed, the low angle 
X-ray peak of which became much diffused and small
er at 28 days.

On hydrating with SO3, the 2 in 16 gave monosul
phate and ettringite, while the 1 in 16 gave ettringite 
only. These sulpho-aluminates remained constant at 
later ages except that in 1 in 16 the ettringite peak at 
8.9° split up into two (9.0°, 9.2°) at 28 days.

The lower the attempted substitution, the less was 
the Ca(OH)2 formed, and the tobermorite D.T.A. 
endothermic peak was less strong at a given age with 
lower substitution products. Under X-rays the 50.0° 
26 peak also appeared later at 28 days with the 2 in 16 
product hydrated with SO3, and with the 1 in 16 
products.

The higher substitution products thus appeared to 
hydrate faster.

Microcline-Based Products: 
4 in 16:

At 3 days the small quantity of C3S and the C3A 
hydrated completely, the latter yielding C4AH13 on 
hydration without SO3, and monosulphate and C4AH, 3 
when hydrated with SO3. These compounds remained 
at a constant level throughout further period of 
hydration.

There was only a trace of Ca(OH)2 at 3 days. Of 
course some of the lime released must have been 
taken up to form C4AH13 from C3A. The Ca(OH)2 
increased with age.

A prominent endotherm due to tobermorite was 
seen at 3 days, comparable to that due to C3S (Figs. 
2 & 3). However, the 50.0° 26 X-ray peak due to 
tobermorite was noticeable at 28-56 days only.

If the tobermorite gel formed by the substituted 
ß-C2S contained some Al3+ ions, the associated 
endothermic effect could be a little higher since the 
heat of hydration of aluminates (e.g. C3A) is higher.

2 in 16 and 1 in 16:
These gave CiAHj 3 at 3 days on hydrating without 

SO3, the quantity of C4AH13 being less the lower the 
substitution. In fact the 1 in 16 substitution products 
gave only a trace of C3A.

On hydrating with SO3 the 2 in 16 gave monosul
phate with a trace of ettringite. The latter disappeared 
at 8 days while the monosulphate increased, and then 
remained constant at later ages, showing a sharp low 
angle peak.



Fig. 2. D.T.A. curves of microcline-based “4 in 16” substituted 
ß-CiS hydrated for different periods.

The 1 in 16, surprisingly enough, gave ettringite and 
C4AH13 at 3 days. Both remained constant till 14 days. 
At 28 days, the 9.05° 19 ettringite peak split up into 
two (8.95° and 9.25°) and the C4AH13 went down.

The lower the substitution products, lesser Ca(OH)2 
was formed, which nevertheless increased with dura
tion of hydration.

The tobermorite endotherm also developed slower 
with lower substitution products, and the 50.0° 29 
X-ray peak also appeared at 28-56 days.

From the fall in the unhydrate ß-C2S peak inten
sities it was estimated that the 2 in 16 microcline
based product hydrated less in 2 months than the 1 in 
16 bytownite-based product.

It was, however, felt that the microcline-based 
products started hydrating earlier. In order to check 
this 0.5 g of C3S, and the products were kept shaking 
in 100 ml water for 3 days, filtered and the residue 
examined by D.T.A. The microcline-based 4 in 16 
product showed a much stronger endotherm of tober
morite than even C3S, while the corresponding 2 in 16 
exhibited only a trace of the same. The bytownite
based 4 in 16 and 2 in 16 products also showed only a 
trace of tobermorite endotherm. Nevertheless at later 
ages, the bytownite-based products appeared to have 
hydrated to a greater extent (as seen from the X-ray 
intensities) as compared with the corresponding micro
cline-based preparations.

Discussion

In the above, attempts were made to prepare ß- 
C2S with varying degrees of substitution of Si4+ with 
Al3+ tetrahedrally coordinated. However, the substi
tution was not complete as seen from the formation of 
C3A in all cases, the quantity of C3A being larger, the 
larger the attempted substitution. Even then, the 
products with larger attempted substitution appeared 

3 DAYS 3 DAYS

Fig. 3. D.T.A. endotherms due to tobermorite gel formed by 
C3S and boric acid stabilized ß-C2S hydrated for different 
periods.

to hydrate faster.
The usual stabilizers of jff-C2S such as B2O3 act by 

forming BO4- groups replacing SiO4", where the B3 + 
ions are smaller in size than Si4+ and where these ions 
are small enough so that the size of the RO4 group is 
almost entirely determined by the 0-0 distances, the 
substitution not involving a significant change in lat
tice dimensions (1). It is further believed that the 
substitution of Si4+ by Al3+ or Fe3+ would increase 
the size of the tetrahedral group and would favour the 
a or 7 forms. The self-stabilization of the microcline
based products is contrary to the above.

As regards charge balancing, it has been suggested 
that when BOJ“ groups are inserted, extra Ca2+ ions 
must be introduced in the holes in C2S since a sample 
of j8-C2S containing 0.3% B2O3 had a CaO:SiO2 
molar ratio of 2.1:1(1). As an alternative, since ß- 
C2S is a compact structure the stabilization by B2O3 
is again explained as due to BO4~ replacing SiO%, 
the charge being balanced by missing Si4+ ions, 
probably in the form of silica (10)—although for 
charge neutralization it has to be missing SiO%.

The stabilization of ß-C2S by excess lime has also 
been suggested as due to the excess Ca2+ and O2~ 
ions occupying interstitial positions (1). Again, how
ever, doubts have been expressed if there would be 
room for the large O2~ ions in the ß-C2S structure 
and, as an alternative, it has been proposed that the 
Ca2+ occupy normal lattice positions and that some of 
the Si4+ sites are vacant for charge balancing (11).

In the case of the bytownite-based products, with 
Al3+ substituting for some of the Si4+, one may 
explain the charge balancing in one of the two alter
nate ways: (i) with the charge balancing Ca2+ ions 
occupying interstitial positions as in the bytownite 
itself; or (ii) with some of the SiO% groups missing 
from the lattice. If the latter were the case, then these 
SiO4 !' groups which are released and the Ca2+ ions



Fig. 4. D.T.A. endotherms due to Ca(OH)2 formed during the 
hydration of bytownite-based “ 4 in 16" substituted ß-CfS 
hydrated for different periods.

which acted as charge neutralizers in the bytownite 
and which also are released now would from some 
more j9-C2S. In this case, the lime released as Ca(OH)2 
during hydration would be the same as that released 
during the hydration of boric acid stabilized ß- 
C2S.

However, since during the course of hydration, while 
the unhydrated material went down, both the tober- 
morite and the Ca(OH)2 were on the increase, and 
since this Ca(OH)2 was definitely more than in the 
case of boric acid stabilized ß-C2S, or the microcline

based jff-C2S (Figs. 2 and 4), this lime may well have 
come from interstitial Ca2+. Again, the more Ca- 
(OH)2 was released, the larger was the attempted 
substitution confirming this hypothesis.

In the case of microcline-based products, since most 
of the potash and half of soda, which are the charge 
neutralizers in this felspar network, evaporated off, 
either the lime added during the preparation of ß- 
C2S may have served the purpose of charge neutraliz
ing cations by replacing K+ or the charge balance may 
have been effected say by missing SiOJ-. In this case, 
if Ca2+ had replaced the alkalis as charge neutralizing 
cations, then these products would have had proper
ties similar to the bytownite-based products. How
ever, these two products are different in at least three 
ways:

i) Boric acid had to be added to the bytownite
based raw mixes in order to stabilize the ß- 
C2S, while the microcline-based products were 
self-stabilized. '

ii) A Larger amount of lime was released from the 
bytownite-based products.

iii) The bytownite-based products hydrated to a 
larger extents during the course of, say, 28 days. 
However, the microcline-based products started 
hydrating early and started showing tobermorite 
endotherms at earlier ages.

It is thus possible that in the microcline-based 
products the charge compensation may be effected in 
a way different from that in the bytownite-based 
products.

Substituted Alumino-Frerrite

Materials

Finely powdered oxides A12O3, Fe2O3, MgO, CaO 
(calcined CaCO3), and MnO2 were taken. MnO2 
reduces to Mn2O3 at 535°C, which further reduces to 
Mn3O4 at 933°C (12). However, the second stage 
reduction was inhibited since the compounds contain
ing manganese also had their X-ray diffraction pat
terns resembling C4AF. In some cases, e.g., in an 
attempt to prepare 2CaO Mn2O3, the compound 
actually formed was 2CaO ■ 2MnO2 (CaMnO3) showing 
that in this case MnO2 had not reduced at all.

The temperatures of heat treatment for synthesis of 
the different compounds are given in the following:

1220-1240°C: C6AF2, C3.7M0.3AF, C3.7M0.3AF0.8S 
M'o.is;

1280-1300°C: C4AF0.85M'0.15, C6AFM';

131O-133O°C: C6A2F, C4AF, C4AF0.5M'0.5, 
C4AM';

1370-1390°C: C2F.
(M = MgO, M' = Mn2O3)

Results

X-ray diffractometer records of the different samples 
were taken with silicon metal as internal standard. 
From the positions of three lines the unit cell dimen
sions and the density were calculated. All these data 
are given in Table 2, from which the X-ray calculated 
density values may be compared with those obtained 
directly.

Fixed Water

The values of the fixed water given in Table 3 give



Table 2.

Compound Molecular wt.
Unit cell dimensions Density g/cc

aA bA CA V = abcÄ3
X-ray data Measured

C6A8F(13) 700.10 5.52 14.39 5.30 420.99 3.66
C4AF(9) 485.98 5.34 14.50 5.58 432,06 3.73 —

757.83 5.41 14.78 5.59 447.21 3.73 3.46
C2F(9) 271.86 5.43 14.76 5.60 448,82 4.00
C4AFO.8SM'o.1S 485.70 5.34 14.64 5.56 434.76 3.69 3.70
QfAFo.gM'o.j 485.07 3.72
C4AM'(I4) 484.16 5.23 14.68 5.44 417.74 3.82 3.78
C3.7MO.3AF 481.25 5.36 14.59 5.57 435.60 3.65 3.54
CsjMo.sAFo.gsM'o.is 480.97 - 5.35 14.62 5.56 435.05 3.65 3.69
C6AFM' 756.01 5.37 14.75 5.51 436.55 3.81 3.86

(M = MgO, M' = Mn2O3)

Note: The X-ray data of four of the compounds were taken from literature to which references are made.

Hydrated as such Hydrated with 2% SO3*

M = MgO, M' = Mn2O;

Table 3. (%) Fixed water of samples hydrated for varying periodsjdays (Unhydrated basis').

1 3 7 14 28 1 3 7 14 28

CgA2F 28.7 34.7 35.5 38.3 37.4 39.4 56.0
c4af 22.1 26.4 26,9 28.5 32.5 15.0 20.8 20.9 24.1 25.6
CeAF2 31.2 36.8 38.7 — 37.3 11.5 34.0 37.6 35.5 39.1
C2F 13.7 17.7 22.1 27.2 26.6 4.0 4.2 3.0 4.0 5.9
C4AFO.85M'o.15 22.4 26.4 33.1 34.4 37.9 27.4 33.9 34,0 — 40.4
C4AFo.5M,q.5 . 16.8 25.3 25.2 — 26.9 8.7 9.9 — 11.0 12.2
C4AM' 18.6 23.6 22.5 30,0 29.0 22.2 29.5 28.9 _ 33.3
C3.7M0 3AF 30.0 33.0 33.3 34.6 32.0 29.5 _ 34.0 — 35.5
C3.7MO.3AFO.85MQ.15 20.2 26.1 31.6 33.7 — 19.6 — 28,5 29.4 —
CaAFM' 12.3 17.4 26.9 27.4 30.2 6.6 12.6 24.7 26.7 34.2

*The fixed water of unhydrated material will be 0.9% due to 4.3% gypsum.

an idea of the rate at which the different compounds 
hydrated. These results are discussed at the relevant 
places along with the D.T.A. and X-ray diffraction 
results.

Hydration Studies with X-ray Diffraction 
and D.T.A.

The results are discussed separately for the dif
ferent series of compounds.

C6A2F-C4AF-C6AF2-C2F

A number of workers have studied the hydration 
behaviour of these compounds. On hydrating C4AF 
at 25°C (W/C = 0.7) Kalousek and Adams (15) 
found cubic hydrogarnets with some hexagonal 
C4AF13 type phase at 7 days. The hydrogarnets 
decreased with age, while the hexagonal phase in
creased, and the product was the hexagonal hydrate 
at 180 days. On hydrating with gypsum, ettringite was 
formed at 7 days which slowly changed over to the 
solid solution 3C(A, F) CaSO4- 12H2O-3C(A, F)- 
Ca(OH)2- 12H2O. Jones (16), summarizing the earlier 

work, concluded that C4A- aq-C4F • aq was formed as 
a first step towards C3A-aq-C3F-aq. Dekeyser (6) 
reported that among these, C6A2F hydrated fastest, 
and that the rate of hydration decreased with the 
decreasing alumina content. He also reported, in 
agreement with Jones, that all these formed the 
hexagonal phase which changed over to the cubic 
hydrogarnets in due course, except with C2F in which 
case this transformation did not occur unless C2F 
was hydrated with lime.

In the present work, in conformity with the loss on 
ignition data, both C6A2F and C6 AF2 hydrated rather 
fast, as was seen by X-ray diffraction and D.T.A., 
and substantial amounts of these were hydrated at 24 
hours. C4AF did not hydrate as fast, and C2F even 
slower. Thus, at 28 days, quite some C4AF and a larg
er quantity of C2F were still unhydrated.

C6A2F, C4AF and C6AF2 all gave the cubic hydro
garnets at 1 day along with some hexagonal hydrate. 
While C6A2F showed lhe C2AH8 type in some small 
quantity, the other two gave only trace of C4AH13 
type. The cubic hydrate increased with age. The 
hexagonal hydrate disappeared at 3 days in the case 
of C4AF, but the latter two gave the hexagonal 



hydrates at later ages also, although to lesser extent. 
C4AF gave, in addition, some Ca(OH)2.

C2F gave only the hexagonal hydrate C4FH]3 at 
all ages.

On hydrating with SO3, C4AF did not react fast 
enough so that some gypsum was still left at 24-hour 
hydration, and a 740°C exotherm was present pre
sumably due to a gel. Both the gypsum and this 
endotherm disappeared at 3 days. The small ettringite 
and monosulphate peaks at 8.9° and 9.7° 20 disap
peared at 3 days into broad diffuse area. The mono- 
sulphate-C4(A, F)H13 solid solution was shown up 
at later ages. The hydrogarnets appeared at 7 days 
and later.

Most of the C6A2F had hydrated at 3 days giving 
C2AH8 type hexagonal phase, ettringite and mono
sulphate. The ettringite disappeared at 28 days giving 
monosulphate-C4(A, F)13 solid solution along with 
the C2AH8 type hexagonal phase. The hydrogarnets 
were absent.

A large part of C6AF2 hydrated at 7 days after 
which the hydration was relatively slow as judged 
from the X-ray line intensities and from the fixed 
water (Table 3). It showed ettringite at 1 day, and 
monosulphate and solid solution at later ages.

C2F did not hydrate to an appreciable extent in 28 
days, and showed a trace of ettringite. The fixed water 
data (in Table 3) confirmed this observation as also 
that C6AF2 hydrated faster than C4AF.

In order to see if the relatively high rate of hydra
tion of C6AF2 was due to the finer pulverization of this 
compound, the specific surface of undermentioned 
compounds was measured with the Blaine apparatus.

Compound Specific surface (cm2/g)
C6A2F 1700
C4AF 2050
C6AF2 2590
C2F 1640

Thus the C6AF2 was finer ground. However, as 
will be seen later, the initial rate of hydration also of 
C6 AF2 was found to be higher.

C4AF-C4AFo.85MJ.15-C4AFo.5M'o.5-C4AM'
(M' = Mn2O3)

This series was studied with a view to studying the 
effect of progressive replacement of iron by manga
nese on the hydration behaviour.

The main products on hydrating without SO3 were 
the hydrogarnets besides some hexagonal hydrates 
shown at early ages (especially at' 1 day) by all except 
C4AFo.5Mo,5. Unlike C4AF, the other two gave 

C2AH8 type, C4AM' giving the same in larger quan
tity.

At 28 days C4AFo.85Mo.ls had substantially hy
drated while C4AFo.5M'o.5 showed probably the largest 
unhydrated material. The fixed water data (Table 3) 
confirmed that on replacing a small part of Fe by Mn 
the compound hydrated faster than C4AF, while with 
50:50 replacement the hydration was slowed down, 
C4AM' again hydrating faster.

The 720-740°C endotherm present in the products of 
the two compounds containing both Fe and Mn may 
be ascribed to Fe-Mn hydroxide gel.

On hydrating with SO3, C4AF0.5M'0.5 hydrated 
rather slowly, showing only ettringite and the pre
sence of gypsum even at 28 days. (Please see Table 3 
also). The others (except C4AF) had consumed 
gypsum at 1 day.

Both C4AF0.85M0.15 and C4AM' showed broad 
prominent ettringite-monosulphate low angle X-ray 
peak. The peak decreased till 7 days after which 
the monosulphate rose up and other monosulphate 
peaks also showed up. These monosulphate peaks were 
sharper in the case of C4AM', and diffuse in the case 
of C4AF0.85M^15. This was in marked contrast 
with C4AF. All these three gave the cubic hydrate at 
later ages.

The pH studies of C4AF0.8SM'0i1S hydrated with 
SO3 showed erratic pH changes at early ages.

C4AF-C3.7Mo.3AF-C4AFo.85Mo.1 5-C3.7M0.3AF0.85
M'o.h (M = MgO, M' = Mn2O3)

This series was studied with a view to seeing the 
effect of partial replacement of CaO with MgO and/or 
of Fe2O3 with Mn2O3.

On hydrating without SO3, C4AF, C4AFo.85M^15 
and C3.7M0.3AF0.g5M0 !5 all gave the cubic hydrate 
at one day with a little hexagonal hydrate. The latter 
two, unlike C4AF, gave the lime-poor C2AH8 type 
hexagonal hydrate, the last one giving it in a slightly 
larger quantity. Again at later ages only the cubic 
hydrate was found and in larger quantities.

C3.7M0 3AF formed C2AH8 type hydrate in large 
quantity by 1 day. This came down only slowly up to 
28 days. The cubic hydrate was noticed at 7 days only 
and it increased with age. A trace of Mg(OH)2 was 
detected from 3 days onwards.

Manganese thus accelerated the formation of the 
cubic hydrate while magnesia gave rise to the lime
poor C2AH8 type hydrate and delayed the formation 
of the cubic hydrate phase.

On hydrating with gypsum, the products formed by 
C4AF and C4AF0.83M'0.15'are already discussed in the 



earlier sections.
C3.7M0.3AF0.85M0.15 also gave ettringite and mono

sulphate at early ages and a fairly strong monosul
phate peak which had grown up at 28 days.

C3.7M0.3AF gave strong low angle ettringite and 
monosulphate peaks at early ages, which went down, 
and showed a broad solid solution area at 28 days 
resembling the behaviour of C4AF. These peaks, 
however, appeared to be displaced somewhat in this 
case.

C6AF2-C6AFM' (M' = Mn2O3)

Unlike C6AF2 which had substantially hydrated in 
3 days, C6AFM' remained partly unhydrated even at 
28 days. Thus, in this case also, replacement of half of 
Fe2O3 by Mn2O3 gave a slower hydrating compound. 
(See Table 3 also).

C6AFM' gave the cubic hydrate only and showed 
a 740°C exothermic peak ascribed to Fe-Mn hydroxide 
gel.

On hydrating with SO3, less of C6AFM' had hy
drated even by 28 days. Although C6AF2 had sub
stantially hydrated by 7 days.

As mentioned earlier, C6AF2 gave ettringite at 1 
day, monosulphate-solid solution at later ages.

C6AFM' gave ettringite at 1 day which decreased 
and disappeared at 7 days. Strong monosulphate and 
some C4AH13 type phase appeared at 3 days. The 
latter went down later, while the monosulphate 
remained very strong even at 28 days, thus showing 
lesser tendency of Mn containing compounds to form 
monosulphate-C4(A, F, M^Hj 3 type solid solutions. 
The cubic hydrate appeared at 7 days and increased 
with age.

Initial Rate of Hydration
From a knowledge of the specific surface of the 

compound, and from the rate at which the height of a 
prominent X-ray peak falls down, the initial rate of 
hydration (as depth of hydration, microns/hour) can 
be calculated according to Tsumura’s method (8). 
The values found for hydration without SO3 are:

Compound Depth of hydration (microns/hr)
C6A2F 2.4
C4AF 2.1
C6AF2 3.2
c2f 1.0
C4AF0.85M0.i5 1.6
The remaining compounds, even though they did 

hydrate appreciably at 24 hours, had not hydrated at 
all in the first two hours and thus exhibited initial 
induction period of at least 2 hours, and did not start 
appreciable hydration in this time.

C6AF2 again showed the largest initial rate of hy
dration, contrary to the earlier finding that its rate 
of hydration is intermediate to that of C4AF and 
C2F.

Again C4AFo.85Mo 15 hydrated to a larger extent 
at 28 days than C4AF. However, its initial rate of 
hydration was less than that of C4AF.

It may be mentioned that these initial rates of 
hydration fell off to much lower values within a matter 
of 10-15 minutes probably as the thickness of the 
hydrated layer increased so that further hydration was 
governed by the rate of diffusion through the hydrated 
layer.

The value of the rate of hydration for C4 AF may be 
compared with the value obtained by Tsumura of 1.65 
microns/hr who took the density of C4AF as 3.89 
g/cc.

Conclusions

1) The rate of hydration of the C2F-C6A2.1F0.9 
series is thus found to depend on the A/F ratio 
in agreement with the previous workers. How
ever, C6AF2 appeared to hydrate faster than 
C4AF.

2) If in C4AF a small part of the Ca was replaced 
by Mg and/or a small part of Fe was replaced 
by Mn, then the resulting product hydrated 
faster.

3) Replacing half of the Fe in C4AF and in C6AF2 
by Mn gave compounds which hydrated con
siderably slower. With complete substitution in 
C4AF of Fe by Mn, the resulting product viz.

C4AM' hydrated faster than C4AF0.5M/0 J.
4) On hydration with water, all the compounds 

tended to give the hexagonal phase at early ages 
(along with the cubic hydrate) which changed 
over to the cubic phase. C2F gave only the hexa
gonal phase.

5) C4AF and the two compounds C6AF2 and C2F 
gave the C4(A, F)H13 type hydrate. The iron 
oxide poorer C6A2F gave the lime-poor C2AH8
type hydrate phase.

6) Replacing the iron oxide in C4AF either partly 
or wholly by Mn2O3 or the lime partly by mag
nesia gave compounds which on hydration again 



gave the lime-poor hexagonal hydrate of the 
C2AH8 type.

7) On hydration with SO3 compounds containing 
Mn generally gave a large monosulphate peak at 
28 days indicating that these did not form the 
monosulphate-C4(A, F, M')H13 solid solution

readily.
8) Some of these compounds started hydrating 

immediately on admixture with water, while 
others exhibited induction periods, before the 
start of hydration, of 11/2-2 hours.
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Supplementary Paper 1-105 The Effect of Minor Components on the Early 
Hydraulic Activity of the Major Phases of Portland Cement Clinker

Toshio Sakurai, Takeshi Sato and Atushi Yoshinaga*

Synopsis

Solid state physics is well applicable to the effect of minor components on the early 
hydraulic activity of C3S and calcium aluminoferrite.

C3S can take 1.7 wt. % CrzO3. With addition of 0-1.4% Cr2O3, modification Tj is 
obtained and Tn with addition of 1.4-1.7%.

C2F and C4AF can dissolve 4.8% and 5.4% Cr2O3 respectively in ordinary atmos
phere. These introductions of Cr2O3 increase enormously the early hydraulic activity of 
both C3S and calcium aluminoferrite.

C3S with Cr2O3 is a P-type semiconductor, of which the electric conductivity and the 
dielectric constant increase with Cr2O3.

Dislocations are found on the C3S crystal surfaces electronmicroscopically.
The density of dislocation etch pits increases with introduction of Cr2O3 and it attains 

to the maximum 10s/cm2.
These dislocations have been thought to be a key to the hydraulic activity of clinker 

minerals. For this case, however, not all dislocations are sensitive to hydration. It is the 
screw dislocation at the centre of growth spiral that is vigorously active at hydration.

The early hydration reaction starts both at the point of emergence of screw dislocations 
and at the grain boundaries. The reaction then progresses along the step and deepens the 
crystal surface step by step until the depth of one thousand several hundred angstrom of the 
surface layer is dissolved out.

The early hydration reaction is explainable as the dissolution of Ca++ ions on the 
surface of a P-type semiconductor. The case of calcium alumino ferrite is similarly explain
able.

Introduction

The minor components, their incorporated state 
and the clinkering condition affect the hydraulic 
activity and the strength of the major phases of port
land cement clinker. Jander (1) suggested that the 
strength produced by the alite in a cement might 
depend not only on the presence of ions in solid solu
tion but also on the occurrence of structural defect and 
of cracks and irregularities of colloidal dimensions. 
These three factors are nevertheless not to be inde
pendent individually but related closely to one another.

In this report, the authors will try from the view
point of both crystal chemistry and solid state physics 
to explain systematically how minor components affect 
crystal structure and structural imperfections of C3S,

♦Research Laboratory, Nihon Cement Co., Ltd, Tokyo, 
Japan. 

calcium alumino-ferrite, and also how minor com
ponents affect their hydraulic activity.

The minor components used are Cr2O3 (Cr ions as 
a cationic minor component), CaF2 (F ions as an 
anionic minor component) and P2O3.

The role which Cr2O3 plays in the early strength of 
portland cement clinkers has been discussed by various 
researchers. Of such studies, notable were those by 
K. Akiyama (2), M.M. Sychov and V. I. Korneev (3).

The influence of fluorine on C3S hydration was re
ported by J. H. Welch and W. Gutt (4) and P2O5 by 
W. Gutt (4) and M.M. Sychov and V. I. Korneev (3).

Many reports have supposed the effect of minor 
components at the early hydration and the early 
strength of clinker minerals, connecting with the 
formation of crystal imperfections or defects (5), 
but no details of these mechanisms have been clarified.



The Effect of Cr2O3 on C3S

Solid Solution of C3S with Cr2O3

In this series the solid solubility of Cr2O3 is inves
tigated by using guaranteed chemical reagents, CaCO3, 
SiO2 and Cr2O3 as starting materials. Synthesis is 
performed at 1550°C for 3 hours in air for each cycle, 
with the SiC furnance, and five cycles of burning are 
repeated for each sample to obtain desired solid solu
tions.

C3S can take up to 1.7 wt. % Cr2O3 instead of 
1.4 wt. % reported by E. Woermann et al (6). With 
addition of 0-1.4 % Cr2O3, modification Tx is obtained 
at room temperature and Tn are obtained with addi
tion of 1.4-1.7%.

The lattice parameters are plotted by using Yama
guchi’s indices (7) in Fig. 1.

The discontinuity at 1.4% is the opposite nature to 
that of the transition Tt-Tit in C3S with A12O3 
reported by M. Bigare et al (8). The lattice parameters 
shrink continuously during 0-1.4%, 1.4%-1.7% 
Cr2O3, while the discontinuity at 1.4% is far larger 
than that at A12O3 0.45%.

The X-ray powder patterns near this transition 
region are shown in Fig. 2.

The average valencies of Cr ion in this series are 
measured by chemical analysis and +4.6 is gained 
which is constant in all this series. This fact shows 

Cr ion can dissolve in the same way in all this series.
With addition of more than 1.8% Cr2O3, C3S 

decomposes into C2S and CaO.

Solid Solution of C3S with Cr2O3, 
A12O3 and Fe2O3

In this series, solid solubility of a mixture of Cr2O3, 
A12O3 and Fe2O3 in C3S is studied.

In Table 1 each chemical composition of the clinkers 
of C3S-C3A-C4AF-Cr2O3 system is shown.

Table 1. Clinker composition in the
C3S-C3A-C4AF-Cr2O3 system

Sample 
No. SiOg AI2O3 Fe2O3 CaO Cr2O3 Total

1 21.78 5.21 2.83 70.18 0.00 100.0

2 21,67 5.19 2.81 70.08 0.25 100.0

3 21.55 5.15 2.81 70,00 0.50 100.0

13 21.44 5.12 2.79 69.90 0.74 100.0

4 21.32 5.10 2.77 69.82 0.99 100.0

14 21.10 5.05 2.75 69.63 1.47 100.0

5 20.88 5.00 2.71 69.46 1.95 100.0

15 20.66 4,95 2.69 69.28 2.43 100.0

(A) L- - - - - - - - T,- - - - - - - - F

Fig. 1. Variation of pseudo-orthorhombic lattice constants at 
room temperature in the C3S-Cr2O3 solid solution series.



Solid solubility of Cr2O3, A12O3 and Fe2O3 in C3S 
is determined by the fractional dissolution method 
with salicylic acid in methyl alcohol (9). In order to 
confirm these compositions obtained, the C3S solid 
solutions are synthesized based on the chemical 
compositions obtained.

In Fig. 3, the chemical composition of each C3Ssa is 
illustrated in comparison with the early hydraulic 
activity of C3S„ which will be discussed in the subse
quent section.

C3S can introduce 1.7% Cr2O3, 1.3% A12O3 and 
0.7 % Fe2O3 altogether. With no Cr2O3, C3S can take 
up to 1.1 % A12O3 and 0.9 % Fe2O3. With dissolution 
of Cr2O3, solid solubility of A12O3 increases, while 
that of Fe2O3 decreases. The limit of solid solubility 
of Cr2O3 1.7 % in this series is quite the same with the 
limit of solubility of Cr2O3 alone in C3S studied in 
the above section. This fact means that Cr2O3 can 

be taken in C3S independently of A12O3 and Fe2O3 
in a mixture.

The average charge of Cr ion of each C3S in this 
series is constantly +4.6 which is also the same value 
with the case of Cr2O3 alone in C3S.

In this case C3S takes the modification of Tn at 
room temperature. In Table 2 the ionic mole ratio 
of C3Sss in this series is shown standardizing Ca++ 
ionic mole number as 3000.
With addition of Cr2O3, Al3+ increases while Si4+ and 
iron ion decrease instead.

These changes suggest that Cr ions and Al ions are 
substituting for Si ions in tetrahedra. The increased 
mole number of Cr4 7+ is much more than two times 
of the decreased mole number of Si4+. Moreover, it 
is impossible for Cr ions to neutralize the charge 
+4.7 only by ordinary substitution for Si4+ or for 
Ca++.
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Fig. 2. Characteristic reflection groups in the powder patterns 

of modifications Ti and Tu of C3S with Cr2O3 at room 
temperature. .
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Fig. 3. Effect of minor components on early hydraulic activity 
of C3Sss in the C3S-Cr2O3-A12O3-Fe2O3 solid solution 
series.



Table 2. Ionic mole ratios of each composition in the CsS-C^Os-A^Os-FezOs solid solution series, 
converting each ionic mole number to 3000 basis of Ca++ ionic mole number.

[Ca2+] [Cr ion] [A13+] [Fe3+] [S14+]

Sample
No.

Ionic mole ratio 
in C^Ss8

Ionic mole Average 
charge

Ionic mole [AAlS-h] Ionic mole [AFe3+] Ionic mole [ASi4+]

1 3000 0 — 50 0 26 0 963 0

2 3000 8.9 4.6 50 0 21 — 5 968 5

3 3000 17.0 4.6 50 0 24 -2 959 -4

13 3000 25.0 4.8 55 5 22 -4 957 -6

4 3000 33.6 4.8 55 5 21 -5 950 -13

14 3000 50.0 4.8 60 10 21 -5 942 -21

The D.C. Conductivity of C3S with Cr2O3

As mentioned in the preceding section there will 
be electron holes or vacancies in C3S crystal, if Cr ions 
of positive charge 4.6 are substituting for cations in 
the lattices. In order to study the property of such the 
lattices doped with transition element, Cr, it may be 
available to measure the d.c. conductivity of the 
crystal. '

There have been few studies about the electrocon
ductivity of cement clinker minerals (10).

Samples for measurement are prepared from the 
synthesized C3S with Cr2O3 and some other minor 
components. Some examples of composition of the 
samples are listed in Table 2. "

Samples are pressed to 50 mm 0 x 20 mm disks at 
the pressure of 1 ton/cm2, and then sintered at 1550°C 
until the desired density is obtained.

These sintered samples are then cut to the disks of 
45 mm 0 X 3 mm, coated with the silver paste as elec
trodes. The insulation resistor is used to measure the 
d.c. conductivity of samples.

Some of the results are shown in Fig. 4.
As the d.c. conductivity of these specimens is in 

the region of 10“12—10~12 [Q-cm] at room temperature, 
these C3S with Cr2O3 are in the region of semicon
ductor. As the conductivity increases with additon 
of Cr ions, this conductivity is caused by the migra
tion of electrons and/or holes between Cr ions in the 
different charges.

Considering that Cr ions can exist as Cr2+, Cr3+, 
Cr4+, Cr5+ and Cr6+ among which Cr2+ and Cr6+ 
are unstable in this experimental condition (11), (12) 
and that the average charge of Cr ions in C3Sss is 
+4.6, Cr3+, Cr4+ and Cr5+ must play part in this 
conduction.

The d.c. conductivity of Cr3+— O2“—Cr4+ has 
been studied by many researchers. G.H. Jonker (13)

proved Cr3+ —> Cr4+ is prior to Fe3+ —> Fe4+. F. 
Kanamaru and R. Kiriyama (14) measured the activa
tion energy of Cr3+-O2"-Cr4+ conduction in solid

Fig. 4. D. C. conductivity of CsS,, in the C3S-Cr2O3-A12O3- 
FciOs solid solution series, sintered at 1550°C in air.



solution of CaFeO4 with Cr2O3. This activation energy 
is 0.16-0.27 eV.

The activation energy of the d.c. conductivity cal

culated from the incline of log curves is between 

0.25 eV and 0.38 eV, which is a little larger than the 
activation energy of Cr3+-Cr4+, Fe2+-Fe3+, Fe3+ 

-Fe4+ and Mn3+ -Mn4+ measured by many research
ers. Therefore, the mechanism of this d.c. conduc
tion in these solid solutions may surely consist of Cr3+ 
-O2--Cr4+ and/or Cr4+-O2"-Cr5+ and/or Cr3+-O2~ 
-Cr5+. From these results, Cr ions in C3S solid 
solution may be in charges of Cr3+, Cr4+ and Crs+.

Dielectric Property of C3S with Cr2O3

In order to study more about the situation of Cr 
ions in C3S solid solution, the dielectric constant of 
C3S„ is used. The C3S„ disks used are the same 
specimens used in the measurement of the d.c. con
ductivity.

In an electric field, dielectric polarization of an 
insulator may be generated in the following mechan
isms; (a) shift of electron distribution of atoms or 
molecules in an electric field; (b) relative migration of 
foreign atoms or ions; (c) orientation of molecules 
which have the permanent dipole moment along with 
the direction of an electric field.

To a dielectric substance in an electric field, the 
Calusius—Mosotti equation is applicable;

(1)
M4nN- 

€ + 2 a 3
where 6 is the dielectric constant of the substance, 
d is the density, M is the molecular weight, N is the 
Avogadro’s number and ä is the polarizability of a 
substance. For a polar substance, which has a per- 

4 zz2 manent dipole moment, the term Po = -yTtV 

must be inserted to the equation (1), that is;
p _ € — 1 M _ 4 A7- , 4 v /z2 

G e + 2 " d 3 7tNa + 3 ‘ 3kT

where PG is the total polarization, p, is the permanent 
dipole moment and k is the Boltzmann constant. 
From the equation (2), there comes a linear relation

ship between PG and so that p can be calculated 

from the incline of the PG —curves obtained experi

mentally.
Though this equation is well applicable to gas 

phases, there are some problems in applying this to 
solid phases. However, the approximate tendencies 
may be able to be obtained.

The dielectric constant of each specimen is measured 
with the Q-metre at 20°C, 60°C, 70°C and 90°C in 
a thermostat. The frequency used is 100 KC.

In Table 3 the results are listed.

In this Table, (e — l)/(e + 2) is a fraction of the 
molar polarization in the equation (1). Because Mjd in 
this equation may be nearly constant in this series of 
solid solution and within this temperature condition, 
it is used instead of the molar polarization PG. The 
relation between a fraction of the molar polarization 
(f — l)/(e + 2) and 1/T is shown in Fig. 5.
The curves rise with temperature from 20°C to 70°C. 
From the equation (2), PG falls at the higher tempera
ture, while these curves in Fig. 5 rise at the higher 
temperature. It is very difficult to explain this inclina
tion, but it may be considered that C3S with Cr2O3 
have no permanent dipole moment.

Fig. 5. Variation of a fraction of molar polarization 
(6 - 7)/(e + 2) with IjT in the C3S-Cr2O3-Al2O3-Fe2O3 
series.



Table 3. Electric conductivity and dielectric property of CaSgs, each specimen equal to that at Table 1.

Sample
Cr2O3 content 

of C3Sgl 
(%)

Specific electric 
conductivity 

[ß-icm-i] 
at 30°C

Activation energy 
of electric 

conductivity 
(eV)

Dielectric 
constant 
at 20°C

Molar 
polarization 
€ - 1 at 20°C 
€ + 2

No. 2 0.25 <10-U — 11.0 0.77

3 0.50 <10-U — 12.1 0.79

13 0.75 3.0 X 10-13 0.25 12.1 0.79

4 1.10 1.0 X 10-13 0.38 12.7 0.85

14 1.62 3.6 x 10-12 0.36 11.9 0.78

CjS with Cr2O3 only, (8b) 1.70 1.4 x 10-12 0.38 (8.6) 0.79

Mechanism of Dissolution of Cr Ions in C3Sss

As mentioned in the preceding section, the number 
of Cr ions dissolved in C3S is much more than the 
number of Si4+ which is replaced by Cr ions. There
fore, it is natural to assume that Cr ions may substi
tute not only for Si4+ but also for Ca++. Measuring 
the activation energy of the d.c. conductivity, Cr ions 
in C3S are confirmed to stay as Cr3+, Cr4+ and Cr5+. 
And the average charge of Cr ions in C3S is constantly 
+4.6. Therefore, 80% of the total Cr ions would be 
Cr5+ and the rest Cr3+, if these Cr ions could be 
classified into Crs+ and Cr3+.

Considering all the information obtained, the 
following formulas for substitution of Cr ions could 
be suggested;

Si4+ + Ca2+ -> Cr5+ + CaD"- + Cr3+ (1) 

2Si4+ + (Ca2+ + Can"") -» 2Crs+ + CaD"- (2)
Si4+^Cr4+ (3), 2Si4+^ Cr5++ Cr3+ (4) 

where CaQ— is a Ca ion vacancy with minus two 
charge.

In these formulas the equation (4) would seldom 
occur. Referring the model of Na dissolution in C3S 
proposed by G. Yamaguchi and H. Uchikawa (15) 
a Ca ion vacancy or CaQ in the formula (1), may 
generate at the site between the Cr5+ tetrahedra and 

Cr3+ in the Ca++ site. Oxygen ions surrounding the 
CaQ site may be then attracted toward the adjacent 
Cr5+ and Cr3+, and their charges may be neutralized. 
In the formula (2), a Ca ion vacancy may generate 
at the Ca++ site where is adjacent to two Cr5+ tetra
hedra. Oxygen ions surrounding CaQ may be 
neutralized by these two Cr5+.

Considering these substitution and vacancies, the 
lattice shrinkage of C3S with Cr2O3 may be well 
explained.

In this model the increase of the molar plarization 
of C3Sss in the electric field may be also explained as 
follows; Cr3+ of which ionic radius is 0.67 angstrom 
by Goldschmidt may have room for self-polarization 
in the electric field, when it substitutes for Ca++ of 
which ionic radius is 1.05 angstrom.

Otherwise, oxygen ions surrounding Caj | may 
cause the polarization in the electric field.

These dissolved Cr5+ and Cr3+ may exert the strong 
polarizing power on the adjacent oxygens and may 
polarize the surrounding oxygens. Therefore Ca ions 
in the vicinity of polarized field may not be screened 
enough by oxygen ions and may stay rather unstable.

C3Sss with Cr2O3 is, therefore, a P-type semicon
ductor.

Lattice Imperfections on Crystals of C3S with Cr2O3

It has long been deducted by many cement re
searchers that lattice imperfections in cement clinker 
minerals may probably have a great influence on their 
hydraulic activity (5). This deduction, however, 
has not yet been realized, because no actual examina
tion or observation of lattice imperfections has been 
successful.

The authors have tried the various methods of ex
amination to verify lattice imperfections on C3S crys
tals. Among them are the measurement of the lattice 
strain from the powder diffraction patterns, the X-ray 
topographical observation of lattice imperfections 
and the observation of dislocations with the elec
tronmicroscope. The authors, however, have not 
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(a) point defects (Frenkel type and Schottky type)
(b) line imperfectio'ns (edge and screw dislocation)
(c) bonindary dislocaitions and stacking faults
(d) lattice distortion, •

The details of these dassifcations were summarized 

in the preceding Symposium by F. Ordway (16),
Among these imperfections the existence of point 

defects are mentioned in the above section by defining 
CjS with Cr2O3; to be a P-type semiconductor.

There are two keys in the observation of dislocation 
etch pits on C3S55 aggregate with the electronmicro
scope.

The one is how to make up the most smooth frac
ture surfaces, and the other is to find the most suitable 
etchant.

Fig. 6. Unetched fracture surfaces of CjS,, crystals in the 
C3S-Cr2O3-A12O3-Fe2O3 solid solution series.

Fig. 7. Etch pit shapes that reflect crystal symmetry.



Fig. 8. Variation of etch pit density "with CrjOa content of 
CgSss. Etch pit density about in CsSgg with 0.25
wt. % Cr2O3. ,
Etchant : 0.4 % HF with 0.6 % HNO3 in ethyl alcohol 
Etching time: 1 minute

As for the etching specimens, the C3S5S in Fig. 3 
are used. These are pressed at 1 ton/cm2, and sintered 
enough at 1550°C until the desired density is obtained. 
The specimens are then gradually cooled down and 
quenched at 1200°C in open air. Thereby the smooth 
fracture surfaces of single crystals are created in these 
dense aggregate by the rapid volume change and the 
cracking. In Fig. 6 the nonetched fracture surfaces 
are shown.

As for the etchant, 0.4% HF with 0.6% HNO3 in 
C2H5OH solution, and 0.4% HF with 0.3% HN03 
in H2O are successfully used.

In the following figures the dislocation etch pits are 
shown comparing the etch pit density with Cr2O3 
content of C3Sss.

Etch pits observed are trigons, hexagons and their 
pseudo-morphs which may reflect their crystal sym
metry.

There have been few studies about the morphology 
or the crystal habits of C3S in which the study of 
Grzymek (17) is evident.

These etch pit shapes in this' observation are, 
however, very difficult to connect with morphology, 

because the crystal axis cannot be determined.
In Fig. 7, the general shapes of dislocation etch 

pits are exhibited. ■
Some surfaces have dense etch pits, while some others 
have rare ones. Grain boundary dislocations are also 
observed.

Figs. 8, 9, and 10 show that the etch pit density 
increases depending upon the addition of Cr2O3 in 
C3Sss. These relation will be discussed in the subse
quent section.

Figs. 11-18 show the changes of the surface behavior 
of C3Sss at the initial stage of hydration. In this 
case, the etchant used is distilled water containing 
0.4% HF with 0.3% HNO3. The etchant-C3S„ ratio 
is about 200 %. Fig. 11 shows the spiral etch pits 
formed at the points of emergence of the screw 
dislocations. These spiral etch pits are enlarged 
concentrically along the steps. This corrosion proceeds 
further and, then, eliminates the corrosion front from 
the surface and no more corrosion occurs at the point 
of screw dislocation. However, the vicinity of the 
screw dislocation becomes selectively rough. These 
changes are shown in Fig. 12.



Fig. 9. Variation of etch pit density with CriOj content of 
CjSsg. Etch pit density about lOtjcm1 in CjS« with 0.50 
wt. % Cr2O3.
Etchant : 0.4% HF with 0.6% HNOj in ethyl alcohol. 
Etching time: 1 minute

In Figs. 13-16 the changes of the surfaces at the later 
stage of hydration are shown. In Fig. 17, exhibited 
is corrosion at the surface contacted with the intersti
tial phases which have already been eliminated.

Fig. 18 shows the surface behavior after continuous 
contact with the etchant for one hour. The surfaces 
have been covered with the gel like skin, so that mor
phology of the surfaces becomes obscure.

These hydration reactions on C3S surfaces at the 
initial stage of hydration can be schematically drawn 
in Fig. 19.

This dissolution mechanism would be in reverse to 
that of the crystal growth.

In summary, the violent dissolution reaction on C3S 
surfaces at the initial stage of hydration occurs (a) 
at the point of emergence of screw dislocations, (b) 
at the grain boundaries and the edges of a crystal, 
(c) at the surfaces contacting with the interstitial 
phases. Through this initial dissolution reaction, the 
surfaces of a C3Sss crystal are dissolved to the depth 
of about one thousand several hundred angstrom.

Fig. 10. Variation of etch pit density with Cr^Oj content of 
CjSss. Etch pit density about 10slcm2 in C3Sss with 1.1 
wt. % Cr2O3.
Etchant : 0.4% HF with 0.6% HN03 in ethyl alcohol.
Etching time: 1 minute



Fig. 11. Dissolution reaction of CjSgs crystal surfaces at the 
initial stage of hydration. Dissolution starts from spiral etch 
pit formed at the point of emergence of a screw dislocation. 
Dissolution also occurs at crystal edges and grain boundaries. 
Etchant : 0.4% HF with 0.3% HNO3 in distilled water. 
Etching time: 30 sec.
Specimen : CsSss with 1.1 wt. % CraOj. .



Fig. 12. Changes of crystal surfaces after 1 minute in etchant. 
Specimen: 638,, with 1.1 wt. % Cr^O). Fig. 13, Changes of crystal surfaces after 3 minutes in etchant.



Fig. 14. Changes of crystal surfaces after 5 minutes in etchant.

Fig. 15. Changes of crystal surfaces after 7 minutes in etchant.

Fig. 16. Changes of crystal surfaces after 10 minutes in etchant.
Fig. 17. Dissolution at the surface contacted with interstitial 

phases.



Fig. 18. Crystal surfaces after one hour in etchant. Surfaces 
are covered with gel like phases.
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Fig. 19. Schematic drawings of early dissolution process on 
CjSm crystal surfaces.

Fig. 20. Sketch of features on a crystal surface at early dis
solution reaction. Dissolution process may be a reverse of the 
crystal growth process.
{After J. E. Burket

The Early Hydraulic Activity of C3S with Cr2O3, A12O3 and Fe2O3 altogether

In this section, the effect of minor components, 
Cr2O3, A12O3 and Fe2O3 on the early hydraulic acti
vity of C3S is studied. This early hydraulic activity 
of C3S58 is discussed based on the heat liberation curve 
obtained with a twin type micro conduction calori- 

metre (18).
Specimens used are those which are listed in Table 1, 

in the section of solid solution of C3S with Cr2O3, 
A12O3 and Fe2O3 altogether.

The early hydration reaction of C3Sss is defined on



Fig. 21. The definition of early hydraulic activity of C3Sss on 
a heat liberation curve of a clinker.
The shaded portion: The early heat liberation of CjSss (caljg) 
Hm: The maximum rate of heat liberation (cal/g. hr) 
Tm: The time interval from just after contact with water 

to the maximum rate of heat liberation, (hour)

the heat liberation curve divided between at the point 
of 1 cal/g.hr. of heat liberation on the rising curve 
and at the point of 1 cal/g.hr. of heat liberation on the 
falling curve. If a third peak which corresponds to 
hydration reaction of the unhydrated C3A appears 
on the heat liberation curve, it is eliminated as shown 
in Fig. 21.

The early hydraulic activity is defined by the fol
lowing terms; the early heat liberation which corre
sponds to the total heat liberation in the above region; 
the maximum rate of heat liberation; and the time 
interval of from just after contact with water to the 
maximum rate of heat liberation. But the direct 
definition of the early hydraulic activity is represented 
by the latter two terms.

All the specimens are powdered to 4000cm2/g

Cr ionic mol. ratio (Cat*' as 3000)

Fig. 22. Relation between CrjOs content and the maximum rate 
of heat liberation of CaS,,.

exactly, and 4.0 % SO3 is added as gypsum to each 
specimen. The water cement ratio is 50 per cent.

In Fig. 3, illustrated are the heat liberation, the 
maximum rate of heat liberation and the time just 
after contact with water to the maximum rate of heat 
liberation comparing to the C3S content of clinker, 
Cr2O3, A12O3 and Fe2O3 in C3Sss. The heat liberation 
of each specimen is about 50 cal/g and is nearly cons
tant independently of minor components. On the other 
hand both the maximum rate of heat liberation and 
the time interval have a direct relation with Cr2O3 
content of C3Sss. The former increases and the latter 
is shortened with addition of Cr2O3. Between the 
maximum rate of heat liberation and Cr2O3 content, 
there exists a formula; Hm = A log (Cr+4/7) + B, 
where Hm is the maximum rate of heat liberation, 
A and B are the positive constans and (Cr+4-7) means 
the ionic mole ratio of Cr+4-7 comparing to the Ca++ 
mole number in C3Sss standardized as 3000 in Table 2.

A12O3 and Fe2O3 seem to have no serious effect on 
the early hydraulic activity of C3Ssa.

Solid Solution of C3S with Fluorine and P2O5

In order to confirm the effect of Cr2O3 in a mixture 
of Cr2O3, Fe2O3, A12O3, and also to confirm the effect 
of fluorine and phosphate on C3Sss with A12O3, 
Fe2O3, fluorine and P2O5, solid solutions ofC3Swith 
A12O3, Fe2O3, fluorine and phosphate altogether are 
studied.

This experiment is performed in the same way as 
described in the study of C3Sss with Cr2O3, A12O3 
and Fe2O3. Fluorine is added as CaF2 and phosphate 
is added as 3CaO-P2O5. In Table 4 each chemical 
composition of the clinkers of the C3S-C3A-C4AF- 
CaF2-3CaO P2O5 system is shown. Solid solubility 
of flourine, A12O3, Fe2O3 and P2O5 in C3Sss is deter
mined by the fractional dissolution method with 
salicyclic acid in methyl alcohol (14)(15). In order to 

confirm these compositions obtained, the C3S solid 
solutions are synthesized based on the above results 
obtained.

The solid solubility of each in a mixture of A12O3, 
Fe2O3, fluorine and P2O5 in C3Sss is shown in Fig. 23. 
The ionic mole ratios of cations, fluorine and phos
phor in C3Ssa in this series are listed in Table 5, 
where the Ca++ ionic mole ratio is defined as 3000.

Al3+ ionic mole ratio increases proportionately to 
fluorine in C3Sas, while Fe3+ decreases instead. As 
Al3+ increases, Si4+ decreases in a reciprocal propor
tion.

Therefore, it may be assumed that Al3+ will sub
stitute for the Si4+ tetrahedra (SiO4)4- in the form 
of (AlOjF)4- accompanying with fluorine.



Table 4. Clinker compositions in the 
C3$-C3A-C4AF-CaF2-P2O5 system.

Sample 
No. SlO2 AlgOg Fe2O3 CaO P2O5 F Total

1 21.5 5.4 2.8 70.0 0.00 0.00 99.7

2 21.5 5.4 2.8 69.4 0.24 0.04 99.4

3 21.5 5.4 2.8 69.5 0.24 0.04 99.5

4 21.5 5.4 2.7 69.6 0.24 0.10 99.5

5 21.5 5.4 2.7 69.6 0.24 0.14 99.6

6 20.9 5.4 2.7 69.6 0.24 0.54 99.4

7 21.1 5.4 2.7 69.7 0.24 0.54 99.7

8 20.8 5.5 2.7 69.8 0.24 1.02 100.1

9 20.5 5.3 2.6 69.7 0.24 1.10 99.4

10 20.2 5.2 2.6 69.5 0.25 1.61 99.4

11 20.6 5.3 2.9 70.1 0.44 0.00 99.3

12 20.7 5.4 2.8 70.0 0.48 0.01 99.4

13 20.6 5.3 2.8 70.1 0.49 0.08 99.4

14 20.6 5.5 2.8 70.1 0.48 0.09 99.6

15 20.3 5.6 2.8 70,0 0.49 0.20 99.4

16 20.1 5.4 2.7 70.1 0.48 0.46 99.2

17 19.9 5.4 2.7 70.2 0.47 0.86 99.5

18 19.6 5.4 2.7 70.0 0.49 0.90 99.1

19 19.1 5.0 2.6 69.8 0.49 1.51 98.5

•g. Maximum rate of heat liberation of CsSss.
•■if'ii:- Time from just after contact with water to maximum, 

rate of heat liberation.
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Fig. 23. Effect of minor components on early hydraulic activity 
of CaSgs in the CsS-MiOs-E^Os-fluorine-ViOs solid 
solution series.

Table 5. Ionic mole ratios of each composition in the C3S-A12O3-Fe2O3-CaF2-PzOs solid solution series, 
converting each ionic mole number to 3000 basis of Ca++ ionic mole number.

[Casi-J [A13+] [Fe3+] [S141-] [PS1-] [F-]

Sample 
No.

Ionic mole ratio 
in C3Sss

Ionic mole
[AA13+]

Ionic mole
[AFe3+]

Ionic mole
[ASi<+]

Ionic mole Ionic mole

1 3000 50 0 28 0 984 0 0 0

2 3000 56 6 28 0 981 17 8 5

3 3000 56 16 28 0 972 8 8 4

4 3000 66 16 28 0 964 0 8 13

5 3000 80 30 22 -6 956 -10 8 17

6 3000 86 36 16 -12 921 -43 — —

7 3000 106 56 16 -12 905 -59 8 71

The Effect of Fluorine on the Early Heat Liberation of C3Sss

In Fig. 23 shown are the early heat liberation, the 
maximum rate of heat liberation, the time interval 
comparing with fluorine, A12O3, Fe2O3 and P2O5 dis
solved in C3S solid solution. In these series, the maxi

mum rate of heat liberation and the time interval are 
invariable with addition of A12O3, fluorine, FCjOj 
and P2O5. On the other hand, the early heat liberation 
increases with addition of A12O3 and fluorine. In Figs. 



24-27 the relations between heat liberation of C3Sss 
and minor components are illustrated. These results 
mean that the dissolution of A12O3 and fluorine in 
C3Ssa increases the early heat liberation, but does 

not accelerate the early hydration reaction.
This is a remarkable feature of A12O3 and fluorine 

in C3S compared with Cr2O3 in C3S.

«51

iii iii______
10 30 50

AI2O3 (wt %)
Fig. 24. Relation between AI2O3 content and the early heat 

liberation of C3Sss in Fig. 23.

Fe2O3 (wt°/o)

Fig. 26. Relation between fluorine content and the early heat 
liberation of C3Ssa in Fig. 23.
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Fig. 25. Relation between FejOs content and the early heat 
liberation of C3Sas in Fig. 23.

Fig. 27. Relation between P2O5 content and the early heat 
liberation of C3Saa in Fig. 23.



Effect of Cr2O3 on the Ferrite Phase

In portland cement, the calcium alumino ferrite 
phases are always present with several major consti
tuents. It is, therefore, of importance to examine the 
effect of Cr2O3 on the ferrite phase as well as the above 
examination of Cr2O3 on C3S„.

The shrinkage of the C2FM lattice constants is in 
good proportion to the difference of Cr3+ (0.64Ä) 
from Fe3+ (0.67Ä). Now, it is the variation of the 
C4AFss lattices with Cr2O3 that deviates from the

Solid Solution of Ferrite (C2F, C4AF) 
with Cr2O3

In this study, the C4AF-hypothetical “C2Cr” 
system as well as the C2F-“C2Cr” system has been 
examined in air and in O2. Mixes (in Table 6) were 
prepared in a horizontal externally heated tube furnace 
by solid state sintering at 1300°C. Mixes were then 
cooled at the rate of 50 degree per hour. The limit of 
Cr substitution in C2F and C4AF at 1300°C in air 
were determined by means of X-ray, optical and 
chemical techniques. The variation of the lattice con
stants with Cr2O3 are shown in Figs. 28 and 29.

The limits of Cr substitution are 4.8 wt. % of C2FSS 
and 5.3 wt. % of C4AFsa, which correspond to 9.1 
mole % “C2Cr” and 8.4 mole % “C2Cr” respectively.

The average charges of Cr ions in the ferrite phases 
are +3.2 which were obtained by chemical analysis. 
The excess Cr ions, if present, coexist with the ferrite 
phases in the form of calcium chromate, 3CaO- Cr2O5.

Fig. 28. Variation of orthorhombic lattice constants with 
composition in 2CaO-xFe2O3(l — x)Cr2O3.

Table 6. Chemical compositions of ferrite with Cr2O3.

Sample A12O3% Fe2O3% Cr2O3% CaO%

c8f — 58,7 — 41.3

C2F + 0.05 C3Cr — 55.5 2.6 41.9

C2F + 0.08 C3Ct " — 53.7 4.1 42.2

C2F + 0.10 C3Cr — 52.6 5.0 42.4

C2F + 0.15 C3Cr — 49.9 7.1 43.0

C2Al/2^1/2 21.0 32.9 — 46.2

C>jAi/2Fi/2 + O.OSCgCr 19.7 30.8 2.9 46.6

^2A1/2^1j2 4" 0.08 C3Cr 19.0 29.7 4.5 46.8

C2Av2Fi/2 + 0.10 C3Cr 18.5 29.0 5.5 46.9

^-'2Al/2^i/2 + 0.15 C3Cr 17.5 27.4 7.8 47.2

Cr2O3 in C^AFssCwt °/o)
Fig. 29. Variation of orthorhombic lattice constants with 

composition in 4CaO-xFe2O3-xAl2O3•(! — 2x)Cr2O3. 



calculated values; the b axis shrinks beyond the cal
culated values, while the a,c axes expand unexpectedly.

These kinds of unexplainable variations of the fer
rite lattices have been, however, reported by several 
researchers; among them, Sakurai (19) has observed 
in the C4AF-C4AM solid solution series, the b axis 
expands with addition of Mn2O3, while the a,c axes 
shrink instead; Kato (20) has found the similar irre
gular changes in the C2F-MgO system, the C4AF- 
MgO system and the C2F-CaO system. Furthermore, 
Kato’s cases are accompanied by the unusual increase 
in the intensity of the 020 reflection. If the ferrite struc
ture proposed by Bertaut et al (21) and Smith (22) 
is correct, these lattice variation must be considered 
to result from the special characters of the doped 
transition metal ion Cr3+ in the ferrite ligand field.

These lattice variations, however, is recovered to 
some extent, by re-sintering these ferrite phases in O2. 
This is partly because Cr3+ ions in the lattices are 
oxidized into the higher charges and eliminated from 
the lattices.

The early hydraulic activity of C2FSS with Cr2O3 
was determined in the same way as in C3Sss. As a

U) 
XD 
O

C12O3 in C4ÄFss(wt7o)
Fig. 30. The increase of intensity for OkO reflections with 

increasing Cr content in ferrite solid solutions. Relative 
observed intensity; I] I a X 100. •
I: Intensity for hkl reflections of each sample.
Io: Intensity for 141 reflections of C2F and C4AF. 

result, it was proved that Cr2O3 can activate the early 
hydraulic activity of C2F, although the total heat 
liberation is invariable. Addition of Cr2O3 beyond 
the limit of substitution, however, decreases the early 
hydraulic activity of C2F.

Abnormal Properties of the Ferrite 
Phase with Cr2O3

It was observed that the ferrite with Cr2O3 causes 
an abnormal increase in the diffraction intensity of 
OkO reflection. As some instances shown in Fig. 30, 
the diffraction intensities of 080, 040 and 020 plane in 
the ferrite phases prepared in air increase by more than 
30 times in C2FSS and 15 times in C4AFSS, whereas 
no intensity change occurs in the other planes. In 
C2Fss, however, this intensity decreases if the C2FSS 
is sintered in O2, whereas the intensity in C4AFS, 
shows no changes.

To analyse these phenomena, the infrared absorp
tion spectra of these ferrites were studied.

The absorption curves obtained are shown in Figs. 
31, 32 and 33.

In the infrared absorption spectra of the ferrite 
in the C2F-“C2Cr” system, the absorption peaks at 
1160 cm-1, 950 cm-1 and 710 cm-1 become stronger

— In L , 1 I I I I . I 1 t I
1200 1000 800 600 400 200

Wave number (cm-1 ) -
Fig. 31. Infrared absorption spectra of samples of composition 

- 2CaO • xFe2O3 ■ (1 — x) • Cr2O3. 



with increasing substitutions of Cr2O3, but the absorp
tion bands in the 640 cm-*-580 cm'1 region become 
weaker instead.

In the infrared absorption spectra of the ferrite in 
the C4AF-“C2Cr” system, the absorption peaks at 
1160 cm'1 and 720 cm'1, which are also observed in 
the C2F-“C2Cr" system, become stronger, too, with 
increasing substitution of Cr2O3, whereas the strong 
absorption spectra at 780 cm"1 and 430 cm"1 become 
weaker.

After Koresova (23), the frequency of the band in 
the 720 cm"‘-780 cm'1 region in the silicate crystals 
whose lattices contain Al atoms is determined by the 
fraction of its covalency. An increase in the ionic 
character of the band, i.e. transfer of Al atoms from 
anion shell into cation state, eliminates the 720 cm'1- 
780 cm"1 band from the spectrum.

As these spectra at 780 cm'1 and 430 cm"1, which 
are observed in the C4AF-“C2Cr” system and in the 
C2F-“C2A” system, cannot be observed in the C2F- 
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Fig. 32. Infrared absorption spectra of samples of composition 
4CaO-xFe2O3-xA12O3-(l — 2x)Cr2O3.

“C2Cr” system, they may be caused by A1O4 tetra- 
hedra, and then the spectra in the lower frequency 
region 660 cm'1-610 cm'1 may be caused by the FeO4 
tetrahedra.

In these cases, the above spectra are weakened by 
increasing substitution of Cr2O3. As described above, 
this decrease of absorption may correspond to an 
increase in the ionic character of the bonding. There
fore, the substituted Cr2O3 seems to increase the ionic 
character of A1O4 and FeO4 tetrahedra.

The strong absorption band in the 710-730 region 
which is observed in these three phases is subject to 
no effect by substitution of Cr2O3. This absorption 
peak may belong to a bond of the high symmetry, 
but is difficult to be indexed.

The above unusual diffraction intensity can be influ
enced by an adsorption and a desorption of H2O 
on the ferrite surfaces.

This is a reversible variation which accompanies no 
structural change. Therefore this phenomenon may 
be caused by an electrostatic effect of H2O.

This reduction of intensity is also caused by me
chanical crushing of the ferrite crystals.
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Fig. 33 Infrared absorption spectra of samples of composition 
2CaO-xFe2O3-(l — x)A12O3.



This change is irreversible and cannot be recovered 
even if the crushed ferrite be heated at 1000°C or at 
the higher temperature.

The phenomenon caused by an adsorption of H2O 
is directly relative to the effect of Cr2O3 on the early 
hydraulic activity of ferrite.

(3), (2) with humidity

(5),(2) ground with mill 
for 30 sec.

(4),(3) heated at 120°C

(6),(2) ground with mill 
for 4 min.

Fig. 34. Abnormal variation of intensity for OkO reflections 
of ferrite solid solutions with CrzOa- 
Sample 1; CzF sintered at 1300°C in Oz.
Sample 2; CzF with 4.8 wt% Cr2Oa sintered at 1300°C in Oz.

The Mechanism of the Early Hydraulic Action of C3S with Cr2O3

It may be clear from the results in the preceding sec
tions that C3S with Cr2O3 promotes its early hydraluic 
activity, whereas C3S with fluorine and A12O3 in the 
form of (A1O3F)4- does not, though it increases the 
early heat liberation.

This difference may be based on semiconductivity 
of C3S with Cr2O3.

Chatterji and Phatak (10) studied the semiconduc
tivity of normal portland cement. They reported that 
the clinker material was behaving as a P-type semi

conductor, and that the hydraulic action of portland 
cement clinker was N-type reaction on P-type semicon
ductor. Hansen (22) reported that the reaction between 
lime and water might be a N-type reaction on P-type 
semiconductor. As mentioned above, C3S with 
Cr2O3 is a P-type extrinsic semiconductor.

Though the hydration reaction of C3S with Cr2O3 
starts at the point of emergence of screw dislocation, 
the later process of hydration may be affected rather 
by semiconductivity of C3S solid solution than by 



dislocations of C3S solid solution.
" In another words, in the early hydration, the hydra
tion velocity on the surface of C3S solid solution is 
accelerated multiplicatively both by the density of 
screw dislocations and by semiconductivity of C3S 
solid solution.

When a P-type semiconductor, C3S solid solution 
is in contact with water, the contact surface may be 
surrounded by a diffuse double layer of water. By 
screening theory. Si4 + is screened enough by the oxygen 
tetrahedra even on the surface of C3Sss. Ca++ on the 
surface, however, may not be screened enough by 
oxygen so that H2O molecules may be able to attain 
Ca++, and combine with Ca++ as follows;

Cauttice + 2H2O = Ca(OH)2 + 2H+ + CaQ "
In this case, the corrosion theory of semiconductor 

of germanium (23) may be applicable.
During this combination action, 2e- from CaQ 

may be carried out to the other places by electron 
holes, where they may recombine with H+. This reac
tion may be, however, considerably slow, because of 
the relaxation effect of the C3S surface.

That is to say, for the hydraulic action on the C3S 
surface, it postulates the operation of two half-cell 
reactions, the oxidation of Ca and the reduction of 
H+. These reactions may be assumed to proceed 
independently, as if they were the two half-reactions 
of a short circuited battery.

This oxidation-reduction reaction may be remark
able in the weathering of natural rocks. Therefore the 
hydraulic action of C3S may be able to regard as a 
violent weathering action.

Conclusion

The early hydraulic activity of C3S is remarkably 
promoted by addition of Cr2O3. This unique effect 
of Cr2O3 must be based on semiconductivity of C3S 
with Cr2O3. Among imperfections in C3S solid solu
tion, electron holes and vacancies may help Ca ions 
being released from the lattice sites. Screw dislocations 
observed are the starting points of dissolution reac
tion on C3S surfaces, while the other dislocations 
seem to give no obvious effect on the hydration reac
tion of C3Sss. These effect of promotion of the early 
hydraulic activity of C3S may be also found in some 
other transition elements which have the similar 
properties with Cr.

Calcium aluminoferrite also has its hydraulic acti
vity promoted by Cr2O3. This case may be also ex

plained by semiconductivity of ferrite with Cr2O3.
As everybody know, there remain so many problems 

of clinkers unsolved. These are the effect of rapid 
cooling or quenching, the effect of overburning, 
the effect of minor components on cement clinker 
minerals and so on. If studies of clinkers are developed 
from the two viewpoints both of solid state physics 
and of crystal chemistry, these problems may be easily 
solved and the properties of clinkers may be improved 
further.

In order to proceed with a study of the hydration 
reaction of cement clinker minerals, it may be also 
very useful to know the weathering mechanism of 
the natural rocks.
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Synopsis

The distribution of alkalis in portland cement clinker has been studied using X-ray 
difiraction and selective solvent extraction and hydrolysis of clinkers.

Alkalis occur in clinker in the form of sulphates outside the four main crystalline com
ponents, and as substitution compounds within these crystalline components.

If sufficient SO3 is available the alkalis occur as sulphates rather than as substitution 
compounds. Increasing quantities of SO3 produce more calcium sulphate. Potassium sul
phate is the preferred form of alkali sulphate; the molar ratio of potash/soda in sulphate 
form can be twice that in the alkalis as a whole. There is evidence of a series of double 
alkali sulphates and of a specific compound 2CaSO4-K2SO4 frequently found in clinker. 
Potassium sulphate is shown to have an important bearing on cement storage properties.

At least half the alkalis not accounted for as sulphate occur in the C3A and ferrite in 
quantities determined by the alumina contents of those two compounds. The crystal form of 
C3A is modified by potash as well as by soda.

In the silicates the quantitative distribution of alkalis is as yet less clear. Certainly soda 
as well as potash is capable of modifying belite. It is considered probable that both potash 
and soda exist in alite in small quantities, probably associated with alumina in solid solution. 
The association of alkalis with alumina may relate to that proved in the C3A and ferrite 
phases.

Introduction

The Research Department of the Associated Port
land Cement Manufacturers, Ltd. took a special inter
est in the distribution of alkalis in clinker following 
an investigation of the storage properties of ordinary 
portland cement. This investigation showed that pot
assium sulphate in cement could influence air-setting 
or pack-setting through its capacity to react with 
the gypsum component to form syngenite, K2SO4- 
CaSO4-H2O, during storage. Forest (1) reached a 
different conclusion in respect of blastfurnace ce
ments.

X-ray diffraction studies of cement composition 
had also produced evidence that the “split-peak” 
orthorhombic form of C3A reported by Moore (2) 
was not exclusively confined to cements with signi
ficant soda contents.

The present paper describes work that has been 
done by the Department to throw more light on the 
location of the alkalis in portland cement clinker. 
Whilst the more advanced techniques have proved 
invaluable, much has been learned by differential 
solvent extraction and by microscopic studies.

Separation of Alkali Sulphates in Clinker

In the course of the study of storage properties of 
cement already referred to, micro-electron probe 
techniques revealed a close association between the 
elements potassium and sulphur in what appeared to 
be deposits sited in the celite (C3A + ferrite). Im
proved microscopic techniques permitted the identi

fication of alkali sulphate (Photo 1) and attempts 
were made to estimate them quantitatively by wet 
chemical methods.

It was found that alkali sulphates as such could be 
extracted by hot ethylene glycol using the normal 
technique for free lime determination. Analysis of the 
extract and the residual clinker showed that alkali 
and sulphate in some form remained in the clinker. 
Further controlled extraction by water was shown to



I-----1 10 X800 .
Photo 1. This shows alkali sulphate, arrowed A, infilling 

irregular pores in the clinker and is thus clearly one of the 
last phases to crystallise. It occurs here as small oriented 
crystals, etched a dark colour with hydrofluoric acid vapour. 
Interpenetration of the embedding plastic resin, arrowed B, 
used during specimen preparation, indicates volume changes 
during cooling.
Characteristically the alkali sulphate is surrounded by a halo 
of unetched clinker. 

remove from the clinker further alkali and calcium 
sulphate, the quantity of the latter suggesting that it 
was in a highly soluble form. The remaining sulphate 
in the clinker was later shown to be j5-calcium sul
phate.

Thus differential extraction separated simple alkali 
sulphates on the one hand from some other form of 
alkali and calcium sulphates on the other leaving 
relatively insoluble ^-calcium sulphate in the clinker. 
The whole of the sulphate could be accounted for in 
this way. It was also found that no significant quantity 
of alkali remaining in forms other than as sulphate 
(or in two cases as free alkali) was removed by the 
extraction process.

A water extraction alone of course removes the 
simple alkali sulphates as well as the other water
soluble form of alkali and calcium sulphate. The 
totals of alkalis and sulphates so extracted are referred 
to as the water-soluble alkalis and sulphates respec
tively. '

Forms of Calcium Sulphate

As mentioned above, calcium sulphate was shown to

Photo 2. The coexistence of alkali sulphate, arrowed A, and 
2CaSO4-K2SO4, arrowed B, in clinker is shown here.
Clearly the original composition of the alkali and calcium 
sulphate melt lay to the potassium sulphate side of the eutectic 
composition and crystallisation of the small needles of alkali 
sulphate took place as the temperature fell. The composition of 
the liquidus moved towards 2CaSO4-K2SO4, which finally 
crystallised encasing the earlier formed alkali sulphate. The 
characteristic halo appears on both the sulphates although 
it is narrower around the 2CaSO4-K2SO4. 

occur in a very water-soluble form.
Initial examination by X-ray diffraction of clinkers 

containing this form of calcium sulphate did not

I---- 1 10 p X800
Photo 3. In this photomicrograph the coexistence of calcium 

sulphate, arrowed A, with 2CaSC>4-K.2SO4, arrowed B, is 
illustrated. In this case the alkali sulphate is not present and 
it is apparent that the composition of the melt lay towards 
the calcium sulphate side of the eutectic composition. The 
initial crystallisation of calcium sulphate was followed by that 
of the 2CaSO4 -K2SO4. 



reveal anything identifiable against the background 
radiation, but further examination of fine fractions of 
ground clinker, separated in a Bahco air-separator, 
in which the sulphate content was considerably 
concentrated resulted in the appearance of a triple 
peak between 26.5 and 28° 29 CuKa. This, see Fig. 1, 
was identified as being due to the double sulphate 
2CaSO4-K2SO4, which was found to be produced 
by heating together any form of calcium sulphate with 
potassium sulphate. Subsequent work showed that 
this compound can form with an excess of either 
alkali sulphate or calcium sulphate indicating that it is 

a preferred mode of occurrence in this system. The 
presence of sodium sulphate can, however, modify 
this conclusion.

In some clinkers with high sulphate alkali ratios, 
j8-calcium sulphate remained after water extraction 
and has been identified by its main diffraction peak 
at 25.4° 29 CuKa. Clinkers containing a relatively 
large amount of soda were also found to contain 
^-calcium sulphate, and this will be referred to again. 
These forms have been observed microscopically, 
and Photo 2 and 3 illustrate their co-existence in 
clinker.

Fig. 1. X-ray diffraction pattern for the double sulphate.
2CaSO4 • KiSO4



Alkali Sulphates and Double Sulphates

In order to examine whether any systematic rela
tionship exists between the clinker sulphate and alkali 
content, and the proportion of the sulphate which is 
present as alkali sulphate, works clinkers were ex
amined together with a series of laboratory-prepared 
clinkers for which the relative amounts of alkali and 
sulphate in the raw materials were varied over a wide 
range. On these clinkers the total alkalis and sulphates

Table 1. Total and soluble, alkali and sulphate contents of 
eleven laboratory prepared clinkers

Sample
Total Soluble

STot 

=K STotK2O 
%

Na2O 
%

so3 
%

K2O 
%

Na2O 
%

so3 
%

A 1.05 0.20 0.71 0.74 0.06 0.71 0.52 LOO
B 1.64 0.22 1.41 1.36 0.09 1.28 0.71 0.91
C 1.06 0.17 0.99 0.95 0.07 0.90 0.75 0.91
D 2.16 0.26 2.36 1.93 0.11 2.05 0.92 0.76
E 1.30 0.22 1.73 1.25 0.11 1.77 1.05 0.70
F 1.92 0.21 2.57 1.78 0.10 1.85 1.14 0.64
G 0.72 0.18 1.28 0.68 0.09 0.80 1.28 0.55
H 2.04 0.20 3.07 1.90 0.11 2.32 1.31 0.57
J 2.12 0.24 3.56 2.00 0.12 2.86 1.43 0.52
K 1.50 0.23 3.82 1.34 0.10 2.78 2.07 0.34
L 1.01 0.23 3.67 0.80 0.11 2.03 2.70 0.23

Table 2. Total and soluble, alkali and sulphate contents of 
30 works clinkers from 20 different works

Sample KqO
%

Total Soluble
- STot

=K
SAlk
STotNa2O 

%
SO3 

%
k2° Na2O 

%
so3 

%

1 0.52 0.26 0.15 0.13 0.03 0.15 0.16 1.00
2 0.99 0.16 0.22 0.24 ' 0.02 0.22 0.18 1.00
3 0.64 0.29 0.26 0.24 0.05 0.26 0.24 1.00
4 0.51 0.42 0.30 0.19 0.08 0.30 0.26 0.87
5 0.85 0.19 0.32 0.31 0.05 0.32 0.28 1.00
6 0.56 0.50 0.40 0.32 0.11 0.40 0.30 1.00
7 0.84 0.22 0.42 0.42 0.05 0.42 0.36 LOO
8 0.67 0.15 0.34 0.36 0.03 0.34 0.38 LOO
9 0.79 0.15 0.43 0.44 0.04 0.43 0.42 0.98

10 0.62 0.17 0.39 0.34 0.05 0.39 0.45 0.90
11 0.73 0.20 0.48 0.42 0.06 0.44 0.46 0.92
12 0.78 0.35 0.62 0.50 0.11 0.60 0.47 0.92
13 1.26 0.26 0.88 0.89 0.09 0.88 0.53 LOO
14 0.51 0.35 0.56 0.34 0.11 0.43 0.54 0.77
15 0.73 0.17 0.55 0.48 0.06 0.54 0.56 0.87
16 0.91 0.26 0.74 0.71 0.11 0.74 0.56 1.00
17 0.61 0.16 0.49 0.42 0.06 0.49 0.56 0.90
18 1.36 0.24 1.02 0.98 0.08 1.00 0.59 0.91
19 0.95 0.25 0.88 0.72 0.10 0.88 0.66 0.84
20 1.04 0.31 0.99 0.77 0.12 0.96 0.66 0.83
21 0.90 0.33 0.94 0.73 0.13 0.93 0,67 0.84
22 0.96 0.25 0.96 0.82 0.11 0.95 0.72 0.87
23 1.04 0.63 1.57 0.96 0.35 1.57 0.79 0.81
24 0.97 0.50 1.46 0.90 0.36 1.42 0.84 0.84
25 1.43 0.25 1.53 1.12 0.10 1.49 0.85 0.71
26 0.71 0.27 1.50 0.51 0.18 0.99 1.34 0.45
27 0.66 0.12 0.96 0.54 0.05 0.90 1.13 0.54
28 0.53 0.10 1.00 0.39 0.04 0.81 1.47 0.38
29 0.76 0.16 1.59 0.67 0.07 '1.13 1.57 0.42
30 0.55 0.09 1.18 0.38 0.03 0.75 1.71 0.31

were determined together with the corresponding 
water-soluble alkalis and sulphates.

Table 1 shows the results for 11 laboratory prepared 
clinkers, and Table 2 the corresponding results for 30 
works clinkers representing clinker produced in 20 
different works by a variety of processes.

In these tables the relative quantities of sulphate 
and alkalis are expressed by the ratios STot/=K, in 
which STot is the total sulphate, and =K is the total 
alkali content expressed as equivalent potash. (Potash 
is the predominant alkali in most of the clinkers 
studies). The proportion of the total sulphate which is 
present as alkali sulphate is expressed by the ratio 
Sar/Stoi, where SAlt. is the sulphate equivalent to the 
soluble alkalis. In Fig. 2 values of SAlt/STot are plotted 
against the corresponding values of STot/=K. The 
points for the laboratory-prepared clinkers show a 
good relationship. The works clinkers follow a similar 
trend but are in general below the drawn curve. This 
is considered to reflect the fact that as regards CaO, 
K2O and SO3, equilibrium conditions are not fully 
attained or uniformly approached in a kiln, so that 
works clinkers tend to contain more calcium sulphate 
than do laboratory clinkers.

Study of the relationship between total potash and 
soda and that present as sulphate indicates that there

Fig. 2. Proportion of total sulphate combined with alkalis 
(SAik/Siot) as a function of the ratio total sulphate to total 
alkali as equivalent potash (STot/=K) 



is a marked preference for potash to form sulphate. 
Table 3 and Fig. 3 show the comparison of corre
sponding molar ratios for 43 works clinkers. In 
general the molar ratio of potash to soda as sulphate 
is about twice the molar ratio of potash to soda in the 
clinker as a whole.

X-ray diffraction studies of heated mixtures of 
potassium and sodium sulphates showed that they 
form a continuous series of double sulphates between 
molar ratios of 3:1 and 1:3 K2SO4/Na2SO4 giving 
characteristic diffraction patterns differing essentially 
only in changing peak positions with changing molar 
ratio. The X-ray diffraction patterns of the extremes 
and centre of this system are shown in Fig. 4. While at 
the level of occurrence this double sulphate has not 
yet been directly detected in cement clinkers, it has 
been found in flue dusts and kiln deposits with a 
sufficiently high alkali sulphate content. It, therefore, 
seems probable that within the above molar range any 
sodium sulphate present in clinker with potassium 
sulphate will be as a double alkali sulphate.

Where potash, soda and lime are all available it is 
possible, as has previously been remarked, that the 

double alkali sulphate may affect the production of 
2CaSO4 K2SO4. In some clinkers, of which 15A in 
Table 4 is one, the considerable quantity of calcium 
sulphate present is in the jff-form only. In these clin
kers there is sufficient Na2SO4 to form the double 
alkali sulphate with the whole of the K2SO4 present, 
and it would appear likely that the stability or order 
of crystallisation of the double alkali sulphate is such 
as to preclude the formation of 2CaSO4-K2SO4. 
This suggestion remains to be confirmed by further 
study.

Summing up, it appears that K2SO4 is likely to 
occur either alone or in one of two double sulphate 
forms according to the available quantities of Na2SO4 
and CaSO4, the preference probably being for the 
double alkali sulphate. Na2SO4 may occur alone but 
in the clinkers examined is more probably as the 
double alkali sulphate. It does not form a double 
sulphate with calcium sulphate. Calcium sulphate 
occurs alone or as 2CaSO4-K2SO4 subject to the 
prior formation of double alkali sulphate. Overall, 
potash is twice as likely to produce soluble sulphate 
as soda.

Fig. 3. Molar ratio of potash and soda, total and as sulphates, 
in works clinkers

Table 3. Comparison of the molecular ratios of potash 
and soda in clinker, as a whole and as sulphates

Total alkalis Soluble alkalis Total alkalis Soluble alkalis
molar ratio molar ratio molar ratio molar ratio

k2o k2o k2o k8o
Na2O Na2O Na2O Na2O

1.3 2.6 1.1 1.8
4.1 8.0 1.3 1.7
1.5 3.0 3.8 7.5
0.80 1.6 1.7 1.9
2.9 3.9 3.7 6.8
0.74 1.9 3.5 6.5
2.5 5.3 3.2 6.1
2.9 7.2 3.9 7.6
3.4 7.3 0.47 0.67
2.4 4.3 2.3 4.0
2.4 4.7 0.13 0.29
1.5 2.9 3.6 6.4
3.2 6.4 0.77 1.7
0.96 2.0 2.4 4.4
2.8 5.3 1.2 2.2
2.3 4.2 0.50 1.0
2.5 ’ 4.7 4.4 8.8
3.8 8.2 0.70 2.0
2.5 4.8 0.73 1.4
2.2 4.0 0.52 0.80
1.8 3.7 4.0 10.8
2.5 4.8



Fig. 4. X-ray diffraction patterns for the sodium]potassium 
double sulphate system.

Determination of Alkali in the Main Phases

The distribution of the alkalis within the four cry
stalline phases; tricalcium aluminate, calcium alu- 
minoferrite and the two calcium silicates has been 

studied by a process of progressive solution to remove 
the phases stepwise and determine the alkalis in the 
undissolved residues. Following the removal of the



Table 4 (Continued)Table 4. Chemical analysis, compound composition 
and alkali distribution for 16 works clinkers

1A 
%

2A 3A
%

4A 9A iOA MA 12A

SiO2 22.49 22.46 22.06 20.69 21.67 21.58 21.39 22.30
I.R. 0.22 0.08 0.04 0.09 I.R. 0.26 0.07 0.05 • 0.40
Al^Og 4.82 5.28 4.66 6.14 AlgOg 5.77 5.68 4.99 6.16
F=2°3 1.95 2.65 3.54 3.30 Fe2O3 1.70 2.49 2.80 2.03
Mn2O3 0.14 0.03 0.04 0.08 : Mn2O3 0.07 0.06 0.05 0.08
TiO« 0,35 0.32 0.26 0.23 TiO2 0.27 0.33 0.35 0.35
PA 0,23 0.16 0.05 0.07 P2O5 0.17 0.19 0.11 0.17
CaO 67.69 66.32 65.35 66.14 CaO 67.44 66.67 68.00 64.97
MgO 0.89 1.56 1.17 1.81 MgO 0.91 1.29 1.40 1.09
so3 0.09 0.10 0.11 0.12 SO3 0.34 0.38 0.39 0.42
L.O.I. 0.50 0.30 0.44 0.41 L.O.I. 0.60 0.46 0.08 0.92
k2o 0.49 0.37 0.72 0.85 k2o 0.78 0.55 0.22 0.88
Na2O 0.17 0.52 0.63 0.08 Na2O 0.21 0.31 0.29 0.13

100,03 100.15 100.07 100.01 100.19 100.06 100.12 99.90

Free CaO 2.1 % 2.6% 2.6% 2.0% Free CaO 2.6% 2.1 % 0.9% 2.0%
Ferrite Comp. Ferrite comp.
Mol %C2F 55 56 59 54 Mol % C2F 56 57 55 53
Alite 65.3 58.8 63.0 69.7 Alite 65.2 64.5 81.0 49.8
Belite 17.3 19.8 15.0 6.0 Belite 16.2 15.1 3.3 29.7
c3a 8.7 10.5 9.3 11.4 c3a 9.7 10.0 6.0 9.9
Ferrite 5.7 7.4 9.4 9.6 Ferrite 5.1 7.1 8.0 6.1

97.0 96.5 96.7 96.7 96.2 96.7 98.3 95.5

Alkalis K2O Na2O K2O Na2O K2O Na2O K2O Na2O Alkalis K2O Na2O K2O Na20 K2O Na2O K2O Na2O

As sulphates 0.09 0.01 0.05 0.05 0.09 0.02 0.13 0.01 As sulphate 0.35 0.05 0.31 0.09 0.12 0.08 0.44 0.03
Free alkali — —— —— — 0.11 0.06 0.10 0.02 In aluminate 0.22 0.08 0.10 0.08 0.04 0.08 0.13 0.03
In aluminate 0.14 0.05 0.13 0.19 0.22 0.25 0.30 0.02 In ferrite 0.04 0.02 0.03 0.02 0.02 0.05 0.03 0.01
In ferrite 0.05 0.03 0.04 0.06 0.10 0.10 0.13 0.01 In silicates 0.17 0.06 0.11 0.10 0.04 0.08 0.28 0.06
In silicates 0.21 0.08 0.15 0.22 0.21 0.20 0.19 0.02

0.49 0.17 0.37 0.52 0.72 0,63 0.85 0.08 0.78 0.21 0.55 0.31 0.22 0.29 0.88 0.13

5A 6A 7A 8A 13A 14A ISA 16A
% % % % % /o Vo %

SiO2 23.14 21.64 19.87 21.99 SiO2 22.71 23.07 20.80 20.30
I.R. 0.11 0.20 0.08 0.06 I.R. 0.03 0.06 0.08 0.12
AI2O3 5.56 5.54 7.88 5.08 A12O3 5.38 4.69 4.48 6.67
^2^3 2.25 4.20 2.41 3.50 Fe2O3 3.32 2.56 5.62 2.72
Mn2O3 0.06 0.05 0.09 0.06 0.04 0.05 0.31 0.13
TiO2 0.34 0.72 0.33 0.19 TiO2 0.27 0.31 0.31 0.30
PA 0.15 0.17 0.19 0.07 PA 0.12 0.12 0.16 0.10
CaO 66.27 63.60 65.95 65.74 CaO 64.91 66.02 65.41 65.11
MgO 0.79 2.35 1.07 1.42 MgO 1.15 1.33 1.32 1.54 .
SO3 0.19 0.29 0.32 0.38 so3 0.50 0.84 0.87 0.89
L.O.I. 0.33 0.34 0.53 0.28 L.O.I. 0.25 0.19 0.08 0.34
k2o 0.67 0.16 0.98 0.61 K2O 0.72 0.52 0.29 1.56
Na2O 0.19 0.79 0.18 0.52 Na2O 0.68 0.47 0.37 0.26

100.05 100.05 99.88 99.90 100.08 100.23 100.10 100.04

Free CaO 1.7% 0.5% 3.2% l*5/o Free CaO 0.5% 1.9% 0.8% 1.2%
Ferrite Comp. Ferrite comp.
Mol % C2F 54 61 54 58 Mol % CgF 58 57 60 53
Alite 50.9 59.3 55.3 62.3 Alite 58.3 58.3 71.7 68.6
Belite 30.5 19.6 17.9 16.8 Belite 18.8 25.2 9.0 10.2
c3a 9.3 8.3 15.8 8.5 c3a 13.0 5.8 1.0 10.7
Ferrite 6.8 10.4 6.6 9.8 ' Ferrite 8.3 7.1 15.4 8.5

97.5 97.6 95.6 97.4 98.4 96.4 97.1 98.0

Alkalis K2O Na2O K2O Na2O K2O Na2O K2O Na2O Alkalis K2O Na2O K2O Na2O KaO Na2O K2O Na2O

As sulphates 0.18 0.03 0.06 0.14 0.32 0.03 0.29 0.11 As sulphate 0.40 0.13 0.42 0.19 0.24 0.20 0.97 0.06
In aluminate 0.19 0.07 0.04 0.24 0.36 0.08 0.16 0.20 In aluminate 0.15 0.28 0.03 0.08 0.01 0.01 0.22 0.09
In ferrite 0.04 0.03 0.01 0.12 0.07 0.02 0.07 0.09 In ferrite 0.05 0.09 0.02 0.05 0.02 0.06 0.09 0.04
In silicates 0.23 0.06 0.05 0.29 0.23 0.05 0.09 0.12 In silicates 0.12 0.18 0.05 0.15 0.02 0.10 0.28 0.07

0.67 0.19 0.16 0.79 0.98 0.18 0.61 0.52 0.72 0.68 0.52 0.47 0.29 0.37 1.56 0.26

alkali sulphates and double sulphates by aqueous 
extraction as described above, the remaining alkalis 
were determined. The silicates were next removed by 

selective hydrolysis using a solution of salicylic acid 
in methanol and the residual alkalis in the celite were 
determined. Finally, the ferrite was isolated using 



aqueous acetic acid as the solvent for the other phases 
with a final pH of 3.5-3.8, and the alkali content of 
the ferrite residue was determined.

At each stage it was confirmed by chemical analysis 
and X-ray diffraction examination that the residues 
used for alkali determinations were in the one case a 
mixture of C3A and ferrite uncontaminated with alite 
or belite and in the second case ferrite containing 

neither silicates nor C3A.
From these results the alkali content of the com

bined silicates, of the C3A and of the ferrite were 
obtained and in Table 4 these results are shown for 16 
clinkers together with their chemical analyses and 
compound compositions as determined by X-ray 
diffraction.

Alkali in Tricalcium Aluminate and Ferrite

Examination of the results shown in Table 4 for the 
alkali content of the C3A and ferrite, related to the 
quantity of each of these phases in the clinkers sug
gests that the distribution of alkalis between C3A 
and ferrite is dependent on the quantities of alumina 
in these compounds. In Table 5 the alkali content of 
both C3A and ferrite is shown expressed as a percen
tage of the alumina present in those phases. The same 
results are plotted in Fig. 5. The fit of the points to the 
line is considered good in relation to possible experi
mental error and provides evidence that the alkalis 
are associated with alumina equally in the two phases.

Also in Table 5 the alkali content of the C3A expre
ssed as a percentage of the C3A present is shown rela
tive to the crystal form of the C3A, whether as the 
normal cubic form or as the alkali-modified orthor

hombic form (Photo 4) showing the peak splitting at 
about 33° 20CuKa and in the regions 46.5 to 48.5° 
26 and 59.5 to 60° 25CuKa. The highest level of alkali 
consistent with the cubic form is just below 2.7% 
equivalent potash, whereas the lowest level of alkali 
consistent with the orthorhombic form is at 2.9% 
equivalent potash, suggesting a critical level at about 
2.8 % equivalent potash or 1.8 % of soda. This is lower 
than the level (2.25 % soda) reported by Conwicke and 
Day (3) in their investigation of the system C3A- 
NCsA3, or indeed that (2.1 % soda) suggested by Flet
cher, Midgley and Moore (4), which strengthens 
their suggestion that the production of orthorhombic 
C3A in clinker need not be due solely to soda.

That this modification can be caused by potash as 
well as by soda is also indicated by these results, and 
is particularly well illustrated by clinker 4A in which 
the total soda content of the clinker only represents

Fig. 5. Relationship of the alkali!alumina ratios {~K!A) in C3 A 
and ferrite respectively.

I-----1 10 p x800

Photo 4. Alkalis in excess of that required to form alkali 
sulphates are available for incorporation in other crystal 
phases. In the clinker shown here excess K2O has been taken 
up by the C3A resulting in the formation of the typical lath 
shaped alkali modified C3A, arrowed A, which crystallises 
in the orthorhombic system.



Alkali in C3A Alkali in ferrite

As %

Table 5. Alkali contents of tricalcium aluminate 
and ferrite phases for 16 clinkers

Sample
%= k2o

As % 
of 

C3A
Form of C3A

As % 
of 

ai2o3
c3a = K^O

of 
Al2O3

1A 0.22 2.53 cubic 6.7 0.10 9.5
2A 0.42 4.00 orthorhombic 10.6 0.13 9.7
3A 0.60 6.45 orthorhombic 17.1 0.25 15.7
4A 0.33 2.89 orthorhombic 7.7 0.15 8.2
5A 0.30 3.23 orthorhombic 8.6 0.09 6.9
6A 0.41 4.94 orthorhombic 13.1 0.19 11.5
7A 0.48 3.04 orthorhombic 8.1 0.10 8.0
8A 0.46 5.41 orthorhombic 14.3 0.21 12.4
9A 0.34 3.50 orthorhombic 9.3 0.07 7.5

10A 0.22 2.20 cubic 5.8 0.06 4.7
I1A 0.16 2.67 cubic 7.1 0.10 6.7
I2A 0.18 1.82 cubic 4.8 0.05 4.2
13A 0.57 4.38 orthorhombic 11.6 0.19 13.3
14A 0.15 2.59 cubic 6.9 0.10 7.9
15A 0.02 2.00 cubic 5.3 0.11 4.4
16A 0.36 3.36 orthorhombic 8.9 0.15 9.0

Q.1% of the C3A present and where less than 10% 
of the alkali determined in the C3A is soda, but which 
nevertheless shows the characteristic change in X-ray 
pattern and characteristic appearance under micro
scopic examination as illustrated by the photomicro
graph of this clinker (Photo 4).

Clinkers 7A and 9A also show these same features, 
the soda in the C3A being 0.5 % and 0.4% respectively. 
In these cases the potash is mainly responsible for the 
orthorhombic C3A.

We have been unable so far to synthesise C3A in 
the orthorhombic form using potash as the sole alkali 
present. It is believed that when potash is the sole or 
predominant alkali involved, the inclusion of silica 
and additional lime in the structure may be necessary 
to produce the orthorhombic crystal form of C3A. 
In this connection lime and silica are known to occur 
in C3A in works clinkers.

Alkalis in the Silicates

The distribution of alkalis in the silicates is still 
being studied. We have not yet succeeded in isolating 
the two silicates separately to permit direct analysis, 
nor have we obtained firm evidence using the micro
electron probe technique.

Nevertheless, Table 4 shows the potash and soda 
contained in the silicates in the 16 clinkers on which 
Table 5 was based. Newkirk (5) suggested that potash, 
other than as sulphate, appeared in belite as KC23S12. 
In Fig. 6 the equivalent potash in the silicates is plot
ted against belite content for the 16 clinkers. Also 
plotted is a line indicating Newkirk’s alkaline belite 
composition.

It will be seen that four points lie reasonably close 
to the Newkirk line, but that the remainder lie well 
below that line. An immediate interpretation is that 
in only 4 cases are the quantities of alkali and belite 
both consistent with Newkirk’s composition, whereas 
in the other 12 cases there is insufficient alkali to con
vert more than a part of the available belite.

Photo 5 illustrates the coexistence of normal belite 
and alkali stabilised belite, while Photo 6 shows un
stable belite inverting to the y-form in a clinker in 
which the alkali content of the silicates was known to 
be extremely low.

The above interpretation may well be the only one 
necessary in many cases, but it has occurred to us that 
some of the alkali may also be found in the alite. 
Alite is known to contain alumina in solid solution 
to an extent influenced by the magnesia present. 
Furthermore, it was shown earlier that the distribution 

of alkali between C3A and ferrite is well related to 
their alumina contents.

Following this line of thought the clinker (11 A) 
closest to the Newkirk composition in Fig. 6 was
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Photo 5. Both the normal belite, arrowed A, and the alkali 
stabilised, belite, arrowed B, are illustrated here. The coexis
tence of alkali modified belite in contact with free lime cry
stals, arrowed C, indicates the considerable stability of the 
alkaline belite inhibiting its assimilation of further lime to 
form alite.

Photo 6. In clinker of very low alkali content the ß-CiS may 
exhibit considerable instability and tend to invert to its more 
stable '('-phase. This is illustrated here where a single crystal of 
ß-CiS, arrowed A, is undergoing inversion to the y form, ar
rowed B. This inversion is accompanied by a 10% volume 
increase and the resulting microcracking can be seen radiating 
away from the inverted area.

Fig. 7. Proportion of potash in alkalis in celite as a function
- of that in silicates.

Fig. 8. Proportion of potash in alkalis in C3A or ferrite as a 
function of that in silicates.

fractionated by sieving on a 14 mesh sieve, in order to 
vary the alite/belite proportions, and the coarse and 
fine components analysed. The resulting data are 
plotted adjacent to the point for the clinker as a whole. 
Clearly the fine fraction contains more alkali in the 
silicates than can be explained by Newkirk’s alkaline 

belite. This, in itself, does not prove that the alkali is 
not in the belite, but since between the three relevant 
points an increase in belite appears to be associated 
with, if anything, a decrease in alkali, there is a good 
case for suggesting that there is alkali in the alite. The 
estimated alkali/alumina ratio in the silicates in clin- 



ker 11A is 11%. This figure compares with approxi
mately 7% for the C3A and ferrite in that clinker. 
This could suggest that part of the alkali is in the 
alite, associated with alumina, the remainder being in 
the belite and not associated with alumina.

It is worth adding that, while the remaining points 
in Fig. 5 are consistent with partial conversion of the 
belite to Newkirk’s form, this does not mean that all 
the alkali available to the silicates is in fact in the 
belite.

It was shown above that the molar ratio of potash to 

soda as sulphate was about twice that for total potash 
and soda. Fig. 7 shows the molar proportion of potash 
in the alkalis in the celite plotted against that in the 
silicates. Fig. 8 is a similar graph for the C3A and 
ferrite separately. These Figs, indicate no tendency 
for potash to prefer the silicates and soda the alumina
tes, but rather that in works clinkers potash and soda 
are equally likely to be found in the phases in propor
tion to their residual concentrations in the clinker after 
sulphate formation.

Free Alkali

In two clinkers out of 43 the water-soluble alkalis 
exceeded the water soluble sulphates equivalent to 
alkali. The excess of alkali represents so-called free 
alkali, probably in the form of carbonate. The pre
sence of free alkali is associated with low STot/=K 

ratios and high alkali content, but in the two clinkers 
concerned the crystal phases contain less alkali than is 
possible. It is considered that the explanation must lie 
in the mechanisms of dissociation and formation of 
alkali compounds in the clinkering process.

Conclusions and Discussion

The main points which emerge from the work are:
1. Alkalis occur in clinker as sulphates and double 

sulphates and as substitution components of the 
crystal phases. In a few cases free alkali may also 
be found.

2. The evidence suggests that the sulphate content 
of the clinker makes the prior demand on the 
alkalis. The resulting quantity of alkali sulphate 
is determined by the ratio of total clinker sul
phate to total alkali. The remaining sulphate is 
calcium sulphate either as a soluble double 
sulphate or as ^-calcium sulphate. At this stage 
potash has twice the affinity of soda for sulphate.

3. After allocating alkali to sulphate as in 2, the 
remainder appears to be distributed between the 
silicates, the C3A and the ferrite, with no evi
dence of a preference of the silicates for potash 
or of the aluminates for soda.

4. The quantity of alkalis in the C3A and ferrite 
respectively is well related to the alumina con
tents of those phases.

5. The orthorhombic form of C3A is formed with a 
minimum alkali content of 2.8% equivalent 
potash or 1.8% equivalent soda.

6. The proportion of potash in the alkali is broadly 
the same in the silicates, C3A and ferrite respec
tively.

7. The basis for the quantitative division of alkalis 
between silicates on the one hand and C3A and 

ferrite on the other is not yet clear, although the 
latter generally take about half or more of the 
available alkali. There is evidence that alite may 
contain alkali.

8. Overall, potash and soda appear to be inter
changeable in the crystal phases, but potash is 
distinguished in that it has a much greater 
affinity than soda for sulphate and a capacity, 
which soda has not, to form two double sulphates 
with lime: 2CaSO4 K2SO4 in clinker and 
K2SO4- CaSO4- H2O in cement.

Further work will be done to elucidate the distri
bution of alkali in silicates. In the meantime the vairous 
forms of alkali shown to occur in clinker may well 
behave differently during hydration. In practice, 
therefore, it may be important to distinguish the alka
lis more precisely. The specific influence of potassium 
sulphate on cement storage properties has been refer
red to.

Perhaps the most important practical interest in 
alkalis arises from the limitation imposed by certain 
standards on total alkali as equivalent dosa where 
alkali-aggregate reaction is feared. The literature in 
this field contains enough anomalous or controversial 
information to suggest that a closer definition of the 
forms in which the alkalis occur in a clinker may lead 
to a more precise understanding of its capacity to 
promote alkali-aggregate reaction.

The same closer definition may also be important



in the wider field of the setting, workability and strength characteristics of cements.
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Supplementary Paper 1-131 Cement Surface Area Determination 
by Gas Adsorption near Room Temperature

Ali A. Tabikh*

*Marquette Cement Mfg., Co., Illinois, U.S.A.
Formerly California Portland Cement Co., California, U.S.A.

Synopsis

An apparatus to determine the specific surface areas of hydrated and unhydrous cements 
has been developed employing gas flow techniques and thermistor detectors. The specific 
surface area of a sample is determined by measuring the desorbed organic molecules. The 
adsorption equilibrium is maintained at 30°C. and the desorption temperature used is 
200°C. The adsorbate used is either benzene, acetone, or methyl alchohol. Helium is used 
as a carrier, but also serves as a diluent to obtain the desired relative pressure (.PjPo).

The determination is rapid since a single point measurement, at a given P!Pa, is required. 
However, if one wishes to make measurements at several P/Pq points, the BET equation may 
be applied to calculate the surface area.

The results of adsorption studies using this method on two hydrated and several unhy
drated cements are discussed.

Introduction

The measurements of surface area of cement are 
usually made by air permeability methods or cal
culated from turbidimeter data. Both procedures are 
inadequate for providing detailed information about 
surface properties, particularly with regard to internal 
surfaces and porosity.

Continuous flow methods have been developed 
which greatly simplify nitrogen adsorption measure
ments (1, 2). Other more recent papers have been 
published which describe flow methods using various 
organic vapors as adsorbates (3, 4).

The present study was undertaken to develop the 
equipment and methods for a simple and rapid pro
cedure of surface area measurement. Therefore, 
emphasis was placed on adsorption near ambient 

temperature, minimum handling of the sample, and 
the ability to measure a wide range of surface areas 
(.01 m2 and up) accurately. The instrument which 
has been developed appears to fulfill the objectives 
of the project.

The data presented here have been derived from a 
current investigation being conducted on hydrated 
as well as unhydrated cements using various vapor 
pressures in order to evaluate the surface properties. 
These data are intended to illustrate the capabilities 
of the apparatus and the methods of studying these 
surface properties. In addition, some of the properties 
related to the specific surface of a cement particle are 
pointed out.

Apparatus

The schematic diagram of Fig. 1 illustrates the appa
ratus which has been developed. The carrier gas used 
is helium. A sensitive pressure regulating system is 
necessary to obtain uniform and accurate flow rates. 
All tubing in the flow system is one-eighth inch diame
ter nylon or copper tubing.

The carrier gas flows through two calibrated flow

meters H and V, where the portion going through H 
supplies the diluent, and that going through Vbecomes 
the vapor-saturated gas. The two streams are mixed 
in a mixing tube M where the desired partial vapor 
pressure P,!P0 of the adsorbate is obtained. The tube 
M feeds the two identical flow channels from this point 
on to the vent. In regard to the forward flow, tube M 
acts as a back-pressure damper, thus there is no cross 
channel interference during the sudden heating of 
desorption. The vapor saturating arrangement, in-



Fig. 1. Diagram illustrating the surface area apparatus. H and 
V are flowmeters. The cells A contain the liquid adsorbate. 
M is the mixing tube and back pressure damper. S and B are 
the sample tubes; B is the blank in the reference channel. 
The dotted area is the high temperature enclosure. D is the 
thermal conductivity cell. The instrument panel provides the 
following controls: (I) air heater, (2) temperature sensing and 
control, (3) high temperature power supply, (4) high temper
ature regulator, (5) constant temperature source, (6) power 
supply to detector, (7) signal output balance, and (S) signal 
output to recorder.

eluding tube M, is made up of a series of vacuum 
trap-type tubes. The tubes A containing liquid adsor
bate are connected in series and are lined inside with 
filter paper to assure a vapor saturated atmosphere. 
The vapor control chamber is held at 30°C ± .01 
using a thermister controlled circuit. The temperature 
setting, however, is variable from a potentiometer.

In the test chamber one of the gas streams flows 
through a blank sample tube S. The other stream 
flows through the sample tube S which contains the 
specimen. These sample tubes are constructed from 
glass tubing 0.6 cm I.D. They form a broad U, 10 cm 
long, and are equipped with tapered glass joints for 
quick connecting.

The sample tubes are mounted into an aluminum 
rack which is equipped with a heating unit capable 
of bringing the temperature of the sample up to 200°C 
in 2 minutes. With this arrangement it is possible to 
degas the sample prior to making the adsorption meas

urements in the apparatus itself. This rapid, controlled 
heating also provides the means to measure the desorp
tion peaks for determinations of the surface area.

The adsorption temperature is normally the same 
as the temperature in the vapor control chamber 
(30°C ± .01).

The thermal conductivity cell D was developed in 
this research laboratory. It employs two matched 
thermisters which are mounted in the paths of the two 
gas streams. They are powered by a well regulated D.C. 
voltage source (normal operating voltage is about 17 
volts). The output signals, 0-125 millivolts, from the 
two thermistors are balanced by a bridge circuit 
and sent to a recorder.

In addition to operating the apparatus near room 
temperature, its design allows studies to be made at 
either extremely low or higher than ambient tempera
tures. Both are achieved with minor modifications 
and/or auxiliary equipment.

Procedure

All samples are oven-dried at 105°C before weigh
ing. The required sample weight varies from .01 to 
.5 g depending on the surface area of the sample. 
In the case of unhydrated cement, 0.0500 g is used.

The I7-tube containing the sample is connected to 
the apparatus, and the flowmeter H is adjusted to 
deliver 30 cc per minute. Then, the high heat is turned 
on and the sample is purged at the preset temperature 



(200°C is used in this study) until a steady output 
signal is received. The high heat is turned off at this 
time and the sample is allowed to cool down to the 
adsorption temperature, usually 30°C. At the same 
time the flowmeters are adjusted to give the desired 
vapor pressure.

The partial vapor pressure calculations are made in 
normal manner with corrections for slight volume 
changes when the carrier gas is saturated with the 
organic vapor. The necessary saturation vapor pres
sure data are taken from Jordan (5).

The total flow rates are kept constant for all the 
points of the very isotherm. These are, in cc per minute, 
32 for benzene, 70 for acetone, 37.5 for alcohol, and 
30 cc for nitrogen. Half of each quantity flows through 
the sample, the other half through the blank channel. 
When a steady signal is received from the detector, 
indicating a steady state between the sample surface 
and the vapor phase of the gas stream, it is time to 
desorb and mesure the desorption peak. This is 
accomplished by turning the high heat on. The time 
required to degas a cement sample is 15 to 20 minutes, 
and an adsorption-desorption cycle takes about 15 
minutes.

The organic liquids used are all Mallinkrodt spec
trophotometric grade reagents. The carrier gas is 
atomic grade helium. The nitrogen is a Matheson 
prepurified grade.

The recorder used in this study is a Sargent model 
SR equipped with a Disc integrator and an output 
range of 0-125 millivolts. The desorption peaks are 
usually sharply defined and are sometimes over 100 
millivolts high with tails of 1 to 4 minutes duration 
depending on the nature of the sample being tested.

The detector response is linear within the normal 
surface area range of cements, when the single point 
method of determination is used, i.e., at any single 
vapor pressure setting. However, its sensitivity decrea
ses as the vapor pressure of the adsorbate is raised. 
So, it becomes necessary to establish a correction curve 
in order to convert all peak areas to a common refer
ence point, as illustrated in Fig. 2. The descending 
curve in this figure shows the decrease in sensitivity 
when 0.2 ul increments of benzene are injected into 
the sample gas stream at increasing partial vapor 
pressures. The ascending curve gives the correction 
factors at similar vapor pressure levels which would 
convert the counts to values comparable to those 
taken at P' = 0.1. For example, at P' = 0.6 (point 
A in Fig. 2) the peak counts are 492 and the correction 
factor is 1.768 (point 5), and their product is 870 
which is what the counts would be if no decrease in 
sensitivity would take place.

Fig. 2. Change of detector response to benzene increments as 
the vapor pressure of benzene in the gas stream approached 
saturation, and the correction curve to change the output 
counts to P = 0.10 basis.

The desorption peak areas are expressed in integra
tor counts at one millivolt in all calculations and plot
ting. The final values which represent the monolayer 
are converted to Cm2 or m2 by using the equation 
A = fc where f is a calibration factor and c is counts 
at one millivolt per gram. The factor / is obtained by 
comparing the peaks from nitrogen adsorption versus, 
say, benzene for a given cement sample.

In the case of nitrogen adsorption, 0.5 cc increments 
of the gas are injected into the sample stream and 
the resulting counts are taken. From the known weight 
of nitrogen injected these are expressed as counts per 
unit area by use of the equation:

S = ^N.Amx IO"20

where S is the specific surface in m2/g., G is the nitro
gen used in grams, M is the molecular weight of 
nitrogen, N is Avogadro’s number, and Am is the mole
cular cross-sectional area of nitrogen. The value 
16.2 A2 is used for Am in the calculations. Since the 
desorption peaks of organic vapors have been cali
brated with samples whose nitrogen adsorption 
values are known, there is no need to know the mole



cular cross-sectional surface areas of the organic 
adsorbate. This is a safe approach since these areas 
vary widely (7) because the packing arrangement of 
the adsorbed molecules is influenced by the energetic 
properties of the solid surface.

When a complete adsorption isotherm is made the 
calculations are based on the BET equation (6), 
written in the following form:

X xmc+ xmcr

where P' is the partial pressure P!Pa, P" is the term 
p

p _ p ’ X is the quantity of vapor adsorbed, Xm the 

portion of vapor equivalent to the monolayer cover
age, and C is a constant related to the net heat of 
adsorption. From the slope and intercept of the BET 
curve Xm can be expressed as follows:

X 1
™ ~ s + z

where s = the slope, and i = the intercept.
The hydrated cements tested have been treated in 

the following manner: Oven dried samples weighing

0.25  g are placed in 3 cc size polyethylene tubes. The 
tubes are stoppered after adding 2 cc of CO2 free 
distilled water and shaken in a rotary mixer for the 
desired interval of time. The slurry is centrifuged and 
the supernatant liquid is replaced by methyl alchohol. 
The solids are dispersed and shaken in the alcohol 
for one minute. Following centrifugation the alcohol 
wash is repeated once more. The solids are transferred 
into a tared polyethylene weighing dish. After oven 
drying the final weight of the hydrated cement is 
determined. Carefully weighed samples equivalent to 
.0125 g of the original unhydrated cement are weighed 
and used for the surface area determination.

The unhydrated cements tested are all Type II. 
At the time of testing cements 1 and 4 were several 
weeks old, cement 2 was one day old, cement 3 was 
fresh from the mill, and cement 5 was from the same 
clinker as cement 3 but ground coarser. All of these, 
except cement 4, are the products of one cement 
plant.

The samples of C2S and C3S were furnished by the 
Engineering Materials Laboratory of the University 
of California in Berkeley.

Discussion

Three methods have thus far been used to measure 
surface area with the apparatus described here. 
Nitrogen adsorption at liquid nitrogen temperature 
is made by pouring liquid nitrogen into a modified 
sample tube holder and recording the adsorption 
peaks. By repeating this at several vapor pressure 
levels sufficient data are obtained to draw the adsorp
tion isotherm curve and calculate the monolayer area 
by the BET equation. This is done to establish a 
basis for comparison between organic vapor and 
nitrogen adsorption on various materials. The other 
two methods of measurement employ benzene, 
methyl alcohol, or acetone. They are the single 
point method and the complete adsorption isotherm 
determination. The latter is especially necessary for 
a completely unknown sample, while the former ap
proach is satisfactory for samples of similar surface 
properties. A recent abstract of a paper (in Russian) by 
Gavrilova and Kiselev (8) indicates they are using 
a similar approach, measuring near P/Po of 0.05.

Preliminary results indicate dry cements are similar 
in their overall surface adsorption behavior. Fig. 3 
shows the BET curve for cements from two different 
plants to be practically identical. Calculations from 
these and several other cements show the monolayer 
coverage to fall between vapor pressure values of 0.07 

and 0.1.
The values of the specific surface determined for 

unhydrated samples are given in Table 1. In comparison 
to the Blaine surfaces which fall between 3100 and 
4100 cm2 per gram, the higher values, by a factor 
approximately of 10, have been verified by nitrogen

Fig. 3. B.E.T. curves for three cements to illustrate the simi
larity between their surface adsorption properties.



Surface area—m2/g

Table 1, Specific surface area as determined by the adsorption 
of nitrogen and other organic liquids

Sample BET method Single point

Nitrogen Benzene Benzene Acetone Methyl 
alcohol

1 4.39 4.40 4.40 4.34 4.47
2 4.65 4.35 4.79 _ 4.84
3 5.06 —. 4.84 — 5.48
4 3.43 3.46 3.44 3.22 3.46
5 1.63 — 1.70 — —

C3S — _ 0.57 —_ —
C2S — — 0.23 — —

adsorption and are accepted as the true total solid 
surfaces. The explanation which has been offered 
(9) attributing such differences between air permeabi
lity and gas adsorption results to hydration during the 
normal handling of a sample, does not appear valid 
at least in the samples examined here. Age differences 
of these dry cements do not seem to have a measur
able influence on their specific surface areas. As indi
cated in Table 1, a fresh-from-the mill cement (No. 3) 
has the largest area. We know with certainty that it 
has had no air hydration of any extent. Therefore, it 
looks like the larger adsorption areas reported here 
being indicative of the extent of crevaces and micro
pores on the particles.

Sample No. 5 lends support to the foregoing argu
ment. It is made from the same clinker as No. 3; 
it was produced only three days later in the same mill, 
but ground coarser. Its Blaine area is 3100 cm2 per 
gram against 4070 cm2 per gram for No. 3. Therefore, 
by grinding finer the air permeability area increases 
about 30 percent, whereas the adsorption area increa
ses by about 200 percent. Since the air permeability 
results are primarily influenced by the external surface 
properties it becomes evident that as the particles are 
broken up into smaller fragments they must be expos
ing many new pores and cracks in order to cause the 
internal surface area to increase at such a faster rate. 
This suggests, at least in this instance, that the cement 
particles possess a microcellular structure.

The older cements (No. 1 and 4) were stored in metal 
containers under optimum atmospheric conditions, 
however, some hydration was anticipated. If this does 
occur, evidently it produces no significant change 
in the adsorption surface area. Of course, exposure to 
an atmosphere of high relative humidity will ultima
tely cause sufficient hydration to impart a measurable 
increase of the cement surface.

Cements 1 and 4 were hydrated as described earlier 
for intervals of time from 5 minutes to 7 days. The 
surface development is presented in Fig. 4. A few

Fig. 4. The surface area development of two different cements 
hydrated up to 7 days.

other hydrated specimens give values between 50-70 m2 
which are comparable to some of the results given 
by Hunt, Tomes, and Blaine (10) and somewhat 
lower than those presented by Powers and Brownyard 
(9). As pointed out by Powers (11), the nitrogen adsorp
tion values are usually 20 to 50 percent of the specific 
surfaces measured with water. Furthermore, the 
hydration procedure used here and the degassing at 
200°C are likely to cause a contraction of the crystal 
lattice structure. This might render a considerable 
portion of the surface area inaccessible to the nitrogen 
or benzene molecules; whereas, the penetration of 
the highly polar and smaller water molecules might 
be affected to a lesser extent.

The points below the curve in Fig. 4 are hydrated 
samples of cement 1 which are not centrifuged but 
taken to dryness at 105°C. The lower surface areas 
shown are probably caused by higher lime content 
than in the centrifuged samples. This seems to be 
consistent with the discussion of Kantro, Brunauer, 
and Weise (12) that the higher the lime content is 
in tobermorite, the lower the surface area, which could 
be attributed to the cementing effect of lime on the 
crystals of tobermorite.

The foregoing discussion illustrates some of the 
results which can be obtained by this new technique. 
It would be feasible to study the surface properties 
of cement pastes by water adsorption without change 
or addition to the apparatus. In addition, it would 
be possible to study the porosity by measuring adsorp
tion at high vapor pressures (P' = 0.8 to 1.0). At thse 
higher vapor pressures the desorption peaks of unhy-



drous cements start splitting and forming patterns tions of the adsorbate which have been adsorbed 
characteristics of the sample, and may represent frac- at different energy levels.
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Synopsis

Th® influence of Cr2OJf PiOj or SO$ ora the crystaDic lattice of clinkers having high 
(1) and low (AST) satwation factors at various technological conditions were studied. Also 
were’ studied the properties of cements made on these clinkers. The amounts of the said 
Oxides iratrodraced amounted to 0.5,1.0,1.5, 2.0 and 3 per cent respectively.

The presence of 0.5 per cent of an oxide in the raw mix rather increases the clearness of 
the clinker crystallic lattice. The amount of an admixture over 1.0 per cent brings about 
the foriiiation of imperfect forms of crystals. The crystals of belite had strong hatching, 
had splitted edges or disintegrated into separate “blocks”; the number of inclusion into 
alite crystals increased. In the presence of SO, some alite crystals assumed an indefinite 
form.

The occlusion of the modifying agents into the lattice was accompanied, in case of 
CrzO3—with an increase, and in case of SO3 or PZOS—with a decrease of alite and belite 
refringence data.

The time of grinding in the presence of Cr2O3, P2O5 or SO3 decreases-especially in 
clinkers of high saturation factor.

. The presence of Cr2O3 or SO3 in cement having SF = 1 contributes to rapid gain of 
strength during the initial period of the cement paste hardening. In the presence of P2O5 the 
rate of cement hardening decreases.

Introduction

Crystallization of alite and belite in clinkers was 
studied—depending on the amount of Cr2O3, P2O3 
or SO3. Features of resultant cements were studied.

The composition of raw mixes was so designed as to 
obtain clinkers with saturation factors (SF) 1 and 
0.67. The flux content amounted to 20 per cent (14 
per eent of C4AF and 6 per cent of C3A). The admix
ture investigated were added in the form of Cr2O3, 
P2O3 and CaSO4-2H2O in amounts of 0.5, 1.0, 1.5, 
2.0 and 3.0 per cent—expressed as SO3 content. Speci
mens pressed with 400kg/cm2 force were burnt in 

silit furnace at 1450°C. The retention time at this 
temperature was 1 and 4 hours for clinkers having SF 
values 0.67 and 1 respectively (excluding alite clinkers 
with 3 per cent admixture—these being burnt for 
1 hour). The clinkers resulted were air quenched and 
slowly cooled in the furnace at the rate of 5° approxi
mately per minute. In addition, the clinkers with 3 
per cent admixture suffered three-times burning—in 
order to obtain more complete assimilation of the 
lime.

The presence of 0.5-3.0 per cent of Cr2O5, P2O5 
or SO3 in the raw mix having saturation factor of 0.67, 
does not adversely influence the forming of clinker: 
the amount of free CaO in clinker did not exceed some 



tenth of per cent (2, 4, 5). In clinkers having satura
tion factor 1 and with 0.5-2.0 per cent of SO3 or 
P2O3 the content of free CaO does not exceed 1 per 
cent while in those with the addition of Cr2O3 the 
free CaO content is 2 per cent.

During the burning partial and rather uneven 
volatilization of oxide admixtures was observed 
(Table 1).

Table 1. The amount of P2O5, SO3 or CrjOs in clinkers, 
per cent, as to the chemical analysis data

The 
designed 
amount

into the 
raw mix, 
per cent

Pao5 so3 Cr2O3

SF = 0.67 SF = 1 SF = 0.67 SF = 1 SF = 0.67 SF = 1

0.5 0.44 0.47 no 0.17 0.35 0.63
1.0 1.37 0.98 no 0.33 0.51 0.57
1.5 1.34 0.92 -no 0.12 0,82 0.82
2.0 1.62 1.32 0.84 0.14 1.14 1.45

Crystallic Structure of Clinkers

The presence of 0.5 per cent of P2O5, Cr2O3 or SO3 
in a raw mix having saturation factor of—0.67 (Belite 
clinker) brings about some more distinct crystalliza
tion of the clinkering minerals and to more distinct 
forming of crystals as to compare with the clinkers 
without admixtures—though the microscopic figures 
of both these clinkers are very similar. The crystals 
of belite in these clinkers are of rounded or almost 
polygonal form with even edges and with smooth or 
weakly hatched surface. The clinker forming com
pounds (except alite and belite) are heterogenous with 
a disordered location of light and dark crystals of 
shapeless form.

In a raw mix the increasing of the concentrations 
of: P2O5 up to 2-3 per cent, Cr2O3 up to 1.5-3.0 per 

cent or SO3 over 1.0 per cent brought about the ap
pearing of not properly formed crystals, when seen 
under the microscope. The defects of these crystals 
reveal in the form of appearing of the sharp hatching 
of the crystals of belite (Fig. 1), full or partial splitting 
of the crystals for separate “blocks" in the marginal 
zone and in the form of stains of various colours 
during the etching of crystals. To add, that in the 
presence of SO3 there occur belite crystals of an inde
finite form; these crystals are of an increased micro- 
poric structure.
' The refractive index of belite in the presence of 
P2O5 and SO3 lowers (Table 2), when 0.5-2.0 per 
cent of SO3 is introduced into the raw mix, belite in 
clinker stabilizes into the form of jff-C2S, when 3.0

P2O5 Cr2o, SO3

Table 2. The sizes of alite and belite crystals in the presence O/P2O5, Cr2O3 or SO3 and their refractive index.

The amount Cooling SF = 0.67 SF = 1 SF = 0.67 SF = 1 SF = 0.67 SF = 1

of the oxide, 
%

pattern
belite a belite fllit#* belite «lit*

crystals, ..
size, N8 nP crystals, 

size, N« Np
crystals, xr

size, N8 NP
crystals, 

size. Ng Np
crystals, K, ..

size, Ne Np
crystals,

Ng Np

microns microns microns microns microns microns

0.0 5-50 1.740 1.724 8-30 1.728 1.724 5-50 1.740 1.724 8-30 1.728 1.724 5-50 1.740 1.724 8-30 1.728 1.724

0.0*
(25-35) 

5-15 1.732 1.714 10-70 1.720 1.716
(20-30)

5-15 1.732 1.714 10-70 1.720 1.716
(20-30) 

5-15 1.732 1.714 10-70 1.720 1.716

0.5 5-55 1.732 1.718
(25) 
5-60 1.724 1.720 5-50 1.735 1.718 15-100 1.724 1.720 5-40 1.732 1.720 10-45 1.724 1.720

0.5*
(15-35) 
15-35 1.735 1.716

(20) 
15-30 1.720 1.716

(20-30) 
1-20 1.737 1.720

(35-45) 
5-4-0 1.728 1.724 5-40 1.735 1.717 10-50 1.722 1.717

1.0* rapid 10-35 1.728 1.714 15-70 1.720 1.716
(5-10) 

1-10 1.737 1.720 5-40 1.728 1.724 5-40 1.735 1.717 5-50 1.722 1.717

1.5* 5-40 1.728 1.714
(35) 
10-70 1.720 1.716 10-50 1.745 1.722 5-50 1.732 1.728 5-40 1.735 1.717 10-70 1.722 1.717

2.0* 5-40 1.728 1.714
(40) 

30-80 1.717 1.714 5-40 1.745 1.722 10-50 1.732 1.728 5-35 1.735 1.717 50-500 1.722 1.717

3.0 15-40 1.722 1.707
(40-50)

1.720 1.716 30-40 1.740 1.720 15-60 1.726 1.707 _

Three-times 10-70 1.726 1.712 30-60 1.745 1,728 _ _ (20-40) 
5-80 1.728 1.712 5-40 1.726

burning (40) (40)

•Clinkers having SF = J were cured at the temperature 1450°C during 4 hours.

0.0 20-170 1.735 1.718 5-40 1.724 1,720 20-170 1.735 1.718 5-40 1.724 1.720 20-170 1.735 1.718 5-40 1.724 1.720

3.0 slow
(40-120) 

15-45 1.718 1.704
(40-120) 

20-150 1.740 1.724 ___ ___
(40-120) 

30-150 1,726 1.707 150-450
(35) (30-65)



Fig. 1. Microscopic structures of clinkers containing CrjOj, 
P2O5 or SOj. Specific macrodefects. Reflected light X400.

1— belite clinker, 3 per cent of CrjOa
2— alite clinker, 0.5 per cent of Cr^Oa
3— belite clinker, 3 per cent of P2O3

4— alite clinker, 2 per cent of P2O5
5— belite clinker, 1.5 per cent of SO:
6— alite clinker, 2 per cent of SO 3



per cent of SO3 is introduced, the refractive index 
correspond to that of a'-C2S. In the presence of 0.5 
per cent of P2O5, the refractive index becomes near 
to jff-C2S; when increasing the content of phospho
rus pentoxide up to 1.0-2.0 per cent, the refractive 
index becomes lower up to the data, specified to a'- 
C2S, while 3.0 per cent of this pentoxide lowers the 
refractive index even a little bit more. The refractive 
index of belite crystals in the presence of Cr2O3 in
creases—and the more of this oxide is introduced into 
the raw mix, the higher these data are. The change of 
the refractive index of the crystals proves the occlu
sion of ions into the crystallic lattice of C2S. However, 
this occlusion did not bring about a pronounced 
influence on the character of analytic lines of belite on 
the X-ray patterns of respective clinkers. Clinkers 
having 5 per cent admixture of either Cr2O3 or SO3 
reveal some amount of y-C2S, which disappeared with 
the increase of the admixture content.

The composition of aluminoferrous phase in clink
er having 0.5 and 1.0 per cent of SO3 and 0.5, 1.5 
and 2.0 per cent of Cr2O3 is near to C4AF, while in 
clinkers having 0.5-2.0 per cent of P2O3, 1.0 per cent 
of Cr2O3 or 1.5-2.0 per cent of SO3 the composition 
of this phase approaches to C6A2F. Slow cooling of 
clinkers, containing 3 per cent of P2O5, SO3 or Cr2O3 
contributed both to the increasing of dimensions of 
belite crystals and to the formation of crystals of an 
indefinite form, these crystals being partly coales
cent.

Refractive index of belite in a slowly cooled clink
ers in the presence of P2O5 and SO3 lowered down 
compared with quenched clinkers; The presence of 
Cr2O3 did not bring about the change of refractive 
index with the alteration of the cooling process. 
The three-times burning of clinkers having 3 per cent 
admixture contributed to the splitting of crystals for 
separate “blocks” and to the increase of the refractive 
idex compare with the single burning.

The introduction in the raw mix having SF = 1 
(alite clinker) of 0.5 per cent P2O3, Cr2O3 or SO3 
as well, as in clinkers having low saturation factor, 
does not bring to any considerable change into the 
way of the crystallization of the clinkering minerals, 
but it makes the crystal structure more distinct. The 
crystals of alite have the form of elongated (1:1.5; 
1:2) hexagonal plates. The inclusions of belite grains 
and of the phase, containing clinker forming com
pounds (except alite and belite) into the crystals 
of alite are not numerous and the edges of the crystals 
are quite distinct and smooth. The increase of Cr2O3, 
P2O5 and SO3 over 0.5 per cent contributes to enlarge
ment of the dimensions of alite crystals in the mass, 

to the alteration of a long-prismatic form of crystals 
for a shortprismatic, polyhedral one and to the in
creasing of the number of crystals coalescences (Fig. 1). 
The amount of inclusions of the intermediate phase 
and especially of belite into the crystals of alite in
creases as well. Very sharp alterations are observed in 
the clinkers resulted from raw mix with 2 and 3 per 
cent of oxide introduced. The crystals of alite in clinker 
having 2 per cent of SO3 are of high microporous 
structure. The dimensions of some alite crystals 
amount to 500 microns, i.e. 10-15 times greater of a 
middle dimension of alite crystals in a clinker having 
0.5 per cent of SO3.

In the presence of 2-3 per cent of the admixture in 
clinkers, the amount of belite in alite clinkers and of 
CaO increases. The crystals of belite in alite clinkers, 
as to be judged by both X-ray and refractive index 
have the form of j?-C2S. In the presence of 3 per cent 
of the admixture in the raw mix, the synthesis of 
alite, for obtaining of which the raw mix had been 
designed, performed, as to be judged by the amount 
of free CaO, just as much as 20-30 per cent.

In polished microsections of this clinker the crystals 
of alite were not identified—but in the clinker with the 
addition of SO3, where separate alite crystals of 450
500 microns size were seen. Therefore, the synthesis 
of high alite crystals is hard to perform in the pre
sence of P2O3, Cr2O3 and SO3.

The refractive index of the crystals of alite in the 
presence of Cr2O3 increase, while in the presence of 
P2O5 or SO3 the refractive index decreases. However, 
the variation of the refractive index of the said crys
tals, depending on the amount of the admixture is 
a little or somewhat lesser than the variation of these 
data for the crystals of belite (Table 2). In the presence 
of 3 per cent of each admixture in clinkers having 
SF = 1, a crystallic phase was observed, this might be 
referred to as «-quartz; its amount does not exceed 
3 per cent. The change of the rapid cooling for a slow 
cooling did not bring the pattern of crystallization of 
minerals in clinkers having SF = 1 and with 3 per 
cent of the addition. As a result of the three-times 
burning of the clinker with SF = 1 and with 3 per 
cent of SO3, resulted in the full assimilation of lime. 
The crystallic pattern of the clinker with 3 per cent 
of P2O3 or Cr2O3, as a result of a three-times burning, 
was, in comparison with a single burning, negligible.

As seen from the X-ray structural analysis, the 
introduction of 0.5, 1.0, 1.5 and 2.0 per cent of Cr2O3 
does not influence the pattern of analytical lines of 
alite, while the introduction of the similar amounts of 
P2O3 and SO3 rather decreases the half width of the 
said lines of alite, without changing their position. 



11$ aididWo®, Im Ute preseTW ®f O'. 5 per cemt ©f P2O$ 
sow® asyMmfelfSF ©f tl$e profile ®f C^S fee i® ofeserved' 
(6i2Ö> + 0W)>; tM® asyrnfflietry io the case ©f 2 per cent 
ad&fe® of p2.O$,. twins int©> a pewly rewltimg twi« 
»efectioiffl.

Afafenolmow phase in cfeters. having SF = 1 
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per cent, is ©f C4.AF compound composition. In micro
scopic ©bservatioiii, the intennediate phase in clink
ers with the admixture of Cr2O, and P2OS is seemed 
as light and dark crystals having an indefinite form, 
while in the presence of SO3 the dark crystals are 
distinct ones in the form of short prisms.

The Properties of Cements

The cement» studied were made by grinding clink
ers having 5,1 per cent of CaSO41-2H2O to specific 
area of 3,000 cm2/g. From the cements obtained were 
made specimens of 1.41 x 1.41 x 1.41 cm. size 
(paste = 1:0), which were tested for compression 
strength after 0.5,1, 3 and 28 days and 3, 6,12 and 36 
months of air-humid curing. Every age was repre
sented by 12 twin-samples.

The time" necessary to grind clinkers with SF = 1 
and containing either P2O5, CrzO3 or SO3, decreases 
by 35-60 per cent as compared with that required for 
grinding (up to the same specific area) a clinker with
out these admixtures.

However, the introduction of but P2O5 considerably 
increases the grindability of the clinker and the 
maximum effect is attained when 0.5 per cent of this 
oxide is introduced, while the least effect is attained 
when 2.0 per cent is introduced (Fig. 2).

The -grindability of clinkers with low saturation 
factor (0.67), which contain either P2O, or SO3, is 
near to that without the admixtures. The grindability 
of clinkers containing 0.5 and 1.0 per cent of chro
mium oxide is by 40-50 per cent higher while that of 
clinkers containing 1.5 and 2.0 per cent is 30-10 per 
cent lower compared with clinkers without admixtures.

Normal consistency of the cement paste containing 
P20s, Cr2O3 and SO3 increases by 1-6 per cent 
(absolutely). Initial and final setting times of the 
cement paste of clinkers having P2O5, Cr2O3 and SO3 
increase,' except for the paste of clinker with SO3 
and having SF = 1; initial setting time of this clinker 
is about the half of that of the clinker without this 
admixture.

The setting time of the cement paste also increases, 
except in the' case of cement paste resulted from the 
clinker having 0.5 per cent of P2O5 and SF = 0.67; 
for this paste the setting time is a minimum one-6 
min. ,

According to the X-ray data (Table 3) the biggest 
influence on the rme of hydration process is shown by 
Cr2O3, P2O5 and SO3 during the initial period of the 
cement paste hardening, i.e. during 12 hours after the 

cement has been mixed with water.
0.5, 1.0, 1.5 and 2.0 per cent of SO3 and 0.5, 1.0 

and 1.5 per cent of Cr2O3 increase the hydration rate 
of alite by 1.5-2 times compared with the cements 
without admixtures. Phosphorus pentoxide shows a 
delaying effect on the hydration process of alite during 
the initial period, but at 3 days the hydration rate 
of alite both in cement without admixtures and in 
cements containing one of the oxide, assumes common 
rate and, in 28 days of hardening in air-humid con
ditions, it amounts nearly 80 per cent in all the speci
mens studied.

The hydration process of the aluminoferrite phase 
is accelerated by minor traces of the admixtures 
considered: 0.5 per cent of Cr2O3 and of SO3 and 0.5
1.0 per cent of P2O5. These oxides in more quantities 
retard the hydration process of the aluminoferrite 
phase.

Chromium oxide does not show significant influ-

Fig. 2. The influence of Cr2O3, P2O5 and SO3 on the 
grindability of clinker.

a) clinker having SF = 1 (as designed);
b) clinker having SF = 0.67 (as designed)



Table 3. Hydration rate (p<’f cent') of separate compounds in a 
hardened cement paste, having admixtures of CrjOj, P2O5 
or SO3

Hardened 
cement 

paste, age

Name of 
an oxide 
added

Oxide 
added, 
per cent

C3S CjS c3a c4af

No oxide
added 19 I 20 20

0.5 32 1 22 31
1.0 37 1 21 11

Cr2O3 1.5 46 1 9 21
2.0 10 1 21 10

0.5 10 1 1 38
1.0 8 1 5 58

12 hours P2OS 1.5 3 1 1 23
2.0 2 1 12 12

0.5 33 1 1 36
1.0 32 1 9 15

SOs 1.5 40 1 8 13
2.0 38 1 17 12

No oxide
added 59 8 53 79

0.5 64 5 56 74
1.0 63 6 57 76

Cr2O3 1.5 78 4 40 69
2.0 60 5 57 59

0.5 44 4 19 52
1.0 49 5 32 63

3 days P2O5 1.5 48 8 22 69
2.0 49 5 42 62

0.5 60 5 36 78
1.0 60 2 35 10

so3 1.5 56 5 30 20
2.0 63 5 40 69

No oxide
added 80 14 68 80

0.5 78 7 71 78
1.0 78 8 71 79

Cr2O3 1.5 87 7 51 75
2.0 76 11 69 70

0.5 75 24 48 65
1.0 77 20 60 71

28 days P2O5 1.5 80 8 53 77
2.0 85 9 63 74

0.5 72 37 63 90
1.0 71 14 63 73

SO3 1.5 72 19 58 76
2.0 71 22 60 82

ence on the hydration process of calcium aluminates, 
while phosporus pentoxide and sulphur trioxide 
retard their hydration process.

It is impossible to trace the influence of the admix
tures on the hydration process of belite in an early 
age (up to 3 days) due to the low rate of the process 
of this age. At the age of 28 days the tendency of an 
accelerated hydration process of C2S appears by the 
addition of SO3 and rather a retarded one by the 
addition of P2O3 and Cr2O3.

According to the X-ray data, the products of hydra
tion of calcuim silicates are Ca(OH)2 and tobermorite- 
like silicate hydrate of C2SH2 type while the products

Fig. 3. The change of strength of the hardened cement paste 
made with cement containing chrome.

a) SF = 1 (as designed)
b) SF = 0.67 (as designed)

1-0.5 day; 2-1 day; 3-3 days; 4-28 days;
5-3 months; 6-6 months; 7-1 year ’

of hydration of alumina-bearing compounds is a 
high-sulphate form of calcium sulphoaluminate hy
drate (ettringite) (t/ = 9.8; 5.6Ä)—this probably con
taining some ferric oxide. Gradually ettringite trans
forms into a low sulphate form of sulphoaluminate 
hydrate (d = 9Ä), which, at the age of 28 days, 
becomes a prevailing form. In samples of hardened 
cement paste on resulted from cement containing 
either phosphor or sulphur and having SF = 0.67, 
and at 28-day hydration of cement pastes resulted 
from cement containing either phosphor or sulphur 
and having SF = 0.57, C4AH13 and a-C4AH13 are 
also observed and they form mixed crystals in a 
phospho-containing cement paste with the low sul
phate form of calcium aluminate sulphate.

There is a definite dependence between the rate of 
hydration of tricalcium silicate hydrate and of 
aluminoferrous phase contained in the hardened 
cement paste, and the strength of the said paste.

The presence of Cr2O3 in cements having high sat
uration factor contributes to a quick gain of strength, 
in an initial period of hardening, this strength in
creasing with the increase of the amount of Cr2O3 
(Fig. 3). However, at the age of over 28 days, the com-



Fig. 4. The change of strength of the hardened cement paste 
made with cement containing sulfur

a) SF = 1 (as designed)
b) SF = 0.67 (as designed)

1-0.5 day; 2-1 day; 3-3 days; 4-28 days;
5-3 months; 6-6 months

Fig. 5. The change of the strength of the hardened cement paste 
made with cement containing phosphorus.

a) SF = 1 (as designed)
b) SF = 0.67 (as designed)

1-0.5 day; 2-1 day; 3-3 days; 4-28 days;
5-3 months; 6-6 months

pressive strength of the chrome containing hardened 
cement paste is lower than that of the paste without 
the admixture. And there is an inverse dependence 
between the compressive strength of a clinker and the 
amount of the admixture.

The presence of Cr2O3 in cement with SF = 0.67 
brings to the strength increase during neither initial 
nor subsequent periods of hardening.

The presence of SO3 in cement with SF = 1 also 
contributes to the quick strength gain of the cement 
paste during its initial period of the hardening. And, 
up to 3-day age of the hardening cement paste no 
definite relation is observed between the strength of 
the paste and the amount of the admixture. During 
the period of 28 days-3 months, the maximum strength 

is obtained in the samples of the hardening cement 
paste made on clinker resulting from the raw mix with 
1 per cent of SO3 introduced (Fig. 4). 0.5 per cent of 
SO3 is an optimum one for the cement having SF = 
0.67. The compressive strength of 28 days samples was 
higher than that of the cement without the admixture 
approximately by 100 and 500 kg/cm2 in cements 
having saturation factor 1 and 0.67 respectively.

The compressive strength of the hardening cement 
paste made with phosphor-containing clinker samples 
is—up to 28-day age and irrespective of P2O5 content 
—considerably lower compared with the samples 
made from cements without the admixture (Fig. 5). 
Only in later age the strength values of various cements 
level off.

Conclusion ' '

compounds during the manufacture of clinker, though, 
with an increasing of the solid oxides in the range 0.5-

Minor amounts of Cr2O3, SO3 and P2O5 (0.-0.5 
per cent) do not delay the formation of clinkering



2.0 per cent, the reaction of C3S formation greatly 
retards and completely performs for a 4-hour burning 
at 1450°C. The crystallic structure of clinker having 
0.5 per cent of the said oxides is near to that of com
mon clinkers. However, when the concentration of the 
oxides is raised up to 1.5-2.0 per cent, the crystals of 
alite and belite show the defects, specific to the pre
sence of a modifying element. The occlusion of modi
fying elements into the lattice is accompanied with the 
increase (Cr2O3) or the decrease (PxO;, SO3) of the 

refractive index of the compound. The microhard
ness of crystals increases in the presence of Cr2O3 
and SO3 and decreases in the presence of P2O5.

The grindability of alite clinkers having 0.5-2.0 
per cent of the said oxides increases.

The presence of SO3 accelerates the setting of 
cement, while the presence of Cr2O3 and P2O5 retards 
it. Both SO3 and Cr2O3 contribute to a quicker 
hardening of cements up to 28 days, while P2O5 
retards the strength gain.
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SESSION 1-4 CHEMISTRY OF CALCIUM ALMINATES 
AND THEIR RELATING COMPOUNDS

Principal Paper The Chemistry of Calcium Aluminates 
and Their Relating Compounds

Thomas D. Robson*

Synopsis

A survey is made of the compounds present in the CaO-Al2O3 system, including their 
historical background, properties and cell structure. Confirmation of the existence and 
stoichiometry of CAS, the incongruent melting of CA and CA2, and doubts about the 
stability of Ci2A7 when entirely free from hydroxyl ion, represent the main developments in 
this system in recent years. Certain changes at the high-alumina end of the CaO-Al2O3-SiO2 
phase diagram are also reported. These changes result mainly from a re-allocation of the 
anorthite—CA6—corundum invariant point thus increasing the area of the corundum field 
at the expense of the CA6 field.

r Aluminous cements are classified here into four types on the basis of analysis and 
method of manufacture and a short account is given of the various processes by which the 
clinkers are obtained industrially. The calcium aluminates, as they appear in aluminous 
cement clinker are then further discussed, and details are reported of two related compounds 
(3CA - CaF2 and C! i A7 - CaF2) both of which have probably been identified in clinkers made 
by one particular process. Very considerable progress has recently been made in elucidating 
the constitution of the pleochroic compound found in some clinkers and the latest ideas on 
its structure are described. It is now clear that this material is definitely a quaternary com
pound (but with a formula different from that previously allocated) and a cell structure has 
been proposed. The calcium alumino-ferrite solid solutions which form an important part of 
certain types of clinker have also received attention and a report is given of work (as yet 
unpublished) which indicates a clear correlation between reflectivity values and the degree 
of substitution of ferric oxide by titania.

The ternary compound 4CaO • 3A12O3 • SO3 (or 3CA ■ CaSO4), which has been discovered 
in the CaO-Al2O3-SO3 system is now important in the manufacture of expansive cements. 
It is treated in this survey as a compound related to the calcium aluminates and its history, 
properties and structure are dealt with.

In conclusion a brief summary is made of proposed uses for calcium aluminates in fields 
outside those of hydraulic cements.

Introduction

Practical interest in calcium aluminates (other than 
C3A) results mainly from the presence of certain mem
bers of this series in aluminous or high-alumina 
cements (calcium aluminate cements). The following 
survey of the anhydrous calcium aluminates, and of 
some related compounds, has therefore been written

♦The Lafarge Organization Ltd, London, United Kingdom. 

with this particular interest predominantly in mind, 
although other possible applications are mentioned 
where appropriate. Tricalcium aluminate, which is 
not thought to be a normal constituent of aluminous 
cement, receives no detailed treatment since the impor
tance of this compound to the portland cement che
mist guarantees further discussion elsewhere.

The relative activities of the compounds during



hydration and the resulting cementitious properties 
will be compared but the scope of this account is 

otherwise limited to the anhydrous compounds and 
the hydration products are not discussed.

The Pure Calcium Aluminates

The compounds occurring in the binary CaO- 
A12O3 phase system are normally given as C3A, 
C12A7, CA, CA2 and CA6. The formulae of C12A7 
and CA2 have been agreed only after much investiga
tion, and even the existence of CA6 has been ques
tioned until relatively recently. It will be seen later 
that the inclusion of C12A7 in this system is subject 
to an interesting controversy but, apart from this, and 
perhaps a small residual doubt concerning the exact 
stoichiometry of CA6, all the above calcium aluminate 
formula are now widely accepted. The existence of the 
metastable orthorhombic CSA3 phase has also been 
confirmed.

The lattice structure of CA is known in fair detail 
but many of the structures proposed for the other 
aluminates are only partially resolved, and all require 
various degrees of refinement.

Tricalcium Aluminate, 3CaO ■ A12O3

This compound is cubic and often forms rounded or 
spherical grains although rectangular, hexagonal or 
octagonal tablet forms are also reported. It has a 
hardness of about 6, a density of 3.03 g/cc. and a 
refractive index n = 1.710.

At 1539° i 5°C it melts incongruently to CaO and 
a liquid of composition 57.2% CaO, 42.8%A12O3 
by weight (1), the liquidus temperature being about 
1700°C.

There is only one form of C3A but, in spite of 
numerous investigations, the structure has not yet 
been acceptably defined. The stronger lines of the 
powder pattern originally indicated a cubic unit cell 
having a = 7.6Ä but the true cell edge is approxima
tely double this length and has been given as a = 
15.262Ä (2). The unit cell (with space-group T^- 
Pa3) is therefore composed of eight similar pseudo
cells. The aluminium ions appear to have 4-fold 
(tetrahedral) co-ordination with the oxygens and 
according to Burdick and Day (3) there is no evidence 
of 6-fold co-ordination.

C3A hydrates more rapidly than any other calcium 
aluminate but, by itself, produces little or no hydraulic 
strength in mortars.

The 12CaO 7A12O3 Phase

The stable cubic “C5A3” compound of Rankin and 
Wright (4) was shown to have the formula C12A7 
by Büssern and Eitel (5) who originally gave the fol
lowing data:

a=11.95Ä. Z = 2.

Probable space-group T5 Density 2.69.
The lattice was envisaged as a framework of dis

torted AID4 tetrahedra, partially linked by oxygen 
atoms, but leaving two of the 64 oxygen atoms to be 
distributed statistically. The calcium ions were in 6
fold co-ordination with oxygen and the lattice con
tained large structural “holes” which might account 
for the rapid hydration observed in practice. Analogies 
with the structures of C3 AH6 and lime-alumina garnet 
were noted (6). The space-group is now thought to be 
143d.

Although other C/A ratios were subsequently 
proposed for this compound, several workers have 
since confirmed the C12A7 formula and this ratio is 
now accepted generally. Nevertheless difficulty has 
long been experienced in delineating that portion of 
the binary C-A phase diagram which is adjacent to 
the C12A7 composition, and indeed this region ap
peared to have ternary characteristics (7). The refrac
tive index of C12A7 had previously been found to be 
lower than that of quenched glass of the same com
position and other peculiarities in density and in 
melting behaviour were evident.

Welch (8) noted that the compound absorbed 
atmospheric moisture at high temperatures and that 
the presence of water in the crystal was responsible 
for variations in cell volume, density and refractive 
index. Similar observations were made by Roy and 
Roy (9) who concluded that, in atmospheric air, 
C)2A7 was not an anhydrous phase but a hydrate 
near in composition to C12A7H. Because of the rever
sible absorption of water over a wide temperature 
range (without major change of structure) C12A7 
could be termed a zeolitic phase.

Jeevaratnam, Glasser and Dent Glasser (10) also 
noted that water was retained at about 1100°C, but 
crystals prepared from compositions by heating at 
1200°C then at 1390°C for several days, were con



sidered anhydrous, and would subsequently take up 
water only when heated to 400°-500°C. As a result of 
later work (11) they again judged that C12A7 could 
definitely exist in essentially anhydrous form and that 
the water was present in the crystal as OH'. However, 
Nurse, Welch and Majumdar (12) found that when a 
C12A7 composition was melted at 1500°C, annealed 
at 1000°C, and cooled in a dry oxygen-free nitrogen 
atmosphere, traces of hydroxyl ion could still be 
detected by infra-red spectroscopy and a small weight 
loss was observed when a sample was re-heated to 
950°C-1375°C in the nitrogen atmosphere. Although 
agreeing that the constitutional formula for the 
fully saturated compound is best represented as 
Ca12Al14O32(OH)2, they were therefore not convinced 
that completely anhydrous C12A7 could be prepared.

The 12CaO-7Al2O3 compound is customarily 
given a small stable field between those of C3A and 
CA. As shown in Fig. 1, it has a congruent melting
point at about 1392°C and the binary eutectics C12A7- 
C3A and C12A7-CA are both at about 1360°C (13).

However, the congruent melting of C12A7 has been 
questioned for several reasons, including the fact 
that two endotherms at about 1370°C and 1395°C 
have been observed in D.T.A. work (12). Nurse, Welch 
and Majumdar found that the liquidus temperature of 
CI2A7 in moist air was certainly at 1392°C ± 3°C 
but this remained substantially constant for composi
tions with a range of C/A ratios on either side of that 
of CI2A7, and, in dry argon, C12A7 melted incongru- 

ently to CA and liquid at 1374°C.
If hydroxyl ions remain in the lattice of C12A7 the 

compound cannot strictly be included in the binary 
C-A diagram and a possible representation of this 
part of the system under anhydrous conditions has 
been given by Nurse, Welch and Majumdar (Fig. 2).

The stable field of C12A7 disappears and is replaced 
by a eutectic between C3A and CA at 50.7%Al2O3 
(wt.) and 1360°C ± 5°C. Thermodynamic calcula
tions (although not yet conclusive) indicate that the 
C3A + CA assemblage may indeed be more stable 
than C12A7 at the latter composition (12).

The reversible equilibrium between CI2A7 and 
water vapour at high temperatures can be briefly 
summarised as follows: Between 950°-1350°C, 
weight is lost on the heating cycle and gained on the 
cooling cycle, but this process becomes irreversible if 
the crystals are allowed to melt or, of course, if the 
cooling cycle takes place under anhydrous conditions. 
The maximum uptake of water occurs at 950°-100°C 
corresponding to an increase in weight (over that of 
the “anhydrous” compound) of about 1.3% (12). 
In this condition the compound corresponds to 
C12A7H and, with hydroxyl ions present in the 
lattice, the constitutional formula is believed to be 
Ca12Al14O32(OH)2.

When the compound is prepared by fusion and 
cooling to room temperature (always under anhy
drous conditions) the formula C12A7 is correct or 
nearly correct but it is not certain that a completely 
anhydrous material has yet been prepared.

Fig. 1. Previous representation of field of Ci zA7 
in CaO-AljOs system

Fig. 2. Portion of CaO-AlzOs system under 
' anhydrous conditions



Table 1. Properties of C12A7 0»dCi2A7H

Property Compound A B C

Density Ci2A7 2.68 2.68 _
g/cc Ci2A7H 2.72 2.73 —

Refractive

1

< < 
oV 

i

1.611
1.620

1.609
1.619

±0.001

1.616
1.610

±0.002

Unit cell 
length 

Ä
cI2a7 
cI2a7h

11.983
11.977

11.9880
11.9747

±0.0002
11.978
11.982

The effect of water in the lattice on density, refrac
tive index, and cell dimensions is shown in Table 1 
where A, B and C are the results respectively of Jeeva- 
ratnam, Glasser and Dent Glasser, (11) Nurse, Welch 
and Majumdar (1) and D. M, Roy and R. Roy (9).

On passing from C12A7 to C12A7H there is an 
increase in density and two of the above teams indi
cate an increase in refractive index and a decrease in 
cell volume. Roy and Roy reported a reduction in 
refractive index and a slight increase in cell volume. 
The values shown for cell dimension under C in Table 
1 are those calculated by Jeevaratnam, Glasser and 
Dent Glasser from the original data of Roy and Roy 
who gave results for the </642 spacing.

C12A7 can form halogenated derivatives and it has 
been proposed that this occurs by the complete or 
partial replacement of two oxygen atoms per cell by 
up to four univalent ions (11). In this work Jeevarat
nam, Glasser and Dent Glasser noted the attraction of 
equating the replaceable oxygens with those which 
(according to the Büssern and Eitel structure) require 
to be distributed statistically. Reaction between cal
cium fluoride or chloride and C12A7 at 900°-1000°C 
gave isotropic products identified as C,, A7 • CaF2 and 
C2 j A7 • CaCl2. On the other hand calcium bromide did 
not react. The new compounds appear to be based on 
the C12A7 structure with cell contents C24A128O64X4 
where X is F or Cl (the cell contents of C12A7H by 
analogy are consequently C24A28O64(OH)4). Substitu
tion of oxygen by halogen in the C12A7 lattice caused 
progressive increase in cell volume until the equivalent 
of two oxygen atoms per cell had been replaced. 
Further investigation of C11A7-CaCl2 and C12A7 led 
these workers to doubt the Büssern and Eitel structure 
for the latter compound, serious discrepancies arising 
during the preparation of Patterson maps of both 
compounds.

It is certainly clear that C12A7 is an unusually inter
esting compound in which the lattice may be under 
considerable strain. Birefringent inclusions found in 
crystals of C12A7 (particularly when prepared under 

anhydrous conditions) may possible be visual evi
dence of this (12). The 6-oxygen co-ordination shell 
of the calcium atoms is evidently extremely irregular 
and the large structural holes together with the pre
sence of several vacant sites in the lattice (which can be 
filled by suitable univalent ions) may be responsible 
for the rapid hydration characteristics and for the 
uptake of hydroxyl ion at high temperatures.

Pentacalcium Trialuminate, 5CaO • 3A12O3

Rankin and Wright (4) reported two polymorphs of 
C5A3 in the CaO-Al2O3 system. The stable cubic 
form has since been assigned the formula C12A7 but 
the other “unstable” form, originally described as 
possibly orthorhombic, has later been the subject of 
much confusion.

It is now reasonably certain that a metastable C5A3 
compound with the properties described by Rankin 
and Wright does exist; it is not the pleochroic material 
which appears as fibres or laths in certain aluminous 
cements, and it is not a high-temperature polymorph of 
C]2A7(14).

An examination by Aruja (15) of single crystals 
prepared on a hot-wire microscope confirmed the CSA3 
formula (18) and the orthorhombic symmetry. The 
until cell contained four molecules and had the fol
lowing parameters.

a = 10.975, b = 11.250, c = 10.284 (±0.005Ä)

Probable space-group C 222j Density 3.06-3.03 g/cc.
The structure was not further determined but Aruja 

noted points of similarity to gehlenite, C2AS. The 
latter compound has Si2O7' groups in the lattice 
while orthorhombic C3A3 may be based on A12O7~ 
groups.

Majumdar (16), in work on ternary CaO-Al2O3- 
MgO compounds, noted that the a dimensions of the 
cells were all simple multiples of about 5.5Ä. Since 
the b and c dimensions were almost identical, the 
unit cell of the relevant compounds appeared to be 
built up of blocks having the approximate volume 
5.5 X 10.75 X 5.13Ä.

A possible similarity in basic structure can be noted 
in the case of orthorhombic C5A3 and Midgley (17) 
has suggested that this compound is best represented 
by the constitutional formula Ca5 Al2 (A12O7)2 with the 
cell containing two layers viz :

A A I—> a (doubled)

A A b .

The structure could therefore be represented by



A . Y Z A a 
' I

A Y Z A b

where A = A12O7, Y = Ca and Z = vacant site.
Three calcium atoms lie between the A12O7 groups 
and four calcium atoms between the layers.

Majumdar and Smith (14) were not able to form 
C3A3 from melts having compositions between C5A3 
and C12A7, by cooling slowly to 1000°C and then 
quenching, but they were able to grow C5A3 crystals 
by the hot-wire technique of Welch as described by 
Aruja. They never obtained orthorhomic C5A3 
alone, or from melts of C5A3 composition, although 
it could be grown from a C12A7 melt. Melts with 
compositions bordering the C12A7 composition may 
yield orthorhombic C5A3 essentially, when cooling 
takes place in an anhydrous atmosphere (12).

C5A3 melts incongruently in air at 1361°C and at 
1352°C in dry argon. The corresponding melting
points of Ci2A7 are 1392°C and 1374°C and it would 
seem that orthorhombic C3A3 must be metastable to 
C12A7 near its melting-point. It crystallises from melts 
in tabular form and the refractive indices are

a = 1.680, ß = 1.682, y = 1.685 (17)

Monocalcium Aluminate, CaO • A12O3

The structure of CA was investigated by Heller 
(19) but, as she had to work with a twinned crystal, 
the resolution of crystal structure was only partial. 
Further examination by Dougill (20) of fragments 
cut from large single-crystals gave initial data reason
ably similar to those reported by Heller.

The cell dimensions were a = 8.69, b = 8.09, 
c = 15.21 ± 0.02Ä, ß = 90°8'. Space-group P2j/n. 
Slightly amended dimensions have since appeared 
(21). The observed density was 2.96 g/cc. against a 
calculated density of 2.94 g/cc. indicating Z = 12.

CA is structurally related to ^-tridymite by sub
stituting all the silicon atoms of the latter with alumi
nium atoms. This produces an unusual three-dimen
sional arrangement of linked tetrahedra which was 
illustrated in this work by the pseudo-hexagonal fa- 
axis projection. The general y3-tridymite framework 
is strongly distorted by the large calcium ions which 
are accommodated in cavities. While two of the three 
types of calcium ions are co-ordinated by six oxygens 
in an octahedron (Ca-O distances 2.31-2.72Ä) the 
third calcium is surrounded by nine oxygens (Ca
O distances 2.36-3.17Ä). The earlier structure of 
Heller had proposed 6-co-ordination for two of the 
calciums but 7-co-ordination for the third type. Of 
the nine oxygens just mentioned, six (each shared by

two calciums) from an elongated octahedron giving 
a continuous chain in the b-direction. The remaining 
three oxygens lie in the plane at right-angles to the 
chain at greater Ca-0 distances, and Al-O-Al 
angles in the pseudo-hexagonal direction have an 
average value of 132°, others being about 120°. The 
atomic co-ordinates for CA have been reported by 
Jeffery (21). "

Pure CA forms prismatic or irregular grains which, 
although monoclinic are frequently pseudo-hexa
gonal. It is biaxial negative, 2V = 36°, the refractive 
indices being

a = 1.643, ß = 1.655, y = 1.663 -
Uniaxial interference figures previously reported 

have not been fully confirmed and such anomalous 
figures may possibly be due to spherulitic quench 
growths (1). Twinning is very frequent, indeed charac
teristic, and an example of multiple twinning is shown 
in Fig. 3 (22)." .

The melting-point of Ca was thought to be con
gruent but high-temperature microscopy by Welch 
and by Auriol, Hauser and Wurm has revealed that it 
melts just incongruently at 1602° ± 5°C to CA2 and 
liquid (1). ■

Pure, well crystallised, CA hydrates more slowly 
than the more basic calcium aluminates and produces 
high mortar or concrete strengths. Taylor (23) has 
noted that in CA there are no “free” oxide ions linked 
only to calcium, since every oxygen is bonded to two 
aluminium ions as well as to calcium. The reactivity to 
water cannot therefore be so explained but, as with all 
the other more basic calcium aluminates CA appears 
to exhibit irregular cation co-ordination, leading no 
doubt to high lattice energy.

Fig. 3. Monocalcium aluminate hexa-twin (22) 
(crossed nicols. x60)



Calcium Dialuminate, CaO-2Al2O3

Of the two polymorphs of C3 A3 described by Ran
kin and Wright (4) the unstable form has never since 
been confirmed. The stable form of C3A3 was given 
the formula CA2 in 1935 by Tavasci (24) who found the 
same optical properties as Rankin and Wright. This 
C/A ratio was confirmed by Lagerqvist, Wallmark and 
Westgren, and by several workers in Russia, Japan, 
Italy, U.S.A, and England. .

Lagerqvist, Wallmark and Westgren (25) deter
mined that the compound was monoclinic with a = 
12,82 A, b = 8.84 A, c = 5.42 A and similar values 
for the cell dimensions were found by Goria and 
Burdese (26) who placed CA2 in the space-group C2H.

Up to this time most investigators had to report 
that CA2 was uniaxial positive but, after a detailed 
study of CA2 and the isomorphous SrO2, Boyko and 
Wisnyi (27) found that it was biaxial positive with 
a = 1.6178, ß = 1.6184, y = 1.6516, 2V = 12°. 
The negligible difference between a and ß explained 
why this had not been previously resolved. For the 
unit cell, Boyko and Wisnyi gave a = 12.897 A, 
b = 8.879 A, c = 5.454 A, ß = 107°3'. The density 
of 2.86 g/cc. was rather lower than that of earlier 
studies. The space-group is C2/c, Z = 4.

In CA2 the Al atoms are again tetrahedrally co
ordinated by oxygen. Three tetrahedra share one 
oxygen at the common corner and the Ca atoms are 
asymmetrically co-ordinated with five Ca-O bonds 
much shorter than the other four.

CAj grows from melts as strongly birefringent 
needles or laths but can also appear as rounded grains. 
There has been little agreement in the past over melt
ing-point, the values having varied from 1720°-1790°C, 
and opinion has been equally divided on whether the 
melting-point was congruent or incongruent. The most 
recent work indicates that it is definitely incongruent 
giving CA6 and liquid. Welch (28), Rolin and Pham 
Huu Thanh (29), Auriol, Hauser and Wurm (30) 
and Nurse, Welch and Majumdar (1) have reported 
values of 1789°, 1780°, 1770° and 1762° ± 5°C 
respectively, and in Fig. 4 CA2 is shown to melt in- 
congruently at about 1765°C.

CA2 hydrates very slowly and it was considered 
that it might be hydraulically inert at ordinary tem
peratures if completely pure. Buttler and Taylor (31) 
showed that CA2 did react slowly with water even at 
5°C and the reaction is faster at higher temperatures 
and at higher pH values. At ordinary temperatures the 
reaction, once started, may therefore become self
accelerating.

The presence of very small amounts of alkali metal

ion in this compound could obviously have a very 
marked effect on the rate of reaction with water at 
atmospheric temperatures and it remains doubtful 
whether CA2 has yet been prepared in a form suf
ficiently free from Na+ to allow one to be certain 
about the behaviour of the “pure” compound.

Calcium Hexa-Aluminate CaO • 6A12O3

Lagerqvist, Wallmark and Westgren (25) first 
reported a new compound at the higher alumina end 
of the CaO-Al2O3 system and assigned the formula 
C3A16. The compound was hexagonal and appeared 
isomorphous with /?-alumina (NAn).

Adelskold (32) supported by Toropov and Stuka- 
lova (33) confirmed the cell dimensions given by the 
above workers (a = 5.536, c = 21.825 A) but con
sidered that the compound was CA6 and that it was 
isomorphous with magneto-plumbite (PbO-6Fe2O3). 
In 1949 Filonenko confirmed the existence of CA6 
in the CaO-Al2O3 system and, in further work with 
Lavrov the same year (34), amended the CaO-Al2O3- 
SiO2 phase-diagram to include a stable field for this 
compound.

However, as late as 1963, Gentile and Foster (35) 
pointed out that acceptance of Filonenko’s work was 
by no means general on the part of American investi
gators—some of whom regarded CA6 as a metastable 
phase and failed to allot any stable field. Mohanty 
(36) and others (30) had also reverted to the original 
formula C3A]6, claiming that free alumina could be 



found in melts having the composition CA6. Never
theless, the work of Gentile and Foster confirmed the 
existence of a stable compound CAS and, in general, 
confirmed the findings of Filonenko and Lavrov.

The compound has hexagonal symmetry with the 
cell parameters as given above. There are two molec
ules in the unit cell, the space-group being P63/mmc. 
The structure has strong similarities to that of ß- 
alumina (NAU) and magnetoplumbite but details 
remain to be agreed.

The optical properties are sufficiently close to those 
of corundum to cause confusion since it crystallises 
as perfect hexagonal plates, uniaxial negative, co = 
1.759, e = 1.667 (34) Buist (37) has recently given 
co = 1.755, € = 1.763 (in white light) for pure CA6 
prepared by sintering for an hour in argon at 185O°C.

The melting-point of CA6 has been found incon
gruent by all investigators, but considerable differen
ces exist between the actual values which range from 
1833° ± 15°C (1) to 1870° ± 10°C (37). In Fig. 4, 
CA6 is shown to melt incongruently at about 1850°C, 
but although the general form of this diagram is pro
bably correct in showing incongruent melting of CA, 
CA2 and CA6, further re-examination of the exact 
melting points of CA2 and CA6 is called for. The 
melting-point of a-alumina has been placed at 2050°C 
but again there remains much controversy about the 
exact value, which may be as high as 2070°C or as 
low as 2040°C.

CA6 is harder than any other calcium aluminate 
and does not appear to hydrate in water.

Aluminous Cement Clinker

Before proceeding to an examinatibn of the alumi
nates and related compounds which may be present 
in a clinker, it is necessary to give some account of the 
various manufacturing processes, and of the different 
raw materials used, since these can have a very marked 
effect on the constitution of the product.

The major cementitious component in clinker is 
always the monocalcium aluminate, CA, but the 
commercial cements from various countries show a 
remarkably wide range of chemical composition. 
In certain cases additions to the clinker (during or 
after grinding) may contribute to this diversity but, 
even without this, the clinker analyses still cover a 
much broader range than is usual in the portland 
cement field.

Types of Cement and Their Manufacture

Nearly all the cements in commercial manufac
ture today can be included in one or other of the 
four categories given in Tabe 2, where the classifica
tion is based on chemical analyses and methods of 
manufacture. The variable appearance and chemical 
composition of these types are due either to the na
ture of the raw materials (in particular the source of 
the alumina required for the formation of CA) or to 
the method of clinker manufacture. In general, the 
final composition of the clinker is always arranged to 
produce the maximum amount of CA.

Type 1. By far the largest proportion of world 
production consists of this type, the raw materials 
being limestone and red ferruginous bauxite, which 

is the most widely distributed economic source of 
alumina. A fusion process is almost invariably used to 
manufacture Type 1 clinkers and they contain all the 
non-volatile constituents of the raw materials. The 
variable Al2O3/Fe2O3 and Al2O3/SiO2 ratios in div
erse, but suitable, red bauxites is therefore responsible 
for the range of total iron oxide and silica contents 
found in the clinkers.

During fusion, part of the Fe2O3 present is reduced 
to FeO and the ferrous compounds impart to Type 1 
clinkers their characteristic dark colour. The precise 
colour shade depends on the total iron oxide content 
and the Fe2O3/FeO ratio and, to some extent, the lime 
content. The small amount of Type 1 cement which is 
made by sintering these raw materials remains more 
highly oxidised and therefore may have a brown-rust 
colour.

Table 2. Main types of high-alumina cement

Type Colour AI2O3 
%

oxides 
as % 
Fe2O3

sio2 
%

CaO 
%

Source 
of 

alumina
Process of 

manufacture

1 Grey to 
black 37-40 11-17 3-8 36-40 Red 

bauxite Fusion

2 Light-grey 48-51 1-1.5 5-8 39-42 Red 
bauxite

Reductive 
fusion with 
removal of 
Fe metal

3
Cream 

light-grey
51-60 1-2.5 3-6 30-40 ‘White’ 

bauxite
Sintering 
clinkering 
fusion

4 White 72-80 0-0.5 0-0.5 17-27 Alumina Sintering 
clinkering



Type 2. Smell cements are made from essentially 
the same raw materials as Type 1 but during fusion 
the iron oxide m the bauxite is reduced to metallic 
iron! which is then separated. The residual iron oxide 
(FeO) content of the clinker is low, although) a small 
amount of residual iron metal is also found. Ginkers 
in this category may be produced in a blast furnace 
(38) or in a cupola (39) using coke as the reducing 
agent.

Type 3. The natural distribution of “white” bauxite 
is much more restricted than that of red bauxite but 
its much lower Fe2O3 content allows the production 
of low-iron Type 3 clinker by direct fusion, sintering 
or clinkering with a pure limestone. The sintering or 
clinkering process (40) is more common when, as in 
this case, the clinker contains less than about 5% 
Fe2O?, but completely fused cements of this type are 
also produced.

Type 4. Analysis of these cements reveals little 
apart from lime and alumina. The raw materials are 
pure limestone and alumina of (at least) Bayer- 
process purity. The high melting-point of the clinker 
usually imposes a sintering or clinkering method of 
manufacture but fusion in an electric furnace may be 
justified in certain countries. The virtual absence of 
titania from the analysis distinguishes this type from 
all the others—which employ some kind of bauxite 
as a raw material. The clinkers produced in this 
group differ mainly in the proportion of CA2 which 
may be present with the CA.

Manufacture from Other Raw Materials or 
by Other Processes

A full appraisal of methods of manufacture and of 
possible raw materials has been given elsewhere (41) 
but some continuing interest has been shown in the 
simultaneous manufacture of calcium aluminate clin
ker and yellow phosphorus.

In the electric-furnace reduction process for pho
sphorus, a mixture of aluminium phosphate, calcium 
phosphate or lime, and coke has been substituted for 
the normal furnace charge (42) and this resulted in 
the production of an aluminous cement slag. Abli- 
chenkov and Postnikov (43) similarly investigated 
an electric-furnace reduction method employing 
phosphate rock, or apatite concentrate, together with 
bauxite or titania-alumina slags (derived from the 
production of ferro-titanium). The use of apatite 
concentrate and a titania-alumina slag appeared to 
give greater productivity and saving in electricity.

Other claims have recently been made for the 
reductive fusion of bauxite and phosphates (44) and

Fig. 5. Part of CaO-AljOj-SiOj phase diagram

for the use of a rotary kiln in treating a mixture of 
calcareous and aluminous materials containing phos
phates (45). However, it seems that there has been 
little or no commercial manufacture by any of the 
above processes.

In the U.S.S#R. aluminous cement compositions 
have also been made by adding more alumina to the 
molten lime-alumina slag used in steel-refining (46). 
The aluminous materials added to the converter for 
this purpose are bauxite or the titania-alumina 
slag mentioned above (47). The latter material has 
also been directly fused with limestone (instead of 
steel slag) in order to yield an aluminous cement 
clinker (48).

Clinker produced by many of the above processes 
would contain constituents not present to any signi
ficant extent in those made by usual methods (e.g. 
chromium, vanadium, manganese, fluorine etc.). 
In other cases greatly increased percentages of titania 
and alkali might result and therefore the properties 
of such cements need not be similar in all respects to 
those of the customary types. However, advantages 
have been claimed (48) for cements containing sub
stantial proportions of certain metal ions such as 
Cr3+, Mn3+andTi34".

Calcium Aluminates in Clinker

The CaO-Al2O3-SiO2 phase diagram, which is 
relevant for aluminous cements containing little or no 
iron oxide, has undergone some change in recent 
years. The general outlines of the necessary part of 
this diagram are as shown in Fig. 5 which represents 
the position after the inclusion of a stable field for 
CA6 but before it was accepted that CA and CA2 
melted incongruently. ,

Further work by Gentile and Foster (35) on CA6



Fig. 6. Part of CaO-AljOj-SiOz phase diagram 
(as amended by Gentile and Foster)

in this system led to a considerable reduction in the 
area of the CA6 field since they placed the anorthite— 
CA6—corundum invariant point at 28%CaO, 
39.7%A12O3, 32.3%SiO2 and at a temperature of 
1405° dz 5°C. Filonenko and Lavrov (34) (to whom 
Fig. 5 is largely due) had previously located this point 
at 23 % CaO, 41 % A12O3, 36% SiO2 and at 1495° ± 
5°C. c

The altered character of the diagram produced by 
Gentile and Foster is shown in Fig. 6 and this requires 
a small further change (indicated by the dotted line 
amendment of the CA field) to allow for the incon
gruent melting of CA.

It will be seen that the field of C12A7 has been 
retained in the ternary diagram although Fig. 2 
omits it from the CaO-Al2O3 system. In the furnaces 
used for clinker manufacture the atmosphere is al
ways humid and the anhydrous conditions repre
sented by Fig. 2 do not apply. Accordingly the 
phase assemblages found in practice agree more clo
sely with those indicated by the ternary diagram or by 
Fig. 1. An additional reason for this is the great 
rapidity of crystal growth of C12A7. The maximum 
linear rate of growth found by Scholze and Kumm 
(49) was 8700 /z per minute and, although 1 % addi
tions of CaO, A12O3, K2O, SiO2 or Fe2O3 decreased 
this rate by varying extents, it is clear that crystal 
growth is much faster with C12A7 than with any other 
calcium aluminate in comparable conditions. When 
nucleation occurs it is therefore probable that C12A7 
will precipitate rapidly and may exclude the formation 
of other phases which might be more stable.

Consequently, C3A is not a normal constituent of 
aluminous cements—especially those which have 
been completely fused and whose raw materials have 
been correctly compounded. However, in sintering 
or clinkering processes of manufacture, it is conceiv

able that some C3A might be produced locally in the 
clinker or sinter, for example in any unusually large 
particle of lime. Particles of lime or alumina which 
are too large to reach chemical equilibrium under the 
specific kiln conditions may have a zoned structure 
after passage through the kiln and may contain alu
minates other than those desired. Because of the num
ber of different calcium aluminates, careful control 
of the maximum particle size of raw materials is a 
particularly vital factor in maintaining the correct 
mineralogical composition of sinters or of clinkers not 
wholly fused.

The solid-state reaction between lime and alumina 
has been studied by numerous investigators without 
final agreement on its mechanism. Adouze (50) and 
de Keyser (51) included unstable C5A3 among the 
reaction products and this renders their work diffi
cult to interpret since it is no longer thought that this 
compound is formed in these conditions. Adouze 
found that CA was first formed at 900°C and C12A7 
at 950°C, while de Keyser also concluded that CA 
had a tendency to form as first product. Mchedlov- 
Petrosyan and Babushkin (52) predicted that C12A7 
will form preferentially at temperatures below 1000°C, 
but that it ceases to be an important non-equilibrium 
product above 1100°C. They also believed that C3A 
will not form directly from lime and alumina but only 
by reaction of C j 2A7 with lime, while CA will form only 
by reaction of C12A7 with alumina. These conclusions 
were not confirmed to any substantial extent by Wil
liamson and Glasser (53) who investigated composi
tions corresponding to all the calcium aluminates and 
who showed the critical effect of particle size upon the 
time taken to reach equilibrium. The most recent work 
on this reaction seems to lend support to the findings 
of Uchikawa, Tsumagari and Koike (54) who found 
that C3A was formed preferentially at 800°-1000°C, 
whatever the initial proportions of lime and alumina. 
However, until there is more standardisation of the 
particle size of raw materials, differences in interpre
tation of results will continue. Somewhat different 
conclusions may also be reached according to whether 
the materials are heated in a static condition or in 
motion (as in a rotary kiln).

The proportion of C12A7 in a normal aluminous 
cement clinker is usually kept low since more than 
about 10% may cause unduly fast setting-times, and 
this effect is accentuated if, for any reason, the clinker 
contains more alkali ions than is customary. Like all 
other calcium aluminates, CI2A7 can take Fe3+ ions 
into the lattice and therefore it is rarely found in a 
substantially pure form in the clinker. On the other 
hand Ti4+ enters the lattice in insignificant amounts.



Fig, 7, C12A7 (prot/abfy CnAT-CaFi) in calcium aluminate 
slag (22) (Plane polarised light. x22)

Fig. 8. The compound SCaO-ßAljOj -CaFz (22)
(Plane polarised light, X100)

When made by the process which simultaneously 
yields phosphorus, aluminous cement clinkers nor
mally contain an appreciable proportion of fluorine, 
and refractive index determinations suggest that any 
“C14A7” in such clinkers may in fact be present as the 
C11A7-CaF2 compound described by Jeevaratnam, 
Glasser and Dent Glasser (11). The refractive index of 
CnA7'CaF2, as found by the latter, was n = 1.601 
which must be compared with n = 1.611 for C12A7 
and n = 1.620 for C12A7H. An investigation by Leary 
(22) of “Cj2A7” in aluminous slag from the phosp
horus process showed that its refractive index was 
1.602 ± 0.002 (see Fig. 7).

CA crystallises readily from the fused clinker 
composition and, even when the cooling process is 
relatively rapid, the compound appears as quite large 
prismatic crystals, often in a dendritic arrangement 
and inter-grown. Twinned crystals with opposite 
extinctions are very frequent and, when a comparison 
is made with the pure compound, an increase in refrac
tive index and a reduction in axial angle are usual. If 
the clinker contains any appreciable amount of iron 
oxide, some is always taken up by the CA. In any 
given clinker the amount taken up by CA is remar
kably constant throughout, but in different clinkers 
the degree of substitution by iron varies directly with 
the ferric oxide content (55), lending support to the 
belief that it is primarily Fe3+ which is involved. In 
many Type 1 clinkers (which have high iron oxide 
contents) the substitution in CA approaches the limit 
concentration of 4.5% Fe found by Dayal (56) in 
work on the CaO-Al2O3-FeO-Fe2O3 system. It is 
therefore clear that CA may take up a considerable 
part of the total ferric oxide present in Type 1 clin
kers. In addition, an examination of CA crystals in 
commercial clinker by the scanning micro-probe has 

revealed the presence of many small inclusions of the 
ironbearing interstitial material (55). Micro-probe 
images of the clinker itself have been shown by Crus- 
sard (57) and these reveal the general distribution of 
Al, Si, Ca, Ti and Fe across the surface of a clinker 
fragment.

An interesting new compound (believed to be 3CaO 
• 3A12Oj • CaF2) has been identified by Leary (58) in 
calcium aluminate slag produced in the phosphorus 
process. The compound has hexagonal symmetry 
with

a = b = 17.29, c = 7.01 A

Experimental density 2.96 g/cc. Theoretical 3.03g/cc.
The X-ray diffraction data were also determined by 

Leary. The crystals, uniaxial negative with refractive 
indices co = 1.628, e = 1.618, are shown in Fig. 8.

The fluorine in this compound is quite labile at 
high temperatures and subsequent attempts to repeat 
the synthesis by heating CaO, A12O3 and CaF2 at 
1340°C for four hours were not successful, the pro
duct being C12A7, CA and some CA2 (59). However 
other workers found that 3CA-CaF2 (together with 
some C]2A7) could be produced by heating the appro
priate composition for a much shorter time (30 mins- 
1 hour) at 1400°C. Longer heating at higher tempera
tures released fluorine; for example after heating for 
6 hours at 1450°C the composition retained only 2 % 
fluorine whereas 3CA CaF2 should contain 6.38% 
(60). After adapting a high-temperature D.T.A. 
technique to deal with systems containing a volatile 
constituent, Gutt (61) found that the compound 
appears to melt congruently at 1505° ± 2°C which 
confirms the original value of 1507° ± 2°C given by 
Leary. When 3CA-CaF2 was ground to cement 
fineness, Leary found that it set and hardened giving



excellent mortar strengths at one day. The setting
time was greatly affected by water-cement ratio and 
there was always a very long delay between initial and 
final sets. This behaviour is possibly what would be 
expected if the compound progressively dissociates 
into CA and CaF2 during hydration.

The presence of CA2 in Type 1 and Type 2 clinkers 
is not general and is usually due to non-equilibrium 
conditions existing locally in the melt, for example in 
the vicinity of a bauxite-lump residue. On the other 
hand, CA2 may be a common constituent of some 
Type 3 and Type 4 clinkers. Dayal (56) found that CA2 
could take up iron oxide to a limit of 5.7 %Fe, but 
this limit is apparently not closely approached in the 
CA2 occurring in commercial clinkers. The hydration 
of CA2 is accelerated when it takes place in company 
with that of CA but, even then, it is not sufficiently 
rapid to make any appreciable contribution to 1-day 
mortar or concrete strengths at atmospheric tempera
tures. It has been claimed that the inclusion in the 
lattice of certain trivalent ions (such as Cr3+, Mn3+, 
Ti3+, and Fe3+) increases the rate of hydration to the 
extent that CA2 no longer behaves essentially as inert 
material during the earlier stages of concrete har
dening (48). It would certainly appear that the hydra
tion of CA containing Fe3+ is rather faster than that 
of the pure compound, and the same may apply to 
CA2. The effect of “alien” ions in the lattice on hydra
tion rate, and on the concrete strength produced by 
calcium aluminates, is a subject requiring much 
further investigation. The possibilities include not 
only some increase in the activity of compounds such 
as CA2 but also (possibly by retardation of hydration) 
an increase in the hydraulic strength given by com
pounds such as C12A7.

Complete hydration of CA2 can be achieved quite 
rapidly in the autoclave and investigators, chiefly in 
the U.S.S.R., have found that under such conditions 
it yields higher strengths than CA (62). It has been 
suggested that the superior properties of hydrated 
CA2 are due to the relief of internal stresses through 
the agency of the boehmite which is produced during 
hydration (63). However, Robson (64) has given a 
different explanation, based on the relative void
filling capacities of the products of hydration of CA 
and CA2, and has predicted that refractory castables, 
made with a CA2 cement and then autoclaved, will 
retain a particularly high strength after firing to fur
nace temperatures.

Calcium hexa-aluminate (CA6) is not found as a 
constituent of aluminous cement. The solid-state 
reaction of lime and alumina to form this compound 
is slow to reach equilibrium, particularly if much 

Na+ ion is present in the raw materials. The synthesis 
of CA6 in this way may therefore require more than 
one firing with intermediate re-grinding. It can be 
formed in situ when refractory castables, compounded 
of Type 4 cements and alumina aggregate, are heated 
to high temperatures in service, and Buist (37) has 
detected it in the immediate hot-face zone of high- 
alumina bricks serving in electric-arc furnace roofs. 
In this case a 12-13% atomic replacement of Al3+ 
by Fe3+ had occurred in the CA6, giving an increased 
refractive index, reflectivity, and hardness. Dayal 
and Glasser (65), in a study of the CaO-Al2O3- 
Fe2O3 system, have shown that up to 40% replace
ment of Al3 + by Fe3+ can occur in CA6.

The compound does not hydrate in water at ordi
nary temperature and is probably still inert at higher 
temperatures, although the behaviour of impure forms 
in the autoclave does not appear to have been fully 
investigated.

Some Other Clinker Phases

The Quaternary Compound . •
In cements such as those of Type 1, which contain 

substantial quantities of ferrous as well as ferric oxide, 
a strongly pleochroic material in the form of fibres 
or long laths is frequently observed. Although the 
amount present in a normal clinker should be small, 
special conditions of composition and furnace atmo
sphere may produce clinkers in which this material 
occurs to the exclusion of nearly all the CA.

As early as 1924 Dyckerhoff (66) noted its appear
ance in clinker and believed that it might be the 
unstable C5A3 compound reported by Rankin and 
Wright (4). At the Stockholm Symposium (1938), 
Sundius gave the results of work on crystals which 
had been carefully separated from a suitable clinker 
and analysis showed that oxides other than lime and 
alumina still remained in, or on, the crystals (67). 
Sundius treated such oxides as impurities in a calcium 
aluminate, but Parker (1952) stated that the pleo
chroic phase was definitely not the “unstable C5A3” 
and that it probably was a compound containing CaO, 
A12O3, FeO and SiO2 (68) Parker and Ryder had 
found a quaternary compound, of probable composi
tion C6A4MS, with a primary phase field in the CaO- 
Al2O3-MgO-SiO2 system and, by analogy, the pleo
chroic material in aluminous cement clinker might be 
C6A4fS (where f = FeO).

The magnesian compound and its ferrous “analo
gue” were crystallographically very similar but later 
work by Midgley and Gross (1952) (17) showed that 



it was impossible to reconcile the C^A^MS formula 
with the unit cell volume and experimental density of 
a powder of that composition. High-temperature 
microscopy by Welch of C6A4MS compositions also 
failed to confirm that they yielded a single phase but 
he did discover two new ternary compounds (which 
had optical properties similar to C6A4MS)in the CaO- 
AI2O3-MgO system (69), and deduced that C6A4MS 
might really be a solid solution of one of these ternary 
compounds and gehlenite. However, later work by 
members of the same group including Nurse, Welch, 
and Majumdar indicated that “C&A4MS" was indeed 
a separate compound but again proved that it could 
not have that particular formula.

Majumdar (16), as was noted when previously 
discussing orthorhombic C5A3, found that the quater
nary magnesian compound, the two ternary magne
sian compounds, orthorhombic C,A3, and gehlenite 
all had cells which appeared to be composed of sub
cells of approximate volume 5.5 x 10.75 X 5.13 A, 
although he stressed that no evidence of such sub
cells was revealed by single-crystal X-ray photography. 
Although the orthorhombic C5A3 contained A12O7 8 
groups the ternary and quaternary magnesian compo
unds were expected to have mixed groupings i.e., 
not exclusively X2O7 groups.

The most recent work by Midgley (17), who has 
examined the pleochroic compound from clinker 
(as well as the magnesian compounds) with the X-ray 
electron microprobe analyser, has given much fur
ther understanding of the nature of these compounds 
and has led to a proposed structure for the quaternary 
compound in clinker.

The sample of the latter material used in this work 
consisted of needles with straight extinction, negative 
elongation, refractive indices a = 1.676, y = 1.680, 
2V = 40° positive, strong dispersion ?; > r. Experi
mental density =3.14g/cc. a = 33.1, 6=11.0, 
c = 5.14 A.

Midgley determined a constitutional formula of 
Ca22Al35FeJ+Si2Os (Molecular weight = 3302.41) 
with one formula unit to the cell. This formula can be 
written Ca22Fe^+Al14(Al2O7)s(AlO4)4(SiO4)2 and the 
structure can be visualised as four layers of 2(A12O7) 
groups and two layers of 3(XO4) groups (where X is 
either Al or Si). The resulting six layers bring the a 
axis to 6 X 5.5 = 33.0 A which is very close to the 
observed 33.1 A. The packing arrangement is repre
sented as follows:

ABABA I—>a 
B C A I

A B A C A b 

where A = A12O7, B = A1O4 and C = SiO4.
Rows of three calcium atoms fit between each layer 

of A12O7 and XO4 groups while rows of aluminium 
atoms occur between the A12O7 and XO4 groups. 
Four calcium atoms and three iron atoms fill alter
nate spaces between the A12O7 groups leaving one 
vacant site.

All the magnesian compounds were also found to 
be mixed layers of 2(A1ZO7) groups and 3(XO4) 
groups, and the formula of the quaternary “C6A4MS” 
compound could be given as CA35Mg4Al24(Al2O7)8. 
(AlO4)13(SiO4)5.

It is clearly not a magnesian analogue of “pleoch- 
roite”—the quaternary compound occurring in alumi
nous cement clinker.

The Iron-Bearing Phases
The mineralogical constitution of the clinker of 

aluminous cements which contain little iron oxide can 
often be deduced with satisfactory accuracy from the 
Al2O3-CaO-Fe2O3 phase diagram. In such cases the 
manufacturing process employed evidently allows a 

Fig. 9. Possible structure of“Pleochroite” 
(after H. G. Midgley (17))



close approach to equilibrium conditions. However, 
in the more general Type 1 cements, the nature and 
distribution of the iron-bearing phases (which are an 
important part of the whole) have not been known with 
reasonable certainty. Accordingly, calculation of the 
compounds present (from the chemical analysis) 
has never been consistently successful.

Parker (68) pointed out that FeO (wiistite) can be a 
final crystallization product in such cements and that 
the ratio Fe2O3/FeO cannot be predicted accurately. 
He suggested an analytical procedure followed by a 
method of calculation intended to allow for the pre
sence of FeO as a separate phase and also for the 
presence of the pleochroic quaternary compound 
(at that time considered to be C6A4fS). It has been 
found with many clinkers that this method gives grea
tly exaggerated values of the amount of quaternary 
compound (70) and the search for a suitable method, 
applicable to a fairly wide variety of clinker types, 
still continues.

In the manufacture of Type 1 clinkers by fusion of 
limestone and red bauxite, process control is directed 
towards achieving a “standard” clinker and it is of 
interest to examine the constitution of such a clinker 
resulting from the successful application of certain 
manufacturing principles. Microscopic examination 
would show a “standard” clinker to consist of well- 
defined crystals of CA, a small amount of jff-C2S 
(usually as small rounded granules) and an appreci
able quantity of iron-bearing interstitial material. 
C12A7 is not detectable or is present in small amount. 
Pleochroic needles or laths are similarly absent or 
exist in minimal quantities since their formation is 
avoided as far as possible during manufacture. Limits 
placed on the silica content of the melt prevent the 
formation of much C2AS and CA2 is normally absent. 
When the clinker is cooled fairly slowly there is very 
little true glass present.

Thus the constitution of the “standard” clinker is 
superficially simple and the interstitial matter can be 
broadly sub-divided into three types according to 
reflectivity capacity. The least abundant type, with 
the greatest reflectivity, is essentially wüstite but vari
able amounts of Fe2O3 may be present and it may be 
quite strongly magnetic. Areas of least reflectivity 
occur in the greatest abundance and the other areas 
are of intermediate reflectivity and abundance. The 
two latter types of material are classified as calcium 
aluminoferrite solid solutions with compositions on 
the join between C2F and “C2A”, and X-ray dif
fraction studies indicate that, in this clinker, both 
have the general composition C1()A4F (55). This 
implies a higher concentration of C2F in the solid 

solutions than had previously been accorded, but 
confirms the postulation of Cirilli and Abbatista
(71) .

A study of the two calcium aluminoferrite solid 
solutions in clinker has recently been made with the 
scanning electron micro-probe and several interesting 
observations resulted (55). It was found that, although 
the two phases contained substantially the same con
tent of Al, Si and Ca, the difference in reflectivity was 
paralleled by a difference in Ti content.

In effect one molecule of Fe2O3 could be substi
tuted by two molecules of TiO2 and the solid solutions 
could be represented as (1) iron-rich CI0A(0.9F- 
0.2T)4 and (2) titania-rich CI0A(0.4F- 1.2T)4. Sub
stantially all the titania in this clinker was present in 
the calcium aluminoferrite solid solution and no per
ovskite was detected. It will be remembered that 
Sundius (67) found perovskite only in high-silica low- 
iron aluminous cements. An appreciable part of the 
SiO2 also enters the aluminoferrite solid solution 
thus reducing the visible C2S content of the clinker.

A comparison of an iron-free aluminous cement 
with one which contains a relatively high iron content 
demonstrates that the iron-containing clinker phases 
can make a substantial contribution to mortar and 
concrete strengths. Butt, Timashev and Paramonova
(72) , in an examination of several calcium aluminofer
rite compositions, found that those possessing the 
greatest hydraulic activity were C7.4AF2 3, and 
C4.sAF1.3, which does not strongly support the idea 
that the hydraulic activity of the solid solution series 
increases with alumina content. These workers inve
stigated the effect on various calcium aluminoferrite 
compositions of reduction in a hydrogen atmosphere 
and found that complete decomposition into CaO 
3C3A, FeO and Fe occurred at high temperatures 
(1400°-1500°C). On the other hand incomplete 
reduction at 400°C, with much substitution of Fe2+ 
for Fe3+, gave increased hydraulic activity which, it 
was suggested, might be due to the appearance of 
lattice defects and vacant sites.

Many manufacturing processes for aluminous 
cement allow reduction of Fe3+ to Fe2+ but it is not 
known whether this could occur at the time of forma
tion of the calcium aluminoferrite phases. However 
it is interesting to speculate whether this action could 
be responsible for creating a more active solid-solution 
in the clinker.

The System CaO-Al2O3-SO3

Zinsen (73) in 1943 suggested that the break-down 
of boiler-slag was due to the hydration of a compound 



CjA-'XTaiSO^.. However tft® exüstewe of’ at tawry 
awhiydtows' eowpwmdl im tiiee system CaO>-All2.03- 
§0*31 wa® UM gemcrailly aceepte'di untill very mruieli) Hatter,. 
e.$, im it was repovtedl (74^ tfet ®g» tenwry 
cowptommdl ftatdi fceem fouindl im tloe climker ^repaired ats> 
the exparasive eompomtemt for the cement» developed 
6y Lö>ss>ieT(75)i,

Raigozim« elaiümedl to> have üsofatedl a ternary 
componnd in this system and, as a resiutfc of’later work 
with Ahmedov ($962) fimallly assigned! to it a fomrola 
c'ormp>o>ffldliing to SCA-CaSO# (76), In the interim 
period Klein and Troxell (77) examined clinkers 
prepared by firing alnminoinis and calcareous materials 
with gypsum and deduced from the X-ray diffraction 
pattern that an anhydrous calcium sulpho-aluminate 
was present. They estimated, from the oxide composi
tions, that the new compound might be C4A2-CaSO4 
or CgA^- CaSO^, but Fukuda (78) in 1961 gave the- 
formula 3CA-CaSO# to a ternary anhydrous com
pound which was found as the major constituent in 
clinkers obtained by firing mixtures of lime, bauxite 
and gypsum at 135ti°C,

The work of Halstead and Moore (79) confirmed 
that the compound was 3CA'CaSO4(4CaO-3AlzO$- 
SO31) and that it seemed to be the only ternary com
pound in the system CaO-A^Oj-SOj below 135O°C. 
Crystallographic data indicated that it was identical 
with the compound detected by Kelin and Troxell, 
and by Fukuda, It could be synthesised by heating the 
appropriate chemical composition in air for several 
hours at 1350O-14W°C,

The compound was isotropic with refractive index 
1.57 and the cell was cubic, body-centred (a = 18,39 
A), The calculated density for cell contents of 
16(Ca4Al#OjZSO4) agreed with the experimental 
density of 2.61 g/cc. All the strong reflections could be 
indexed on a cubic cell with a = 9.195 A which there
fore indicated that the structure contained a prominent 
pseudo-cell with contents 2(Ca4AlsO12SO4). This 
pseudo-cell is comparable in size to the cells of sodalite 
and haüynite and it seems that the ternary compound 
could be regarded as an end-member of the sodalite- 
noselite-hatiynite series in which all Si is replaced by 
Al and all Na by Ca atoms. Its constitutional formula 
would thus be Ca4(Al6O,2)(SO4), and the space- 
group 14 3 m is compatible with the structure of the 

pseudoHcelL
The structure is made up of a three-dimensional 

comtinuous framework of polyhedra whose vertices 
are all occupied by Al replacing the Si present in the 
wdalite series. Oxygen atoms tie at about the centres 
of edges and those projecting from the vertices form 
part of adjacent units. The SO4 tetrahedra are situated 
ait the centre of each unit, possibly stabilising the 
CaO-AlzO3 lattice, and the calcium atoms lie at the 
centres of the hexagonal faces. .

The melting-point of the compound in an open 
system was in the region of ]590o-1600°C and the 
stability of the structure at elevated temperatures is 
quite high since Halstead and Moore found that the 
Joss of SO3 from CaSO4 at 1350°C was about thirty 
times that of SO3 from Ca4(Al6O12)(SO4) at the same 
temperature. This suggested that it might be formed 
and retained in portland cement or aluminous cement 
clinkers when a high-sulphur fuel is used during 
manufacture, but the presence of the anhydrous ter
nary compound has not yet been reported in alumi
nous cement clinkers even when made by a sintering 
or clinkering process.

The compound reacts with water readily to give 
mainly calcium aluminate hydrates and the expansive 
component required for addition to portland cement 
clinker (to produce expansive cements) must contain 
additional lime and calcium sulphate (80). Mehta and 
Klein (81) for example showed that the molar com
position which hydrates completely to give only 
ettringite is 6CaO-A]2O3 -3SO3 and this would con
sist of 30% ternary compound, 53.5%CaSO4 and 
16.5% CaO. Clinkers containing Ca4(Al6O12)(SO4) 
together with additional lime and sulphate are ground 
with portland cement clinker (low C3A content) to 
form the shrinkage-compensated cements which have 
been commercially manufactured for some time (82).

An interesting possible application for the ternary 
compound follows from the claim by Mehta (83) 
that its presence in a calcium aluminate cement will 
prevent the conversion of the hydrate CAHI0 into the 
cubic CjAHj, under hot-wet conditions. Mehta found 
that monocalcium aluminate, mixed with 5% (wt.) 
of Ca4(Al6O12)(SO4) and initially hydrated at low 
temperature, contained only a small amount of C3AH6 
even after prolonged storage under water at 38°C.

Possible Uses of Calcium Aluminates other than in Cements

For cements, monocalcium aluminate is made in 
considerable tonnages; in most cases the product is 
very impure but in others the clinker consists of rela

tively pure material. However very few industrial 
uses outside the cement field have yet been developed 
for any of the calcium aluminates.



Some interest has been shown in the properties of 
calcium aluminate glasses (84) which have been found 
to have a high refractive index and high infra-red 
transmittance. Such glasses can be stabilized against 
devitrification by the incorporation of alkali and iron 
ions and the transmittance value is further increased 
in such material by the addition of other elements 
such as manganese or copper (85). The resistance to 
moisture remains lower than that of normal optical 
glass but some protection can be gained by “bloom
ing” the glass with MgF2. Optical and physical pro
perties have been reported (86) and several patents 
have been granted. A crystalline ceramic material 
has also been made by melting a composition con
taining 65-100 mol. % of CAj 5, cooling below the 
liquidus temperature to form a glass, and then reheat
ing above the annealing temperature to allow crystal
lization (87). A powdered calcium aluminate glass may 

be useful in preventing atmospheric hydration of sha
pes pressed from pure calcium oxide. The glass and 
granular lime were mixed and hot-pressed in a gra
phite mould at 1250°-1450°C (88).

Cookayne (89) has described a technique for the 
preparation of very large optically transparent single 
crystals of C12A7 and CA2 and such crystals may be 
useful as host lattices for laser ions, particularly those 
ofCA2 (90).

It would appear that CA6 is of interest for micro
wave applications. A small proportion of CA6 in 
alumina increases the ambient temperature microwave 
permittivity and loss tangent (91). The use of CA6 
as an aggregate for refractory castables has also been 
proposed. The aggregate is prepared by firing a 6:1 
molar ratio of lime and alumina at 1150o-1815°C 
and crushing the product to form a grog (92).
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Oral Discussion

Kiyotaka Mishima

Among various alumina cements, there are some 
in which plenty of gehlenite crystals is formed. How 
does this crystal influence upon cement hydration?

The new applications of calcium aluminates other 
than cement were very interesting. Are there any 
other applications in the modern technical fields such 
as space technology, atomic energy and so forth ?

Author’s Closure '

Thomas D. Robson

An increasing proportion of gehlenite usually 
appears in high-alumina cement clinkers as the silica 

content rises (particularly above 5 % SiO2). Since the 
gehlenite is practically non-hydraulic at ordinary 
temperatures (and since it utilises alumina which other
wise could be present as calcium aluminate) the effect 
is to reduce the cement strength—especially the early 
strength. It is also usual for the setting-time of the 
cement to be delayed when the clinker contains higher 
percentages of silica.

Among the applications (actual or proposed) for 
calcium aluminate cements in modern technologies the 
following can be mentioned:

Castable refractories for forming the pads on which 
vertical-take-off aircraft are tested, for constructing 
flame-deflectors in tests on large rocket engines, and 
for constructing the inner wall of concrete pressure
vessels serving as the whole (or part) of the radiation 
shield of nuclear reactors. A mix of calcium aluminate 
and fused silica aggregate has been patented for cast
ing rocket nozzles and a similar mix has been tested 
for infilling a stainless-steel honeycomb acting as 
protection to missiles during atmospheric re-entry.
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Synopsis

The1 crystal strimctwe ©f the imaterial otWaiiicd by replacing two O2- ions in the unit cell 
@f C] by low F- ion® fas been determined. The stroctwe previously deduced by Biissem 
and Eitel for ChjA7 has been shewn to be substantially correct, and the fluoride ions have 
been found to be randomly distributed on 12-fold positions. The calcium atoms have been 
found to be coordinated either to six oxygens in a very asymmetric manner, or to six oxygens 
and one fluorine, in an arrangement similar to» octahedral coordination. The single position 
parameter of the calcium atoms may assume one of two values, depending upon whether an 
adjacent site is occupied by a fluoride ion. It is suggested that the affinity that Cj 2A7 shows 
for water at high temperatures can be ascribed to the requirement that the coordination 
sphere about the calcium atoms be more or less regular.

Introduction

The observations by Roy and Roy (1) and by 
Nurse (2) that the compound C12A7 absorbs one mole 
of water from air of normal humidity at temperatures 
up to 1100°C reawakened interest in the crystal struc
ture of this material. Büssern and Eitel (3) had pre
viously deduced an approximate structure, but later 
work by Jeevaratnam, Glasser and Glasser (4,5) 
failed to give definite confirmation of the structure. 
Jeevaratnam, Glasser and Glasser (5) also showed that 
by heating anhydrous C12A7 or CI2A7H with calcium 
fluoride or chloride, compounds of the type CnA7- 
CaX2 could be formed, with structures closely related 
to those of C12A7 and C12A7H. These observations 
suggested that the hydrate contains replaceable OH- 
groups, and can be formulated Cn A7 ■ Ca(OH)2. 
The cubic unit cell contains two formula weights of 
the compound, i.e. Ca24Al2SO66 for the anhydrous 
material, and for the hydrate, or the halides, 
Ca24Al2SO64X4. The space group chosen by Büssern 
and Eitel (3) for the anhydrous material, 143d, cannot 
accommodate 66 oxygen atoms in the normal equi

point sets, and the suggested structure accounted only 
for the cell contents C24A128O64, leaving two oxygen 
atoms per unit cell to be accounted for. It has been 
suggested (5) that it is these oxygen atoms that are 
used in forming hydroxyl groups in the hydrate.

It was clearly of interest to determine accurately the 
crystal structure of this material in order to locate the 
extra oxygen atoms, and, if possible, to find a reason 
for the unusual hydration behaviour of C12A7. Since, 
if Büssern and Eitel’s (3) structure is correct, the 
unlocated oxygen atoms must be disordered, it was 
felt that there was a better chance of locating the 
extra atoms in the hydrate, or a halide analogue, in 
which there are four extra atoms per unit cell, than in 
the anhydrous material, which has only two, The very 
great similarity in the X-ray patterns of all the com
pounds make it seem likely that the extra atoms 
occupy the same types of position in the anhydrous 
material, the hydrate and the halides. However, it 
was realised that results obtained from the hydrate or 
a halide may not be applicable to the anhydrous 
material. Nevertheless, when crystals of the fluoride 
became available through the courtesy of Dr J. K. 
O’Leary, of Albright and Wilson Ltd, the structure 
determination was commenced.



Experimental

Three-dimensional diffraction data from a small 
equant single crystal were collected on a Hilger Linear 
automatic diffractometer within a sphere of radius 
approximately 1.2r.l.u., using Mo radiation and 
balanced fitters. Data were collected over four quad
rants, so that general reflections hkl were observed up 
to 24 times. All reflections were reduced to structure 
amplitudes independently, and the root mean square 
averages of sets of equivalent structure amplitudes 
obtained. A total of 213 independent structure ampli
tudes were used in the structure analysis.

A critical examination was made of the diffracto
meter output, and of Weissenberg and precession 
photographs to verify the systematic absences pre
viously reported, and to check for the absence of 
superlattice reflections. No reflections apart from those 
expected for a cubic structure, space group 143d 
were observed, the reflections expected to be absent 
gave integrated intensities not greater than the stand
ard deviation of the measurements, and equivalent 
reflections gave intensities agreeing to within two 
standard deviations. Thus, no experimental evidence 
could be found to contradict the conclusions formed 
by previous workers.

The cell dimension was measured from a powder 
diffractometer pattern calibrated with silicon powder. 
The value obtained, a = 11.970Ä is in fair agreement 
with the published (5) value of 11.964Ä.

An unsharpened Patterson synthesis computed 
from the full set of data appeared to indicate a struc
ture in which the atoms occupy positions strictly ana
logous to those occupied in the similar compound 

C3AH6, i.e., calcium atoms in positions 24d (of 143d) 
with x = 1/8, and aluminium atoms in positions 16c 
with x = 0. Twelve other aluminium atoms were 
placed on the fixed positions 12a, and 64 oxygen atoms 
on 16c with x = .07 and on 48e, with x = .19, y = 
.29, z = .10. Structure factors computed with these 
parameters gave an R-factor of about 0.35. When 
refinement was attempted, the atoms moved towards 
the positions deduced by Büssern and Eitel. Con
sequently, Büssern and Eitel’s parameters were used 
as a starting point for refinement. The R-factor, 
initially about 0.2 dropped to 0.12 after two cycles of 
block diagonal least squares refinement. A difference 
synthesis at this point indicated that the calcium 
atoms were very anisotropic, being elongated along 
the 2-fold axes on which they lie. Peaks occurred in 
the synthesis in the positions 12b, each peak corre
sponding approximately to one-third of a fluorine 
atom. Two more cycles of block diagonal least squares 
refinement in which an anisotropic temperature factor 
was refined for the calcium atoms indicated that the 
anisotropy of the calciums was much greater than 
could be expected for ordinary thermal vibrations. 
Two cycles of full matrix least squares refinement 
were carried out, in which occupancy factors, and 
position parameters of two fractional calcium atoms, 
and the occupancy factor of the fluorine atom were 
allowed to vary. This refinement resulted in an R- 
factor of .097. Since the essential features of the 
structure were clear at this stage, no further refinement 
was performed.

Discussion of the Structure

The final atomic parameters are given in Table 1.
The general features of the structure are as de

scribed by Büssern and Eitel (3). It is composed of a 
three dimensional network of linked A1O4 tetrahedra, 
each oxygen (0(2)) in the general 48-fold position 
being bonded to an aluminium on a 16-fold position 
(Al(2), symmetry 3) and to an aluminium on a 12
fold position (Al(l), symmetry 4). The other 16 
oxygens (0(1)) are bonded only to the neighbouring 
Al(2) atoms. The A1O4 tetrahedra are slightly distort
ed, those for the Al(l) atoms being extended slightly 
in the direction of the 2-fold axis, and those for the 
Al(2) atoms being extended in the direction of the 3
fold axis. Bond lengths are shown in Table 2.

All Al-O bond lengths are within the normal 
range, except for the Al(2)-O(l) bond, which is longer 
than normal. However, the 0(1) atom had not clearly 
reached its optimum position when refinement was 
stopped, and further refinement would probably 
reduce this bond length. .

The calcium and Al(l) atoms lie in rows on the 2
fold axes, as shown in Fig. 1.

The arrangement of the atoms lying on the 2-fold 
axis is:

—Ca Al Ca hole Ca Al Ca hole—

In the crystals studied, roughly 24% of the holes are 
occupied by fluoride ions, and a corresponding frac-



Table 1. Final coordinates of the atoms, and the fractional 
occupancy factors of the calcium atoms in each of the two 
sites, and of the fluorine atoms.

x y x B Occupancy 
factor

Ca(l> 0.10824 0 W4 0.90 0.744
Ca(2) 0.06738 0 1/4 0.90 0.254
Al (1) 3/8 0 t/4 0.37
Al (2) 0.98089 0.98089 098089 0.33
O (1) 0.06977 0.06977 0.06977 0.79
O (2) 0.19091 0.28616 0.09919 0.94
F 7/8 0 1/4 1.29 0.238

Table 2. Interatomic distances in the structure

Al—O distances: 
Al(l)—0(2) 
Al(2)-Od) 
Al(2)—0(2)

1.744Ä 
1.843A 
1.775Ä

(4 equivalent bonds)

(3 equivalent bonds)

Ca—O distances:
Ca(l)-O(l) 2.359 (2 equivalent bonds) “Square plane”
Ca(l)-O(2) 2.328 (ty f# iz )

2.539 C iy yy ty )
Ca(2)-O(l) 2.314 (2 equivalent bonds) “Square plane”
Ca(2)-O(2) 2.357 C iy yy ty )

2.961 C ty yy yy )
Ca(2)—F 2.303

Cj Fluorine, or hole

O Oxygen

Calcium

® Aluminium

Fig. 1. The coordination of the calcium atoms.

tion of the calcium atoms, 25 %, lie closer to the holes 
than the remaining 75%. It seems fairly certain, 
therefore, that if a hole is occupied by a fluoride ion, 
both the adjacent calcium atoms are displaced to
wards the fluoride ion by about 0.5Ä from the posi
tions they normally occupy.

In Fig. 1, it can be seen that the coordination of 
oxygens to the calcium is rather unusual if the adja
cent hole is not occupied by fluorine. Six oxygens lie 
within 2.54Ä of the calcium, four of them lying at the 

corners of a distorted square centred approximately 
on the calcium atom, and oriented at right angles to 
the 2-fold axis. This square planar coordination group 
has Ca-O distances of about 2.34Ä. The two remaining 
oxygen atoms lie on the same side of the square 
planar group, at a distance of about 2.54Ä from the 
calcium. If the neighbouring hole is occupied by a 
fluorine atom, the calcium atom occupies a different 
position, still near the centre of the square planar 
arrangement, but about 2.96Ä away from the other 
two oxygen atoms. The calcium-fluorine distance is 
about 2.30Ä. In this situation, therefore, the coordina
tion of the calcium is 7-fold, and the arrangement 
approximately octahedral, there being two weak Ca-O 
interactions trans to the Ca-F bond.

If the results of this analysis are applied directly to 
anhydrous C12A7 and to the hydrate, it would appear 
that the unusual hydration characteristics of C12A7, 
can be explained in terms of the unsatisfactory coor
dination of five-sixths of the calcium atom in the 
anhydrous phase. Hydration or reaction with calcium 
fluoride or chloride allows one-third of the calcium 
to adopt an approximately octahedral coordination, 
leading to a more satisfactory structure. However, it 
may be noted that in the hydrate and the halides, 
two-thirds of the calcium atoms remain poorly coor
dinated, and it may be possible to introduce neutral 
ligands into the remaining holes in the structure, and 
so satisfy the coordination requirements of all the 
calcium atoms.

The results of this analysis suggest that in the par
ticular sample studied, fewer than one-third of the 
holes are occupied by fluoride ions, and that if charge 
balance is to be preserved, the formula of the material 
must be approximately 11.56CaO-7Al2O3 -0.44CaF2. 
The good agreement between the fractional occupancy 
parameters for the Ca(2) and the fluorine atoms in
dicates that this is a real effect, and has not been 
introduced by the adoption of an unsatisfactory scat
tering curve for fluorine. The length of the cell edge for 
the material studied is slightly greater than that re
ported (5) for the fluoride, as would be expected for 
the composition given above.

Jeevaratnam, Glasser and Glasser (5) reported the 
lengths of the cell edges for the anhydrous phase, the 
hydrate, and the halides. The cell edges, according to 
their figures, increase in the order fluoride < hydrate 
(hydroxide) < anhydrous phase < chloride. These 
authors note that the results of Roy and Roy (1) 
indicate that the cell volume increases with hydration, 
whereas their own figures show a decrease. Since the 
calcium-aluminium—hole (or anion) chains indicated 
in Fig. 1 lie parallel to the cell edge, it is reasonable to



suppose that the length of the cell edge can be cor
related with the extent of occupation of holes by 
anions, and by the calcium-anion distance. If values 
are adopted of 2.30Ä for the Ca-F bond (as measured 
in this work), of 2.43Ä for a typical Ca-OH bond, 
and of 2.73Ä for a Ca-Cl bond, and these are plotted 
against the cell dimensions for the appropriate 
compounds, a straight line results, as shown in Fig.
2.

This result suggests, firstly, that the assumption that 
the anions occupy the same sites in these three com
pounds is justified, and secondly, that the reduction 
in cell size upon hydration observed by Jeevaratnam, 
Glasser and Glasser (5) is real, since the average size 
of the holes in the chains becomes smaller upon 
hydration. '

Fig. 2. Variation of the unit cell parameter with expected 
calcium—anion distances.

Conclusions

The structure reported by Büssern and Eitel (3) 
for C12A7 is substantially correct. However, in this 
phase, and in the hydrate, and the halide analogues, 
the anions which cannot be accommodated in a fully 
ordered structure are randomly distributed on a 12
fold equipoint of point symmetry 4. These anions 
contribute to a modified octahedral coordination of 

up to one-third of the calcium atoms. Large holes 
occur in the structure where sites in this equipoint 
remain unfilled, and adjacent calcium atoms have an 
unbalanced coordination shell. The cell dimensions 
of the hydrate and halide analogues can be correlated 
with the calcium-anion distances to be expected in the 
structures.
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Synopsis

Studies were made on the crystal phase obtained by heating, at different temperatures, 
the glasses of the system CjAS-CAz, having several different chemical compositions.

As a result, it was found that the melilite crystallizing on the C2AS side of the said 
system could form a metastable solid solution. This solid solution is in most cases metastable, 
but it may possibly be stable as for the glass having the composition quite near to C2AS end 
member. The amount of the CA2 taken up in solid solution, as far as determined by this 
experiment, is 16.6 % by weight at the maximum, and when this solid solution is heated under 
a certain condition it separates CA2 crystal. This solid solution has its lattice constant changed 
not only by the amount of its CA2 but also by the heating condition.

When the glass of the said system having a certain composition was heated at 1000°C, a 
new crystal phase which has not been known heretofore was crystallized. This crystal phase, 
by heating glass granules having C2AS, CA2 equi-mole composition (C3A3S composition) at 
1000°C for 4-48 hours, can be obtained as a monophase. By further studies it was dis
closed that this phase has a relatively wide field of solid solubility. That is, under the heating 
condition of 1000°C for 48 hours, this phase can crystallize as a monophase inside the triangle 
having anorthite, CA and CA2 as the vertices, and also in a composition range of SiO2 
extending from approximately 11-27 %. Under differential thermal analysis, this phase shows 
an exothermic reaction at about 1100°C and decomposes into stable minerals. Therefore, 
this crystal phase can be considered as metastable.

The Melilite Solid Solution in the System C2AS-CA2

H. G. Midgley (1) analyzed the melilite, separated 
from marketed high alumina cement, and noted that 
its A12O3 content is unusually greater than the ordi
nary gehlenite, and indicated that the solid solution 
must be generated between C2AS and CA2. J. R. 
Goldsmith (2) made a study on the system CaAl2Si2O8 
-Ca2Al2SiO7-NaAlSiO4 and noted that the refrac
tive indices of the melilite originating within this 
system are substantially lower than those of the pure 
gehlenite, and this, he thought, may have been caused 
by the gehlenite’s solid solutioning of CA2. H. J. 
Christie (3) studied the ionic substitutions of melilite 
by the synthetic method and stated that it may be 
possible to make Al completely replace the Si posi
tions of gehlenite. The authors, while studying the 
high alumina cement clinker minerals, discovered 
that the melilite crystallizing from the glass of the 
system C2AS-CA2 could take up a certain amount 
of CA2 to form a solid solution.

Homogeneous glasses having various compositions 
of the system C2AS-CA2 were obtained from pure

•Research Laboratory, Nihon Cement Co., Ltd. Tokyo, 
Japan. 

quartz powder, pure reagent of CaCO3 and A12O3, 
by flame fusioning with oxygen-acetylene burner. 
However, when the CA2 component is more than 70 % 
by weight (hereinafter all % is by weight), even with 
the rapid quenching process perfect glass could not be 
obtained, the formation of C2A crystal being inevi
table. The glass granules (1-3 mm. thus obtained 
were kept for 6 hours in an electric furnace at the tem
peratures of 900-1450°C. The phases were identi
fied mainly by the X-ray powder method together with 
the microscopy. The lattice constant a0 of the melilite 
thus formed was obtained from the d-values of 400, 
330 and 420 for an measurement metallic germanium 
powder being used as the standard. The diffraction 
condition was as follows:

Target Cu, Filter Ni, Voltage 40 KV, Current 20 
mA, Count Full Scale 200 C/S,

Time Constant 4 sec.. Scanning Speed l/87min., 
Receiving Slit 0.1 mm. .

The refractive indices of this melilite were also meas
ured by the oil immersion method. ,

The results of the identification of the formed phases 



are shown in Table 1. This melilite is monophase 
up to 5.7% CA2 content at 1450°C, and monophase 
up to 16.6% CA2 content at 1100°C. At the tempera
ture below 1000°C, an unknown crystal, which will be 
described in the next section, was found to occur 
within* the ranges of 16.6% to 63.0% CA2 content. 
The glass phase remains at 900°C.

The lattice constant a0 of the crystallized melilite 
is shown in Fig. 1. The richer was the CA2 component 
in the glass composition, the greater was the <z0 of 
melilite crystallizing therefrom. The lower the heating

Fig. 1. Lattice constant ao of melilites crystallized from the 
glasses of C2AS-CA2 composition at several temperatures. 

temperature, the more eminent was this tendency. 
In spite of the fact that the melilite is monophase up to 
16.6% CA2 at 1100°C, the change of a0 value is small 
in comparison with the component change. At 1200°C 
and at 1300°C, the melilite is monophase up to 11.2% 
CA2 content in both cases, but the a0 change is still 
smaller.

Taking the mixtures with 16.6 % CA2 content as 
an example, melilite crystallized and glass phase 
remained at 900°C; unknown crystal was also found 
to be formed at 1000°C; and, it became melitlie 
monophase only at 1100°C. The melilites crystalliz
ing at the temperatures of 900-1100°C may probably 
have CA2 in solid solution, and the size of the lattice 
dimensions became smaller with the rise of the tem
perature. Even at the low temperature, the lattice 
dimension shrinked when kept for long hours (Fig. 
2). At 1200°C, CA2 was found to be formed and the 
lattice dimension of the melilite became equal to that 
of the ordinary gehlenite. In the melilite having CA2 
in solid solution, it is assumed that a part of Si in the 
ordinary gehlenite is replaced by Al, and a part of 
Ca is also replaced by Al as follows: (Ca2_xAlx)Al 
Al(Si1_xAlx)O7. In the case of 16.6% CA2 content, 
X = 0.174. These substitutions may probably take 
place, resulting in the formation of rather unstable 
substance, and if a sufficient thermal energy is given

Table 1. Phases formed by heating the glasses of C2AS-CA2 composition.

Comp, wt % 
of CA2

Temperature 0C 6 hours heating

900 1000 1100 1200 1300 1450 1530

0 m m m m m m m

5.7 m m m m m m m, CA2

11.2 m. g m m m m m, CA2 m, CA2

16.6 ■ L g m, x m m, CA3 m, CA2

22.1 m, g m, x m, CA2 m, CA2

27.3 m. g m, x m, CA2

32.5 m. Xt g m, x m, CA2

37.7 ■ - m. X, g m, x m, CA2

42.9 m. X, g m, CA2, x m, CA2 .

53.1 m, CA2, X m, CA2. x m, CA2

63.0 1 m, CA2, X m, CA2, x m, CAg

72.6 m, CA2 m, CA2 th, CA2

81.9 m, CA2 m, CA2 m, CA2 -

91.0 m» CA2 m, CA2 m, CA2

100.0 ca2 * 6 CAa ca2
m: melilite x: unknown ternary phase g: glass



Time( hour)

Fig. 2. Lattice constantt ao of melilites crystallized from the 
glass of 16.6% CAz composition at 1000° C held for various 
periods.

the solid solution will be decomposed into C2A and 
gehlenite. The fact, that the melilite having CA2 in 
solid solution shows the change of lattice dimension 
subjected to temperatures must have some bearing on 
the instability of the structure. Such fact is not rec
ognized in C2AS end member. The D.T.A. curve of 
the glass with 16.6% CA2 content is shown in Fig. 3. 
Exothermic peaks were seen at 995°C, 1020°C and 
1120°C. It was confirmed by the use of X-ray analysis 
that the first peak (lower temperature side) is caused 
by the melilite crystallization and the second peak by 
the formation of unknown crystal. The third peak 
must be caused by the reaction of the decomposition 
of unknown crystal and the formation of melilite 
monophase as a whole. Because the specimen ob
tained by rapidly quenching from 1200°C is mostly 
composed of the melilite, a minute quantity of the 
unknown crystal remains, but CA2 does not exist.

As to the glasses with 11.2% and 5.7%CA2 
contents, a0 of the melilite decreases with the rise of 
the temperature, but when shrinked to the size exactly 
equal to a0 of ordinary gehlenite, the melilite still 
contains CA2 component in solid solution. Even when 
the specimen glass is used in powder form CA2 does 
not segregate by 6 hours heating at 1300°C, up to 
11.2% CA2 content. The glass with 5.7 % CA2 content 
still does not segregate CA2 by 6 hours heating at 
1450°C, but it segregated CA2 when heated at 153O°C 
for 6 hours.

It seems that the change of the lattice dimension of 
melilite has little effect upon the refractive indices. 
(Fig. 4 A, B.)

From the above facts, melilite having CA2 in solid 
solution and also having large a0 can be considered 
as metastable phase. The formation of the melilite 
containing CA2 up to 11.2% at 1200°C and at 1300°C, 
and up to 5.7 % at 1450°C and having lattice constant 
<z0 nearly equal to that of ordinary gehlenite shows a

Fig. 3. DTA curve of the glass of 16.6% CAz composition.

strong possibility of the existence of a range of solid 
solubility on the gehlenite side of this system, even 
under an equilibrium state. However, this is not con
firmed yet.



COMPOSITION OF GLASS
Wt% of CA2

Fig. 4. Refractive indices of melilites crystallized from 
the glasses

A. crystallized at 1000°C.
B. crystallized from the glass of 11.2 % CAz composition.

New Ternary Phase in the System CaO-Al2O3-SiO2

As shown in Table 1, when the glass granules of the below 1000°C, an unknown crystal was obtained in 
system C2AS-CA2 were heated at the temperature 15-60% CA2 components ranges. By heating drop-

Fig. 5. X-ray diffraction diagrams of the new 
‘ termary phase

A. C3A3S composition ’ '
B. C3A3S2 composition



lets (3-8 mm, of the glass with CZAS, CA2 equi
mole, that is CjAjS composition, for 4-48 hours at 
1000°C it was obtained in a monophase form. These 
droplets were prepared by flame fusioning as already 
mentioned.

Under microscopic observation this crystal shows 
straight extinction, it is uniaxial positive, has negative 
elongation, n = 1.626 and its special property is that 
it has an extraordinary weak birefringence. Specific 
gravity = 2.86. X-ray powder diffraction diagram is 
shown in Fig. 5-A and Table 2. As shown in Table 2, 
indexing it as hexagonal system is possible. The 
D.T.A. curve of this crystal is given in Fig. 6-A. 
At about 1200°C it shows an exothermic reaction, 
decomposes and forms a stable mineral assemblage, 
which is composed of C2AS and CA2.

Result of the study of this phase, conducted on still 
wider range of chemical composition, is shown in 
Fig. 7. This shows the phase or the combination of the 
phases obtained when granules of glasses having vari
ous components were heated for 48 hours at 1000°C. 
Inside the triangle having anorthite, CA, CA2 as 
vertices, only the new crystal phase alone forms in a 
relatively broad range, approximately 11-27%, of 
SiO2.

All of the X-ray power diffraction diagrams of the 
new crystal phase formed are exceedingly similar but 
by compositions the peak positions were found shifted 
slightly. Taking the example of the new crystal phase 
forming on the connecting line of CA-anorthite, d 
values change linearly with the compositions, but the 
lines break at the point C3A3S2, as shown in Fig. 8, 
which gives the result of the values measured, using 
quartz as standard. Studies were made on the new 
crystal phase formed on other composition lines and 
the same inflections were seen when crossing over 
the connecting line C3A3S2-C2A3S2. The above
mentioned crystal of C3A3S composition has a weak 
birefringence, but it becomes stronger as it nears the 
anorthite. A microscopic photo of the crystal with 
C3A3S2 composition is presented in the Photo 1.

Although the new crystal phase is a solid solution 
belonging to the ternary system CaO-Al2O3-SiO2, 
strictly it might be classified into two different phases 
somewhere in a vicinity of the connecting line C3A3S2- 
CsAgS^C2A3S2.

According to the differential thermal analysis, the 
new crystal phase when heated above a set temperature 
will decompose with an exothermic reaction into a 
stable mineral assemblage. The peak temperatures 
and the minerals formed by decomposition of course 
will differ with compositions. The D.T.A. curve of the 
new crystal phase with C3A3S2 composition is given

Table 2. X-ray powder data of the uew ternary phase 
of C3A3S composition

CuKa radiation

Observed Calculated as hexagonal with 
a = 10.005A, c - 8.235Ä.

rf(A) 7 Qobs. Qcale hkl

8.67 17 .0133 .0133 10,0

5.00 33 .0400 .0400 11.0

4.117 23 .0590 .0590 00.2

3.717 12 .0724 .0723 10,0

(3.30) 20.2Kj8

3.276 30 .0931 .0932 21.0

3.175 8 .0992 .0989 11.2

3.040 64 .1082 .1080 21.1

2.981 100 .1125 .1123 20.2

2.884 46 .1202 .1199 30.0

2.561 7 .1525 .1522 21.2

2.493 17 .1609 .1599 22.0

2.403 12 .1732 .1732 31.0

2,364 5 .1789 .1789 30.2

2.305 46 .1882 .1849 31.1

2.164 7 .2135 .2131 40.0

2.134 4 .2196 .2188 22.2

2.103 22 .2261 .2260 21.3

2.075 27 .2323 .2322 31.2

2.059 19 .2359 .2359 00.4

2.003 13 .2493 .2492 10.4

1.932 7 .2679 .2678 32.1

1.917 8 .2721 .2721 40.2

1.860 28 .2891 .2892 20.4

1.842 16 .2947 .2945 41.1

1.791 12 .3118 .3120 32.2

1.720 8 .3380 .3387 41.2

1.677 3 .3556 .3558 30.4

1.606 12 .3877 .3877 42.1

1.598 17 .3916 .3920 _ 50.2

J.4086 11.51.564 8 .4088 j.4090 31.4

1.558 20 .4120 .4124 41.3

1.530 10 .4272 .4276 51.1

1.522 7 .4317 .4319 42.2

1.432 7 .4877 .4885 30.5

1.426 15 .4918 .4923 33.3

1.388 18 .5191 .5195 52.0

1.373 7 .5305 .5308 00.6

1.359 13 .5415 .5417 31.5



Fig. 6. DTA curves of the new ternary phase.
A. C3A3S composition.
B. C3A3S2 composition.

S1O2 to
AI2O3 3o
C&O 2o

Fig. 7. Phase assemblages formed by heating the glasses of 
the ternary compositions at IOOO°C for 48 hours.



Fig. 8. d -values of some faces of the new ternary phase 
of the composition along CA-CASi join.

Photo 1. Microphotograph of the new ternary phase of 
C3A3S2 composition, (crossed nicolsj refractive indices 
to = 1.606, e = 1.611. .

in Fig. 6-B. In this case, it decomposes into gehlenite, 
anorthite and CA6 by an exothermic reaction of 
1315°C.

From the above facts, the new crystal phase can be 
considered as the metastable solid solution of the 
ternary system CaO-Al2O3-SiO2.
The authors are especially grateful to Dr. K. Chujo, 
Managing Director and to Dr. J. Yamada, Director 
of the Laboratory, Nihon Cement Co., Ltd., for the 
permission to publish this report.
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Oral Discussion

Yoshio Ono and Kinjiro Fujii ,

I would like to ask about the new compound 
CjAjS. The optical properties as well as the specific 
gravity of C3A3S resemble those of melilite. The lat
tice constants a and c, however, are very close to those 
of feldspars.

Is it not possible that C3A3S has similar structure to 
anorthite, the composition of anorthite CaAl2Si2O8 
being partially replaced by monocalcium aluminate 
Ca2Al4O8 ?

Author’s Closure

Kozo Sugiura and Takashi Yoshioka

We have not attached much importance to the facts 
that the refractive indices and the specific gravity of the 
new crystal resemble those of gehlenite and that the 
lattice constants are close to those of anorthite. It 
seemed to us however that these facts have no any 
special meaning, because the new crystal phase seems 
to be one of the stuffed derivatives of silica structures 
(1). We give on reasoning as follows:

Further studies were made by T. Yoshioka on the 



systems 3CaO- 3A12O3 • 2SiO2-NaAlSiO4 and 3CaO- 
3A12O3 • 2SiO2-KAlSiO4 by the same method as 
described in the main paper. In the former system 
the new crystal single phase was obtained up to 3% 
NaAlSiO4 composition. In 3~ 10% NaAlSiO4 com
positions the specimens were composed of two phases; 
one was the new crystal and the other the nepheline 
solid solution which resembles that of NaAlSiO4- 
CaO Al2O3 system described by J. R. Goldsmith 
(1949) (2). In the compositions of more than 12% 
NaAlSiO4 the nepheline solid solution was obtained 
as a single phase. The solid solution was optically posi
tive up to 70 % NaAlSiO4 composition but at about 
80 % NaAlSiO4 composition it was isotropic and above 
80% it was negative, accompanying small amount of 
carnegieite. In the latter system the new crystal was 
obtained as a single phase up to 5 % KAlSiO4 com
position. In the composition of more than 5% 
KAlSiO4 the new crystal was found existing with the 
other crystal phase which was obtained as a single 
phase in the compositions of 13~50% KAlSiO4. 
It was optically uniaxial positive and its X-ray powder 
pattern was almost identical with that of the nepheline 
solid solution above mentioned. It can be considered 
as K, Ca-nepheline solid solution.

It was observed that the new crystal resembled the 
nepheline solid solutions in its X-ray powder pattern. 
Therefore the powder data of the new crystals were 

re-examined to certify that they had hexagonal sym
metry. In this case, a more acceptable match was 
obtained between Q-values observed and calculated 
and most of the reflections of the new crystal had the 
same indices with those of the nepheline solid solu
tions. On the assumption that the new crystal had a 
similar lattice with that of nepheline, ß0 of 3CaO- 
3A12O3 • 2SiO2 crystal was indentical with that extra
polated from the nepheline solid solutions, but rather 
different as to c0. For example,*

*These were calculated from the d-values of 21.0, 21.1, 20.2, 
30.0 of the nepheline and nepheline-type solid solutions ob
served by using Si as a standard.

nepheline s. s. of 88 C3A3S212NaAlSiO4 
composition ... a0 10.002 Ä, c0 8.410Ä

nepheline s. s. of 86.8 C3A3S213.2KalSiO4 
composition .. . a0 10.036Ä, c0 8.432 Ä

new crystal of 100C3A3S2
composition ... a0 10.008 Ä, ca 8.224 Ä

In this way we believe that the structure of the new 
crystal has a close relation to that of nepheline, a 
stuffed derivative of high temperature-tridymite.

It is also expected that some interesting relations 
can be found between the structures of the new cry
stal and that of CaO-Al2O3 which is also a stuffed 
derivative of high temperature-tridymite.
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SYNOPSIS

In Portland, cement clinker, the four principal constituents 

are found, in the form of solid solutions. The polymorphic 

variations of these solid solutions being numerous and 

ill-defined, we have first dealt with the structure and 

polymorphism of the pure compounds.

Pure C^S, passes through six allotropic forms between 

ambient temperature and 1100°C, all very close to the trigonal 

high-temperature form. A pseudo-structure which is a good 

approximation to the real structure has been proposed by

Jeffery. Alites usually crystallise in the monoclinic and

trigonal forms of C^S. ■ .

On the other hand, the five forms of CgS are different.

Their crystal lattices are distinct and the stacking of silicate 

tetrahedra differs from one to another. Only the structures 

of ß and T have been determined. Belites usually crystallize 

in modified ß forms, more rarely as the T' form.

The cubic structure of C^A has not been determined.

Tricalcium aluminate forms solid solutions with the aluminoferrites

of the interstitial phase. This can occur as a glassy phase 

when clinkering temperature is high, quenching rapid and the 

A/F ratio > 1.

The hydraulic properties of the clinker constituents are 

linked to their crystal structure, particularly the irregular Ca 

co-ordination, and the presence of holes in the structure. All

ofthe forms of C^S show comparable reactivity whereas the forms

CgS differ in their hydraulic properties.
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INTRODUCTION

This is a study of the four minerals which are the 

principal constituents of all portland cement clinkers and 

are designated, following the classical abbreviations, as .

C,S, COS, C,A and C, AF.

In fact, each of these abbreviations represents a group 

comprising the pure phase and the solid solutions having a . 

crystal lattice with identical or very similar lattice -

dimensions. The alites and belites which correspond 

respectively to C3S and C2S are the solid solutions formed 

by the addition of impurities which are present in all 

commercial cement clinkers and are principally the ions 

or oxides of Al, Mg, Fe, Na, K, Cr, Ti, Mn, P, et 

cetera. Even when no impurities are present, the 

aluminof er rite, "C^AF", can have a variable composition e 

Co(A F. ) where p varies from 0 to 0*7-

On a polished clinker surface, the microscope clearly 

distinguishes the different phases. C^S appears in the fora 

of well-defined crystalline grains varying in size from lOyz to 

AOyz . CgS occurs as rounded crystals or twinned polyhedra, 

with a smooth or striated surface.

, Figure 1 .

Between these grains there lies an interstitial phase in 

which it is sometimes possible to identify well-formed crystals 

of C^A but often the interstitial phase is so finely crystallised 

that the individual grains are not visible.



The object of this paper is to describe the crystal 

structure of each of the phases listed above and how the 

structure varies with temperature and with additions to the 

pure stoichiometric composition.

The whole system presents a difficult field of study 

because, with certain exceptions, one cannot obtain the 

clinker phases in the form of single crystals of sufficient 

size to permit a structure determination by classical methods. 

In general, one is reduced to characterising a phase solely by 

its lattice, deduced from powder diagrams. But even this ' 

technique is difficult to use in this field because of the low 

symmetry or large unit cell of certain phases and above all 

because the variations which one is trying to detect as a 

function of•temperature or of additions are very small. 

Furthermore, it has only recently become possible to obtain * ' 

high quality powder patterns at temperatures up to 1500°C.

(1 ) In his paper of 1960, 1. Ordway^ ' insisted upon the necessity 

for developing special high temperature techniques adapted to 

the study of clinker minerals.

The results obtained by X-ray diffraction must obviously 

be checked with those given by other techniques such as 

microscopy, infra-red absorption, spectroscopy, electron-probe 

microanalysis, etc., and especially differential thermal analysis.

Numerous papers have appeared on problems in this field. 

Not all of these are based upon the use of the most sophisticated 

techniques and contradictions exist between the results reported. 

However, on the whole, certain facts emerge which clarify the 



problem. A general review must naturally emphasise the 

points on which there is agreement but one must also mention 

other observations even where they are contradictory.

In order to resolve these two incompatible demands, we 

have chosen not to follow the chronological order in reporting 

successive papers. In each chapter of this article, 

dealing respectively with tricalcium silicate, dicalcium 

silicate and the interstitial phase (calcium aluminoferrite 

and tricalcium aluminate), we begin by giving what we ourselves 

regard as the most complete and satisfactory solution to the 

structural problem. Next, we group the studies which make a 

partial contribution to the preceding results, or contradict ' 

them. Vfe try then, in the latter case, to discuss the 

possible origin of these differences with what we consider to 

be the most probable solutions. ,

In the conclusion, we discuss the general character of the 

polymorphism of the calcium silicates and hence the relations 

between the crystal structures and clinker properties.



TRICALCIOT SILICATE , .

It is the tricalcium silicate phase which has the most 

numerous allotropic forms. We have shown that there are 

six between ambient temperature and. 1100°C. One can find, all 

the same forms in the solid, solutions but all have lattices 

extremely close to trigonal, the simplest form.

The X-ray powder diffraction patterns are indistinguishable 

except for slight movements of certain lines or their separation 

into very close multiplets; but the relative intensities do not 

vary. This shows that the structure of the least symmetrical 

forms remains, to a very good approximation, that of the most 

symmetrical.
('2) Jeffery's Structure' '

The structure of C^S has been determined by Jeffery on a 

single crystal of sufficient size, which was isolated from a 

blast-furnace slag. In this work, which dates from 1950, 

Jeffery, on the basis of the visually estimated intensities of 

the diffracted spots (without Lorentz-polarization correction), 

determined a trial structure which is a good approximation to 
the true structure. O'Daniel, Hahn and Mdller^’^”^ have 

confirmed these results by a Patterson synthesis. No other 

structure has been proposed.

The pseudo-structure, proposed by Jeffery, is trigonal, 

with a = 7, c = 25 X (hexagonal notation), space group R.3m. 

It is composed of independent tetrahedra; three SiO^ tetrahedra
(5) 

and three oxygen ions lie on the trigonal axes. The calcium 

ions link the tetrahedra and are octahedrally co-ordinated to



the three oxygen ions which are not linked, to Si++ (see Figure 2). 

Figure 2

Identical columns are found on each trigonal axis, hut at 

different heights (see Figure j). . These for® irregular octahedra 

Figure 3 ■ 

of atoms around the calcium ions and leave holes large enough to ' 

accommodate other atoms. ,

It is the irregular co-ordination of the Ca ions (the bonds 

vary from 2’5,+ to 3*24 X) and the holes adjacent to these ions 

that give C^S its hydraulicity. 

Nevertheless, Jeffery's structure is certainly only 

approximate. The lattice of the lower temperature forms is 

not the simple trigonal. We have tried to grow crystals from 

molten CaClg^^. From a number of crystals between 4 and 1 0p. ,  

we chose a 7 /z pseudo-hexagonal crystal. An oscillation 

photograph shows superlattice lines corresponding to a = 14 X 

Construction of the reciprocal lattice from a Weissenberg 

photograph gives approximate values for b and c of 14 and 25 J? 

The parameters may be obtained more accurately by indexing powder 

photographs on a pseudo-hexagonal lattice.

Study of Polymorphic Transformations of C-^S by DTA 

The results of differential thermal analysis are the most 

straightforward and a definitive list of the transition points can 

be established (see Table l). Four reversible DTA peaks at

Table 1 j *

600°, 920°, 980° and 99O°C characterise C^S (see Figure 4).



The thermal effects ofwell resolved.

these transitions

The transformationtransformation of

discovered, both by Boikova and Toropov

solutions.

cross-checked the DTA results by aBoikova and Toropov

crystal on a high-temperature microscopestudy of a small

be observed

do not indicate

whether the crystal transforms without change of habit

On cooling

point at 990° was

980° and 990° are

, and were found to be reversible, but the authors

are very weak, smaller than the a - ß
(9) quarts (1•A cal/g)' '

in both C,S 
D

Study of the Polymorphic Transformations of C.,S by X-ray Diffraction (XBP)

At high temperature, the lattice is trigonal

in pure C^S, and by Woermann, Hahn and Eysel 

and in the solid

The transformations at 620°, 920° and 980° could

Due to the powerful resolution of micro DTA^\ the peaks at

the lowering of the symmetry causes splitting of the hexagonal 

reflexions into groups of lines whose number and spacing permit 
the determination of the true lattice^\

At 1100°C the lattice is trigonal, with hexagonal parameters

a = 7°15, c = 25'56 S. The 50 lines of the powder pattern (up tol .48 X)show 

the extinctions corresponding to space-group RJm: - h + k + 1 = 3n.

Our results are in good agreement with Jeffery's predictions, 

deduced from the trial structure.

With decreasing temperature, the transformations are clearly 

visible on three hexagonal spacings 201, 204 and 220, which become 

successively doublets and triplets (see Figure 5).

Figure 5



In the range of temperatures used., the 009 reflexion does 

not show any splitting at all and its relative intensity remains 

constant relative to the other reflexions. The stacking of 

planes perpendicular to c, about 8*4 2 apart, therefore remains 

the same. A sliding of these planes in the direction 

perpendicular to the c axis takes place.

The principal characteristics of the transformations are:

1 ) 1050°C: change of symmetry from rhombohedral-» monoclinic (R-> 

The transformation is continuous and only the hexagonal basal plane 

is deformed (see Figure 6). .

Figure 6

The pseudo-hexagonal cell deduced from the reduced cell chosen 

according to Donnay^”^ is defined by the parameters a = b = 7*130 2, 

c = 25•1-3 X, at = ß = 90°, T = 119. 88°. This can be considered as 

an orthorhombic cell with parameters a = 12-31-2, b = 7*11-3} 

c = 25*1-31- X

Nevertheless, the structure cannot be anything but monoclinic: 

the small but continuous deformation of the trigonal lattice does ■ 

not permit of the formation of an orthorhombic structure; there is 

no orthorhombic sub-group of the trigonal space group. The 

transformation is probably of the second order, the structure 

can only be monoclinic

2) 990° 0: discontinuous transformation of the unit cell without 

change of symietry: ■» M^. The components of the doublets 201,

201- and 220 are clearly separated (see Figure 5).

As well as the deformation of the hexagonal basal plane, 

there is now added an inclination of the c axis to this plane 

( ß =89. 88°) (see Figure 6).



The stability region of the phase is only 10°. We 

suspected, the presence of this form from the small signal given 

by /z-DTA at 990°Ch We therefore took a series of photographs 

between 970° and. 990°C and. found, a diagram characteristic of M^.. 

The components of the doublets are, indeed, less well defined * 

than in the other forms but this variety has been confirmed in
, (12)solid solutions of C^S + AlgO^ by both Bigare' ' and Woermann, * 

(11 )Hahn and Eysel . These authors have all observed an increase 

in the zone of stability of to 60° for the solid solution 

C^S + 1% ai2o^. ' '

3) 980°C: change of symmetry Mj.Tj.^. „ The characteristic 

doublets become triplets and the lattice is now triclinic; in the 

hexagonal basal plarje the three axes a, b and d are different. 

A diagram taken at 9^0° shows about 100 lines which cannot be * 

indexed without doubling the pseudo-hexagonal parameters a and b 

to 1A JL The superlattice in the basal plane only involves a change 

of orientation of the rhombohedron in which obverse becomes inverse. 

If one retains the orientation of the original unit cell, the
(l5) extinction rule is not the same: it becomes + h - k + 1 = 3n . 

At 940°, the pseudo-hexagonal cell has the parameters a = W*229, 

b = U-2A9, O = 25-M2 1, a = 90.10° = 89.85^ r 119.yö.1"

Zf.) 920°C. Although DTA gives a strong signal, we observe 1 

no change of symmetry, nor any change in volume of the unit cell.. 

The components of the triplets, arising from the hexagonal " 

reflexions 201, 20k and 220 separate progressively from 980° until 

620°.

5) 600°C. No change of symmetry is observed but a slight 

discontinuity in the splitting of the characteristic triplets.' '



20°C. On a photograph exposed for 40 hours (6 mA, 30 Kv, 

Cu K a ), we detected two very weak reflexions (l/j0 1 ) 

with long spacings 14 and 8-2 jL These are hkO

reflexions and would imply the doubling of

The new unit cell would be defined thus:

a = 28 -160 28-294b =

89.77°ß"-

The variations in the pseudo-hexagonal parameters from ambient

Table 2

Table 3

DTA and X-ray have established 5 reversible transformations 

c = 25*103 Ä

a = 90.30° T = 119-53°

Nature of C,S Transformations

parameters a and b

The characteristic properties of the transformations of C^S 
(15)are collected in Table 3 • ,

temperature to 1100° are shown in Table 2

between six allotropic forms. Three of these transitions 

(990°, 980° and 600°) have been observed by both DTA and X-ray 

methods.

The transformation B. - found by X-*ray, gives no DTA 

signal. The transition, which is continuous and weak, extends 

over 60°, beginning at about 1050°. Possibly it is a second 

order transition.

The transition ~ 920°, undetectable by X-rays,

is characterised by a strong DTA signal. The unit cell is 

triclinic up to 980° an^ Debye-Scherrer pattern maintains 

the same relative intensities. The strong thermal effect is 

perhaps due to a second superstructure which, while leaving the 



fundamental spacings unchanged, modifies the long spacings 

which are too weak to he detected under normal conditions.

The superstructure found for T^. could exist equally in 

(we have not verified this hypothesis because of the very long 

exposures which would be required at high temperature). A 

re-arrangement of the hexagonal groups in the lattice could vary 

the energy of the structure appreciably and this would explain 

the thermal effect.

To conclude, C,S undergoes numerous small amplitude 
j 1

transformations around a constant atomic arrangement. All the
transformations are of the "displacive" type^J^^., They are

produced by small movements of the atoms from their positions 

in the original structure, without any alteration of the general 

arrangement of the chemical bonds. '

VJe have shown evidence of two types of transition: change 

of symmetry and superstructure:

- the hexagonal structure, advanced by Jeffery^\ is

the

hexagonal unit cell shows a corresponding symmetry. As the

temperature decreases, the degrees of freedom diminish and the

by

changes in the X-ray powder diagram, that is to say, by the

reflexions:splitting of characteristic

is a stacking of hexagonal groups.

the stacking faults give rise to a

- the structure of C^S 

With decreasing temperature

constructed of independent SiO tetrahedra. At high temperature 
4-

the atoms of the 810^ tetrahedra are vibrating freely;

departures from symmetry appear. They reveal themselves

superstructure which is revealed by weak reflexions at low angles



Certain of our results (the superstructure in not being 

directly proved, may be open to discussion. The powder patterns ■, 

which we have studied permit determination of lattice dimensions 

and symmetry but give no other Information on the structure.

We are unable to distinguish a pseudo-orthorhombic form from a 

true orthorhombic structure. The superstructure in T is only ( -

indicated by the presence of two very weak Debye-Scherrer lines 

at long spacings. However, in an oscillating crystal 

photograph of alite (with the hexagonal axis parallel to the axis 

of rotation) Jeffery' ' has shown evidence for the existence of 

superlattice lines corresponding to a = 4-0 Thus, in the T^. 

fora of pure C^S, it seems more likely that a = 4-2 J? than 28 £. -

The study of the polymorphism of C^S demands experimental 

techniques with great powers of resolution. Only the combination 

of X-ray and DTA has given complete'results. To elucidate the 

structural relations of the different polymorphs completely, it 

will be necessary to prepare single crystals of sufficient size.

tricalcium germanate, and
9)Na^BeF.^ .

Other Studies on Tricalcium Silicate

Tricalcium silicate, being of type A^EX^, is isomorphous with 

sodium fluoberyllate,

All the transitions which have been described in the preceding 

paragraphs have not been detected by the first workers in the field 

either because they did not use DTA or because they had no X-ray 

equipment of sufficient resolution. ■ On the other hand, 

transitions which proved to be due to an impurity (such as a small 

amount of CgS) have been attributed to C^S.



The first

transformation corresponds to the dehydration of free lime.

The only peaks

scheme:

and defined the same polymorphic transformations." A triclinic

pseudo-orthorhombic unit

the parameters

= 25-096 Sa = 12-195 b = 7-104 c

a = 90 7

detected in a recent- study -

by Miyabe

which is characteristicattribute

Boikova and Toropovof the ß

have shown evidence for the existence of this thermal effect when

the tricalcium silicate synthesis is incomplete Vfe ourselves

a thermal effect

1964, with the

Figure 7

forms following this

temperature diffractometer, as we ourselves were using a high
(24) , temperature Guinier camera (see Figure 7).

these authors, has

due to C,S are those 
5

cell, calculated by

have verified that, in DTA, traces of ß CgS give

to C-jS a broad signal at 675° 

->>0!' transformation of CgS,

at 675°

= 89°^'

Thus Nurse and Welch^0^ found 6 transformation points

at 464°1 622°, 750°, 923°, 980°, 1465°• An interpretation of

(21) this thermogram was proposed by Jeffery

T - a' , and a' - ot

The peaks at 622°, 750°, 1465° are characteristic of the ß- a1

The polymorphism of C^S has been studied, in
(23) help of powder patterns, by Miyabe and Roy' * , who used a high

ß = 89°44'

The transformation at 990° was not

(23) and Roy . * These authors,, on the other hand

transformations of CgS 

at 923° and 980°, characteristic of three

923 980Triclinic-------- » Monoclinic---------> Trigonal -
( 22)Yamaguchi and Miyabe' 1 repeated, in'1960, Jeffery's work,



Figure 7 shows the diffractometer traces of Miyabe and

Roy at 600° and 65O°C, together with one of our double-exposure 

Guinier photographs taken at 600° and 625°C

displacements of certain lines due to crystal growth at

transformation points. The sample temperature is more

difficult to measure than in the diffractometer but it is 

Miyabe and Roy found a mixture of phases T G. and Ty?; we 

observed only, in accordance with the phase rule, at 600° 

and Ttt at 625°.

(25)The resolution of the focussing camera ' is better 

because we are operating with rigorously monochromatised (Cu Ka^ ) 

radiation and we eliminate variations of intensity and apparent 

sufficiently uniform and well-controlled to give lines at high 

temperature which are as sharp as those produced at ambient. 

We have established a temperature scale using known transition 

points. This calibration curve between the heating current 

and the temperature of the sample-holder is re-adjusted with  

the help of the temperatures of the DTA peaks of C^S. We can 

thus obtain a set of high-resolution photographs at selected 

temperatures which show the progress of the transformations.

Our results are in disagreement with those of Miyabe and 

Roy. The differences are as follows:

,1) ' Miyabe and Roy found only the rhombohedral form (r) 

above 970°; we detected three modifications (R, M^) above

980° (Figure 8). 

Figure 8 .



2) According to Miyabe and Roy, the stable form between 

980° and 920° is monoclinic. We have shown evidence, in the 

splitting of the 620 reflexion (620, 520), for the presence of

a triclinic form, The separation of the lines is 0-003 S,

which was not resolved by previous workers.

3) Miyabe and Roy obtained a considerable contraction of 

the unit cell of T^> between 600 and 700° Figure 9) suggesting 

a new transition, T^>->’ T , at about 700°. We consider that

Figure 9

some of the lines for T^, T and M are incorrectly indexed.

If the spacings in Miyabe and Roy's diagrams are correctly indexed 

and the parameters recalculated, the contraction disappears (see 

Figure 10). The curve showing variation of pseudo-orthohexagonal

, Figure 10

parameters is then similar to ours (Figure 11).

Figure 11

Solid Solutions of Tricalcium Silicate

The transformations of 0^3 occur rapidly at well-defined

temperatures, and without noticeable hysteresis. One cannot

stabilize, by quenching, any of the high temperature forms.

On the other hand, if one introduces small amounts of foreign 

ions into the C-jS lattice, one obtains, at ambient temperature, 

phases which have the same lattice as one of the phases of pure C^S. 

There is thus, by additions, stabilisation at ambient temperature 

of forms which in the pure compound only exist in narrow ranges of 

temperature. One might say that the disorder introduced by 

foreign ions is playing a role analogous to the disorder of thermal 

vibration.



Table Zf.

by different additions, as a function of their concentration,

The different solid, solutions have been prepared, by synthesis

from pure materials

be more complex Table 4 shows how one addition will not,

in general, stabilize all the forms The highest symmetry

phase is stabilized by ZnO but not by any other single oxide

Nevertheless, it is observed in certain clinkers which contain

insufficient ZnO but a very large number of other impurities •

These complex

The studies of

the solid solutions as a function of temperature have been made

only on the simplest synthetic products and we will begin with

a function of ZnO show clearly the different vanities

(Figure 12)stabilized The DTA results confirm the stability

Figure 12 [

The transformation temperatures are decreased by theranges

addition of ZnO

merge into one with addition of their intensities The stability

Above 0’75$ ZnO, Mj. transforms directly

The fusion of the two DTA peaks implies a change of

symmetry from monoclinic

superstructures, simultaneously

At 0*75% ZnO the thermal effects at 920 and 980°

In clinker, the solid solutions must

to triclinic, with the formation of two

to T^-j.

the addition of ZnO which stabilizes the most complete range of
(19) pha se s .

zone of Tjj-j- disappears

ambient temperature, the 

Ca^+ in the C^S lattice, 

of percentage

(AlgO^, FegO^, MgO, CrgO^, TiOg, NagO, KgO etc.) 

mixtures have not been reproduced by synthesis.

(15)Table A indicates the nature of the phases observed

Solid solutions of C,S + ZnO. Zinc oxide stabilizes, at

forms Tj Tjj» Mj, Zn^+ replaces

The variations in the parameters as



The temperature of the small signal at 990° does not vary 

and the thermal effect persists above 2-25% ZnO, into the region

where, according to X-rays, M and R appear to be stabilized.

This is a new example of a phase-change detected by DTA but 

imperceptible by XRD. Above 2-25% ZnO, the solid solutions 

C-jS + ZnO would again be monoclinic but of a form approaching so 

closely to rhombohedral that XRD cannot resolve the symmetry.

There is one difference between the monoclinic forms and 

of pure C^S and the solid solutions C^S + ZnO. The - 

characteristic reflexions 224, 404 and 620, 040 are reversed - 

(Figure 13). , ,

Figure 15 ;

This inversion has already been observed by Yamaguchi and 
(22)Miyabe' ' and interpreted in a study of the solid solutions 

/ 2^1
JCaO-SiOg-AlgO^-MgO by Yamaguchi and Kato'' . It corresponds 

to a different a/b ratio of the pseudo-orthohexagonal parameters 

and a different ß angle. In the case of pure C^S at 985°: 

a/b < VT, ß < 90°, in the solid solution C^S + 2% ZnO: 

a/b > V~5^ ß "> 90°. • The monoclinic forms of the solid 

solutions reverse at high temperature to the monoclinic forms 

of pure C3S. The intermediate form with a/b =V3" and ß - 90° 

has an orthohexagonal unit cell even though the symmetry is not

rhombohedral.
(2?)Ono, Uno and Kanal have also stabilized the trigonal

form of C^S by 

solution C^S + 

is reported as

c = 25*115 hut the optic axial angle 2V is not 0 as in the case

15% C^A + 5% CaFg, prepared by the same authors, 

rhombohedral with hexagonal parameters a = 7’088

the addition of 6’5% ZnO. Furthermore, a solid 



following

CaO dissolves small

the solid solutions

co-exist The forms

appears, identified both optically and by the lines in the X-ray

powder diagram

lines are again

a/b = 1-737 and

alumina incorporated in

solid solution:

electrostatic neutrality of the lattice The

formation of the solid solution, by both addition and ’

free octahedral sites also, thus maintaining the

substitution, is expressed by the formula: 

1550°C

solution C^S + 2^> MgO, '

In the monoclinic form, the characteristic

form of Al„0, or C,A2 3 3

inverted: in the solid 

ß = 90.

of C^S'+ 6*3% Zn^SiO^; it is less than 15°(-).- .Presumably, this 

solution is not truly hexagonal. "

* ' (11 )Solid solutions C-,S + MgO. Woermann, Hahn and EyseV ' 

have proposed, for the solid solutions C^S + MgO, the 

formula: (Ca. Mg ),SiOc, where 0 <. x < 0*0125 at 

The Mg2+ ions replace an equal number of Ca2+ ions in 

lattlo.«28)

a) between 0 and 0*A5$ '

Al^+ replaces Si^+ in the tetrahedra but occupies the

Solid solutions 0,3 + Al^O^. The 

the lattice of C,S can be either in the 
3

(11)Woermann, Hahn and EyseV ' have distinguished two types of 

the C^S

The solubility limit is 2% MgO but this depends , 
(26 29)on the temperature' ’ In addition,

quantities of MgO^®\ Thus crystals of

Ca5SiO5 - "Mg3SiO5" and (Ca, Mg)0^51^ can

of C^S which are stabilized are T^. (up to 0*55% MgO), T^j. (0*55 to 

1*45^ MgO) and (from 1 *21-5 to 2*0% MgO). Above 2%, periclase

solid



where 0 <_ x < 0*02, VI1 being a vacant octahedral
f 11 is) site. The only form of C^S stabilized is .

b) between O*2(.5 and A% Al^O-, 
---------------------- ------- 
above 0*lv% KLgO-^i the incorporation of AlgO^ may be:

- either the result of two linked substitutions: Si-Al 

(tetrahedral sites), Ca-Al (octahedral sites), following 

the formula:

(Ca, Al J71 (SiT Al )IV O-
3 - x x ' x I - x x ' 5

2 2 2 2

- or the continuous balanced replacement of Si by Al 

for the most part in the octahedral sites occupied by
("VI)Ca and to a very small extent in the vacant ,

octahedral sites (VI’). "

These interpretations appear more probable than that of 
/ OQ

Locher'' ' in which the loss of the oxygens which are not bonded 

to the tetrahedra pennits the neutralisation of the charge after 

substitution of Al for Si.
(in 11 2fl')The form which is stabilized is T^'1 ’ 7 .

DTA shows the decrease in transformation temperatures of the 

forms stabilized by AlgO^, up to 1%, the limit of solubility.

Above the solubility limit the lines of C^A appear in X-ray powder 
(12)patterns . The solubility limit is independent of temperature.

(29 )Midgley and Pletcher found the same results, but maintain that 

the substitution of Al in the lattice is not due to insertion of 

C,A in C,S but to a solid solution of the series C-.S - "G, JL".
5 3 3 Iv-D



The presence of Al does not change the type of substitution 

of Mg, but, on the other hand. Mg does affect the substitution
(31 )scheme of AV .

a = 12-262, b = 7-055

the X-ray powder diagram is similar to that

true polymorphism.

Above 0-5^ IfegO,

C^S

of alite in clinker

At 0-7^ CaF2,

Above 0-74-% there is a decomposition of C^S

the C^S lattice 

parametersthe structure is monoclinic with

c = 25-086 X, ß = 9O°o/39\

enters into solid solution in

Other solid solutions of C,S. Tricalcium silicate also forms
(3lv) 

solid solutions with the following additions: LagO.SiOg ,
and Na20^8\

into a' CgS.

It seems equally probable that C^S can take up to 1% ^*2^5 
solid solution^O), involving more a distortion of the lattice than

Y?0,.Si0 ^5\ SO Co20 
2 5 2 5 '25

NagO substitutes for CaO in

Solid solutions C,S + FCgO.,. The limit of solubility of 
FegO^ in C^S is 1-0^11\ Only the triclinic forms T^ (from 0 to 

0-8% FegO-j) and (from 0-8 to 1-05^ Fe20^) are stabilized.

According to Fletcherthe solid solutions are of the type 

C^S - "C^F": 5Ca^+ are replaced by 3Fe^+, 6Si^+ by 6Fe^+, and 

the charge is compensated by one Fe^+ ion in an interstitial position,

Constitution and Structure ofAlites in Clinker

In alites, one can find triclinic, monoclinic and trigonal 

formsIn Figure 1A, we show the patterns of two clinkers 

in which the alite is in the forms M^ (inverse) and B..

Figure 1A

The alite graihs in portland cement clinker appear to have 

trigonal symmetry and to be practically uniaxial. However, each 

grain is an assembly of numerous crystallites of lower symmetry,



twinned, at 120°. As Jeffery ' has suggested., these crystals 

are thus paramorphs of the high temperature form. '

A recent study hy Yamaguchi and Ono^^^ shows evidence for two 

types of alite crystal: regular hexagons'corresponding to the 0001 

face and hexagonal sections elongated in the characteristic planes 

1102 and 1011’(Figure 15). -

Figure 15

The transition from rhombohedral -»‘monoclinic is a small 

energy change: the monoclinic a axis coincides effectively with

the rhombohedral c axis and the monoclinic b axis with one of

the rhombohedral a1 a2. a, such that the twinning of the

transformation is triple.
t 2. ) >

Jeffery^ ' has considered alite as a definite composition with 

additional atoms in fixed lattice sites. In alite of formula 

54Ca0.Mg0.Al20^.16SiO2 there is replacement of Ca by Mg, of 2Si by 

2A1, and the addition of one Mg ion in a vacant hole, to maintain 

neutrality of the lattice.

The structure of this alite is monoclinic, with parameters 

a = 53*08, b = 7*07» c - 18-56 j£,/?=9hO10l, space group Cm. One 

of the pseudo mirror planes of the trigonal structure becomes a true 

mirror plane (Figure 2). The oscillation and Weissenberg 

photograph.show a large number of satellite spots, which could be --x 

interpreted to give a c spacing of 150 £.

The existence of different types of C7S solid solutions shows 
5

that alite is a trie solid solution. The introduction of foreign 

ions and balancing of charges are continuous and1 statistical. Alite 

is not a compound with a definite composition like the stoichiometric 
formula given by Jeffery. As early as 1958, Von Euw^^1") showed 

that this composition contains C^A as an impurity. ' 1



From powder diagrams, Yamaguchi and Myabe^ ' calculated'the 

monoclinic unit cell of Jeffery's alite and found the parameters u 

a = 12»22|.6, h = 7"0^-5, c = 24*975 X, y? = 90O0it-1 • ‘ Ordway^ ' 

re-calculated the unit cell to a = 12-211S, b = 7*OZf.5, c = 24«972 j£, 

ß= 9O°O6', an-elementary cell which allows the indexing of all'the- 

lines visible in the powder diagram. J Only Jeffery studied a ' 

single crystal of alite and was able to find the true larger unit 

Stability of Tricalcium Silicate and Alites 

observed only two forms of C^S in clinker: ß and a , the ct'form 

being trigonal and the transformation ß taking place at 1575°C

cell.
Toropov and Volkonskii^^) (i960) and Chromy^^) (1962<-) 

synthesis of tricalcium silicate is difficult
Toropov^detected, by DTA and by microscopy, CgS in contact with 

C^S. If this CgS is saturated with CaO, the CaO/SiOg ratio becomes 

equal to 3*02 - 3’04 in tricalcium silicate.

Several methods of preparation of tricalcium silicate have been
, .(47,48.21.9.50.51) (47)reported'' *. Mineralisers such as NaF, NagSiF^ J,

(52) (53)LiCl , CaFg, COg ' accelerate the formation of C^S. Complete

Boikova and

On the other hand, a chemical and optical study by Woermann, 
(31 )Hahn and EyseV has shown that tricalcium silicate is a definite

compound, with the stoichiometric formula 3Ca0.Si0g (CaO = 73*68^,

SiOg = 26«3^o). In samples with a lime content lower than 73*68^,

at which

Below

C.S co-exists with free CaO: there is no C^S. 3 2
CjS is stable between 1250° and 2070°, the temperature 

it melts incongruently to form CaO and a liquid phase^^*"\ 

o (55 22)1250 , pure C^S does not decompose' ’ ' or its decomposition is so



I
! I

I 
h

slow that it can only "be detected, by the analysis of trace 
quantities of free lime^ l̂’\

Alite will decompose into belite and free lime in the 

presence of certain minor elements (KgO, CaFg). A considerable 

decomposition of alite occurs at 1180° in metallurgical clinkers 

The ]?e2+ ions replace the Ca2+ in the C^S lattice^^\



DICALCIUM SILICATE

It is necessary to note first of all the clifferences that

exist between the polymorphisms of CgS and C^S The lattices

of the different CgS forms are known and their parameters are

quite distinct. At the moment, only the structures of the 

and T forms have been determined; they are completely

different. It seems equally certain that the ct and a1 

structures show small but distinct differences. ■ In addition, 

there is complete agreement between the transition points

revealed by DTA and by XRD crystal analysis. In the case of 

CgS "we have the usual types of transformations, whereas in 

C^S we have a very special case because all the forms can be 

derived from a single structure by slight variations.

Structure of the 5 Forms of C^S

ct C^S. Of all the forms of CgS, the ct form, which exists 

only between 1A25° and its melting point, at 2130°C, has been 

least studied because of the difficulties of carrying out high 

temperature experiments.

The most recent work is that of Yamaguchi, Ono, Kawamura 
and Soda^^^ who used diffractometry at 1500° to determine the 

trigonal lattice (space group P jin 1) with parameters a = 5'527, 

c = 7'511 X (hexagonal notation). These results agree with 

those of Bredig^S) (a = 5»A5, c = 7'19 X) obtained from high 

temperature powder photographs taken by Van Valkenburg and 
McMurdie^^). ^he space group is C 3ni (P 3m 1 ) by analogy 

with glaserite, NaK^(S0^)2.



The other determinations have been made on stabilized phases 

but with additions of such large proportions that one ought to 

consider whether the lattice has been substantially altered.

Thus a a form "stabilized" by Al„0 + 2*5% Fen07 + 6% Na,,0 2 j 2 5 2
has parameters a = 5"M9, c = 7'022

A.M.B. Douglas^O) observed a small amount of a trigonal 

phase, with parameters a = 5'46, c = 6*76 2, similar to ct CgS, 

in the 1 single* crystals of bredigite extracted from vugs in 

blast furnace slag. These composite crystals, of composition 

^1-59^0.08%. ^^Mn^^^SiO^, always contained the trigonal and 

orthorhombic phases in fixed relative orientation.

The crystals of nagelschmidtite BCagSiO^.Ca^PO^g, -
( 61 )also extracted, from a vug in slagv , have a hexagonal lattice

defined by unit cell parameters which are multiples of those  

given above: a = 21-80, c = 21-54 X. Likewise, Yamaguchi, ' 

Miyabe, Amano and Komatsu'1 -in1957) have suggested that the 

lattice of glaserite cannot be applied to a CgS unless a is " 

multiplied by 4 (a = 21-8) and c by 3 (21*50). The unit cell 

of a CgS would, in this case, be more complex, but these "

- (5?)results were not retained by Yamaguchi, Ono, Kawamura and Soda * 

in 1963. • *■ - '

ct' Cr,S. There exist two forms of a:C7S: a'TT and a' > ' —” n L
whose stability regions are respectively 1420° - 1l60°C and 

1l60® - 675°C^^\ The parameter variation curves calculated 

by Niesel and Thormann^^^ from diffractometer traces of pure ‘ ' 

CgS, show a reversible change of slope at 1l60°C. We ourselves, . 

with the help of high-temperature powder photographs, have 



confirmed, the existence of tvro different forms of a' C9S at 

Uli-S0 and 1200°C. Our results form the subject of a

Supplementary paper to this Symposium.
'' (6k)

Smith, Majumdar and Ordway/ have already observed on 

diffractometer charts a variety a' obtained by heating

Tf CgS, slightly different from CgSa'jj , obtained by cooling 

the a form. Similarly, Yamaguchi, Ono, Kawamura and Soda'

have detected differences of intensity in the lines of a.' 

prepared from Ct on the one hand and from f on the other.

This intensity difference disappears towards 1100°C. At

1300°C, the orthorhombic unit cell of ct' ^CgS, calculated by 

* (5?)
Yamaguchi, Ono, Kawamura and Soda from powder patterns, 

has parameters a = 6*883, t) = 5*600, c - 9*5l<-3 X (space group

Pnma).

Determinations have been made on stabilized ict' forms.

Thus, for a phase containing 10^ CaMgSiO^ and 1^% KgO, Yamaguchi, 
' (57)

Ono, Kawamura and Soda found the following parameters: 

a = 6*7^8, b = 5*k94, c = 9*261 The form stabilized 

corresponded to the form Ct'^CgS above, described by the same 

authors. In this case, the differences are not due solely to 

thermal expansion, but also to distortion of the lattice by the 

impurities.
Douglas^®\ working on the natural mineral bredigite, usually 

considered identical with a ' CgS, and on the composite crystals 

referred to above, calculated a cell which has the a and b 

parameters doubled: a = 10*91, b = 19*2f-1, c = 6*76 X (space group 

Pmnn) and she found a similar cell by indexing Trdmel's powder



data^ taken at 75O°C; certain weak lines necessitate the

(1 ) 'doubled cell. Ordway points out that the powder patterns 

of pure a' C^S and Douglas's material are significantly 

different though the structures are probably closely related.
"■ (*58The a' CgS structure is unknown. Bredig'' has

proposed the hypothesis that it is analogous to that of 
(66) •ß KgSO^. Majumdar, Smith and Ordway^ give a model 

founded upon the analogy betvreen ß CgS and but without

justification by intensity measurements. ■

ß C„S. The most precise determination of the parameters 
(55)was obtained by Yannaquis using a synthetic preparation of 

pure ß CgS. The lattice is monoclinic with parameters ' 

a = 5-507, b = 6-7511-, c = 9-517 1, ß = 914-°58’ (A.S.T.M. card 

not negligible, are very small
1

ß CgS phases: CgS + 

a = 5'11-8, b - 6-76, c 
P2^ ,n)^1 and ß C^S 

b = 6-757, c = 11 -197

Lattice determinations have also been made on stabilized • 

0-5% is by the parameters

= 9'28 S, ß - 91i-O35l, (space group 

+ 0-25% OrgO^ by parameters a = 5'51k, 

S, ß = 123°59'^7)i These results

show that the distortions introduced by foreign ions, though 

9-351), space group P2^n

From a powder diagram of ßG^ at 55O°C, Yamaguchi, Ono, 

(57) 'Kawamura and Soda have proposed a monoclinic unit cell with 

parameters a = 5*558, b = 6-823, c = 11-261 S, ß = 123°111, 

space group PS^c, which is identical to the Yannaquis* s 

lattice (see figure 16)



Four of these 8 Ca

can be described, as columns of alternating tetrahedra and.

Figure 1 6

below the SiO,'
A-

The structuretetrahedra in the direction of the b axis

The structure of monocrystals of ß CgS stabilized by 

(61)0-5^ B203 is monoclinic'' , and is constructed from independent

SiO. tetrahedra and two sorts of Ca atoms.

atoms (Ca^.) are placed alternately above and

Ca atoms, linked together by the" other four Ca atoms (Ca^)
- (21 ) placed in the holes between the tetrahedra . The >

pseudo-trigonal arrangement of the SiO^ tetrahedra around the 

Ca^-j atoms is shown in Figure 16..

The co-ordination of Ca^ is irregular: 6 neighbours lie 

at distances between 2»30 and 2*75 and six others between 2*98 

and 3*56 X. If the co-ordination is equal to 9, the contribution 

of each of the six nearest neighbours being /9 and that of the 

other six ^/9i Pauling's rule is approximately satisfied. The ,

co-ordination of Ca^ is equally irregular. The eight 

neighbours belonging to six neighbouring tetrahedra lie at 

distances between 2«36 and 2*80 X. - • .

This structure, determined by Midgley^^ from 200 hOl,

Okl and hkO reflexions, has a "reliability" factor of 19%» the < 
R factor being reduced to 9% hy Mclver^^\ McIver suggests - ■

that the space group P^yn is incorrect, the true space group 

being one of: P2^, Pn, Pl or Pl. Furthermore,.Midgley notes

that slight displacements of the atoms transform this structure

to an orthorhombic structure of the^KgSO^ type, and somewhat



larger changes give a trigonal structure ( a CgS). The 

polysynthetic twinning occurs on the (1OO) and. (001) planes 

(Figure 16) which become the planes of symmetry in the 

structure of a1 CgS.
(57)The unit cell of Yamaguchi, Ono, Kawamura and. Soda 

defined by the parameters a', b', c* -(Figure 16) is deduced 

from that of Midgley (a, b, c) by the following relations: 

a1 = a, b' s b c* - - "a

T Q^S. The unit cell has been determined from powder 

data by several authors. Their results are in agreement:

a = 5*076 b = 6*756 c = 11*250 X'( space group Pmcn) 

A.S.T.M. card 9-369^55^

a = 11 •232 b = 6*773 0 = 5*083 (space group Pnma);

a = 5*091- 0*010 b = 11*371- 0*020 c = 6*782! O*O1O^66^ 

(space group Pbnm).

The volume expansion during the ß - 7 transformation on 

cooling, shatters the crystals into fragments too small

(1 -100 p. ) for single crystal study. Smith, Majumdar and 

Ordwayprepared CgS from ethyl orthosilicate hydrolysed by a 

solution of Ca(M0^)2. The mixture was dried at 100°, denitrated 

at AGO0, heated to 1500° and quenched in air. 1 Several single

crystals were

determined

Figure 17

ml_ n 2+ • The Ca 10ns

isolated and their complete structure was -

This structure is of the olivine type MgoSiO^^’^^^. 
z A

replace the Mg but, being larger, expand the unit 
' (21 )

cell of MggSiO^ but without altering the general regular arrangement

The SiO^ tetrahedron is irregular (Figure 1?). -The Si-0 distances



vary from 1-589 to 1*725 X. This irregularity is probably due 

to the distortions in the hexagonal arrangement of the oxygen 

ions. All the Ca ions are octahedrally co-ordinated; the 

low co-ordination of Ca explains the greater molar volume of 

the low temperature phase.

There is also a structural analogy between CgS and • 
NaoBeF,^^’^^^ on the one hand, and C S and Ca„G-eO. on the .

2 If. ' jr 2 Zt-

other. ,

Other Studies on CqS .

Apart from these five phases which are universally agreed 

and well defined, some authors have claimed the existence of 

other modifications.

1) A modification of ß , called ß* , has been detected 
(71)by Vasenin ' in a DTA study. This phase, as described by 

(72)Toropov, Volkonskii and Sadkov' ', has a pattern similar to 

that of ct' , and is stable from 900 to 123O°C. Its 

existence seems to be confirmed by a DTA signal at 1230°, 

found by Schlaudt and Roy^^^ in a study of the system .

CagSiO^- CaMgSiO^. The ß* phase has not been confirmed by 
Welch and Cutt^®^ nor by ourselves.

2) Kurdowski^^"^ reported a new phase produced at 600° 

from a ß form stabilized by excess silica, which was very 

close to ß . This phase appears doubtful because excess 

silica does not stabilize ß CgS but favours the transformation 
ß T (30),



3) A cubic form stable at 16OO° has been reported, by 

(75) .Saalfeld. . His high temperature patterns show an 

absence of 110 reflexion and. enhanced intensity of 102. This 

behaviour, which is reversible, could be due either to a 

variation of the hexagonal axial ratio c/a resulting from 

the rotation of the anions or to the formation of a cubic phase 

(a = 5'8 JO. The trigonal 102 reflexion would become the 

cubic 200. Since 1953, this phase has not been reported by .

other research workers. However, a solid solution CgS + NagO 

reported by 0no^^^ is perhaps a superstructure of Saalfdd's 

cubic form stabilized at room temperature. The mineral 

obtained in the CaO - SiOg - AlgO^ * FCgO^ system by an .

equimolar substitution of NagO for CaO is isotropic with 

a = 17’769 £ 3 x 5.8. .

Study of the Transformations of CgS , .

To describe the processes of change from one phase to another, 

we will cohsider the transformations observed first with decrease

and then with increase in temperature.

l) With decreasing temperature. We start with the a phase, 

stable at high

a - a'H:

(Figure 18).

, Figure 18

cannot be characterized witji certainty. Smith, Majumdar and Ordway 

suggest that "half the SiO^ tetrahedra rotate so that their apices 

point in opposite directions at the phase change. The rapidity of 

the transformation is certainly facilitated by the elevated 

temperature, even though the change may require a structural

the transformation is reversible without hysteresis

The structural changes of the ,ct —ct'rr inversion



re-arrangement".Kiesel and. Thormann (63^have found at 1160°, a DTA 

peak, corresponding to the a’ ------ a* transformation,
fl Li

ct I ß : 650°. The transformation is reversible with

a hysteresis of 2$° (Roy^^^ found, a hysteresis of 50°); it 

occurs at a well-defined, temperature. According to Smith,
(66)Majumdar and Ordway'' the transformation involves a rotation 

of the SiO^ tetrahedra and a change in the Ca ion co-ordination. 

From 8-fold in the a' , the Ca co-ordination becomes variable, 

8 or 9 fold, in the ß form.

ß T :; theySphase forms the T by the process 0.1 Z?ß -> T 

This monotropic transition involves a considerable change in 

volume (dusting). From the structural point of view, the ß -» T 

transition is a transformation of primary co-ordination'1' '. 

According to Smith, Majumdar and Ordway^^) the transition involves - 

a rotation of the SiO, tetrahedron and should be considered asA-
semi-reconstructive because of the large movements of some of the 

Ca atoms. The sluggish nature of the transformation is perhaps 

due to the complexity of the bond re-adjustments.

The ß ->• x transformation has certain peculiar characteristics: 

in effect, it has been observed at different temperatures by 
different authors, 525°^^\ 450° (71), koo° (71p), 375°(80), .

3OO°(81,82), and in addition it is incomplete. One usually 

obtains a mixture of ß and T but in variable proportions; 

one can obtain anything from nearly pure T to nearly pure ß . 

These phenomena will be the subject of a later paragraph.

2) With increasing temperature. At ambient temperature, 

one may start with either ß or T : •

a) y^CgS: the transformation^-*• cttakes place at 675° 

then a’ £->• Ct' at 1l60°(^3^ and a' ct at 12^20°C.



The transformations are visible on DTA and. are confirmed by

XRD.
b) T CgS: starting -with the T phase, a' forms slowly 

between 725° and 86o°C. The DTA peak is elongated (spread out). 

Guinier camera photographs (see Figure 19) taken at 750° and 850° 

| Figure 19 "

show the co-existence of the two forms T and a '

One can explain the different characters of the ß—►d.1

and T —» « ' T transformations by structural considerations. L
If the a * j, structure is only slightly different from ß , it is 

very different from 7- . The r -* Ct' transformation is 
semi-reconstructive. According to Smith, Majumdar and Ordway^^^

this implies a rotation of the SiO^ tetrahedra, a change in Ca 

co-ordination from 6 to 8, and an appreciable displacement of one 

type of Ca atom. Like the ß -> T transformation, its sluggishness 

is perhaps due to the complexity of the bond changes.

The whole group of CgS transformations is shown schematically 
by Niesel and Thormann^*^ (see Figure 20). ,

I Figure 20 |

The energy diagram proposed by Bredig'J '' now requires to 

be completed.

The different forms of CgS can also be identified by infra-red 
. , (83,84.)absorption spectra ’ . ,

Stabilization of Different Forms of C„S

As indicated on Bredig’s diagram, it is the f phase which 

is most stable at ambient temperature. However, one can succeed 

in stabilizing a and ot' , and one can obtain ß at ambient temperature.



Certain oxid.es, such as MgO, AlgO^, FegO^, BaO, KgO, ■ ' 
P90,- and. Cr„O,, stabilize both a’ and. a forms (85,86,87,88,89,90) 
2525 •

A phase previously considered, to be a definite compound of ■" 
(91)composition KgO.B^CaO.^SiOg was shown by Suzukawaky * to be a -

solid solution of KgO in the a' form of CgS. However, Welch 
and Gutt^?^ could not obtain this form at ambient temperature,

finding that it transformed rapidly to ß . . On the other hand, 
( 5) 

merwinite does not seem to be a solid solution of MgO in a' CgS , 
as was proposed by Bredig^®\ Yamaguchi and Suzuki^2) have

of stoichiometric composition 

and

the existence of a still higher Ca

which is stated to

interesting problems are those of the ß T transformation and•

form.

with pure synthetic

products, considerable variation can be observed in the conditions

reported the influence which crystallite size has upon the stability

Microscope observations show that grains of ß which are stable

at

of T which have been derived from ß are in general 10 to 100/z

in

Figure 21

while, under the same conditions, those of ß CgS are continuous.

group P21/c).

The reflexions from a stationary sample of T CgS are spotty

of ß : this phase is more stable the smaller the crystals.

the conditions of stabilization of the ß 

a) Influence of nucleation. Even

for the ß -»T transformation. Yannaquis and Guinier nave

ambient temperature are never larger than 5 /Z , although grains

size. These observations are confirmed by XRD patterns.

prepared crystals of JCaO.MgO.SiOg 

with a monoclinic structure (a 

= 92°8', space

= 9*336, b = 5*301, 0 = 13*286 1, ,

(93) Furthermore, Gutt ' reports

compound, CaO MgO ,310-, 1-7 0*5 2
co-exist with the CgS polymorphs. The most



(Figure 21 ).

This behaviour may be explained by the mechanism of the 

ß f transformation, which operates by nucleation and. 

growth. Let us suppose that nucleation is difficult; in 

these circumstances a grain of ß , whatever its size, will 

transform entirely if it contains at least one nucleus of T . 

If after the a' —»Sß transformation the crystals of the latter 

are sufficiently large, the probability that each grain will 

contain a nucleus of T is high, and one obtains, at ambient 

temperature, a high proportion of y . If, on the other 

hand,.the crystals of ß are very small, many of them will not , 

contain y nuclei and cannot transform during cooling. ’

One can thus predict that if one can succeed in preparing 

a' in very small grains, stabilization of the ß form may be 

achieved. This condition is realised if CgS is prepared by solid 

state reaction between CaO and Si02 at IZOO0^^"^. In the 

stability range of the cl' phase, the ratio 

rate of growth/rate of nucleation is low or nearly zero. In 

the same way, a sample of CgS heated to 155O°C, in the cl zone, 

gives 90% of ß on quenching because the passage through the 

a -> ct' transition is very rapid and the crystals remain small.

On the other hand, the same sample cooled slowly from 1550° to 

124-00° and then quenched, gives 95% T * The slow passage 

through the <X ct transformation allows time for crystal growth 

and in spite of quenching the transition y is practically 

complete. This explains also the role of the temperature of 

124-20° in the stabilization of ß or t » which has been remarked by



several authors' ’7 . According to Niesel and. Thormann' ■ 

it seems that 1160° should, "be the optimum growth temperature 

for crystals of ot' CgS; if CgS is synthesized, below 116O°C, 

one obtains ß , while a sample prepared, at a temperature above 

1160° gives a mixture of ß and. T . One should point out 

that Chrorny^^) has also shown, by optical methods, the effect

of crystallite size of CgS.

Again, the analogy between the structure of 7CgS and

MaBeF. is to be found in the nature of their transformations. 4- ,
(9?)The process of nucleation is the determining factor in 

the transition T -» Ct' of NaoBeF. .
hr

b) Influence of pressure. The nature of the 

phenomenon of apparent stability of ß CgS has been more 
precisely defined^®\ It is possible to provoke a partial 

transformation from ß to 7 even at room temperature.

Percussion of pellets of ßiCgS will induce a transformation to 

7 of as much as 50^. Crushing between the platens of an 

hydraulic press may give up to 50^ 7. The transformation is 

activated by the creation of nuclei of 7 as the crystals are 

sheared under compression. On the other hand, if powdered ß 

is submitted to hydrostatic pressure, even very high 

(9 tonnes/cm^" =8*8x10^ ), no transformation occurs;

the 7 phase is less dense than the ß phase, and increase of 

(99)pressure does not favour the transformation '. High pressures

give ß a stability region which does not exist at atmospheric 
pressure^^). Thus, the ß phase is stable at ambient temperature 

under 2 atmospheres and it would be possible to transform 7 to ß 

under 17 bars (l00).



c) Stabilization by additions of foreign ions and, 'by 

departures from stoichiometry. The effect of grain size is, 

according to the theory presented above, merely statistical; 

but other factors are certainly involved in the stabilization 

of , in particular the presence of impurities or of excess 

CaO or SiOg over the stoichiometric ratio:

Effect of excess CaO: it is possible to introduce an ' 
I

excess of CaO (1%) into CgS. The form obtained at ambient 

temperature is ß , yet the crystals are quite large (10 p, ). 

The specific effect of CaO is thus independent of that of size'' .

These results may be relevant to the work of Roy^Z^^ who, 

having prepared large crystals of ß CgS from the hydrates, seemed 

to disagree with the theory of Yannaquis and Guinier. It is 

possible that these crystals were stabilized by an excess of CaO
(5U-) present in the hydrates .

Effect of an excess of SiO^: the solubility of SiOg in 

CgS lies between 1 -5 and 2%, and the form obtained is ? .

Crystals of CgS - SlOg solid solutions range in size from 5 to 250p . 

The addition of silica modifies the distribution of growth rates 

in the CgS crystal and favours the transformation ß -» T •

The effect of an excess of Si02 can be seen in the dusting 

of badly quenched clinkers or slags. Microscopic examination 

shows that the sources of the dusting lie round the grains of 

quartz; the crystals of belite which are too rich in silica 

transform' to T .

Effect of foreign ions: B203 is classical stabilizer 

for ß Using less than lame®



necessary

groups

Ions than d.o Interstitial positions in a lattice as compact as

One can regard.

to

Very smallT

numbers of Na atoms are sufficient to Inhibit completely the

The threshold, of effectiveness seems to ließ x inversion,

shown that the alkalis are not essential for the stabilization of

ß c2s

Observations on the reaction products

the ß

c2s

of C2S

than CaO, the probability of nucleation of

diminish, even more

that of CgS

of an envelope of CaMoO^ or of an aluminous layer which hinders

X transformation during rapid cooling (1000°C/minute)

Cr>S + MoO-,, CqS + C-.A 2 5 2 )
with the electron micro-probe have shown that there is formation

Niesel and Thormann^) have studied the solid solutions

ß CgS is not significantly altered (Figure 22).

| Figure 22 |

Yannaquis and Guinier^^) suggest that holes are formed 

by the elimination of Si^4- ions (probably in the form of silica) 

to balance the charges of the higher valency (B0^)^~ 

At 0*5% BpO'jj there is one Si vacancy in 16O molecules 

Such holes seem a more likely site for additional Ca^+

between 0«17 and 0*27% Na20 but, contrary to Thilo and Funk's 
views, Yannaquis and Guinier^®\ Niesel and Thormann^^^ have

this solid solution as a limit structure and refer to it as a model 

(1 01 ) formx ' which is then

The solid solutions of C^S + are well crystallized 

The lattice of CgS + 2/o BgO^ is monoclinic with parameters 

a = 5*^75, b = 6-770, c = 9-290 1, ß = 93°42’

NagO and KgO also stabilize the ß 
C 781formed as large crystals'' . Na20 seems



but which breaks up during slow cooling (lO°C/niinute) to permit 

the formation of grains of T CgS. -

Yannaquis and. G-uinier^) ^yg reported, during the

Fourth Symposium, the influence of pressure on the stabilization 

of the ß form of CgS. The ß —> T transformation occurs more

readily when the CgS lattice is not modified, as is the case with 

the solid solution On the other hand

the silicates with

(natural dical cl uni

give rise to no ß

silicate containing traces of Al^O^ or ^2°3)

transformation unter the influence of

C2S.P205 (1% CaNaPO^)

a modified lattice, CgS + 0-5% or

pressure. Either the crystals deform less or the formation 

of nuclei of T is more difficult.

Belites in Clinker

In clinker, bellte corresponds to a ß CgS with a lattice 

slightly modified by the addition of foreign ions. The XKD 

pattern of crystals of belite extracted from Portland cement 
(55)clinker is in general that of ß C2S. It shows, however, 

some reflexions which are broader and certain others slightly 

displaced. Belite is thus a product of imperfect crystallization 

and apparently a non-equilibrium composition. In the lattice of 

CgS, Ca^+ can be substituted by Mg^+, K+, Na+, Ba +, Cr^+, Mn^+ 

and the (SiO^)^" group by (SO^)^ or (SO^)^ (79)^

If ß CgS is stabilized by an ion substituting for Si, it 
is stable when fired in reducing conditions^On the other 

hand, under these conditions the ß1 —» f inversion is easily 
' (102,73) .produced in Ca-substltuted preparations . In a reducing

atmosphere, Fe^"1" can replace Ca^+ or another stabilizing ion, to 

form a solid solution FeO + CgS and provoke dusting of the clinker.



The theory of

a solid, solution

as untenable

solid, solutions COS + Bo0,.2 2 5

saturated, with CgS and C^BS must be regarded

clinker BgO^ reacts with C^S to form CaO and 

Belite usually occurs as rounded, striated grains, with 

The XRD pattern of belite is different from that of the

Mircea^ 0^) that in

markedly laminated structure. The striations appear at the 

moment of the a — a' transformations (Type IssingLy orientated.) and. 
the a'  ß (type II: doubly orientated)^ \ The usual form is

ß , and only occasionally does one find Cl1 (^5,106) (107)

The composition of belite is unknown; synthetic studies,

by substitution for Ca (V, Ti, Na, K) or by addition of. AlgO^, 

FegOj to C2S, have not given positive results.

Forest^has been able to prepare belites similar to

those in clinker. These are oxygen-defective solid solutions

with substituted Si of general 

synthesis and crystallographic 

the subject of a communication

formula CaoM Si, 0, . The2 x 1-x 2f--x/2

character of these belites form

to this Symposium.



INTERSTITIAL PHASE

The interstitial phase, visible between the C^S and C^S 

in micrographs of clinker (Figure 1) consists of two crystalline

phases, generally referred to as C^A and C^AF. In reality, 

each of these phases can differ from the stoichiometric

composition either by variation in the proportions of A and F 

or by the introduction of impurities in solid solution.

Tricalcium Aluminate

Structure of C,A. Trlcalcium aluminate is a definite ------------------------j—
composition which shows no polymorphic transformations^.

It melts incongruently at 15l|-20G to form CaO and a liquid phase.

o(110)The crystal lattice is cubic with a = 15*262 Xx f but the

structure is still unknown.
(111) 'Büssern proposes a structure based on measurements of

the strontium isomorph. The structure is a lattice of planar

A10, groups and octahedra of both A10, and CaO,; but as shown q- Do
(11 2 )by Ordway' * the oxygen atoms all lie at x, y, z = 0 or -g, 

and the sub-cell (■§• the true cell) contains 8 calcium and no
(l12)

other ions inside the faces. Ordway succeeded in growing 

a C-jA crystal and determined, using Laue and Weissenberg 

photographs, the unit cell and space-group (T^ - Pa^) which 

agree with Büssern's structure.
(113)Schroeder and Lyons' have proposed a structure in which 

the AlOg groups arh present as elongated octahedra, but Tarte^^^ 

disagrees with this structure because it requires unusually large 

Al - 0 'distances (2*6 S.). Further studies of C^A by both 



infra-red absorption and X-ray fluorescence'111suggest 

that the aluminium/oxygen co-ordination is probably all 

tetrahedral.

A structure which is based on AlgO^g rings of six 

tetrahedra has been proposed by Moore^11?) with 64 Ca at the 

corners of the lattice and a further 16 positions to be 

occupied by 8 Ca or 16 Na. Using diffractometer powder 

intensities and some of Ordway's single crystal data, least squares

refinment has not given values of R below 40

Solid solutions of C,A: solid solutions Ct(A. F ) . -------3- 3' 1-x x7
Schlaudt and Roy^11^\ Tarte^11^\ Majumdar^1 and Moore^11"^ 

have reported the existence of solid solutions C,(A, F ).3 1-x x
The limits of composition obtained for the solid solutions are 

different.

TABLE 5

Author Experimental method Temp.°C X

Schlaudt and Roy Optical examination of 1389 0-035

nature of phases 1300 0-02

Tarte Exact measurements of 1310 0-10

Ma jumdar dimensions of lattice of 1325 0-07

Moore the solid solution by

X-ray diffraction

1350 0-04

Figure 23

Figure 23 represents the variations of cell parameter a as 

a function of the molar percentage ^3?

C,A + C,F
. 3 3



These results show great differencies.

Although the methods and temperatures of preparation were 

different, Majumdar and Moore found that the parameter continued 

to increase slowly with iron content beyond the limiting , 

compositions. These compositions have thus not reached their 

equilibrium, state.. In Tarte's work, on the other hand, the 

parameter is constant when the ratio ’ge exceeds 10^.

Al + Fe

Furthermore, the isomorphous replacement Al-Fe is accompanied, 

in the IR absorption spectra, by a change of position of bands, 

a more or less profound alteration in bard profiles and the

appearance of a new band which suggests the presence of

tetrahedral FeO,4-
groups.

Other solid solutions. In the lattice of C^A, CaO can be 
(121 )replaced by JtagO. Brownmiller and Bogue' ' found the 

Comvicke

composition NagO.SCaO.JAlgO^ in the NagO-CaO-Al^O^ system
(122) (123)and Day , Fletcher, Midgley and Moore' z 

proposed a limiting composition 91% C^A, 9% N^A (mol) which is 

close to NCgAj. The parameter a decreases with addition of 

Na^O. At 3% (mol) Na^O there is a discontinuous change of 

symmetry from cubic to orthorhombic^

(91 )
A composition KgO.SCaO.JAlgO^ , isomorphous with

IfegO.SCaO.JAlgOj, exists in the presence of SiOgj the K atom 

has a large ionic radius, 1-33 £, (Na = 0*95 •&)> and some Si

( t = 0»M Ä) would replace the larger Al iens ( r = 0*50 A.)^11^^

The lijnit of solubility of MgO in G^A is 2*5'^ (by weight) 
according to Muller-Hesse and Schwiete^"*^^. MgO substitutes 

(117)
for CaO, and the parameter a decreases . Examination of

Portland cement clinker in the electron-probe suggests that MgO



C,A is in the orthorhombic form5 -

concentrates preferentially in the least when the
5

In the solid, solution C^A + SiOg, Si replaces Al. If one 

considers that the number of oxygen atoms remains constant, 

three atoms of Si replace four of Al, creating vacant sites' ' 

The parameter a decreases and the limit of solubility is 

5-6% (atom %).

Al + Si

Alumino-Ferrite Phase
Hansen, Brownmiller and Bogue^2^) showed that complete " "

miscibility exists between CgF and a hypothetical "C^A" up to 

C, AP.
(a^CgF : structure Bertaut, Blum and Sagniferes^2^^

have determined the structure of CgH. The unit cell is orthorhombic 

with parameters a = 5•6h-, b = lA'öß, c = 5"39 and space group 

Pcmn, and contains A molecules of CgP.

The structure is pseudo-tetragonal.

a and c are very similar (Figure 2A).

Figure 2A

Projections along

Along the b axis, a layer of FeOg octahedra alternates with 

a layer of FeO^ tetrahedra; these tetrahedra and octahedra do not

share oxygens. Ca is lodged in large cavities in the lattice of 

oxygen atoms and its co-ordination is very irregular; there are

9 neighbours, of which one is rather distant (3*3 X), to share the 



bonding. Cirilli and Burdese' ' and Malquori and Cirilli' 7' 

proposed the space group Imma for the whole series of alumino-ferrite 

solid solutions. Bertaut, Blum and Sagnieres^^7) foun^ weak 

reflexions which could not be indexed except in the space group 

Pcnm; the layers of octahedra have the symmetry Imma but 

slight changes in the tetrahedral layers and in the Ca atom 
positions reduce the symmetry to Pnma^^0\ ( = Pcmn in Bertaut's 

orientation).

— Allotropic transformations of CgF: Differential thermograms 

of CgJ? give two signals, at yo°C and 690°C, with a very flat region

(131) 'between the two peaks . The transformations are reversible 

with about 10° hysteresis.

We have attempted to determine the nature of these two 

allotropic transformations with the help of high-temperature

X-ray diagrams

discontinuity in unit-cell volume

parameter variation shows a slight change of slope, the expansion

The number of reflexions does not

change and there seems to be no change of lattice

brownmillerite has the same lattice as

The complete

and F, has not yet been

determined Brownmillerite is member of the solid solutionone

series GgF + "C2A" and seems the most stable Hansen

Brownmiller and Bogue considered

being slower above 690°

The transformation at 430° is linked with a 

structure, especially the role of A

At 690°, the curve of

(b) C^AF or

CgF. The orthorhombic parameters are a = 5’428, b = 14’760 
= = 5-596 X(130> but the space group

C^AF to be a definite compound

(c) Aluminoferrite solid solutions. Solid solutions

CnF. Ai In CnF, some of the Fe ions can be replaced by Al ions;Z 1—p p 2 ' ’

these solid solutions are of the form CgF^pA^.



discontinuities in the variation of parameters as a function of

p, the molar fraction of Al Ions (see Figure 25)

Figure 25

But these discontinuities correspond to very slight

Examination of differential thermograms shows thatp = 0-70

of the signal at 690° decreases similarly up toThe temperature

p - 0*2 to p = O’5j two peaks are observed

which disappear at p = 0*5 It is difficult to draw precise

conclusions from this work; only the disappearance of the first

signal at p = 0*30 seems to with the change of symmetry

in his study of single

Al enters both types of sitetetrahedral sites are filled

the change of space groupAt about p = 0’33equally

change involves a contraction andPnma

rotation of the tetrahedra, and displacement of the Ca atoms

The Al atoms are distributed about equally in tetrahedral and

octahedral sites

In brownmilleriteas a function of p is continuous

The variation of parameters a, b and c

the temperature of the first signal at 2^.30° decreases, as a

function of alumina content, to 200° and disappears at p = 0*30

be linked 
from Pnma to Imma found by Smith^^^^

crystals of composition CgF^ pAp*

From the variations in intensity

changes of slope. The limit of solubility is reached at

of characteristic hOl and
OkO reflexions as a function of Al content, Smith^^^^ deduced 

Imma occurs. This

A study of these solid solutions by X-ray powder diagrams 

has enabled Woermann, Hahn and Eysel^^^ to detect two

that initially Al replaces tetrahedral Fe. V/hen about half the

p = 0’2. From

75^ of the Al atoms are substituted for 



tetrahedral Fe and. 25/8 for octahedral.

p is greater than 0*70.

observed, an increase in wave number and. then

change, until at higher alumina contents, up

position of certain lines changes again

It seems that brownmillerite

At the same time, Majumdar, in studying the phases in the 

pseudLo-system CaO - CaO.AlgO^ - 

liquidus temperatures for mixes

2Ca0.Fe20^,’found that the 

on the hypothetical line

of reduction of C^AF in a hydrogen atmosphere is regular as in the 

ease of a definite composition

On the other hand., according to P. Longuet^^), rate

In a study by infra-red spectra, of solid, solutions
C„A F, , Tarte^119) 

2 p 1-p
above C^Q.yFp.j, no

to C2AO-85FO-15’ the

apparently due to the appearance of new phases such as C^A and

CgF - "CgA." varied continuously as a function of the substitution

3+ 3+Al - Fe in the ferrite lattice. Cyi and aPPear when

is the most stable member of the solid solution series Cr>A F. . 
2p 1-P

MgO-ferrite solid solutions: Magnesia enters into the ' 

ferrite lattice; normally red-brown, the latter becomes grey-black 

in the presence of MgO. It has been assumed for a long while - 

31 ) that Mg substitutes for Ca but Woermann, Hahn and Eysel'1 f have 

detected two types of solid solution. These authors used a •

precise analytical method to determine the free or uncombined CaO: 

the samples contained a small quantity of excess CaO; after the 

addition of a given percentage of MgO, the quantity of free CaO 

was determined and from the resultant curve, the type and the - 

limit of solid solution were deduced. - ' ■



The solid solution MgO-ferrite "takes up more lime than 

the ferrite. According to the slope of the curve representing 

the change in free lime content as a function of added MgO, it 

appears that for 3 parts of MgO, 2 parts (molar equivalent) of 

CaO are combined; the limit of solid solution corresponds to 

the formation of periclase. The formula of the hypothetical

end-member of the solid solution series is Ca-Mg-O,, ard the 235
solid solution of Mg in CgF is thus a substitution of Mg for

Fe^+. " Electroneutrality is maintained by the addition of an

Mg ion in an interstitial position for every two Mg ions 

substituting for Fe. Hence, the type I solid solution:

Ca9(Fe. o < x < 0-023 at 1k00°C

At about p = 0-50, only one part of CaO is combined to 

3 parts of MgO. Woermann, Hahn and Eysel proposed a 

superposition of a type I solid solution upon a normal Ca - Mg 

substitution. In type II, 1/5 of the Mg is substituting for 

Ca, while ^/5 is in type I solid solution (^/15 replacing the 

trivalent Feg, ^/15 in interstitial positions). Hence the formula:

(Ca1 _ Mg^)g _ 8x Mg^ )2 05

5 5 15 5

The change from type I to type II occurs at about p = 0-A9-

The discontinuity in the substitution of MgO can be established 

in the crystal structure, suggesting a discontinuity in the 

ferrite solid solution series. The aluminoferrites C_A F, 2 p 1-p 
corresponding to p > 0-5 are unstable in the presence of free 

CaO. For this reason, Woermann, Hahn and Eysel did not extend 

their work to the whole solid solution series.



The MgO-ferrite solid solutions have also been studied 
by Kato^^5\ who finds that SiOg and MgO substitute for , 

(Al, Ee)gO^ up to about 10^ (molar). The substitution is of ; 

the melilite type. 

SiOg alone can also enter into the ferrite lattice. The 

mechanism of SiOg solubility could be explained by the same type of 

substitution. , ,

these This

work results:

there

resulting from the passage of a certain

by the transfer of the

The Solid solution

of interest to see whether, in synthetic preparations,-

(d) Interactions between the phases C^A and Cg(A,E).

CjA. and Cg(A, F) constitute the interstitial phase of clinker

It is

two phases can react to give solid solutions.
(119) undertaken by Tarte ' has shown the follo’.ving

C^AF to the CjA, this being compensated 

equivalent Al from the -C^A to the C^AF. 

Cj(A, F) has the limiting composition G^CAq^qF ); ■

(2) Formation of poorly-crystalline phases: besides the 

displacements of characteristic XRD reflexions, Tarte^"*^^ has

(1) Fe-Al exchange: in a mixture of C^A + C^AF, 

is formed after heating to 1300°C a solid solution C^(A, f)

amount of iron from the

observed in the solid solutions a simultaneous broadening of 

some of the high angle XB. reflexions and of the infra-red , 

absorption bands, when comparing a mixture of the two phases- 

before thermal treatment with the same mixture after treatment. 

This effect is more marked when the mixture already treated at 

1300° is taken to 13W°C. -



Yet the same phases treated, separately at the same 

temperature retain their IK spectra and. XRD patterns perfectly 

sharp.
(119) -

Tarte ' has deduced, that the state of crystallization' 

of the phases obtained by mutual reaction Is incomplete. " 

This alteration of the crystallization is more marked at 'I31+.O°C, 

this being the temperature at which the majority of the mixture 

undergoes a partial fusion; ‘~

(3) Formation of a glassy phase: when the solid 

solutions have a high alumina content, a vitreous phase appears, 

the IK absorption spectrum of a sample of composition

'tal5;en 'to 1 3^4-0oC is diffuse (Figure 26) and shows

no XRD lines whatever. On the other hand, the crystallization 

Figure 26

is complete when the Al/Fe ratio is close to 1.

The Interstitial Phase- in Clinker

the aluminoferrites and their respective solid solutions

It is thus in the form of solid solutions due to the addition

In Portland cement clinker, one finds tricalcium aluminate

(1) _C^A. The tricalcium aluminate extracted from clinker
(117) -has the lattice parameter a smaller than that of C^A .

of impurity oxides such as NagO, KgO, MgO, Fe^O^, SiOg but the 

concentration limits of these different additions are not known.

(2) Aluminoferrites. The composition of the ferrite phase

in commercial cements depends as much on the thermal treatment 

as on the A/F ratio, in all cases where equilibrium is not reached

Midgley*'has observed broad lines in the diffraction 

patterns of clinker ferrites and attributes this broadening to the 



fact that equilibrium could, not be established, in the course 

of coolin’. Yamaguchi and. Kato^^^\ Satou, Takashima and 

Kato^^^ have both obtained less well-defined lines in 

patterns from clinker than in those from pure synthetic 

compositions.

The IS. absorption bands of C^A and CgCA, f) in clinker, 

easily observed in a sample synthesized at 1200°C, become 

more and more diffuse as the sample is taken up to 1 J00-1l|.00OC

In certain clinkers, there exists a very diffuse absorption 

band which seems to be linked with the alumina content, and 

(119)hence with the existence of a glassy phase '.
Hansen, Brownmiller and Bogue^^6) s].;L0V,.n that 

complete miscibility exists between CgF and up to C^AP.
Numerous studies^"^ thereafter have established 

that the ferrite phase in clinker is not necessarily of the

but always lying betv.’een CgAFg and

phase in fifteen English clinkers: 2 had the composition

(p 0*70 in the series C^ApS1^ ^)»

(1 35)Midgley z has studied the composition of the ferrite 

C^AJ, 2 had CgAFg, A an intermediate composition and the 

remainder an ill-defined composition (broadened XBD lines) 

In American clinkers, Copeland., Brunauer, Kantro, Schultz 
and Weise^^^ found that the compositions of the ferrites lay 

composition C. AS but may extend to the solid solutions richer 
b

in alumina, in which the ratio ^2 )/_ „ reaches 2*2 to 2«3 



between .22^1-78 and" C6A1 -23* The 1116311 value 

^6A1 •24.7^1 *55 1-8 very cl°se "to "brownmillerite.
Gourd-in^has analysed, by XR diffraction the ferrite 

phase from 15 French cements; four clinkers contained the 

composition C^AF, one contained CgAFgs and the other 8 an 

intermediate composition very close to C^AF.
Schwartz^separated out the aluminoferrlte phase from 

66 French clinkers, by the salicylic acid in methanol method 
of Takashima^^), i^e aluminoferrlte phases separated out 

had a chemical composition much more complex than the 

interstitial phase calculated by the Bogue method. The 

analyses, by X-ray fluorescence spectrometry, revealed a 

stoichiometric defect in CaO which reached as much as 5%- 

This lime deficiency increased if one included KgO, NagO and 

MgO and diminished if one included SiOg. The solubility 

limits of the minor elements in the interstitial phase were 

determined as 3% KgO, ÄgO, "7% SiOg.

To conclude, C^A and Cg(A, F) cannot co-exist as such in 

clinker. Exchange of AlgO^ and FegO^ occur easily in the 

aluminates and aluminoferrites. ■ Furthermore, at 1300°, a 

small amount of iron will convert from the ferric to the 
ferrous state^^®’^?). The presence of ferrous oxide 

noticeably modifies the stability regions of the solid 

solutions^A^\ . The solid solutions 2CaO (Al,Fe)gO^ 

decompose in the presence of CaFg and CaClg^^\



CONCLUSION

Properties of the Clinker Minerals ’ . e

We have considered the structures of the various polymorphs 

of the principal clinker components aid. there is a correlation - 

between the crystalline structures of these components and the 

hydraulic properties of the clinker.

1 ) C-jS. Of all the phases in clinker, it is the 

tricalcium silicate which is the most significant and important 
from the point of view of the hardening of cements^^), 

diffracted rays are scarcelyrelative intensities of the

crystalline forms are thus constructed

at high temperatures. On

noticeable. The different

structures of the different forms of C,S and its solid solutions 
3 '

are very close to that of the trigonal form of pure C^S stable • ‘ 

the other hand, differences in the

hydraulic cementing properties of C^S are associated with the 

poor co-ordination of calcium ions and the presence of 'holes* 
(21 )in the crystal lattice' . Te have shown that the crystal

from the same atomic groupings. These are only very slightly 

displaced or distorted. The polymorphic transformations are 

'dlsplacive*, they bring into play only weak forces and do not

(1511appreciably alter the chemical combinations . This results

in all the forms having a similar reactivity., Nurse, Midgley, 
52)

Gutt and Fletcher' ' have found that the transformations

of the synthetic solid solutions C. M S,-,1J 156-x x 52Tj.. -»'T-j-j --------- > M

have no effect on the strengths developed when these materials

hydrate. In the same manner, the strength of commercial cements



containing trigonal alite does not differ significantly from 

that of cements in which the alite is in the monoclinic form. 
Yamaguchi, Shirasuka and Ota^®^ have compared the properties 

of monoclinic and trigonal alite. Monoclinic alite (inverse) ' 

hydrates more rapidly. It is obtained by rapid cooling and 

seems to be thermodynamically unstable. If subjected to gentleu 

heating it is converted into the triclinic form which by contrast 
(152.) (155)gives greater early strength' '. Verbeck' has shown that • 

the introduction of alumina and magnesia into tricalcium silicate 

brings about a significant increase in early strength but the 

effect does not persist beyond 70 ~ 80 days. The introduction 

of other foreign ions such as CaS0^.2H20
(1 58) (1 59 )and CaClg' , CrgO^'. , can modify the properties of C^S but 

the changes in reactivity do not seem to correlated with changes 
in structure^60). increase in size of the alite crystals 

is generally observed. -  ■

2) CgS. The four forms of CgS have, on the other hand, ' 

quite different structures. • The lattices are different and the 

ionic groupings change from one form to another. One can 

therefore reasonably presuppose that the four forms will have 

different hydraulic properties. -

In the ß form, the polyhedral co-ordination of the Ca ions 

is irregular and the extra-long Ca-0 bonds facilitate the 

hydration reaction. Similarly, because of its predisposition 

to undergo a major structural re-arrangementmetastable ß CgS 

is more readily hydratable. The T form of GgS is known to be 
inert^"^) Or feebly hydraulic\ This poor reactivity is



associated, with the symmetrical co-ordination of the calcium
(*21 ) ionsx ' and the strong Ca-0 bonds arising from the low 

co-ordination number of the Ca ions^^*"^, ,

The a I form of C^S is only hydrated, with difficulty • 
(79'j and seems'to possess no hydraulic cementive powerv

The minor constituents of clinker which stabilize the 

different forms of C^S can affect the relationship between 

the hydraulic cementive characteristics of belite^^’^^’^^^ 

aisi its other properties ,̂

5) interstitial phase, Tricalciuo aluminate reacts - 

rapidly with water, Saleiue aXuminoferrite is only feebly 

hydr'aulle, "

However, during the elinkering process, the burning / ' .

temperature, the method, of clinker cooling, the interaction of - 

OjA with the ferrite phase, the presence of foreign ions and the 

formation of a vitreous phase all alter the phase equilibrium 

donditions and so change the properties of the clinker in respect 

of the kinetics of its reactivity towards water^1
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Figure 1

Photomicrograph of Portland, cement clinker: the alite

crystals are pseudo-hexagonal, the belite grains rounded and striated.

The interstitial phase lies between the C^S and CgS crystals.(Terrier)



064,2900,226

Tricalcium silicate: Jeffery's structure.1

a) basal plane ‘ ■ -

b) vertical section through the long diagonal of the * ' • 

hexagonal cell. The relationship of the monoclinic 

axes to the hexagonal cell is shown. (Taylor: Chemistry 

of Cements, pp. 11-9-150)«



(a) (b)

Figure 3 -

Tricalcium silicate: Jeffery's structure.

Two adjacent columns of tetrahedra and single 0 atoms, 

surrounded by Ca atoms. A complete column is obtained if (b) is 

placed on top of (a) and the labelling of the various atoms 

corresponds to that of Figure 2b). (Taylor: Chemistry of

Cements, p. 14-8).
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Figure ly

Tricalcium silicate. DTA diagram, heating rate 13°C/min.

(Maaieres).



Figure 5

Triealcium silicate. Evolution of the hexagonal reflexions 

009, 202)., 220 from 1100° to ambient temperature. The powder 

patterns are obtained, with a high temperature Guinier camerg, 

At 1000° the components of the 220 doublet are separated, by 

5 x 10"3 1, 220 ---- >1-786, 1-783 1, and. 20A ------>2-780, 2-776 i

(Regourd.).



Figure 6

Tricalcium silicate: deformation of basal plane of the 

hexagonal cell. H = (pseudo-) hexagonal, 0 = (pseudo-) 

orthohexagonal. Dots indicate the projections of vectors 

COO1D on the (00l) plane. (Regourd).
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Figure 7

Tricalcium silicate. Comparison "between: A) diffractometer 

traces "by Miyabe -and. Roy taken at 680° and 650°C, showing a mixture 

of Ct and ß phases; B) a pair of high temperature Guinier 

photographs showing at 600° and at 625°C. (Tannaquis, 

Regourd, Mzieres, Guinier).
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Figure 8

Tricalcium silicate. Characteristic reflexion groups in 

the powder patterns of the various modifications.

A) microdensitometer tracings of high-temperature focussing 

film patterns (Regourd);
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B) high-temperature diffractometer tracings (Miyate and. Key).'



Figure 9

Tricalcium silicate: variation of pseuclo-orthohexagonal 

lattice constants with temperature (Miyabe and. Roy).

Figure 10 ' * '

Tricalcium silicate. Variation of pseudo-orthohexagonal 

lattice constants with temperature, re-calculated, from data of 

Miyabe and Roy.



Figure 11 ’

Tricalcium silicate. Variation of pseudo-orthohexagonal• 

lattice constants with temperature. (Regourd), • . •



Figure 12

solutions Variation of pseudo-orthohexagonal

lattice constants with composition at room temperature in the

(Woennann, Hahn and. Eysel)

Ca,SiOc--ZnO solid.
D D

Ca-zSiOr- -ZnO solid solution series 
5 D
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32O 32% 33°

CjS ♦ 27. ZnO Monoclinic (Mj inverted)

Eißure 13

Comparison of densitometer records showing characteristic

reflexions of monoclinic forms of pure C^S at 985° and C^S + 2^ ZnO

at ambient temperature. In the solid solution (C^S + 2% ZnO)

the 221V, U-0^- and 620, 04-0 reflexions are inverted.
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Trigonal alite

Monoclinic (MB)alite

Figure 14

Densitometer records of powder patterns (Guinier camera) 

of two clinkers, in which the alite is respectively trigonal and 

inverse monoclinic.



R,= 1T02

R2= 10T1

and. the crystal habit of a clinker alite. (Yamaguchi and Ono).

Dicalcium silicate. The projection of ß CgS structure

on a plane perpendicular to the b-axis (Midgley). The pseudo-hexagonal 

cell, axes a* and b1, is shown (Yamaguchi, Ono, Kawamura and Soda).



Figure 17

Dicaloium silicate. The projection of TCgS structure on a

plane perpendicular to the c-axis (Smith, Majumdar and Ordway).

«X) 600 800 1000 1500 1400 °C

400 600 800 1000 1200 1400 °C

Figure 18

Dicalcium silicate. DTA diagram of T CgS and ß CpS (Courtault) 
The temperatures of transformations seem higher "than usual.
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Figure 20 1

Dicaloium silicate. Schematic diagram of CgS transformations. 

(Niesel and Thormann).



Figure 21

Dicalcium silicate. X-ray powder patterns of high-temperature

Guinier camera with a stationary sample. - The lines of T CgS are 

spotty while, under the same conditions, those of ß CgS are continuous.

Figure 22

Dicalcium silicate and its solid solutions with BgO^. The

lattice of ß c2s + o-5^ b2o5 is not significantly altered.
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Figure 23

(Moore)

Tricalcium aluminate. Change in lattice parameter of C^A 

3+ 3+with replacement of Al by Fe

•f®

Figure 2A

Dicalcium ferrite. Structure of CgF. The projections along 

a and. c axes are very similar. (Bertaut, Blum and. Sagnieres).



Figure 25

CJ? solid, solutions: variation of C„F lattice constants a , 
c- 2. o

bo3 eo with composition in the CgF - "CgA" solid solutions series 

(Woermann, Hahn and. Eysel).

Figure 26

CgF solid solutions. Infra-red absorption spectra (Tarte):

(1) of the vitreous phase formed from a composition

(2) of the crystalline phases formed from the same

composition as (l); , .

(5) of C^AF.
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Explanatory Notes

Abbreviations.
The following symbols, which have been universally 
recognized by cement chemists for formulating 
more complex compounds, are used interchangeab
ly with the respective oxide formulas throughout 
this book:

C = CaO, S = SiO2, A = A12O3, F = Fe2O3,
M = MgO, N = Na2O, K = K2O, H = H2O, 

Less common abbreviations of this type are defined 
as they occur.

Commonly used abbreviations of more general 
nature are as follows:

DTA = differential thermal analysis
EPMA = electron probe micro analysis

IR = infrared
NMR = nuclear magnetic resonace 
psi (or p.s.i.) = pounds per square inch 
rh (or RH) = relative humidity 
w/c (or W/C) = water — cement ratio 
XRD = X-ray diffraction

Identification Number of Supplementary Papers
Example: Supplementary Paper III—50, III is 

session III and 50 is the arrival number of con
tribution. This number coincides with the number 
used in the preprint of papers distributed in advance 
of the symposium.
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SESSION II-I CRYSTAL STRUCTURES AND 
PROPERTIES OF CEMENT HYDRATION PRODUCTS 

(CALCIUM SILICATE HYDRATES)

Principal Paper The Calcium SiHcate Hydrates

H. F. W. Taylor*

Synopsis

This paper reviews progress on structural and phase equilibrium aspects of the calcium 
silicate hydrates and some related substances, under the following headings:

Introduction
New experimental techniques
Crystal structures: general points
Crystalline calcium silicate hydrates: new data
Crystalline calcium silicate hydrates: equilibria and conditions of formation
Crystalline calcium silicate hydrates with additional ions
Poorly crystalline calcium silicate hydrates
Paste hydration of C3S and ß-C2S
Isomorphous substitution
The paper deals only with progress made since the Washington Symposium, and famili

arity with the state of knowledge as summarized in the proceedings of the latter is assumed.
It is suggested that the evidence relating the hydration products formed in calcium 

silicate or cement pastes to tobermorite is weak and that the term “tobermorite gel” should 
not be used.

Introduction

In this paper, we shall review work on the struc
tures, properties, and phase equilibria relating to the 
calcium silicate hydrates and some related compounds 
since the time of the Washington Symposium. It 
will be assumed that the reader is familiar with the 
state of knowledge at that time, as summarized in 
the proceedings (1). We shall deal only incidentally, 
if at all, with the kinetics, energetics and mechanisms 
of reactions yielding calcium silicate hydrates, and 
with the microstructures of calcium silicate or cement 
pastes and their relation to physical and mechanical 
properties.

Table 1 gives the names and compositions (in 
some cases, approximate) of the better established

»Department of Chemistry, University of Aberdeen, Old 
Aberdeen, United Kingdom. 

crystalline calcium silicate hydrates, and of some other 
related, crystalline phases that will be mentioned in 
this review. Not included in Table 1 is an indefinite 
range of semicrystalline and near-amorphous cal
cium silicate hydrates, which are nevertheless of 
great importance to cement chemistry. Their C/S 
ratios probably range from 0.5 to 3.0, and their 
H/S ratios from zero to about 2.0.

Other compounds*Calcium silicate hydrates 
Structures related to wollastonite

Table 1. Crystalline calcium silicate hydrates, 
with some structurally related compounds

Nekoite ^SgHg Wollastonite 3-cs
Okenite CjSgHg Scawtite c7s6h3c
Xonotlite C5S5H Jennite NCgSsH,,
Foshagite C4S3H Pectolite nc4s8h
Hillebrandite CgSH Miserite KCsS10H,



Cülcium silicate hydrates Other compounds*

Tobermorite group
14 A Tobermorite
11 A Tobermorite

9.3 A Tobermorite
12,6 A Tobermorite

10 A Tobermorite

c5s6H5 
c5s6h 

(?) 
(?)

9.7 A Tobermorite C5S6

GyroUte group

Z-phase cs3h2 Reyerite KC^SjgH^
Truscottite CoSioH3
Gyrolite CgS^Hg

Structures related to 3-C^S

Calciochondrodite c5s2h T-Dicalcium
silicate -y-CgS

Kilcboanite C3S2
— QS5

Fluor- 
calciochondrodite Ca5(SiOd)2F2

Table 1 (continued)

Calcium silicate hydrates Other compounds*

Other structures
Tacharanite CSH Cuspidine Ca^SigOy^F 2
Suolunite CSH Tilleyite
Rosenhahnite C3S3H
Afwillite C3S2H3
«-Dicalcium silicate

hydrate C2SH
Rustumite C4S9H
Deltaite CßSjH
Tricalcium silicate r

hydrate c6s2h3
*c = co2

New Experimental Techniques

The Electron Microprobe

Since the time of the Washington Symposium, the 
electron microprobe has become a tool of major 
importance in the study of anhydrous systems. Its 
applications in the field of hydrated compounds are 
probably more limited, but it has been used to estab
lish the compositions of some newly discovered 
calcium silicate hydrate minerals (2), and also in 
synthetic investigations (3).

X-ray Spectroscopy

The wavelengths of the characteristic X-rays 
emitted by an atom are influenced by the configura
tion of its valence electrons and its surroundings, and 
can therefore provide information on such matters 
as oxidation state, coordination number, bond 
lengths, and order-disorder effects. Unlike X-ray 
diffraction, the method is not affected by the degree 
of long-range order, and can therefore be used for 
amorphous as well as crystalline substances. X-ray 
spectra of silicates are conveniently studied either by 
fluorescence techniques, or by electron-excited emis
sion using the electron microprobe.

The first applications of X-ray spectroscopy to 
silicate structures were concerned with aluminium 
coordination, White, McKinstry and Bates (4), 
Brindley and McKinstry (5) and Day (6) showing 
that four and six coordination could be distinguished 
in this way. Applications to Al-substituted calcium 
silicate hydrates are mentioned later in this review. 
Another application of X-ray spectroscopy, also

mentioned later, concerns the environment of sul
phate groups substituted in a silicate structure. 
Lastly, White and Gibbs (7) have shown that the 
method can be used to provide information on mean 
Si-O bond lengths and thereby on the degree of 
condensation of silicate anions. This has not yet been 
applied to calcium silicate hydrates, but should afford 
a valuable check on the chemical methods discussed 
below. .

Chemical Methods for Studying Degrees of 
Anion Condensation in Silicates

Murata (8) showed that the behaviour of silicate 
minerals with acids was related to the degree of con-' 
densation of the anion. If the anion was of low molec
ular weight, as with ortho- and pyrosilicates and 
framework structures containing much tetrahedral 
aluminium, gelatinuous silica was formed; silicates 
with highly condensed anions, in contrast, yielded 
silica pseudomorphs. Subsequently, various attempts 
have been made to identify the anions in silicates 
more precisely by attacking the solids with acids under 
conditions that would break the bonds between 
metal cations and oxygen, while leaving the silicon
oxygen bonds intact, followed by identification of 
the resulting silicic acids. Such conditions are dif
ficult to achieve with certainty, and the problem is 
further complicated by the fact that the silicic acids 
tend to condense to form larger units. Three methods 
have been developed recently in attempts to over
come these difficulties, and each has been applied to 
calcium silicate hydrates.



(i) Lentz (9, 10, 10a) decomposed the silicate in a 
solution containing HCl, hexamethyldisiloxane 
(Me3SiOSiMe3), isopropyl alcohol, and water. The 
hexamethyldisiloxane decomposed to give Me3SiOH 
and Me3SiCl, which in turn reacted with the silicic 
acids to yield esters. These were identified by gas 
chromatography; it was assumed that esterification 
occurred rapidly enough to forestall changes in the 
silicic acids, and that the esters were themselves 
stable. In practice, condensation of the silicic acids 
was not entirely avoided, orthosilicates such as oli
vine or C3S yielding appreciable proportions of the 
pyrosilicate ester as well as that of the orthosilicate. 
On the other hand, it is possibly more widely appli
cable than either of the other methods.

(ii) Funk and Frydrych (11) and Funk (12) decom
posed the silicate in methanolic HC1. This reagent 
was preferred to aqueous HC1 because the silicic 
acids were more soluble and had a much lower con
densing rate. The solution was then mixed with an 
aqueous molybdic acid solution and the rate of for
mation of the molybdosilicic acid followed by a 

volumetric methods. Previous investigators had shown 
that the molybdic acid reacts only with orthosilicic 
acid; the rate-determining step if condensed silicic 
acids are present is their hydrolysis to ortho
silicic acid. The method was shown to give satisfac
tory results for a number of silicates containing 
alkali or alkali earth cations, including Ca2+, but to 
be less satisfactory in the presence of Mg2+ or Al3+.

(iii) Thilo, Wieker and Stade (13) and Wicker and 
Stade (14) added the finely powdered silicate directly 
to an acidified, aqueous solution of ammonium molyb
date and followed the rate of formation of the molyb
dosilicic acid spectrophotometrically. The method 
can be applied only if dissolution of the silicate is 
sufficiently rapid. It was shown to give satisfactory 
results for a number of alkali and alkali earth sili
cates.

It would be premature to attempt to assess fur
ther the relative merits of these three methods, appli
cations of which to calcium silicate hydrates are 
metnioned later in this review.

Crystal Structures: General Points

The main principles governing calcium silicate 
structures were established by the time of the 
Washington Symposium, and will only be briefly 
summarized here. The metal cations play an essential 
part in controlling the manner in which SiO4 tetra- 
hedra condense; anions similar to those found in the 
pyroxenes, amphiboles, and micas do not occur in 
calcium silicates, because they do not fit onto the 
bands or sheets of linked CaO6 octahedra. In contrast, 
anions of the types found in wollastonite or xonotlite 
occur, because they fit onto these bands or sheets.

Belov (15) has since emphasized the important role 
in many calcium silicate structures of the pyrosilicate 
group, which is of the correct size to bridge two cor
ners of a CaOs octahedron. The essential feature of 
such structures is therefore the occurrence of lines of 
Si2O7 groups (Fig. la), and the linkage of these in 
some cases into wollastonite-type chains by the inter
polation of additional tetrahedra (Fig. lb) is almost 
incidental. Below drew attention to the frequent 
occurrence of structures based on lines of Si2O7 
groups condensed with puckered sheet or three-dimen
sional nets of linked CaOs octahedra, as in tilleyite 
(Ca5(Si2O7)(CO3)2) and cuspidine (Ca4(Si2O7)F2).

These structures are interesting, not only because 
they illustrate structural principles that apply to 

other crystalline calcium silicates, but also because 
they suggest a possible way in which deterioration of 
crystallinity and variation in composition could occur. 
It would appear possible for some of the silicon atoms 
in a wollastonite chain (up to one in three in extreme

Fig. 1. Ribbons of linked. MO a octahedra with attached silicate 
or borate anions (after Belov).
A, Pyrosilicate groups. B, Wollastonite chain. C, Ortho
borate groups (shown slightly tilted in alternate directions to 
emphasize the relation to A and B).



cases) to be omitted, thus decreasing the chain length 
and increasing the C/S ratio, without basically de
stroying the structure. This accords with the hypothe
sis advanced by Taylor and Howison (16) and devel
oped in a modified form by Brunauer and Greenberg 
(17) to explain the variable C/S ratio in the poorly 
crystalline calcium silicate hydrates. As is discussed 
later in this review, even relatively highly crystalline 
tobermorites, of both synthetic and natural origin, 
appear frequently to be deficient in silicon, and the 
same explanation may well apply.

Mamedov and Belov (18) have noted that close 
similarities exist between certain borate and silicate 
structures; thus warwickite (Mg3Ti(BO3)2O2) is struc
turally very similar to cuspidine. Two BO3- groups 
in warwickite occupy a position analogous to that of 
an SijO®- group in cuspidine (Fig. la and c). Mame
dov (19) has pointed out that the similarity extends to 
some carbonates, such as malachite (Cu2(CO3)(OH)2). 
These relationships are interesting because they sug
gest a way in which small amounts of CO^ or BO3- 
could enter the structures of silicates containing chains 
of the wollastonite or similar types. Such substitution 
appears to occur in several cases, such as xonotlite, 
scawtite and tobermorite. If it occurs in the way sug
gested here, it would be at the expense of silicon and 
would thus cause a break in the silicon-oxygen chain.

It is inherent in the ideas developed above that the 
anions in many long-chain calcium silicate hydrates 

are in reality probably often far from infinite in 
length, as the idealized crystal structures would indi
cate. A distribution of chain lengths presumably 
exists. The new experimental techniques mentioned 
in the previous section should permit this hypothesis 
to be tested.

The essential role of metal cations in controlling 
the condensation of SiO4 tetrahedra leads to a pre
diction as to the mechanism whereby calcium silicate 
hydrates precipitate from solution. It is surely not 
correct to regard the condensation of the SiO4 
tetrahedra as the primary process, with the metal 
cations only becoming involved later, for if this was 
so, anions entirely inappropriate to the structure 
might well be formed. It is much more likely, either 
that condensation of SiO4 tetrahedra and of metal 
cation—oxygen polyhedra occur simultaneously, 
each process influencing the other, or alternatively, 
that the metal hydroxide sheets are formed first and 
act as a matrix for subsequent condensation of the 
SiO4 tetrahedra. This latter view has been argued in 
the analogous case of the clay minerals (20). If the 
language of polymer chemistry is adopted, it is mis
leading to regard the formation of a complex silicate 
primarily as a case of condensation polymerization 
of the silicate anions. It is at least as important, 
perhaps more important, to regard the process as one 
of coordination polymerization in which the metal 
cations play an essential part.

Crystalline Calcium Silicate Hydrates: New Data

Nekoite, Okenite, Xonotlite, Foshagite 
and Hillebrandite

These compounds, in common with wollastonite, 
the crystalline tobermorites, and some calcium sili
cate hydrates containing additional ions, have 7.3 Ä 
repeat distances in one direction and are known or 
believed to have structures containing wollastonite
type chains. Little new information of significance 
has emerged about any of them since the Washing
ton Symposium, and foshagite (21) and xonotlite 
are still the only two of which the crystal structures 
have been determined. A new analysis of nekoite 
(22) shows the composition to be C3S6H8 and not 
C3S6H6 as previously reported. Nekoite and okenite 
remain unsynthesized. Polytypism (occurence of 
stacking modifications of the same, basic structure) 
in xonotlite and foshagite has been studied using 
selected area electron diffraction, and a system of 

nomenclature devised to designate the polytypes in 
these and similar cases (23, 24). The formula of xono
tlite is still generally written as C6S6H, although, as 
was pointed out at Washington (25), published anal
yses and weight-loss curves of both natural and syn
thetic specimens suggest a slightly higher water con
tent. The formula is perhaps better written as C5S5H, 
or Ca6Si6O17 (OH)2 • O • 2H2O. Thilo, Wicker and 
Stade (13) and Wieker and Stade (14) have applied 
the chemical method previously mentioned to deter
mine the degree of anion condensation in hillebrandite. 
They concluded (14) that single metasilicate chains 
were present; this does not support the structure pos
tulated on unit-cell evidence by Mamedov and Belov 
(26).

Crystalline Tobermorites

14 Ä tobermorite, previously known to occur in 



nature only as a constituent of intergrowths with 
other minerals, has now been found pure at Crest- 
more, California (27). An X-ray, infrared, and ther
mal decomposition study of this specimen has been 
reported (28). The composition approximates to 
CjS6H9, with small amounts of B2O3 and CO2; the 
borate probably occurs as planar BOj" ions, which, 
along with the CO5-, probably replace parts of the 
metasilicate chains as suggested earlier in this review. 
At 55 ± 5°C there is a sharp loss of water, and an 11.3 
Ä tobermorite, of approximate composition C5S6H5, 
is formed. This gradually loses water at 55-220°C; 
the X-ray pattern remains sharp up to about 120°C, 
but thereafter becomes progressively more weak and 
diffuse, and at 200-220°C both 11.3 and 9.35 Ä 
tobermorites are present. The 11.3 Ä tobermorite 
can probably lose part of its water before collapse to 
the 9.35 Ä form occurs, and this is reflected by slight 
changes in X-ray pattern and infrared absorption 
spectrum. The weight-loss curve shows a step cor
responding to the approximate composition C5S6H 
at 250-450°C and it was concluded that the 9.35 A 
tobermorite has this definite composition; the higher 
water contents indicated by some earlier studies ap
pear to be in error, at least for the product obtained 
from the Crestmore mineral. At 450-650°C, the 
remaining water and the CO2 are lost, and the basal 
spacing gradually increases again, to 9.7 A. This can 
perhaps be attributed to the condensation of SiOH 
groups in chains of adjacent layers to form new SiOSi 
links, which might be expected to cause some change 
in packing. The 9.7 A phase thus has the approximate 
composition C5S6. At 730-770°C, it changes topotac- 
tically (z.e., with partial preservation of crystalline 
order) to an imperfectly crystalline wollastonite. 
Crystallization of wollastonite is completed at 850
900°C.

The C/S ratio of 11.3 A tobermorite can range 
from the idealized value of 5:6 to about 1.0 (29) or 
possibly somewhat higher. It is suggested that C/S 
ratios above 5:6 arise through omission of Si rather, 
than incorporation of extra Ca. If this is so, one would 
expect increase in C/S ratio to be accompanied by 
decrease in chain length and probably also by de
crease in layer thickness. Funk (12) reported some 
results that suggest that increase in C/S ratio is in 
fact accompanied by decrease in chain length. He 
made three autoclaved preparations at 150°C with 
C/S ratios of 0.81, 1.01 and 1.1, all of which he 
showed to consist of 11 A tobermorite mixed with 
xonotlite, and determined the proportion of the total 
silica extracted by methanolic HC1 in each case. The 
proportions increased from zero for the 0.81 C/S 

preparation, to 6% for the 1.1 C/S preparation. He 
obtained similar but more detailed results for prepara
tions of C-S-H.(I), which can probably be considered 
a structurally’degenerate tobermorite; these are de
scribed later. ■The layer thicknesses of natural and 
synthetic tobermorites range from about 11.0 to 
about 11.5 A, but it is difficult to distinguish the 
contributions to this variation from variations in C/S 
ratio, H/S ratio, and Al substitution; research into 
this would be of value. With C-S-H (I), the layer 
thickness seems definitely to decrease with increasing 
C/S ratio (30).

Lentz (10a) used his extraction method to study a 
mixed 14Ä-11.3Ä tobermrite from Crestmore. He 
found that about one-half of the total SiO2 occurred 
in anions containing a mean of 28 terahedra, and that, 
of the rest, most was insoluble in acid and thus pre
sumably more highly condensed.

No new information of significance seems to have 
been reported for the crystalline 10 A and 12.6 A 
tobermorites that occur in nature in intergrowths at 
Crestmore (31, 32). The 10 A form occurs intergrown 
with 14 A tobermorite, and on heating yields 9.3 A 
tobermorite (32); it is therefore most unlikely to be 
identical with the anhydrous 9.7 A form mentioned 
previously. It is possibly a lime-rich variety with 
substantial deficiency of silicon. The anomalous 
characteristics of certain 11.3 A tobermorites, such as 
that from Loch Eynort, Scotland, also remain unex
plained.

Tacharanite

A new mineral, named tacharanite, was reported 
as a natural mineral from Skye, Scotland, by Sweet 
(33) and may belong to the tobermorite group. It is 
particular interest because its composition and X-ray 
powder pattern are nearer to those to C-S-H (I) 
than are those of any other crystalline calcium silicate 
hydrate (the natural mineral, plombierite, which is 
semi-crystalline, is virtually identical with C-S-H 
(I) (34)). Tacharanite was found only in milligram 
amounts, in amygdules in dolerite in association with 
tobermorite, gyrolite, saponite, calcite and various 
zeolites. Chemical analysis indicated the approximate 
composition 0.86CaOSiO2-1.21H2O with some 
A12O3 and MgO. The mineral was cryptocrystalline and 
had a mean refractive index of 1.537 and a density 
of about 2.36gem"3. X-ray powder data and a 
weight loss curve were also given; the water was lost 
gradually over the range 100-1000°C though the 
curve showed slight arrests at 350° and 650°C. Sweet 
reported that, on exposure to air, the mineral changed 



to give tobermorite and gyrolite, and suggested that 
it might be the parent mineral from which these had 
been formed.

A few mg of the mineral were kindly made available 
to the author for study. Part of this sample was heated 
successively at 50° (6 hr.), 110° (15 hr.), 160° (15 hr.), 
260° (5 hr.), 400° (5 hr.), 580° (4 hr.), 700° (15 hr.), 
800° (2 hr.) and 1000°C (2 hr.); after each period of 
heating, the material was cooled to room temperature 
and an X-ray powder pattern obtained. The X-ray 
pattern of the original mineral agreed well with that 
reported by Sweet. No significant changes were observ
ed up to 700°C. The 800°C sample gave a modified 
pattern, still recognizably similar to that of the origi
nal mineral; the 1000°C sample gave a pattern of 
wollastonite.

These results are not easily reconciled with Sweet’s 
observation that the mineral changes spontaneously 
in air to gyrolite and tobermorite; the total time oc
cupied by the series of heating periods and X-ray 
exposures was about one week. Further study of 
tacharanite would be of much interest but is restricted 
by the extreme scarcity of material. Attempts by the 
writer and others to find more material at the original 
locality have been unsuccessful.

Suolunite

This name was given to a new hydrated calcium 
silicate mineral which was reported from Inner Mon
golia by Huang (35). As the original note describing 
the mineral is in Chinese, and the composition of the 
latter is in a range of great importance to cement che
mistry, the main observations will be reported here 
in some detail. The mineral was found as a narrow 
vein cutting into a diabase vein in the centre of an 
ultrabasic rock body; the name was derived from the 
locality. Chemical analysis gave SiO2 43.38, CaO 
42.95, H2O+ 13.17 (total 99.50), corresponding to 
the formula CaO-SiO2 H2O. The X-ray powder 
pattern was not given in full, but was reported to have 
strong peaks at 4.03, 3.11 and 2.80 A. The mineral 
was reported to form transparent, colourless, rod-like 
or granular crystals, with no definite cleavage; opti
cal properties were a = 1.610, ß = 1.620, y = 1.623, 
—2V = 30-50° (a later paper gives 30-35° (36)). 
DTA curves showed a strong endotherm at 440°C. 
The unit cell was orthorhombic, with a 11.15, b 19.67, 
c 6.08 A, space group F dd2; specific gravity 2.683, 
Z = 16. The subsequent paper (in English) by Tseng, 
Hsüeh and Peng (36) reports a crystal structure 
determination. The structure contains Caz+ and (Si2- 
O^6' ions and oxygen atoms not directly bonded to

silicon; it was suggested that the ionic constitution 
might be Ca2H2(Si2O7) H2O or Ca2H4(Si2O7)O. 
The calcium ions are 8-coordinated, and the axes of 
the Si2O7 groups lie in two directions in the ab— 
plane. "

These results indicate that suolunite is quite different 
from any other calcium silicate hydrate, natural or 
synthetic; it does not even appear to be closely related 
to any of the other compounds. The occurrence of a 
new phase of this composition and the fact that it 
does not appear to have been obtained in any of the 
numerous synthetic studies are of the greatest inter
est. The results are also of considerable crystal chem
ical interest, in that they appear to demand the presence 
of pyrosilicate ions containing Si-OH groups (Si2Os- 
(OH)2~ or, less probably, Si2O3(OH)4_), which have 
not hitherto been reported. Further information, 
including especially the complete X-ray powder 
pattern, would be of great interest.

Rosenhahnite

This phase was originally reported as a synthetic 
product by Pistorius (37) and has subsequently been 
found to occur in California as a natural mineral 
by Pabst, Gross and Alfors (38). It has the composi
tion 3CaO ■3SiO2- H2O and forms only at high pres
sures. Pistorius obtained it at pressures of about 25
50 kilobars and temperatures around 400°C; at lower 
pressures, it was prelaced by xonotlite and at higher 
temperatures by wollastonite. Pabst, Gross and Alfors 
(38) determined the unit cell and the optical properties, 
and also studied the morphology and behaviour on 
heating. They found that it was slowly converted to 
wollastonite at 400-500°C in air, the latter being 
formed in an unusually perfect topotactic relation.

The unit cell does not indicate any close relation 
to other calcium silicate hydrates. The phase is thus 
of considerable general crystal chemical interest,' 
although it does not appear to be of direct importance 
to cement chemistry.

Gyrolite and Related Phases

Suggestions have been made that the formula of 
gyrolite is C3S4H3 (39) or CS2H2 (40), but a careful 
synthetic study, together with an appraisal of the 
analyses of natural specimens, led Harker (41) to 
conclude that the generally accepted formula C2S3H2 
agrees better with the evidence. More recently, Cann 
(42) concluded from a study of a newly discovered 
natural specimen from Scotland that the idealized 



formula is Ca16Si24O60(OH)8 • 14H2O, or CsS12Hg. 
This is perhaps the most satisfactory formula yet 
proposed. Harker (41) found that molecular water 
lost on static heating at 215°C was resorbed on treat
ment with boiling water. The ready loss and regain of 
molecular water, which recalls the behaviour of zeo
lites, may explain the difficulty in assigning an exact 
H/S ratio to this phase.

Gyrolite has been shown to exhibit polytypism, 
two- (39), three- (42) and six- (43) layer modifications 
all having been reported. Stacking mistakes are fre
quent (40, 41, 43). These effects may be expected to 
cause slight variability in the X-ray powder pattern.

There has been some uncertainty over the use of 
the names reyerite and truscottite. Strunz and Micheel- 
sen (39) and Meyer and Jaunarajs (40) concluded 
that the natural minerals originally described by these 
names were identical, and if this is accepted, the name 
reyerite has priority. However, subsequent work by 
Chalmers, Farmer, Harker, Kelly and Taylor (44) 
showed that small but distinct differences exist in the 
layer thickness, which is about 19.0 Ä for reyerite 
and 18.7 Ä for truscottite, and in infrared spectrum. 
The minerals from Greenland (44) and from Scot
land (42,44) were shown on these criteria to be reyerite, 
while those from Sumatra and from Japan were shown 
to be truscottite. Chemical analysis of the Greenland 
mineral indicated the idealized formula KCa14Si24- 
O60(OH)5-5H2O and it was concluded that potas
sium was probably an essential constituent of reye
rite, as opposed to truscottite. Cann (42) concluded 
from a chemical analysis of the Scottish mineral that 
the latter had a similar composition, but with con
siderable isomorphous replacement, including some 
Na+ for K+, 4OH' for SiOJ- and possibly (Al3+ + 
OH") for (Si4+ + O2").

Truscottite appears to contain no essential com
ponents other than CaO, SiO2 and H2O; synthetic 
preparations containing only these components have 
been shown to resemble truscottite rather than reye
rite (44). The exact composition of truscottite has been 
a matter of some controversy. Analyses of the Sumatra 
mineral are difficult to interpret, mainly because the 
mineral is closely admixed with quartz. They have 
been held to support formulas ranging from 
C2S4H (45, 46) to C3S4H (39). Meyer and Jaunarajs 
(40) concluded from work on synthetic preparations 
that the composition was C2S4H, but their evidence 
appears to show only that the Ca :Si ratio is between 
0.5 and 0.67. There appears to be no evidence for a 
Ca:Si ratio above 0.67. Funk (47) also concluded 
from work on synthetic preparations, which included 
determinations of unreacted silica by a chemical 

extraction method, that the composition was C2S4H. 
In contrast, Harker (41, 48) found that, in equilib
rium preparations of bulk Ca .Si ratio 0.5, truscottite 
was always accompanied by significant amounts of 
silica; he obtained it pure, in sealed systems, only at 
bulk Ca:Si ratios of 0.57-0.60. He also reported 
thermal weight-loss curves, and concluded that the 
idealized formula was C6S10H3.

Neither of these formulas is easily reconciled with 
crystallographic data. By analogy with gyrolite and 
reyerite, the presence of the Si24O60 grouping in the 
unit cell might be assumed. To yield this, Harker’s 
formula must be written Ca14.4(Si24O60)(OH)48- 
(H2O)4.8. It is tempting to approximate this to 
Ca14(Si24O60)(OH)5(H2O)5, which would be in accor
dance with the very close resemblance to reyerite; 
however, this gives an X-ray density of 2.57 g cm-3, 
which is well above the range (2.36-2.48) of observed 
values. The formula C2S4H, on the other hand, ap
pears to indicate the cell contents and constitution 
Ca12(Si24O60)-6H2O. This gives a more satisfactory 
X-ray density of 2.41 g cm-3 (the value of 2.47 g 
cm""3 given by Heller and Taylor (31) is wrongly cal
culated), but the implied absence of hydroxyl water 
does not agree with the infrared (44) or thermal 
weight-loss (41, 46) evidence. The position is further 
complicated by the possibility of appreciable sub
stitution of 4H for Si, as was postulated for the Scot
tish reyerite (42). The idealized formula must there
fore still be regarded as uncertain, though it would 
appear definitely to lie within the range C2S4H- 
C6Sl0H3. A variable composition does not seem to be 
ruled out.

Harker (41) reported the formation of mixed-layer 
crystals of gyrolite and truscottite in some of his 
preparations. Gyrolite, truscottite, and reyerite all 
yield pseudowollastonite on heating at 800°C; (44, 
47) an earlier observation (46) that truscottite behaves 
differently is incorrect.

Assarsson (49) described a product of approximate 
composition CS2H2 (or CS2H3) which he called Z- 
phase, this appears (25) to be essentially similar to 
one which Funk and Thilo (50) considered to be 
CaH4Si2O7(CS2H2). This product, which is especially 
characterized by an X-ray powder spacing of about 
15 Ä, has been further studied by Funk (47), Harker 
(41) and Wieker (51). Harker concluded that the com
position was uncertain but that the phase was richer 
than gyrolite in both SiO2 and H2O. Funk (47) re
corded new X-ray powder data, electron micrographs, 
and DTA curves, and concluded that material dried 
over silica gel had the composition C2S4H3. Some 
loosely held, molecular water may well have been lost 



by this drying technique. Electron micrographs show
ed crumpled foils resembling those of C-S-H (I), 
but the powder pattern was distinct from that of the 
latter and it appears likely to the present author that 
the phase belongs structurally to the gyrolite group. 
Wicker (51) concluded from application of the chem
ical method mentioned earlier (13, 14) that layer 
silicate anions were present; this supports the above 
conclusion.

Kilchoanite and Related Phases

A phase substantially identical with the “Phase Z” 
of Roy (52, 53) has been found to occur as a natural 
mineral and named kilchoanite (54). This phase is 
entirely different from the Z-phase mentioned pre
viously and, to avoid confusion, the mineral name is 
to be preferred. The crystal data reported at the 
Washington Symposium for the synthetic material 
(25) have since been reported more fully (55, 56) 
and closely similar data have been given for the nat
ural mineral (54). The preparations originally des
cribed by Roy had the composition C9S6H (53), but 
the natural mineral, as well as synthetic preparations 
made at about 700°C (55), are anhydrous. The anhy
drous phase thus appears able to accommodate a 
little water in its structure. Some further data bearing 
on this problem have been published (56), but the 
explanation of the effect must await determination of 
the crystal structure.

At the Washington Symposium it was suggested 
that the material generally known as y-dicalcium 
silicate hydrate of C2SH(C) was probably a mixture 
of calciochondrodite with a lime-rich, hydrous variety 
of kilchoanite (25). Further work (56, 57) has con
firmed that the material is a mixture having calcio
chondrodite as one major constituent. The other ma
jor constituent is a previously unrecognized phase 
which has the idealized composition C8S5; in addition, 
xonotlite seems usually also to be present as a minor 
constituent.

C8S5 has not yet been obtained pure, but can be 
obtained mixed with other phases by hydrothermal 
treatment of y-C2S-quartz mixtures over a wide 
range of conditions (56, 57). In its ordered form, it 
appears to have a crystal structure consisting of alter
nate slabs of y-C2S and kilchoanite; this gives the 
composition C8S3. When it is formed in “y-dical- 
cium silicate hydrate” (e.g. by treatment of y-C2S 
with water under saturated steam pressures at 180°C), 
the layer sequence appears to be somewhat disturbed, 

the proportion of y-C2S layers being increased. This 
raises the Ca:Si ratio from 8:5 in the direction of a 
limiting value of 2:1.

Thilo, Wieker and Stade (13) and Wieker and 
Stade (14) showed by a chemical extraction method 
that the products which Funk (58) named C2SH (Cl) 
and C2SH (CII) both contained a mixture of ortho- 
and pyrosilicate ions. C2SH (CI) has been shown to be 
identical with “y-dicalcium silicate hydrate", i.e. 
to be essentially calciochondrodite and C8S5, while 
C2SH(CII) is a mixture of calciochondrodite and 
kilchoanite (56). The chemical extraction results are 
thus readily explained, since calciochondrodite and 
y-C2S are orthosilicates, while the formula of kil
choanite suggests that it is almost certainly a pyrosi
licate.

No new data of significance have been reported 
for calciochondrodite, but the fluoride analogue, 
Cas(SiO4)2F2, has been prepared (59).

Other Calcium Silicate Hydrates

Since the Washington Symposium, the compound 
described by Roy as “Phase Y” (52, 53) has been 
found as a natural mineral and named dellaite (2). 
New X-ray and other data have been reported for this 
phase, for which the composition C6S3H originally 
proposed by Roy is confirmed (60).

A new calcium silicate hydrate phase has been 
reported as a natural mineral and named rustumite 
(2). Electron-probe analysis indicated the composi
tion C4S2H; X-ray powder data, optical properties, 
density and the unit cell and space group (obtained 
from single-crystal X-ray study) were also given. The 
ionic constitution is possibly Ca4(Si2O7)(OH)2. This is 
analogous to cuspidine (Ca4(Si2O7)F2), but the unit 
cell parameters are somewhat more akin to those of 
tilleyite. As explained earlier, the tilleyite and cuspi
dine structures are quite closely related, and rustu
mite most probably belongs structurally to this group 
of minerals. It does not appear to be identical with any 
of the synthetic products described in the literature.

Thilo, Wieker and Stade (13), Wieker and Stade 
(14) and Lentz (10) confirmed by their respective 
chemical extraction methods the presence of ortho
silicate anions in a-dicalcium silicate hydrate (13,14) 
and afwillite (10). Mamedov and Belov (18) have 
modified an earlier suggestion (61) as to the crystal 
structure of tricalcium silicate hydrate, but there is 
still no crystallographic evidence other than unit cell 
parameters (62) whereby either of their suggested 
structures can be tested.



Crystalline Calcium Silicate Hydrates: Equilibria and Conditions of Formation

The Sub-System CaSiO3-SiO2-H2O

The difficulty of reaching equilibrium in the 
CaO-SiO2-H2O system is well known. Harker (41) 
has recently discussed some of the problems, which 
are especially acute for siliceous compositions below 
about 150°C. At least four crystalline phases—neko- 
ite, okenite, suolunite, and techaranite—that have 
been reported as natural minerals, and that might 
reasonably be expected to have stability fields in this 
part of the system, have never been synthesized, and 
one further phase in this category (14 Ä tobermorite) 
has only once (63) been reported as a synthetic pre
paration. On the other hand semi-crystalline phases 
such as C-S-H (I), and poorly defined crystalline 
ones such as Z-phase, are readily formed. C-S-H 
(I) in particular is formed reproducibly from a variety 
of starting materials and is even known to occur as 
a natural mineral, plombierite. It may nevertheless be 
doubted whether any of these phases has a true field 
of stability.

A further complication arises where silica is present 
as a solid phase. In calcium-containing hydrothermal 
systems below about 450°C, this is usually formed in a 
hydrous, amorphous variety or as cristobalite, al
though quartz is the stable polymorph under these 
conditions. Coombs, Ellis, Fyfe and Taylor (64) have 
suggested that this effect may be caused by the forma
tion on cristobalite particles of protective films of 
calcium silicate hydrates. The same authors have 
shown that this variation in the polymorphic form 
of the silica is likely to influence the equilibria pro
foundly. This has two practical consequences. First, 
it may help to explain the differences which are known 
to exist between the behaviour of quartz and that of 
other forms of silica, such as diatomite, in industrial 
processes. Second, hydrous silica is not a precisely 
defined phase; this may be epxected to contribute to 
the difficulty of obtaining reproducible equilibria, 
even of a metastable nature.

Equilibria in the CaSiO3-SiO2-H2O subsystem have 
recently been comprehensively studied and reviewed 
by Harker (41) and by Roy and Johnson (3). Harker’s 
main results are shown in Fig. 2. He assumed the 
solid phases in the subsystem at low temperatures to 
be C-S-H (I) and silica (Field 1), although he reco
gnized that C-S-H(I) was probably metastable rela
tive to other and more crystalline phases; he regarded 
the reactions occurring at progressively higher tem
peratures as a series of dehydration processes. Above 
about 110°C for saturated steam pressures, gyrolite 

and 11 Ä tobermorite appear (Field 2). Two aspects 
only of Harker’s results will be discussed: the stability 
fields of gyrolite and truscottite, and the conditions 
under which 11 Ä tobermorite gives place to xono- 
tlite.

Fig. 2. Equilibria in the subsystem CaSiOa-SiCz-HaO, 
according to Harker (41).

Curves
I S + C = Gy + H2O

II Q + Gy = Tr + H2O
III Gy = Tr + To + H2O
IV Gy = Tr + Xo + H2O
V To = Xo + H2O

VI Tr = Q + Xo + H2O 
VIII Xo = Wo + H2O

Fields {solidphases only)
1 S + C ■
2 Q + Gy + To
3 Q + Tr + Gy + To
4 Q + Tr + Gy + Xo
5 Q + Tr 4- To
6 Q + Tr + Xo
7 Q +Xo
8 Q + Wo

Q = Quartz
S = Silica
C =C-S-H(I)
Tr = Truscottite

Abbreviations
Gy = Gyrolite
To =11 Ä Tobermorite
Xo = Xonotlite
Wo = Wollastonite

Curves I-IV and curve VI (Fig. 2) define the stabi
lity fields of gyrolite and truscottite. They imply that 
for saturated steam pressures and appropriate bulk 
compositions, gyrolite is stable at about 110-220°C 
and truscottite at 160-350°C. For high pressures 
(around 30,000 p.s.i.) these temperature ranges are 
about 140-230°C and 180-320°C respectively. These 
lower limits for the formation of truscottite are dif
ficult to determine. In the presence of a mineralizer 
(2 % of NaF) truscottite can be formed above about 
160°C under saturated steam pressures, but in its 
absence, gyrolite-truscottite intergrowth are formed 
around 160-220°C and pure truscottite crystals only 
appear to be obtainable above about 220°C (47, 
65).



Harker concluded from his own results and those 
of earlier workers that the C/S ratio of crystalline, 
11 Ä tobermorite could vary between 0.8 and 1.0. 
He regarded the replacement of 11 Ä tobermorite 
by xonotlite as a dehydration reaction in which no 
other solid phase was involved. If this is accepted, 
11 Ä tobermorite and xonotlite can coexist stably 
only along a univarient P-T curve (Fig. 2, curve V). 
He concluded that the dehydration temperature at 
saturated steam pressures was 170 ± 20°C, and, in 
accordance with the earlier results of Buckner, Roy 
and Roy (66), that it rose sharply with pressure to 
about 300°C at 25,000 p.s.i. This marked dependence 
on pressure is unusual in this system; Harker sug
gested that it might be explained by assuming that 
slightly different forms of 11 A tobermorite were 
involved at different points on the curve. The occur
rence of such different forms was discussed at the 
Washington Symposium (25), and earlier in the pre
sent review.

Roy and Johnson (3) considered that the C/S ratio 
of 11 A tobermorite in its most stable form could 
vary only slightly from the ideal value of 5-6, and 
represented the decomposition of this phase under 
high pressures as yielding xonotlite, truscottite and 
water. If this is accepted, 11 A tobermorite and xono
tlite can coexist over a field of pressure and tempera
ture and not merely at points on a P-T curve. Roy and 
Johnson concluded that, for pressures of 30,000
45,000 p.s.i., the two phases coexisted stably from 
285°C down to at least as low as 175°C, which was the 
lowest temperature studied.

There appear to be good experimental grounds for 
accepting Roy and Johnson’s view, at least for high 
pressure conditions (15,000-45,000 p.s.i.). In this 
case, the upper part of Harker’s curve V (Fig. 2) 
must be taken to represent the decomposition of 11 A 
tobermorite to give xonotlite, truscottite, and water, 
and xonotlite must be added to the phase assemblages 
existing at temperatures below this curve. A need for 
further experimental work to establish the tempera
tures below which xonotlite becomes unstable is 
indicated.

The significance of these considerations for equili
bria at saturated steam pressures may now be dis
cussed. If 11 A tobermorite is assumed to have a 
fixed C/S ratio of 5:6, it could coexist with xonotlite 
at temperatures below the value of 170°C proposed 
by Harker (41). It is suggested that the available data 
could be largely explained if the stable calcium sili
cate hydrate phases in the CaSiO3-SiO2-H2O pseudo
system at saturated steam pressures are as follows 
(all temperatures are ±10 deg. C):

100-130°C: Gyrolite, 11 A tobermorite, afwillite 
130-160°C: Gyrolite, 11 A tobermorite, xonotlite 
160-170°C: Truscottite, gyrolite, 11 A tobermo

rite, xonotlite.
170-220°C: Truscottite, gyrolite, xonotlite 

>220°C: Truscottite, xonotlite
The lower limit of 130°C for the stability of xono

tlite is supported by recent observations of Funk 
(12). The situation is complicated by the strong ten
dency for tobermorite of high C/S ratio (around 1.0) 
to persist metastably in place of xonotlite. Two con
clusions of possible practical importance emerge. 
Firstly, at bulk C/S 5:6, 11 A tobermorite may be 
stable relative to xonotlite up to 170,°C; this may ex
plain why it is formed in preference to xonotlite in 
many commercial products. Secondly, if formation of 
xonotlite is desired, there might be a possibility of 
achieving this in practicable times at temperatures as 
low as 130° if a way could be found to de-stabilize 
the 11 A tobermorite of 1:1 Ca:Si ratio.

Equilibria in the CaSiO3-H2O system at very high 
pressures (5-53 k bars) were studied by Pistorius 
(37). His results define the stability fields of xonotlite, 
wollastonite and rosenhahnite in this region. His 
P-T curve for the dehydration of xonotlite to give 
wollastonite connectes smoothly with those obtained 
by Buckner, Roy and Roy (66) and by Harker (41) 
(Fig. 2, curve VII) at lower pressures.

The Sub-System CaSiO3-CaO-H2O at 
High Pressures

Roy and Johnson (3) reported the results of a study 
dealing with equilibria at high pressures (20,000
45,000 p.s.i.). Their results largely confirm and partly 
modify those presented at the Washington Symposium 
by Roy and Harker (65). The conclusions resulting 
from these two investigations, as regards the stable 
anhydrous or hydrated calcium silicate phases in this 
pressure region, where as follows (TSH = tricalcium 
silicate hydrate):

16O-235°C Xonotlite—afwillite—hillebrandite— 
TSH

250-290°C Xonotlite—hillebrandite— 
calciochondrodite—TSH

290-355°C Xonotlite—foshagite—hillebrandite— 
calciochondrodite—TSH 

355-430°C Xonotlite—foshagite—dellaite— 
calciochondrodite—TSH 

430-520°C Wollastonite—foshagite—dellaite— 
calciochondrodite—TSH



520-650°C Wollastonite—foshagite—dellaite— 
calciochondrodite

65O-81O°C Wollastonite—dellaite— 
calciochondrodite

In the range 810-840°C, dellaite is replaced by 
C2S and rankinite appears. Subsequent work on the 
high temperature part of the system was reported by 
Harker, Roy and Tuttle (67), who showed that 
metling begins in the ternary system Ca(OH)2- 
Ca2SiO4 CaO at 820°C. At 15,000 p.si., calciochon
drodite melts incongruently at 955°C, giving Ca2SiO4 
and liquid.

The role of kilchoanite in the system has presented 
much difficulty. Roy and Johnson (3) noted that this 
phase forms readily at about 15,000 p.s.i. over the 
approximate range 250-820°C and did not wholly 
exclude the possibility that it might form stably in 
part of this range. On balance, however, they con
sidered that, at least at high pressures, it was probably 
metastable at all temperatures up to that of the fosha
gite decomposition (~650°C); above this tempera
ture it possibly had a stable existence. In general 
agreement with this view, Agrell (2) considered that 
at 5000 p.s.i. foshagite was a stable phase below about 
550°C, above which temperature it was replaced by 
kilchoanite.

Several values have been reported for the kilchoa- 
nite-rankinite inversion temperature, which because of 
the smallness of the volume change must be almost 
independent of pressure. Roy (53) placed it at 800
850°C, Agrell (2), quoting unpublished work by Mc
Connell, at 700°C, and Speakman, Taylor, Bennett 
and Gard (56) at about 625°C. The latter investigators 
obtained evidence consistent with the view that, at 
high pressures, kilchoanite had a narrow tempera
ture range of stability around 600°C. They considered 
that at lower temperatures, it was possibly replaced 
by wollastonite plus dellaite at 5OO-55O°C, and by 
foshagite plus dellatie below 500°C.

The considerations of the last two paragraphs sug
gest that the stable phases at 430-810°C at high 
pressures are possibly:

430-500°C Wollastonite—foshagite—dellaite— 
calciochondrodite—TSH

500-520°C Wollastonite—dellaite— 
calciochondrodite—TSH

520-550°C W ollastonite—dellaite—calcio 
calciochondrodite

550-625°C Wollastonite—kilchoanite—dellaite— 
calciochondrodite

625-810°C Wollastonite—rankinite—dellaite— 
calciochondrodite

The Sub-System CaSiO3-CaO-H2O at ■ 
Saturated Steam Pressures

The semicrystalline or near-amorphous calcium 
silicate hydrates that are formed at room temperature 
on hydration of portland cement or in other ways 
appear to be indefinitely persistent, but they are pro
bably metastable relative to afwillite and Ca(OH)2 
(68). This probably accounts for the formation of 
afwillite when C3S is ball-milled with water at room 
temperature (69).

The stability relations of kilchoanite relative to 
xonotlite, foshagite and hillebrandite at saturated 
steam pressures present some difficulty. Kilchoanite, 
or related phases or mixtures such as “y-dicalcium 
silicate hydrate”, are readily formed from mixtures of 
ß- or y-C2S with silica at temperatures around 200°C 
and saturated steam pressure, and appear under these 
conditions to persist indefinitely. Lime-silica mixtures 
under similar conditions sometimes yield kilchoanite 
or related phases (70), but more often give xonotlite, 
foshagite, hillebrandite, or combinations of these 
phases, and these latter three phases then appear to 
be indefinitely persistent. Roy and Johnson (3) sug
gested that kilchoanite might have a stability field at 
low pressures, and Speakman, Taylor, Bennett and 
Gard (56) observed that this would be compatible with 
their results obtained in runs using y-C2S as the 
principal starting material. In contrast, workers who 
used other starting materials, such as Peppier (71) and 
Assarsson (49), concluded that xonotlite and hilleb
randite coexist stably at temperatures around 180°C.

The problem probably cannot be resolved by runs 
using simple starting materials, and Ahmed and 
Taylor (72) therefore adopted a different approach, 
which is illustrated by the following example. A 
mixture of y-C2S and quartz of bulk Ca/Si ratio 1.5 
was autoclaved at 180°C and gave a product consist
ing largely of kilchoanite. A mixture of lime and 
quartz was similarly treated and gave a product 
consisting mainly of xonotlite, hillebrandite, and 
foshagite. The two products were then mixed to yield 
a mixture which will be called (I). Portions of (1) 
were re-autoclaved at 180°C for various times to yield 
a series of products. The X-ray patterns of these 
products were compared with that of the mixture (I) 
in order to see which phases were increasing, and which 
decreasing in relative amount. The results indicated 
clearly that xonotlite and hillebrandite were stable 
relative to kilchoanite and foshagite. A similar group 
of experiments showed that at 250°C the stable phases 
at bulk Ca/Si ratio 1.5 were foshagite and hillebran



dite. There were indications that calciochondrodite 
was unstable at both 180° and 260°C, but the results 
in this respect were not conclusive.

Evidence regarding the stability fields of other 
phases in the CaSiO 3-CaQ-H2O subsystem at satu
rated steam pressures was largely summarized at the 
Washington Symposium (25, 65). From this and the 
newer results presented here the stable calcium sili
cate hydrate phases in this subsystem at saturated 
steam pressure appear to be as follows:

< 100°C 14 Ä tobermorite—afwillite
100-130°C 11 A tobermorrite—afwillite
130-140°C Xonotlite—afwillite
140-150°C Xonotlite—afwillite—hillebrandite
150-180°C Xonotlite—hillebrandite
180-250°C Xonotlite—hillebrandite—TSH
25O-320°C Xonotlite—foshagite—

’ hillebrandite—calciochondrodite—
TSH

> 320°C Xonotlite—foshagite—dellaite— 
calciochondrodite—TSH

Further work is needed to clarify a number of 
points, including the following:

(i) Does a crystalline phase related structurally 

to either C-S-H (II) or jennite (both of which are 
discussed later) have a stability field in the system?

(ii) Does rustumite have a stability field, and under 
what conditions can it be synthesized ?

(iii) What are the lower temperature limits of 
stability of calciochondrodite and of tricalcium sili
cate hydrate ? The values given above rest on slender 
evidence.

(iv) Does a-dicalcium silicate hydrate have any 
true stability field ? This phase is formed very readily 
from a variety of starting materials at 100-180°C. 
It appears always to be metastable relative to hille
brandite or to afwillite plus Ca(OH)2, but this cannot 
be considered certain.

(v) Under what conditions are kilchoanite or struc
turally related phases formed from lime-quartz mix
tures ? Kalousek, Logiudice and Dodson (70) obtained 
some results bearing on this question, but further 
work is needed.

(vi) What is the nature of the material that Aitken 
and Taylor (73) called “Phase F”, (C5S3H2 approx.)? 
This, or a similar material, has again been obtained 
from lime-quartz mixtures (72), but its nature is still 
obscure.

Crystalline Calcium Silicate Hydrates with Additional Ions

Of the various compounds in this category, we shall 
consider only those that appear especially important 
for cement hydration chemistry and for which signifi
cant work has been reported since the Washington 
Symposium. Substitution of additional ions in struc
tures already described (e.g. of Al3+ in 11 A tober
morite) is considered later.

Scawtite

This is identical with the phase which has been called 
CSH (A). Harker (74) has discussed the conditions of 
formation and stability of this phase, for which he 
assumes the general formula Ca14(OH)4(Si16_x_y- 
CxH4y)O44. He noted that scawtite has frequently 
been observed to form in runs in the CaO-SiO2- 
H2O system in which slight CO2 contamination had 
occurred, and found that it could be synthesized at 
low partial pressures of CO2 in the presence of excess 
water; its stability range appeared to extend from 140° 
to 300°C and to be independent of water pressure 
from saturated steam pressures up to at least 50,000 
p.s.i. Harker obtained scawtite pure by using as 
starting material a mixture of Ca(OH)2 and silicic acid, 

together with excess water containing the calculated 
amount of dissolved CO2, so as to give the molar 
ratios Ca:Si:C= 14:12:1 or 14:12:2. Below 140°C, 
scawtite was unstable relative to 11 A tobermorite 
and calcite, while above 300°C it was unstable relative 
to xonotlite and calcite; it was thus formed largely at 
the expense of xonotlite in the CaO-SiO2-H2O 
system. At 21°C, it was decomposed by stirring with 
CO2-saturated water at 1 atmosphere for 16 hours.

Jennite

Jennite is a sodium calcium silicate hydrate of 
approximate composition Na2Ca8Si5O30H22.*  As 
will be shown later in this review, it is possibly more 
nearly related in structure to the predominant cal
cium silicate hydrate of cement pastes than is any other 
crystalline phase, including tobermorite. The available 
information about it will therefore be considered in 
some detail.

Jennite has so far been found as a crystalline phase 
only as a natural mineral. The formula given above is

♦Subsequent analytical work (107) does not confirm the pre
sence of appreciable sodium into in this mineral. 



based on the analysis of the first specimen to be 
discovered which was found at Crestmore, California, 
and studied by Carpenter, Chalmers, Gard, Speak
man and Taylor (75). A second specimen has since 
been discovered in Israel and shown by Heller (76) 
to give X-ray single crystal patterns identical with 
those of the Crestmore mineral, but no chemical 
analysis or other data for this second specimen have 
yet been reported.

Jennite forms small, blade-shaped crystals or fibr
ous aggregates. The unit cell was determined and in
dexed X-ray powder data obtained, together with 
infra-red, thermal decomposition, density, and elec
tron microscope and diffraction data. There is a repeat 
distance of 7.25 Ä parallel to the b or needle axis, 
with very marked pseudohalving; reflections corre
sponding to the 7.25 (as opposed to 3.625) Ä repeat 
were invisible on X-ray rotation photographs, and only 
a few extremely weak ones were detectable on oscil
lation photographs. The triclinic cell has a thickness 
(dooi) of 10.42 Ä in the direction perpendicular to 
the cleavage. The cell parameters (a 10.56, b 7.25, 
c 10.81 Ä, a 99°42', ß 97°40', y 110°04') somewhat 
resemble those of cuspidine, but the cell contents are 
distinctly different (Na2Ca8Si5O30H22 for jennite, 
Ca16Si8O28F8 for cuspidine). From infrared and 
thermal decomposition evidence, it was suggested that 
the ionic constitution was possibly Na2Ca8(SiO3)3- 
(Si2O7)(OH)s-8H2O, wollastonite-like chains and 
pyrosilicate groups thus both being present.

If jennite is heated in air at 70-90°C, four molecules 
of water are lost from the above formula unit, and the 
unit cell shrinks in the c-direction to give a layer 
thickness of 8.66 Ä. The product thus formed is called 
metajennite. It closely resembles jennite as regards 
the nfi-face of the unit cell, the general distribution of 
intensity in reciprocal space, as shown in single
crystal X-ray patterns, and the infrared absorption 
spectrum. Metajennite is therefore presumably deri
ved from jennite by loss of water molecules from be
tween layers which themselves undergo little or no 
change.

Meta-jennite loses water gradually at 90-750°C; 
with increasing temperature within this range the 
product becomes progressively less crystalline. By 
450°C, X-ray diffraction shows only diffuse powder 
rings with spacings of about 3.0, 2.8, 2.0, and 1.8 Ä. 
At 900-1060°C, wollastonite forms, and at 1100°C 
the main product is jff-C2S.

Subsequent to the publication of the above results, 
the present author has derived a tentative crystal 
structure from X-ray fibre rotation data; more cer
tain results will be difficult to obtain because the cry

Fig. 3. Suggested crystal structure for jennite [idealized and 
tentative), viewed along the b-direction. Axes relate to the 
monoclinic pseudocell with a 9.9, b 3.6, c 10.6 K, ß 102°. 
Diamonds with dense point-shading represent Ca(O, OH, 
H2O)6 octahedra, which are linked to form a corrugated sheet 
that is seen edge-on and runs horizontally across the figure. 
Diamonds with light point-shading represent interlayer 
Na(HzO)6 octahedra. Triangles with horizontal line-shading 
represent SizO? groups, seen end-on. Triangles with vertical 
line—shading represent oxygen tetrahedra of which about 
one-half, statistically distributed, contain silicon atoms, 
which link the SijO? groups into short chains of various 
lengths. For clarity, tetrahedra of this type belonging to the 
two adjacent layers are omitted. The chains are seen end-on.

stals are poor. Fig. 3 shows the essential features. 
The structure is based on corrugated Ca-0 sheets 
lying parallel to the (001) plane. On both faces of 
these, some of the oxygen atoms are shared with Si-O 
chains, which run parallel to the fi-direction. These 
chains are probably highly disordered and contain 
frequent gaps: they are not of uniform length, and 
probably have a minimum chain length of two, and 
a mean chain length of five tetrahedra. In configura
tion they resemble portions of wollastonite chains. 
Of the oxygen atoms of the Ca-0 sheets that are not 
linked to silicon, some must occur in water molecules, 
and others in hydroxyl groups. The structure is com
pleted by the addition of interlayer sodium ions and 
water molecules. The sodium ions may not be essen
tial; calcium might possibly replace them, especially 
in poorly crystallized material, if some appropriate 
balancing replacement also occurred.

The suggested structure, of which the tentative 
nature is emphasized, has features in common with 
those of tilleyite, cuspidine, and one of the structures 
suggested for tricalcium silicate hydrate (18). It has 
some broad similarities to that of tobermorite (77), 
but also some important differences. The most impor
tant of these are the very different configurations of the 
Ca-O sheets, which lower the repeat distance in the 
tobermorite a-direction from 11.2Ä in tobermorite 
to 9.9 Ä in jennite, and the presence in jennite of 
hydroxyl ions and water molecules within these sheets. 
The two structures are compared schematically below:



11 Ä Tobermorite Jennite
Interlayer 2Ca + 8H2O--------
material: 11 2Na + 4H2O

(Si2O7)+|Si+ '
2[Si3OgH] 6(0,OH, H2O)

Main Ca8 11.3 Ä Ca8 10.4 Ä
layer: 2[Si3O9H] (Si2O7) + |Si +

6(0, OH, H20)
Interlayer ,, 2Na + 4H20--------
material: 2Ca + 8H2O--------

Synthetic Studies on Alkali-Containing Systems

Several studies have recently been reported on 
aspects of the N-C-A-S-H system relevant to cement 
chemistry. This system is of interest for several reasons. 
Firstly, as already mentioned in the case of jennite, 
some of the sodium-containing compounds may be 
structurally related to pure calcium silicate hydrates, 
secondly, raw materials containing alkalis and A12O3, 
such as felspars, are used in some autoclave processes. 
Thirdly, in probably all processes of cement hydration" 
the alkali present in the cement, though small in abso
lute amount, appears to go into solution rapidly, so 
that in the early stages of hydration the effective 
ratios of alkali oxides to other constituents may be 
quite high.

The early work of Clark and Bunn (78) and Thilo 
and Funk (79) showed that pectolite (NaCa2HSi3O9) 
can readily be synthesized from a variety of starting 
materials of appropriate composition by hydrother
mal treatment at 180-200°C under saturated steam 
pressures. This phase is structurally closely related 
to wollastonite (80). Thilo, Funk and Wichmann 
(81) described also the synthesis of a compound which 

they considered to have the constitution NaCaHSiO4, 
by hydrothermal treatment of Na2CaSiO4 in saturated 
steam (not liquid water) at 180°C.

Sazhin and co-workers (82, 83) reported studies on 
the N-C-A-S-H system at240-280°C. They obtained 
in additions to Ca(OH)2 and a hydrogarnet phase, 
two compounds which they considered to be 
NC2S2Hn and N4C2A3S6H3. In a similar study at 
280°C, Ni and co-workers (84-86) reported the for
mation of NC2S2Nn and N1.25C0.5AS2H. Similarities 
of crystal morphology and refractive indices suggest 
that these phases may have been identical with the 
corresponding ones of Sazhin and co-workers. The 
X-ray powder data and refractive indices reported by 
the latter for NC2S2Ha are, in turn, near to those of 
pectolite, but the formulae differ and the resemblances 
could be accidental. The relation between the 
NC2S2Hn phases reported in these investigations and 
the NaCaHSiO4 of Thilo, Funk and Wichmann 
(81) requires investigation. None of the synthetic 
products mentioned above appears to resemble jen
nite. Further work is needed to correlate the results 
of the various investigators.

Several other studies on the C-S-H system in the 
presence of alkalis have been reported recently (87
91) but most are mainly concerned with the influence 
of alkalis on the reactivity of anhydrous calcium 
silicates, and none with the formation of hydrated 
phases containing alkalis as essential constituents. 
A number of other calcium silicate hydrates with 
essential sodium or potassium are known as natural 
minerals, but apart from reyerite, which has already 
been mentioned, the only one whose composition 
appears to be in a range of apparent significance for 
cement hydration chemistry is miserite (KCa4Si5O13- 
(OH)3) (92).

Poorly Crystalline Calcium Silicate Hydrates

This term will be used to denote all calcium silicate 
hydrates giving X-ray powder patterns significantly 
poorer than those of typical crystalline phases. It 
is convenient to divide them arbitrarily .into semi
crystalline and near-amorphous phases. We shall use 
the term “near-amorphous” for phases or materials 
giving not more than three X-ray powder lines, which 
in general will usually be more or less broadened. 
The calcium silicate hydrate present in normally 
cured cement pastes (so-called “tobermorite gel”) 
is typical of this group. In such materials only short
range order would seem to occur. The term “semi
crystalline" will be used for phases or materials whose 

X-ray powder patterns contain more than three lines, 
but give clear indication of absence of full three
dimensional order either because too few lines are 
present, or because of marked broadening or some 
other reason. The phase known as “C-S-H (I)” is 
typical of this group. It is, of course, assumed that 
fewness of lines is not due solely to use of an inade
quate X-ray technique or to the fact that the phase is 
present as a minor constituent of a mixture. In the 
author’s experience X-ray goniometers designed for 
single-crystal work are considerably more satisfac
tory for studies on poorly crystallized calcium silicate 
hydrates than are diffractometers, Guinier cameras, 



or conventional Debye-Scherrer powder cameras.
Many workers in this field, including the present 

writer, have regarded all poorly-crystalline calcium 
silicate hydrates as structurally degenerate varieties 
of tobermorite and have called them tobermorites 
or tobermorite-like phases. While in some cases this 
view is probably correct, in others the evidence is 
weak, and in yet others there are positive grounds for 
postulating a closer relation to crystalline phases 
other than tobermorite. We shall use the term C-S-H 
to denote any poorly-crystalline calcium silicate hy
drate, whether semicrystalline or near-amorphous. 
The letters C-S-H stand for “calcium silicate hydra
te", and hyphens are inserted to show that no parti
cular composition is implied.**

**Several prominent workers in the field, e.g. Assarsson (49), 
appear never to have accepted the hypothesis that all poorly- 
crystalline calcium silicate hydrates are tobermorite-like in 
structure. The writer thanks Professor H. Funk, for pointing 
out to him the weakness of this hypothesis, and Miss A. E. 
Moore, M. Sc., for suggesting the term C-S-H.

The classification of C-S-H varieties is rendered 
difficult by the indefinite nature of these materials, 
which probably comprise, not a finite number of 
phases each of definite composition and structure, 
but a largely continuous range with a number of 
variable parameters which are only partly correlated. 
It will be convenient to consider them in sequence of 
increasing C/S ratio.

Materials of Low C/S Ratio

In 1955, Funk and Thilo (50) described a virtually 
amorphous preparation which they obtained by mix
ing Na(H3SiO4) and CaCl2 solutions at 0°C. After 
drying over silica gel, it had the composition CS2H3 
and they considered it to have the constitution Ca- 
(H3SiO4)2. On being autoclaved at 180°C, it yiel
ded a product described as CaH4Si2O7, and which 
appears to have been identical with Assarsson’s 
“Z-phase” (25, 49). Funk (47) later repeated the 
preparations of CS2H3 and Z-phase, and described 
additional poorly crystalline products obtained by 
autoclaving CS2H3 at 120°C, for which he gave X- 
ray powder, DTA, TGA and electron microscope 
data. He considered that these products might be 
mixtures. The X-ray data do not agree with those of 
C-S-H (I) or other known phases. The nature of these 
products is still not clear, but it is at least possible that 
they are structurally related to gyrolite rather than to 
tobermorite. There appears to be little evidence for 
the ionic constitution Ca(H3SiO4)2 assigned by Funk 
and Thilo (50); indeed, Wieker (93) showed by the 

chemical method described earlier (13, 14) that layer 
silicate anions were present. This is consistent with 
the hypothesis of a gyrolite-like structure.

The . occurrence of a poorly-crystalline calcium 
silicate hydrate of low C/S ratio as an initial product 
in hydrothermal reactions employing lime and silica 
glass or gel is suggested by the results of Buckner, 
Roy and Roy (66), Assarsson (49) and Kondo 
(94). Such a product, if formed, could possibly be 
similar in structure to the poorly-crystalline materials 
discussed above.

C-S-H (I)

This term will be used to denote the product which 
has a C/S mole ratio of 0.8-1.5, appears as crumpled 
foils under the electron microscope, and gives an X- 
ray powder pattern consisting mainly of reflections 
corresponding to a two-dimensional, centred, ortho
gonal lattice with a 5.6, b 3.6 Ä approx. There may or 
may not also be a strong basal reflection with a spac
ing of 9-14 A, this value depending on the H/S and 
C/S ratios. C-S-H (I) is formed from a wide range of 
starting materials, most characteristically in aque
ous suspensions at room temperature, but also hy- 
drothermally as an intermediate reaction product. 
Natural plombierite of low C/S ratio (34) is substan
tially identical with C-S-H (I).

The X-ray powder pattern of C-S-H(I), and the 
changes in basal spacing that occur on dehydration 
(32), suggest strongly that the phase is a structurally 
degenerate form of tobermorite. This implies some 
degree of condensation in the silicate anions. Chemical 
studies of this problem have led to divergent conclu
sions. Brunauer and Greenberg (17), reporting un
published work by Greenberg and Pressler, concluded 
that increasing depolymerization occurred with in
creasing C/S ratio. They gave no quantitative conclu
sions, but for a preparation with C/S 0.8 made at 
85°C, the rates of dissolution in 0.5 M aqueous HC1 
and of reaction of the extract with an aqueous molyb- 
dic acid reagent suggested a substantial degree of 
condensation. Greenberg and Chang (95), reporting 
further unpublished results of Greenberg, Pressler 
and Chang, however concluded that “products of 
the reaction of calcium oxide, silica and water mix
tures begin to dissolve completely in HC1 at a CaO/ 
SiO2 mole ratio of 1. Therefore, in the CaO-SiO2- 
H2O system, silica is completely depolymerized at this 
mole ratio.” From this and other evidence, they con
cluded that preparations having C/S 1 contained 
a substance of formula CaH2SiO4.

The formula CaH2SiO4 was earlier assigned by



Thilo, Funk and Wichmann (81) to a product that 
was almost certainly C-S-H (I); these authors, too, 
considered that orthosilicate ions were present. How
ever, Wicker (93) concluded from his chemical me
thod that this product in fact contained chain-type 
silicate anions. .

Funk (12) studied the degrees of condensation in 
C-S-H (I) preparations by his method based on dis
solution in methanolic HC1 and subsequent reaction 
with a molybdic acid solution. He concluded that, in 
all preparations studied, a distribution of anion sizes 
occurred. He considered that reliable information 
could be obtained regarding trends, but that absolute 
degrees of condensation could only be roughly esti
mated. The degree of condensation decreased with 
increasing C/S ratio over the range 0.81-1.1, and 
increased on raising the temperature of preparation 
from room temperature to 110°C. Funk made the 
following estimates for the anion size distributions of 
two preparations (apparently made at room tempera
ture) : ’

■ Approx, percentages of SiO2 
present as anions of:

C/S 3-4 4-6 6-10 >10
ratio tetrahedra tetrahedra tetrahedra tetrahedra
1.01 — 10 80 10
1.1 20 40 40 —

He reported parallel results for preparations auto
claved at 130-170°C. These were shown by X-rays 
to contain tobermorite or xonotlite or both; the 
extent of condensation was found to increase further 
with increased temperature of preparation or decrease 
in C/S ratio. Funk’s and Wicker’s conclusions, un
like those reported by Greenberg and Chang, can 
readily be reconciled with the X-ray evidence.

New studies on the equilibria involving C-S-H 
(I) have been reported by Greenberg and his collea
gues. Greenberg, Chang and Anderson (96) prepared 
solids at 85°C that appear to have been essentially 
C-S-H (I). They equilibrated these with aqueous 
solutions at 25°C, and from determinations of pH 
and Ca++ and silicic acid concentrations in solution 
derived values for two solubility products which were 
formulated as

KSPl = =Ca++ x *H 2SiOJ- 
and

KSp, = aCa++ X a2H3SiO4-.
They found pKSP1 = 7.0 ± 0.1 and pKSP1 = 8.5 ± 
0.1. KSP1 was assigned to an equilibrium between 
CaH2SiO4 and solution, and KSP! to an equilibrium 
involving Ca(H3SiO4)2.

Greenberg and Chang (95) later reported a study 
of the pH values and Ca++ and silicic acid concen
trations in solutions coexisting with solids of a range 
of C/S ratios. Their results were similar to those re
ported by numerous earlier workers. They concluded 
that at C/S 0.14-1 the solid consisted of CaH2SiO4 
plus silica; the evidence for Ca(H3SiO4)2 was not con
clusive. At C/S 1-1.75, the solid was regarded as a 
solid solution of composition CaH2SiO4-nCa(OH)2, 
and a distribution coefficient was derived relating the 
activity of the Ca(OH)2 dissolved in this solid to its 
value in solution. The lack of positive evidence for 
Ca(H3SiO4)2 in these results does not necessarily con
flict with the observations of Funk and Thilo (50) 
metnioned earlier, as these workers used different 
preparative conditions.

Lawrence (97) has studied the dehydration of C-S- 
H (I) preparations of varying C/S ratios. Preparations 
with C/S 0.5-0.9 showed only minor changes in X-ray 
pattern up to 700°C; the 12.5 and 5.5 A reflections 
disappeared and the remaining spacings were slightly 
shortened. At 770°C, there was a sharp transition to 
wollastonite. He showed that formation of ^-C2S, 
reported earlier by Gard, Howison and Taylor (98) 
occurred only if contamination by CO2 had occurred. 
He considered that (uncarbonated) C-S-H (I) with 
C/S 0.5-0.9 could lose most or all of its water without 
serious disruption of the structure; the rapid increase 
in velocity of transformation to ß-CS at 770°C sug
gested that some form of nucleation process controlled 
the reaction. Preparations with C/S 1.0-1.5 behaved 
differently, a near-amorphous intermediate material 
being formed at 550-770°C. At C/S 1.0-1.2 this yiel
ded j8-CS at 770°C; at C/S 1.2-1.5 it gave ß-CS 
and jS-C2S. Wollastonite was also formed at 550
770°C if heating was prolonged. These results can 
perhaps be correlated with the DTA results of Kalou- 
sek (99), who showed that the sharp exotherm at 
about 800°C was depressed to lower temperatures 
with increase in C/S ratio. The cocurrence of this 
exotherm with C-S-H (I), which contrasts with its 
absence for crystalline Al-free tobermorite (63), 
suggests that the mechanism of wollastonite formation 
differs in the two cases.

The similarity of the X-ray powder patterns and 
compositions of C-S-H (I) and tacharanite has 
already been mentioned; it may, however, be fortui
tous.

Grudemo (100) has published new electron micro
graphs and diffraction patterns for C-S-H (I) and 
other calcium silicate hydrates; these substantially 
confirm and augment those reported earlier (30, 
101).



The balance of the existing evidence regarding 
C-S-H (1) seems clearly to support the view that 
material with C/S ~ 0.8 is a structurally degenerate 
tobermorite. There is little evidence that C/S can fall 
below 0.8 without silica occurring as a separate phase. 
Increase in C/S above 0.8 seems definitely to be asso
ciated with lower average degrees of condensation 
(12, 17) and with decrease in layer thickness (30). 
The only explanations that appear consistent with 
both these facts are ones in which the structure is 
modified by omission of tetrahedra from the chains, 
as suggested originally by Taylor and Howison 
(16), and supported in modified form by Brunauer 
and Greenberg (17). At the higher C/S ratios, omis
sion of entire chains and their replacement by hydro
xyl groups possibly also occurs; this could happen 
in a variety of ways, such as the incorporation of 
regions of jennite-like structure, or the replacement 
of the whole of one side of a layer as suggested by 
Gard, Howison and Taylor (98) and Grudemo (101). 
This matter has been further discussed elsewhere 
(102). The variable characteristics and generally in
definite nature of C-S-H (I) of high C/S ratio suggest 
strongly that several different causes of variable C/S 
ratio may operate.

C-S-H (II)

This term will be used to denote any semi-crystal
line calcium silicate hydrate with a C/S ratio of 1.5 
or above. Such products are more varied in charac
ter, and almost always less crystalline, than C-S-H 
(I), and the term may therefore cover a number of 
phases of different structural affiliations.

The most crystalline variety of C-S-H (II) that has 
been described is probably that which forms under 
certain conditions from C3S (103) or ß-C2S (17) in 
aqueous solutions at room temperature, appears as 
characteristic fibre bundles in the electron microscope 
(17, 100, 101, 104), and gives an X-ray powder pattern 
somewhat similar to that of C-S-H (I) and having a 
longest spacing of 9.8 Ä (31). In recent studies, Gru
demo (100) and Gard (104) were unable to obtain 
selected area electron diffraction patterns from this 
material, but Copeland and Schultz (105) found that 
it gave a distorted hexagonal pattern with reflections 
having d-spacings of 3.07, 2.80 and 1.83 Ä; this would 
appear to indicate a tobermorite-like structure. Some 
support for this hypothesis is provided by the X-ray 
powder pattern (31), which is relatively close to that 
of 10 Ä tobermorite (31), especially if the effect of 
the slightly differing basal spacings is allowed for. 
If the C-S-H (II) preparations discussed above are 

structurally related to tobermorite, their high C/S 
ratios must presumably be explained in one or more 
of the ways already mentioned in relation to C-S-H
(I) .

Glasser and Taylor (107) studied the thermal de
composition of C-S-H (II) preparation D-69 of 
Brunauer and Greenberg (17), which is of the variety 
discussed above. On being heated at 10 deg C min'1, 
this shows no significant change in X-ray pattern up 
to 250°C. Above about 300°C the 9.8 Ä reflection 
disappears and some other minor changes occur, and 
at somewhat higher temperatures the material be
comes almost amorphous. Neither these results, nor 
the DTA curve or the infrared absorption spectrum 
which were also obtained, provide any definite indica
tions as to the structure.

Kurczyk and Schwiete (106) described hydration 
products of C3S and /?-C2S that were possibly iden
tical with the fibrous C-S-H (II) preparations discu
ssed above. Like the preparation studied by Copel
and and Schulz (105), these appear to have given to
bermorite-like electron diffraction patterns.

Funk and Fahlke (108) found that two different 
hydration mechanisms operate with /?-C2S. If the 
solution was supersaturated with Ca(OH)2, reaction 
proceeded by dissolution and represipitation, and 
yielded a product having C/S 1.86, showing as foils 
in the electron microscope, and giving broad X-ray 
powder spacings of 1.83, 3.05 and 11-14 Ä. If the Ca- 
(OH)2 concentration was kept below saturation, 
the reaction appeared to proceed by a conversion of 
the crystals in situ. The intensities of the jff-C2S 
powder reflections changed relative to each other, and 
eventually needle-shaped crystals of a hydration pro
duct with C/S 1.54 were formed. These were possibly 
identical with the relatively crystalline form of C-S-H
(II) discussed above. Funk and Fahlke (108) concluded 
that the second of these mechanisms was topotactic. 
In-situ conversion of dicalcium silicate to C-S-H 
has also been reported to occur in nature (68).

The other poorly crystallized calcium silicate hy
drates with C/S ^1.5 that have been described are 
of so low a degree of crystallinity that they might be 
considered to show only short range order and some 
are discussed later in connection with calcium sili
cate pastes. Several new electron microscope and 
diffraction studies have been made (100, 105, 109), 
but otherwise there has been little progress since the 
Washington Symposium. The electron microscope 
studies confirm that a range of morphologies occurs. 
Some forms, like that described previously, appear to 
give tobermorite-like electron diffraction patterns, 
but others give only a single, broad powder ring of 



spacing 2.8—3.1 Ä, together sometimes with either a 
second powder ring or a pair of relatively sharp reflec
tions corresponding to a fibre repeat distance of about 
1.8 A. Such patterns could be taken as indicating a 
structural resemblance to any one of a number of 

crystalline phases. The application of new experimen
tal methods, such as those mentioned earlier in this 
review, is probably essentiall if significant further 
progress is to be made in elucidating the structures of 
these materials.

Paste Hydration of C3S and ß-C2S

It is well known that the products of hydration of 
C3S or j?-C2S in pastes at room temperature are 
Ca(OH)2 and a near-amorphous C-S-H. The latter 
is frequently called “tobermorite gel”, but this name 
may be criticized on two grounds. First, the evidence 
relating it structurally to the crystalline tobermorites 
is weak; it amounts largely to a correspondance of the 
two or three broad X-ray powder reflections of the 
C-S-H constituent of the gel with strong hko reflec
tions of the tobermorites, together with indirect 
support from what is known or suspected concerning 
the structures of the semi-crystalline products, C-S-H 
(I) and C-S-H (11). As will be shown, the hydration 
products formed in pastes probably comprise a range 
of phases of differing compositions, depending on 
such factors as time, temperature, and water: cement 
ratio. Some of them may be structurally related to 
tobermorite, but others probably are not; electron 
diffraction evidence suggests that some, at least, of 
the fibrous particles that have been observed may be 
more nearly related to jennite. The second objection 
to “tobermorite gel" is that a gel is, by definition, 
a heterogeneous material of a particular type, and to 
apply the name to a single phase in such a material 
is incorrect and may well lead to confusion of thought. 
We shall therefore refer to the calcium silicate hydrate 
formed in these pastes as C-S-H, particularizing 
further when necessary, on the basis of composition, 
morphology, or other characteristics.

Chemical Composition and Specific Surface

Since the Washington Symposium, Brunauer and 
his colleagues have extended the studies which they 
reported there (17) on the chemical composition and 
specific surface area of the C-S-H in calcium silicate 
pastes (110," 111, 112). Their results for C/S ratios are 
based on the use of extraction methods (112, 113), 
which enabled a distinction to be made between Ca2+ 
present in the C-S-H and that present as crystalline 
or amorphous Ca(OH)2. The C/S ratio appears to 
depend on the degree of hydration, temperature, and 
water: cement ratio, but not on the fineness of grind
ing, assuming that pastes with the same degree of 

hydration are compared.
In 1962, Kantro, Brunauer and Weise (110, 111) 

reported results for C3S and /?-C2S pastes at water: 
cement ratio 0.7. Their results were summarized by 
Brunauer (114) and Brunauer and Kantro (115). 
Specific surface areas and C/S and H/S ratios for the 
C-S-H were plotted against percentages of the anhy
drous compound reacted, which in turn were plotted 
against time, for temperatures of 5°, 25° and 50°C. 
The main results were as follows:

(i) With both C3S and )?-C2S, the C/S ratios are 
high initially possibly equalling those of the anhy
drous phases themselves, and the specific surfaces 
are relatively low. With j?-C2S, the C/S ratio passes 
through a minimum at the same degree of hydration 
as the specific surface passes through a maximum; 
this stage is reached in about 12 hr at 25°C. With C3S, 
the C/S ratio does not show a minimum, but the spec- 
fic surface does show a maximum, which is reached in 
6 hr at 25°C. The lowest C/S ratios observed (for 
j8-C2S pastes at 5°C) are around 1.1, and the final C/S 
ratios are 1.4-1.7.

(ii) Temperature affects the percentages of hydra
tion corresponding to maximum specific surface, and 
(for jß-C2S pastes) minimum C/S ratio, in a complex 
way. For ß-C2S pastes the final C/S ratios rise slightly 
with temperature, but for C3S pastes there is no clear 
trend.

(iii) For the end products of the reaction, the H/S 
ratios are related to the C/S ratios; for materials dried 
over ice at —78°C, the compositions can be written 
approximately as C(0 5+n)SHr.

Kantro, Brunauer and Weise (111) interpreted these 
results to indicate the occurrence of three stages in 
the reaction. Firstly, a product of high C/S ratio and 
low specific surface was formed. They considered this 
to be a skin adhering to the particles of the anhy
drous compounds and calculated that it grew to some 
tens of molecular layers in thickness. The second 
stage was the splitting-off of particles of a low C/S, 
high surface area intermediate, which were calculated 
to be either one or two layers thick, together with 
Ca(OH)2. The final stage was the growth of these 
particles to a thickness of three layers. It was suggested 



that the two- and three-layer products had C/S ratios 
of 1.39 and 1.73 respectively. The observed kinetics 
could be explained by assuming that the rate-deter
mining step was, in the early stages, the reaction be
tween the anhydrous silicate and water, and later the 
diffusion of ions through the gel layer. The second 
and third stages were distinct with j5-C2S, but not with 
C3S.

In 1966, Kantro, Weise and Brunauer (112) exten
ded their observations by studying the effects of 
varying the fineness and the water: cement ratio. The 
fineness was found to have no effect other than on the 
rate; i.e., if C/S ratio or other parameters were plotted 
against degree of hydration, fineness had no effect. 
The water: cement ratio, in contrast, had an impor
tant effect; values of 0.45-0.70 were studied. The 
general trends found in the earlier work were con
firmed for all the water: cement ratios studied. The 
most important effect of water: cement ratio was that 
the C/S ratios of the final products increased as the 
water: cement ratios decreased; thus for C3S at 25°C, 
the final C/S ratio was 1.42 for W/C = 0.7 and 1.61 
for W/C = 0.45. Corresponding values for /?-C2S 
were 1.66 for W/C = 0.7 and 1.80 for W/C = 0.45. 
This effect was explained by assuming that the smaller 
amount of space available at low water: cement 
ratios favoured the formation of the denser three-layer 
product which, as already seen, was considered to be 
of higher C/S ratio.

Locher (116) has reported results for C3S pastes 
at 20°C which agree in many respects with those of 
Brunauer and his colleagues. He worked with pastes 
of water: cement ratios 0.25-2 (those above 0.8 
did not harden); Ca(OH)2 was determined by a che
mical extraction method and by TGA. Water contents 
were determined after drying over ice at — 79°C. No 
results were reported for degrees of hydration below 
about 28%. For water: cement ratios ^0.6 Locher 
found little variation in C/S with the percentage of 
hydration over the range studied; the chemical extrac
tion method gave 1.4-1.6, and TGA 1.6-1.9. At lower 
water: cement ratios (especially at 0.25-0.35), the C/S 
ratios were higher, and rose not only with decreasing 
water: cement ratio, but also with increasing time. For 
W/C = 0.45, the final value was about 1.75 (by che
mical extraction) or 2.05 (by TGA). Corresponding 
values for W/C = 0.25 (about 80% hydration) were 
around 2.15 and 2.37 respectively. Water contents 
were found to be correlated with C/S ratios, the gene
ral formula of the C-S-H being given as C(0.34+n)SHn. 
Locher concluded that the phase had a tobermorite- 
like structure in which the high C/S ratio was caused 
by the presence of attached Ca(OH)2 layers, together 

possibly with replacement of silicate by hydroxyl ions 
on one side of the tobermorite sheet as suggested 
previously (98, 101).

Stein and Stevels (117) and de Jong, Stein and Ste- 
vels (117a) reported some studies on the kinetics and 
mechanism of the C3S—water reaction in suspensions 
which led them to conclude that three successive 
reaction products are formed. They considered that 
the initial product had a rather high C/S ratio and 
that it adhered strongly to the C3S from which it was 
formed; it was replaced by a product which had a 
lower C/S ratio and adhered less strongly. Electron 
microscopic studies (discussed later) gave some indi
cations that this second product might initially be 
C-S-H (I), which later gave place to fibrous C-S-H 
(II). These conclusions seem to agree well with those 
of Kantro, Brunauer and Weise (111). Greenberg and 
Chang (118) concluded from a somewhat similar 
study that reaction proceeded by the reaction of Ca2+ 
and H2SiOJ_ ions in solution to give a hydration 
product that crystallized initially on the C3S surface; 
Stein and Stevels (119) considered that these results 
could be reinterpreted in a manner compatible with 
their own hypothesis.

Degree of Anion Condensation

Lentz (10) has studied the changes in the degree 
of condensation of the silicate anions in C3S and 
portland cement pastes by his method based on for
mation of trimethylsilyl derivatives. The C3S paste 
was 2.7 years old and had a W/C ratio of 0.7, and the 
C3S had presumably largely or completely reacted. 
Lentz reported the following distribution of anion 
types expressed as percentages of the total acid-solu
ble silica present in each form):

SiOj- Si2O?- Si3O*j  Si4o*i  Highly 
condensed

9.5 22.4 3.8 1.9 50.8

The Si4O?2 was considered to be a cyclic anion. A 
14.7 year old portland cement paste gave closely 
similar results but showed a higher proportion (17.0 
%) of silica present as SiOJ-. A study of cement 
pastes of differing ages showed a progressive trend to 
higher degrees of condensation with increase in cur
ing time (Fig. 4). It was not established to what ex
tent the orthosilicate contents could be attributed to 
unreacted C3S and /?-C2S.

Lentz obtained evidence that the highly condensed 
material contained a variety of anion sizes. A later 
study (10a) indicated a mean anion size of 15.8 
tetrahedra in a 15-year old paste. The rapid develop-
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Fig. 4. Variation with time in the distribution of anion sizes 
in a portland cement paste (WjC = 0.7; Lentz (101)).

ment of Si2O?" anions (19.8% of the soluble silica 
at 1 day, rising to a maximum of 34.3 % at 28 days) 
is especially noteworthy. It would be of great interest 
to make a similar study on C3S pastes of different 
ages and to carry out X-ray determinations of the 
unreacted C3S at each stage so that the contributions 
of this constituent to the SiOt" content could be asses
sed. Lentz’s results suggest that (i) an orthosilicate 
may or may not be formed as the immediate product 
of reaction, (ii) if it is, it is quickly replaced by a pyro
silicate, which is relatively persistent, and (iii) the 
subsequent condensation of the silicate anions into 
larger units continues to advance for at least 15 years.

Electron Microscopy and Diffraction

Electron optical studies on C3S, j?-C2S and alite 
pastes have been reported since the Washington 
Symposium by Copeland and Schulz (105), Copeland, 
Bodor, Chang and Weise (120), Grudemo (100), 
Stein and Stevels (117) and others. Grudemo (100, 
101) reported that fully hydrated C3S pastes with 
water: cement ratio 0.7 contained two types of C-S-H 
particles, in comparable amounts. One type appeares 
as small, thin particles, which showed at most in 
electron diffraction patterns a single, very diffuse 
ring at 2.8-3.1 Ä. The other appeared as needles or 
rods, which seemed to be made of bundles of fibres 
or rolled sheets. The same two forms were observed 
in j?-C2S pastes.

The acicular particles have also been described by 
Copeland and Schulz (105) and Copeland, Bodor, 
Chang and Weise (120). They give a characteristic

Fig. 5. Idealized representations of some real or hypothetical 
electron-diffraction patterns.
A. Jennite or metajennite; crystal lying on(001) face. B. 
Tobermorite (any variety); crystal lying on (001) face. C. Fibre 
from alite paste (120). D. Tobermorite; thin foil with (001) 
surface rolled about an axis parallel to the 3.6 Ä repeat. 
In all cases, systematically weak groups of reflections corres
ponding to ordering of the Si-0 parts of the structures are 
omitted.

electron diffraction pattern (100, 101, 120) which was 
recorded particularly clearly by Copeland, Bodor, 
Chang and Weise, and is shown diagramatically in 
Fig. 5c. It differs markedly from the tobermorite- 
type of pattern (Fig. 5b) which is given by certain 
C-S-H (II) preparations mentioned earlier. The 
difference cannot be attributed to rolling of a thin 
tobermorite sheet, which would be expected to elon
gate the 110 and 200 reflections as shown in Fig. 5d; 
a tobermorite-like structure thus seems to be ruled out. 
The pattern in Fig, 5c does, however, show some 
similarity to the weighted reciprocal lattices of jennite 
and metajennite, which have groups of especially 
strong reflections with 30° and 21° indices, as well as 
a strong 020 reflection (Fig. 5a). Rolling of a thin 
crystal of jennite-like structure might be expected to 
change the pattern to something resembling that sho
wn in Fig. 5c. The acicular particles in C3S and ß- 
C2S pastes may therefore have a structure related to 
that of jennite.



Stein and Stevels (117) recorded some electron 
micrographs for C3S pastes with waterxement 
ratio 1.0. For ages up to 2 hours, crinkly foils were 
observed, but after 4 hours these seemed to split into 
needle-like fragments, some of which appeared to be 
combined into cigar-shaped agglomerates. Copeland 
and Schulz (105) observed similar changes in the early 
hydration of cement pastes.

No systematic attempts seem to have been made to 
see whether the intensities of the C-S-H peaks or 
bands in the X-ray powder patterns of C3S or jff-C2S 
pastes are always the same relative to each other, or 
not. It would be of interest to see whether any such 
variation occurs, and if so, whether it can be corre
lated with such factors as degree of hydration, tem
perature, or water: cement ratio, or with the relative 
proportions of acicular and flaky or foil-like particles 
revealed by electron microscopy. One might expect 
acicular particles to be associated with increased 
intensity of the 1.82 Ä reflection, and flaky particles 
with increased intensity of the band or bands in the 
2.8-3.1 Ä region.

Calcium Silicate Pastes: Discussion

Lentz’s (10) observation that the mean anion size 
rises continuously with time of hydration is readily 
correlated with the initial fall in C/S ratio postulated 
by Kantro, Brunauer and Weise (110) and by Stein 
and Stevels (117), as increased condensation must, in 
the absence of other changes, be associated with 
expulsion of Ca2+ from the structure. The subsequent 
rise in C/S ratio found by Kantro, Brunauer and 
Weise (110) can be attributed to incorporation of the 
elements of Ca(OH)2 into the structure in amounts 
sufficient to outweigh the effect of increased condensa
tion. The hypothesis that particles of jennite-like 
structure occur in fully hydrated pastes agrees with 

Isomorphous

Substitution in Crystalline Tobermorite

In 1957, Kalousek (121) showed that Al3+ could 
enter the structure of 11 Ä tobermorite. His results 
have recently been confirmed and extended by Diam
ond, White, and Dolch (122) who studied the synthe
sis of this phase in the presence of Al3+, Mg2+, and 
Fe3+. Al3+ was added as kaolinite or as A1(OH)3. 
In approximate agreement with Kalousek’s results, 
it was shown that Al3+ could be present in amounts

this explanation.
It is tentatively suggested that the following forms 

of C-S-H and sequence of changes occur in C3S 
and j6-C2S pastes. Initially, a high C/S product is 
formed as a surface coating. It is probably composed 
initially of Ca2+, H2SiOJ_ and OH" ions and H2O 
molecules, and has a C/S ratio close to that of the 
starting material. Nothing is known of its structure; 
it may be amorphous. Anion condensation to, or 
perhaps beyond, the pyrosilicate stage may occur in 
this material. The second product is formed from the 
first by dissolution and reprecipitation. It probably 
has a C/S ratio of 1.0-1.5 and forms foils or platelets 
some 10-20 A thick; it may be a very poorly crystal
lized C-S-H (I), with a tobermorite-like structure. 
How this low-lime phase coexists with free Ca(OH)2 
does not seem to have been explained; perhaps a high 
concentration gradient exists. Further anion conden
sation may occur within this material, either by in 
situ transformation or by repeated dissolution and 
reprecipitation. The third product has, in its most 
developed form, a fibrous morphology and a jennite- 
like structure, with a C/S ratio of 1.5-2.0. The distinc
tions between the second and third products, and 
calcium hydroxide particles, are probably not sharp; 
the small, thin particles which Grudemo (101) obser
ved in fully hydrated C3S pastes could have structures 
based on more-or-less continuous Ca-O layers, both 
surfaces of which are coated with a highly disordered 
mixture of hydroxyl ions and silicate anions of various 
sizes. Within any one such layer, the structure might 
in some places approximate to that of tobermorite 
or C-S-H (I), in others to that of jennite, and in yet 
others to that of Ca(OH)2; this would explain the 
very poor electron diffraction pattern. Still greater 
disorder probably occurs in the presence of other 
ions, such as aluminate or sulphate; this is discussed 
in the next section.

Substitution

corresponding to replacement of about 15% of the 
Si4+ in the structure before a hydrogarnet appeared 
as an additional phase, and that this replacement 
caused the basal spacing to increase. Diamond, white 
and Dolch reported that the 002 spacing increased 
from 11.18 Ä in the Al-free compound to 11.45Ä 
for maximum substitution. X-ray spectroscopy indi
cated that the Al3+ was in fourfold coordination, 
thus supporting the view that it replaced Si4+ in the 
structure.



Diamond, White and Dolch (122) found that entry 
of Al3+ into the structure caused only minor changes 
in the infrared spectrum, peaks at 1207 and 745 cm 1 
being shifted to 1175 and 700 cm'1 respectively. 
Electron microscopy also showed no marked changes 
in morphology with Al-substitution, all the specimens 
examined consisting of platey crystals with sometimes 
a slight tendency to elongation. Specific surface areas 
(78 m2/g for the Al-free preparation) showed no syste
matic trend with substitution. D.T.A. curves gave re
sults broadly similar to those reported by Kalousek; 
the unsubstituted preparation showed a broad endo
therm at about 275°C and a weak exotherm at 815°C, 
and the main effect of maximum Al-replacement was 
greatly to increase the size of the exotherm and to 
shift it to 835°C. X-ray results showed that both 
unsubstituted and substituted specimens had changed 
to the 9 Ä hydrate by 35O'C. Al-rich specimens ap
peared partly fused when cooled from 775°C or over. 
It was suggested that both this and the increased size 
of the exotherm might be caused by the formation of 
some quasi-amorphous phase, such as an Al-Si spinel.

As Diamond, White and Dolch pointed out, Far
mer (123) has suggested that the infrared peak at 
about 1200 cm'1 in preparations such as those under 
discussion could be attributed to xonotlite. The 
conditions of preparation used by Diamond, White 
and Dolch (19 hour treatment of a lime-quartz slurry 
at 175°C under saturated steam pressure) might have 
caused partial conversion to xonotlite. The presence 
of a little xonotlite in the preparations would not 
invalidate the main conclusions reached by these 
authors.

Diamond, White and Dolch also studied the pre
paration of 11 Ä tobermorite in the presence of Fe3+, 
added as hematite or as goethite, and in the presence 
of Mg2+, added as MgO. The hematite did not react. 
The results obtained using goethite and MgO suggested 
that both Fe3+ and Mg2+ could enter the structure, 
but reproducible results were not obtained and no 
detailed conslusions were reached.

Roy and Johnson (3) reported equilibrium studies 
on the hydrothermal treatment of mixes of composi
tions C5S6A and C10S12A at 20,000-45,000 p.s.i. 
They expressed their results in terms of compatibi
lity volumes within the C-A-S-H tetrahedron, 
which were shown projected on the C-S-H face for 
four temperature ranges. At 175-255°C, an Al-rich 
tobermorite coexisted with a hydrogarnet of approxi
mate composition C3ASH4; at 260-275°C, a range of 
substituted tobermorites coexisted with xonotlite, 
and a particular one with xonotlite and a hydrogarnet. 
At 280-330°C the only stable tobermorite was an 

ATsubstituted one, which above 330°C became unst
able relative to a hydrogarnet and xonotlite. Roy 
(124) considered that the presence of Al3+ accelerated 
the crystallization of tobermorite, that it raised the 
upper temperature limit of its stability and that there 
was little evidence that it accelerated the change from 
tobermorite to xonotlite.

Substitution in C-S-H Preparations

It has long been recognized that ill-crystallized 
forms of C-S-H such as those produced in cement 
pastes may well contain ions other than those of the 
pure CaO-SiO2-H2O system. At the London Sympo
sium in 1952, Kalousek (99) suggested that all of the 
Al3+, Fe3+ and SO4' ions present in the cement tend 
eventually to enter the C-S-H. Although subsequent 
work has not supported this extreme view, at any 
rate for normally cured cement pastes, it still appears 
likely that these ions are partly present in the C-S-H. 
In the case of the sulphate ion, Kalousek (125) has 
recently placed this suspicion on a firmer basis by 
determining the amounts of crystalline SO4-con- 
taining phases, which he showed to be inadequate to 
account for all the SO4~ ion present.

Copeland, Bodor, Chang and Weise (120) have 
studied the preparation of lime-rich C-S-H in the 
presence of Al3+,Fe3+ and SO4~, and the reactions with 
these ions of C-S-H gel preparations already made. 
Two types of evidence showed that Al3+ can enter the 
structure of the lime-rich C-S-H formed in C3S and 
ß-C2S pastes. Firstly, experiments were carried out 
in which a hardened C3S paste was ground and then 
treated with water and a reactant such as C4AH13. 
The only phases detected in the product were Ca(OH)2 
and a C-S-H gel phase. Essentially the same products 
were obtained on paste hydration of alite, or by ball
milling of mixtures of C3S and C3A. Secondly, it was 
shown that the morphology of the C-S-H gel par
ticles changed if sufficient Al3+ was present. Thus a 
C3S paste that had been ground and then shaken with 
water for 3 months was shown by electron microscopy 
to contain rolled sheets or fibres. If the experiment 
was repeated with C4AH, 3 present during the shaking, 
the particles observed were ribbed sheets or laths 
similar to those formed during the early stages of 
hydration of cement. Evidence was obtained that the 
maximum amount of Al3+ that could be incorporated 
in the C-S-H was around 1 atom of Al per 6 atoms of
Si. The variations in C/S and H/S ratios with Al- 
substitution were studied. They suggested that Al3 + 
could enter the structure in two ways: in the first, 



Al3+ + H+ replaced Si4+, and in the second, 2A13+ 
replaced 3Ca2+. In support of this conclusion, X-ray 
spectroscopy suggested that both octahedral and 
tetrahedral Al3+ were present.

These results may be compared with those of Dia
mond, White and Dolch (122) for crystalline tober- 
morite. The upper limits of Al/Si ratio in the struc
ture are comparable in the two cases, but in the cry
stalline tobermorite, Al3+ seems to replace only Si4+ 
and not also Ca2+. .

Copeland, Bodor, Chang and Weise (120) prepared 
iron-substituted C-S-H gels by milling hardened 
pastes of C3S with different proportions of C2F. 
From studies of C/S and H/S ratios, they concluded 
that 2Fe3+ replaced Ca2+ + Si4+. The upper limit of 
substitution was one atom of Fe3+ to six atoms of 
silicon.

Sulphate substitution was studied in several ways. 
In one, mixtures of C3S and gypsum were hydrated in 
the ball-mill. X-ray and electron optical studies 
showed no phases in the product except C-S-H 

and Ca(OH)2. The compositions of the products sug
gested that S6+ replaced Si4+ + 2H+. X-ray spectra 
showed the sulphur Ka peak to be nearer that found 
with K2S2O7 than that found with gypsum. It was 
concluded that sulphur replaced silicon in a chain 
anion. The upper limit of sulphur substitution was 
one atom of S per six atoms of Si.

Some additional experiments were carried out to 
show that C-S-H in hardened pastes reacts with 
sulphate solutions even when the pastes are not first 
ground and re-dispersed: replica studies with the 
electron microscope showed that changes in morpho
logy occur on treatment with a SC2" solution.

The results described above suggest clearly that Al3 + 
Fe3+ and SO2“ ions can all enter the structure of 
C-S-H formed in calcium silicate pastes. Their 
presence is likely to render the C-S-H formed as the 
final product in paste hydration of cement even less 
definite in structure than that given by the calcium 
silicates.
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Written Discussion

Jerzy R. Dyczek

Introduction ,

The information contained in your report about the 
influence of the concentration of Ca(OH)2 on the 
reaction of the hydration of calcium silicates are in a 
good agreement with the results of my latest work 
concerning the dependence of the texture of the pro
ducts of hydration of cement on the type and amount 
of calcium sulphate added to the cement.

It is known, that the presence of more or less solu
ble calcium sulphate (CaSO4-2H2O or CaSO4 ^H2O) 
has an important influence on the solubility of 
Ca(OH)2.

Procedure

bath (20°C ± 2°) in hermetically sealed glass test 
tubes.

After the elapse of 3, 7, 14, 21 and 28 days the test 
tubes with corresponding pastes were broken, the paste 
crushed and, after the evaporable water in it was 
determined, approximately 2 g of the hardened paste 
was transferred to the BET apparatus in order to 
determine the specific surface. Nitrogen was used as 
the absorbed gas.

The results of determination of the specific surfaces 
are presented in Fig. 1.

Considerable differences observed in the specific 
surfaces for the same hardening times of the cements 
tested and differing only in the form of calcium sul-

The cements used in the following tests were pre
pared in the following way: two industrial clinkers 
of the chemical compositions given in Table 1 were 
ground and then mixed in a laboratory ball mill with 
the addition of ground calcium sulphate. Calcium 
sulphate was added in such quantities as always to 
ensure 2% content of SO|_ in the cements. Thus six 
cements were obtained of which two had no calcium 
sulphate addition and were pure ground A and B 
clinkers, the two next were A and B clinkers with 2% 
addition of SO^~ introduced in the form of CaSO4- 
2H2O and designated in abbrevaffon as A2 and B2, 
and finally the two cements with 2 % addition of SO4_ 
introduced in the form of CaSO4 0.5H2O and desi
gnated as Ao 5 and Bo 5.

The compression, bending strengths and the setting 
time were determined and the degree of grinding was 
checked for the cements tested by screen analysis and 
by determining their specific surfaces by the Blaine 
method (results given in Table 2).

To make possible a comparison of the specific 
surfaces of the hardened cement pastes (determined 
by the BET method) prepared from the above men
tioned cements, a knowledge of the degree of hydra
tion was indispensable. Therefore for corresponding 
hardening times the evaporable water was determined 
by the method described by Copeland, the results 
being given in Table 3.

The cement pastes intended for determination of 
the specific surfaces were prepared with such a 
quantity of water as to obtain a water-cement ratio of 
0.4.

The paste samples were stored in a thermostatic 

Table 1.

A(%) B(%)

L. of ign. 0.17 0.88
Ins 0.18 0.20
SiO2 20.24 21.86

7.62 4.54
3.58 4.62

CaO 66.33 66.00
MgO 1.51 1.40
so3 0.44 0.42

Table 2.

A A2 A0.5 B B2 B0.5

Com. st. after:
(kg/cm2)
Days 28

88 176 160 68 152 136
134 204 164 164 212 192
200 268 228 208 328 287

Bend. st. after:
(kg/cm2) 25.8 57.0 47.0 22.2 44.5 44.5

44.6 61.5 52.0 42.5 55.5 54.5
Days 28 37.5 80.5 71.5 61.0 87.0 73.5

Initial set. (min) 80 120 148 118
Fin. set. (min) — 165 180 — 362 418

Specific surf.
(ace. to Blaine) 3700 3620 3690 3260 3090 3080

(cm2/g)

Evaporable water ( %)

Table 3.

Days: 3 7 14 28

A 13.26 9.77 9.22 8.05
B 16.21 12.96 12.54 11.25

12.74 9.82 8.42 7.96
B2 15.76 13.96 12.07 10.31
A0.5 12.44 8.64 8.32 8.24
BJ.ä 13.12 11.95 11.02 10.41



phate added were the reason for taking a series of 
photographs by means of an electron microscope.

The microscope preparations were made by the 
extraction replica technique, spraying the carbon and 
platinum at a 30° angle onto a triofal foil taking a 
fresh fracture of a hardened cement paste.

The Results and Their Discussion

From a comparison of the results of the determina
tions of the evaporable water in the pastes from 
cements produced from A and B clinkers respectively 
it appears that slightly more uncombined water was 
removed from the cements containing calcium sul
phate dihydrate than from those of cement with cal
cium sulphate semihydrate. The greatest quantity of 
evaporable water (identified with that chemically 
uncombined) was removed from the hardened pastes 
made from the clinkers without a calcium sulphate 
addition (Table 3). The pastes that had undergone the 
reaction with water to a smallar degree did not always 
displayed a small specific surface. After three days 
hardening the pastes made from clinkers without a 
calcium sulphate addition had rather big specific 
surfaces (Fig. 1), while after longer hardening times 
(7,14,21 and 28 day respectively) the specific surfaces 
were smallest.

The greatest specific surfaces were measured in the 
pastes made from cements with calcium sulphate 
dihydrate and these cements had also the highest 
mechanical properties after hardening. A maximum 
may be observed occurring after about 14 days on the 
curves illustrating the specific surfaces depending on 
the hardening time. The later reduction of the surface 
may be explained by the recrystallization of the hydra
tion and hydrolysis products with a simultaneous 
hindering of the reaction of that part of the cement 

grains which have not undergone reaction with water 
caused by the products of these reactions surround
ing them (coatings hindering the access of water to 
the cement grains). A similar decrease in the specific 
surface of the reaction products of the alite and belite 
with water was observed by Copeland who explained 
this by the formation of a two and then of a three 
layer tobermorite. The differences in the specific 
surfaces of the investigated hardened pastes which 
clearly depended on the presence of calcium sulphate 
dihydrate and calcium sulphate semihydrate may be 
explained as follows: during the first moment after 
mixing the cement with water the better soluble 
CaSO4 0.5H2O passing into the solution reduces 
considerably the solubility of Ca(OH)2 causing its 
precipitation in a spherical shape. The low concentra
tion of Ca(OH)2 may favour the formation of the 
lime poor habits of tobermorite (CSH I).

After mixing the cement with water in the presence 
of the less soluble CaSO4-2H2O more Ca(OH)2 will 
be able to pass into the solution and the crystalliza
tion of the tobermorite-similar phase will occur in 
conditions favouring the formation of the lime rich 
fibrous CHS II variety. The differences in the crystal 
habit of these two varieties of tobermorite-like phase 
(CSH I—lamellae; CSH II—fibres of tubular struc
ture) may be explained by the differences in the 
observed specific surfaces of the pastes tested.

In spite of the fact that after several minutes after 
mixing with water the calcium sulphate semihydrate 
initially present in the cement will become hydrate, 
the further course of crystallization will follow the 
already existing model.

Microscopic examinations support the interpre
tation of the results given above:

A total of about 150 photographs were taken. Only 
chosen examples are presented here. The single 
crystals designated on the photographs were iden
tified by the electron diffraction method. Photo
graphs No. 1-4 illustrate the cement pastes from A 
series with calcium sulphate dihydrate, No 5-8 
with calcium sulphate semihydrate, No. 9-10 from 
pure clinker without calcium sulphate addition.
A better crystallization of the fibrous habits of 

CSH II and the presence of elongated aggregates of 
this variety (Photo 1-4) which are longer than those in 
the cement pastes with CaSO4 0.5H2O may explain 
the better strength properties after hardening of the 
cement pastes with calcium sulphate dihydrate and 
the tubular structure of the CSH II the large specific 
surface of these pastes.

In the pastes produced from the cements with 
calcium sulphate semihydrate the lamellar shapes of



Photo 5. Photo 6.

the CSH I may be observed more often as irregular 
aggregates.

In all the preparations both varieties of the calcium 

hydroxide were observed. However, the portlandite 
occurred most often in the preparations taken from 
pastes made of cements with calcium sulphate dihy-



Photo 9. Photo 10.

drate.

Conclusions

From the results presented above it may be con
cluded that the disadvantageous effects of false setting 
(decrease in mechanical strength, surface hardness, 
etc) are caused by the changes in the texture of the 
products of the reaction of the cement with water, 
and in particular of the tobermorite-similar phase. 
When the cement contains CaSO4 • 0.5H2O less fibrous 

habits of CSH II form in the paste made of it than in 
the paste with the calcium sulphate dihydrate where 
CSH II will form moreover elongated and better 
crystallized habits.

Additional Note

I think, that the results of my work given above may 
contribute to the better understanding of the pheno
mena of false setting and its influence on some pro
perties of cement in use.

Written Discussion

Paul Longuet

The works which have been done for some years 
upon the paste hydration of pure tricalcium silicate 
seem to be able to bring some complements to the 
calorimetric studies mentioned in the principal paper. 

Specially the use of the isothermal calorimeter on the 
first stage of hydration allowed new observations. We 
reproduce here the communication of B. Courtault 
(1) on this subject.



“D. L. Kantro, S. Brunauer and C. H. Weise (2, 
3), A. Van Bemst (4) and H. N. Stein and J. M. 
Stevels (5) deduce from their works, the formation 
of several hydrated phases during the hydration in 
paste of the tricalcium silicate. Those authors found as 
a rule their speculations on the analytic results of the 
hydrated products and their characterizations by 
means of electronmicroscopy.

Calorimetry and more specially the often used 
isothermal calorimetry (5, 6, 7, 8) seems to be the 
ideal mean to show the real evolution of the different 
hydrated forms but in practice this prospect has not 
yet been confirmed. Two reasons seem responsible for 
this seeming failure: the usual conditions in the 
technical employment which lead to the mixing of 
solid-liquid outside the calorimeter and the lack of 
exact definitions of the heterogeneous system studied.

For the first point, we suggested a calorimetric 
device allowing the recording of the thermal pheno
mena at the initial stage of hydration (8). For the sec
ond one, we studied the influence of the tricalcium 
silicate grading, of the experiment temperature, of 
the hydrated state of the solid phase, of the composi
tion of the liquid phase in touch with the solid, of 
initial additions to the solid or liquid phase.

Grading conditions affect the saturation rate of the 
liquid phase and the formation rate of the hydrated 
phase. The conclusions are summarized on the Fig.
1. A large and fairly coarse grading gives a simple 
thermogram of the type usually mentioned in litera
ture (5, 6) while a granulometric portion, fine and well 
definite allows to specify the different phases of the 
thermal reaction.

The rate of the different reactions is conditioned by 
the temperature (Fig. 2). The slowing down due to the 
temperature drop permits to make a peak obvious in 
the first stage, on the thermograms at 6°C and 15°C.

The relations between the thermal effects and the 
equilibrium state of the system have been established 
point by point upon the solution in touch, after 
pressing out and upon the solid after hardening and 
elimination of free water by cryosublimation (this 
process used at the CERILH since 1955 consists in 
freezing suddenly the sample and to sublimate the 
produced ice under high vacuum).

The extracted solution allows to determinate the 
lime content of the solution at a definite time. The 
thermogravimetric measurements of the cryosubli
mated solid give the amount of Ca(OH)2 released 
during the hydration and the amount of water bound 
to the hydrated portion.

The whole determinations made upon the same 
sample are shown on the Fig. 3. Their examination

Fig. 1. Grading influence
Fig. 2. Temperature influence

brings the following remarks:
—The biginning of the endothermic effect is bound to 
a definite concentration of lime in solution.
—The development of the endothermic effect corre
sponds to a temporary increase of the lime concen
tration in the solution in touch.

Those two effects characterize a hydrolysis reaction 
(transition for a definite concentration of the solution, 
to a less saturated salt with release of base).
—The formation rate of Ca(OH)2 released by hydra
tion, increases before the endothermic effect while the 
formation rate of the hydrated phase grows only 
after the end of this effect.

To sustain the supposition of the hydrolysis reac
tion, the effects due to changes of lime concentration 
in solution in touch must be verified (Fig. 4). .The 
addition of amorphous silica, already studied by Stein 
and Stevels (5) accelerates the hydration, inducing a 
decrease of the lime concentration in the liquid phase.



On the other hand, when the initial water is substi
tuted by a super-saturated lime solution, prepared 
according to Longuet and Zelwer (9), the hydrolysis 
equilibrium is displaced and the hydration is delayed. 
The study of the anomaly in the thermograms obtain
ed by isothermal calorimetric measurements, gives 
an experimental confirmation of the supposed trans
formation of an hydrate with high C/S ratio, formed 
in the first stage of the reaction between water and 
C3S (Kantro, first hydrate of Stein) in a hydrate with 
lower C/S ratio of CSH I type (second hydrate of 
Stein). '
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Written Discussion

O. P. Mchedlov-Petrosyan, I. P. Vyrodov 
and L. P. Pankova.

D. I. Mendelejev (1) a prior noted that interaction 
between lime and aggregate is inevitable in durable 
mortars, while V. N. Young (2) has found by the use 
of chromatic reactions the presence of calcium hy

drosilicates in the mortars of ancient buildings. Some 
reliable investigators denied the possibility of active 
interaction between binder and aggregate (3) and 
considered the formation of calcium carbonate to be 



the only cause of the durability of ancient lime mortars 
(4).

Even the present time literature still uses the term 
“inert aggregates”.

Our numerous attempts to explain experimentally 
the processes of prolonged hardening of lime mortars 
aged up to 2000 years (5-9) were conducted with the 
use of a complex of various physico-chemical and 
biochemical methods and allow us to picture a cer
tain supposed course and nature of interaction be
tween the components of durable mortars.

However we consider the results of X-ray examina
tion of ancient lime-mortars as a decisive factor in 
solving the problem.

We used the method of X-ray ionization recording. 
This method is used widely in the investigation of 
mortars.

The apparatus used are: USR-50-IM and USR- 
50-1.

Some of the specimens of ancient mortars were 
examined by means of Deby’s method (powder-

Table 1. Results of X-ray analysis of ancient mortars.

Number Specimen. Century of . ...
ordinal number building rnase composition

1 2 3 4

1 53x> I calcite; C2SH(C); C8SH(A);
tobermorite; C2SH(B); CSH(B)

2 72 IV calcite; C2SH(C); C2SH(A); C2SH(B); 
tobermorite; CSH(B).

3 59x> XII calcite; C2SH(C); tobermorite; 
CgSHCA); CSH(B).

4 80 XII calcite; C.,SH(B); C2SH(A); 
tobermorite; C2SH(C); CSH(B).

5 85 XIII calcite; C2SH(C); C2SH(A); C2SH(B); 
tobermorite.

6 25 XV calcite; C2SH(B); C2SH(A); 
tobermorite; C2SH(C); CSH(B).

7 33 XVII calcite; C2SH(B); C3SH(A); 
tobermorite; C2SH(C); CSH(B).

8 54 I calcite; C3SH2; hillebrandite.

9 87 VII calcite; hillebrandite.

10 1 XI calcite; hyrolite; hillebrandite.
calcite; C2S2H-macro-crystallic.XX)

11 24 XIV calcite; hyrolite; afwillite.

12 46 xvm calcite; hillebrandite; CgSH2; C2SH.

Notes: Specimens 1-7 were analysed by means of the X-ray 
apparatus URS-50-IM; specimens 8-12—by means of the 
apparatus URS-50-I; specimen IO“1—by means of the 
apparatus URS-55-3I (Deby-method). In specimens I and 3 
there were observed “hollow galls" proving the presence 
of amorphous silica.

method) with X-ray apparatus URS-55-A.
To determine reliable data of the phase-contents 

of ancient mortars we conducted X-ray investigation 
on specimens aged from 200 to 2000 years by means of 
three different apparatus in three different laboratories 
because we could not find the data of X-ray examina
tion of ancient mortars in the modern Russian and 
foreign literature (12 and others).

The Table 1 displays the results of X-ray examination 
of these mortars; their study show that after centuries 
hardening the following products are observed:

1. The main component is calcite, increasing with 
the age of mortars;

2. The content of calcium hydrosilicate is much 
lower than of calcite; though all the specimens con
tain the hydrosilicates of following types: C2SH(A, 
B, C); CSH(B); C2S2H; C3S2H3; tobermorite etc. 
These calcium hydrosilicate are hydration products 
of portland-cement in which they are however pre
sented in great quantity (10);

3. The investigation of the majority of examined 
specimens (11 of 12) has shown the presence of hille
brandite (C2SH(B)), which is known as a product of 
hydro-thermal treatment of portland-cement paste; 
most of specimens contain, besides it, the hydrosili
cates of the tobermorite group; '

4. Several specimens showed the presence of amor
phous silica; the hollow galls (eroded gall) in X-ray 
data indicate it’s presence.

5. The content of hydrosilicates of calcium as well 
as that of calcite increases with the age of lime mor
tars.

The X-ray investigation has shown in all specimens 
of ancient mortars similar phase content according 
to nomenclature of products of hardening in the 
specimens of various climate zones.

The results of X-ray examination of all ancient 
mortars agree with the data obtained through other 
experimental methods, thermo-analysis, chemical- 
petrographical, luminescentical analysis and electron- 
microscopical analysis etc. and confirm the presence of 
calcium hydroscilicates (6-9). The content of calcium 
hydrosilicates confirms the presence of the hydro
silicate-type of hardening in ancient lime mortars 
similar to the hardening of portland-cement.

The presence of hillebrandite (C2SH(B)), afwillite 
(C3S2H3), gyrolite (C2S3H3), riversidite (C2S2H) 
and others in ancient lime-mortars, which are formed 
under hydrothermal conditions in portland-cement, 
allows to assume, that the replacement of thermal 
treatment by long-time hardening (and vice versa) 
may give qualitatively the same results (11).



In spite of the essential differencies in phase-content 
of hardened lime and portalnd-cement stones they 
contain qualitatively the same products of hardening. 
This fact apparently allows, to a certain extent, to 
suppose the considerable durability of artificial stone 

made of portland-cement under unaggressive condi
tions of service. The age of portland-cement stone is 
only about 150 years, while the age of lime mortars 
is several thousands of years.
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Oral Discussion

Udo Ludwig and Hans E. Schwiele

1. During hydration of glasses of the chemical 
composition of melilites in lime saturated water we 
found out together with Würth and Grieshammer that 
the glasses rich in MgO are leading to a formation of 
a foil-like C2MS2 aq.
The 12.6 Ä interference was absent when we added 
anhydrite to the starting mixtures (Fig. 3). The for
mation of gehlenite-hydrate, ettringite and monosul- 
phate-hydrate and hydrogarnet should be in this case 
out of discussion.

2. Together with Seiler we found out, that the C/S- 
ratio of the calcium silicate hydrates was in the range 
of 2.25 and 2.70 when the starting material was as 
follows:

The last results show a maximum C/S ratio of 3. 
When starting with a industrial retarder we found

Table 1. Reaction of retarders with lime saturated solutions

Research Starting mixture
N retarder CaO

* [ml] [g]

Re
action 
‘[h]6

CaO C/S-ratio W“B?t 
(filtrate)ofCSH- °

[B/l] phase s°^d
surface 
[m2/g]

pH 
(filtrate)

1 >A
O k 
, Ki?

10.5 3.4 0.5 0.575 2.25 5.3782 109.0 13.00
10.5 4.1 0.5 1.040 2.70 5.6476 100.7J Min 10.5 3.4 24 0.580 2.25 5.3538 116.0 13.004 2 10.5 4.1 24 1.051 2.70 5.6700 102.6

5 "R” 10.0 4.1 0.5 0.564 2.70 6.6782 60.5 12.776 "R” 10.0 4.5 0.5 0.805 2.97 7.0104 83.97 “R” 10.0 4.1 24 0.673 2.49 6.5272 61.3 12.818 “R” 10.0 4.5 24 0.834 2.90 6.8325 81.6

9 “N” 6.0 3.79 0.5 1.280 3.3433 10.7 13.0310 “N" 6.0 4.00 0.5 1.349 3.5506 11.211 “N" 6.0 3.79 24 1.364 3.2323 11.5 13.0312 •'N” 6.0 4.00 24 1.321 3.5697 11.6

13 “p” 15.0 3.90 0.5 1.180 4.3464 32.1 13.0114 “P” 15.0 4.00 0.5 1.194 4.3948 33.415 “P” 15.0 3.90 24 1.126 4.4216 33.2 13.0016 “P” 15.0 4.00 24 1.133 4.5830 35.3

“m” !ni?ustri.al retarder (main compound: MgSiF,.)
.Ul<*ustrja^ relarder (main compound: Hexite) 
industrial relarder (main compound: Polyhydroxy carbonic acids)



a range of 2.49 to 2.97. The X-ray diagram and the 
morphology are shown in the Fig. 4.

The electron micrographs were conducted by Dr. 
Buss.

Fig. 1. Foil-like CzMSz-aq

Gh.C2ASHa, T.(C>I)SH-phase.

Startmture: 2gMe«.* 30ml Lsg. (I.TgCalOH^/O

x-ray diagrams of 

hydration products 

after 90 days 

reaction

Starting material: 

glassy melilites 

and lime solution

Fig. 2.

x-ray diagrams of 

hydration products 

after 90 days 

reaction

Starting material: 

glassy melilites,

100 Akermanite

5 10 K

time and anhydrite

Oh-CzASH, E-CsACSaHs M.C3ACsHn
H. CaAS^zn) T. CSH-phase, A . p-CaAH» 
Startmixture: IjtogMel.;0.20gCalOHk , O.ISgAnh.-. 30mlHU)

Fig. 3.

16"

X-ray diagram and 

electron micrograph 

of solid-phase 

from reaction of

Ca(OH)2withMgSiF6- 

solution

Fig. 4.

References

1. H. E. Schwiete, U. Ludwig, K. E. Würth and G. 
Grieshammer “Hydration products of the hydration 
of blast-furnace slags” (in German)—Vortrag von 
H. E. Schwiete am Min. Institut der Universität

■ Leipzig im Nov. 1965.

2. K. Seiler: “The influence of retarders with special view 
on silico-fluoride containing retarders” Thesis, 
Institut für Gesteinshüttenkunde der RWTH 

. Aachen 1958.

Oral Discussion

Della M. Roy

Professor Taylor has emphasized the importance 

of establishing equilibrium conditions when defining 
reactions taking place under hydrothermal conditions 
or at saturated steam pressures. Recently it has been 
suggested that C-S-H phases having a Ca: Si ratio of 
3:2 are metastable with respect to afwillite. Another 
instance where metastable reaction products are 



apparently produced is the case where high-SiO2 
phases such as gyrolite or truscottite are formed by 
reacting mixtures which contain a high surface area 
source of SiO2. Presumably the stable equilibrium pro
duct under the given pressure-temperature-composi

tion conditions would contain tobermorite. Does the 
author know of any work related to this problem? 
Particularly, is there any evidence that such metastable 
products eventually yield to the stable equilibrium 
phases ?



SESSION II-2 CRYSTAL STRUCTURES AND PROPERTIES 
OF CEMENT HYDRATION PRODUCTS 

(HYDRATED CALQUM ALUMINATES AND FERRITES)

Principal Paper Crystal Structures and Properties of Cement Hydration Products 
(Hydrated Calcium Aluminates and Ferrites)

Hans E. Schwiele and Udo Ludwig*

*Institut für Gesteinshüttenkunde, Technische Hochschule 
Aachen, Aachen, West Germany.

Introduction

In the following communication a review is given of the structures and properties of 
hydrated calcium aluminates and hydrated calcium ferrite aluminates together with those of 
the hydrates and double salts derived from them.

Following upon the knowledge that was available at previous symposia a report is 
presented of new results:

1. Previous data have been confirmed by new work.
2. Progress has been made particularly in investigating dehydration and in distingu

ishing the various hydrated tetra- and carboaluminates. -
3. Numerous crystallographic data have been worked out for the double salts of general 

composition 3 CaO A^Og -CaCX, Y2) nH2O.
4. Two other double salts were synthesized and are described.
5. The only fully-clear structure is still that of C3AH6 which is derived from grossu

larite (C3AS3).

Crystal Structure and Properties of the Hydrated Calcium Aluminates and Ferrites

Amongst the calcium-rich hexagonal or pseudo
hexagonal hydrated calcium aluminate or calcium 
aluminate ferrites one must distinguish between those 
that contain three molecules of a calcium-bearing 
compound (CaSO4, Ca(OH)2, CaCl2, CaSiO3 and 
CaCO3) and those which contain only one molecule 
of these compounds per unit of formula. Based on a 
suggestion of Smolczyk (1) it seems appropriate to 
designate the hexagonal hydration products which 
crystallize with three molecules of a calcium salt per 
unit of formula and whose prototype is ettringite 
(CjACsjHjj) as “AFt phases”. This is an abbrevia

tion of (tricalcium)-aluminate /errite-tn (sulphate, 
-hydroxide, etc.) • (hydrate)-pAtise. Consequently it 
is reasonable to name the corresponding phases whose 
prototype is C4AH19 as “AFm”-phases (m = mono).

The distinction into these two groups is useful since 
the structures and properties of the AFt and AFm 
phases are fundamentally different.

The AFt phases are morphologically recognizable 
as hexagonal columns or needles in which the water 
of crystallization is contained in channels parallel to 
the c-axis. The AFm phases on the other hand are 
hexagonal or pseudo-hexagonal sheets in which the 
water of crystallization is bound in layers normal to 
the c-axis. These differences have an effect on the pro
perties of dehydration.



One can further distinguish a group of hexagonal 
or pseudo-hexagonal hydrated calcium aluminates or 
calcium aluminate ferrites with a low calcium content 
which occur in high alumina cement or in slag-rich 

blast-furnace cements. A final group comprises the 
isometric hydrated calcium aluminate ferrites in which 
two molecules of water can be replaced by one mole
cule of SiO2.

AFt Phases

In the following sections are described in more 
detail a phase of the composition C3A-3CaCl2- 
30H2O and the AFt phases in which calcium hydroxide 
is wholly or partially replaced by calcium sulphate. 
For the corresponding calcium silicate and calcium 
carbonate phases reference is made to the original 
literature (2, 3).

CjACSjH^

The hydrated tricalcium-aluminate-trisulphate is 
called ettringite after the natural mineral of the same 
composition. The mineral ettringite (named after 
Ettringen in the Eifel Mountains, Germany) was first 
discovered and investigated by Lehmann (4) in 1874. 
Michaelis (6) was probably the first to synthesize it 
in 1892. Bannister, Hey and Bernal (7) carried out a 
structural determination in 1936 and found for the 
lattice constants a0 = 11.24 A and c0 = 21.45Ä. The 
space group was found to be P6s/mmc. The density 

is 1.75 — 1.79 g/cm3. The lattice constants and the 
space group were confirmed by Feitknecht and Busser 
(12), as well as by Swanson, Gilfrich, Cook, Stind- 
field and Parks (13). In our own investigations (14) 
we found experimentally a density of 1.72, and one of 
1.75 g/cm3 from X-ray data (Table 1).

In a recent publication Bezjak and Jelenic (15) 
determined by a Patterson synthesis the distances 
between the single atoms and the atomic groups and 
they are listed in Table 1. A final report on these 
investigations has not yet been published.

Bereczky (16) determined the pH value of ettringite 
as 10.52. From our own measurements (14) the value 
lies between 10.2 and 10.3. By boiling with the ester 
of acetic acid for one hour 4.74 % CaO was dissolved 
from ettringite.

C3(A, F)Cs3-H32

All the work so far carried out on ettringite in which

Table 1. Investigations on ettringite

Hydrates
Basal 

interfer. 
[Al

Meth, of preparation 
r.h./temperature 

[%] [°C]
Properties Authors (date)

— — Mineral from Ettringen(Eifel) Lehmann(1874)

CsA-Csj.g-H^ — —/room temp. from CA-and Cs-solution Candlot(1890)

CjA'Csj-Hjfj — above H2S04/room temp. from Al2(SO4)3-and CaO-sol. Michaelis(1892)

C3A • Css • Hx —/room temp. x varied; depends on drying 
conditions

Deval(1902); Poirson(1911);
Klein, Phillips(1915); Kühl and 
Albert(1923); Lafuma(1925);
Me Intire and Shaw(1925)

Ca, aAljtOHJa, 
(SO^.JZHjO -/-

natural mineral 
a0=-11.24Ä; c0 = 21.45Ä 
nto — 1,4661; ng = 1.4612 
d = 1.75-L79g/cm3 
(Laue-diagrams) 
group P63/mmc; Z = 2

Bannister, Hey and Bernal (1936)

CgA-CSg-Hs! 9.62 a0=11.2Ä Co = 21.4A Feitknecht and Busser(1949)

C3 A • Cs3H32 9.73 —/room temp. a0=11.23Ä; c0 = 21.44Ä
d = 1.754g/cm3(röntg.)P63/mmc

Swanson, Gilfrich, Cook, Stindfield 
and Parks (1956)

C3A-Cs3H32.5 9.72 alcohol/22 d = 1.72(exp.), l,75g/cm3(rontg.) 
a0 = 11.25Ä. 00 = 21.491

Schwiete, Ludwig and Jäger (1967)

[Al2Ca6(OH)i224H2O]
(SO3)s.2H2O —

Structure determination by 
Patterson-Synth, bond length: 
H-H,0 H-SO42-2.7O-2.74A
Ca-ÖH CA-OHä2.38-2.44A 
Al-OH A1-OH21.90-1.94ä

Bezjak and Jelenic(1966)



the Al3+ ions are replaced by Fe3+ ions is shown in 
Table 2. It can be seen that McIntire and Shaw (11) 
in 1925 were the first to prepare an iron-ettringite. 
Aruja and Rosaman (17) were the first to establish 
the a0 value as 11.23Ä and the c0 value as 22.14Ä. 
Smolczyk (1) found the a0 value to be 11.25 A and 
that of c0, 22.02 Ä. .

According to our own investigations (14) the values 
are a0 = 11.25 A and c0 =21.49 A, i.e. the values 
found by us are closer to those of the normal alumi- 
nium-ettringite. On the other hand the investigations 
of Malquori and Cirilli (19) and those of Cirilli (19) 
have shown that the solid solution series,—i.e. the 
replacement of aluminium by iron is incomplete. 
They found a maximum F/A ratio of 3:1.

We have carried out several thermo-chemical 
investigations (20, 14) on ettringite and also on a 
reaction mixture of iron-ettringite and monosulphate 
hydrate (Fig. 1). Both kinds of ettringite continuously 
give off water above 40°C and the maximum of the 
endothermal peak is reached at 130°C. Normal ettri
ngite shows a second endothermal peak at 270°C 
which has not been found for iron-ettringite. Instead 
the latter has the additional characteristic peaks of 
monosulphate hydrate and calcium hydroxide.

C3A-3CaCl2 Hjo

A chlorine-bearing hydrate which corresponds in 
composition to ettringite i.e. which contains 3CaCl2 
instead of 3CaSO4, was described by Serb-Serbina 
(21) in 1956. He established that this hydrate is 
formed at low temperatures and he examined its 
thermal properties by means of DTA.

We have investigated (22) the formation of 3CaO- 
Al2O3-3CaCl2-30H2O at temperatures between 
+20° and — 10°C in the presence of various concen
trations of calcium chloride. The starting materials 

were C3 A and CaCl2 • H2O (analyticgrade) and doubly 
distilled water.

Our infra-red spectroscopic investigations of ettr
ingite (3CaO-Al2O3-3CaSO4-32H2O) which was 
produced by hydration of C3A in the presence of 
gypsum, and of 3CaO- Al2O3-3CaCl2-30H2O (Fig. 
2) show a structural similarity between these two 
hydrate phases. In both hydrates the water is present 
in two different forms. The absorption band at a 
wave length of 2.8 /zm indicates the presence of hydro
xyl groups whilst that at 6.2 /zm represents molecular 
water. The bands at 7 /zm suggest the formation of 
carbonate during the infra-red investigation; the reso-

c3ah6 
6=257mg

C^AACakOH^

c3acs3.h3 
G«96mg

c4ah;3 
G-143 mg

100 200 300

c3acsh)2 
G=51mg ,

Mixture of: |
■ Much C3FC53H32 > (E) 
Few C3FCs-H!2 (Mo) 
and CH
G=164mg

400 500 600 700 800 9Ö0 
Temperature[°C3------ ■-

o

G = Weight

Fig. 1. DDK—Investigation on calcium aluminate hydrates and 
calcium ferrite hydrates (Schwiele, Ludwig, Jäger 1967)

Table 2. Investigations on “ferrous'” ettringite

Hydrates
Basal 

interfer.
[A]

r.h./temperature

[%i rc]
Properties Authors (date)

C3FCs3H32
—

—125 iIq, — 1.486 n6 = 1.492 hexagonal needles
Me Intire, Shaw(1925) Bogue, Lerch 
and Ashton(1929) Jones(1945)

C3FCs3H31_33 9.78 —1- a0 = 11.23Ä, c0 — 22.14Ä hexagonal unit cell Aruja, Rosaman and Midgley, 
Rosaman (1959)

^■3^xAj_xCs3H32 . — '-J- imperfect formation of mixed crystals with 
C3ACs3H32 on to F/A = 3/1 Malquori, Cirilli(1940) Cirilli (1943)

C3FCs3H32 — from ferrous-sulphate 4- CaSO4-solution Budnikov, Gorshkov (1959)

C3FCs3H32 9.77
9.77 above ^804/22° hex.a = b = 11.23 Ac = 22.02ÄfromC2F, 

gypsum resp. anhydrite, CaO and H2O at 22°C
Smolczyk(1961) Schwiete, Ludwig, 
Jäger(1967)



Fig. 2. Infrared-spectroscopic investigations on calcium aluminate hydrates (Schwiete, Ludwig, Albeck 1967)

nances at 9 gm and 15 //m of the ettringite are charac
teristic for the S-O-bonds of the SOJ- groups whilst 
in the range 11-13 («a the vibrations for the Al-O- 
bonding of the compound 3CaO-Al2O3-3CaCl2- 
30H2O appear. The shapes of the DDK curves for 
ettringite and the corresponding calcium chloride- 
bearing compound (Fig. 3) also show good agreement. 
For ettringite the main endothermal peak begins at 
70°C and has its maximum at 140°C. Release of water 
from the chlorine analogue begins at 50°C and reaches 
a maximum at 160°C.

Because of the structural relationship of 3CaO- 
Al2O3-3CaCl2-30H2O with ettringite the equations 
for the hexagonal system were used for determining 
the (hkil)-values. In this way all the interference lines 
on the powder photograph could be given an (hkil)- 
value. Single crystal photographs were not possible 
because of the minute dimensions of the crystals. In 
Table 3 the calculated lattice constants and the density

Table 3. Crystallographic data of hydrates with the composition 
3CaOAl2O3.3Ca(X, Y2)nH2O

Phase ,a0
(A) eco

(A)
Density 
(g/cmS)

Reference

CjACsaH^ 11.23 21.44 Swanson and co-worker
11.18 21.48 1.72 Schwiete and co-worker

C3A.3(CaCI2)H,0 11.738 20.71 1.686 Schwiete and co-worker

Temperature [°CJ—►
Fig. 3. DDK Investigation on calcium aluminate sulphate-and- 

chloride hydrates (Schwiele, Ludwig, Albeck 1967)



of ettringite and those of the calcium-bearing analogue 
are compared.

Investigations with the scanning electron micro
scope show that the crystallographic habit of the 
chlorine-bearing compound is the same as that of 
ettringite, however whilst the length of the ettringite 

needles may reach 10 jam those of the latter are not 
longer than 1.5 /<m.

Current attempts to prepare hydrate with the com
position 3CaO-Fe2O3-3CaCl2-30H2O, starting from 
C2F, CaO and calcium chloride, at — 10°C prove that 
a corresponding iron-bearing compound exists.

C3A (CaS, CaSO4)Hx

Furthermore we (22) succeeded in preparing an 
AFt-phase with CaS instead of CaSO4 which shows 
the ettringite-like X-ray interferences and in normal 
and scanning electron microscope hexagonal prisms.

We are going on to find out more data of this com
pound that is from importance in accordance to the 
question of slag containing cements.

AFm Phases

The structure of the prototype of the AFm phase, 
C4AHx, has not yet been explained, although Bran- 
denberger (23), Tilley, Megaw and Hey (24), Buttler, 
Dent Glasser and Taylor (25) and Grudemo (26) 
have attempted a clarification. They assume a layer 
structure and that the total oxygen is bonded as 
hydroxyl groups within the structural element Ca2Al- 
(OH)7 of the compound C4AH7, a compound which 
is free of water of crystallization. There is difference 
of opinion about the sequence and composition of the 
various layers. According to Buttler, Dent Glasser and 
Taylor the pseudo-cell contains only one layer of octa- 
hedra which is similar in construction to portlandite. 
One can imagine that in a portlandite layer one of 
three Ca2+ positions is replaced by Al3+ (Fig. 4). To 
balance the charges the seventh (OH)-ion of the struc

tural element (Ca2Al(OH)6)OH is situated above the 
aluminium positions in the gaps between the (OH) 
belonging to the octahedra. The true cell is not known, 
however this hypothesis permits an explanation of the 
one-dimensional swelling parallel to the c-axis.

Assuming that the pseudo-cell of C4AHX is correct, 
Kuzel (27) derived the pseudo-cell for the analogue 
C3ACsH12 as being three layers of the composition 
l/2(Ca4Al2SO4(OH)12-6H2O). The lattice constant, 
a0, differs only slightly from that of C4AH13 although 
two (OH) groups are replaced by one SO4-. The thick
ness of the layers, however, is increased from 7.92 A 
to 8.93 A.

We see in the diagrams a relationship between the 
hydrates which we shall find again for the other chlo
rine- and sulphate-bearing compounds.

a) b)
Fig. 4. Structural element of C4AH19 calculated by Buttler, Dent-Glaser and Taylor (in Dosch 1967) 

a) octahedra layer, b) “outer OH" (hatched) orded or statistically distributed on both sides 
of the octahedra layer



phase which 75 years later was re-discovered.

Dehydration Products of C+AHig
Far more numerous are the authors (34-38) who, 

willingly or unwillingly, have found the dehydration 
products of C4AH19 on their hands, as Table 5 shows. 
Here again we can recognize the existence of an a 
and a ß phase, as in the case of C4AH19. But for 
C4AH13 they can be distinguished on the grounds of 
their basal interference. Buttler, Dent Glasser and 
Taylor (25) proved in 1959 that the pseudo-cell of the 
^-modification contains only a single layer of octa- 
hedra with the composition (Ca2Al(OH)6)OH. Further 
structural determinations on the dehydration products 
of tetracalcium aluminate hydrate have not so far 
been published i.e. the arrangement of the structural 
elements in the true cell is not yet known.

At relative humidities between 84% and 12% only 
mixtures of a-and /?-C4AH13 were obtained. Dosch 
and zur Strassen (33) were able to show that at rela
tive humidities of less than 80% only a-C4AH13 is 
stable; at 22% humidity this reverts to ^-C4AH]2, 
at 11% to C4AHh, and at 8 x 10’5 % or by drying 
at 120°C, to C4AH7. Furthermore in 1962 Alegre 
(39) showed that the conversion to j8-C4AH13 is 
reversible. According to the latter investigations the 
<x-C4AH13 with a basal interference of 8.18 A reverts 
in the presence of lithium chloride to j8-C4AH12 with 
a basal interference of 7.82 A. With a saturated solu
tion of calcium sulphate he managed to prepare a- 
C4AH13 again. Thus Alegre’s work showed for the 
first time, that j?-tetracalcium aluminate hydrate 
contains one molecule of water less than its «-counter
part.

*d in g/cm3

Table 4. Investigations on C4AHi9

Hydrates
Basal 

interfer. 
[Ä]

Preparation 
r.h./temperature 

1%) PC]
Properties Authors (date)

C4AHa — kept humid > 40°C loss of 9H2O 12-Hydrate Le Chatelier(1883)

C4AHlg 10.6 >88 1 25 d*  = 1.79; solid solution C2AHg-C4AH19 Roberts(1957)

10.6 >88 / 25 — Jones, Roberts(1962)

a2-C4AHig 10.6 >88 / 25 d*  = 1.81 Jones, Roberts(1962)

10.68 >88 1 25
d*  = 1.79; trigonal
a - 5.77 ± 0.01Ä; c - 64.08 ± 0.1Ä
Z = 3; V - 18.46Ä3

Aruja(1960/61)

a^-C^AHig 10.68 >88 / 25
d == 1.81» hexagonal
a - 5.77 ± 0.01Ä; c - 21.37 ± 0.03Ä
Z = 1; V-616.1Ä3

CjAHy
10.77

dehydration radiographically observed
Seligmann and Greening(1962)

10.60 >88 / 25 zur Strassen and Dosch(1965)

^4^*19

In 1957 Roberts (28) prepared and investigated 
C4AH19. In Table 4 the work that has so far been 
published on this compound is listed. It can be seen 
that one can distinguish between an ax- and a2-form 
of C4AHl9. In his first experiments Roberts could only 
prove the existence of one form for which he assumed 
the existence of a solid solution series with C2AHS. 
Later Roberts and Jones (29) found that two tetracal
cium aluminate hydrate phases exist. In 1960-1 
Aruja (30) proved that the a, phase is trigonal and the 
«2, hexagonal. In all investigations the basal inter
ference of C4AH19 was between 10.6 and 10.77 A. 
Furthermore these papers have shown that the most 
hydrous forms of tetracalcium aluminate hydrate 
are stable only at a relative humidity of more than 
88%at25°C.

The unstable a, phase has a greater volume and a 
density of 1.79 g/cm3 in contrast to the stable a2 
phase with a density of 1.81 g/cm3.

In addition Aruja’s work showed that a solid solu
tion series with «2-C2 AH8 does not exist. This Roberts 
had previously assumed on the grounds of similar 
cell dimensions.

Analogous hydration products with 19 molecules 
of water, in which the aluminium oxide is wholly or 
partly replaced by iron oxide, have not yet been 
reported in the literature. It should be pointed out, 
however, that as early as 1883 Le Chatelier (31) 
found a tetracalcium aluminate hydrate with 21 mole
cules of water existing under humid conditions, which 
inverted to a 12-hydrate form at temperatures above 
40°C. It is not impossible that this is the same hydrate 
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at temperatures above 600°C free CaO is split off 
C4 A ■ aq and that between 150° and 250°C a compound 
of the composition C4A3H3 is formed.

Lavanant and Barret (40, 41) investigated the 
stability ranges of various tetracalcium aluminate 
hydrates and their P-T-diagram is seen in Fig. 6. It 
is obvious from this diagram that C4AH12 has only a 
very narrow stability field which is the reason for the 
common occurrence of mixtures of hydrate phases 
with various water contents.

The adsorption of organic molecules by inorganic 
layer-lattice minerals has long been known, parti
cularly for the clays, and has been described by 
numerous authors. Recently, in Germany, Weiss (43, 
44), in particular, has investigated what can be taken 
up by these lattices and, in this connection, has exa
mined more than 1000 organic compounds.

Nothing was previously known about the adsorp
tion of organic compounds within the structures of 
the hydration products of cement, in spite of the fact

No difference between the a- and j?-phases has so 
far been found on structural grounds. Various authors 
(33,39) have shown that the /?-phase has a lower water 
content of only 12 molecules of H2O. Thus it appears 
that the phases contain different amounts of water.

Whereas the density of the «j-phase of C4AH19 
is 1.79 g/cm3 and that of the a2-phase is 1.81 g/cm3, 
the density for a- and ^-C4AH]3 was determined as 
2.02 g/cm3. As the water content falls to 11 and 7 
molecules of water the density rises to 2.08 and 2.28 
g/cm3 respectively. For comparison, the density of 
hydrocalumite, the naturally-occurring tetracalcium 
aluminate hydrate with 1.8% CO2 and 11.6-11.8 
molecules of water, is 2.12 g/cm3. Fig. 5 shows the 
mole ratio of H2O to A12O3 in C4AH13 plotted against 
temperature. There figures were produced by Buttler, 
Dent Glasser and Taylor (25) using a thermal balance 
or by weighing after cooling. The results agree well 
with the data on the dehydration products of C4AH)9 
shown in Table 5. In addition the authors showed that 

Table 5. Tetracalcium aluminate hydrates of lower humidity

Hydrates
Basal 

interfer.
[A]

Meth, of preparation 
r.h./temperature 
[%1 [°C]

Properties Authors (date)

C.AHh — Ho) = 1.532; n6 = 1.505; plates, 
spherulitic

Le ChateIier(1904), Lafuma(1925);
L.S. Wells(1928)

C4AH13.5 — -/— n^ = 1.538; ne = 1.510; 2V = 14°, 
opt. negative

Assarson(1931)

C4AHx x — 13
x = 12

7.9
above P2O5/~-25

6 different 
methods of obtaining

Myllus(1933), Feitknecht(1942)

C4AHxx = 11.6 
x = 11,8 —/<9O-95

hydrocalumite; nat. mineral with 
1.8%CO2; hardness 3, density 2.15, 
monoclinic, pseudohexag, pseudo
cell: a = 9.6; b = 5.7; c-sin ß = 
7.86Ä; space group C|-P2; or 
C^^./m

Tilley, Megaw and Hey(1934)

a- and 3-CaAH13 8.2 and 7.92
1) 84-12/25
2) washing of C4AH19 
by alcohol or acetone

d = 2.02*;  hexagonal 
aQ = 5.74Ä, c0 = 8.2Ä, 
a0 = 5.74Ä, cq = 7.92Ä

Roberts(1957), Jones, Roberts(1962), 
Buttler, Dent Glasser and Taylor(1959)

ä"C-4AH13 8.2 <81/25 zur Strassen, Dosch(1965)

a- and /3-C4AH13
(d

above LiCl
= 8.18Ä)a-C4AHl3_________

sat. CaSO4
------ß-C4AH18(d - 7.82Ä) A16gre( 1962)

C4AH13,12,11 — between 1.75-15.8 torr and 13-50°C Lavanant, Barret (1962)

n:-C4AH13
)3-C4AH13

CjAHn

8.28
8.01
7.40

by dehydration of C4AHig(d = 10.77A) Seligmann, Greening(1962)

5-c4AH1$
7.763 —65/25 a„ = 5.761Ä, co = 7.763Ä Schwiele and Iwai(1962)

7.88 washed with alcohol/22°C dried above H2SO4 Schwiele, Ludwing and Jager(1967)

c4ah12 7.8 22/25 zur Strassen and Dosch (1965)

C4AHu 7.4 11/25 d = 2.08* Roberts(1957)i zur Strassen, Do$ch(1965)

C4AHr 7.4
7.7

8.10-5/25° above P2O5 
(or I20°O

d = 2.28* Roberts(1957)
zur Strassen, Dosch(1965)



Curves A = direct determination by thermo-balance
Curves B and C = weighing after cooling

Fig. 5. Dehydration of C4AH13 (Buttler, Dent-Glasser and Taylor 1959)



that numerous organic materials are added to cements 
in order to influence their properties. Recently Dosch 
(42) has reported the inclusion of organic molecules 
within tetracalcium aluminate hydrate, and more than 
500 adsorption complexes have been prepared by this 
author.

In contrast to the clays, which are formed of layers 
of macro-ions held together by exchangeable ions of 
a different charge, tetracalcium aluminate hydrate is 
composed of neutral layers. The organic molecules 
are, in general, attracted by van der Waals forces or 
held by hydrogen bonds. In some cases they form co
valent bonds with the inorganic host lattice.

Dosch has prepared and X-rayed complexes with 
the following organic compounds:

monovalent alcohols
multivalent alcohols, sugars and oxy-acids 
mercaptane 
amines
aldehydes
carbonic acids

He also succeeded in alkylising tetracalcium alu
minate hydrate.

Primary alcohols have well-developed basal reflec
tions which shift to smaller angles as the number of 
the carbon atoms increases (Fig. 7). As one ascends the 
alcohol series the speed of the adsorption reaction 
decreases. This is also true for the branched-chain 
alcohols. It is apparent form the X-ray data that the 
chains of alcohol in C4AH, are arranged perpendicular 
to the layers of the host mineral, whereas in mont
morillonite an arrangement parallel to them is fav
oured by the energy requirements.

Multivalent alcohols, sugars, oxy-acids, mercap
tane and amines are included in a similar fashion; 
both the perpendicular and the parallel type of arran-

Fig. 7. C4AIL adsorption complexes of n—alcohols (Dosch 
1967")

gement is found. Aldehydes and carbonic acids react 
with C4AHx showing strong thermal effects. The 
underlying chemical reaction is not yet completely 
clear in the case of aldehydes. The carbonic acids 
presumably react to form esters with the basic (OH)- 
groups of the C4AHX lattice.

By means of dynamic differential calorimetry the 
amount of water in the hydrates and how strongly it 
is bonded can be determined (20, 42). Our own inves
tigations (14) in connection with tetracalcium alumi
nate hydrates show four pronounced endothermal 
reactions (Fig. 1). The first minimum occurs at 75°C, 
the second at 170°C, the third at 300°C and the fourth 
at 500°C. The first two minima are caused by the split
ting-off of water; the third is due to the release of lime 
and the formation of C12A7. The fourth minimum 
occurs when the liberated calcium hydroxide is finally 
dehydrated (14).

Our investigation shows that at about 300°C a 
splitting-off of Ca(OH)2 with the formation of C12A7.*  
The dehydration curves of Taylor also do not show 
to the same extent the dehydration of calcium hydro
xide at about 500°C. In Taylor’s investigations there 
is a strong thermal effect above 600°C which does not 
appear in our diagram.

*takes place while Buttler, Dent-Glasser and Taylor (25) in 
1959 found a formation of C4A3H3 in this range of temperature.

Bereczky (16) measured the pH value of a suspen
sion of C4A-aq in water as 12.36. The values of our 
own measurements (14) lie between 12.7 and 12.8. 
With the ester of acetic acid we dissolved 26.1 % of 
CaO from C4AH13. This is 65 % of the total lime con
tent. An amount of lime remains which is roughly 
that stoichiometrically necessary for the formation 
of C4A3H3 (14). Fig. 8 shows, amongst other things, 
the I-R diagram for C4AH13. Besides the character
istic vibrations for this compound at 7 /zm, there is 
one for CO3~-. This is due to the preparation of the 
sample with KBr and does not occur if paraffin oil 
is used.

C4F-aq and C4(A, F) aq
The corresponding tetracalcium ferrite hydrate 

was prepared for the first time in 1851 by Pelouze
(46) in the form of white hexagonal plates and later 
on this was repeated by Le Chatelier (31), Hoffmann
(47) and Malquori and Cirilli (Table 6). Malquori 
and Cirilli established, as Feitknecht (38) and Schwiete 
and Iwai (45) have also done, that a solid solution 
C4FxAi_xH13 (0 < x < 1) exists. In 1966 Carlson
(48) confirmed the earlier results of Schwiete and Iwai 
that at less than 16°C hexagonal tetracalcium alumi-



Fig. 8. Infrared-speetroscopte investigations on calcium aluminate hydrates (Schwiele, Ludwig, Jäger 1967-)

Table 6. Investigations on tetracalcium aluminate ferrite hydrates

Hydrates
Basal 

iMerfer.
[A)

Meth, of preparation 
r,h./teinperature 

t%i rci
Properties Authors(date)

CyH* — —/room temp. white hexagonal plates prep.
from Fe(OH)a + Ca(OH)s 4- H2O

Pelouze(1851)
Le Chatelier(1884)

G^Hm -=» —/26 prep, from C^F + CH + HyQ
Hoffmann( 1935)

—ist obtained from C2F 4- CH + H2O

—l<® from dehydration Malquori, Cirilli(1943)

afesm CaClg, /room tenap, 
ist Yaewuimi/' //

solid solution observed 
»o, = 3.36Ä; Cft = 7.9Ä Feitknecht(1942)
»5 — 3.42Ä; «a = MÄ.

•=-/23
form, of solid soNtion(hexag.) 
form, of solid solution(cubic)

Malquori, Cirilli(1943 and 1952)

T.t63
T.8»l 
n.stoL

-SS25 a,,-.5J6t;
a^-SÄS-, ee-WlA

Schwiete, Iwai(1962)

w
aes^.81 
w

—'»<(aMwM4l€lfsel^l$-3S
-- S.W; -» T.HtnA "

comptete soteion conhmied
CarlsMIS«)

ferrite hydrate is formed and that above 35X: 
cable tri^ldwi aimmiinate ferrite hydrate ocews, 
whilst between 15°' and 25°C a mixtiMe of the two 
hydrates can be obsmed. According to Feitknecht 
W and Schwiete and Iwai (4$) the basal intoference 
of the iron^bearing hydrate is higher than that of the 
alwiniim phate, although Carlson (48) finds it to be 

lower.
Schwiete and Iwai (45) produced C4AH j the mixed 

crystal C^A^jF^H^ and CtAH13 by precipitation 
from calcium hydroxide and iron- or aluminmm chlo
ride solutions. They calculated the lattice constants 
from the interferences of the lattice planes (002), (110) 
and (112). These values are listed in Fig. 9 and it is



apparent that the a0 value rises from 5.76 Ä for C4AH, 3 
to 5.90 Ä for C4FH13, whilst the c0 values go from 
7.76 to 7.90 Ä. The pH value of a suspension of C4Faq 
was determined by Bereczky (16) as 12.16 to 12.36.

CjACCaCC^, Ca(OH)2)aq

In the older literature a series of tricalcium alumi
nate hydrates are described which today are identified 
as carboaluminate hydrates. Because of this it is 
necessary to deal with the carboaluminate hydrates 
in detail. Table 7 shows the present state of knowledge. 
It is apparent that one can distinguish between the 
so-called “quarter-carbonate” the semi-carbonate and 
the mono-carbonate. In addition a compound is 
known which corresponds to ettringite but which 
contains 3CaCO3 instead of 3CaSO4. The latter com
pound was first found by Flint and Wells (49) in 1941 
and later its existence was confirmed by Carlson and 
Berman (50) in 1960. It crystallizes in needles, as 
ettringite does. The carboaluminate hydrate with 1/4— 
1 molecules of CaCO3, however, forms hexagonal 
plates.

By comparing the basal interferences of the tetra
calcium aluminate hydrates with those of the carbo
aluminate hydrates one finds that it is possible to dist
inguish the members of the two groups by the position 
of the basal interference of their dehydration products, 
as zur Strassen and Dosch (33) have illustrated (Fig. 
10). With respect to the stability of the semi-carbonate 
it should be pointed out that the hydrate first descri
bed by Seligmann and Greening (32) has not been 
confirmed by zur Strassen and Dosch (33). As dehy
dration product a compound with 9 molecules of

Fig. 9. Lattice Constances of hexagonal hydrates in the system 
C4AHi3-C4FHi3 (Schwiete, Iwai 1964)

Table 7. Investigations on carboaluminate hydrates

Hydrates
Basal 

interfer.
[A]

Preparation 
r.h./temp. 
I%] [°C]

Properties Authors (date)

“Quarter carbonate” differs from a-C4AH13(d = 8.2Ä
C3A. 3/4CaO • l/4CaCO3.Hn_12 8.2 81/25 by dehydration prod. zur Strassen and Dosch(1965)
C3A.3/4CaO. l/4CaCO3.H9 7-7 , 11/25 dehydr. prod, with 9H2O

“Half carbonate” 8.11-8.42 >11/25 by zur Strassen and Dosch(1965) Seligmann and Greening(1965)
C3A. l/2CaO. l/2CaCO3.Hx not confirmed

7.6 33/—20 hexagonal plates Turriziani and Schippa(1956)
7.56 Carlson and Berman(1960)

“Monocarbonate” nro = 1.552, n5 = 1.532 Bessey(1938)
CgA- CaCJUs* Seligmann and Greening

7.62 (1962) and (1964)
8.10-5/— zur Strassen and Dosch(1965)

r*  A r'-aCTt M 6.3 —/150 dehydr. prod, with 6H2O Turriziani and Schippa(1956)
7.15 —/120 zur Strassen and Dosch(1965)

r*  a tr 9.41 79/—20 needles; dried above MgfClO^g Flint and Wells(1941)
loss of 3H2O Carlson and Berman(1960)



water was observed in the case of the quarter-carbo- 
nate and one with 6 molecules of water in the case of 
the monO’Carbonate. In the former instance the basal 
interference decreased from 8.2 to 7.7 A; in the latter

Fig. 10, Dehydration proetnets of eateiw aluminate hydrates 
with and without CaCO3 (Doseh, rar Strassen 196S>

case, the drying temperature is 150°C according to 
the work of Turriziani and Schippa (51) and 120 C 
according to zur Strassen and Dosch (33).

Spohn and Lieber found out, that test specimens of 
C A or C«AF or portland cement with CaCO3 attain 
higher strengths than specimens without carbonate 
admixture. They detected the formation of C3A- 
CaCO3-H10 formed in aqueous suspensions or in 
pastes.

C3ACs • aq

Table 8 lists the work on the calcium aluminate 
monosulphate hydrates. According to Turriziani and 
Schippa (53) the compound richest in water crystal
lizes with 16 molecules H2O and is only stable at a 
relative humidity of more than 90 % at 20 C.

The latest structural determination on monosul
phate hydrate was carried out by Kuzel (27) in 1965 
and yielded the lattice constants c0 = 26.79 A and 
a0 = 5.76 A; the symmetry is probably trigonal. He 
determined the density as 1.90 g/cm3. The dehydration 
products have mostly been investigated by Turriziani 
and Schippa (53) who found a least hydrous compound 
with 7 molecules of water which was obtained at 110°C 
A number of workers have observed the formation of 
a solid solution between monosulphate hydrate and 
C4AH13. This was first recorded by Kalousek (55)

Table 8. Investigations on monosulfate hydrates

Hydraies
Basal 

interfer.
lA)

9,39

Prepafat. 
r.h./temp, 
["/J fC]

>99/26

Properties Authors (date)

Turriziani and Schippa(1955)C,A-Cs-Hh

CjA-Cs-Hb — washed with 
akoh<al/20

= L504. na 1.488
d = L95g/cma

Lerch, Ashton. Bogue (1929) 
Mylius(1933)

x. = K

x = 6. 
x = 3

—

i88^
 

vvvv-s 
TTTTT dehydration products Malquori and Chilli (1940)

8.99 >35/26 e = 9.01A a = 8.85Ä
a = 5.75Ä

Turriziani. Schippa, Fratini(1955)
Roberts( 1960)

I» >94/1

R9Se.i<X$

OgA-Cs-üw

He,

$.26

W

&2W«/2I»

afcoye —
dehydration products

Turriziani and Schippa(1955) 
&hippa(1958)

OgA'Cs-Hi —IIW
Cs,- wsa—ts c, = UÄ ± tt.toA; ae = 5.76 ± O.«2Ä

4 - iMg/emä; v = 7.6®Ä$
KiBet(1965)

-/— 
—/20> 

*tol/22 
-i-

mixed «ystats «itl» CtAHri
<0> < X < Ik optically deiermtwd 
6—M < X < Ik radioge. determined 
(M < X < Ik radiogr, detenained

KAlousdc(1941X Ktazel(i9>65)
D'An& and EickU953)
Sehwiete. Luidwig. Jagerf 1963 and 67)
Settgmanrt aM Gremii!tg(t964):



in 1941 and according to D’Ans and Eick (56) the 
solid solution is complete. Our investigations (14), 
which agree with those of Seligmann and Greening 
(57), show a miscibility gap at the sulphate-poor end 
of the series. Fig. 1 shows the differential calorimetric 
investigations on pure C3ACsH 12. Several endothermal 
reactions are recognizable in the range 5O°-3OO°C. 
The strongest of these occurs at about 200°C.

We determined the pH value of C3ACsH12 to be 
12-12.1 (14). No CaO was dissolved out after boiling 
for one hour in ester of acetic acid.

Dosch and zur Strassen (57a) found a hitherto 
unknown hexagonal or pseudo-hexagonal sodium- 
bearing hydrate whose approximate composition 
is 4CaO • 0.9Al2O3 • 1.1SO3 -0.5Na20.16H20; the alkali 
content in particular is variable. Table 9 lists the basal 
interference and the water content in relation to rela
tive humidity.

Fig. 11 shows a completely indexed X-ray photo
graph. Whereas the c-axis shrinks on drying, the a-axis 
remains constant at 5.75 Ä which permits this hydrate 
to be grouped in the same family to which monosul-

Table 9. Range of Hydration of the 4CaO-O.9Al2O3-l.lSO3 
-O.SNazO- 16H2O {Dosch and zur Strassen)

rel. humidity H2O/4CaO ^001 (A)

95 16 10.0
50 16 10.0
10 12 9.3
10-1 12 9.3
10-2 8 8.1
10-4 8 8.1

Fig. 11. Hydrates of phase “U. {Dosch, zur Strassen 1967)

phate hydrate and tetracalcium aluminate hydrate 
also belong. The authors presume that the new hydrate 
can be derived from monosulphate hydrate by the loss 
of Al3+ from the basal layer, which thus acquires a 
negative charge. The intermediate layer contains water 
of crystallization, sodium sulphate and Na+ ions to 
balance the charges.

The new hydrate was prepared both from monosul
phate hydrate and trisulphate hydrate in the presence 
of an equilibrium solution of alkali aluminate, alkali 
sulphate and caustic soda. The content of caustic 
soda, aluminate and sulphate ions in the solution must 
be sufficiently high.

' C3(A, F)Cs aq

In the monosulphate hydrates the aluminium can 
be completely replaced by iron. Malquori and Caruso 
(18) in 1938 were the first to observe C3FCsHx (Table 
10). Together with Cirilli, Malquori (9) investigated 
the dehydration products of C3FCsH10 and found 
hydrates with 10, 8, 6 and 4-5 molecules of water. 
Schippa (58) investigated the monosulphates and 
observed a water-rich iron monosulphate with 13-14 
molecules of water and a basal interference of 10.45 Ä. 
According to him the hydrate with 11-12 molecules 
of water has a basal interference of 8.98 A. In addition 
he determined the lattice constants a0 and c0 and indi
cated the possibility of a solid solution between 
C3FCsHx and C3ACsHx.

Our experiments (14) also show a solid solution 
between iron and aluminium sulphate hydrates. Our 
starting materials were C2F, C4AF and C6A2F. 
Recently we have observed the formation of a solid 
solution in which not only is aluminium replaced by 
iron but also calcium sulphate by calcium hydroxide. 
In connection with C2F we found only a pure mono
sulphate hydrate and no further solid solubility with 
tetracalcium ferrite hydrate. For C4AF and C6A2F 
there are only solid solutions in the range of more than 
0.4 mole calcium sulphate, i.e. as in the case of trical
cium monosulphate hydrate there is no solid solution 
with the corresponding tetracalcium aluminate ferrite 
hydrate in the calcium sulphate-poor region. A clear 
presentation of our values is given in Fig. 12.

C3(A, F)(CaSO4, CaCI2, Ca(OH2))aq

Since the description by Friedel (59) of a hydrate 
with composition 3CaO-Al2O3-CaCl2-10H2O (later 
known as Friedel Salts) and by Malquori and Caruso 
(18), Turriziani and Schippa (62), Mylius (37), Lafuma



Table 10. Investigations on tricalcium ferrite monosulphate hydrate (C3F'Cs-Hx)

Hydrates
Basal 

interter. 
IÄ]

Preparat. 
r.h./temp. 
I%1 [°C]

Properties Authors (date)

C3F Cs Hx — -/- — Malquori, Caruso(l938), Hedin(1945)

CgF Cs H|2 -/< 120
CgF CS Hjq — —/< 160
CgF Cs Hg — -/< 195 Dehydration products Malquori, Cirilli(1940)
CgF Cs Hg — -/< 325
C3F Cs H3 — —/< 325

C3F Cs H13.m 10.45 >94/18 a0 = 8.80 ± 0.021

C3F Cs Hn.12 8.98 55/—20

eg = 10.40 ± 0.02Ä . , ,_ __________________  Mixed crystals
a0 = 8.80 ± 0.021 with c3A Cs Hi2 Po«»'«
Co - 8.98 ± 0.021

Schippa(1958)

C3FxAi„xCsH12
8.98
8.84
8.84

■alrnlir>1 O'?

Mixed crystals with C3A-Cs.H12:
x = 1.0; from C2E
x = 0.5; from C4AF
x = 0.33; from C6A2F

CgFxAj-x 8.98
8.30

8.30-8.84

AlwUllUl/
Mixed crystals with C4(A, F)H13
x = 1.0; from C2F: y only 1
x = 0.5 and 0.33 from C4AFa.C6A2F: y—0.5
x — 0.5 and 0.33 from C4AFa.C8A2F: 0.4 < y < 1

Fig. 12. Formation of C3(A, F)(Cs, CH)H12 in hydration 
experiments with C3A, C6A2F, C4AF or C2F (Schwiete 
Ludwig, Jäger 1967) ’

(34) and others of the corresponding compound 
3CaO-Fe2O3-CaCl2-10H2O, various authors have 
dealt with the effect of calcium chloride on the clinker 
minerals during the hydration of cement. The work of 
Wells (35), Lieber and Bleher (66), Roberts (67), 
Rosenberg (68) and the new investigations of Tenou- 
tasse (69) are noteworthy (Table 11).

In recent hydrothermal experiments Kuzel (64) 
could prove that there were two polymorphs of 3CaO • 
A12O3 • CaCl2 • 10H2O whose inversion point was found 
by DTA to be 28° ± 2°C. By reactions at normal 
temperature we (65) only found out the ß-C3Ä- 
CaCl2.H10.

Single crystal X-ray photographs of the monoclinic 
«-phase, stable at lower temperatures, indicate a 
monoclinic cell with ao = 9.98 ± 0.04 A, bo = 
5.74 ± 0.02 A, c0 = 16.79 ± 0.04 A and ß = 110.2°. 
The space group is C2/c or Cc. The unit cell of «- 
C3A-CaCl2-H10 probably contains two identical 
layers of the composition Ca4Al2(OH)12.Cl2-4H2O. 
The density determined with the pycnometer shows 
that that of the «-form is 2.03 g/cm3.

The trigonal modification has a unit cell in which 
a0 = 5.74 ± 0.02 A and co = 46.88 ± 0.08 A.
Assuming the same density of 2.03 g/cm3 the unit cell 
contains 2.9 units of formula and is composed of six 
layers with the composition Ca2Al(OH)s-Cl-2H2O.

Kuzel (64) could not find a solid solution between 
«- or £-3CaO-Al2O3-CaCl2-10H2O and 3CaO- 
Al2O3-CaSO4-12H2O. However he found a new 
compound of the composition 6CaO-2Al2O3 CaSO4 • 
CaCl2-24H2O with a trigonal unit cell having the lat
tice constants a0 = 5.74 ± 0.02 A, c0 = 100.6 ± 
0.2 A and a space group R3c or R3c. The density of 
this hydrate is 2.2 g/cm3. Its pseudo-cell with c = 
16.76 A is about twice as large as those of C3ACsH12 
and C3A-CaCl2-H2O. Kuzel assumed double layers 
of the composition Ca4Al2(OH)12-Cl-l/2 SO4 -6H2O 
m which SO4 and Cl" ions alternate in planes parallel



Table 11. Investigation on Friedel—salt

Hydrates Basal interf. [A] Preparation Properties Authors(date)

3CaO. A12O3. CaCl2.10H2O — hydrothermal at 400-500eC Di4=c = 1-8929 g/cm3 Friedel(1897)

3CaO - A12O3. CaCly. 18H2O — — — Lafuma(1925)

3CaO.Al2O3.CaCl2.10H2O —
at 20°C dried by alcohol 
and ether above water free 
CaCl2pH > 10.9

nm = 1.550 ± 0.003 
ng = 1.533 ± 0.003 Wells(1928)

3CaO. AI2O3.CaCl2.10H2O — washed with H2O and dried 
above water free CaCl2

Dqj = 1.552 ± 0.003 
n8 = 1535 ± 0.003

Mylius(1933)
Fors6n(1935)

3CaO ■ A12O3. CaCl2 • 10H2O 7.90 — — Bunn, Clark(1938)

CjA*  Cad2 ■ Hjq 
C3F.CaCl2-Hn

— from solutions dehydration and X-ray(Debey) Malquori and 
Caruso(1938)

3CaO. A12O3. CaCl2.10H2O 7.94 at 17-18°C dried above 
waterfree CaCl2

formation of solid solution with 
3CaO • A12O3 • Ca(OH)2 -12H?O

Turriziani, Schippa 
(1955/1956)

a-3CaO ■ Al2o3. CaCl2.10H2O 7.89
hydrothermal at 150°C, 
washed with methanol 
and dried at 35 % r.h.

reversible conversion at 28°C ± 2°C 
in 3"3CaO-Al2O3-CaC12- I0H2O 
a0 = 5.74 ± 0.02Ä 
c0 = 16.79 ± 0.04Ä 
0 = 110.2°
space group C2/c or Cc unit cell 
corresponding to pseudo-cell of 
hydrocalumite D = 2.03 g/cm3

Kuzel(1966)

y3-3CaO. A12O3. CaCl2 • 10H2O 7.81 at 35°C from 
a-3CaO ■ A12O2- CaCl2- 10H2O

a0 - 5.74 ± 0.02Ä 
Co = 46.88 ± 0.08Ä 
No solid solution between a- or 
ß-monocloride and 
3CaO-A12O3-CaSO4- 12H2O 
observed. New compound 
6CaO - 2AI2O3 • CaSO4. CaCl2.24H2O

Kuzel(1966)

3CaO-AI2O3.0.9CaCI2- 10H2O 7.86 at 20oC 1 hour drying with 
isopropyl alcohol over H2SO4 only 1 modification observed

Schwiete, Ludwig, 
Albeck(1967)

to (0001).
The investigations of Turriziani and Schippa (62) in 

1955 showed a complete miscibility between the com
pounds 3CaO-Al2O3-Ca(OH)2-12H2O and 3CaO- 
Al2O3-CaCl2-10H2O.

Furthermore we (22) succeeded in preparing at 
ordinary temperatures as well as Kuzel at hydrother
mal conditions an AFm-phase with CaS, which is of 
great importance in case of the slag bearing cements.

Hexagonal Hydrates with a Low Ca(OH)2 Content

The following hydrates also have a layer structure 
but in contrast to the previous ones they occur only in 
high aluminate cements or occasionally in blast fur
nace cements rich in slag.

C2Aaq

It can be seen from Table 12 that Allen and Roger 
(70) in the year 1900 were the first to prepare and 
investigate dicalcium aluminate hydrate. This com
pound crystallizes as hexagonal plates. Schwiete, 
Büssern and Salmoni (71) were able to isolate a series 
of dicalcium aluminate hydrates with variable water 
contents. The maximum water content was 13 mole
cules; at 300°C all the water was driven off. Roberts 

and Jones (29) distinguished an av and a2 and a 
jff-C2AH8. The a2-form is metastable relative to the 
«t-form. Lavanant proved that the dehydration of 
C2AHs to C2AH6 is a reversible reaction. The basal 
interference of a2- and jS-C2AH8 lies between 10.5 
and 10.8 Ä. By means of diboranhydrolysis he could 
distinguish how the water is bonded in the dicalcium 
aluminate hydrates. Whereas he found only hydroxyl 
groups in the hydrates with 5 molecules of water, in 
those richer in water he found, in addition, molecular 
and zeolitic water.

Lavanant (41) represented the water content of the 
dicalcium aluminate hydrates in a P-T-diagram (Fig. 
13). One can see on the graph the equilibrium curves 
for C2AH5, C2AHs and finally for C2AH9, which



Table 12. Investigations on dicalcium aluminate hydrates ________________

Hydrates
Basal 

interfer.
[A]

Preparation 
r.h./temperature 

(%] [°C]
Properties Authors(date)

CgAHy and — -/- hexagonal plates Allen and Rogers(1900)

CgAHg.g.g,! — -/- spherulit hexagonal plates Assarson(1931)

CaAHg.g-f.g — -/<50° no = 1.522; n6 = 1.502 Mylius(1933)

C2AHX, X = 13 — confirmed by Henning(1966)

x = 9 — -1-
similar X-ray interferences, 

>D = 1.959g/cm3x = 7 — above CaCl2/—20°
Schwiele, Büssern, 
Salmoni(1933)x = 5 — at 105°C, above obtained in boiling water

x — 3

x = 1

— —/<150°

—/<400°
give similar X-ray interferences

x = 0 — —/<400y

CgAH,, x = 8.3 
x = 7.6 —

13.5 torr/17° 
2.8to-r/17°

0«, = 1.520 ne = 1.505 
n„ = 1.521 ne = 1.512 Lea and Bessey(1937)

C9AHt, x = 7.3, x = 8, x = 9 
x = 6.5, x = 5 
x = 4.9

—
—i< 50° 
—/<100° 
—/<105° 
—/<150°

Lafuma(1925), Lefol(1933)
Mylius(1933), Nacken(1936)
Lea and Bessey (1937)
Lea and Jones (1938)

ji «i-CaAHg

otg-CgAHg and /3-C2AH8 10.5-10.7 100/—

from CjAHie by substitution of 3H by 3AHa 
hexag.; a0 = 9.65, b0 = 11.6, c0 = 24.1Ä 
,3 = 64°; V = 24.20Ä3; z = 8

instable relative to aj-CgAHg

Roberts(1957);
Roberts, Jones(1962)

c8ah6 8.8 -/-
CsAHs can be stabilized by CaHPO*  
C2AH6 is formed in the presence of 
colloidal >iO2

Carlson(1958),
Crowley(1964)

i _
<50kbar/200-800° C2AHx is not formed Pistorius(1962)

c2ah8 — -/- can be prepared with C12A7,CA,CA2 and H2O Lehmann, Leers(1963)

11 C2AHx, X = 9, x - 8 10.5-10.7
8.5

4-21 torr/25°
<4 torr/250

AS298= = 2 x 35cal/°mole ±10; determination 
of type boncing of H2O and OH using Diborn
hydrolysis

Lavanant(1955)

, C.AHX, x - 13 8.84 above CaCl2/<5° from C2A- and HaO at 0-5°C

. x = 9 — above C2H5OH/20° from CA and H2O at 0°C

— — _/_ 8-7-and 3-hydrates not observed
x = 5 from a) CäAHg after 24h standing with C3H50H 

b) 13 hydrate dried above P205 in vacuum
Henning(1966)

x =2 
x = 1

—/—250°
—/—350°

prom 5 hydrate after 24h

“ c2ahx____________________ — -/- infrared absorption wave numbers

practically coincide with the curve for water vapour.
There are numerous other hydrates which have been 

reported by Schwiele, Büssern and Salmoni (71) and 
more recently by Henning (80) but their significance 
in terms of energy has not yet been investigated. 
Chatterji and Majumdar (84) found by means of X- 
ray studies hexagonal hydrates with the composition 
C2FHy and a = 10.8 Ä (as compared with 10.7 Ä 
for C2AHs) together with the corresponding mixed 
crystals C2(A, F)H8. Their starting materials were 
CiF, C2F0.7A0 3 and C2F0 3Ao.7 with a ratio of water/ 

solids of 0.6.

CAaq

Monocalcium aluminate hydrate is principally 
responsible for the hydraulic hardening of cement. It 
crystallizes as needles with a density of 1.7 g/cm3 
(Table 13).

It, too, forms hydrates with a varying water content. 
From the present knowledge it appears that the most 
hydrous member contains 10 molecules H2O. Henning



Hydrates
Basal 

interference 
[A]

Preparation 
r.h./temperature 

[%1 [°C]
Properties Authors (date)

cah9.4_10.3 7.68
-/<5°

100/<22°

at 2.5g A12O3/1 available
D = 1.70g/cm3; n = 1.43 
crystallizes poorly, needles

Assarson(1931); Bessey(1938); 
not observed by Mylius(1933)

CAH10 — 81/<20°

n = 1.470-1.48 a0 = 9.45
c0 = 14.60

D = 1.70g/cmj
hexag. prisms to 25 am length;
from hydration of pastes also C2AH8

Brocard(1948)

Lea and Desch(1956)

Carlson(1958)

CAH7.3_5

cah2.5

14.6 (7.3) >45/15-20
<45/15-20

above PgOg 
48h at 105°

from CA-solution by freezing at 50°C 

dehydration tests

>600°C: dehydrated

Longuet( 1952)

cah7 13.6
14.2 (7.16)

—1—
above CaCI2

n^ = 1.480; n5 = 1.477 
at 175°C destroyed

Lhopitallier(1960)
Carlson(1957), Henning(1966)

x = 10
X = 8

CAHX x = 7,
x x = 6

x = 4
x = 2

10.50

10.14
8.71
8.84

data of the wave numbers of the infrared adsorption 
washed with acetone and ether at 0° (needles);

dried above dehydrated CuSO4, afterwards CaCl2 
dried in vacuum above P4O10;
from CAHg by tempering 200-250°C

Henning(1966)

Fig. 13. Dicalcium aluminate hydrates in the p-T-diagram (Lavanant 1965)

(80) found hydrates with 10 to 2 molecules of water. 
The basal interference of the form with 10 molecules 
is 14.6 Ä. At 200-250°C Henning obtained a hydrate 
with two molecules of water whose basal interference 
was 8.84 A. According to Longuet (87) the last water 

is expelled at temperatures above 600°C.
No descriptions have appeared so far of a monocal

cium aluminate hydrate in which the aluminium is 
partly or wholly replaced by iron although the exist
ence of such a hydrate is to be expected.



c2ash„

CjASHg is easily obtained by the reaction of at 
600-800°C calcined kaolin or glass of the composition 
of gehlenite with a saturated solution of lime. It is 
probably by this reaction that Rebuffat (88) synthe
sized a hydrate of the composition C2ASH8 for the 
first time.

However, Strätling and zur Strassen (89) have 
shown later that by starting with calcined kaolin two 
hydrates are formed and thus Rebuffat was unable to 
separate the gehlenite hydrate by means of chemical 
methods. Contrary to the results of Fratini and Tur- 
riziani (90) who assumed hexagonal symmetry for 
C2ASHs, Schmitt (91) found it to have a monoclinic 
symmetry with an a-axis of 9.96 Ä; he used the inten
sity distribution in a single-crystal electron diffraction 
photograph. In addition he found that 0.3 molecules 
of A12O3 can be replaced by Fe2O3 causing a increase 
in the length of the a-axis from 9.96 Ä to 10.07 A 
and a decrease in the c-axis form 12.56 A to 12.52 A; 
the refractive index rises from 1.512 to 1.525. By exact 
measurement (92) of the impulse rate at intervals of 
0.1° = 20 we established the monoclinic symmetry 
for gehlenite hydrate with ao = 9.9153 and c0 = 
12.4458. The starting materials were glasses of the 
composition of melilite and others with compositions 
in the solid solution series gehlenite (C2AS)-aker- 
manite (C2MS2). Measurement of the values for the 
interferences (003), (302) and (300) indicated how the 
lattice constants varied in the direction of the c- and 
a-axis. It can be seen from Fig. 14 that at amounts of 
up to 5% akermanite glass in melilite glass the lattice 
expands strongly in the a- and c-directions. A further 
increase in the akermanite fraction of the glass leads 
to an expansion along the c-axis only.

Using the ionic radii of Ahrens (1952) with the 
values Mg++ = 0.64 A, Al+++ = 0.50 A and Ca++ = 
1.02 A one can calculate a contraction of the lattice 
by 49 %if Mg++ replaces Ca++. The exchange by Al+++ 
produces a dilation of 28 %. If magnesium is taken into 
the lattice, therefore, it probably replaces aluminium. 
The re-arrangement in the lattice necessary to maintain 
electrostatic neutrality can only be solved by a struc
tural analysis.

Fig. 14. Lattice constants of gehlenite hydrate as a function of 
MgO content (Schwiete, iudwig, Würth, Grieshammer 1965)

Interesting work was produced by Krönert, Schwi
ete and Wetzel (93) who allowed kaolin to react with 
an aqueous solution of calcium hydroxide at tempe
ratures between 20° and 100°C for 8 weeks. The kao
lin was either left unprepared or was treated mechani
cally by grinding. The untreated kaolin was not al
tered to gehlenite hydrate. In the case of the ground 
kaolin, however, at temperatures up to 60°C the for
mation of gehlenite hydrate was observed. Whereas at 
temperature of 40°C the amount of gehlenite hydrate 
remained constant for the 8 weeks, at 60°C it decreased 
rapidly and was replaced by hydro-garnet.

Cubic Hydration Products

C3AH6 hydrate exists. Thus Allen and Roger (70) in 1900 
„ ... . . . were probably the first to deal with the cubic hydrate
Since the previous symposium in Washington it (Table 14). According to Wells, C3AH6 crystallizes 

has been established that no pure tricalcium ferrite in icositetrahedra or rhombic dodecahedra.



Hydrates
Basal 

interfer.
[A]

Preparation 
r.h./temp. 

[%] [°C]
Properties Authors(date)

c3ah12 — — hexag. plates from C3A and cold H2O Candlot(1889) and others

— above CaClg from Al and hot limewater Allen and Rogers(1900), Nfylius(1933)

a0 = 12.56 — icositetrahedron a. rhombicdodecahedr. L.S. Wells(1928)J Flint, Mltarb.(1941)

c3ah6 30 = 12,576

18.1/21 
or 

above CaO at 21 °C

cubic body centered space group la 3d 
Z = 8; D = 2.522 g/cm3 derive of the 
grossularite by substitution of lSiO|- by 
4OH~, structure proven

Thorwaidson, Grace, Vigfusson(1929) 
Brandenberger(1933), Schwiete, Iwai(1962) 
Köberich(1934), Bogue, Lerch(1934)

— —/<275 
resp. 33O°C

from dehydration
> 33O°C loss of 41/2 moles H2O

Schneider, Thorwaldson(1941)
Kalousek, Davis, Schmertz(1949)
Turriziani and Schippa(1954)
Majumdar and Roy(1956)

— —/<275 from dehydr. > 55O°C form, of C12A7 4- CaO 
>1050°Cform. of <^A

Majumdar and Roy(1956)

C3AHg, AH3 
CjA3H3

—
> 800°C

5-20k bar formation of C4A3H3(dbali, = 3.59Ä)
Majumdar and Roy(1956) 
and Pistorius(1962)

—
> 350°C 
5-50k bar

form, of C4A3H3 (dbiei*  = 3.58Ä) 
form, of C4A3H3 (dM, = 3.644A)

Majumdar and Roy(1956) 
Pistorius(1962)

CsAH, —
#-< »TT irreversible reaction: C^AHi» ----- ;—3—. 7^.,---- -4 13 marked with C45

C3AH6 + CH + 6H
Kelly(1960)

C3AHx —
system C-A-H with variable P and T 
system C-A-H a) with analytic grade ) 
b) with spectroscopic grade starting points)

JLavanant(1965)
Crowley(1964)

Important investigations were carried out by Thor
valdsen, Grace and Vigfusson (94) in 1929. They pro
ved that the lattice of C3AH6 is cubic body-centred 
and that the space group is Ia3d. The unit cell con
tains 8 units of formula. The density is 2.52 g/cm3. 
The authors derived the structure of C3AH6 from that 
of grossularite, whereby one SiO4+ is replaced by 
4(OH)~. According to Farmer (95) the Al3+ is in six
fold co-ordination. As a dehydration product, 
Majumdar and Roy (97) identified a hydrate with 1.5 
molecules of water, stable at temperatures below 
275°C. Above 550°C, C12A7 is formed together with 
free CaO, and at temperatures above 1050°C, C3A. 
Later on the same authors observed the formation of 
C4A3H3 with a basal interference of 3.58Ä under 
conditions of increased temperature and pressures of 
between 5 and 20 kilobars; similar observations were 
made by Pistorius (82) at a pressure range reaching 50 
kilobars. His product had a basal interference of 3.64 
A. Pistorius investigated C3AH6 under various con
ditions of temperature and pressure. He found 
equilibrium curves for C3AH6 and diaspore on the 
one hand, and C4A3H3 on the other. His curves are 
for the range 5-50 kilobars and 200-370°C. At higher 
temperatures and lower pressures he investigated the 
stability of C4A3H3 and of C12A7, CA2 and H2O. 
He could show that up to 800°C and 20 kilobars the 

hydrate of the composition C4A3H3 occurs (Fig. 15).
There is interesting work by Kelly (102), who show

ed by means of radio-actively marked calcium, that 
C3AH6 + Ca(OH)2 cannot be transformed into 
C4AH13. This confirmed the earlier observations 
according to which C3AHS is the only stable pure 
calcium aluminate hydrate present, under normal 
conditions of temperature and pressure, in the system 
Al2O3-CaO-H2O. ■

Fig. 1 shows our differential calorimetric investiga
tions (14) of the endothermal reactions of C3AH6. 
One can see a distinct endothermal effect at about 
300°C, as in the case of tetracalcium aluminate hy
drate. It is due to the formation of C4A3H3 with the 
release of free Ca(OH)2. Once again the dehydration 
of calcium hydroxide occurs at about 500°C. '

Bereczky found the pH value to be 12.1 (16). Our 
measurements give values of 12.1-12.2 which show 
a good agreement. No CaO was dissolved out of 
C3AH6 after one hour’s boiling with the ester of acetic 
acid. • ■

C3(A, F)Sn H(6_2n)

In the lattice of the cubic C3AH6, Al3+ can be 
replaced by Fe3+, and two H2O by one SiO2 (Table 
15). When one or more of these substitutions occur
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Fig. 15. p-T-diagrom of CsAHs, AH and C4A3H3 (Pistorius 1962')

Table 15. Investigations on hydrogarnets (C3AxFi-xSyH6_2y)

Hydrates
Basal 

interfer.
[A]

r.h./temperature
1%1 [°C]

Properties Authors(date)

c3FH6

c3fh2

a, - 12.71

1 1 A
 A 0 0 from Fe(OH)3 + Ca(OH)3 + H2O 

Drö » 2.790 g/cm3; <0.25CaO/l 
formation of C2FH5 
>600° loss of 2 moles H2O

Eiger(1937)

c3fh6 a = 12.74 — Flint, McMurdie and Wells(1941)

c3fh6 -
c3fh2
“C3F"

II 
II 

II

-/<500 
—/>500

free of silica

>800°C formation of C2F + CaO
Burdese and Gallo(1952)

(0.163 <x < 1)
a0 = 12.70

a0 = 12.716

{C3AH6 to maximum C3Aoi2Foi8H6
» » CgAojggFg.g^Hß
,r H CgAo.^pQ^Hg

zur Strassen and Dörr(1958) 
Schwiele and Iwai(1962) 
Carlson(1956 and 1966)

80.3-4^5.3-5.4 __ -150 from burnt kaolin + lime water Turriziani, Schippa(1954)

C3A*  80.4-0.7^4.6-5-2 a0—12.30 -1- from C-A-S-glass + lime water zur Strassen, Dörr(1958, 1962)

C3(A, F)S3, general 
^3'^2 '”8*3^12

— natural garnets (isomorph, mixture) 
R" = CaJWgtFetMn; R"' = Al,Fe,Cr

Ford(1915)

CgCA, F)SyHg_2y 
(0<y<3)

ao = 12.60 hydrothermal

observed substitution of A13+
by Fe3+ and SiO£~ by 4OH-
C3(A, F)He + cs.aq -» C3(A, F)SH4, C3AHa 
to C3AS3H2(2000atm/3600C),
Grossu]ar(C3ASa)

Flint, McMurdie, Wells(1941) 
zur Strassen and Dörr(1958) 
D. M. Roy and R. Roy(1960)

C3A0.5F 0.58H4 ao = 12.42 from C4AF + CaO + C3S Schwiele and Iwai(1962)

C3AS0.43H5.74 ao = 12.51 40°C/20 torr from kaolin änd Ca(OH)2 at temp. 20-100°p Krönert, Schwiele, Wetzel(1967)



Fig. 16. Lattice constants of hydrates in the system CjAHs-CjFHs (.Schwiele, Iwai 1964)

the product is called hydrogarnet. A hydrogarnet in 
which the Al3+ is replaced by Fe3+ was first prepared 
by Eiger in 1937 (103). zur Strassen and Dörr (104, 
105) are of the opinion that pure C3FH6 does not 
exist. According to them, and to Carlson (106) and 
Schwiete and Iwai (45) 0.163 molecules of Al3+ must 
be contained in hydrogarnet. Schwiete and Iwai 
calculated the lattice constants for the solid solution 
series C3AHS-C3FH6 using the Bragg equation for 
the cubic system with the strong reflections (321), 
(400), (420), (422), (431) and (521) and (532). They 
compared their values with those of Flint, Wells and 
McMurdie (96) and zur Strassen and Dörr (104, 105). 
The lattice constant rises from 12.55 Ä for pure C3 AH6 
to 12.7 A for C3A0.2F0.8H6 and there is a linear depen
dence. The value of Flint and co-workers for pure 
“C3FH6” lies on the extension of this line at 12.74 Ä 
(Fig. 16).

Krönert, Schwiete and Wetzel (93) succeeded in 
preparing a silica-bearing hydrogarnet of the compo
sition C3AS0.13H3.74 at temperatures between 40° 
and 100°C and normal pressure, starting from uncal

cined kaolin and calcium hydroxide. Further, silica- 
bearing garnets have been produced by Fratini and 
Turriziani (90) from calcined kaolin and lime water, 
and by zur Strassen (104) and Dörr (105) from cal
cium aluminate silicate glasses and lime water. Flint, 
McMurdie and Wells (96) allowed tricalcium alumi
nate ferrite hydrate and calcium silicate hydrate react 
under hydrothermal conditions and found a C3(A, 
F)SH4 with lattice constant of 12.42 Ä.

Schwiete and Iwai (45) investigated reaction mix
tures of C4AF with CaO and increasing proportions 
of C3S in aqueous solution under normal conditions 
of temperature and pressure. They observed a decrease 
in the lattice constant from 12.65 Ä for the hydrogar
net prepared from C4AF to 12.42 Ä for the compound 
richest in silica, whose approximate composition is 
<^3A0 JFO 5SH4. These results are in good agreement 
with those of Flint and Wells (49) as Fig. 17 shows. 
Thus in the hydrogarnets we observe an increase in 
the lattice constant with increasing iron content 
and a decrease in that with increasing silica.
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Fig. 17. Lattice constants of Hydrogarnets in the system C4AF-C3S-Ca0-H2O (Schwiele, Iwai 1964)

Investigations in the System CaO-Al2O3-H2O at High Pressure 
with Varying Temperature

Crowley (81) examined the pseudo-binary system 
CaO-Al2O3-H2O, at a pressure of 1055 kg/cm2 
and with increasing temperatures, firstly starting with 
spectrographically pure CaCO3, and secondly with 
chemically pure CaCO3.

Fig. 18 shows the diagram for spectrographically 
pure CaCO3. In the calcium-rich region, at low tem
peratures, one can recognize the stability field of 
C4AH19, a field in which a-C4AH19 co-exists with 
a-C2AH8, one with a-C2AH8 and CAH10, and finally 
one in which CAH]0 and AH3 occur together. At 
temperatures above 25°C C2AH8 is transformed to 
C3AHs, whilst a-C4AH19 and CAH10 remain stable. 
C4AH19 and CAH10 are also altered to C3AH6 and 
gibbsite (AH3) or C3AH6 and calcium hydroxide 
(Ca(OH)2) respectively, depending on the starting 
material. Gibbsite inverts to diaspore above about 
140°C. At temperatures of nearly 250°C C3AH6 is 
transformed into C4A3H3 and Ca(OH)2 or diaspore. 
It is interesting to note that, independent of the high 
pressures applied (1055 kg/cm2), the same reactions 

and phases are observed as can be found at normal 
temperatures e.g. by differential calorimetry or in 
experiments of isobaric decomposition.

In Fig. 19 a similar diagram is shown, which is 
obtained when chemically pure CaCO3 is used as the 
starting material. It is interesting that here in the lime
rich region C4AH13 is stable together with Ca(OH)2 
at temperatures up to 150°C. In the lime-poor region 
up to 250°C the C2AH6 is also partly stable, however 
the equilibrium temperature falls as the Al3+ content 
in the starting material increases. The use of less pure 
calcium carbonate thus leads to an important increase 
in the stability field of the tetra- and dicalcium alumi
nate hydrates, which according to previous work, 
are known to be unstable phases. Above 250°C 
C4A3H3 is again observed with Ca(OH)2 or aluminium 
hydroxide and it is remarkable that, in contrast to the 
experiments with spectrographically pure CaCO3 
the reactions of the low temperature phases are rever
sible if only chemically pure CaCO3 is used.



Crowley, 1964, with application of spectroscopic grade Ca C03 (starting point)

Fig. 18. Pseudobinary diagram of the system CaO-AhOg-HzO at 1000 kglcm* (Crowley 1964}

Crowley 1954. with application of analytical grade CaC03 (starting point)

Fig. 19. Pseudobinary diagram of the system CaO-AljOa-HzO at 1000 kgjcm2 (Crowley 1964)

Properties

The properties of calcium aluminate hydrates and judged in different ways. In the following section, a
calcium aluminate ferrite hydrates respectively are distinction is to be made between the properties of the



hydration products during the formation of the cement 
stone and those of the hydration products in the 
cement stone itself.

Properties during the Formation of the 
Cement Stone

The calcium aluminate and aluminate ferrites 
respectively are characterized by their high reaction 
speeds in aqueous solution; the reaction speed incre
ases as the ferrites contain a higher percentage of A12O 3. 
These reactions are accompanied by a high liberation 
of heat. The thermodynamic computations by V. J. 
Babuskin, G. M. Matveev and O. P. Mchedlov-Petro- 
syan (1965) have furnished us with a lot of data 
(Table 16). With the cements that contain much lime 
this quick reaction is delayed by the addition of cal
cium sulphates and by the resulting formation of an 
ettringite cover. C3(A, F)CsHx and the mixed crystals 
of C3(A, F)CsHx with C4(A, F)Hx respectively are 
formed only after the concentration of sulphate has 
fallen short of the minimum necessary for the forma
tion of ettringite. The reaction by which ettringite is 
formed takes place, topochemically, at C3A, C2(A, 
F) or at the granulated aluminate containing slag 
grain. If the percentage of sulphate is carefully har
monized with the composition and the fineness of the 
cement, the main formation of ettringite takes place 
at the early stage of setting and hardening so that it 
is only rarely possible to observe any expansion.

In contrast to the cements that contain much lime, 
the formation of ettringite in the supersulphated 
cements that contain less lime takes place through 
the phase of solution and contributes towards cemen
tation. In the case of these cements, an expansion in 
the course of the formation of ettringite is observed 
only when this cement is produced with a too high 
percentage of clinker; by this circumstance, the pH- 
value is increased during the setting and the harden
ing.

In the case of the reaction of alumina and of iron 
from clinker and granulated blast furnace slags, when

Table 16. Thermodynamic data of aluminate hydrates

Hydration product kcal/mol

C4AHlg -2409 -2092
C4AH13 -1983 -1749
C3AHg -1317.6 -1187.6C8AH8 -1291 -1142
C^ACSHjg -2082.8 -1843.6CgACSgHgi -4110.9 -3556.4

By V. J. Babuskin, G. M. Matveev and O.P. Mchedlov-Petiosyan Thermo
dynamik der Silikate-VEB-Verl. Berlin 1965.

phases with very much lime are formed, one must in j 
addition reckon with a lime combination by which, ‘ 
according to the law of the mass effect, the hydration ' 
of the calcium silicates must be accelerated.

Because of the quick reaction of the calcium alumi
nates and the calcium aluminate ferrites, one must 
furthermore reckon with the creation of additional ; 
surfaces on the calcium silicates so that the entire • 
progress of the hydration will be favourably influenced | 
by this circumstance, too. I

Therefore this exposition demonstrates two facts; 
on the one hand, the calcium aluminates and the 
calcium aluminate ferrites respectively from the ce
ments can bring about a decrease in strength at the : 

. beginning of the setting and the hardening by an even
tual expansion; on the other hand, however, they can ! 
favourably influence the hydration and the hydrolysis ; 
of the cements in several ways by the high heat libera- i 
tion, by their quick hydration and by the resulting ‘ 
creation of additional surfaces as well as by the lime 
combination.

In the case of the high alumina cements, the calcium 
aluminate hydrates CAH10 and C2AH8 are respon
sible for the hydraulic strength.

Properties in the Cement Stone

With the exception of the above-mentioned qualifi- j 
cations with regard to the formation of the cement 
stone and with the exception of the formation of 
ettringite which possibly has an expansion effect, the 
installation of the calcium aluminate ferrite hydrates 
in the cement stone may, to begin with, be expected 
to contribute in increasing its strength and its density. 
According to investigations by Spohn and Lieber 
(52) in 1965, an addition of CaCO3 to C3A or C4AF ; 
results in an increase of the strength. This increase, 
however, results already from the strong increase in 
specific volume of solids which takes place when the 1 
anhydrous phases changes in the hydration products; 
the increase in specific volume is to be derived from the 
low densities of the calcium aluminate ferrite hydra
tes.

The contribution which the calcium aluminate 
hydrates make to strength becomes particularly 
obvious in the high alumina cements during the for
mation of the hexagonal or pseudo-hexagonal hydrates 
which contain little lime.

In this context, however, we must not consider 
without qualification the stability of these phases in 
dependence on temperature, pressure and relative 
humidity; from the above-mentioned thoughts we 
know that the hydrates rich in water, especially those
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By VJ. Babuskin, G.M. Matveev and O.PMcedlov-Petrosjan 
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Fig. 20. AGreact = KT) in the system of 3CaO-AI2O3-TI2O Fig. 21. Stability of monosulphate and trisulphatehydrate

of the AFm-phases, can only be preserved at high 
relative humidities. According to the present state of 
investigations, the AFt-phases and the hydrogarnets 
are more stable. The stability of some calcium alumi
nate hydrates, the ettringite and the monosulphate 
hydrate is shown in function of the temperature by 
Babuskin, Matveev and Mchedlov-Petrosyan in the 
following Figs. 20 and 21.

In the case of the high alumina cements, especially 
when the atmosphere is moist, temperatures >23°C 
have a negative accelerative effect on the conversion 
of the voluminous hexagonal or pseudo-hexagonal 
hydrates into denser cubic hydrogarnets; the reason 
is that the latter ones have a smaller volume where 
by the porosity of the cement stone is greatly increased 
and the strength are reduced. One tries to counteract 
that circumstance by making this set and harden at 
higher temperatures with a small water cement ratio 
whereby the stable phases form directly.

The stability of the AFm-Phases and the cubic 
tricalcium aluminate hydrates is additionally endan
gered by changes in concentration. When parts of 
cement stone contain these hydration products and 

can come into contact with solutions that contain 
sulphate, one has to reckon with the formation of 
ettringite which can lead to the destruction of the 
building. However, the intensity of the attack which 
must be expected depends on the density of the cement 
stone, on the strength of the sulphate concentration, 
on temperature and on the way in which the sulphate 
attacks, that is on the question whether the transport 
takes place by means of diffusion or capillarity.

When considering the stability of the phases in 
question one must not, however, forget to take into 
account that, according to investigations carried out by 
Copeland, Bodor, Chang and Weise (111) in 1967, a 
strong reaction of tobermorite geles on the aluminates, 
ferrites and sulphates takes place whereby these phases 
can most certainly be heavily reduced in dependence 
on time. These investigations fit in very well with our 
own frequent observations that often in old mortars 
and concretes no or only very low percentages of 
calcium aluminate and of aluminate ferrite hydrates 
are found. It is therefore probable that the entire 
complex of problems must be gone over and revised 
anew.

Summary

!■ It has been possible to determine the inter-atomic distances in the compound C3ACs3H32 by means



of a Patterson synthesis. Moreover, starting from 
C2F, an ettringite has been repeatedly prepared in 
which Al3+ is completely replaced by Fe3+. '

2. The formation of CjA-SCaCh-Hso was not observed
above 20°C, however, between 0° and — 10°C 
(under conditions of increasing calcium chloride 
concentration, it was found in increasing quantities. 
From the d-spacing the (hkil)-values for the hexa
gonal system have been calculated. The existence 
of an iron-bearing analogue is to be expected. 
Moreover an AFt-phase of the composition 
C3A(CaS, CaSO4)Hx was found.

3. Contrary to earlier results it has been shown that
there is only one modification of CtAH^ and that 
the previously assumed a- and jS-phases only differ 
in having water contents of 13 and 12H2O respec
tively.

4. Dehydration of C4AH19 produced hydrates with 13,
12, 11 and 7 molecules H2O. A complete solid bet
ween CiAH! 3 and C4FH13 has been reconfirmed.

5. For the carboaluminate hydrates the phases with the
composition C3 A- l/4CaO • 1 /4CaCO3 • H], _3 2, 
C3Al/2CaOl/2CaCO3-Hx and C3ACaCO3- 
Hl0-ii exist. They can be distinguished amongst 
themselves and from C4AH13 on the grounds of 
their basal interference and those of their hydration 
products.

6. C4A3H3 can be produced only from C4AH13 and
C3AH6 by splitting-off Ca(OH)2. The solid solu
tion between C3AH6 and C3FH6 has been con
firmed. The most iron-rich member has the compo
sition C3A0 163Fo 83iH6. The compound richest 
in silica has the composition C3A0 5Fo.3SH4 
under normal conditions of temperature and pres
sure.

7. Crystals of C3ACsHl2 were found to have a hexa
gonal pseudo-cell with a0 = 5.76 Ä, and c0 = 
26.79 Ä; the space group is R3 or R3. More recent 
investigations have proved a partial miscibility with 
C4AH)3. This solid solution is also found when 
Al3+ is partly replaced by Fe3+ but not if pure C2F 
is used as the starting material.

8. A hydrate of the composition C4A0.9 l.lSO3-
0.5Na2O-H16 was prepared from C3ACsH12 and 
was examined by X-rays. It is one of three hydrates

with 16,12 and 8H2O respectively.
9. According to investigations under normal and

hydrothermal conditions no solid solubility exists 
between C3A CaCl2-Hio and C3ACsH12, but there 
is another compound of the composition C6A2- 
CaSO4 CaCl2-H24 with ao = 5.74Ä and co =- 
100.6 Ä; its space group is R3c or R3c.

10. An a- and a ß-form of C3A-CaCl2H10 can be distin
guished, whose reversible inversion point is 28°C + 
2°. The ^-form stable above 28°C, has the lattice 
constants ao = 5.75 Ä and co = 46.88 Ä, if a tri
gonal symmetry is assumed. According to rotation-, 
Weissenberg- and precession-photographs, «- 
C3 A• CaCl2 • H, o has a monoclinic pseudohexagonal 
unit cell with <zo = 9.98 Ä, bo = 5.47 Ä and co = 
16.79 X;ß = 110.2°.

11. A new AFm-phase with CaS is C3A-CaS-Hx whose
formation was found as well at ordinary tempera
tures as at hydrothermal conditions.

12. For the di- and monocalcium aluminate hydrates the
principal investigations in recent years have been on 
dehydration. Only partial agreement has been found 
with earlier results. X-ray investigations under 
controlled conditions of temperature and humidity 
are still lacking. Only substitution of Al3+ by Fe3+ 
was observed for C2AH8 and none in the case of 
CAH10.

13. When small amounts of MgO are added to glasses of
the composition melilite the lattice of C2ASH8 
expands both in the a-and c-directions. With larger 
amounts an expansion along the c-axis only is 
observed. The dilation of the lattice is probably due 
to replacement of Al3+.

14. The stability fields of the unstable hexagonal or
pseudo-hexagonal phases are shifted towards hi
gher temperatures if impure starting materials are 
used.

15. Complete data on density and pH values are given.
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Appendix Infra-red absorption wave numbers of calcium aluminate hydrates

1
CjAH13

2 3
C,AH.2 C»A • Cs • Hio

1
C3A-Cs3-Hg2

3
Type of 

oscillation4 5 3 2 3 6 7 8

398 410 405 408 426 420 425 401 Ca-O
427 462 500 423 526 555 540 590 S-Al-O
542 522 535 578 592 606 610 608 606 I’l-SO,
588 637

704 660 732 676
780 722 770 805 800 780 775 770 770 y-Al-O
860 816 859 850 848 835 840
880 878 895 875 860
970 950 965

p3-SO41015 1075 1105 1110 1121 1130 1110
1075 1074 1106

1156 1163
1330 1396 1425 1390 1450 1430 1432 internal CO3-

1490 1490 vibration
1660 1555 1655 1630 1625 1620 1667 1646 1638 1635 S-H2O
1704

2273
2000 2100

2381 2910 3100 3100 p-OH assoc.
3125 3150 3160 3230

3376 3490 3400 3340
3552 3590 3600 3540 3590 3590
3636 3799 3635 3640
3686 4000 3680 3710 3700 3700 p-OH free

4200

1. Midgley (1960)
2. Henning (1966)
3. This investigation

4. Majumdar (1956)
5. Lehmann (1960)
6. Schwiele, Lipinski, Niel (1964)

7. Henning, Danowski (1964)
Ettringite l(cold precipitated)

8. like 7., Ettringite 2(precipitated by boiling temperature)

Appendix X—ray data of AFm—phases (Kuzel)

3CaO. A12O3 • CaSO4 • 12HaO a-3CaO-A12O3. CaCl,. 10H2O yS-3CaO. A12O3. CaC12.10H2O 6Ca0.2Al203. CaSO4.CaCl5-24H2O

hkil d (A) Int. hkl d (A) Int. hkil d(A) Int. hkil d (A) Int.

0003 8.90
0006 4.45
10.4 3.99
10.5 3.64
10.7 3.03
0009 2.97
11.0 2.88
10.8 2.77
11.3 2.74
20.1 2.48
20.2 2.45
11.6 2.42
10.10 2.36
20.4 2.336
20.5 2.260
00012 2.233
10.11 2.189
20.7 2.090
11.9 2.070
20.8 2.000
10.13 1.906
21.2 1.867
20.10 1.826

00015,10.14 1.786
11.12 1.765
20.11 1.743

002 7.89
Ill 4.93
110 4.89
111 4.44

113,004 3.94
112 3.85
204 3.72
202 3.51
114 3.39
113 3.29

312,020 2.87
021,313 2.82

310 2.75
022 2.69
006 2.63
204 2.60
311 2.57

023,116 2.52
402, 221 2.49

315 2.48
220 2.44
404 2.41
312 2.37
221 2.349
400 2.336
024 2.319
316 2.277
224 2.272
222 2.221

116,406 2.157
025 2.121
208 2.098

30 
<5 
20

00.6 7.81
10.2 4.85
00.12 3.90
10.8 3.79
10.10 3.41
11.0 2.87
11.3 2.82
11.6 2.69
00.18 2.60
10.16 2.52
11.9 2.51
20.2 2.47
20.4 2.43
11.12 2.311
20.8 2.288
20.10 2.196
10.20 2.120
11.15 2.113
20.12 2.095
20.14 1.994

10.22,00.24 1.956
11.18 1.928
20.16 1.895
21.4 1.856
21.8 1.790
21.10 1.744

00.6 
00.12 
00.18 
10.4 
10.8 
10.10 
00.24 
10.14 
10.16 
10.20 
00.30

11.0,11.3 
11.6 
00.36 
11.9 
11.12 
10.32 
11.15 
11.18 
20.4 
11.21 
20.8 
00.42 
11.24 
10.38 
20.16 
11.27 
10.40 
20.20

20.22,11.30 
00.48, 20.26 

10.44 
20.28

18.32 
5.56 
4.87 
4.63 
4.45 
4.18 
3.91 
3.90 
3.53 
3.35 
2.87
2.83 
2.79 
2.78 
2.72 
2.66 
2.64 
2.55 
2.47 
2.46 
2.44 
2.39
2.37 
2.335 
2.312 
2.271 
2.244 
2.229 
2.182 
2.092 
2.077 
2.043

100

WO

10



Appendix X—ray data

3CaO. AI2O3.3CaSO4. 32H2O 
(Schwiete, Ludwig, Jäger)

3CaO-Fe2O3- 
(Schwiete,

3CaSO4.32H2O
Ludwig, Jäger)

3CaO - Fe2O3 • 3CaSO4.31H2O 
(Smolczyk)

3CaO. AI2O3.3CaCI2.30H2O 
(Schwiete, Ludwig, Albeck)

hkl a0 = 11.18 Ä a0 = 11.25 A 11.23 A 11.738 A
c0 = 24.48 Ä =0 - 21.49 Ä Co = 22.02 A c0 — 20.71 A

d(A) Int. d(A) Int. d(A) Int, d(A) Int.

100 9.72 100 9.77 100 9.77 100 - 10.15 100
101 8.84 9 8.84 20
110 5.60 73 5.58 81 5.63 70
112 4.95 17 5.01 (10)
200 4.84 4 4.87 46 5.06 14
104 4.70 36 4.796 10 4.69 11
314 4.35 2 4.435 18
203 4.03 5 4.04 16 4.058 15
114 3.87 53 3.914 66 3.934 45 3.94 3
210 3.67 4 3.67 3
204 3.60 13 3.62 16 3.648 15 3.663 27
212 3.47 30 3.48 30 3.486 25
213 3.27 5
300 3.23 24 3.235 20 3.243 25 3.375 2
116 3.02 7 3.04 10 3.058 «10) 3.11 5
220 2.80 5 2.80) 51 2.805 «20) 2.93 4
304 2.77 39 2.78J 2.862 2
222 2.72 4
310 2.71 14 2.82 4
008 2.68 5 - 2.686 3
312 2.61 16 2.622 51
216 2.565 50 2.59 32 2.600 «15)
313 2.52 2 2.53 30 «-
224 2.49 4 2.501 (10)
400 2.43 2 2.57 18
118 2.468 (10) 2.48 2
306 2.41 10 2.420 (10) 2.42 2
208 2.35 5 2.366 2
320 2.22 8 2.230 35
226 2.21 43 2.291 9
322 2.18 4
316 2.15 19 2.173 15
323 __
410 2.12 6 2.225 1
412 2.08 3
324 2.06 5 2.162 4
413 ( ) = partly disturbed interferences 2.135 3
317 2.00 2
325 1.98 5
414 __ 1.960 4
500 1.945 11
407 1.90 5 1.920 4
503 1.87 2

2.1.10 1.853 7
332 1.845 6
421 1.83 3
504 _ 1.907 3
422 1.81 3

2.0.11
0.0.12 1.822 3

Written Discussion

Melville H. Roberts

Synopsis

The present note is a contribution to the written discussion of a paper by H. E. Schwiete 
and U Ludwig entitled ‘Crystal structures and properties of cement hydration products 
(Hydrated calcium aluminates and ferrites), to be presented at the Fifth International Sym
posium on the Chemistry of Cement, Tokyo, October 1968. Available evidence for the con- 



elusion that cubic 3CaO Al2O3-6H2O is a metastable or unstable phase in solution at 
temperatures slightly below 20°C is discussed. Additional results are presented which appear 
to confirm this conclusion, since this cubic hydrate is partially transformed into the hex
agonal-plate hydrates 2CaO Al2O3-8H2O and 4CaO Al2O3.19H2O in water and lime 
solutions at FC. Slight carbonation and the formation of quaternary carbonate hydrates 
also occurred, and to elucidate the influence of carbonate contamination the effects of car
bon dioxide on 3CaO -Al2O3 -6H2O in aqueous suspensions at 25°C are briefly described.

Schwiete and Ludwig in their principal paper state 
that “CjAH, is the only stable pure calcium aluminate 
hydrate present, under normal conditions of tempera
ture and pressure, in the system Al2O3-CaO-H2O”. 
While this statement is also very probably true, even 
at high pressures, at temperatures up to about 225°C, 
there is some evidence pointing to the conclusion that 
cubic C3AH6 is a metastable or unstable phase with 
respect to the hexagonal-plate hydrates C2AH8 and 
C4AH1S in solution at temperatures slightly below 
20°C. In the following, the available data are discussed 
and some additional results are presented which appear 
to confirm this conclusion.

Buttler and Taylor (1) treated samples of C3AH6 
with water and lime solutions at 5°C for various peri
ods up to about 8 months, and they observed that the 
C3AH6 apparently dissolves congruently to give 
solution compositions near to the solubility curve for 
C3AHS previously obtained at 20-21 °C by other 
investigators (2, 3). On the other hand, in similar 
experiments at FC over periods from 9 to 16 months 
with intermittent shaking Carlson (4) found that par
tial transformation into C2AH, or “C4AH13” occur
red in some reaction mixtures, though not in all. 
some carbonation also took place in these tests, as 
shown by the presence of C3A-CaCO3-llH2O in all 
final solids, and this may possibly account for the 
erratic results. Nevertheless, Carlson concluded on 
the basis of these experiments that C3AH6 is less 
stable than C2AH8 or “C4AH13” at FC. While the 
difference in temperature might account for the dif
ferent results at FC and 5°C, Jones (5) later inferred 
in his comprehensive review of the equilibria in the 
CaO-Al2O3-H2O system that C3AH6 is still the only 
stable ternary phase at F-5°C. However, van Aardt 
and Visser (6) carried out further investigations in 
which C3AH6, with and without solid Ca(OH)2, 
was treated with water for 7 days, and X-ray examina
tion of moist solids showed the formation of C4AHl9 
or C2AHj at 5 C but not at 25°C. The X-ray powder 
patterns also indicated the presence of basal spacings 
at 8.2 Ä and 7,6 A, and though not recognized as such 

by these authors these spacings evidently arise from 
the quaternary carbonate hydrates C4A -^CO2 • 12H2O 
and C3A CaCO3-HH2O, respectively. In this case, 
contamination by atmospheric CO2 may have mainly 
occurred during the X-ray diffractometer examination, 
whereas to account for previous work (1, 4) where 
little or no conversion of the C3AH6 apparently 
occurred after many months, it is conceivable that the 
results were also influenced by inadvertent carbona
tion in that the quaternary carbonate hydrates possibly 
formed a protective coating on the C3AH6 crystals 
in the aqueous suspensions.

Additional evidence for the instability of C3AH6 
at 5°C is provided by the X-ray diffraction investiga
tion of Seligmann and Greening (7). These authors 
studied the behaviour at different temperatures of a 
sample consisting initially of a mixture of C4AH19, 
Ca(OH)2 and C4A- 2CO2-12H2O and contained in a 
special X-ray diffractometer sample holder with an 
atmosphere of moist nitrogen. It was found that the 
C4AH19 converted into C3AH6 and Ca(OH)2 after 2 
hours at 80°C, but subsequent storage over water for 
17 hours at 5°C resulted in the disappearance of the 
X-ray pattern of C3AH6 and the restoration of that of 
C4AH19. A reversible transformation between C3AH6 
and C4AH)9 has also been observed in later work by 
Carlson (8), who used a technique involving the 
microscopical observation of crystals in aqueous 
suspensions. By this means, it was shown that surface 
alteration of the C3AH6 crystals, evidently through the 
formation of C4AH19, occurred after 1 day at 10°C, 
and was removed after 2 days at 30°C. This surface 
alteration also took place at 15°C, but 14 days at 20°C 
produced no change in the C3AH6 crystals. Further
more, a reversible transformation between the hexa
gonal and cubic phases was also observed to occur 
with various closely related calcium aluminoferrite 
hydrates over similar temperature ranges.

In contrast to these results, which indicate that 
C3AH6 is unstable in solution even at temperatures 
up to 15°C, Feldman and Ramachandran (9) studied 
the hydration of C3A compacts at various tempera



tures and concluded from DTA investigations that 
there is immediate formation of the hexagonal-plate 
hydrates at 2°, 12° and 23°C, followed subsequently 
after some time at these temperatures by conversion 
into cubic C3AH6. In view of the very different crystal 
structures of C3AH6 and the hexagonal-plate hydrates, 
together with the general observation that the con
version only takes place in the presence of water, it is 
probable that the transformation into C3AHS occurs 
by a “through-solution mechanism” involving the 
crystallization of C3AH6 from solution and the dis
solution of C2AH8 and/or C4AH19 to maintain the 
solution composition. The DTA thermograms ob
tained by Feldman and Ramachandran, showing the 
presence of small amounts of C3AH6 in hydrated 
solids after 10 days at 2°C, after 6 hours at 12°C and 
after 30 minutes at 23°C, would thus seem to indicate 
that C2AHS and C4AH19 are unstable with respect 
to C3AH6 at these temperatures. While this conclu
sion is very probably true at 23°C, an alternative 
interpretation can be suggested for the results at 2° 
and 12°C. Thus, it should be noted that the hydrated 
samples were dried superficially, presumably at room 
temperature, before examination and that water will 
also be liberated by dehydration of the hexagonal- 
plate hydrates during the initial heating period in the 
DTA apparatus. It seems possible therefore that 
sufficient water may be present so that some C3AH6 
could form during the course of the preparation and 
DTA examination of the hydrated samples, and all 
the C3AH6 may be formed in this way in the samples 
hydrated at 2°C, and possibly also at 12°C, and not 
actually be present in the samples at low temperature. 
A similar explanation may also account for the appa
rent formation of C3AH6 at 2° and 12°C in later work 

by Feldman and Ramachandran (10) with C3A + 
CaSO4-2H2O compacts. There may therefore really 
be no conflict between the data of these authors for 
C3A compacts and the view that C3AH6 is unstable 
with respect to C2AH8 and C4AH19 at low tempera
ture.

In order to examine further the stability of C3AH6 
at low temperature, some additional tests have recently 
been made in which 1 g samples of C3AH6 were added 
to 100 ml water, or various lime solutions, at 1°C. 
After continuous shaking at 1°C for different periods, 
the reaction mixtures were filtered in the absence of 
atmospheric CO2, the filtrates analysed for CaO and 
A12O3, and an X-ray examination made on the solid 
phases while still moist with mother-liquor. The results 
are summarised in Table 1, and the final solution com
positions are plotted in Fig. 1, superimposed upon 
the solubility curves at 1°C given by Jones (5) on the 
basis of a re-interpretation of the data of Carlson (4).

The C3AH6 remained essentially unchanged after 
shaking for 7 days in water (mixes 1 and 2), and the 
solution compositions were near to the CaO/Al2O3 = 
3 composition line, indicating practically congruent 
solubility. However, at longer times of shaking up to 
35 days (mixes 3 and 4) there was partial transforma
tion of C3AH6 into C2AH8 (or possibly a “C2AH8- 
C4AH19” solid-solution composition) and the solu
tion concentration changed to that of the solubility 
curve TY for the “hexagonal-plate” solid solution. 
Conversion of C3AH6 into C2AH8 or C4AH19 also 
could not be detected at 7 days when C3AH6 was 
added to lime solutions of concentration up to about 
1.2 g CaO per litre (mixes 5-8), but the formation of 
C4AH19 was observed in saturated lime solution with 
excess crystalline Ca(OH)2 at 7 days (mix 9), though

Table 1. Composition of solid phases obtained by treatment of C3 AH6 with water and lime solutions at FC 
(I g C3 AHS in 100 ml solution)

No.
Initial CaO 

concentration 
(g/litre)

Time of 
shaking 
(days)

Molar ratio 
CaO/Al2O3 

in final 
solid*

Compounds identified in final moist solids from X-ray patterns

c3ah6
(5.1Ä)

c2ah3
(10.7Ä)

c4ah]3
(10.7Ä)

C3 A • CaCO3 
.11H2O 
(7.6Ä)

C4A»iCO2 
.12H2O 
(8.2Ä)

1 0 ■ 7 3.02 much trace little
2*» 0 7 2.98 much
3** 0 28 2.87 much somet
4 0 35 2.84 much muchf trace little
5 0.245 7 3.03 much trace little
6 0.490 7 3.04 much trace little
7 0.735 7 3.05 much trace little
8 1.225 7 3.09 much trace little
9 saturated*** 7 5.50 much muchtt little

10 saturated*** 39 5.53 much muchtf little

•Calculated from total initial composition of reaction mixture and composition of filtrate. 
**Freshly-prepared sample of C3AHfl used.

•••Excess CaO added and Ca(OH)2 present in final solid phase.
tRemains after drying at 81 per cent RH.

ttConverted to C4AH13(7.9Ä) after drying at 81 per cent RH.



Fig. 1. System CaO-AhOa-l^O at FC. Treatment of C3AH6 witk water and lime solutions

some C3AH6 still remained after 39 days (mix 10). 
With these reaction mixtures of C3AH6 in lime 
solutions, all the final solution compositions were 
near to the solubility curves TY and YV, the latter 
being for C4AH19. Even at 7 days in mixes 5-8, it is 
possible therefore that the hexagonal-plate hydrates 
were present in small quantities, insufficient for detec
tion by X-rays, and these may determine the solution 
compositions, though the quaternary carbonate hydra
tes present may also play some part. Small amounts of 
C4A-|CO2- 12H2O, and usually traces of C3A- 
CaCO3 •11H2O, were detected in all final solids, ex
cept for mixes 2 and 3 where a freshly prepared sample 
of C3AH6 was used. This carbonation may have mainly 
arisen from the use in most reaction mixtures of an 
old C3AH6 preparation, since the X-ray pattern of this 
preparation showed the presence of additional weak 
spacings at 7.9 A and 7.6 Ä, presumably from quater
nary carbonate hydrates. In as much as similar results 
were obtained with mixes 2 and 3 in comparison with 
mixes 1 and 4, it does not appear that the carbonate 
contamination has affected the rate of conversion of 
C3AHs in the continuously shaken suspensions. The 
transformation of C3AH6 into C2AH8 or C4AH19 
apparently does not occur very readily at 1°C, possibly 
because the latter hydrates precipitate as a protective 
coating on the C3AH6 crystals.

The above results are broadly similar to those 
obtained by Carlson (4) in his experiments on the 
solubility of C3AH6 in water and lime solutions at 
1°C, and the solution compositions are included for 
comparison in Fig. 1. It is seen that some of these 
solution compositions are near to the plotted solubi

lity curves, especially when the presence of “C2AH8” 
or “C4AH13” is indicated, but others differ markedly 
from these curves. In the latter cases, and perhaps 
aggravated by the intermittent shaking procedure, it 
is possible that the quaternary carbonate hydrates 
which are also present may be dominant, as a protec
tive coating, in determing the solution compositions.

In connection with the effects of carbonate contami
nation, it has been observed in other experiments that 
C3AH6 is decomposed in the presence of CO2 or 
CaCO3 in aqueous suspensions at 25°C and marked 
changes in solution composition then occurred. On 
the basis of an X-ray examination of moist solid pha
ses, it was indicated that treatment of C3AH6 suspen
sions in mother-liquor with increasing amounts of 
CO2 at 25°C resulted initially in the formation of 
C4A-|CO2 12H2O, then increasing amounts of 
C3A-CaCO3-llH2O and C4A4CO2-12H2O (or a 
similar solid-solution composition) were formed until 
the C3AH6 eventually disappeared, and subsequently 
hydrated alumina as well as calcite were precipitated. 
At the same time, the solution composition changed, 
and starting from a composition of about 0.56 g CaO 
per litre, 0.07 g A12O3 per litre in the presence of a 
little C4A-|CO2- 12H2O, the CaO concentration 
decreased slightly while the A12O3 concentration 
increased appreciably, reaching values of 0.39 g CaO 
per litre and 0.32 g A12O3 per litre. The solution com
positions in the presence of C4A-|CO2- 12H2O (or a 
similar solid-solution composition) thus followed a 
path approximately parallel to the solubility curve 
TY for “C2AH8-C4AH19” solid solutions obtained at 
25° by Jones and Roberts (11), and displaced to sligh-



tly lower CaO and A12O3 concentrations. It may be 
noted that these solution compositions are very simi
lar to those observed by Stein (12, 13) during the 
hydration of C3 A, with and without quartz, in aqueous 
suspensions at 25°C when increasing amounts of 
C3AH6 were being formed from the initially precipi
tated hexagonal-plate hydrates. It can therefore be 
suggested that, in spite of the precautions taken to 
obtain CO2-free conditions, these results may have 
been influenced by inadvertent carbonation and the 
resulting formation of C4A-jCO2-12H2O, rather 
than by a mechanism involving the alleged slower 
transformation of “C4AHn” then C2AH8 and the 
supposed precipitation of hydrous alumina, as indi
cated by Stein.

With the larger additions of CO2 to C3AH6 suspen
sions, when hydrated alumina and calcite were pre
sent together with C3A-CaCO3 llH2O and C4A- 
^CO2-12H2O, the solution concentration decreased 
to about 0.2 g CaO per litre, 0.08-0.10 g A12O3 per 
litre. A similar solution composition was also obtained 
when C3A • CaCO3 ■ 11H2O was treated with water at 
25°C, while in lime solutions of increasing concen
tration the A12O3 concentration decreased rapidly to 

practically nil at about 0.3 g CaO per litre and rema
ined barely detectable at higher lime concentrations 
up to saturation. The solubility curve of C3 A ■ CaCO3 • 
11H2O at 25°C appears to be very similar to that 
reported (11) for C3A-6H2O, but the latter hydrate 
should be more soluble than C3A CaCO3- 11H2O.

Similar effects of carbonation on the solution com
position to those described above at 25°C are to be 
expected at 1°C, and since small amounts of the qua
ternary carbonate hydrates were present in most of 
the reaction mixtures, some of the solution composi
tions reported may have been influenced by carbona
tion. However, although the results are not completely 
satisfactory in this respect, they support the conclusion 
that cubic C3AH6 is a metastable or unstable phase 
with respect to the hexagonal-plate hydrates C2AH8 
and C4AH19 at 1-5°C. The C3AH6 may also be un
stable in solution at temperatures up to about 15°C, 
as observed by Carlson (8), but further work seems to 
be needed to check this observation.
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Written Discussion

W. Dosch, H. Keller and H. zur Strassen

Synopsis

A low-temperature phase of CiAHjs was found below —15 C.
In solid solutions Ca2Al(OH)6[(l - ^)OH • yX] • aq the substitution rate y ranges in 

the complexes with carbonate from y = 0.25 to 0.5, with halides from 0.25 to 1 and with 
sulphate from 0.5 to 1, the basal distances being constant or nearly constant (CO3, Cl, Br) 
or with a slight shift of ~0.2 A (I. SO4). In reaction mixtures low in iodide, a phase built 
up by regularly interstratified layers of C4AH19 and the iodide-poorest solid solution was 
found, besides the separate phases. The halide complexes show a steeply increasing solubility 
of the’halide ion in the solid solution range, among the carbonate complexes the quarter 
carbonate has an extremely low solubility. .

The highest hydration stage of monosulphate (10.3 A 16H2O) is formed only when the 
crystals are well ordered. ,

C2AHx is formed like quaternary complexes by replacing the exchangeable OH in 
Ca2Al(OH)6OH aq by the anion Al(OH)j.

The presence of the exchangeable OH is essential for the sorption capacity of C4AHX for 
organic molecules.

This contribution deals with a new modification of C4AHX and with various aspects of 
the solid solutions Ca2A1(OH)6 (OH, X) ■ aq, where X means a monovalent anion or an 
equivalent part of a polyvalent anion. Numerous anions, chosen after crystallochemical or 
geometrical features, were embedded into the C4AHX—lattice, only the main results will be 
reported here. Furthermore, new results on hydration stages of monosulphate, on C2AH8 
and organo-complexes will be presented.

Low Temperature Modification of C4AH19

At room temperature, C4AH19 exists in two poly
types, «!- and a2-C4AH19 (1). Both modifications 
are built up by the same pseudocell, differing only in 
the stacking sequence of the elementary layers. By 
means of DTA and X-ray analysis, we found at low 
temperatures a modification of C4AH19, which has 
different dimensions of the pseudocell (2). The trans
formation

-15 ±2°C
a2-C4 AH!, *---------------> ß-C4AH, 9 

is reversible at —15 ± 2°C and was observed only 
with exceptionally well crystallized C4AH19. The lon
gest basal spacing of this “/?-C4AH19” is 10.42 Ä, 
the (110)—parameter enlarges from 2.88 A (a2- 
C4AH19) to 2.90 A. Further work will be undertaken 
to get more complete X-ray data and to establish the 
symmetry of the new phase. With lower hydration 
stages of C4AHx there was no corresponding thermal 
transformation observed which originated in dimen
sional changes of the pseudocell.

Solid Solutions Ca2Al(OH)6(OH, X) aq

Preparation

Quaternary derivatives of C4AHX were prepared 
with reaction mixtures of CaO, NaA102, H2O and 
the calcium or alkali salt of the wanted anion. These 
mixtures were shaken at room temperature for at 
least one week. The same results are obtained by ex
change of the outer OH’s in preformed C4AHX against 

the wanted anions (added as salts) using aqueous 
or nonaqueous suspensions (exchange reactions). It 
is possible to produce the quaternary complexes 
also by neutralization: Ca2Al(OH)6OH • aq + HX —> 
Ca2Al(OH)6X-aq + H2O, provided that the addition 
of the acid is extremely slow. This interlamellar sorp
tion process preferably is done in C4AHx-benzene 
suspensions.



X-ray Characteristics

Regarding a certain hydration state, quaternary 
complexes derived from C4AHX are characterized by 
distinct basal spacings. Generally the same basal 
spacings are observed with members of the solid 
solution series Ca2Al(OH)6(OH, X)-aq, however, 
some exceptions are noteworthy.

Constant Basal Distances

The C02-containing phases are of special interest 
with regard to cement hydration. Repeating an older 
work (3), we investigated once more the system C4AHX 
-CO2, the CO2-increments being this time more 
closer. We obtained the following results (Fig. 1):

The low carbonate phase (8.2 Ä) is the only reaction 
product when the substitution rate y has reached 
values between 0.25 and 0.3. The basal distance keeps 
constant (8.2 A) until y = 0.5. Exceeding amounts 
of CO2 produce monocarbonate (7.6 Ä) as a second 
phase and the 8.2 A-phase disappears gradually until 
at y = 1 monocarbonate alone is present. Our inves
tigations show, that the low carbonate phase (8.2 A) 
has a varying composition: Ca2Al(OH)6^(l — y)OH- 

y^j^-aq (y = 0.25 — 0.5). Within this tolerance 

both statements of Dosch and zur Strassen (3) (1/4- 
carbonate) and Seligmann and Greening (4) (1/2- 
carbonate) are reconciled.

A continuous range of solid solution formation 
was also observed with halogenes and other anions. 
In the case of Cl- and Br- complexes, a single phase 
Ca2Al(OH)6[(l — y)OH-y Hal]-aq was obtained, 

Fig. 1. Sequence of carbonate complexes 
Ca2Al(OH)6[(l -y)OH.y^3] aq

when y reached 0.25. The basal distance is almost the 
same as for the corresponding saturated complexes 
(y = 1) and does not shift significantly during further 
embedding of halogenes (Table 1).

Shift of Basal Distances

Examples for a distinct shift of the basal spacing 
with increasing replacement of OH by anions are the 
solid solution series with monoiodide (Table 1) or 
with monosulphate (Fig. 2).

When in the latter solid solution series the substitu
tion rate y is below 0.5C4AH19 and a sulphate bearing 
C4AHx (c' = 8.78 A) coexist. Above 0.5, there are 
only mixed crystals. With increasing sulphate content 
the basal spacings get longer. The rate of increase is 
at first great, then becomes smaller. The end member, 
monosulphate-12-hydrate, is characterized by the 
longest basal distance of 8.94 A, the total shift of the 
basal distances thus being about 0.2 A.

The slope of the first part of the curve, where basal 
spacings of specimens with molar ratios SO4_/A12O3 
below 0.5 are plotted, is reliable. But since the basal 
reflections of these specimens are weak and' broad, 
they are measurable less accurately than those of 
compounds rich in sulphate. It is assumed that ran
domly interstratified layers of C4AHX and 1/2-mono- 
sulphate are formed when the molar ratios SO1"/A12O3 
of the reaction mixtures are below 0.5. Since in these 
reaction products C4AH19 is present as a second phase, 
the ratio of C4AHX to sulphate containing layers 
cannot be determined.

Table 1. Solid solutions Ca2Al(OH)6[(l — y)OH-yHal]-aq 
All reaction mixtures contain 10 mmoles A12O3 (added as 
NaAlO2), 40 mmoles CaO and 400 ml H2O. The halides were 
added as sodium halides. '

. 1 Halide
Halide added

• ' mmoles

X-ray reflections 
of moist solid

c' (Ä) ■

Halide in 
. solution solid phase 
mmoles/1 , y

1 0.6 0.04 10.6 » 8.2t > 7.9
2.5 1.5 0.10 10.6 > 8.2f >7.9
5 1.8 0.22 7.92 »> 10.6

10 4.0 0.42 7.92
15 10.2 0.54 7.92
20 19.0 0.62 • 7.91
30 37.5 0.75 7.87
40 57.5 0.85 7.84

ftraces of low-carbonate phases

Br 1 0.3 0.04 10.6 > 8.2
2.5 0.5 0.12 10.6 > 8.2
5 0.2 0.24 8.19 > 10.6

10 3.5 0.43 8.19
15 11.0 0.53 8.19
20 19.2 0.62 8.19
30 40.2 0.70 8.18
40 54.0 0.92 8.17

I 2.5 2.0 0.08 10.6 >19.18 > 8.4 b
5 2.0 0.21 8.47 >19.18 > 10.6
7.5 3.0 0.32 8.55 > 8.14f> 20

10 6.2 0.38 8.58 $> 8.22t
15 12.5 0.50 8.62 »> 8.22f



substitution rate y
Fig. 2. Basal distances of solid solutions 

Ca2Al(OH)6[(l - y)OH.y^l]-aq

Regularly Interstratified Layers

Another type of solid solution formation was 
observed in mixed crystals Ca2Al(OH)6[(l — y)OH- 
yl]-aq (y = 0 — 0.25). The reaction products, when 
still moist with mother liquor, showed among other 
basal reflections (Table 1) weak, but sharp integral 
001—reflections, the longest basal spacing being 19.2 
Ä. This value originates from regularly interstratified 
sheets of C4AH19 (10.6 Ä) and sheets of monoiodide 
(8.62 Ä): 10.6 + 8.6 = 19.2. This regularly stratified 
structure is destroyed on drying or when more iodide 
—ions are added to the starting reaction mixture. 
Exceeding the substitution rate y = 0.25, only mixed 
crystals are present, the basal spacing of which shifts 
from 8.5 to 8.6 Ä, when half of the exchangeable OH 
is replaced by I.

Conclusions
We conclude, that in most cases of solid solution 

formation a certain low amount of embedded anions 
is sufficient to produce the basal spacing which is 
characteristic for a certain hydration stage of the 
corresponding saturated complex. Since under equal 
humidity and temperature conditions the basal dis
tances of the quaternary compounds are in most cases 
widely separated from those of C4AHX and since 
there are always integral series of 001—reflections 
observed, it is concluded, that the solid solutions 
are not composed of randomly interstratified layers 
of Ca2Al(OH)6OH aq and Ca2Al(OH)6X aq, or

Fig. 3. Solubility curves of solid solutions
Ca2Al(OH)6[(l -y)OH.yHall-aq

intergrowths of larger stacks of ternary and quater
nary compounds. The replacement of OH—ions by 
anions X takes place statistically on the surfaces of all 
Ca2Al(OH)6—principal layers. The resulting basal 
distance depends on the effective thickness of the 
anion X, but not on the total amount of exchanged 
anions. A minimum quantity, which is different for 
different anions, suffices to widen the elementary layers 
to the characteristic basal spacing of the quaternary 
complex. Further exchange of anions probably only 
has an influence on the crystal symmetry. But this 
picture is only a rough one, because it does not take 
into consideration the variation of the interlayer water 
during the sorption of anions by C4AHX.

The solid solution crystals are not very stable. Long 
storage or de- and rehydration cycles result in pro
ducts giving rather complex X-ray patterns. Part of 
them indicate irregular interstratified layers, others 
show separation into ternary and quaternary phases.

Sorption Equilibria

The solubilities with regard to the sorbed anions 



of the various complexes are very different. Extre
mely low solubilities have for instance the complexes 
with carbonate, sulphate, molybdate and uranate. 
C4AHx is, therefore, suitable for quantitative deter
minations of these anions or for the disintegration 
of salts and minerals, for example, calcite, coelestine 
and the like. Other quaternary complexes (for inst
ance those of chromate, permanganate, chlorate, 
nitrate, halides) are strongly dissociated in aqueous 
solutions.

In Fig. 3. there is the halide content in solution 
plotted against the substitution rate. The solid con
sists (Table 1) of one single phase when y reaches 
0.25. At lower contents of halide, there are two pha
ses, C4AH19 and the halide-poorest member (y = 
0.25) of the solid solution series.

In agreement with this the first part in Fig. 3 indi
cates a very low and nearly constant solubility of the 
anion. The slope of the solubility curve begins at 
y = 0.25, when the solid consists of one phase. Very 

high solubilities have the saturated compounds 
(y = i).

It was shown that an equimolecular mixture of 
calcite and tricalcium aluminate when shaken in 
aqueous suspension reacts by forming monocar
bonate hydrate (5). The same decomposition of calcite 
is obtained when shaken with tetracalcium aluminate 
hydrate (Table 2, reaction 1). This shows that the 
solubility of calcite is higher than that of the car
bonate complex. In the same way it can be demon
strated that the solubility with respect to the CO3— 
anion is still lower in the low carbonate solid solution 
phase. Monocarbonate hydrate is decomposed by 
tetraclacium aluminate hydrate to semicarbonate 
(reaction 2), the later by additional CO2—free phase 
to quarter carbonate (reaction 3). Monocarbonate 
and quarter carbonate react to semicarbonate (reac
tion 4). It is noteworthy that these transformations 
take place in spite of the extremely low solubility of 
the phases.

Table 2. Reactions in aqueous suspension demonstrating the decreasing solubility 
of the carbonate complexes with decreasing carbonate content.

1. -y CaCO3 + Ca2Al(OH)6OH. aq
calcite C4AHX

2. Ca2Al(OH)/f^hJ. aq + Ca2Al(OH)6OH. aq

monocarbonate C4AHX
3. Ca2Al(OH)6^yOH.y ^y ]-aq + Ca2Al(OH)6OH.aq1

semicarbonate C4AHX
4. Ca2Al(OH)Gpy2jaq + 2Ca2Al(OH)6[^-OH.-l- ^]-aq

monocarbonate quarter carbonate

Ca,,AI(OH)fl^fVäJ.aq + d_Ca(OH)2 

monocarbonate
—» 2Ca2AI(OtI)gVl oH.y Cff-J.aq 

semicarbonate
2Ca2Al(OH)6[-7OH.^-^].aq 

quarter carbonate
-A. 3Ca2AI(OH)r£-l oH.y -y'J.aq 

semicarbonate

Hydration Stages of Monosulphate Hydrate

Much uncertainty still seems to exist about the 
hydration stages of monosulphate. The following 
results (6) were obtained:

All de- and rehydration processes were followed 
stepwise by X-ray analysis, using a humidity and 
temperature controlled specimen cell. From reaction 
mixtures prepared above 10°C, 9.5 Ä—monosulphate 
(14H2O) is obtained. At room temperature and 95 % 
r.h. this phase dehydrates to the 12—hydrate (8.9 Ä), 
which exists within the range of 95% r.h. to 20% 
r-h.. Below 20% r.h. monosulphate-10-hydrate 
(8.15 A) is formed. Over P2O5 and at temperatures 
between 30 and 50°C two more molecules of inter
layer water are splitt off. This phase has a basal spac
ing of 7.95 Ä. At room temperature it rehydrates 
rapidly at relative humidities below 1 % to the 10— 
hydrate (8.15 A). The latter phase rehydrates to the 
8.9 A—monosulphate at 30% r.h., 25°C. Further 

rehydration to the 9.5 A—phase is possible in 100% 
r.h. at temperatures above 55°C. This phase converts 
to the 10.3 A—phase, when the sample is cooled to 
below 8°C. Rising the temperature, 9.5 A—mono
sulphate again is obtained. Not all preparations of 
monosulphate showed the re- and dehydration process 
forming the 9.5 A and 10.3 A—product. However, 
this conversion was always found with monosulphate 
which was prepared at temperatures around 0°C 
and which was X-rayed when still moist with mother 
liquor. Apparently only well ordered crystals—slowly 
grown at low temperatures—are able to de- and rehy
drate at 8°C. We estimate the water content of the 
10.3 A—phase to be 16.

There is another example which indicates that some 
quaternary complexes of C4AHX must be of high 
crystalline orderliness to get their highest possible 
hydration stage: Foret (7) described the compound 



C3A Ca(NO3)216H2O, no X-ray data were given. 
Examining the solid solution series Ca2Al(OH)6(OH, 
NO3)-aq we obtained the 16—hydrate (c' = 10.39 A) 
only when the substitution rate y in the solid exceeded 
0.75.

Since the H2O dipoles are oriented not only to the 
octahedral OH’s of the principal layer Ca2Al(OH)6 

but also to the embedded anions, we conclude, that 
a high order of the anion arrangement is necessary 
to admit the formation of additional H2O layers, 
especially double layers of H2O with or without par
ticipation of anionic oxygens. Lower hydration stages 
are far more tolerant of disordered crystals.

C2AH8, a Derivative of C4AHX

Among the numerous anions which are sorbed by 
C4AHx, there is also Al(OH);. This anion is of special 
interest since the interlamellar exchange of OH by 
Al(OH); in C4AHx results in a compound which has 
the chemical composition of C2AHX:

Ca2Al(OH)6OHaq + Al(OH);
—> Ca2Al(OH)6Al(OH)4.aq + OH"

Indeed, our expectation to get C2AHX by this reaction 
was realized. According to that, C2AHX could be 
nominated “tetracalcium aluminate monoaluminate 
hydrate”.

Our experiments were carried out using well cry
stalline C4AHx (average diameter 70/z) which was 

suspended in a concentrated alkaline NaAl(OH)4 
solution. Since in a strongly alkaline medium at room 
temperature the conversion of C4AHX to C3AHS 
takes place readily, temperatures around 0°C had to 
be employed. The innercrystalline sorption of A1(OH)4 
is performed within 12 hours. One could argue that 
C4AHx disintegrates to form with A1(OH)4 new cry
stals of C2AHx. But samples, which were examined 
at intermediate times during the sorption process did 
not exhibit any signs of decay. The C2AHS (c' = 
10.7 A) formed this way is distinguishable from 
C4AH19 (c' = 10.7 A) by X-ray analysis only by its 
behaviour on dehydration.

Sorption of Organic Material by C4AHx

Until recently, we were not informed that Lavanant 
and Barret (8) were the first who found an organic 
sorption compound of C4AHX. However, the authors 
succeeded only to prepare a complex with methanol. 
Having no success with gaseous ethanol and benzene, 
they did not pursue such experiments.

Among cement hydration products, only C4AHX 
seems to possess the capability of innercrystalline 
swelling on the addition of organic substances, 
although the other hydration products partly form 
various hydration stages (9).

Esters, fatty acids and other acids are generally 
rapidly saponified by C4AHX. Recent IR-examinations 
have shown, that fatty acids are bonded as anions, 
there is no ester—like bond to the C4AHX—layers as 
was formerly supposed (10).

Free lime in cements is determined by the Franke 
method, using acetoacetic ester. At room temperature, 
this reagent violently disintegrates C4AHX, Ca-enolate 
and aluminium hydroxide being the reaction products. 
Therefore it is obvious that the Franke method is not 
applicable in the presence of C4AHX. Except calcium 
silicate hydrates, other products of cement do not 
react with acetoacetic ester.

Inorganic derivatives of C4AHX like monosulphate, 
Friedel’s salt do not interlamellarly adsorb organic 
molecules. But solid solutions with C4AHxin which the 
exchangeable OH is only partially replaced by inor
ganic anions are capable to absorb organic molecules, 
though this process is rather complicated because 
partial decompositions into inorganic and organic 
derivatives of C4AHX take place. From this follows, 
that the sorption of organics is based on the existence 
of the exchangeable OH in Ca2Al(OH)6 • aq (9).

It must be pointed out, that there are two types of 
derivatives of C4AHX, which are capable to swell 
one-dimensionally with organic substances:

a) Inorganic derivatives of C4AHX containing 
anions which due to a certain electron configuration 
are able to fix organics. An example for this case is 
the quaternary complex Ca2Al(OH)6Ni(CN)4-aq. 
Because of steric hindrances, only small molecules 
like methanol, formamide, acetone, pyridine are 
absorbed (2).

b) Alkali-monosulphate, though more widely dif
fering from C4AHx, is the other compound showing 
sorption properties for organic molecules. In this 
compound, alkali cations which are situated between



negatively charged elementary layers are replaceable layer silicates (9). 
by alkylammonium cations, analogous to mica-like
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Oral Discussion do not Support the structure of Bezjak and Jelenic

Alice E. Moore and Harry F. W. Taylor

We have determined the crystal structure of ettring
ite by single-crystal X-ray methods, and our results

Fig. 1. General features of the structure. A, Projection along c, showing the outlines of the columns (//) 
and of the sulphate groups (S). B, One of the columns in greater detail, also projected along c. p, Al3+ 
ions at z = 0 and | {coincident in projection'); q and r, Ca2+ ions at z = | and |, respectively. Unlabelled 
circles represent either OH" ions {co-ordinated to both Al3+ and Ca2+) or H2O molecules {co-ordinated 
only to Ca2+ within the columns'). Ca-O bonds at z > | are shown with full lines, and those at z < I 
with broken lines. All the z-coordinates are given as fractions of the height of the pseudocell {10.72 A). 
Reproduced, by permission of the editor and publishers, from ref. (2).
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(1) which is mentioned in the Principal Paper. We have 
reported preliminary results elsewhere (2), and have 
since refined the structure further using three-dimen
sional methods to give an R-factor of 0.11 for about 
700 independent reflections. ■

The true space group is P31c and the apparently 
hexagonal symmetry of some crystals must be attri
buted to disorder. The structure (Fig. la) is based on 
columns, of empirical composition [Ca3-A1(OH)S- 
12H2O]3+, running parallel to the c- or needle axis. 
In the channels between these columns occur the sul
phate ions and remaining water molecules. Fig. lb 
shows the structure of an individual column. Each Al3+ 
ion is octahedrally coordinated by hydroxyl ions, 
and each Ca2+ ion is 8-coordinated, by 4 hydroxyl 
ions and 4 water molecules. The Ca2+ and Al3+ 
polyhedra share edges. The surface of the column is 

formed by the H2O molecules, and it is reasonable to 
suppose that the net positive charge of the column is 
distributed, more or less uniformly, among the hydro
gen atoms of these water molecules.

Considering now the material in the channels, 
refinement of site-occupancies suggests that there are 
1.5H2O molecules per 380^ ions, thus indicating 
the composition Ca6[Al(OH)6]2(SO4)3-25^H2O, or 
C3A-3CaSO4-31|H2O, for ettringite. The contents 
of each channel follow the sequence SO4-SO4-SO4- 
1.5H2O, where the latter term represents a mean 
of 1.5H2O molecules distributed statistically among 
3 sites disposed symmetrically around the axis of the 
channel.

Further refinement is in progress and is beginning 
to show the positions of the hydrogen atoms.
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Authors’ Closure

Hans E. Schwiele and U. Ludwig

Roberts states in his paper that there is some evi
dence that C3AH6 is not the only stable pure calcium 
aluminate hydrate under normal conditions of tem
perature and pressure in the system Al2O3-CaO- 
H2O at temperatures below 20°C.

We are in the opinion that it is very difficult in time 
to give a clear answer on this question. There is a lot 
of work stating the stability of C3AH6 at low tempera
tures and there are too experimental data from which 
we can derive instability and formation of C2AH8 
and C4AHi9. But when instability was found mostly 
there was found some impurity of CO2 and in this 
case we have not the pure ternary system. From our 
own work we know, that it is not very easy to produce 
pure C3AH6 without any unhydrated C3A, that could 
form afterwards C4AH19 together with Ca(OH)2. 
Together with Roberts we think that this is still a pro
blem and further experimental work seems to be 
needed.

Dosch, Keller and zur Strassen gave in their paper 

some new data of the tetracalcium aluminate hydrate 
and the complex salts which can derived from it. We 
took care of this results already in our oral presenta
tion of principal paper and appreciated the authors 
to their new data, specially the conversion of C4AH19 
at — 15°C, and the explanation of the formation of 
complex salts by replacing exchangeable OH in 
Ca2Al(OH)6OH-aq and given boundary of the 
substitution rate of complex salts with CO3, halides 
and SO4.

A. E. Moore and H. F. W. Taylor gave a new space 
group for the crystal structure of the ettringite with 
P31cl This new space group is not only in contrast 
to the work of Bezjak and Jelenic but is also a correc
tion of the former work of Bannister, Hey and Bernal.

The given composition of the ettringite with 
Ca6(Al(OH)6)2(SO4)3-25|H2O is in good agreement 
with our measurement of dehydration of ettringite that 
shows two endotherm peaks at about 60° to 200°C 
and 200° to 300°C with minima at 130° and 260°C.

The R-factor of 0.11 for about 700 reflections shows 
the accuracy of the given work. We are very much 
interested in the last details of the new structure of 
ettringite the authors announced.
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Supplementary Paper 11-14 Quaternary Calcium Aluminate Hydrates: 
Crystal Structure of Calcium Aluminate Monobromide Hydrate

Francois Le Bel and Guy Grasland*

*Ciments Lafarge, Paris, France.

Synopsis

Quaternary calcium aluminate hydrates, belonging to one or other of two series of 
compounds with formulae:

Ca2Al(OH)6 X-nH2O or [Ca2Al(OH)6] 2¥ nH2O
(X and Y being respectively mono and divalent anions), are discussed. Synthesis methods used 
for monocrystal preparations are described.

The structural data concerning the calcium aluminate monobromide hydrate are given; 
the compound is trigonal (R3), the triple hexagonal cell includes three Ca2A1(OH)6 Br • 2H2O 
units, its parameters are:

a = b = 5.76 Ä c = 24.45 Ä
A structure determination obtained from 145 independent reflexions leads to a R index of 
0.20. New intensity measurements associated with absorption corrections are being made to 
obtain a more precise determination of the structure.

The structure can be described as follows: Ca2+ and Al3+ ions, located in octahedral 
sites existing between two hydroxyl group layers are surrounded by six OH-, polyhedrons of 
coordination having a common edge. Water molecules layers are found on both sides of the 
hydroxy-layers, the neighbouring of each Ca2+ ion is so completed with one water molecule. 
The Br- ions are surrounded by six water molecules belonging to two successive layers.

A comparison is made with structure hypothesis formerly given.

Introduction

Present knowledge concerning the structure of 
hydrated calcium aluminates is very limited. This 
blank arises from the fact that it is very difficult to 
obtain single crystals of proper size, making possible 
direct analysis by X-ray diffraction.

At present, the only well-known structure is that 
of C3AH6. It was assessed by analogy with that of 
the glossularite C3AS3, by Flint, Wells and Mac- 
Murdie (1), and recently further specified by Weiss, 
Grandjean and Pavin (2).

The hydrocalumite, a natural mineral close to 
C4AH13, was the subject of a research on single cry
stals by Tilley, Megaw and Hey (3): however, the 

structure is still poorly understood.
Bezjac and Jelenic (4) recently presented a descrip

tion of the structure of the ettringite, the work being 
carried out on powder photographies.

Studies on single crystals permitted Kuzel (5) to 
give crystal space groups and the unit cell of several 
calcium chloro and sulfoaluminates.

Lastly, many theories were proposed concerning the 
structure of the various hydrated calcium aluminates, 
in particular: Brandenberger (6); Tilley, Megaw and 
Hey (3); Bessey (7); Buttler, Dent Glasser and Taylor 
(8); Grudemo (9); Feitknecht and Buser (10).

The present work concerns the direct assessement 
of the structure of hydrated calcium monobromo
aluminate, by X-ray analysis on single crystals.



Foreword

The hydrated calcium bromoaluminate C3A- 
CaBr2- 10H2O, belongs to the series of hydrated qua
ternary calcium aluminates. These compounds con
form to the general formula C3A‘CaX2-nH2O or 
C3A-CaY nH2O, X being a monovalent anion and 
Y a divalent anion. The series of these bodies was 
mainly studied by Buser (11). Chloroaluminates (X = 
Cl”) sulfoaluminates (Y = SO42-), carboaluminates 
(Y = CO32-), compounds encountered in the hydra
tion of cements, were particularly studied, as well as 
“hexagonal” aluminates to this series, with respective 

anions A1(OH)4 and OH'.
All these compounds present strong analogies, both 

by their crystallography (hexagonal facies of crystals, 
hexagonal parameter close to 5.7 Ä..) and by their 
physical properties (easy cleavage parallel to 001, 
behaviour on dehydration, phyllitous nature ...).

The choice of the calcium bromoaluminate within 
the series of these compounds was guided on one hand 
by the presence of the “heavy” bromine atom, on the 
other hand by the possibility of producing single 
crystals.

Preparation of Single Crystals

The hydrated calcium bromoaluminate C3 A • CaBr2 • 
10H2O can be produced as single crystals using the 
method described by H. W. Buser (11). This method 
uses the slow diffusion of a solution A, containing 
A1(OH)4' and OH' ions, and of a solution B, contain
ing Br' ions, into a third solution C, which may be 
either water, or a solution containing Br'ions. Accord
ing to the strengths of the three solutions A, B and C, 
the quality of crystals varies. The best conditions 
were obtained with:

Solution A(250 cm3)
A1(OH)4: 0.05M; OH" 0.1M; NaBr 0.6M 
Solution B(250 cm3)

CaBr2: 0.1M; NaBr 0.4M
Solution C(500 cm3)
NaBr: 0.6M

Crystals produced in this way appear as hexagonal 
plates 40 microns thick and 400 microns wide.

We also obtained single crystals by hydrothermal 
synthesis from lime, alumina and calcium bromide. 
A similar method was used by Friedel (12), who ob
tained crystals of calcium chloroaluminate; similarly, 
H. J. Kuzel (13) used this method to produce single 
crystals of chloro and sulfoaluminates. However 
synthesis remained smaller than that of diffusion 
crystals.

Structure of the Hydrated Calcium Bromoaluminate

This structural study was carried out in cooperation 
with Prof. Weiss’s laboratory, of the Strasbourg 
University.

The X-ray diffraction study (powder diagram, 
rotating crystal, Weissenberg camera) indicates that 
the hydrated calcium bromoaluminate is rhombohe- 
dral. The parameters of the triple cell are a = b = 
5.16 X, c =24.45 Ä; it contains 1.5C3A-CaBr2- 
10H2O units or, more precisely, three Ca2Al(OH)3Br, 
2H2O units.

The only symmetry element is a ternary axis; the 
condition for the existence of reflections is — h + k + 
1 =3n.

Thus, possible space groups are R3 and R3. The 
structure leads to the assumption of the R3 group.

The intensities of 145 independent reflections were 
recorded on Weissenberg camera, using CuKa- 
radiation. A first determination of the structure was 

made, leading to a quality factor R of about 0.20.
With such value, it is not possible to assert the 

accuracy of the structure; it can be explained by 
the high radiation absorption. At present, the inten
sities of about 500 independent reflections were mea
sured with a Philips automatic diffractometer, using 
MoKa-radiation. Moreover, absorption corrections 
are now in progress, which will allow a greater accu
racy.

In the present state of our knowledge, the structure 
can be described in the following way. (see Figs. 1, 2 
and 3.)

Br, Ca, H2O atoms are in special positions 00z 
of the R3 group, hydroxyl groups being in general 
xyz position. Ca2+ and Al3+ ions are located in octa
hedral cavities between two layers of hydroxyl groups. 
Each aluminium atom is thus surrounded by six 
hydroxyl groups, the same holding for each calcium
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Fig. 1. Ca2Al(OH)6Br-2H2O General view of the structure (| of the cell)

c

Fig. 2. Ca2Al(OH)6 Layer: (001) projection Fig. 3. CajAlCOH)^ Layer: (110) projection



atom. Coordinating polyhedrons have a common 
edge. Between hydroxyl layers there are two calcium 
atoms for one aluminium atom. Water molecules are 
located on both sides of these layers. The surrounding 
of each Ca2+ ion is thus completed by one water 
molecule.

Water molecules form layers parallel to hydroxyl 
layers. Bromine atoms are located between these 
layers, each Br" being thus surrounded by six water 
molecules.

The structure is of the ionic type, and it can be 
easily shown to follow Pauling’s rules.

Discussion of the Structure

Owing to the structure, we think it better to write the 
formula of the bromoaluminate as Ca2Al(OH)6Br- 
2H2O. More generally, hydrated quaternary calcium 
aluminates should then be written:

Ca2Al(OH)6X nH2O or [Ca2Al(OH)6]2Y-nH2O

Such writing is more representative of the proper
ties of these compounds, as it lays stress on the 
hexacoordinance of aluminium and marks hydration 
water molecules.

The octahedral surrounding of aluminium is cor
roborated by the work of Fripiat (14) who showed an 
hexacoordinance of aluminium in Ca2Al(OH)6- 
3H2O(C4AH13) and in [Ca2Al(0H)6]2C03-5H2O 
(CjACaCOjHjJ by measurements of X-ray emission 
wave length. Similarly, in C2AHg, half of the alumi
nium is hexacoordinated and the other half tetracoor
dinated, which is properly expressed by the formula: 

Ca2Al(OH)6Al(OH)43H2O.
The dehydration of the bromoaluminate conduces 

to the loss of two water molecules at approximately 
180°C. This, in turn, produces a shortening of the c- 
axis which, according to Buser, changes from 8.1 
to 7.15 Ä.

The layer arrangement of water molecules and the 
relative weakness of the linking with the anion are in 
accordance with the easiness of cleavage parallel to 
001.

The presence of the anion between layers explains 
the variations of the c-parameter in connection with 
the anion size (H. W. Buser) (11).

The works of Michel (15) and Buser (11), as well as 
our own experiences, indicated that it was very easy 
to carry out anion exchanges in quaternary aluminates; 
likely, this feature can be explained by the compara
tively weak linking with the anion.

Previously Proposed Structures (Assumptions)

A review of previous theories about the structure 
can be found in Taylor’s work (16).

We shall not go into the details of these assump
tions, the only one close to that established by us for 
the calcium monobromoaluminate being that of But
tler, Dent Glasser and Taylor (8).

However, we can say that:
The structures proposed by Tilley (3) and Bessey 

(7) consider the substitution of H2O to some Ca2+ 
ions in octahedral layers, and are inconsistent with a 
parameter remaining unchanged during dehydration.

The structure proposed by Grudemo (9) contradicts 

the hexacoordinance of aluminium.
The structure proposed by Buser (10-11) differs by 

the position of Al3+ ions, outside octahedral layers.
As to Buttler’s assumption (8), recently modified 

by Dosh (17), it is very similar to that established for 
the bromoaluminate, owing to the existence of the 
octahedral layer Ca2Al(OH)6; the difference is mainly 
due to the fact that OH' anion is assumed directly 
linked to the octahedral layer while, as we already 
saw, the Br" anion is located between water mole
cule layers. Possibly, this difference may be explained 
by the size difference between Br" and OH' anions.

Conclusion

The production of single crystals permitted the 
direct assessment of the structure of the hydrat
ed calcium monobromoaluminate Ca2Al(OH)6B2 • 
2H2O.

This structure is in accordance with several charac
teristics common to this compound and to the group 
of quaternary aluminates. It is essentially characteri
zed by the existence of a double layer of hydroxyl 



ions, containing calcium and aluminium atoms; 
anions are located between the layers of water mole
cules linked to the calcium.

Among previous theoreis, the structure proposed 
by Buttler, Dent Glasser and Taylor (8) is the nearest 
to our interpretation.

Addendum

It is only after completing the writting of this 
publication, that the work by Ahmed and Taylor 
(18), concerning the structure of a compound offering 
similitudes with 4CaO-Al2O3- 13H2O, was known to 
us.

There is a very strong analogy between the struc
ture of the said compound and that of bromoalumi

nate. Indeed, one may observe an octahedric layer 
Ca2Al(OH)6 and the presence of anions between two 
layers of water molecules. Calcium environment is 
actually completed to 7 by those water molecules.

A thorough comparison will be interesting when 
both of said structures will be definitely settled.
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Supplementary Paper 11-15 Contribution to the Study of Complex Aluminates: 
Hydrated Calcium and Magnesium Monocarboaluminates

Gerard Sadran and Bernard Göttin*

Synopsis

The authors have pointed out the existence of a series of calcium and magnesium 
aluminate monocarbonate hydrates derived from calcium aluminate monocarbonate hydrate 
by substitution from 0 to 95 % of calcium by magnesium.

The analysis of these compounds conforms to the following formula:
[MgxCa2_xAl(OH)6]2CO3 • 5H2O

x varying from 0 (calcium aluminate monocarbonate hydrate) to 1.90.
These products have been prepared synthetically. Their X-ray patterns closely resemble 

the calcium aluminate monocarbonate pattern, except for high degrees of substitution in 
which case the principal lines only remain and are very much broadened.

The authors have ascertained that calcium and magnesium aluminate monocarbonate 
hydrates appear during the hydration of mixtures of aluminous cement and magnesium 
hydroxycarbonate. Their formation is effected from the hydrates usually precipitated during 
the set of aluminous cement: CaO-Al2O3 •10H2O and 2CaO-A12O3 •8H2O. This forma
tion is the result of a topochemical reaction, since no previous dissolution of the magnesium 
carbonate is observed. The reaction is easier using a carbonate with a large surface area.

The initial aim of this work was to state the particular conditions liable to promote 
the abundant crystallization of hydrated monocarboaluminate, both in the conditions of 
crystal synthesis and in pure pastes, mortars or concretes of aluminous cements. In fact, 
it is well known that, in usual conditions, this phase is very often present, but in limited 
amount, and that it is very difficult to increase its importance.

Further we were led to extend this research to the possibilities of isomorphic substitu
tion between calcium and magnesium within the monocarboaluminate.

The existence of calcium and magnesium monocarboaluminate according to the for
mula 3CaO- A12O3 CaCO3 • 11H2O was considered as likely by G. E. Bessey (1) as early as 
1938. This body was further synthetically produced by R. Turriziani and G. Schippa (2) 
and its properties were studied by many authors using X-ray diagrams, differential and 
gravimetric thermal analysis crystal parameters

The formation of hydrated calcium monocarboaluminate was observed during the 
air-carbonation of alumina and lime solutions (R. Turriziani and G. Schippa (2)—E. T. 
Carlson and H. A. Berman (3)) and of specimens of pure aluminous cement paste (G. Schippa 
(4)).

It was also observed during the hydration of anhydrous calcium aluminates and of 
portland or aluminous cement, in the presence of finely ground calcite: J. Farran (5)— 
T. Manabe, N. Kawada and M. Nishiyama (6)—Budnikov, Kolbasov and Panteleev (7).

These authors, as well as J. Farran (8) noted the coming out of an hydrate similar to 
the calcium monocarboaluminate by hydration of portland cement and of anhydrous 
calcium aluminates in the presence of dolomite or of magnesium carbonate.

In the presence of anhydrous carbonates such as CaCO3 or CaMg(CO3)2, the forma
tion of monocarboaluminates is a real fact, but this mineral appears only in small amounts 
and always accompanied by the other types of hydrated calcium aluminates: CaO • A12O3 • 
WH2O-2CaO • A12O3 • 8H2O-3CaO • A12O3 ■ 6H2O—and 4CaO ■ A12O3 ■ nH2O.

On the other hand, we observed that the reaction of anhydrous calcium aluminates or 
of their solutions, with hydromagnesite according to the formula 3MgCO3 • Mg(OH)2 -3H2O 
permitted the formation of very large amounts of monocarboaluminate, and even a com
plete reaction, the monocarboaluminate in such conditions becoming the only hydrated 
calcium aluminate present in the medium.

♦Centre de Recherches de la Jonchere-Cote de la Jonchere, Ciments Lafarge, Paris, France,



Synthesis Conditions

We realized the production of hydrated monocar
boaluminate by stirring a solution of lime and alumina, 
of molecular ratio CaO/Al2O3 = 3 in the presence of 
hydromagnesite. We selected this ratio because we 
hoped to obtain a monocarboaluminate by fixation 
of lime and alumina on the magnesium carbonate.

This solution (2.7 liters at 1130mg/l of CaO and 
690mg/l of A12O3) was obtained by adding 1.7 liter 
of a saturated lime solution to one liter of aluminous 
cement filtrate.

Stirring was carried out at room temperature, in 
5-liter flasks, in the presence of increasing amounts of 
hydromagnesite, from 0.5 to 6 grams. In order to sim
plify, we shall denote by An the result of the stirring 
operation in the presence of n grams of hydromagne
site. Aj.j corresponds to the amount of hydromagne

site just required for total combination with the lime 
and the alumina of the solution, resulting in an hydra
ted calcium and magnesium monocarboaluminate of 
assumed formula:

3CaO ■ A12O3 • MgCO3 ■ xH2O

After one week of stirring, the precipitate was fil
tered on sintered glass, dried by acetone washing 
followed by ether-washing, analysed and X-ray 
tested.

Simultaneously, we made a reference preparation 
of hydrated calcium monocarboaluminate, according 
to the method developed by R. Turriziani and G. 
Schippa (2). We shall denote by T. S. the result of 
this preparation.

Study of Resulting Products

X-ray Analysis

The study of obtained diffractograms indicates that 
for A, 5 stirring, resulting spectra are that of pure 
hydrated calcium monocarboaluminate. The only 
impurity, unnoticeable by this method, appears by 
differential thermal analysis: a small amount of 
Mg(OH)2 brought by the hydromagnesite.

For lower amounts of hydromagnesite, the mono
carboaluminate is mixed with hydrated dicalcium 
aluminate, the Ao stirring giving practically pure 
2Ca0-Al2O3-8H2O. Ao 5 stirring moreover indicates 
the presence of a body at 8.2 A and 4.1 A, correspond
ing to a solid solution of 3CaO-A12O3-Ca(OH)2aq 
(or 4CaO-Al2O3aq) and of 3CaO- A12O3 CaCO3aq, 
according to W. Dosch and H. zur Strassen (9).

For higher hydromagnesite amounts, the mono
carboaluminate is in the presence of CaCO3, the 
proportion being the higher as the hydromagnesite 
at the onset is more important. However A6 stirring, 
except for calcite lines, only gives highly broadened 
lines, corresponding to the strongest lines of the 
hydrated calcium monocarboaluminate.

Table 1 gives a summary of our results. Figures 
are proportional to the heights of the lines of the 
various bodies obtained, being understood that these 
heights are not rigorously proportional to concentra
tions, owing to preferring orientation. Nothing in the 
position of lines, or in their relative intensities, per
mits a discrimination between obtained calcium
magnesium products and purely calcium monocar

boaluminate, the diagram of which was given by 
various authors.

Thermal Analysis

The dosing by ponderance thermal analysis of the 
various constituents was not possible because water, 
hydroxyl and CO2 losses are not enough differentiated 
and take place continuously.

On the other hand, the differential thermal analysis, 
in an air atmosphere, enabled us to corroborate and 
complete X-ray tests, as shown in Table 2. According 
to the stirring type, one notes the presence of endother
mic peaks characteristic of hydrated dicalcium alumi
nate, of hydrated magnesia Mg(OH)2, of calcium 
carbonate and of hydrate monocarboaluminate. This 
latter presents the same endothermic peak at 200°C 
as the hydrated calcium monocarboaluminate and is

Table 1. Synthesis of hydrated monocarboaluminates 
X-ray diffraction lines intensities

Monocarbo
aluminate

7.6 A

2 CaO 
ALO3
8 H2O
10.8 Ä

Compound

8.2 A

Calcite

3.035 A

Aragoute

3.396 Ä

Mg(OH)8

2.365 A

Aq 450
Af) 5 110 370 115
Ai 360 45
Ai.s 450 €
Ag 360 35

330 40 15
A3 400 60 55
A6 50 broadened 400 30



limed with 2CaO'AlA- 8Hi° or CaCO» aecorditlg 
to the aiao'unt of hydlromaignesite at the onset, '

The emdothermic peak at 3to°C, corresponding to 
the dehydration of Mg(OH)z, is proportional to the 
weight of hydromagnesite used in the various stirring 
conditions. The magnesium hydroxide, present in the 
hydromagnesite at the onset did not react and is found 
unchanged in precipitates,

Chemical Analysis

The chemical analysis of precipitates, after acetone
ether washing, are reported in Table 3.

The knowledge of the phases present in these pre
cipitates, determined by X-ray tests and by differential 
thermal analysis, permits the computation of the 
relative proportions of these phases and an approxi
mate analysis of obtained hydrated monocarboalumi
nates, with the use of following assumptions:

—the molecular ratio CO2/A1ZO3 of these mono
carboaluminates is 1.

—the basic portion Mg(OH)z of the hydromagnesite 
did not react, and is found unchanged in precipi
tates.

The results of these computations are presented in 
Table 4; they do not present any incompatibility with 
X-ray tests and differential thermal analysis. The 
various molecular ratios of monocarboaluminates are 
shown in Table 5. (CaO + MgO)/Al2O3 and MgO/

A1zO3 are respectively about 4 and 11-12, except for 
Ao.} stirring, for which we already indicated that 
X-rays showed the formation of an hydrate at 8.2 Ä, 
for which we did not make allowance in our computa
tions. .

Conclusions

Our results permit us to say that a substitution is 
possible between MgO and CaO in the monocarbo
aluminate formula, and to assume, for all these pro
ducts, a general formula

[Ca2_xMg,Al(Oll)6]2CO3 -5-6HzO

where x varies from 2 to 0, showing that this substi
tution can take place in any proportions.

Thus we have a continuous series of hydrated cal
cium and magnesium monocarboaluminates, one pole 
of which is the calcium monocarboaluminate (for 
which x = 0).

X-ray spectra of these hydrated calcium and magne
sium monocarboaluminate are identical with that of 
hydrated calcium monocarboaluminate, at least up 
to 50% of substitution of MgO to CaO. For higher 
degrees of substitution, the product is not so well 
crystallized and shows only the highly broadened 
main lines of the monocarboaluminate.

The formation of calcite or aragonite, on stirring 
in the presence of more than 1.5 gram of hydroma-

Table 2. Synthesis of hydrated monocarboaluminates heights of 
endotherms observed by differential thermal analysis

Mouocarbo- 
aluminate 

200°
2CaOA$2Oa8HsO Mg(OH)2 

380°

CaCO3 
around 

800°100° 185° :H0°

Aq 0 55 10 35 0 0
A0.5 80 25 5 20 0 0

105 5 e 15 0
Af 5 85 20 0
A2 75 » 30 10
A2.5 70 30 15
A3 45 45 25
A6 very broad 105 90T.S. 120 0 0

Table 3. Synthesis of hydrated monocarboaluminates 
chemical analysis of precipitates

CaO MgO A1A co2 h2o
Aq.5 33,90 3.45 19.05 4.05 38.80
A1 32.20 6.00 18.50 7.35 36.10
AL5 31.00 7.30 17.85 7.70 36.15
A2 30.30 9.60 15.60 8.65 35.35
A2.5 29.10 11.45 14.50 11.50 32.50
^^3 28.45 13.50 13.55 13.60 31 25
A6 24.15 21.25 9.00 22.20 22 00T.S. 38.60 0 17.60 7.65 35.45

Table 4. Synthesis of hydrated monocarboaluminates 
computed composition of precipitates

2CaO
A1A 
8H2O

CaCO3 Mg 
(OH)2

Hydrated monocarboaluminate

CaO MgO A1A co2 HgO

A0.5 33.95 0 1.60 23.25 2.35 9.40 4.05 24.65
A1 5.25 0 2.90 30.55 4.00 17.00 7.35 33.10

** 0 0 3.40 31.00 5.00 17.85 7.70 35.05
A2 4.30 4.10 27.90 6.80 15.60 6.75 34.05
a2.5 11.95 4.90 22.40 8.05 14.50 6.25 31.00
A3 17.60 5.50 18.60 9.70 13.55 5.85 29.55
A6 41.45 9.70 1.00 14.55 9.00 3.90 19.00
T.S. 0.10 0 38.55 0 17.60 7.60 35.45

•Substitution rate of CaO by MgO

Table 5. Synthesis of hydrated monocarboaluminates molecular 
ratios of hydrated calcium and magnesium monocarboalumi
nates

CaO
A12O3

MgO
A12O3

CaO + MgO
A1A

HgO
AlgOg

MgO *
CaO + MlO

Aq.s 4.5 0.6 5.1 14.7 7%
At 3.3 0.6 3.9 10.9 15%
A1.5 3.2 0.7 3.9 11.0 18%
A2 3.2 1.1 4.3 12.2 24%
A2.S 2.8 1.4 4.2 12.0 33%
A3 2.5 1.8 4.3 12.2 42%
A6 0.2 4.1 4.3 11.8 96%T.S. 4.0 0 4.0 11.1 0



gnesite, may be explained by the fact that the total 
molecular ratio CO2/A12O3 is higher than unity, 
which would corroborate the assumption used for the 
computations of formula. The excess of CO2, preci

pitates as CaCO3, less soluble than MgCO3, and the 
corresponding lime is replaced by magnesia, in the 
lattice of the hydrated monocarboaluminate.

Other Conditions of Formation

In view of applications, various experimentations 
were carried out to check the possibility of an abun
dant formation of this phase in other conditions, and, 
in particular, in the conditions of “pastes” in the 
presence of limited water amounts.

Formation during the Hydration of 
Anhydrous Aluminates

These tests were carried out on aluminous cement 
pure pastes, mortars or concrete, with the addition of 
10 and 20% of hydromagnesite, percentages corre
sponding either to the amount required to hydrate 
the CaO -A12O3 present in the cement as monocarbo
aluminate, either to an excess amount; i.e. in condi
tions similar to A, 5 and A3 stirring conditions of the 
above paragraph.

Results were studied by X-ray diffraction on pure 
paste, in the case of the 10 % mixture, in order to study 
reaction kinetics. In the case of 20 % additions, phe
nomena were similar, except for the additional com
ing out of calcium carbonate, according to the results 
obtained in the cases of synthesis.

Hydration in the Presence of Excess Water

Fig. 1.
“Ciment Fondu” Stirred at 20°C + 10% hydromagnesite

W/S = 10
1. CaO Al2O3: 2.97 A
2. CaO-Al2O3-10H2O: 7.16 A
3. Compound: 9.5 A
4. Hydrated monocarboaluminate: 7.6 A 

is stirred at room temperature in ten times its weight 
of water: ponderance ratio water/solid = 10. At pre
determined times, a residue is obtained by filtration 
and tested by X-ray diffraction.

The Fig. 1 gives the peak intensities for the various 
bodies observed, in relation with time. After 4 hours 
of stirring, the hydrated monocalcium aluminate ap
pears, increasing up to about 25 hours. At approximate
ly 15 hours, an hydrate is formed, the main peak of 
which, at 9.4Ä, also reaches a maximum after about 25 
hours, possibly the hydrated tricarboaluminate accord
ing to E. T. Carlson and H. A. Berman (3). These 
two hydrates gradually disappear and are replaced by 
the hydrated monocarboaluminate.

Note that we never observed magnesia in solution 
in obtained filtrates.

Normal Paste Hydration

The mixture of aluminous cement*  and hydroma
gnesite is mixed with a water/solid ratio of 0.5. The 
resulting paste hydrates in the sample holder of an 
X-ray diffractometer. The sample-holder is enclosed 
in a sealed chamber, the temperature of which is 
controlled. Figs. 2, 3 and 4 present the variation with 
time of the peak intensities of the various hydrates 
obtained at 20°C, 50°C and 70°C.

At 20°C, after a latency time of 20 hours or so, the 
anhydrous monocalcium aluminate hydrates, giving 
an hydrated monocalcium aluminate and a body with 
a broadened main line corresponding to a reticular 
distance of 8-8.5 A. According to P. Seligmann and 
N. R. Greening (11) and to W. Dosch and H. zur 
Strassen (9), this line may correspond either to the 
hydrated hydroxyaluminate 4CaO-Al2O3-13H2O or 
3CaO • A12O3 ■ Ca(OH)2 • 12H2O, either to a solid solu
tion between the hydrated hydroxyaluminate and the 
hydrated monocarboaluminate 3CaO-Al2O3-xCa- 
(OH)2-(1 — x)CaCO3 yH2O. In our experience, the 
hydrated monocarboaluminate appears only after 
about 40 hours.

At 50°C, hydration reactions are much more rapid. 
The hydrated dicalcium aluminate appears after some

♦Trade mark “Ciment Fondu"



Lines intensities

“Ciment Fondu” paste +10% hydromagnesite. Temp. = 20°C
1. CaO Al2O3: 2.97 Ä
2. CaO-AlzOa-lOHzO: 7.16 A
3. Compound: 8-8.5 A
4. Hydrated monocarboaluminate: 7.6 A

“Ciment Fondu” paste +10% hydromagnesite 
W/S = 0.5, Temp. = 50°C

1. CaO-Al2O3: 2.97 A
2. 2CaOAl2O3-8H2O: 10.6 A
3. Hydrated monocarboaluminate: 7.6 A

■ 4. Gibbsite: 4.34 A

minutes, and immediately after it, the hydrated 
monocarboaluminate and the gibbsite. 2CaO- A12O3- 
8H2O reaches its peak intensity after about 10 hours, 
then slowly decreases while the intensity of the mono
carboaluminates still increases.

At 70°C, reactions are still more rapid. An hydrate, 
at 7.9 Ä, forms immediately and disappears within 
one hour; this line corresponds to the hydrated hydro
xyaluminate 4CaO ■ A12O3 • 12H2O. The hydrated dical
cium aluminate reaches its peak intensity within one 
hour and completely disappears within three hours. 
The hydrated monocarboaluminate appears after one

Lines intensities

“Ciment Fondu” paste +10% hydromagnesite.
W/S = 0.5, Temp. = 70°C

1. CaO Al2O3: 2.97 A
2. Compound: 7.9 A
3. 2CaO-A12O3-8H2O: 10.6 A
4. Hydrated monocarboaluminate: 7.6 A
5. Gibbsite: 4.34 A
6. 3CaO.A12O3-6H2O: 5.14A

hour, then rapidly increases. Lastly some gibbsite, 
then some hydrated cubic aluminate are formed after 
about one hour and half.

Whatever the hydration temperature of the alumi
nous cement*  hydromagnesite mixture may be, 
hydrated calcium and magnesium monocarboalumi
nate is obtained. But this hydrate is not the first 
produced: it appears, according to the hydration 
temperature, after monocalcium, dicalcium or tetra
calcium—more or less carbonated—hydrated alumi
nates, and to their detriment. Thus, we thought 
interesting to study the conditions of production of the 
monocarboaluminate from synthetic hydrated alumi
nates, in the presence of hydromagnesite.

Formation from Hydrated Calcium Aluminates

We mixed synthetic hydrated calcium aluminates 
CaO ■ A12O3 ■ 10H2O-2CaO • A12O3 • 8H2O-3CaO • Al2- 
O3 -bHjO and 4CaO-A12O3 • 12H2O with hydromagne
site and with the required water in order to get a fluid 
and well-homogenized paste. The proportions of hy
dromagnesite were computed in order to realize 
following theoretical reactions

3(CaO-Al2O3-10H2O) + MgCO3
= 3Ca0Al203-MgCO3-xH2O + 2(A12O3-3H2O)

♦Trade mark “Ciment Fondu"



i.e.  about 10% of hydromagnesite

|(2CaOAl2O3-8H2O) + MgCO3
= 3CaOAl2O3MgCO3-xH2O + |(A12O3-3H2O) 

i.e. about 17% of hydromagnesite

3CaOAl2O3-6H2O + MgCO3
= 3CaO-Al2O3-MgCO3xH2O

i.e. about 23 % of hydromagnesite

4CaO-Al2O312H2O + MgCO3
= 3CaO-Al2O3MgCO3xH2O + CaOH2O 

i.e. about 17% of hydromagnesite.
These pastes, stored at room temperature in sealed 

bottles, were tested by X-ray diffraction after various 
times, after washing and drying with acetone-ether.

Figs. 5 to 8 show the variations of peak intensities 
with time. The identification of hydrates was made 

Ca0-A1203'10H20 paste +10% hydromagnesite 
Temp. = 20°C

1. CaO AhOj lOHzO: 7.16 Ä
2. Calcite: 3.04 Ä
3. Gibbsite: 4.36 Ä
4. Hydrated monocarboaluminate: 3.80 Ä

3CaO-A12O3-6H2O paste +23 % hydromagnesite 
Temp. = 20°C

1. 3CaO-A12O3-6H2O: 5.14Ä
2. Calcite: 3.04 A
3. Hydrated monocarboaluminate: 3.80 A
4. 4CaO-AI2O3-12H2O: 3.93 A

2CaO-Al2O3'8H2O paste +17% hydromagnesite 
Temp. = 20°C

1. 2CaO-Al203 -8H20: 10.6 A
2. Calcite: 3.04 A
3. 4CaO-Al2O3-12H2O: 3.93 A
4. 4CaO Al2O3.|CaO iCaCO3-9H2O: 3.82Ä
5. Hydrated monocarboaluminate: 3.80 A

4CaO-A12O3-12H2O paste +17% hydromagnesite 
Temp. = 20°C

1. 4CaO-A12O3-12H2O: 3.93 A
2. 4CaO-Al2O3-13H2O: 4.09 A
3. Calcite: 3.04 A
4. Hydrated monocarboaluminate: 3.80 A
5. 3CaO-Al2O3-|CaO+CaCO3-9H2O: 3.82Ä
6. 4CaO-Al2O3-19H2O: 3.53 A



according to the data of W. Dosch (10).
In every case, calcite is rapidly formed. The ad

vent of the spectrum of the calcium and magnesium 
monocarboaluminate coincides with the decrease of 
the amount of calcite. In the presence of lime, which 
is dissolved, the magnesium is completely or partially 
transformed into less soluble calcium carbonate, then 
the calcium and magnesium monocarboaluminate 
seems to be formed, at least partially, from the calcite 
precipitated in this way.

Hydrated Monocalcium Aluminate
Its incongruent solubility promotes the precipitation 

of hydrated alumina. The hydrated monocarboalumi
nate appears only after more than 48 hours. After 50 
days, CaO • A12O3 • 10H2O has completely disappeared, 
but calcite still remains.

Hydrated Dicalcium Aluminate
The hydrated monocarboaluminate appears only 

between 24 and 48 hours. But there is intermediary 
formation of 4CaO ■ A12O3 • 12H2O and of a solid solu
tion between 4CaO Al2O3 ■ 12H2O and the hydrated 
monocarboaluminate. After 50 days, 2CaO Al2O3- 
8H2O and CaCO3 have disappeared, togeher with 
4CaO-A12O3 • 12H2O.

Hydrated Tricalcium Aluminate
The monocarboaluminate forms after only 5 hours. 

After 14 days, the reaction seems completed, but some 
cubic remains in the presence of the monocarboalu
minate.

Hydrated Tetracalcium Aluminate

The advent of the monocarboaluminate is also very 
rapid. But reactions are more complex, owing to the 
more or less transient formation of 4CaO-Al2O3- 
19H2O, 4CaO Al2O3- 13H3O and a solid solution be
tween 4CaO • A12O3 xH2O and the hydrated monocar
boaluminate. The hydrated lime begins to crystallise 
after less than 7 days.

Note that, in our experimental conditions, the 
hydrated cubic aluminate, well-known for its stability, 
is, among hydrated calcium aluminates, the one most 
rapidly transformed into monocarboaluminate. The 
following assumption can be made.

The solubility of 3CaO -A12O3 -6H2O is congruent. 
The molecular ratio CaO/Al2O3 of the solution is 
then favourable to the rapid formation of a complex 
aluminate, according to the formula 3CaO Al2O3- 
MgCO3-HH2O. The same is true of the solution 
in contact with 4CaO Al2O3 xH2O, the molecular 
ratio CaO/Al2O3 is still higher, the excess lime preci
pitating as hydrated lime. On the other hand, the 
solubility of CaO Al2O310H2O is incongruent. The 
hydrated alumina slowly precipitates and the mole
cular ratio CaO/Al2O3 of the solution gradually 
increases and reaches a value of 3 which favours the 
precipitation of the hydrated monocarboaluminate. 
The case of 2CaO Al2O3 -8H2O appears more com
plex, but the intermediary formation of an hydrated 
tetracalcium aluminate shows that the molecular 
ratio CaO/Al2O3 of the solution is high and permits 
the precipitation of the monocarboaluminate.

Conclusions

Experiences already described show that the hydra
ted monocarboaluminate in fact corresponds to a 
series of formula:

[Ca2_xMgx.A1(OH)6]2CO3 5-6H2O

where the substitution of magnesium to calcium can 
take place in any proportions; the calcium monocar
boaluminate, the best known at present, is only the 
calcium pole of this series. The magnesium pole 
[Mg-2Al(OH)6]2CO3 xH2O was practically reached 
in our A6 conditions of stirring.

These hydrates were not isolated, but their analysis 
can be deduced from chemical analysis, X-ray 
diffraction spectra and differential thermal analy
sis.

This series is remarkable for the steadiness of 
positions and intensity ratios of X-ray diffraction 

lines: even in the extreme magnesian case, there is 
no noticeable change of the position of strongly 
weakened lines.

In the presence of hydromagnesite, the formation 
of these monocarboaluminates may be very abun
dant, and may even lead to the crystallization of this 
only phase as hydrate.

The hydrated calcium and magnesium monocar
boaluminate seems to form directly from CaO and 
A12O3 solutions, but the study of other production 
conditions indicated that, in the presence of small 
amounts of water, its cristallization took place after 
the formation of conventional hydrated aluminates.

In particular, this is the case for the hydration of 
aluminous cement in the presence of hydromagnesite; 
the calcium and magnesium monocarboaluminate 
is formed after preliminary precipitation of hydrated 



mono-, bi- or tetracalcium aluminates.
In the presence of hydromagnesite, the formation 

of monocarboaluminate is very easy, even from 
aluminates known as stables; the reaction is the sim
plest and the most rapid with the hydrated cubic 
aluminate. With hydrated mono- and dicalcium 
aluminates, it is preceded by the formation of other 
hydrates (gibbsite and tetracalcium aluminate), which 

seems to corroborate the possibility of direct precipi
tation from solutions with a molecular ratio CaO/ 
A12O3 = 3, and would in particular explain the 
rapidity of the reaction with the cubic aluminate, 
for which the congruent solubility permits to directly 
reach this value of the molecular ratio in the solu
tion.
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Supplementary Paper 11-19 X-ray Investigations of Some Complex 
Calcium Aluminate Hydrates and Related Compounds

Hans J. Kuzel*

Synopsis

Single crystals of several calcium aluminate hydrates of the type SCaO-AhOs-CaX- 
nH2O and 3CaO-Al2O3-CaY2-nH2O with Y = Cl", Br", J~, NOj, BrO3 and X = SO|", 
CrOJ- were prepared by hydrothermal methods. Rotation, Weissenberg and precession 
photographs showed that the structures are usually completely ordered containing only one 
polytypic modification. The true unit cells have monoclinic, trigonal or rhombohedral 
symmetry. Ordered structures containing one, two, three or six layers have been observed. 
Space groups and unit cells of the compounds are given. Results of powder and single 
crystal investigations of 3CaO-Ga2O3-CaBr2-10H2O, 3CaO-Cr2O3'CaCl2-10H2O, 
3CaO Cr2O3 CaSO412H2O, 3CaO Fe2O3 CaCl210H2O and 3CaO Fe2O3-CaSO4- 
12H2O are presented. A structure proposed by F. G. Buttler, L. S. Dent Glasser and H. F. W. 
Taylor (12) was confirmed by the determination of z-coordinates of the atoms in some 
compounds of this type.

Introduction

The composition of the complex calcium aluminate 
hydrates with layer structures may be represented by 
the general formula 3CaO-Al2O3-CaY2-nH2O and 
3CaO-Al2O3-CaX-nH2O where Y is an univalent 
and X a divalent anion. At relative humidities of 
35-45 percent the water content is n — 10-12H2O. 
Many synthetic complex salts of this type were pre
pared and described by W. Lerch, F. W. Ashton and 
R. H. Bogue (1), J. Foret (2), W. Mylius (3), W. 
Feitknecht and M. Gerber (4), W. Feitknecht and 
H. Buser (5) and many other authors. Early work in 
this field was reviewed by F. E. Jones (6) and more 
recent contributions are mentioned by H. F. W. Taylor 
(7), R. Turriziani (8) and F. E. Jones (9).

The exact crystal structures of the complex calcium 
aluminate hydrates are not known. Since all com
pounds of this type crystallize in hexagonal or pseu
dohexagonal plates with perfect (0001) cleavage, E. 
Brandenberger (10) concluded that they have layer 
structures. C. E. Tilley, H. D. Megaw and M. H. 
Hey (11) proposed a crystal structure for hydrocalu
mite, a natural mineral which resembles the synthetic 
compound 3CaO-Al2O3-Ca(OH)2-12H2O in mor
phology and composition. The structure contained 
Ca(OH)2 layers in which one Ca1+ out of three was 
replaced by H2O alternating with layers of Al3+

•Institut für Kristallographie der Universität Frankfurt, 
Frankfurt, West Germany. ’ 

ions, the remaining H2O molecules and OH- groups. 
This structure gave good agreement between observed 
and calculated 001 intensities.

A somewhat different crystal structure was suggested 
by F. G. Buttler, L. S. Dent Glasser and H. F. W. 
Taylor (12) based on packing considerations and 
single crystal X-ray examination of hydrocalumite 
and synthetic 3CaO-Al2O3-Ca(OH)2-12H2O. The 
structure of these authors contains layers of the com
position [Ca2Al(OH)6]+ in which the octahedral sites 
are occupied by 2Ca2+ and one Al3+ in ordered posi
tions. The seventh OH" ion is placed between the 
layers where it is associated with the remaining water.

The OH group outside the octahedral layer may be 
completely replaced by other anions. The number of 
water molecules between the layers depends on rela
tive humidity. F. G. Buttler, L. S. Dent Glasser and 
H. F. W. Taylor reported that even thin crystals of 
synthetic 3CaO-Al2O3-Ca(OH)2-12H2O contained 
two or more polytypes and perhaps stacking faults 
“so that the true structure only repeats after a large 
number of layers”.

Of nearly all complex calcium aluminate hydrates 
with layer lattice only the pseudocells are known. 
The lattice constant a0 appears to be about 5.7 A. 
The thickness of the pseudocell depends on the size 
of the anions X and Y and the number of water 
molecules between the octahedral layers. More deta
iled data on the unit cells and space'groups of the 



compounds 3CaO-Al2O3-CaCl2-10H2O, 3CaO- 
Al2O3-CaSO4-12H2O and 3CaO-Al2O3-l/2CaSO4- 
l/2CaCl2- 12H2O based on single crystal X-ray inves
tigations were reported by H.-J. Kuzel (13, 14). 
The structures of these complex salts were completely 
ordered. The true cells contained 2, 3 and 6 layers.

Other compounds are derived from these hydrated 
calcium aluminates by substitution of the larger 
cations Ga3+, Cr3+ and Fe3+ for Al3+. Several calcium 
ferrite hydrates of the type 3CaO-Fe2O3-Ca(X, Y2)- 
nH2O are already known. Preparations of the com
pounds 3CaO-Fe2O3-Ca(OH)2aq, 3CaO-Fe2O3- 

CaSO4.12H2O, 3CaO-Fe2O3-CaCl2-10H2O and 
3CaO-Fe2O3-Ca(NO3)2-10H2O were reported by G. 
Malquori and V. Cirilli (15). These authors summari
zed evidence for the close analogy between hydrated 
calcium ferrites and aluminates containing the same 
anion. The replacement of Al3+ by Fe3+ seems to be 
nearly isomorphous in that the essential features of the 
layer structures are not affected.

In the present work the unit cells, space groups and 
crystal structures of several compounds of the type 
3CaO-R2O3-Ca(X, Y2)-nH2O have been investi
gated using X-ray single crystal and powder methods.

Experimental Procedure

Methods of Preparation

The determination of unit cells and space groups of 
compounds with large lattice constants is usually 
possible only with the aid of single crystal methods.

Since many complex calcium aluminate hydrates of 
the layer lattice type are stable at temperatures above 
100°C under saturated steam hydrothermal methods 
have been used in preparing single crystals suitable 
for X-ray work. Crystals up to 0.1-0.2 mm across 
were made by heating calculated amounts of CaO 
and A1(OH)3 (bayerite) with calcium salt solutions 
in simple Morey bombs at temperatures between 
100°C and 200°C for several weeks.

Larger crystals could be often made by treating 
synthetic 3CaO-A12O3-6H2O with calcium salt solu
tions at 150°C. Hexagonal plates of 3CaO-Al2O3- 
CaSO4-12H2O and 3CaO-Al2O3-CaCrO4-12H2O 
up to 1 cm across were obtained by this method. 
Details of the experimental procedure were given in 
preceeding papers (13, 14).

Bulk preparations of all compounds were made by 
the usual method mixing solutions of calcium salts 
and lime water with a metastable calcium aluminate 
solution. The crystals from each method were hexa
gonal flakes with perfect (0001) cleavage'. Faces of 
rhombohedrons were observed on crystals of 3CaO ■ 
A12O3 •CaSO4 • 12H2O, 3CaO • A12O3 • CaJ2 • 10H2O 
and 3CaO • A12O3 • Ca(NO3)2 • 10H2O.

Except a-3CaO-Al2O3-CaCl2-WH2O and a- 
3CaO-Ga2O3-CaCl2-10H2O all compounds were 
uniaxial negative.

No single crystals of compounds 3CaO-R2O3- 
CaY2-nH2O and 3CaO-R2O3-CaX-nH2O where 
R = Cr3+ and Fe3+ could be produced. Powders 

were made by mixing freshly precipitated Cr3+-and 
Fe3+-hydroxides with solutions of the desired calcium 
salt and lime water. The mixtures were shaken for 
several weeks at temperatures below 100°C. All 
products were filtered in a glove box under CO2- 
free conditions and dried over saturated CaCl2 at 
about 37 percent relative humidity.

The water contents of the various compounds were 
determined by heating the powder in a vacuum ther
mobalance and recording the loss of molecular water. 
At heating rates of 4°C/h the dehydration curves 
showed definite steps corresponding to the loss of the 
molecular water between the octahedral layers. At 
about 37 percent relative humidity the composition 
of the layers may be given by the general formulas 
Ca2Al(OH)6 • Y • 2H2O and Ca2Al(OH)6 • 1/2X • 
3H2O.

X-ray Investigations

In case single crystals were available lattice con
stants and space groups were determined using rota
tion, Weissenberg and precession cameras with fil
tered copper and iron radiation. The water contents 
of complex salts which contain tetrahedral anions are 
very sensitive towards alterations to relative humi
dity. These compounds were exposed to X-rays under 
controlled atmospheric conditions.

Powder diffraction patterns were taken with a 
Philips Norelco diffractometer using Si (Schuchardt 
99.999%, a0 = 5.4308 Ä) as an internal standard. 
The powder patterns were indexed by aid of single 
crystal data. The lattice constants were refined by 
least squares methods.



Results

Unit Cells and Space Groups of Compounds 
3CaO .Al2O3 Ca(X, Y2) nH2O

The results of X-ray examinations of some cal
cium aluminate hydrates containing other anions 
are listed in Table 1.

Crystals made under hydrothermal conditions were 
usually completely ordered if dried with caution and 
handled carefully. Compounds prepared by precipita
tion from metastable calcium aluminate solutions 
often showed considerable disorder.

On heating the monoclinic low temperature form 
a-3CaO-Al2O3CaCl2-10H2O changes to the 
rhombohedral /?-phase, the transformation taking 
place readily and reversibly at 28 ± 2°C. The unit 
cell of a-3CaO-Al2O3-CaCl2-10H2O contains two 
identical layers of the composition Ca4Al2(OH)12- 
2C1 • 4H2O. The //-phase was investigated with the help 
of a little furnace attached to a precession camera. 
The observed reflections of jff-3CaO-Al2O3-CaCl2- 
10H2O agree with the space groups R3c and R3c. 
Fig. 1 illustrates the relations between the unit cells of 
Ca(OH)2, a-3CaO-Al2O3-CaCl2-10H2O and ß- 
3CaO-Al2O3 CaCl2-10H2O in the ab plane. The 
structure of the j8-phase is based on a 6R polytypic 
modification as well as that of 3CaO-Al,O3-CaBr, • 
10H2O.

The unit cells of 3CaO-Al2O3-CaJ2-10H2O, 
3CaO-Al2O3-CaSO4-12H2O and 3CaO-Al2O3- 
CaCrO4-12H2O contain three layers in regular 
stacking sequences. Other polytypic modifications 
were not observed. Large crystals of the compounds 
with tetrahedral anions are considerably disordered 
when the freshly prepared specimens were dried 
quickly at 37 percent relative humidity, probably due 
to the loss of a part of the molecular water between 
the octahedral layers. The precession photographs 
showed diffuse streaks along the reciprocal lattice 
rows parallel c.

The only known complex calcium aluminate hy
drate with a one-layer-structure appears to be 
3CaO-Al2O3-Ca(NO3)2- 10H2O. For the compounds 
3CaO-Al2O3CaSO416H2O and 3CaO-Al2O3- 
Ca(BrO3)2 ■ 10H2O only powder diffraction data were 
available. The condition for hexagonal indexing of 
a rhombohedral lattice — h + k + 7= 3n (n = 
0, 1, 2,...) was clearly satisfied in both cases. 
Reflections hOhl with h 3n occur only with 1 
3n, reflections hh2hl were observed only for 1 = 
3n. The space groups would therefore probably be 
R3, R3, R32, R3m and R3m. Which one of these is 
the correct space group cannot be decided from pow
der data and a further subdivision is impossible with
out knowledge of the Laue symmetries.

Single crystals of another compound similar to 
3Ca0 Al203 l/2CaS04.l/2CaCl2-12H2O with the 
composition 3CaO-Al2O3- l/2Ca(NO3)2- l/2CaCl2- 
10H2O were prepared with hydrothermal methods. 
The unit cell contains 6 double layers Ca4Al2(OH)]2- 
NO3 Cl -4H2O. The Cl" ions as well as NO J probably 
occupy positions in alternating layers parallel (0001). 
Even the layers of these long period compounds were

Fig. 1. Relations between the unit cells of Ca(OH)2, a-3CaO 
•Al2O3-CaC12-10H2O and /?-3CaO-Al2O3-CaC12-10H2O

Table 1. Unit cells and space groups of compounds 3CaO-A12O3-Ca(X, Y2)nH2O

Composition Lattice constants in Ä 
ao b0 Co

Pseudocell in Ä 
c' Space groups

a-C3A»CaC12» 10H2O
/3-C3A.CaC12.10H2O
C3A.CaBr2.10H2O
CjA.CaJr,. 10H2O
C3A.Ca(NO3)2.10H9O
C3A. Ca(BrO3)2.10H2O
C3A.CaSO4.12H2O
C3A.CaSO4.16H2O
C3A.CaCrO4.12H2O
C3A. 1 /2CaSO4.1 /2CaCl2.12H2O
C3A. l/2Ca(NOs)2. l/2CaCl2. lOjqO

9.962 ± 3
5.739 ± 1
5.761 ± 1
5.771 ± 1
5.743 ± 1
5.7532 ± 4
5.756 ± 1
5.751 ± 1
5.75 ± 2
5.7502 ± 7
5.744 ±8

5.735 ± 1 16.836 ± 3
46.87 ± 1
49.06 ± 1
26.572 ± 6

8.623 ± 3
29.425 ± 4
26.811 ±4
28.672 ± 2
26.91 ± 5

100.62 ± 2
98.28 ± 3

110.49 ±2 —
— 7.811
— 8.177
— 8.857

— 9.808
— 8.937
— 9.557
— 8.97
— 16.770
— 16.380

C2/c, Cc
R3c, R3c
R3c, Rjc
R3, R3
P3, P3
R3, r5,R32, R3m, R3m
R3,R3
R3, R3, R32, R3m, Rim
R3, Ri
R3c, Ric
R3c, Ric



Table 2. Unit ceils and space groups of compounds SCaO-RjOj -Ca(X, Y2)-nH2O

Composition . Pseudocell in Ä. Space groups
ao c0

3CaO • Al 2O3. CaSO4.12H0O 5.756 ± 1 26.811 ± 4 8.937 R3, R3
3CaO»Cr2O3.CaSO4» 12H3O 5.831 ± 1 26.585 ± 2 8.862 R3, R3, R32, R3m, R3m
3CaO.Fe2O3.CaSO4.12HgO 5.888 ± 1 26.625 ± 9 8.875 R3, RS, R32, R3m, R3m
£-3CaO • AI2O3. CaCl2.10H2O 5.739 ± 1 46.87 ± 1 7.811 R3c, R3c
3CaO.Cr2O3.CaCl3.10H2O 5.8164 ± 5 23.291 ± 4 7.764 R3, R3, R32, R3m, R3m
3CaO.Fe.2O$.CaCl2.10H2O 5.858 ± 1 23.267 ±-5 7.756 R3. R3, R32, R3m, R3m
3CaO • Ga2O3. Ca Br2 • 10H2O 5.8358 ± 3 24.386 ± 3 8.129 R3, R3

completely ordered. Both compounds contained 
traces of other unknown polytypic modifications.

A c-axis rotation photograph of 3CaO-Al2O3- 
l/2CaSO4 ■ l/2CaCl2 • 12H2O is shown in Fig. 2.

Numerous experiments showed that intermediate 
compounds of this type should be expected in systems 
of complex calcium aluminate hydrates which contain 
anions of considerably different sizes.

Several other complex salts of this type with the 
anions S, NO2, WO4, and MoO4 were prepared but 
not yet investigated.

Unit Cells and Space Groups of Compounds 
3CaO • R2O3Ca(X, Yj) ■ nH2O

Several complex hydrates 3CaO R2O3-Ca(X, Y2)- 
nH2O with R = Fe3+, Cr3+ and Ga3+ were prepared 
and investigated with X-ray methods. The results are 
listed in Table 2. The X-ray powder diagrams showed 
that the compounds containing Cr3+ and Fe3+ have 
ordered three-layer-structures independant of the 
method of preparation. The crystal structures are 
closely related to those of the complex aluminate 
hydrates.

The lattice constants a0 increase with increasing

Fig. 2. A c-axis rotation photograph of 3CaO-A12O3-1/2 
CaSOt • l/2CaCl2 • 12H2O (CuK» radiation)

radius of the cation R3+. The basal spacings decrease 
in the same direction. This evidence agrees with the 
structural model proposed by F. G. Buttler, L. S. 
Dent Glasser and H. F. W. Taylor (12) the cations 
R3+ occupying octahedral sites. Increasing the radius 
of the cation R3+ causes probably higher OH-OH 
distances within the octahedral layer in directions 
perpendicular to c, the anions and water molecules 
between the layers being able to glide into the space 
between the OH-ions. The compound 3CaO-Ga2O3- 
CaCl2 ■ 10H2O seems to be closely related to the cor
responding aluminate showing the same polymorphic 
transition at about 30°C. ■

Crystal Structures

The now available data from X-ray investigations 
on complex calcium aluminate hydrates of the type 
3CaO-R2O3 Ca(X,Y2)-nH2O support the view of 
F. G. Buttler, L. S. Dent Glasser and H. F. W. Taylor 
(12) of the crystal structures of these compounds. 
To clear the question whether their structural model 
is correct or the one proposed by C. E. Tilley, H. D. 
Megaw and M. H. Hey (11) the z-coordinates of the 
atoms in some compounds which contain simple 
anions between the octahedral layers were determined 
from the intensities of 001 reflections.

The intensities of about 20 001 reflections of a- 
3CaO • A12O3 • CaCl2 • 10H2O, 3CaO • A12O3 • CaBr2 • 

10H2O, 3CaO-Ga2O3-CaBr2-10H2O and 3CaO- 
Al2O3-CaJ2-10H2O were measured with the aid of 
a single crystal counter diffractometer using MoK„- 
radiation. The rhombohedral crystals were mounted 
along the a-axis, the monoclinic a-3CaO-Al2O3- 
CaCl2-10H2O along b. From the intensity data 
relative structure factors were computed.

Since there existed a set of isomorphous crystals, 
the light and heavy atoms of which should be in the 
same positions, the replaceable atom method was 
applicable to determine the phases of high intensity 
reflections. A preliminary Fourier synthesis of 3CaO- 
Al2O3-CaJ2- 10H2O calculated with 13 structure



Tailbte 31 Z-coorMates, e$ tte atom® sf some cowpTex. eaMmw 
ollumiiial« hyAottes, neßemd! to> the ffseiu&eelils

3Ca<D)-AJ,O-l-CaJl,.10M2O;
Atona

tiiA-CaBlr^-llO: 
z(c<))

Hy»
Atomi z(«0> B

All 0) All oi
2€at 0106*7'  ± 5 11.31 2Cai 010577 ± 11 11.2
60M OlllÖd: 5 60B1 oirnz± 1
2^2©» 01339) ± 2 am,©) 01369) ± 35
JI r/2 2L11 Btr 1/2 1.41

SCalO-GaA-Cafc,.110Hl2© oi.3CaO.Al^^aC1^10H2O
Gai 0) All w
ZCai 0106.79) ± 5 11.41 2£ai 0.080) ± 1 OlT
60M OlliZCTi 11 60H1 011126. ± 1
ZHLjO) 013579) ± 2 25 zmy» 013®«> ± 3 2.11
Btr 1/2 €11 1/2

fadtws imäicatedl the z--e®®8rdlimaites (refemdl to> the 
pssnifcrfll wiitih e" = MST Ä)) to be aboiait zti = 
2^11= (Ml, 2^ = 0135^ Zj = l/2, the Ca2* tens, 
bemng dfepfacri tye' abmut 01.5 Ä ©mit off theiiir ideal posi- 
tiöm aitt z = 0). Whem these dlaita aumdl separate iisetropic 
temperatere factors for the «sctaihedlral layer amdi the 
layer comtaimimg the ami®» amd the neater motaniiles 
were refined by least squares, methods om the basis of 
22 0O14rntemsities^ the R-factor dropped to 3>J2. per
cent.

With the data obtained for 3Caö-Al2O$-CaJ2- 
1@H2O the z-cooirdinatcs of the other compormids were 
refined.

The results listed in Table 3 are compatible with the 
centrosyrnmetrie space groups R3 for 3CaO-Alz.O$- 
CaJ2-toH2O and 3CaO-Ga2OrCaBr2-l®H2O, R3c 
for 3CaO-Al2O3-CaBr2-l@H2O and C2j,c for a- 
SCaO-AljOj-Caa^-MH^O. Particularly the refine
ment of the z-parameters of the compownd 3CaO- 
Ga2Os-CaBr2-10H2O, the light cation AF1* being 
replaced by the heavy Ga3 '1’, shows that the structural 
model proposed by F. G. Buttler, L. S. Dent Glasser 
and H. F. W. Taylor is correct.

Thus, in the case off the rhombohedral compounds, 
the x- and yncoordinates of all atoms, with the excep
tion of the OH- ions of the octahedral layers, are 
special coordinates. The octahedral layer contains 
both Ca2* and the cation R$* in ordered positions. 
These results are confirmed by the X-ray work of R. 
Alhnann (personal communication) on the compound 
3CaO-Al2O31-CaSO»-12H2O. The resulting positive 
charge of the octahedral layers is balanced by the 
anion situated in z = 1/2 of the preudocell. The 
constitution of these compounds at about 37 percent 
relative humidity may be given by the formulas

MraiyU- 16^8**^*

Fig. 3. Oh® Fourier projevtioms ^(z) of 3CaO-
AlaOi-CaJa-lOHaO (1), 3CaO-Al2O$-CaBr2-10H2O (2) 
and 3C$O-Ga2O3.CaBr2-toH2O (3)

[Ca2R(OH)6]+[Y*2H 2O]~ 
and

[Ca2Al(OH)er [1/2X - 3H2Op
In the case of the anions Cl-, Br- and J- situated 

between the octahedral layers, there is not enough 
space left for the remaining water molecules at z — 
1/2. These are, therefore, shifted off the position z = 
1/2 along the c-axis. This is clearly indicated by the 
Fourier projections p(z) shown in Fig. 3.



Table 4. Observed and calculated structure factors

C3A*CaJ 2» lOHgO C3A.CaBr2.10H2O C3Ga. CaBr2 • 10H2O t^-CgA • CaClg«.10H2O

1 Fob. Fcalc 1 Fob» Feile 1 Fob» Feaie 1 Fob» Fcalc

3 23.89 24.19 6 31.98 33.67 3 52.61 51.62 2 47.52 48.46
6 78.05 79.00 12 57.82 58.48 6 79.04 79.69 4 42.85 42.22
9 30.71 -30.21 18 31.03 -30.21 9 11.43 —10.72 6 20.66 -19.33

12 9.11 8.68 24 13.28 -13.60 12 4.91 4.71 8 25.99 -26.38
15 58.04 -57.65 30 42.03 -40.77 15 21.06 -21.29 10 24.46 -24.35
18 16.38 16.16 36 6.56 7.45 18 14.81 15.31 12 6.17 - 6.47
21 32.88 -31.51 42 22.31 -19.60 21 7.95 -7.17 14 6.43 - 4.81
24 20.01 19.09 48 22.15 21.63 24 21.60 22.06 16 12.85 12.22
27 9.58 - 9.84 54 6.98 - 5.79 27 2.17 - 1.71 18 2.72 2.73
30 14.84 14.37 60 12.04 12.95 30 10.95 11.09 20 6.76 8.93
33 9.41 - 9.82 66 3.73 - 2.75 33 1.96 — 1.37 22 2.36 2.11
36 8.69 9.89 72 6.38 7.42 36 6.40 5.22 24 3.26 4.35
39 7.75 - 7.32 78 0. - 0.67 39 2.64 2.57 26 2.92 4.21
42 7.08 7.77 84 8.58 9.42 42 7.75 7.88 28 6.44 5.89
45 1.17 0.85 90 1.75 1.30 45 5.41 5.76 30 4.38 5.04
48 7.96 8.51 96 4.36 6.76 48 7.53 7.28 32 3.56 3.74
51 3.22 3.16 102 0. - 0.44 51 5.19 3.41 34 0. 0.07
54 6.03 6.15 108 0. 0.35 54 1.97 2.26
57 1.40 0.30 114 2.94 - 2.85 57 0. - 0.11
60 0. 0.90 120 0. 0.62 60 0. - 0.53
63 0. 1.99 63 0. - 0.70
66 0. 0.42

R = 3.2 percent R = 6.1 percent R = 3.7 percent R = 5.5 percent
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Synopsis

The proton magnetic resonance studies on crystal powders of synthetic Ca3Al(OH)12, 
abbreviated as C3AH6 in cement chemistry, were carried out over the temperature range 
between —186° and 110°C. The experimental values obtained for the second moment are 
22.7 ± 0.3 and 19.6 ± 0.5 gauss2 at liquid nitrogen and room temperatures, respectively. 
The samller value of the second moment found at room temperature is due to the increased 
amplitudes of the proton motions. The lattice constant is 12.536 Ä at —170° and 12.566 Ä 
at 24°C. Many structural models are tested by calculating the second moments for them 
and comparing the results with the experimental value. Thus, the positions of protons are 
located in a restricted region within the lattice of C3 AH6: the representative parameters are 
given as xH = 0.093, yH = 0.074, and zH — 0.681. This most probable sites of hydrogen 
atoms in the A1(OH)6 group are not found on the production of the Al-O lines. There is 
no distinct tendency to form a H4-cluster inside the oxygen tetrahedron which corresponds 
to the SiO4 tetrahedron in the isomorphous silicate, grossular CajAhCSiO^j.

Introduction

Among many calcium aluminate hydrates, the 
isotropic structure of C3AH6, the abbreviation of the 
garnet type hydroxide Ca3Al2(OH)l2, presents a 
striking contrast to predominant layer structures of 
many others. The knowledge of chemical constitution 
of the hydroxyl groups in these compounds should be 
important to discuss the mechanism of hydration or 
dehydration process in cement chemistry. The deter
mination of the hydrogen positions in the crystal 
lattice by X-ray diffraction technique is very difficult 
owing to the low scattering power of hydrogen atoms. 
The broad line proton magnetic resonance (PMR) 
is useful for the locating of the hydrogen positions 
and consequently it has been recommended as a 
supplementaty method for structure analysis. For this 
purpose, the knowledge about the atomic positions 

other than hydrogen’s is required, which has been 
obtained by precise X-ray structure analysis. However, 
PMR gives an accurate information about the mutual 
interaction among the nearest protons as compared 
with the result obtained by any method of diffraction 
crystallography.

There has been another structural interest remaining 
in C3AH6. That is the possibility of a wide sense iso
morphism between Ca3Al2(SiO4)3 and Ca3Al2(OH)12 
which implies the substitution of Si4+ by 4H+ for the 
charge balance requirement. The question whether a 
H4-cluster is formed inside the oxygen tetrahedron or 
not is one of the important problems of the current 
crystal chemistry, and is a good problem for study by 
PMR.

Materials

Synthesis

C3AH6 was synthesized by adding aluminium 
powders slowly into a saturated aqueous solution of

♦The Institute of Scientific and Industrial Research, Osaka 
University, Osaka, Japan.

Ca(OH)2 in the atmosphere free from carbon dioxide 
under a moderately warm condition. All reagents used 
were of extra-pure grade. The white precipitate was 
filtered quickly to avoid carbonate formation in air, 
and then was dried at 150°C. The samples were put 
into a glass tube and sealed off in vacuum. This glass 
sample tube was fitted in the PMR probe.



Identification

Chemical Analysis

Quantitative analyses of CaO and A12O3 by or
dinary wet gravimetric methods and the weight loss 
by ignition were as follows:

obs. calc.
CaO 45.27% 44.48
A17O3 27.45 26.95
h2o 27.29 28.57

100.01 100.00
The weight loss by ignition should be attributed to 

the water content for the chemical formula, 3CaO- 
A12O3'6H2O. Thus the analysis agreed closely with 
the value calculated from the chemical formula. The 
slightly less value of the water content of the synthe
tic sample than that of the calculated one means 
that the dried powder contains no detectable water 
adsorbed.

X-ray Diffractometry.

All the diffraction patterns of the C3AH6 powder 
obtained by a X-ray diffractometer using filtered Cu 
K radiations were well indexed as the cubic, garnet 
type lattice and the line profiles were sharp. No dif
fraction lines other than those of the garnet type 

lattice were observed. Therefore, the synthetic C3AH6 
was identified with pure, well-crystallized powder.

The lattice constants at 24°C and also at — 170°C 
were determined by an inner-standard method using 
silicon powder.

ao n.566k at24°C
ao 12.536 A at-170°C

The mean linear expansion coefficient between —170° 
and 24°C was calculated from these data: a = 1.25 X 
10"5 degree-1.

Partial dehydration occurred between 270° and 
350°C and amorphous diffraction patterns were ob
served in this temperature range. Above 370°C, the 
crystalline phase of 12CaO-7Al2O3 appeared. The 
ignition product of C3AH6 at 900°C was well crystal 
lized 12CaO-7Al2O3 powder.

Infra-red Absorption

In the O-H stretching vibration region a sharp absorp
tion peak at 3600 cm-1 and a rather broad band with 
a shoulder at about 3500 cm-1 were observed, indi
cating the hydroxyl group to be free from any hydro
gen bond. No peak was found in the neighbourhood 
of 1600 cm-1, the H-O-H bending region. The lack of 
the absorption at 1600 cm-1 suggests that the sample 
contains no detectable adsorbed water.

Experimental Procedure

A PKW type broad line nuclear magnetic resonance 
spectrometer was used throughout the PMR measure
ments. The first derivative of the absorption line was 
recorded by keeping r.f. frequencies at 12 and 20 
Mc/sec and sweeping the magnetic field. The ampli
tude of the magnetic field modulation was set less 
than 1/12 of the line width. Because the precise mea
surement of the second moment was required, the 
value of time varying applied field was continuously 
calibrated by a field tracking nuclear resonance 
gaussmeter. In our experiments on C3AH6, more 
than fifteen such curves were obtained at 25°C and 
— 190°C. The experiments at low temperatures were 
performed to minimize line narrowing by thermal 
motion of the protons. Also it was found that spectra 
of better S/N ratios were obtained at liquid nitrogen 
temperatures.

The experimental value of the second moment was 
corrected for the modulation broadening according 
to the Andrew’s formula (1).

AH^(exp) = AH^(obs) - (1) 

where Hm is the modulation amplitude in gauss.
The samples of about 3 g of C3AH6 powders sealed 

in a glass tube of 40 mm length and of 20 mm diameter 
were used in the PMR measurement.

Some of the experimental curves obtained at 12.000 
Mc/sec are reproduced in Fig. 1.

The absorption was a broad, bell-shaped curve 
without resolved structure. The narrow component 
observed at room temperatures is due to the free 
water molecules, possibly included at the time of 
sealing off the glass sample tube. In the temperature 
range measured, the absorption lines showed only a 
slight motional narrowing. The line widths, taken as 
the separation in gauss of the maximum and mini
mum of the derivatives, were 15.1 and 14.1 gauss at 
— 186°C and 25°C, respectively. A mean value of the 
second moment obtained from twenty low-tempera
ture curves and that obtained from fifteen room
temperature curves were as follows:

AH2(exp) at — 186°C 22.7 ± 0.3 gauss2
at 25°C 19.6 ± 0.5 »



Fig. 1. PMK <a6wff$*>« wvm and these1 *«<*« 
js* CjAHs, pmoAr.

These 'values of the second moment of PMR are 
the main results obtained experimentally for the 
determination of the hydrogen positions.

Result

The crystal structwe of C$AH6 was refined by 
Weiss (2) using X-ray diffradiion. The space group is 
Ia3d and the lattice constant at a room temperature 
is 12.573 A. The positions of heavy atoms are as 
follows:

16 Al in (a) (0,0,0)
24 Ca in (c) (i,0,l)
96 O in (h) (x^y^Zc)

where xe is 0.030, y „ is0.052 and ze is 0.640.
From the symmetrical consideration, the hydrogen 

atoms must take the equivalent positions of 96(h), 
that is, the positional parameters are xH, yH and zH. 
From the PMR experiment for C}AHä powder, only 
one value of the second moment is available, so that 
the three structural parameters of the hydrogen posi
tions in the crystal lattice can not be determined 
independently. However, some electrostatic and 
chemical considerations have often bring a useful 
and reasonable prediction of the arrangement of 
hydrogen atoms. Thus the possible structure would be 
considerably restricted.

In order to obtain the structural information from 
the PMR spectra, the theoretical second moment 

must be calculated by the method of Van Vleck (3) 
for various model structures.

Firstly, it is assumed that the hydrogen atom, or 
the proton in PMR phenomena, lies on the Al-O-H 
straight line and locates with an O-H distance changed 
between 0.96 and 1.12 Ä.

In the case of C3AHS the magnetic nudei occupy 
structurally equivalent sites, so the second moment 
is expressed by the simple form

AH^(cak) = 358.1 + 126.0£r (2)

where the first term is due to the magnetic dipole 
interaction between the protons and the second term 
is the interaction between the proton and aluminium 
nucleus. Because the second moment depends upon 
inverse sixth power of the inter-nuclear distance, the 
summation SrjV in equation (2) converges rapidly 
as rlk becomes large. Therefore, in calculating theore
tical second moment for comparison with the experi
mental one, the terms in were obtained expli
citly only for the neighbouring magnetic nuclei, hy
drogen and aluminium, within a radius of 6 A. The 
residual contributions by more distant nuclei were 
approximated by integration assuming the magnetic 



moments of nuclei to be distributed uniformly. In 
this calculation, the cell dimension of 12.536 Ä for 
— 170°C was used and the coordinate parameter for 
oxygen was assumed to be the same as for room 
temperatures.

As shown in Fig. 2, the O-H distance fitted to the 
experimental second moment of 22.7 gauss2 is given 
as 1.10 Ä. This bond distance, however, seems to 
conflict with the result of the infrared absorption. 
On the other hand, 0-0 distance in the oxygen tetra
hedron in C3AH6 lattice are 3.06 Ä and 3.22 Ä. It is, 
therefore, expected that the OH group in C3AH6 is 
free from any hydrogen bonding and the O-H distance 
of 0.98 Ä is the most reasonable one. Moreover, in 
the above model, the nearest H-H separation is cal
culated to be 1.74 A. This value is much shorter than 
the extreme value of 1.9 Ä found in brucite, Mg- 
(OH)2, or an ordinary interhydrogen van der Waals 
separation of 2.0 ~ 2.4 Ä. From such considerations, 
the model of the linear Al-O-H arrangement must be 
abandoned, and the hydrogen atom should be located 
deviating from the Al-O straight line having an ap
parent oxygen bond angle less than 180°.

Secondly, the location of the hydrogen nucleus was 
searched out by trial and error on assumptions: (i) 
the O-H distance is 0.98 A and (ii) the hydrogen atom 
keeps the neighbouring calcium ions at a distance. 
If the O-H distance is fixed, unknown positional para
meters should be diminished from three to two. 
Instead of three parameters, xH, yH and zH, two new 
parameters aH and ßH were taken. Angle aH is defined 
as the azimuthal angle of the vector joined the origin 
of the unit cell to one selected hydrogen site H68(| + 
zH, ^h> Th), which is measured from the X-axis in the 
XY-plane, and ßH is the polar angle of this vector. 
In the same manner, the oxygen parameters of ao =

Fig. 2. Dependance of the calculated second moment upon the 
O-H distance. The experimental values at —186°C and 23°C 
are also plotted.

— 12° and ß0 = 20° were calculated for Oss(| + zo, 
Xq, Jo) using the oxygen parameters found by Weiss. 
(2)

The value of ßH was fixed to some selected values of 
20°, 18°, 16° and 14° and for each of ßH the parameter 
aH was varied from —12° to —36° at 1° or 2° inter
vals. Fig. 3 shows the dependence of AH2(calc) 
upon the parameters aH and ßH. By comparing these 
results with the experiment, it was found that a locus 
for the points A, B and C in the Fig. 3 was the accep
table region for the actual location of the proton. The 
interatomic distances for each model are tabulated in 
Table 1.

Table 1. Interatomic distances (Ä) in CsAHj

oxygen 
polyhedron

model 
A

model
B

model
C

neutron 
diffraction

H-H tetrahedron 1.96(4) 1.93(4) 2.06(4) 1.89(4)
2.56(2) 2.17(2) 1.84(2) 2.53(2)

H-H dodecahedron 2.02 2.59 3.11 2.01
3.17 2.70 2.37 3.87

H-Al octahedron 2.72 2.82 2.88 2.48
H-Ca dodecahedron 2.61 2.65 2.70 2.86

// 3.04 2.78 2.48 3.11
angle Al-O-H 138° 152° 168° 117°
angle Ca-O-H 84° 86° 90° 103°

116° 98° 79° 123°

Fig. 3. Dependence of the theoretical second moment upon the 
hydrogen position parameters aH and The experimental 
value is indicated by a dashed line.



Fig. 4. Proxctioro sf the crystal structure of CjAHs on
Only the octahedron A1(OH)6 el (0)0) and the neighbouring 
atoms around H&it are included.

It seems that the location A of the hydrogen posi
tion is more preferable than the others in view of 
electrostatic energy. The atomic coordinates for the 
selected point A can be obtained from aH, ßm and the 
assumed O H distance of 0.98 Ä:

jrB = 0.093, jrH = 0.074, zH = 0.681.
The projection for the model A on (010) is shown in 

Fig. 4 with respect to H68 (hydrogen atom at | + 
zH, 7h) and its neighbours. It is noted that the 
hydrogen atoms occur outside of the oxygen tetra
hedron (apart from the face less than about 0.2 A) 
and consequently any discrete H4-cluster is not 
formed. Thus, the H-H distances are 1.96 and 2.56 A 
in the same (OH)4 tetrahedron, while the shortest 
distance between adjacent tetrahedrons is 2.02 A. 
In table 1 some results obtained by Cohen-Addad, 
Ducros, and Bertaut (6) are also included in compari
son with ours.

Discussions

One of us, H. K., (4) reported a preliminary deter
mination of the hydrogen position in CjAHj by PMR 
experiments. In this earlier study the second moments 
measured were 17.6 gauss2 at 105°C and 18.5 gauss2 
at — 170°C. Cohen-Addad et al. (5) investigated inde
pendently the structure of C3AHS by PMR and neu
tron diffraction and reported that the location of 
hydrogen position by neutron diffraction was con
firmed by PMR. However, their measurement of the 
second moment was made at a room temperature only 
and effects of motional line narrowing were neglected. 
Their value of the second moment of 28 ± 3 gauss2 
was far larger than the value of 18 gauss2 obtained by 
us. Such a disagreement led us to make a more precise 
measurement of the second moment at liquid nitrogen 
temperatures.

Recently, Cohen-Addad, Ducros and Bertaut (6) 
have refined the hydrogen coordinates by neutron 
diffraction at 4°K: xH = 0.101, yH = 0.049 and zH = 
0.662. From these values and the lattice constant 
found by us at — 170°C, the theoretical second mo
ment for the static model is estimated to be 26.9 
gauss2. This value is also appreciably larger than the 
experimental values of 22.7 gauss2 at liquid nitrogen 

temperatures. The fact that the line narrowing between 
— 186° and 25°C is relatively small indicates that the 
hydrogen atoms are bound to their structural sites by 
relatively strong forces. This, in turn, implies that ther
mal motion of the hydrogen is so reduced that a 
static model is applicable at the lower temperature. 
Therefore, in the present study the value of the experi
mental second moment at — 186°C is used to locate 
the hydrogen positions in C3AH6.

One would not expect from the PMR data only to 
obtain accurate values of proton coordinates but an 
acceptable region for them. Nevertheless, the proton 
positions located by Cohen-Addad, Ducros and Ber
taut (6) are not included in the allowed region. Thus, 
an ambiguity about the proton positions arises from 
the somewhat different results by different methods.

However, essential features of the hydroxyl radical 
in C3AH6 are similar as regards the fact that there is 
no discrete H4-cluster inside the oxygen tetrahedron 
of the garnet lattice and also no definite hydroxyl 
bonds as like as proposed in A1(OH)3. As may be seen 
in Table 1 and Fig. 4, some of the H-H distances 
between the neighbouring hydroxyl tetrahedra i.e. 
in the dodecahedron are close to twice the van der 



Waals radius as occurred in the same tetrahedron.
Consequently, it is concluded from a viewpoint of 

crystal chemistry that the hydroxyl groups in C3AH6 
are closely connected with the Al3+ ion forming a 
hydrogen-aluminate ion or hexahydroxoaluminate 
anion [A1(OH)6]3', and these aluminate ions construct 
the ionic lattice of a garnet type with Ca2+ cations. If 
the anion [A1(OH)6]3- is free, the Al-O-H bond should 
be linear owing to electrostatic interactions. Within 
the crystal lattice, however, the approach of the ions 
causes the O-H bond direction to have an appreciable 
deflection from the Al-0 line. The position of the hy
drogen deduced from the present PM R experiment will 

be favourable from these considerations. Namely, 
the hydrogen atom locates in 2.61 and 3.04 Ä apart 
from two neighbouring Ca2+ ions and the separation 
of Al-H and the apparent bond angle of Al-O-H in 
its ion [A1(OH)6]3~ are 2.72 A and 138°, respectively. 
The nearest inter-anionic hydrogen separation is 
1.96 A, suggesting a van der Waals contact with each 
other. In contrast to ours, the values found by 
neutron diffraction are 2.47 A for Al-H distance and 
117° for the bond angle of oxygen atom. The signi
ficance of their values may be difficult to assess at 
present.
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Supplementary Paper 11-29 Calcium Aluminate Hydrates and 
Related Basic Salt Solid Solutions

Melville H. Roberts*

Synopsis

The composition and identity of different tetracalcium aluminate hydrates are studied 
in order to elucidate conflicting views in the literature. It is shown that two polytypes of 
4CaO-A12O3-19H2O normally occur in contact with the liquid phase, and three lower 
hydrates with 13H20,11H2O and 7H2O are produced by dehydration under different drying 
conditions. Previous claims for the existence of 4CaO-A12O3 ■ 13H2O and 4CaO-Al2O3- 
12H2O giving X-ray patterns with respective longest basal spacings of 8.2 Ä and 7.9 Ä are 
therefore not supported by the present study, and it is suggested instead that the 7.9 Ä 
basal spacing originates from 4CaO-Al2O3-13H2O and the 8.2 Ä spacing from a related 
quaternary carbonate hydrate of composition 4CaO ■ A12O3 ■ |CO2 • 12H2O.

The possibilities for the replacement of hydroxyl ions in the crystal lattice of calcium 
aluminate hydrates by other anions to give solid-solution series are examined. The previously 
reported replacement of sulphate ion by hydroxyl ion in 3CaO-Al2O3'3CaSO4-31H2O is 
not confirmed, but solid solutions involving 4CaO^1205-131120 are obtained under 
suitable conditions. Direct X-ray evidence is presented for the formation of a partial solid
solution series with compositions varying from 3CaO-Al2O3-CaSO4-12H2O to 3CaO- 
Al2O3 |Ca(OH)2-2CaSO4 12H2O and a longest basal spacing decreasing within this 
range from 8.96 Ä to 8.77 Ä. A quaternary carbonate hydrate of composition 4CaO- 
A12O3-|CO2■12H2O is readily formed by the action of C02 on 4CaO-A12O3-19H2O 
suspensions. The probable formation of a partial solid-solution series 4CaO-Al2O3-|CO2- 
12H2O-3CaO-A12O3-CaCO3-llH2O giving basal spacings in the range 8.2-7.6Ä is also 
indicated. Preliminary results for chloride-containing solid solutions suggested the formation 
of similar partial solid-solution series with values for the basal spacings slightly higher than 
those for 4CaO-A12O3-13H2O and 3CaO-Al2O3-CaCl2-10H2O. It is also indicated that 
related quinary solid solutions containing chloride and sulphate, or carbonate and sulphate 
may be formed in some circumstances.

Introduction

A comprehensive review of the then available 
knowledge of calcium aluminate hydrates in relation 
to the hydration of cement was made by Jones (1) 
at the Fourth International Symposium on the Chem
istry of Cement. These hydrates have subsequently 
been the subject of many other studies (2-9), but 
some uncertainties still remain and conflicting views 
occur in the literature. In this connection, it may be 
noted that there are many difficulties in carrying out 
experimental work on calcium aluminate hydrates and 
related compounds, and two considerations are of 
particular importance. In the first place, many of the 
compounds exist in different hydration states, depend
ing on the conditions of drying, and it is therefore 
necessary to maintain precise control over “H20”
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content and to prevent any interconversion between 
different hydrates, either by dehydration or rehy
dration, which may arise during subsequent treatment 
and examination of solid phases. Secondly, the hydra
tes are very susceptible to attack both by any car
bonate in the reaction mixtures and by atmospheric 
C02, and all possible care must be taken to prevent 
such carbonation at every stage of preparation, treat
ment and examination, or if need be to make allow
ance for the effects of any carbonation that may occur 
unavoidably.

Carbonation is responsible for some erroneous 
interpretation in the past, as for example in the case 
of the so-called “C3AH12”, which on the basis of 
many investigations (2, 10-13) is now accepted to be 
really the quaternary carbonate hydrate C3 A • CaCO3 • 
HH20. The opportunity for similar confusion and 
misinterpretation in identification still exists especially 



with the tetracalcium aluminate hydrates, because of 
their close similarity to the related quaternary basic 
salt hydrates and particularly to the carbonate- 
containing hydrates which may occur with varying 
composition. The possibility of the formation of qua
ternary carbonate hydrates has therefore been given 
careful consideration in the first part of this study 
dealing with the tetracalcium aluminate hydrates. 
In addition, an attempt has been made to resolve the 
difficulties with regard to identification, and some 
experiments have been made to further investigate 
previous findings on these hydrates with the aim of 
elucidating the existing controversy on the composi
tion and identity of different tetracalcium aluminate 
hydrates.

The existence of quaternary basic salt hydrates of 
the hexagonal-plate type, such as calcium monosul
phoaluminate, monocarboaluminate, and monochloro
aluminate, is well established (5). In view of the close 
structural relationship that evidently exists between 

these quaternary hydrates and C4Aaq, there is there
fore the possibility of the formation of “solid solutions” 
of varying degree of complexity involving the replace
ment of hydroxyl ions in the crystal lattice of calcium 
aluminate hydrates by any or all of such anions as 
sulphate, carbonate and chloride. The existence of 
these solid solutions has indeed been generally ac
cepted, but little direct X-ray evidence of their for
mation appears to be available. The purpose of the 
remaining part of the present investigation is to ex
amine the possibilities for the formation of such com
plex solid-solution series, particularly taking into 
account the more recent findings on calcium aluminate 
hydrates. An attempt has also been made to obtain 
data on the composition ranges and X-ray properties 
of the solid solutions, and some preliminary, though 
rather incomplete, results are given for basic salt 
solid solutions containing sulphate, carbonate or 
chloride.

Experimental

Materials and Procedures

The procedures for the preparation, filtration, 
analysis, and examination of different phases were 
very similar to those described by Jones and Roberts 
(13). In all cases, precautions were taken against 
contamination arising from carbonation by avoiding 
as much as possible any contact with atmospheric 
CO2 at every stage of the preparation and subsequent 
treatment and examination, but attack by atmospheric 
CO2 was not always completely prevented though the 
effects were probably minimised.

The basic ingredients of the reaction mixtures were 
a supersaturated monocalcium aluminate solution 
and freshly-ignited CaO, the former being prepared 
by treating a calcium aluminate cement (“Secar 250") 
with CO2-free water and the latter by igniting “Ana- 
lar” CaCO3 at 1000°C. Quaternary compositions 
were obtained by adding to the calcium aluminate 
hydrate suspension either weighed quantities of the 
calcium salt (CaCO3, CaSO4-2H2O, or CaCl2- 
2H2O), or, where appropriate, known volumes of the 
salt solution; all the salts were “Analar” chemicals. 
In the case of the quaternary carbonate compositions, 
incomplete reaction of the added CaCO3 often oc
curred, and it was found to be preferable to introduce 
the carbonate by means of a method based on an 
adaptation of the barium hydroxide vacuum method 
for the determination of carbonate as described by 

Jones (14). This procedure involved the decomposition 
of a weighed amount of CaCO3 with acid, and absorp
tion at reduced pressure of the liberated CO2 in a 
continuously stirred suspension of the calcium alumi
nate hydrate in mother-liquor contained in a conical 
filter flask.

The different reaction mixtures, contained in sealed 
“polythene” bottles, were shaken continuously at 
25°C, for various periods, usually at least 7 days, 
before filtration either on a sintered-glass or a sintered 
stainless steel funnel in the absence of atmospheric 
CO2. The solid phases obtained in the earlier stages 
of the investigation were dried to constant weight 
at room temperature and reduced pressure in a vacuum 
desiccator containing either a saturated salt 
solution to give the required relative humidity (usually 
81 % R. H.) or another drying agent, but since this 
procedure almost invariably resulted in some slight 
carbonation a different drying technique was later 
used. A sintered-glass funnel assembly fitted with 
ground glass joints and taps was used; the solid 
collected on the funnel after filtration being first 
washed with acetone, followed by ether, and evacu
ated for several minutes to remove the ether. The 
funnel was then disconnected from the filter flask, 
and, after closing at the top and bottom with ground 
glass joints fitted with small taps, was placed in an 
air thermostat at 25°C and connected to a supply of 
nitrogen which had previously been conditioned to 



the required relative humidity by passing it through a 
saturated salt solution, or other drying agent as 
appropriate. The stream of nitrogen was continuously 
passed through the sintered-glass disc and the solid, 
and the funnel and contents weighed at 24 hour inter
vals until constant weight (± 1 mg) was obtained.

X-ray Examination

X-ray powder photographs were taken of a thin- 
layer specimen of solid using CuK« radiation in a 
Guinier-type focusing camera with a diameter of 115 
mm. To avoid both carbonation and possible changes 
in state of hydration, the specimens were prepared in 
a glove-box containing CO2-free air at an appropriate 
relative humidity, and in general were exposed to 
X-rays in a sealed envelope formed by sealing each 
side of the power layer with self-adhesive “poly
thene” tape. Furthermore, to establish the hydrates 

actually present in contact with the liquid phase the 
X-ray examination was always, first of all, made on 
solid phases immediately after filtration and while 
still moist with mother-liquor. Subsequently, the 
solid phases were usually dried in a desiccator before 
X-ray examination, but difficulties often then arose 
from changes in the water content of the solid during 
preparation and from inadvertent carbonation of 
samples. To overcome these difficulties, some X-ray 
examinations were also made using a humidity- 
controlled specimen cell, as described by Aruja (15), 
whereby nitrogen at various relative humidities was 
passed over the X-ray powder specimen and the for
mation of different hydrates during drying or rehy
drating cycles could be rapidly surveyed by X-ray 
examination with minimum risk of contamination by 
atmospheric CO2 and of changes in state of hydration. 
Complete X-ray powder data for many of the hydrates 
considered have been published elsewhere (13, 16).

Results and Discussion

Tetracalcium Aluminate Hydrates

Results of the present investigation relating to the 
different states of hydration of hydrated tetracal
cium aluminate are summarised in Table 1, which also 
includes results for some closely related quaternary 
carbonate hydrates. In the following discussion, the 
difficulties with regard to identification of different 
tetracalcium aluminate hydrates are examined, and 
the data of Table 1 are used to interpret and explain 
results previously obtained by other investigators.

Table 1. Characteristics of tetracalcium aluminate hydrates and 
some related quaternary carbonate hydrates

Composition Drying conditions*
Basal spacings 

in X-ray 
powder patterns 

(A)

CjAH^ moist with mother-liquor, 10.7
(«! and a^) or > 88%R.H. 5.3)

7.9C4AH]3 81-11 %R.H.,
or25%R.H. at40°C 3.95

aj4ahh anhydrous CaCl2, 7.4
or solid NaOH 3.70

ca,h7 P2O5 ca. 5.5+
C4A.1/2CO2.12H2O moist with mother-liquor. 8.2

or 81-53% R.H., 
or 25%R.H. at 40°C

4.10

C4A.l/2CO2.10H2O 11%R.H., 7.7
or anhydrous CaCL 3.85

C4A.1/2CO8.8(?)H2O PA ca. 7.3
C4A.CO.2.1IH„O moist with mother-liquor, 7.6
(or C3A.Ca.CO3.llH2O) or81%R.H., 

or anhydrous CaCl2
3.80

♦At room temperature, unless stated otherwise. 
tPoor X-ray pattern with weak and diffuse reflections.

c4ah19

In agreement with previous work by the present 
author (11,13,17), the tetracalcium aluminate hydrate 
in metastable equilibrium with mother-liquor at 25°C 
was found to be C4AHI9 («] and a2) with a longest 
basal spacing of 10.7 Ä. This result has also been con
firmed by many other investigators (3, 8, 9, 18-21), 
and on the basis of this work it is indicated that when 
hydrated tetracalcium aluminate is formed at tempera
tures in the range 1° to 50°C and at atmospheric 
pressure it is present as a 19H2O hydrate in contact 
with the liquid phase. It has also been shown that 
this fully-hydrated C4AH19 occurs in two polytypes, 
designated at and a2, which give X-ray patterns show
ing the same basal spacings and only differing slightly 
in the positions of non-basal reflections (13, 22).

Dehydration of C4AH19 takes place very readily at 
room temperature at relative humidities below about 
88 %, and depending on the actual drying conditions, 
various lower hydrates not relevant to the aqueous 
system are formed. Consequently, in order to estab
lish the presence of C4AH19 in a hydrated product, 
it is generally advisable to undertake an X-ray exami
nation of the moist solid in contact with mother
liquor with precautions to prevent loss of water from 
the specimen. This procedure may, however, result 
in some difficulty if C2AH8 is also present in the solid, 
because this hydrate gives basal spacings practically 



identical to those of C4AHig. In this case, the often- 
used procedure of drying the moist solid phase in 
some way before X-ray examination may be helpful 
in distinguishing between the dicalcium and tetracal
cium hydrates, but the utmost care most then be taken 
to prevent any carbonation both before and during 
the X-ray examination. If carbonation occurs, the 
X-ray examination of dried solids presents the oppor
tunity of confusion of the X-ray patterns of quater
nary carbonate hydrates with those of dehydrated 
C4Aaq, as will be shown later. Furthermore, since 
these carbonate compounds may also be formed other 
than by carbonation of C4Aaq, some uncertainty may 
then arise as to whether C4AH19 was ever present in 
the original solid phase, as appears to be the case with 
some solid phases in many previous investigations 
(23-27).

c4ah13

As shown in Table 1, the present study has indi
cated the existence of a single C4AH13 with a longest 
basal spacing of 7.9 A. In contrast to this result, it 
was thought in earlier work by the present author 
(11,13) that dehydration of C4AH19 at 81 % R.H. re
sulted in the formation of two polymorphs of C4AHj 3, 
designated a- and ^-C4AH13 and characterised in the 
X-ray patterns by longest basal spacings of 8.2 A 
and 7.9 A, respectively. However, Jones and Roberts 
(13) later suggested in an addendum to their paper 
that jff-C4AHI3 was a true ternary hydrate, and that 
a-C4AH13 contained carbonate in its structure. This 
conclusion was based on observations made on 
“C4Aaq” preparations both with the deliberate intro
duction of CO2 and with the rigid exclusion of atmos
pheric CO2. Exposure of )?-C4AH13 to atmospheric 
CO2 and treatment of suspensions of C4AH19 in 
mother-liquor with CaCO3, Na2CO3, or CO2 resulted 
in the formation of “a-C4AH13” with a longest basal 
spacing of 8.2 A. On the other hand, when X-ray 
examinations were made in a CO2-free atmosphere 
using a humidity-controlled specimen cell (15), the 
passage of nitrogen at 81% R. H. over samples of 
«!- and a2-C4AH19, and C4AH11 produced a single 
hydrate corresponding to j5-C4AH13 with a longest 
basal spacing of 7.9 A. These observations have been 
confirmed by additional experiments on many other 
C„Aaq preparations, and some typical results 
for a few preparations subjected to successive dehy
dration and rehydration cycles are given in Table 2. 
These results show that a basal spacing of 7.9 A 
is obtained alone at relative humidities in the range 81 
to 11 %, provided that adequate precautions are taken

Table 2. X-ray examination of C4Aaq and. C4A-|CO2-aq 
during successive dehydration and rehydration cycles in X-ray 
specimen ceil at room temperature.

Relative 
humidity 

of 
nitrogen 

(%)

Longest basal spacing in X-ray powder pattern (A)

C4Aaq(l) CdAaq(2) C4Aaq(3) C4A.l/2CO2.aq

100 lO.Ttoi) 10.7(afi + «2) lO-TtaP 8.2
81 7.9 7.9 7.9f 8.2
33 7.9 8.2 

+7,7(medium)
11 7.9 7.7

+ 8.2(medium)
ca. 1 ♦ 7.4 7.4 7.4 7.7

11 7.9
+ 8.2(very weak)

7.7

33 7.9 s. tn
+ 8.2(weak) + 7.7(medium)

81 7.9 7.9 7.9 S.ltt
4-8.2( weak) + 7.7(medium)

81** 7.9
+8.2(very weak)

8.2
81*** 7.9 7.9

+8.2(medium) 4-8.2(medium)

♦Nitrogen dried by anhydrous CaCl2
♦♦Nitrogen passed through solid on sintered glass funnel
♦♦♦Solid dried in vacuo in desiccator
fPassage of air at 81 % R.H. over separate sample gave spacings of 7.9+8.2 
(medium)
tfSIightly different from original X-ray pattern.

to exclude atmospheric CO2. In some of the tests, 
particularly at the later stages of the cycling treatment, 
a basal spacing of 8.2 A with a weak or very weak 
intensity was also present, but this spacing was obser
ved with greater intensity in samples dried in desic
cators or deliberately exposed to the atmosphere. This 
8.2 A spacing evidently arises by carbonation and the 
resulting formation of the so-called “a-C4AH13”, 
or really C4A-^CO2-12H2O as established by other 
work involving deliberate carbonation (see later). 
With regard to the water content of the 7.9 A hydrate, 
results from loss on ignition (1000°C) tests on several 
different C4Aaq samples dried by N2 at relative hu
midities in the range 81-33% at room temperature, 
or dried at 25 % R. H. at 40°C, and only containing 
traces, if any, of the 8.2 A hydrate, gave values in the 
range 41.2-42.5 %, as compared with theoretical values 
of 41.8% H2O for C4AH13 and 39.9% H2O for 
C4AH12. It is indicated, therefore, that the 7.9 A 
hydrate (or “j8-C4AH13”) corresponds to a true 
ternary C4AH13 hydrate, while the 8.2 A hydrate (or 
“a-C4AH13”) is actually a closely related quaternary 
carbonate hydrate. ■

In agreement with the above results Seligmann and 
Greening (3,20) have also concluded that “a-C4AH13”- 
was not a ternary phase, but really a “hemicarboalu- 
minate” with a composition C3A-|Ca(OH)2- 
^CaCO3 XH20. However, in contrast with these 
views on “a- and /?-C4AH13”, Alegre (4) and Lavan- 
ant (7) have suggested instead that there existed a 1 



C4AH13 (8.2 A) and a C4AH12 (7.9 A). This conclu
sion is not supported by the present study, particularly 
in that samples dried at room temperature over a 
range of relative humidities from 81 % to about 22% 
showed a composition very near to C4AHl3 (7.9 A) 
and this changed to C4AH11 (7.4 A) on further dehy
dration, together with the fact that the X-ray powder 
data given by Alegre and Lavanant for C4AH]3 (or 
“a-C4AH13”) and C4AH12 (or “jff-C4AH13”) are 
practically identical to those now obtained for C4A • 
|CO2 • 12H2O and C4AH, 3, respectively.

It should also be noted that the question of con
tamination by atmospheric CO2 was only considered 
by Alegre and Lavanant in so far as it might result in 
the formation of C3A CaCO3 aq, since other quater
nary carbonate hydrates were not recognised at that 
time. Although strict precautions were taken against 
contact with atmospheric CO2, there is nevertheless still 
some doubt as to whether these precautions were com
pletely successful in excluding CO2 from the samples. 
This doubt arises from the use of techniques involving 
very small samples with consequent greater risks of 
carbonation effects, and in addition X-ray diffraction 
work on a Geiger-counter diffractometer which is 
vulnerable with regard to carbonation because the 
diffracting surface is only a very thin layer of the 
surface of the sample, particularly liable to be affected 
by any atmospheric CO2 with magnified effects. It 
would appear to be very probable, therefore, that the 
results of these two previous studies were affected in 
some degree by carbonation and consequent forma
tion of C4A |CO212H2O and C4A-|CO2- 10H2O 
(see Table 1) and indeed it is possible to interpret the 
results on this basis. For example, it could be suggested 
that the results obtained by Alegre for the. alleged 
conversion of “C4AH12” (7.9 A) into “C4AH13” 
(8.2 A) at high relative humidity (Figs. 2 and 3 of 
original paper) are actually caused by carbonation 
during the course of X-ray examination with the 
resulting formation of C4A-|CO2-12H2O (8.2Ä). 
Furthermore, this suggestion is then supported by the 
results at low relative humidity (Figs. 4 and 5, and 
Table 4 of original paper) which contrary to the 
opinion of Alegre do not appear to show conversion 
of “C4AH13” (8.2 A) into “C4AH12” (7.9 A), but 
rather that first of all C4A-|CO2-12H2O (8.2 A) 
dehydrates to the lower 10H2O hydrate (7.7 A), 
and at longer times the true C4AH, 3 (7.9 A) also dehy
drates to C^AH,, (7.4 A). Alegre interpreted the final 
X-ray results at this low relative humidity (about 10 % 
R. H.) as . indicating the presence of C4AHn and 
C4AH7, but the formation of C4AH7 under this 
drying condition is extremely unlikely since the results 

given in Table 1 and 2 show that C4AHn is still stable 
at a lower relative humidity over anhydrous CaCl2 
or solid NaOH and that much more rigourous drying 
conditions are necessary to form C4AH7.

Similar alternative interpretations can also be 
suggested for the results on C4Aaq obtained by Lava- 
nant(7). In this investigation, it is noteworthy that 
the results for the immediate X-ray examination of 
compositions near to C4AH13 at relative humidities of 
80% and 50% do, in fact, indicate that a longest 
basal apacing of 7.9 A is predominant. Lavanant 
preferred, however, to place greater reliance on results 
from samples “aged" in desiccators at these humidities, 
and it is not surprising that the longest basal spacing 
of 8.2 A then predominated because it is very difficult, 
if not impossible, to prevent some carbonation of the 
samples under these conditions.

The question of the composition of “a- and ß- 
C4AH13” together with the effect of carbonation on 
C4Aaq have also recently been considered by Dosch 
and zur Strassen (8), and based on X-ray diffracto
meter studies it was concluded that the 7.9 A basal 
spacing arose from a C4AH12, while the 8.2 A spacing 
was derived both from a C4AHj 3 and from a “quarter
carbonate” compound of composition C3A-|CaO- 
)CaCO3- 12H2O. Leaving aside the question of the 
composition of the quaternary carbonate hydrate, 
which is discussed again later, this work would appear 
to reconcile the two opposing points of view on 
“a- and /?-C4AH13” which have already been con
sidered above. However, the evidence presented by 
Dosch and zur Strassen for the existence of the two 
hydrates C4AH13 (8.2 A) and C4AH12 (7.9 A) is 
inconclusive and also inconsistent in some respects. 
In particular, very little data for the actual water 
content of preparations of the alleged “13H2O” 
and “12H2O” hydrates were given by these authors. 
A 12H2O composition was said to be obtained after 

' drying at 22% R. H. at 25°C, but the 13H2O composi
tion was only assumed on the basis of an incorrect 
interpretation of previous work. This single water 
content determination is not in agreement with the 
results for the water content of the 7.9 A hydrate 
now obtained in the present investigation, which as 
shown above gave a composition nearer to C4AH13 
than to C4AH12.

Dosch and zur Strassen have also indicated that the 
“12H2O” hydrate (7.9 A) and the lower hydrates are 
converted into the “13H2O” hydrate (8.2 A) on stor
age at 81 % R. H., but unfortunately detailed results 
for these transformations based on X-ray examination 
of pure C4Aaq during dehydration and rehydration 
cycles were not given. The results of such an examina



tion were only elaborated (Fig. 5 of original paper) in 
the case of a deliberately carbonated sample, consist
ing initially of a mixture of C4AH19 (10.7 Ä) and the 
related 8.2 Ä carbonate hydrate, and consequently the 
position with regard to the possible existence of a 
C4AH13 hydrate with a longest basal spacing of 8.2 
Ä was not clearly established. The authors interpreted 
these results as showing that C4AH19 (10.7 Ä) is 
dehydrated at 81 % R. H. to a “13H2O” hydrate with 
a longest basal spacing of 8.2 Ä coincident with the 
8.2 A spacing of the quaternary carbonate hydrate, 
but against this interpretation no increase in intensity 
of the 8.2 A spacing was shown in the diffractometer 
traces. It is, therefore, possible that difficulty may have 
occurred initially in resolving the 8.2 A spacing of the 
carbonate hydrate from the 7.9 A spacing which pre
sent results have indicated to be obtained from 
C4AH13 under these conditions. Furthermore, these 
particular results given by Dosch and zur Strassen 
also appear to show the formation of a 7.9 A spacing, 
together with a 8.2 A spacing, when C4AH, t (7.4 A) 
and the dehydrated quaternary carbonate compound 
(7.7 A) are rehydrated at 81 % R. H., and this indica
tion agrees with the present study but not with the 
conclusion of Dosch and zur Strassen that C4AH13 
with a longest basal spacing of 8.2 A is formed at 81 % 
R. H. It is also noteworthy that complete X-ray 
powder data for the quaternary carbonate hydrate 
and the alleged “C4AH; 3” with the same basal spacing 
of 8.2 A were not given by Dosch and zur Strassen. 
Such data would appear to be necessary to confirm 
their separate existence, since some differences would 
be expected in other spacings in the X-ray patterns, 
but such differences have not so far been demon
strated. Finally, despite the elaborate precautions 
that were taken against atmospheric CO2, it is likely, 
for reasons given above, that storage of solids in 
desiccators and X-ray examination by means of a 
diffractometer still offer the possibility of inadvertent 
carbonation having some effect on the results obtained 
by Dosch and zur Strassen.

C4AHn

Tables 1 and 2 show that the tetracalcium aluminate 
hydrate formed in samples dried over anhydrous 
CaCl2 or solid NaOH is a 11H2O hydrate with a 
longest basal spacing of 7.4 A. This result is in agree
ment with similar previous results of many other 
investigators (3, 8, 11, 13, 28), though it has also been 
claimed by Alegre (4) and Lavanant (7) that C^H,, 
gave an X-ray pattern with characteristic spacings at

7.6 A and 3.79 A. However, pure C4AHh was not 
obtained in the latter two studies and, as already 
indicated above, some confusion and misinterpretation 
in identification of the mixture of hydrates appears 
to have arisen. Thus, it is likely that the spacings of 
7.6 A and 3.79 A really originated from a dehydrated 
quaternary carbonate hydrate, while the other spac
ings of 7.4 A and 3.70 A were actually those of C4AH j, 
and not C4AH7 as concluded by Alegre and Lava
nant. ■

With regard to the range of drying conditions under 
which C4AHu is formed, some previous work (4, 7, 
8) has indicated that this hydrate is obtained at 11 % 
R. H. at 25°C (saturated LiCl solution), whereas the 
results in Tables 1 and 2 show the presence of C4AH13 
(7.9 A) at this relative humidity. This minor point of 
difference may possibly be attributed to this drying 
condition giving a water vapour pressure near to the 
limiting value for the transition between the 13H2O 
and 11H2O hydrates, coupled with the fact that there 
may be some lack of precise control of the actual water 
vapour pressure obtained with saturated LiCl solution 
in different circumstances.

c4ah7

The results of the X-ray examination of C4Aaq 
dried at room temperature over P2O5 were a little 
uncertain in that the preparations examined gave very 
poor X-ray patterns with a few weak and diffuse 
reflections. The water content obtained by loss on 
ignition (1000°C) tests on such samples was in the 
range 7-8H2O indicating that only “hydroxyl" water 
is retained over P2O3, and it is possible that the almost 
complete removal of “inter-layer” water may have 
resulted in some deterioration of the crystallinity 
affecting the X-ray pattern. These patterns showed a 
weak basal spacing at about 5.5 A, and this value is 
in approximate agreement with data for C4AH7 
given by Feitknecht (29) and Buttler, Dent-Glasser, 
and Taylor (28).

In contrast to the above results, other investigators 
(4, 7, 8, 11) have claimed that C4AH7 gave an X-ray 
pattern with a longest basal spacing of about 7.4 A. 
Such a spacing was obtained in-earlier work by the 
present author (7), but this result was probably in
fluenced by the effects of rehydration and/or carbona
tion under the conditions of examination used at that 
time. Alegre (4) and Lavanant (7) have also given a 
basal spacing of 7.4 A for C4AH7, though as discussed 
above the X-ray patterns with sharp reflections 
which were attributed by these authors to C4AH7 
actually correspond very closely to the X-ray pattern 



of CtAH, p An X-ray pattern with sharp basal reflec
tions, the longest being at 7.2 A was obtained by 
Dosch and zur Strassen (8) when C4Aaq was dried 
over P2O5 at 25°C. This finding is difficult to reconcile 
with present results, but two possible explanations may 
be suggested. In the first place, there is the possibility 
of rehydration of C4AH7 to C4AHh, which occurs 
very readily, causing some confusion in the X-ray 
patterns, and secondly inadvertent carbonation may 
have affected the results. Some support for the latter 
suggestion seems to be provided by the results now 
obtained for one quaternary carbonate preparation 
dried over P2O5, since as shown in Table 1 this prepa
ration gave a reasonably sharp X-ray pattern with a 
longest basal spacing of about 7.3 Ä very near to the 
value of 7.2 A given by Dosch and zur Strassen for 
C4AH7.

Prosslble Influence of Other Trace Impurities

The above discussion has clearly shown that control 
of water content of solid phases and prevention of 
carbonate contamination are two important factors 
in studies of hydrated calcium aluminates. Another 
possible complicating factor arises from the conclu
sion of Crowley (6) that trace impurities of foreign 
metal ions in the starting materials may have a pro
nounced influence on the phase relations in the system 
CaO-Al2O3-H2O. Since stringent precautions as to 
the purity of the initial reactants were not taken in 
the present study, it appears to be necessary to exa
mine the basis for this conclusion.

Crowley studied the phase relations at temperatures 
from 4° to about 300°C under high pressure, and 
reported that the phase diagram of the CaO-Al2O3- 
H2O system obtained from starting materials pre
pared from “reagent-grade” CaCO3 was markedly 
different from that observed using an allegedly purer 
“luminescent-grade" CaCO3. However, it is note
worthy that the phase diagram in the latter case (Fig. 
1 of original paper) appears to agree reasonably well 
with other published work (13, 30-32) on the system 
CaO-Al2O3-H2O, even though strict precautions as 
to the purity of the starting materials were not taken 
in these other investigations. Furthermore, when the 
initial reactants consisted of impure calcium aluminate 
cements or contained admixtures of different clays 
and various salts and bases the results were mainly in 
agreement with this diagram, suggesting that some 
factor other than the presence of trace impurities was 
operative in the case of different results obtained with 
“reagent-grade” CaCO3.

The main differences in the diagram obtained using 

“reagent-grade” CaCO3 (Fig. 5, of original paper) 
were that the compounds C2AHS and CAH]0 were 
not included, and instead a large field of stability, even 
up to about 240°C, for a “C2AH6” hydrate was 
obtained. This so-called “C2AH6” was not character
ised clearly by Crowley, but it was implied that it was 
a dehydrated form of C2AH8, and presumably it was 
therefore identified in the X-ray powder patterns by 
a longest basal spacing in the region 8.7 A to 8.8 A 
on the basis of previous work (11, 13, 33). However, 
in these other investigations at atmospheric pressure, 
it was shown that the dehydrated from of C2AH8 
was only obtained under fairly rigorous drying con
ditions and that rehydration to C2AH8 occurred very 
readily. In view of these results, together with the fact 
that Crowley also indicated the simultaneous presence 
of “C2 AH6” and Ca(OH)2 in some hydration products, 
it would appear that the true identity of the so-called 
“C2AH6” obtained by Crowley is far form clear. It 
may be conjectured that in some instances the prepara
tion of the reaction mixtures was defective in that the 
initial reactants were contaminated with the nitrate 
ion involved in their preparation. If this were the case, 
the quaternary hydrate C3A-Ca(NO3)2-aq would be 
formed, and since the X-ray pattern of this hydrate, 
as given by Van Aardt (34), shows a longest basal 
spacing of about 8.8 A which is practically identical 
to that reported for the dehydrated form of C2AH8, 
it is possible that some confusion may have arisen.

In addition, the carbonate compounds “a-C4AH13” 
and C3A CaCO3-llH2O were identified in many of 
the hydration products, and it is clear therefore that 
the effects of contamination by atmospheric CO2 
must also have played some part in the results reported 
by Crowley. The occurrence of such contamination is 
indeed to be expected when it is considered that little 
care was taken to exclude atmospheric CO2 and that 
the techniques which were used involved the treat
ment of very small samples (20 mg of initial solid) 
and air-drying of the hydrated products before X-ray 
examination. The many inconsistencies in the detailed 
results reported, suggesting that some uncontrolled 
factor is operating, may therefore be attributed, 
at least partly, to the effects of variable carbonation 
of samples.

On the basis of the above remarks, it appears to 
the present author that Crowley’s conclusion with 
regard to the marked influence of trace impurities 
of foreign metal ions in studies of hydrated calcium 
aluminates has not been substantiated, but rather 
that the effects of contamination by atmospheric 
CO2 and lack of precise control of water content 
of solid phases are the principal factors to be guarded 



against in such studies.

Quaternary Solid Solutions 
Containing Sulphate

Several possibilities exist for the replacement of 
OH in the crystal lattice of calcium aluminate hy
drates by SO;-. The probable formation of five inter
connected solid-solution series has been suggested 
by Kalousek (5, 35), but some of these can now be 
dismissed on the basis of more recent evidence. The 
supposed solid solution between C3AH]2 and C3A- 
CaSO4-12H2O can no longer be accepted, since it 
has been shown that the allged “C3AH12” is actually 
C3A-CaCO3-llH2O (2, 10-13). In addition, the 
suggested formation of the two solid-solution se
ries C3A CaSO4-12H2O-C3A 3CaSO4-31H2O and 
C4AH, 3-“C6A • aq” would appear to be ruled out by 
the different crystal lattice structures involved, and 
indeed the experimental evidence obtained by several 
investigators (36-38) has shown that the two alumi
nate sulphates do not form solid solutions. -

The existence of the supposed solid solution be
tween C3A-3CaSO4-31H2O and “C6A-aq” is also 
rather doubtful, because no satisfactory evidence for 
the formation of “C6A • aq” has so far been obtained, 
despite many attempts by the writer and others (39, 
40) to prepare this compound. Nevertheless, Midgley 
and Rosaman (40) still considered that limited replace
ment of SO4- by OH- could occur in C3A-3CaSO4- 
31H2O, though the X-ray evidence obtained for this 
limited solid-solution formation was based solely on 
very slight apparent differences in the 100 reflection 
at about 9.7 Ä, which is liable to appreciable error 
in measurement. In an attempt to obtain more con
clusive evidence for this reported solid solution, some 
additional solid samples, prepared by the same 
methods as used by Midgley and Rosaman, were 
examined in the present study. It was found that the 
X-ray powder patterns of the various moist solids were 
practically identical to that shown by pure C3A- 
3CaSO4-31H2O, even in the case of the high angle 
reflections, and the alleged solid-solution formation 
was therefore not confirmed. Chemical analysis of 
the preparations gave values for the CaSO4/Al2O3 
molar ratio in the range 2.83-3.14, but difficulties 
occurred in the analytical determinations because of 
the presence of sugar, as may also well have been the 
case in the work of Midgley and Rosaman. It seems 
therefore that the evidence available at present for the 
replacement of SO4- by OH- in C3A-3CaSO4- 
31HZO is inconclusive, and further work is needed 
before its occurrence can be accepted.

The remaining possibility for solid-solution for
mation is that involving C4A-aq and C3A-CaSO4- 
aq, and several investigators (35-37) have indicated 
the existence of a solid-solution series between these 
two hydrates on the basis of variations in the refrac
tive indices observed with dried solids of varying 
composition. However, in view of the difficulties 
arising in microscopical examination of finely divided 
solids, as well as possible changes produced during 
drying of the solids, this evidence cannot be regarded 
as completely satisfactory. Moreover, it has also been 
questioned (5, 38) whether such optical data provide 
evidence of the existence of a true solid solution, and 
it was suggested instead that the phenomenon might 
be caused by the formation of intergrowths of a 
particular kind. This situation arises from the in
vestigation made by Turriziani and Schippa (38), in 
which it was observed that quaternary solids with 
CaSO4/Al2O3 molar ratios of 0-1, dried over CaCl2, 
gave X-ray patterns with reflections due to both 
“a-C4AH13” and C3A CaSO4-12H2O, whereas a 
single solid phase with varying refractive indices was 
obtained optically. The significance of these results 
is however not clear, since the formation of C4AHu 
(7.4 Ä) and C3A-CaSO4- 10H2O (8.2 Ä) is to be 
expected on drying over CaCl2 if C4A-aq and C3A- 
CaSO4-aq were present, and complications due to 
changes produced by drying the moist solids, as well 
as by carbonation, may well have had some influ
ence. Yet another possible complicating factor arises 
from the occurrence in the aqueous system of three 
different modifications of C3A-CaSO4-aq, charac
terised in the X-ray powder patterns by respective 
longest basal spacings of 10.3 Ä, 9.6 A and 9.0 A. 
While it is widely accepted that the 9.0 A hydrate 
corresponds to C3A-CaSO4-12H2O, the problem of 
the composition of the other two modifications has 
not yet been conclusively resolved, because their 
formation appears to depend both on the tempera
ture and on the initial composition of the reaction 
mixture in relation to the final position in the qua
ternary CaO-Al2O3-CaSO4-H2O system. On the 
basis of some work by the present author, it has been 
indicated (41) that the 10.3 A hydrate is a 15H2O 
hydrate which is more stable at temperatures below 
25°C, and that the 9.6 A and 9.0 A hydrates are 
polymorphs of a 12H2O hydrate, the 9.6 A hydrate 
being formed especially in solutions of low lime con
tent. However, water contents of 16H2O and 18H2O 
for the 9.6 A hydrate have also been reported (5, 
42), and further work is needed to elucidate the prob
lem of the composition and behaviour of the 9.6 A 
and 10.3 A hydrates.



In order to further investigate the possibility of the 
formation of a solid-solution series between C4A-aq 
and C3A CaSO4-aq, some reaction mixtures in the 
CaO-Al2O3-CaSO4-H2O were prepared, involving 
the treatment of a suspension of C4AH19 in mother
liquor with increasing additions of CaSO4-2H2O. 
The initial compositions of these mixtures were so 
arranged as to leave some Ca(OH)2 in the final solid 
phases, so that the reflections due to Ca(OH)2 in the 
X-ray powder patterns could be used as an internal 
standard to calibrate the measurements on other 
reflections. Furthermore, it was also found that in the 
presence of excess lime only one modification of C3A- 
CaSO4-12H2O, the 9.0 Ä hydrate, was formed, and 
complications due to the presence of the other two 
forms of this compound did not arise. X-ray powder 
photographs were taken of moist solid phases imme
diately after filtration, and the results from measure
ments on certain selected interplanar spacings from 
each of the various preparations are given in Figs. 1 
and 2. The indexing of these particular reflections was 
based on the hexagonal pseudocell with a = 5.76 Ä 
and c = 26.79 Ä determined by Kuzel (43) for C3A • 
CaSO4-12H2O, and the measurements for 006 were 
corrected against the Ca(OH)2 reflection at 4.91 Ä 
the 110 against the Ca(OH)2 reflection at 3.110 A, 
the 119 and 208 against the Ca(OH)2 reflection at 
1.927 Ä, and the 300 against the Ca(OH)2 reflection 

at 1.687 Ä. Such internal calibration of the measure
ments was found to be necessary because small varia
tions in the location of the specimen in the focusing 
camera caused the position of the reflections to change 
slightly from one photograph to the next.

The X-ray examination results (Figs. 1 and 2) showed 
that the 110 and 300 reflections remained practically 
constant for all solid phases, but the 006, 119 and 208 
reflections only remained constant with the mixed 
solid phases giving CaSO4/Al2O3 molar ratios of 0.09
0.50 and 1.0-1.25, and at intermediate values there 
was a gradual shift of these reflections. The same 
changes are apparent in Fig. 2, which gives mean 
values for ic (corresponding to the longest basal 
spacing, 003) and mean values of a calculated from 
measurements on the particular reflections examined. 
These results indicated that solids of CaSO4/Al2O3 
molar ratio of 1 or higher consisted of mixtures of 
C3A-3CaSO4 aq and a C3A CaSO4 aq hydrate with 
a = 5.75 A and = 8.96 A, while a solid-solution 
series was formed with solids of CaSO4/Al2O3 ratio 
varying from 1 to 0.50, the longest basal spacing 
decreasing gradually in this composition range from 
8.96 A to 8.77 A but a remaining constant at 5.75 A. 
Solids of CaSO4/Al2O3 ratio below 0.50 consisted of 
mixtures of C4AH19 and the limiting solid solution 
C4A |SO3-aq with a = 5.75 A and 4c = 8.77Ä, 
the amount of C4AH19 increasing with decreasing 
CaSO4/Al2O3 ratio. In general agreement with these 

Fig. 1. Selected interplanar spacings of C4 A • aq-C3 A • CaSO4 • 
aq solid solutions in series of preparations in system CaO- 
Al2O3-CaSO4-H2O

Fig. 2. Pseudo unit cell sizes of C4A.aq-C3A-CaSO4-aq solid 
solutions in series of preparations in system CaO-ALOs- 
CaSO4-H2O
(i) mean values for l/3c calculated from 006, 119, and 208 

reflections
(ii) mean values for a calculated from 110 and 300 reflections



results, Seligmann and Greening (20) have given brief 
indications of the formation of similar solid-solutions 
in solid phases obtained from the hydration of C3A 
with Ca(OH)2 and CaSO4-2H2O, but the limiting 
solid solution composition was reported as C4A- 
fSO3 -aq.

A few tests were made in the X-ray specimen cell 
to examine the stability of the solid solutions under 
different drying conditions. The X-ray pattern of the 
solid solution was found to remain unchanged after 
drying with N2 at 81 % R. H., but with N2 dried by 
solid NaOH the X-ray pattern deteriorated markedly 
and a weak and diffuse basal spacing was observed 
at about 8 Ä, which may be compared with the value 
of 8.2 Ä for C3A CaSO4- 10H2O under the same dry
ing conditions. The original X-ray pattern with a 
spacing at about 8.8 Ä returned on rehydration at 
81 % R. H.. Only a few water-content determinations 
were made on the solid-solution compositions. Three 
preparations with CaSO4/Al2O3 molar ratios of 0.56, 
0.39 and 0.55 gave water contents corresponding to 
12.6H2O, 12.3H2O and 12.1H2O after drying at 81 % 
R. H. at room temperature. It is, therefore, indicated 
that this solid solution is formed between C3A- 
CaSO4- 12H2O and C4AH13, and the replacement of 
OH- by SO4_ evidently results in the loss of “inter
layer” water from C4AH19.

Very little information is available on the effect 
of slight carbonation on C3A • CaSO4 • aq and the qua
ternary sulphate solid solutions, and on the possible 
formation of a complex solid solution containing 
sulphate and carbonate. This problem was encoun
tered by Seligmann and Greening (20), but it was not

Molar composition solid 
dried at8I% R.H.

Compounds identified in moist solids 
from X-ray patterns

Table 3. Composition of solid phases formed in system CaO- 
Al2O3-CaCO3-H2O by action of COz on C4AH19 suspen
sions in mother-liquor.

CaO ÄläO3 co3 H2O C4AH]g
(10.7Ä)

Solid

lion*
(8.2A)

mono- 
carbo
nate” 
(7.6Ä)

Ca(OH)s, Calcite

4.02 1 0.13 13.8 much some
3.99 1 0.18 13.1 much some
4.04 1 0.35 12.9 little much
3.94 1 0.48 12.2f much
4.02 1 0.52 12.5tf much
4.02 1 0.53 12.4 much
3.96 1 0.67 11.9 much little
4.40 1 0.78 12.2 much some little
4.06 1 0.95 11.6 trace much
4.29 1 0.98 11.6 trace much little trace
4.15 1 1.12 11.2 much little
6.82 1 1.62 14.1 much much some

’Composition indicated to be C4A.l/2C02*12HoO 
•’C3A.CaCO3.HH2O '
tSolid dried by nitrogen at 56% R.H.
ffSolid dried by nitrogen at 81 % R.H.

resolved and it was only possible to indicate in the 
X-ray patterns that the basal spacing of the sulphate- 
containing hydrates fell within the limits of 9.6 Ä 
for one form of C3A CaSO4 aq to 7.6 K for C3A- 
CaCO3 llH2O. It has also been shown (12) that in 
contact with solution the presence of carbonate can 
result in some circumstances in the formation of C3 A • 
CaCO3-111120 and C4A-4CO2 • 12H2O coexisting 
with C3A-CaSO4-12H2O and C3A-3CaSO4-31H2O. 
However, a weak basal spacing in the region 8.3
8.5 Ä was frequently observed in the X-ray patterns 
of some of the above solid-solution compositions 
after drying in desiccators at 81% R. H., and this 
spacing may possibly arise from carbonation with the 
consequent formation of a quinary solid solution 
containing carbonate and sulphate.

Quaternary Solid Solutions 
Containing Carbonate

Similar considerations to those already discussed 
for quaternary sulphate solid solutions would seem 
to apply to the possibilities of solid-solution formation 
between calcium aluminate hydrates and the quater
nary carbonate hydrates, and only the solid-solution 
series C4 A ■ aq-C3A • CaCO3 • aq was therefore studied. 
A series of reaction mixtures in the CaO-Al2O3- 
CaCO3-H2O system were prepared by treating sus
pensions of C4AH19 in mother-liquor, sometimes 
together with Ca(OH)2 with increasing amounts of 
CO2 and the compositions of the final solid phases 
are given in Table 3. These results showed that with 
small additions of CO2 mixtures of C4AH19 and a 
quaternary carbonate hydrate with a longest basal 
spacing of 8.2 Ä were formed. This 8.2 Ä hydrate 
increased in amount with increasing additions of CO2 
until at a CO2/A12O3 molar ratio near to 0.5 only this 
carbonate compound was obtained. With still larger 
additions of CO2, C3A-CaCO3-11H2O was also 
formed and this monocarbonate increased in amount, 
while the 8.2 Ä hydrate diminished, until the solid 
consisted mainly of C3A CaCO3-llH2O at CO2/ 
A12O3 ratios near to 1. At higher CO2/A12O3 ratios 
mixtures of CaCO3 and C3A CaCO3 • 11H2O were 
present. '

Although the behaviour with CO2 additions to 
C4AH19 was similar in some respects to that already 
described for additions of CaSO4 ■ 2H2O, an important 
difference was the formation of a mixture of the 8.2 Ä 
carbonate-containing hydrate and C3A-CaCO3- 
11H2O at CO2/A12O3 ratios above 0.5. Furthermore, 
with all the preparations given in Table 3 it was not 
possible to detect any differences in the X-ray patterns 



indicative of the formation of a solid-solution series. 
These results, therefore, appeared to suggest the 
formation of an unique quaternary carbonate hydrate 
of composition approximating toC4A-^CO2-12H2O, 
and giving an X-ray pattern identical to that previously 
reported (13, 16) for “"a-C4A-H13”. However, other 
results obtained with reaction mixtures of different 
compositions indicated the existence of other C4 AH, 3- 
CjA-CaCOj-llHjO solid-solution compositions. 
When C4A iCO: 1211,0 was treated with lime solu
tions of varying concentrations, the X-ray patterns of 
the moist solids were unchanged with final lime con
centrations in solution down to about 0.6 g CaO/litre, 
but at final concentrations of 0.52 g CaO/litre, 0.49 g 
CaO/litre, 0.42 g CaO/litre and 0.28 g CaO/litre the 
moist solid phases gave X-ray patterns with basal 
spacings of 8.15 A, 8.10 A, 8.05 A, and 7.8 A, respec
tively. At the same time, the A1ZO3 concentration of 
the solution increased with decreasing lime concent
ration and the CO2/A12O3 molar ratio of the solid 
solution phase also gradually increased. Similar 
changes in the X-ray patterns, with a decrease in the 
basal spacings, were also frequently observed when 
samples containing the quaternary carbonate solid
solution were dried in a desiccator at 81 %, R. H., 
or subjected to lengthy cycling treatment in the X-ray 
specimen cell, and thus were vulnerable to further 
attack by atmospheric CO2. Longest basal spacings 
in the range 8.2-7.6 A may, therefore, be obtained 
for a solid-solution series with compositions probably 
varying from C4A-|CO2-12H2O to C3A-CaCO3- 
11H2O.

The value of 8.2 A for the longest basal sparing 
obtained from the carbonate-containing solid solution 
appears to be anomalous in that it is higher than the 
corresponding values for C4AH13 (7.9 A) and C3A- 
CaCO3-llH2O (7.6 A). This situation may possibly 
arise from variations in the amount of H2O displaced 
by the introduction of CO3_ since full replacement 
of 2OH- in C4AH13 by COj" to give C3A CaCO3- 
11H2O also results in the loss of 1H2O. Unlike C3A- 
CaCO3-HH2O, all the solid-solution compositions 
behaved in a similar manner to C4AH13 and lost 
water when dried over anhydrous CaCl2, and then 
gave X-ray patterns with basal spacings at about 7.7 
A. The results obtained with a sample of C4A-^CO2- 
12H2O subjected to successive dehydration and rehy
dration cycles are included in Table 2, and it is shown 
that dehydration occurred more readily than with 
C4AH13 since it began at 33% R. H. and the longest 
basal spacing of 7.7 A was obtained alone at 1-11 % 
R. H.. As shown in Table 1, samples of C4A-|C02- 
aq dried over anhydrous CaCl2 gave a water content 

approximating to 10H2O, and the X-ray pattern of 
this hydrate showed low-angle spacings of medium 
or strong intensity at 7.7 A, 4.57 A, 3.85 A, 3.78 A 
and 2.87 A. Further loss of water occurred on drying 
over P2O5 and the basal spacing decreased to about 
7.3 A.

Similar results to those given in Table 3 have also 
been obtained by Dosch and zur Strassen (8) for reac
tion mixtures consisting of CaO, CaCO3 and sodium 
aluminate solution, but the 8.2 A quaternary carbo
nate hydrate was given a composition C4A-|CO2- 
12H2O and the 7.7 A hydrate obtained by dehydration 
at 11 % R. H. had a composition C4A-|CO2-9H2O. 
These compositions differ appreciably from those 
obtained in the present study, and it can only be 
suggested that this discrepancy may possibly arise 
from the results obtained by Dosch and zur Strassen 
being affected by additional carbonation from atmos
pheric CO2 during the X-ray diffractometer examina
tion of the various solids.

Quaternary Solid Solutions 
Containing Ctdoride

A limited number of experiments were made to 
study the solid solutions which have been reported 
(5) to be formed between C4A-aq and C3A-CaCl2- 
10H2O. Table 4 gives the results of the X-ray examina
tion of moist solid phases prepared by treating 
C4AH19 suspensions with increasing additions of 
CaCl 2, together with the molar compositions, the 
latter being obtained by calculation and thus perhaps 
subject to some error. Solids of calculated CaCl2/Al2O3 
molar ratios from 0.96 to 0.88 gave X-ray patterns 
with low-angle spacings at 7.8 A (strong), 4.87 A

♦Calculated from total initial composition of reaction mixture and com
position of filtrate.

Table 4. Composition of solid phases formed in system CaO- 
Al2O3-CaC]2-H2O by action of CaCl2 on C4AHig suspen
sions in mother-liquor.

Molar composition solid* Compounds identified in moist 
solids from X-ray pattern

CaO ai2o3 CaCl2 C4AHlg
(10.7Ä)

Solid 
solution 

(8.0-7.9Ä)
CsA.CaC^.H,» 

(7.8Ä)

3.83 1 0.13 little
3.78 1 0.17 much some
3.92 1 0.17 little TVllldl

3.60 1 0.40 trace? mwch
3.42 1 0.58 lYnit^h

3.37 1 0.67 TTllldl
3.24 1 0.72 tniir*h
3.21 1 0.88 Tnnch
3.25 1 0.94 ini ich
3.21 1 0.96 much



(very weak), 3.91 Ä (medium), 3.80 Ä (medium), 
3.41 Ä (weak) and 2.87 Ä (strong), and these patterns 
appeared to be identical to that of a pure preparation 
of CjA-CaClj- 10H2O (analysed composition 2.99 
CaO- 1A12O3-O^TCaC^ • 10.4H2O) obtained by 
reaction of a mixed CaCl2-AlCl3 solution with NaOH 
solution. These patterns also corresponded to that of 
/?-C3A-CaCl2-10H2O as given by Kuzel (44). A 
quaternary chloride compound was also obtained 
alone with solids of CaCl2/Al2O3 ratio in the range 
0.72 0.58, but visual comparison of the X-ray patterns 
now showed slight differences from one preparation 
to the next and the basal spacings had also increased 
somewhat as compared with those of C3A/CaCl2- 
10H2O. With solids of still lower CaCl2-Al2O3 ratio 
in the range 0.40-0.13, mixtures of C4AH19 and ap
parently the same quaternary chloride hydrate with 
a basal spacing of about 8.0 Ä were formed. This 
behaviour with CaCl2 additions to C4AH]9 resembles 
that already described for the formation of quaternary 
sulphate solid solutions, and it is therefore indicated 
that C4AH13 and C3A-CaCl2- 10H2O form a limited 
solid-solution series over a restricted range of compo
sitions. Further work is, however, needed to establish 
the changes in the X-ray patterns more precisely, and 
to correlate these changes with varying CaCl2/Al2O3 

ratio in the solids.
No information seems to be available on the effect 

of slight carbonation on the quaternary chloride 
hydrates, and on the possible formation of quinary 
solid solution containing chloride and carbonate, 
but some evidence was obtained for such a solid solu
tion containing chloride and sulphate. Treatment of 
C3A-CaCl2-10H2O (1.00g) with 150ml CaSO4 
solution (0.66 g CaSO4/litre), both without added 
Ca(OH)2 and in the presence of excess Ca(OH)2, 
was found to result in the complete removal of sul
phate from solution and in the displacement of chloride 
from the original solid. X-ray examination of the 
moist solid phases showed the presence in each case 
of a single compound giving a longest basal spacing of 
8.4 Ä. The solid obtained in the absence of excess 
Ca(OH)2 gave a composition 3.09CaO-lAl2O3- 
0.39CaCl2.0.49CaS04-12.3H20 after drying at 81% 
R. H., and it is therefore indicated to be a quinary 
solid solution. This composition is very near to that 
of the compound C3A-iCaCl2-|CaSO4- 12H2O with 
a basal spacing of 8.3 Ä which was prepared under 
hydrothermal conditions by Kuzel (44), but it is pos
sible that a range of compositions exist for these 
quinary hydrates containing chloride and sulphate.

Conclusions

The results obtained in the present investigation, 
together with a critical examination of previous 
studies, give a substantial clarification of the existing 
uncertainties with regard to the composition and 
identity of different tetracalcium aluminate hydrates. 
The available data lead to the conclusion that there 
are five modifications of this compound, and these 
are characterised in the X-ray powder patterns by 
longest basal spacings of 10.7 Ä («j- and a2-C4AH19), 
7.9 Ä (C4AH13), 7.4 Ä (C4AHh) and approximately 
5.5 A (C4AH7). .

It is widely accepted that C4AH19 is the only hydrate 
present in contact with the liquid phase at tempera
tures in the range 1° to 50°C and at atmospheric 
pressure, but some controversy exists with regard to 
the lower hydrates produced by dehydrating C4AH19 
under different drying conditions. It is suggested that 
some confusion and misinterpretation in identifica
tion of the various hydrates examined in previous 
studies has arisen from lack of precise control of water 
content of solid phases and especially from the effects 
of contamination by atmospheric CO2. In this connec
tion, it may be noted that X-ray diffraction work

carried on a Geiger-counter diffractometer is par
ticularly likely to be subjected to the influence of these 
two factors, because a very thin layer of the sample 
is the diffracting surface and this is where the effects 
of carbonation, dehydration or rehydration are very 
liable to occur unless extensive precautions are taken, 
Even when extreme care is exercised by the use of 
specially designed sample holders with a surrounding 
controlled atmosphere, it may be virtually impossible 
to completely exclude atmospheric CO2 from the 
samples, and some caution must therefore be exer
cised in the interpretation of X-ray diffractometer 
data obtained with calcium aluminate hydrates, and 
related basic salt hydrates. ,

Inadvertent carbonation by atmospheric CO2, 
and the resulting unrecognised presence of closely 
related quaternary carbonate hydrates are probably 
mainly responsible for the conflicting views in the 
literature on the lower hydrates of C4A-aq, especially 
with regard to the composition of the hydrates here
tofore called a- and jff-C4AH13, giving longest basal 
spacings of 8.2 A and 7.9 A, respectively. On present 
evidence, it is considered that the existence of a 



C4AH13 with a basal spacing of 8.2 Ä and a C4AH12 
with a basal spacing of 7.9 Ä has not been conclu
sively established, and it is concluded instead that a 
single 13H2O hydrate (corresponding to “ß- 
C4AH13”) with a basal spacing of 7.9 A exists, while 
“a-C4AH13” with a basal spacing of 8.2 A is actually 
a related quaternary carbonate hydrate of composi
tion C4A-|CO2-12H2O. The latter compound is 
dehydrated to a 10H2O hydrate with a basal spacing 
of 7.7 A and this spacing has occasionally in the past 
been incorrectly attributed to C4AHn which actually 
gives a basal spacing of 7.4 A. In addition, provided 
that adequate precautions are taken to prevent both 
rehydration to C4AHn and carbonation, it is shown 
that the lowest hydrate C4AH7 gives a longest basal 
spacing of approximately 5.5 A, and not 7.2-7.4 A 
as indicated in some previous investigations.

With regard to the formation of solid-solution 
series between ternary calcium aluminate hydrates 
and related quaternary basic salts, the previously 
reported existence of solid solutions involving the 
hypothetical hexacalcium aluminate hydrate is not 
confirmed and only those involving tetracalcium 
aluminate hydrate are shown to be formed. Although 
the latter compound normally occurs only as the 
19H2O hydrate in contact with the liquid phase, it 
appears that replacement of hydroxyl ions in the 
crystal lattice by other anions results in the loss of 
“inter-layer” water so that effectively C4AH13 is 
concerned in the solid-solution formation. Further
more, complete solid-solution series are not formed 
but only partial series over restricted composition 
ranges, at any rate with basic salt solid solutions 
containing sulphate, or carbonate or chloride. With 
these anions, the behaviour when added to C4AH19 
suspensions is similar though not identical. The ex

istence of a partial solid-solution series between 
C4AH13 and C3A-CaSO4-12H2O is established over 
the range of compositions from C3A-CaSO4-12H2O 
to C3A-|Ca(OH)2 -|CaSO4 ■ 12H2O, the longest basal 
spacing in the X-ray powder patterns decreasing with
in this range from 8.96 A to 8.77 A. The possible 
existence of solid solutions involving the 9.6 A and 
10.3 A modifications of C3A-CaSO4-aq which also 
occur in the aqueous system still remains to be ex
amined. A quaternary carbonate hydrate C4A-fCO2- 
12H2O is readily obtained, and, although variations 
in its composition and X-ray pattern are not 
observed in preparations obtained from C4AH19 
suspensions, it is probable that under other condi
tions a solid-solution series C4A-^CO2-12H2O- 
C3A-CaCO3-HH2O is formed giving basal spacings 
in the range 8.2-7.6 A. Some preliminary results 
obtained for the quaternary chloride solid solutions 
suggest that the behaviour is almost the same as with 
the sulphate-containing solid solutions, though the 
change in basal spacing with solid-solution formation 
to give higher values than those of C4AH13, and 
C3A-CaCl2-10H2O resembles that observed with the 
carbonate-containing solid solutions. It is suggested 
that the latter effect arises from variations in the 
amount of HZO displaced by the incorporation of Cl- 
or CO3- in the crystal lattice. Brief indications are 
also obtained that related quinary solid solutions 
containing chloride and sulphate, or carbonate and 
sulphate, may exist under suitable conditions. Further 
investigations are needed to establish more precisely 
the compositions and X-ray properties of these qui
nary solid solutions and the quaternary chloride- 
containing solid solutions, as also appear necessary 
to map out the various solid-solution fields in the 
equilibria of the relevant aqueous systems.
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Supplementary Paper 11-77 Crystal Structures and Reactions of 
C4AH12 and Derived Basic Salts

S. J. Ahmed, L. S. Dent Glasser and Harry F. W. Taylor*

Synopsis

The crystal structure of a phase approximating in composition to CiAH^, with some 
structural CO32 , has been determined. It is based on considerably distorted brucite-like 
layers of composition [Ca2Al(OH)6]+, with interlayer H2O, OH" and CO32 '. Some of the 
interlayer water molecules occupy well-defined sites adjacent to Ca2+ ions, the coordination 
numbers of which are thereby raised to seven. The remaining H2O molecules and OH' 
and CO32' ions occupy cavities and are only semi-ordered.

The thermal dehydration reactions of Ca2Al(OH)6Cl-2H2O, Ca2Al(OH)6Br'2H2O, 
and Ca2Al(OH)6(NO3)- 1|H2O have been studied by static and dynamic weight-loss curves, 
differential thermal analysis, and X-ray, infrared, and chemical examinations of heated 
material. In each case, the molecular water is lost below 100°C (static) or 200°C (dynamic). 
The dehydration products thus formed decompose at 200-500°C, with loss of part of the 
hydroxyl water, to give amorphous products. Dehydroxylation is only completed when CaO 
and C12A7 or related phases crystallize at 500-1000°C. The position is complicated by 
loss of chloride (or bromide) in the case of the halides, and by the successive decompositions 
to nitrite and eventually to oxide in that of the nitrate.
C4AH12 and C4AH19 readily undergo anion exchange reactions when placed in 2M solu
tions of NaNOj, Na2SO4, or NaO2C CH3. This provides a possible method for growing 
crystals for X-ray structure determinations.

The crystal structures of the entire group of lamellar double hydroxides and basic salts 
related to C4AH12 are almost certainly essentially similar to that of the latter phase, the 
only important differences lying in the composition of the interlayer material and the stack
ing sequences of the [Ca2Al(OH)6]+ layers. Known or probable features of the structures of 
the hydroxide, halide, sulphate, carbonate and hydroxoaluminate (C2AH8) members of 
the group are discussed.

Introduction

Some of the lamellar calcium aluminate hydrates 
and related basic salts, such as C4AH12 and C3A- 
CaSO412H2O respectively, play important roles in 
the chemistry of cement hydration. We have recently 
determined the crystal structure of one of these phases 
(1). In the present paper, these results are summarized, 
some additional observations on thermal decomposi
tion and anion exchange reactions described, and some
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conclusions reached as to the structures of these 
compounds in general. .

Studies by Alegre (2) and Dosch and zur Strassen 
(3) have shown that the hydroxide phase having a 
layer thickness of 7.9 A is C4AH12 and not C4AH13, 
as has widely been supposed. This conclusion is com
patible with the data for natural hydrocalumite, 
(4, 5) which has a layer thickness of 7.86 A and a 
composition approximating to Ca16Alg(OH)54(CO3)- 
20-21H2O. This composition, if the formula with 
20 H2O is assumed, is equivalent to C4AH12 with 
minor replacement of 20H" by CO32 .



Crystal Structure Determination

The crystals studied were selected from a prepara
tion approximating in composition to C4AH12_]3 
with some structural CO32". Because of the small 
amount available, exact chemical analysis was not 
possible, but the available chemical and optical 
evidence, toghther with the crystallographic results 
to be described, suggested that the probable composi
tion was the same as that of hydrocalumite, of which 
the material was possibly a polytype.

X-ray single crystal studies showed the crystals to 
be trigonal, with space group R3c. The unit cell, with 
a = 5.73, c= 47.16 A (referred to trigonal axes), 
contains six formula units of mean composition 
Ca2Al(OH)6(3/4)(CO3)1/s • 2^H2O. The crystal structure 
was determined using three-dimensional data. Within 
the unit cell, there are six layers of composition 
[Ca2Al(OH)6]+, which lie perpendicular to c and will 
be called “principal layers”. They are 7.86 A apart in 
the c-direction. Between the principal layers lie re
gions of interlayer material. Each principal layer, with 
the interlayer material on one side of it, contains a 
single formula unit, each interlayer region thus having 
the mean composition (OH* (s/ifGOj )i/8-2jH2O.

Fig. 1 shows the main features of the structure. The 
principal layers (Fig. 1A and C) are completely 
ordered, and might be described either as distorted, 
brucite-like layers in which Ca2+ and Al3+ are regu
larly arranged, or as agglomerates of Ca2+ and 
A1(OH)|~ ions. Comparison of Fig. 1 A and C indi
cates the stacking relation between adjacent layers.

The interlayer material (Fig. 1 B) is only partly 

ordered. Water molecules occur on the sites marked 
P and raise the Ca-coordination to seven; probably 
all of these P-sites are occupied. The remaining H2O 
molecules and OH*  and CO32* ions occur in cavities 
of the type centred on X, and must necessarily be 
statistically distributed. The composition may now be 
re-written as [Ca2Al(OH)6-2H2O](OH)3/4(CO3)1/8 
(H2O)1/2, the contents of the cavities being represented 
by the material outside the square brackets.

The experimental data gave only an approximate 
indication of the arrangement of the material within 
the cavities, but were consistent with the following 
interpretation. One-half of the cavities contain a single 
OH*  group at X. One-eighth contain a CO32* ion, 
with the carbon atom at or near X and the oxygen 
atoms at or near sites of the type marked Q. One- 
eighth contain two H2O molecules, and the remainder 
(one-quarter) an OH*  ion and an H2O molecule. In 
the two last-mentioned cases, the oxygen atoms occur 
at, or more probably near to two of the Q-sites. Space 
considerations make it unlikely that they actually 
occur on the Q-sites, or that more than two oxygen 
atoms can occur in the same cavity unless they form 
part of a CO32* ion; this is discussed more fully later. 
The results gave no indication of any ordering among 
the various types of occupancy of the cavities, though 
the weak X-ray reflections by which this could have 
been detected might well have been unobserved with 
the small crystal used. They also did not show wheth
er or not a continuous solid solution series exists 
between the hydrocalumite composition andC4AH12.

Fig. 1. Diagram of parts of the structure, seen in projection along the c-axis; z-coordinates are given 
as fractions of the single layer thickness of 7.86 Ä. A, principal layer with Al <zZ z = 0; B, interlayer 
region around z = C, principal layer with Al at z = 1. The full coordinates of one of the hydroxyl 
groups of the principal layers are (0.310, 0.057, 0.128}.



Tarte (6) concluded independently that these struc
tures contain isolated A1O6 (or A1(OH)6~) octahedra 
on the basis of the infrared spectra. From an X-ray 
crystal structure determination, Allmann (7) indepen
dently found a closely similar structure for C3A- 
CaSO412H2O; the two structures are virtually iden
tical as regards the principal layers and the H2O 
molecules in the P-sites. In the sulphate derivative, 
one-half the cavities contain an SO42- ion, and the rest 
two H2O molecules. The very close crystallographic 
similarities between all the members of this group of 
phases make it appear highly probable that the same 

principal layers occur in all of them. The H2O mole
cules in the P-sites seem usually also to be present, 
except in dehydration products such as C4AH7- 
(Ca2Al(OH)7). The phases differ essentially in the 
composition and structure of the interlayer material 
and in the stacking sequences of the principal layers.

Comparative single-crystal X-ray studies showed 
that natural hydrocalumite must have a structure 
differing only in minor respects from that of the 
synthetic material discussed above. The structure 
which Tilley, Megaw, and Hey (4) proposed for this 
phase is incorrect.

Thermal Decomposition Reactions

Previous workers have reported on the thermal 
decompositions of C4AH13 and hydrocalumite (5), 
and of C3A • CaCO3 • 11H2O (8). We have now studied 
the decomposition of C3A CaCl2- 10H2O, C3A- 
CaBr2- 10H2O and C3A-Ca(NO3)2-9H2O using static 
and dynamic weight-loss curves, differential thermal 
analysis, and X-ray, infrared and chemical examina
tion of heated material.

Experimental

The starting materials were prepared as described 
by Mylius (9). Static weight-loss curves were obtained 
by heating a sample to constant weight in N2 at 
successively higher temperatures. Dynamic weight
loss (TGA) curves were obtained in air, using a 
Stanton thermobalance, with a heating rate of 10 
deg C min-'. DTA curves were obtained on a 
Dupont instrument, in a N2 atmosphere, also at 10 
deg C min"1. X-ray powder patterns were recorded 
using film techniques; for high-temperature work 
(up to 200°C) a nickel-foil heating element (10) was 
used. Infrared absorption spectra were recorded using 
a double-beam instrument and the KBr disk tech
nique.

C3ACa€l210H2O

The specimen, which contained about 10% of 
C4AH12 as impurity, gave an X-ray powder pattern 
and optical data agreeing with those reported by 
Kuzel (11) for /?-C3A-CaCl2-10H2O. The data were 
inadequate to show whether the C4AH12 was present 
in solid solution or as a separate phase, but the appa
rent stabilization at room temperature of a stacking 
modification otherwise stable only above 28°C (10) 

possibly favours the former explanation. The infrared 
absorption spectrum was compatible with that found 
by Tarte (7), the main bands in the 650-4000 cm"1 
region being at 785 cm"1 (Al-O-H bending), 1130 
cm"1 (?), 1620 cm ”1 (H-O-H bending), and 3450 and 
3600 cm"1 (O-H stretching). In subsequent discussion, 
we shall consider the material as if it were pure C3A- 
CaCl2-10H2O.

Interpretation of the weight-loss curves is rendered 
complicated by the loss of Cl" at the higher tempera
tures. Chemical analyses showed that no loss of Cl" 
occurs on static heating up to 640°C, but some loss 
occurs by 800°C, and a sample heated to constant 
weight at 1000°C retained only 15 % of the Cl" initially 
present. Loss of the Cl" was slow, and was negligible 
on dynamic heating at 10 deg C min"1 up to 88O°C, 
the highest temperature studied. Separate experiments 
showed that CaCl2 begins to yield HC1 at 850°C when 
heated in air of ordinary humidity.

Both static and dynamic weight-loss curves (Fig. 
2) show distinct steps. The first occurs mainly at 40
100°C (static) or 90-170°C (dynamic) and is in either 
case complete by 200°C. The product at 200°C has the 
composition C3A CaCl2-6H2O, or Ca2Al(OH)6Cl. 
High-temperature X-ray photographs taken at 100
200°C broadly resembled that of the initial material, 
but indicated a layer thickness of 6.8 A. X-ray patterns 
of samples cooled from these temperatures were 
closely similar to that of the initial material, but 
with some deterioration of crystallinity in the case 
of the 200°C sample; rehydration had occurred with
in a few hours on cooling. The infrared absorption 
spectra of samples cooled from 100-200°C resembled 
that of the initial material, but all bands were more 
diffuse, the 1620 cm"1 band was weakned, and the 
two O-H stretching bands were replaced by a single, 
broad band peaking at 3400 cm"1. These results are



Fig. 2. Weight-loss curves for CaiA^OHJeCl-lHaO: 
A, static; B, dynamic.

compatible with loss of the molecular water, if it is 
assumed that partial rehydration occurred before the 
spectrum could be recorded.

The second step in the weight-loss curves occurs 
mainly at 240-270°C (static) or 290-380°C (dynamic) 
and is complete in either case by 500°C. The 500°C 
product has the approximate composition C3A- 
CaCl2-H2O, or Ca2Al(OH)O2(1/2)Cl. X-ray patterns 
of samples cooled from 300-500°C showed these to be 
almost amorphous, apart from some calcite which 
probably formed during the exposure. The infrared 
spectra of these samples somewhat resembled that of 
the 200°C product, but became progressively more 
diffuse with increase in temperature.

The third step in the weight-loss curve occurs main
ly at 550-650°C (static) or 740-880°C (dynamic). 
It corresponds to loss of the remaining hydroxyl, 
so that the product has the bulk composition C3A- 
CaCl2. X-ray powder photographs of samples cooled 
from these temperatures showed only amorphous 
material, but the infrared spectrum of a sample cooled 
from 650°C was consistent with formation of either 
C12A7 or C, jA, • CaCl2, and DTA evidence, described 
shortly, confirmed that crystallization of new phases 
from the amorphous material begins well before 
750°C under dynamic heating conditions. The arrest 
in the loss of water around 500°C which separates 
the second and third' steps in both static and 
dynamic curves may be explained by assuming that 
the amorphous dehydroxylation product tenaciously 
retains a proportion of the hydroxyl groups initially 
present, and that these are only lost when the tempera
ture is high enough to bring about the crystallization 
of new phases. It is most unlikely to be associated 
with any structural feature of the initial material.

Fig. 3. Differential thermal analysis curves for 
A, Ca2Al(OH)6Cb2H2O; B, Ca2Al(OH)6Br- . 
2H2O; C, Ca2Al(OH)6(NO)3-l|H2O.

The dynamic curve was not continued beyond 
880°C, but the static curve showed a further weight 
loss at 650-1000°C. Comparison of the Cl- contents 
of samples cooled from 640° and 1000°C showed that 
this loss could be attributed to the replacement of 
2C1~ by O2~. The necessary oxygen for this reaction 
may have come from water or oxygen impurities in 
the nitrogen atmosphere. X-ray photographs and 
infrared spectra of samples cooled from 700-1000°C 
together showed that progressive crystallization of 
C11A7-CaCl2 and CaO occurs over this range. The 
former product was shown to be CnA7-CaCl2 rather 
that C12 A7 or C12 A7H by its «-axial length, which was 
found using an X-ray powder diffractometer to be 
12.010 Ä; a specimen of C12A7 for comparison, gave 
a = 11.991 A. Jeevaratnam, Glasser, and Dent Glas
ser (12) reported 12.004 A for C1IA7-CaCl2, 11.983 
A for C12A7H, and 11.977 A for C12A7. The amount 
of Cl" remaining in the product at 1000°C agrees with 
that expected assuming stoichoimetric formation of 
CnA7'CaCl2 and CaO.

The infrared spectrum of a sample cooled from 
1200°C showed that C3A had been formed.

On the DTA curve (Fig. 3A), the first two endo-



Fig. 4. Weight-lo» curves for CazAl(OH)6Br-2HzO: 
A, static; B, dynamic.

Fig. 5. Weight-loss curves for CazAHOH^NOs)-! JH2O:
A, static; B. dynamic. The part of the static curve at 450-
850' C is possibly in error due to absorption of waler vapour
or CO2 during cooling.

therms (195° and 360°C) correspond to the first and 
second steps respectively of the weight-loss curves. 
The exotherm at 505°C is attributed to the beginning 
of crystallization; evidently DTA is more sensitive 
than X-ray diffraction for detecting this process. The 
broad endotherm around 600°C is attributed to the 
final stage of dehydroxylation and the very broad, 
exothermic bulge around 730°C to continued develop
ment of crystallization.

C3A€aBr210H2O

This was studied by the same methods as the 
chloride derivative and gave closely similar results, 
which will therefore not be reported in detail. The 
X-ray pattern of the initial material indicated a layer 
thickness of 8.16 Ä; this agrees with the value (8.1 
Ä) earlier reported by Feitknecht and Buser (13). 
The first two steps in the weight-loss curves (Fig. 4) 
correspond to formation of Ca2Al(OH)6Br and 
Ca2Al(OH)O2(1/2)Br respectively. The first of these 
products gave an X-ray pattern broadly similar to 
that of the initial material but indicating a layer 
thickness of 7.1 A; it readily rehydrated in moist air. 
The second, like the corresponding product obtained 
from the chloride, was substantially amorphous. Loss 
of Br~ began at 600°C on static heating in N2, and by 
660°C much of the Br" initially present had been lost. 

■ There was no arrest in the curve corresponding to that 
at about 700°C for the chloride. About 50 % of the Br- 
initially present was lost by 850°C on dynamic heating 

in air, and 85% by 950°C on static heating in N2. 
X-ray and infrared studies indicated the progressive 
crystallization of CaO and either C]2A7 or C12A7H 
at 600-1000°C. In agreement with the findings of 
Jeevaratnam, Glasser and Dent Glasser (12), no evi
dence was obtained of the formation of a compound 
CnA7-CaBr2 analogous to C11A7-CaCl2, and the 
manner in which the residual Br- is held at 1000°C 
was not established. The DTA curve (Fig. 3B) 
resembles that of the chloride and its features can be 
interpreted in the same way.

C3ACa(NO3)2-9H2O

Chemical analysis indicated this composition for a 
preparation dried over CaCl2 at room temperature; 
Mylius (9) reported H2O: A12O3 ratios of 8.54-9.34 
for similarly dried material. X-ray powder photographs 
indicated a layer thickness of 8.66 Ä, which agrees 
with the value (8.6 Ä) reported by Feitknecht and 
Buser (13). In agreement with Mylius’s observation, 
the crystals were optically positive. The infrared 
absorption spectrum in the 650-2000 cm'1 region 
showed strong or moderate peaks at 785 cm"1 (Al- 
O-H bending), 1385 cm'1 (N-O stretching) and 1620 
cm-1 (H-O-H bending).

Interpretation of the weight-loss data (Fig. 5) is 
complicated by the effects of the decompositions of 
NOj to NO2 and of NO2 to O2'. Chemical analyses 



of cooled samples showed that the NOj content is 
unaffected by static heating at 100°C. By 300°C, the 
NOj has been completely converted to NOj. Conver
sion of NO2 to O2- is negligible at 300°C, but has 
reached 90% by 500°C and is virtually complete by 
1000°C. No nitride (N3-) was detected at any stage.

Both static and dynamic weight-loss curves show 
well-defined steps. The first, which occurs at 30-100°C 
(static) or 50-200°C (dynamic), yields Ca2Al(OH)6- 
(NO3). High-temperature X-ray powder photographs 
of this product broadly resembled the pattern of the 
initial material but indicated a layer thickness of 7.9 
Ä. The material readily rehydrated on cooling. The 
infrared spectrum of the 100°C product confirmed that 
the molecular water had been lost and that the NOj 
remained.

The second step occurs at 200-350°C (static) or 
250-450°C (dynamic). As shown above, the NOj 
is converted to NO2 in this range. Allowing for this, 
the composition of the product formed on comple
tion of this step is thus found to be Ca2Al(OH)3O1(1/2)- 
(NO2). X-ray photographs of samples cooled from 
around 300°C showed these to be virtually amorphous, 
apart from some calcite which had probably formed 
during the exposure. Infrared spectra showed that 
some NOj was still present at 300°C, but not at 400°C; 
this is compatible with the analytical results, if the 
higher sensitivity of the spectroscopic method is al
lowed for. The reason for the ending of the second 
step probably lies in the completion of the NO, 

decomposition, rather than in any structural feature. 
Some OH' ion remains, but is relatively firmly bound 
in the amorphous product at these temperatures 
(350-450°C).

The third step begins at 350°C (static) or 450°C 
(dynamic). The initial sharp rise in each case is caused 
largely by the decomposition of NO2 to O2', which is 
almost complete by 500°C under static heating con
ditions; the subsequent slower rise is due, partly to 
completion of the NO2 decomposition, but mainly 
to loss of residual hydroxyl. As with the halides, this 
process occurs mainly above 700°C, and was shown 
from X-ray photographs to be associated with the 
crystallization of CaO and C12A7 or C]2A7H.

The DTA curve (Fig. 3C) shows an initial, broad 
endotherm peaking at 200°C, which can be attri
buted to loss of molecular water. The subsequent 
endotherms at 265°C (weak), 300°C (strong), and 
390°C (weak) can be associated with the second step 
of the weight-loss curves, and thus with decomposi
tion of the NO3 and partial dehydroxylation. The 
broad endotherm at 605°C is associated mainly with 
decomposition of the NO2, and the exothermic bulge 
around 700°C with recrystallization. A sharp exotherm 
corresponding to the one near 500°C observed with 
the chloride and bromide is not seen, perhaps because 
it is swamped by the 605°C endotherm. The effects at 
800 and 825°C possibly represent the completion of 
dehydroxylation and crystallization respectively.

Anion Exchange Reactions

Dosch (14) has shown that C4AH13 reacts with 
solutions of many different organic substances, the 
molecules of which penetrate between the layers, 
causing major changes in layer thickness. These results 
suggested that exchange of interlayer anions could 
possibly be effected by placing crystals in appropri
ate aqueous salt solutions. Preliminary experiments 
have shown that this is indeed the case. Crystals of 
either C4AH12 or C4AH19 were placed in 2M-solu- 
tions of either Na2SO4, NaNO3, or NaO2C CH3, 
the C4AH19 being introduced as a concentrated sus
pension in its own mother-liquor. After a few hours, 

the crystals were removed and examined microscopi
cally and by X-ray single-crystal methods. Some 
crystals had partly dissolved but all gave diffraction 
patterns. The layer thicknesses thus found showed that 
either partial or total replacement of the interlayer 
anion had occurred. These results are of interest be
cause of their bearing on possible mechanisms of 
sulphate attack on concrete, and also because they 
provide a possible method of obtaining single crys
tals suitable for X-ray structure determination of 
phases for which these are otherwise difficult to pre
pare.

Discussion

Hydroxides

As a result of the work of Alegre (2) and Dosch 

and zur Strassen, (3) five C4A hydrates now appear 
well-established; these are listed, with their layer 
thicknesses, below:



C4AH19 = [Ca2Al(OH)6 ■ 2H2O]0H ■ 4H2O (10.6 Ä) 
C.AH, 3 = [Ca2 A1(OH)6 - 2H2O]OH • H2O (8.2 A) 
C.AHj2 = [Ca2Al(OH)6 • 2H2O]OH• |H2O (7.9 Ä) 
^AII,! - [Ca2Al(OH)6 - 2H2O]OH (7.4 Ä)
C4AH7 = [Ca2Al(OH)6]OH (S.8-7.4 Ä)

The layer thickness of C4AH7 depends on how the 
phase is formed, values of 7.2-7.4 Ä being recorded 
for preparations made by dehydrating the higher 
hydrates at room temperatures over powerful dehy
drating agents (3, 15), while lower ones of 5.8-6.5Ä 
result from heating at 100-150°C (5).

The layer thickness of C4AHn could be explained 
by assuming the interlayer OH ion to lie on the X- 
site; this would place it about 3.3 A away from both 
the water molecules and the OH" ions of the A1(OH)4_ 
groups, a distance which is comparable with the 
OH-OH separation in Ca(OH)2. The retention of a 
7.4 A layer thickness in C4AH7 can be explained by 
supposing the water molecules to be lost without 
further change occuring. A reduction in layer thickness 
to a minimum of about 6 A can be explained if it is 
assumed that the A1(OH)|" octahedra rotate about 
axes parallel to c and the Ca2+ ions undergo small 
displacements parallel to this axis; these changes are 
made possible by the loss of the H2O molecules, and 
permit the OH- ion to replace the latter in the coor
dination spheres of the Ca2+ ions. The final result 
of this process, though not the intermediate stages, 
could also be described in terms of migration of the 
OH- ion to a new site of the type (|, z) or (0, 0, z), 
together with a change in stacking. The former mech
anism is perhaps more probable, as it explains the 
apparently gradual nature of the decrease in layer 
thickness. The process presumably occurs when de
hydration is effected by heating because this supplies 
some necessary energy which is not made available 
when dehydration occurs at room temperature.

In C4AH13, two oxygen atoms (one present as 
H2O and one as OH-) must be accommodated within 
the cavity centred on the X-site. As mentioned earlier, 
it seems most unlikely that these occur exactly on the 
Q-sites (Fig. IB), although the X-ray evidence strongly 
suggests that they are not far away from them. Fig. 
6 gives a possible interpretation of the results. Within 
each cavity, there are six possible sites; these occur 
in paris, and each is about 0.7 A away from one of the 
Q-sites. For steric reasons, only two out of the six 
sites in a given cavity can be occupied, of which one 
must be of higher, and the other of lower z-coordinate 
than the X- and Q-sites. This arrangement gives each 
OH- ion or H2O molecule a tetrahedral environment, 
with 4(OH, H2O) at 2.6-2.7 A.

Fig. 6. C4AHig: part of the interlayer region showing a pos
sible arrangement of material in the cavities centred on the 
X-sites. Sites X and Q have the same significance as in 
Fig. IB. Sites R and R' lie at z-coordinates about 0.6Ä res
pectively above and below that of the X- and Q- sites. In a 
given cavity, any one R- site, and the R’—site furthest away 
from it, can be occupied by (HjO, OH-). The full circles 
indicate one of the three ways in which this can occur.

Dosch (14) suggested that C4AH12 might be a 
randomly interstratified compound composed of 
layers of C4AHh and C4AH13. This is a possible 
explanation, and is consistent with the X-ray struc
ture evidence described earlier in this paper. However, 
it does not appear to explain the apparently constant 
composition and layer thickness of this phase and 
more detailed study is required.

C4AH]9 can readily be explained as being derived 
from C4AHj3 by interpolation of an additional layer 
of water molecules between each Ca2Al(OH)6 layer 
and the next.

Nitrates

The positive optic sign and relatively great layer 
thickness (8.66 A) of C3A Ca(NO3)2-9H2O(Ca2Al- 
(OH)6-(NO3)-1^H2O) strongly suggest that the NO3 
groups lie with their planes perpendicular to (0001). 
It may also be assumed that the NO3 groups occur in 



the cavities centred on X. To satisfy the symmetry of 
the cavities, it is necessary to assume, either that the 
NO7 ions rotate freely about axes normal to (0001), 
or that they are statistically distributed as regards 
orientation. In the latter case at least three orienta
tions are required, for which the planes of the NO7 
ions are 120° apart. There does not appear to be suf
ficient room to permit free rotation of the ion, but 
several ways can be found of placing the ion in three 
or more equivalent orientations which would give 
reasonable distances between its oxygen atoms and 
the surrounding hydroxyl ions and water molecules. 
It does not appear profitable to discuss the matter 
further on the basis of the present evidence. No cer
tain explanation can be offered for the apparent 
absence of H2O molecules from some of the P-sites, 
though the ease with which the molecular water is 
lost (Fig. 5) suggests that the amount present may 
depend critically on the atmospheric temperature and 
humidity.

For the dehydration product, Ca2Al(OH)6-(NO3), 
the relatively high layer thickness (7.9 Ä) suggests 
that the NO7 groups remain oriented perpendicular 
to the layers, but further investigation is needed be
fore this can be considered certain.

Carbonates

The results obtained in the present investigation 
indicate that, in the material studied, the CO32~ ions 
lie with their planes parallel to (0001), with the carbon 
atom approximately at X and the oxygen atoms on 
Q-sites (Fig. IB). The possibility of slight shifts from 
this situation, to bring the oxygen atoms onto sites 
similar to those proposed for C4AH13 (Fig. 6) cannot 
be excluded. Packing considerations make it appear 
highly probable that the CO32 - ion occurs in this situa
tion in all phases having a layer thickness under about 
7.9 Ä, such as C3A-CaCO3- 11H2O (7.6 Ä) and 
hydrocalumite. In the 8.2 A phase, to which composi
tions C3A-JCaCO3-|Ca(OH)2-xH2O (16) and 
C3A-|CaCO3-|CaO-12H2O (3) have variously been 
assigned, the CO32- groups may also occur in the same 
situation, but the possibility is not excluded that they 
are packed with their planes normal to (0001), similar
ly to the NO3 groups in C3A-Ca(NO3)2-9H2O.

Halides

It is tempting to assume that the halide ions, be
cause of their spherical shape, lie in the centres of the 
cavities, on the X-sites. For Ca2Al(OH)6L2H2O, 
this assumption taken in conjunction with the ob

served cell parameters (19) gives I-OH2 distances in 
reasonable agreement with the sum of the ionic radii, 
and is furthermore in accordance with evidence 
from the intensities of the 0001 X-ray reflections. 
(17) For Ca2Al(OH)6Br-2H2O (C3A • CaBr2 • 10H2O), 
and especially for Ca2Al(OH)6Cl-2H2O, in contrast, 
the halogen-water distances considerably exceed the 
sums of the ionic radii, and it is possible that the ions 
do not lie in the centres of the cavities.

The layer thicknesses of the dehydration products 
Ca2Al(OH)6Cl and Ca2Al(OH)6Br found in the 
present investigation can be satisfactorily explained if 
it is assumed that displacements within the principal 
layers or migration of the interlayer anions occurs, 
as was suggested for C4AH7.

Hydroxoaluminates

The compound C2AH8 and its various lower hydr
ates are closely related in structure to the group of 
phases under discussion. It is here suggested that they 
may be hydroxoaluminate members of the group; if 
this is so, the constitution of C2AH8 may be repre
sented as [Ca2Al(OH)6.2H2O]Al(OH)4.3H2O. The 
layer thickness is close to that of C4AH19; this is 
compatible with the above hypothesis.

Sulphates

As mentioned earlier, Allmann (7) has determined 
the crystal structure of C3A-CaSO4-12H2O. The 
SOJ" groups, which occur in one-half of the cavities, 
are randomly distributed between two orientations. 
For both of these, the sulphur atoms lie at the X-sites, 
and one S-O bond is perpendicular to (0001), the 
other three oxygen atoms occupying sites similar to 
three of those shown in Fig. 6. The two orientations 
are related by inversion through a centre of symmetry 
at the X-sites, which occurs in this phase by virtue 
of the stacking sequence of the principal layers.

General

The ions discussed above are only a few of the many 
that can serve as interlayer anions in these phases 
(9, 13, 14); it is clear that anions of widely differing 
shapes and sizes can be accommodated, and also that 
the interlayer content frequently varies from point to 
point within a single crystal. In some respects, the 
interlayer regions resemble the channels in zeolites, 
but they differ in being extensible in one dimension 
and in that they are required to have a negative, and 
not a positive charge. Several especially important 



and mutually related questions require clarification. 
First, the scale on which variation in composition 
occurs in individual cases is, in general, not known; 
there is a continuous range of possibilities extending 
from mixtures of physically separate crystals of dif
ferent compositions, through intergrowths and ran
domly or regularly interstratified structures, to solid 
solutions or intermediate phases with random or regu
lar variation in the composition within each individual 
layer. For a given bulk composition, more than one 

scale of mixing may be possible, depending on the 
conditions of formation. Secondly, many problems 
of the degree of order or disorder require to the stu
died. Lastly, the occurrence of continuously variable 
ranges of composition and, conversely, of miscibility 
gaps or of intermediate phases of apparently definite 
composition (e.g. C4AH12) need to be explained in the 
light of such considerations as those mentioned 
above.
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Oral Discussion Authors’ Closure

Shigeaki Koide

It is of much interest that all the compounds have 
ionized layers of composition [Ca2Al(OH)6]+. Con
cerning the minute structure of the layer, however, we 
hope the authors to present their comment. It seems 
difficult to consider the layer to be of the above men
tioned composition so long as Ca++ and Al3+ played 
the roles of octahedral and tetrahedral cations, respec
tively. Comparing the ionic radii of both cations, they 
might not be surrounded with the same number of 
hudroxyl ions.

What coordination numbers are considered for Ca++ 
and Al3+ in the layer, and whether the hydrates are 
analogous to clay minerals in their layer structure or 
not?

S. J. Armed, L. S. D. Glasser and
H. F. W. Taylor

In reply to Dr. Koide, the Al3+ ions are octahedrally, 
and the Ca2+ ions seven-coordinated. The structures 
resemble certain clay minerals in their ability to ac
commodate varying amounts of interlayer water, 
with corresponding changes in layer thickness, and in 
some other ways. However, the layers are positively 
charged, whereas those of the clay minerals are nega
tively charged, and the structures of the layers them
selves are only distantly related to those of the clay 
minerals.



Supplementary Paper 11-137 The Alteration of Silicate Anions 
in Tobermorite Gels

Herbert Funk*

Synopsis

All tobermorite gels studied were found, by standing or drying condensation proceeds, to 
contain several silicate anions of different condensation degrees. The extent of condensation is 
influenced by the CaO/SiO2 ratio.

Introduction

The calcium silicate hydrates which are formed in 
hardening portland cement are not uniform subst
ances. Their composition and the form of their smallest 
particles differ. X-ray diffraction patterns of these 
substances are not always identical, yet have certain 
similarities with those of the mineral tobermorite, 

5CaO-6SiO2 -5H2O, and are therefore called “tober
morite like calcium silicate hydrates" or “tobermorite 
gels”. The symbols C-S-H (I) or (II) are also common
ly used for the hardening silicate. In the present paper 
these substances will be abbreviated as CSH.

About the Estimation of the Degrees of Condensation of Dissolved Silicic Acids. 
The Dissolving of Silicates and Formation of Corresponding Silicic Acids.

By an earlier described method (1) it can be deter
mined, whether an acid-soluble silicate contains 
uniform silicate anions or different degrees of con
densation. Changes in the degree of condensation by 
the reaction of the SiOH-groups of the anions to 
form SiOSi bonds can also be estimated. This method 
is not applicable to all silicates, but it can be used for 
tobermorite-like CSH.

For the determination of silicate anions of low 
degree of condensation, the CSH is dissolved in 
methanolic HC1. This yields primarily the free silicic 
acids, which corresponds to the silicate anions in the 
dissolved silicate. In order to get them into solution 
unchanged, certain rules of caution have to be obeyed 
(1, 2). The error that occurs during the dissolving of 
CSH due to condensation can be kept down to about 
5%. To the silicic acid solution in methanol paramo
lybdate solution is added as soon as the weight sample 
has dissolved. By mixing the two solutions the com
plexing reaction proceeds under standardized condi
tions with a rate depending only on the degree of 
condensation of the dissolved silicic acid.

♦Institut für Anorganische Chemie, Freie Universität Berlin, 
Berlin, West Germany.

The rates of molybdato silicic acid H4SiMo12O40 
formed after certain complexing times—calculated 
as % SiO2 of the silicic acid in solution—are plotted 
against the complexing times on a logarithmic scale, 
thus producing the reaction or complexing curve 
(3, 4).

Fig. 1 represents the reaction curves of various sili
cic acids that are straight lines if there is only one type 
of silicic acid in solution. The complexing rates of 
uniform silicic acids, therefore, follow a first order 
reaction. In order to obtain only one type of silicic 
acid in solution crystallized test silicates of known 
structure, that had been finely powdered, were dissol
ved in methanolic HC1 (10 mg SiO2 in 10 ml metha
nol). Fig. 1 shows that the not highly condensed sili
cic acids are well to distinguish. The particular lines 
represents the complexing rates of

Curve 1: H4SiO4, monosilicic acid, from /? -Ca2SiO4, 
Curve 2: H6Si2O7, disilicic acid, from Na6Si2O7, 
Curve 3: H6Si3O9, tricyclosilicic acid, from «-

CaSiOj (5) (Pseudowollastonite)
Curve 4: H8Si4O12, tetracyclosilicic acid, from 

K4H4Si4O12 (6, 7),



Curve 5: H12Si6O18, hexacyclosilicic acid, from 
Cu6Si6O18-6H2O (8) (Dioptase)

If—e.g.— monosilicic acid solution is allowed to 
stand at normal temperature for 10 minutes, the 
reaction rates leave the straight line received for pure 
monocilicic acid and then proceeds with increasing 
curvature. After a standing time of one hour —e.g.— 
only less than 30 % monosilicic acid remains and the 
curvature of the complexing curve increases.

Curve 6 (Fig. 1) shows the complexing curve of a 
two component solution, mixed of 4 moles mono— 
and 1 mole tetracyclosilicate. The first part of the curve 
has the slope of curve 1 (monosilicic acid), the rema
inder agrees with curve 4 (tetracyclosilicic acid). 
Extrapolation of the last part of the curve to the 
ordinate shows that both silicic acids are present with 
50% (calculated as SiO2). In this manner the type 
and amount of components of only simple mixtures 
can be determined. Curve 6 would not end as a strai
ght line—as can be extrapolated—if further, higher 
silicic acids were present. Such complexing curves 
had, as already mentioned, not only been observed 
for dissolved silicic acids after standing, but for all 
dissolved CSH examined until now.

Fig. 1. Complexing rates of uniform silicic acids in methanolic 
solutions:

1. : Mono
2. : Di
3. : Tricyclo
4. : Tetracyclo
5. : Hexacyclo
6. : Mono + Tetra (50% + 50%SiO2)

The Examination of Tobermorite Gels (CSH)

Different degrees of condensation are present in 
the anions of CSH formed by hydration of C3S or 
j?-C2S: Fig. 2, Curve 1 represents the complexing 
rates of a C3S hydration product (composition: 
2CaO-SiO2-2H2O). Curve 2 shows the complexing 
rates of a corresponding CSH (composition: 1.65 
CaO-SiO2-1.9H2O) formed by hydration of jff-C2S 
at 25°C. In both cases the starting material is a mono
silicate, yet both hydration products contain no noti-

Fig. 2. Complexing curves of CSH indicating condensation of 
silicate anions,

1. C3S hydration product
2. ^-C2S hydration product

ceable monosilicate. Disilicate is present only to 20
30%, the greater part of CSH has higher condensed 
anions. Silicates with more than 6SiO4-tetrahedra are 
produced by C3S (Curve 1) to less than 40%, by 
ß-C2S (Curve 2) about 50%.

The different condensation degrees in both hydra
tion products of Fig. 2 are not characteristic to CSH 
produced from C3S and jff-C2S, respectively. This is 
indicated by the differences of complexing rates in 
Fig. 3. Three CSH samples, that had been formed by 
hydration of C3S, are represented by the Curves 1, 
2 and 3 and differ to a greater extent than do the cur
ves in Fig. 2.
Curve 1: C3S, 90 days (25°C) with supersaturated 

Ca(OH)2 solution (2:20 g):
1.76CaOSiO 2 •2.5H2O.

Curve 2: C3S, 90 days (25°C) with water (2:20 g):
1.54CaOSiO2-2.0H2O.

Curve 3: C3S, 5 years (paste):
1.51CaOSiO2 ■1.09H2O.

Curve 1: The highest condensation degree in this 
CSH is a tetrasilicate, the sum of mono—, di—, 
tri—and tetrasilicate is therefore about 100%. In the 
CSH, used for Curve 2, not more than 50% di-, tri-



Fig. 3. C3S hydration under different conditions yielding differ
ent degrees of condensation

and tetrasilicates are present, while more than 40% 
of the SiO2 have a condensation degree of six or more. 
The differing degrees of condensation expressed by 
Curves 1 and 2 may be caused by the different CaO/ 
SiO2 ratios of the CSH products. The higher conden
sation in the CSH represented by Curve 3 is mainly 
due to a 5 years’ standing as paste. The CaO/SiO2 
ratio does not change appreciable in this time, but the 
water content is lower, as can be expected for higher 
condensed silicates. The free Ca(OH)2 that is always 
formed in considerable excess by the action of water 
on C3S does not hinder the condensation of the pri
marily monomeric silicate anions.

The relationship between the degrees of conden
sation in CSH and its CaO/SiO2 ratio was studied in 
further experiments.

CSH Gels of Different CaO/SiO2 Ratio

Tobermorite gels having different CaO/SiO2 ratios 
are easily obtained by precipitation from Ca(ClO4)2 
solution with 0.1 molar Na2H2SiO4-8H2O in solu
tion. An addition of NaOH to the silicate solution 
yields CSH higher in lime content. After rinsing the 
precipitated gels, voluminous water rich gels (95
97% H2O) are obtained. Neither do the lines charac
teristic for Ca(OH)2 appear on the X-ray diffraction 
pattern nor is more than 0.5% of the CaO soluble 
when the dried substance is extracted with a mix
ture of acetoacetic ester and isobutanol (9). This 
both facts indicate that all CaO contained in the CSH 
is bonded to the silicate. The X-ray patterns show 
merely some broad hko interferences which are 
typical of ill-crystallized CSH (10). .

In the following descriptions about factors influen
cing the condensation of anions in CSH, the results 
are illustrated not only with the help of curves but 
also with tabulations. These tables contain complexing 
values obtained after 1, 5 and 10 minutes and make a 
general picture possible. From Table 1 and Fig. 1 
it can be seen that all monosilicate and most of di- 
and trisilicate have been complexed after one minute.

The complexing curves of four precipitated CSH 
gels are presented in Fig. 4.

Table 1. Complexed portions (approximate) of defined silicic 
acids (calculated as %SiO2) after

1 5 10 minutes

mono 100 100 100 %SiO2
di 85 100 100
tri 65 100 100
tetra 35 90 100
hexa 10 40 65

Curve 1A: CSH of 1.41CaO/SiO2 and 95% H2O, 
complexing rates taken 3 days after 
preparation;

Curve 1: same; 14 months after preparation;
Curve 2: CSH of 1.31CaO/SiO2 and 97% H2O (after 

14 months);
Curve3: CSH of 1.19CaO/SiO2 and 96% H2O 

(after 14 months);
Curve 4: CSH of 0.89CaO/SiO2 and 96% H2O (after 

14 months).
From Fig. 4 it can be recognized that a decreased

Fig. 4. Condensation degrees in CSH gels depends on CaO/SiOz
■ ratios

1.: 1.41CaO/SiO2 1A: 1.41 CaO/SiOz, 3 days after
2.: 1.31 ,/ preparation
3. : 1.19 //
4. : 0.89 ,/

1—4: 14 months after preparation



Table 2. Condensation of CSH by standing, indicated by 
decreased complexing rates.

CSH precipitated: Complexed %SiO2 after
CaO/SiO2 %h3o 1 5 10 minutes

1.18 88 44 65 71
2 weeks later 41 62 70

1.34 92 61 83 91
2 weeks later 46 77 85
4 weeks later 46 76 82

1.41 95 63 87 94
14 months later 34 79 91

lime content produces a decreased complexing rate. 
The degrees of condensation of the silicate anions, 
therefore, are influenced by the CaO/SiO2 ratio in 
CSH. This dependance is also clearly indicated by 
further examples shown in Table 4.

The difference in Fig. 4 between Curve 1 A and 
Curve 1 (3 days and 14 months after preparation) 
shows that by standing of the CSH, the condensation 
degree is increased. Further examples in Table 2. 
show that wet tobermorite gels have changed already 
after 14 days. In a freshly prepared CSH gel condensa
tion also occurs by drying, as can be seen from the 
complexing values shown in Table 3.

These changes by drying are mainly observed for 
water containing CSH gels obtained by precipitation 
from aqueous silicate solutions. Drying causes 
condensation to a similar extent as does month-long

Table 3. Condensation in CSH gels by drying

Tobermorite like CSH Complexing time
CaO/SiO2 H2o% 1 5 10 minutes

0.81 97% 6 14 22 %S1O2
26% 4 11 19 complexed

0.86 95% 11 26 30
25% 7 15 21

0,98 94% 23 40 52
26% 15 30 42
18% 14 28 32

1.01 95 % 26 50 63
24% 26 47 53
18% 24 42 52

1.41 95 °/^ 65 90 95
25% 33 80 93

Tobermorite like calc. sil. hydrates with %SiO2 were complexed after

Table 4. Condensation degrees of silicate anions in CSH 
depending on CaOjSiOi-ratios.

CaO/SiOg 1 5 10 minutes

0.81 6 15 24
0.81 (other preparation) 6 14 23
0.86 11 26 30
0.98 23 40 52
1.00 21 47 61
1.01 26 50 63
1.03 26 52 60
1.11 39 63 70
1.18 44 65 71
1.41 65 90 95

storage at 25°C under wet conditions. Storage of a 
dried CSH does not cause any further condensation 
while standing of CSH with water showed noticeable 
condensation after 5 years (Fig. 3, Curve 3).

Discussion of the Results

The studied tobermorite-like CSH were found to 
contain always silicate anions of different degree of 
condensation. With regard to the anion mixtures 
obtained in the CSH, the way of preparation and— 
if the starting materials are identically—the details 
of reaction conditions for the CSH are of influence.

It can be assumed, that the tobermorite gels con
tain anions of SiOH-groups that are able to react one 
with another increasing the number of SiOSi-bonds. 
This reaction is analogous to the condensation of 
SiOH-groups of free silicic acids.

The extent of anion condensation depefids—with 
in certain limits—upon the CaO/SiO2 ratio in the 
respective CSH. This may be explained by the fact 
that the tendency to form higher condensed units 
increases with the number of SiOH-groups. More
over, there is a relationship between calcium ions 
bonded to silicate and SiOH groups on the other 
hand, since calcium ions—leaving the silicate by 
hydrolysis to form Ca(OH)2—yield simultaneously 
and necessarily SiOH groups.

Crystallized CSH have—in comparison with 
tobermorite gels—only one type of anion. The mixture 
of different silicate anions occurring in tobermorite 
gels may well be the reason for the always ill-crystal
lized state of the CSH. The crystal quality does not 
improve upon standing for months or even for years 
at room temperature. Only under hydrothermal con
ditions may condensation yield long-chain anions 
that are able to crystallize within certain limits of the 
CaO/SiO2 ratio. This way the “actual” tobermorite 
is formed at about 160°C. This CSH is very similar in 
X-ray diagramm to one form of tobermorite found 
as mineral in Scotland. This tridimensional and 
crystalline ordered “actual” tobermorite has a definite 
composition and is a terminal member of a great 
number of possible tobermorite-like CSH. It is not 
to include into the group of tobermorite like CSH.

The nearly amorphous tobermorite gels are much 
more reactive than any form of crystallized CSH, 
which—e.g.—do not yield higher condensed silicates 
at ordinary temperature. Therefore, the behaviour of 



the well crystallized tobermorite is much more similar 
to other crystallized CSH than to a tobermorite gel. 
Some important properties, characteristic of tober
morite gels—in comparision with crystallized CSH 
including “actual” tobermorite—are
1. ill-crystallized or nearly amorphous state in the 

CSH with typically hko-interferences.

2. several silicates of different condensation degrees 
are present in the CSH, probably causing the ill- 
crystallized state,

3. the higher reactivity of tobermorite gels
a) of SiOH groups in silicate anions to form higher 

condensation degrees,
b) of calcium ions toward hydrolysis.
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(B) Papers regarding Properties

Supplementary Paper II-6 Stability of Hydrogarnet Series Terms 
to Sulphate Attack

Bernardo Marchese and Riccardo Sersale*

*Istituto dl Chimica Industriale, Universitä di Napoli, 
Napoli, Italy.

Synopsis

Resistance to sulphate ions of terms belonging to “tricalcium aluminate-grossularite” 
(hydrogarnets) series, has been investigated.

Low silica hydrogarnets have been prepared by hydrothermal treatment of suitable 
glasses, and tested for crystallinity by thermogravimetric analysis and electron microscopy. 
Successively, they have been treated with saturated lime solutions containing different 
amounts of calcium sulphate. The ettringite produced has been identified by differential 
thermal analysis. X-ray diffraction, and electron microscopy.

Rate and degree of completeness of the reaction have been measured with good accuracy 
by means of differential calorimetry and X-ray diffraction. Minimum amount of silica 
required for hydrogarnet stability toward sulphate attack has been evaluated around 0.3 
mols SiO2 per mol of compound.

Resistance to sulphate ions of terms in the series 
“tricalcium aluminate hexahydrate-grossularite” 
(hydrogarnets), besides theoretical considerations, is 
of considerable importance on technical ground 
because the resistance of certain cement works, for 
instance steam-cured concrete (1), to sulphate con
taining solutions, can be ascribed to it.

Foundamental contributions to the study of hydro
garnet stability in presence of sulphate ions have been 
given by Flint and Wells, zur Strassen and, more 
recently, by Schwiete and Iwai, Richartz, Yang (2). 
It has been pointed out that tricalcium aluminate 
hexahydrate (extreme term in the already mentioned 
series) as well as tricalcium aluminate, are rapidly 
transformed into ettringite after contact with calcium 
sulphate solutions. The substitution of silica in place 
of water, as far as the cubic aluminate turns into 
grossularite, bears a lattice shrinkage (3) which

Preparation

Four intermediate terms in the hydrogarnet series 
have been prepared. Their composition resulted from 
chemical analysis were: 

corresponds to an increased sulphate resistance, as 
will be shown later.

The minimum amount of silica which gives resis
tance towards sulphate to hydrogarnets, seem thus 
to be of great importance. It has been evaluated by 
zur Strassen around 0.3 mols.

We have studied reactivity of hydrogarnets of 
suitable composition in contact with sulphate solu
tions, measuring rate and degree of completeness of 
reaction. This has led to the necessity of measuring 
with good accuracy the amount of ettringite formed in 
each run. The two different techniques used, which 
will be described later, have allowed also the evalua
tion of silica amount capable of transforming hydro
garnet series terms into virtually resisting compounds. 
In this note an account will be given of the experi
mental work done and of the corresponding conclu
sions. 1

F Specimens

1) C3AS0.225H5.56
2) C3ASo.28H5.44
3) C3AS0.35H5,30
4) C3AS0.43H5 1o

They have been prepared, according to literature 



(4), by long hydrothermal treatment (around 350 hrs), 
at 150°C, of glasses obtained by quenching melts of 
appropriate composition.

Soon after, the completeness of glass —»crystal 
transformation has been tested. In fact, glasses with 
composition falling in the interval explored by us. 

are rapidly attacked by sulphate contact solution, 
with' formation of ettringite. A small amount of 
residual glass in the hydrothermally crystallized prod
uct would thus invalidate the measurement of rate of 
fixation, especially at shorter times.

Control of “Crystallinity” by TGA and by EM

Weight losses of each specimen, before and after 
hydrothermal treatment, have been measured with 
methods of thermogravimetric analysis with a “Mass
flow thermobalance” of Stanton Instr. Inc. For 
example, curves relative to specimen No. 2 (0.28. mol 
SiOj), before (a) and after (b) hydrothermal crystal
lization, have been reported in Fig. L The weight loss 
of the glass specimen is practically negligible (~ 1 %), 
while that of the crystallized specimen amounts to 
25.28% (stoichiometric value is 25.40%). Electron 
microscope observations are in good agreement with 
this result. The same specimen, observed after hydro
thermal treatment, shows micrograph a) in Photo 1, 
only monometric crystals without glass particles. 
Crystals appear to be well formed even if edges are 
rounded by continuous shaking. Fig. 1. TGA ofCsASo.2SH5.44:

a) before hydrothermal crystallization
b) after v »

Sulphate Fixation Rate Measurement

After evaluation of “crystallinity”, for each speci
men has been measured the rate of calcium sulphate 
fixation in continuous saturated lime solution. Experi
mental procedure has been described in a previous 
work (5). Rate curves, i.e. amount of sulphate fixed 
at room temperature against time of fixation, have 
been reported in Fig. 2.

Plots show a decrease in the amount of sulphate 
fixed in compounds with higher silica content. An 
abrupt decrease is shown passing from the 0.225 
mols SiO2 to the 0.28 mols term. It corresponds to 
the diminished reactivity toward attack solution 
already mentioned by zur Strassen (2).

X-ray Diffraction

Only diffraction data concerning the 0.28 mol 
terms have been reported.

Patterns in Fig. 3 (symbols as in Fig. 2) show, as 
time increases, transformation of reactant in contact 
with a constantly lime saturated and initially sulphate 
saturated solution, and point out progressive for
mation of ettrinigite (reflections at 9.73, 5.61, 3.88 Ä). 

For reference purposes patterns of initial hydrogarnet 
of ettringite and of Ca(OH)2 have been reported.

Unit-cell sizes of four hydrogarnet series terms with 
increasing SiO2 content, have been measured. Values, 
reported in Fig. 4, show a cell shrinkage, which cor
responds to an increase of lattice stability.

Differential Thermal Analysis

Differential thermal analysis curves in Fig. 5 are limited to products obtained from the 0.28 mol term



Fig. 2. Fixation of CaSO4-2H2O by four hydrogarnet series 
terms

Fig. 3. X-ray powder diffraction patterns of C3AS0.2sH5.44, 
in ffve successive stages of ettringite formation {symbols as 
in Fig. 2.")

12 3 4------------- 1--------------r------------- 1 1 ! '
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Si_02 CmolD

Fig. 4. Decrease of hydrogarnet series terms unit-cell size, 
when SiO2 content increases

only: all other terms show similar behaviour.
While the endothermic peak of hydrogarnet series 

term at 350°C decreases, the endothermic peak at 
150°C corresponding to ettringite increases and the 
thermal effect with maximum at 55O°C, corresponding

Fig. 5. DTA of reaction products {symbols as in Fig. 2 and 3)

to the dehydration of free calcium hydroxide, 
decreases.

Microscope Examination

Nucleation and successive growth of ettringite 
needles, during sulphate attack of hydrogarnet series 
terms studied, have been systematically followed with 
both optical (phase contrast) and electron (carbon 
replica method) microscopes.

Micrograph b) in Photo 1 corresponds to an inter

mediate stage of the attack: fragments of hexagonal 
plates on which sites of successive evolution into 
ettringite crystals can be recognized, are shown.

Micrograph c) in Photo 2 shows a more advanced 
stage in which the recently formed ettringite can be 
observed.



Micrograph d), corresponding to a standard speci- (6), has been reported for comparison purposes, 
men of ettringite prepared according to the literature .

Photo 1.
b. Initial and intermediate stages of ettringite formationa. Monometric crystals of hydrogarnet after hydrothermal 

treatment

c. Advanced stage of ettringite formation
Photo 2.

d. Specimen of standard ettringite

Differential Calorimetry

A Perkin-Elmer DSC-IB apparatus has been used. 
Uniform drying of products has been necessary 
before examination. After passing a stream of cold 
dry air on them, powders have been kept for 24 
hours on CaCl2. Even if great care should be used 
during this treatment otherwise, a small amount of 
dehydration could lead to a defective determination 
of hydrogarnet and ettringite, the calorimetric deter
mination resulted simple and rapid, thanks to the 
straightforward relation between mass and enthalpy. 
In the system being investigated, the degree of 
completeness of reaction has been evaluated measur-

Table 1. ' Wt % of ettringite and hydrogarnet 
' in different mixtures

Sample

Chemical 
analysis 

(CaSO42H2O 
fixed)

DDC X-ray

Hydrogarnet Ettringite Ettringite

wt% ah Wt % wt % IV/ %
2 — - • 155 100 0 0 0
a 21.5 f 29 18.7 27.5 12.7 11
b - 23.1 ' ' -•>25 ' 16.1 •40 : 18.5 17
d 28.6 “ ' 22 14.2 - 51 - < 23.6 23 s
e 36.3 11 7.1 90 41.7 •' 41
a 32.4 9 6 101 46.8 47
b' 54.5 7 5 ill 51.4 51
c' 57.3 0 0 128 59.2 54
Ettringite — 0 0 216 100 100



ing, on the same thermogram, both the decrease of 
reactant hydrogarnet and the increase of ettringite 
produced. , '

Calorimetric measurements on products corre
sponding to 0.225 and 0.28 mols terms have been 
reported in Table 1. Percentage of each chemical 

species has been evaluated on the basis of heats of 
transformation of pure products (hydrogarnet and 
ettringite) which also have been reported in Table 1. 
These percentages are in good agreement with those 
calculated on the basis of peak intensity of X-ray 
diffraction.

Conclusions

The whole of experimental results corroborates the 
statement according to which in the series tricalcium 
aluminate (cubic)-grossularite, substitution of H2O 
with SiO2 causes resistance to sulphate attack. Small 
amounts of silica are sufficient to induce resistance; 
the term with 0.28 mols SiO2 is much more stable 
than term with 0.225 mol, so that a term with 0.30 
mol SiO2 can be considered practically sulphate 
resistant.

The product originated after reaction of initial 

hydrogarnet with sulphates, is a calcium sulphoalu
minate (with high sulphate content) formed with a 
mechanism of dissolution and successive precipitation 
from calcium hydroxide and calcium sulphate solu
tion.

Differential calorimetry has made possible precise 
and rapid determination of the degree of attack 
suffered by reactant hydrogarnet; the determination 
is comparable, as it concerns accuracy, with the results 
of X-ray diffraction analysis.
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Supplementary Paper 11-40 Formation of Hydrated Gehlenite through 
the Reaction of Clay Minerals and Lime

Akira Ariizumi*

Synopsis

Hydrated gehlenite was firstly found by Strätling (1940) as the reaction product of meta
kaolin and lime. Later the properties of the hydrate were investigated by Turriziani (1954). 
It was observed by various authors, zur Strassen (1958), Locher (1960) and Goto (1962) that 
the hydrate can be formed also through the reaction of slag (or generally C-S-A glass) and 
lime. The crystal structure of the hydrate was discussed by zur Strassen.

The present author, on investigating the pozzolanic reaction of clay minerals, found 
out that allophane, hydrated halloysite or finely ground kaolinite results hydrated gehlenite 
as the product of lime reaction. Further an almost pure sample of the hydrate was obtained 
through the reaction of coprecipitated Al2O3-SiO2 gel and lime, and some properties of 
the hydrate were examined.

It was demonstrated that the reactivity of the hydrate, which forms easily ettringite on the 
presence of gypsum, can be utilized for the soil stabilization in the Kanto-loam zone around 
Tokyo, of which dominant clay minerals are allophane and hydrated halloysite.

Introduction

Soils of volcanic origin are widely distributed in 
Japan. “Kanto loam” around Tokyo vicinity is the 
most typical of them. Dominant clay minerals con
tained in this loam are allophane and hydrated 
halloysite, which cause unfavorable soil mechanical 
properties. Investigation into soil stabilization is to 
be done for highway construction works in order to 
ensure a good trafficability. Conventional soil-cement 
method which needs a great quantity of cement to 
achieve a desired effect is not economical, and lime 
admixing method possesses such defect that develop
ment of strength is slow. It was found that admixing 
of lime and gypsum is effective and economical for 
soil stabilization.

The present author carried out a basic study on the 
mechanism of soil stabilization by means of the 
reaction of soil-lime and soil-lime-gypsum. It was 
confirmed that hydrated gehlenite (1) is formed in 
the mixture of allophane-lime at the room temperature 
and cement bacillus is formed by admixing lime and 
gypsum. It was further found that hydrated halloysite 
reacts easily with lime to result hydrated gehlenite. 
As these studies belong to an applied field of cement 
chemistry, here is reported the result of investigation 
which has been made in the Public Works Research 
Institute, Ministry of Construction, during the last 
ten years.

Materials Resulting from Reaction of Allophane-Lime and Allophane-Lime-Gypsum

Allophane was separated from various volcanic 
soils of Japan, and treated with lime solution or lime
gypsum solution under various reaction conditions. 
The resulting materials were examined through X- 
ray diffraction, DTA, infra-red absorption and chem
ical analysis. The following are the summary of the 
study.

The present author (2) (3) reported that lime can

‘Kajima Construction Co., Ltd., Tokyo Japan. 

be absorbed by allophane when placed in lime solu
tion, forming hydrated gehlenite C2ASHn. The 
nature of C2ASHn was examined. The reaction was 
found to be common for allophanes of various 
localities. The reactivity could be improved through 
heat treatment of allophane, eliminating the forma
tion of C4AH13. The reaction mechanism was not 
disturbed with Truog’s deferration processing or 
EDTA processing, but was disturbed with deferration 
processing of Tamm’s reagent or alternative processing 



of Na2CO3-HCl which removes free oxides. It was 
also confirmed that three layer clay minerals and their 
heat-treated materials do not result in C2ASHn.

The present author and Ohba (4) studied on the 
relationship of such reaction conditions to the resulting 
materials as lime concentration, lime-allophane ratio, 
temperature involved and reaction time. Thereby 
the decrease of lime during reaction process was 
examined. As the resultants, the following materials 
were identified as C2ASHn, C3AH6 (C3ASH4 after 
long reaction time), C4AH13, 7.6 Ä hydrate (seems 
to be carboaluminate) and X-ray amorphous lime- 
absorbed allophane. C-S-H phase was not identified.

The reaction started with lime absorption, then 
C4AHI3 and 7.6 Ä hydrate were formed, finally 
C2ASHn appeared and simultaneously 7.6 ~ 8.2 Ä lines 
disappeared after lime concentration had dropped. 
Within 35 days of reaction time, C2ASHn was obtain
able at the reaction temperature below 50°C, C3AH6 
at 80°C. At 60°C, C2ASHn appeared with low lime 
concentration, C3AH6 with high lime concentration.

When lime concentration was too low, C2ASHn 
could not exist. Amount of lime absorbed should be 
more than 20% of allophane in order to bring about 
C2ASHn. Reaction of C2ASHn formation was obser
ved to be slow when it was proceeded in a paste form.

Under an excess amount of lime, C4AH13 was ob
tained instead of C2ASHn. ,

The present author and Wada (5) investigated the 
reaction between coprecipitated SiO2-Al2O3 gel and 
lime solution. Various SiO2-Al2O3 gels with mol ratio 
of 0.18 ~ 10.1 were prepared, among which the gels 
with mol ratio of 0.23 ~ 5.1 were found to have 
properties similar to those of natural allophane.

With a high mol ratio Al2O3/SiO2, gibbsite, boeh
mite and bayerite were identified in the prepared 
materials.

1 g of gel and 1/ of saturated lime solution brought 
out C2ASH„ at 20°C when Al2O3/SiO2 was 0.3 ~ 
8.5, they resulted also C3AH6 when gel contained 
gibbsite or other minerals. When Al2O3/SiO2 was 
very small, C-S-H phase was presumably formed.

X-ray diffraction pattern of C2ASHn was best- 
defined when Al2O3/SiO2 was 1. At 80°C, C3AH6 
was obtainable when a large amount of lime was 
absorbed. The reaction mechanism of C2ASHn 
formation was favored by heat treatment, intensifying 
the X-ray diffraction pattern of resultant. Heat 
treated gel with large Al2O3/SiO2 ratio gave 11.1 Ä 
and 5.5 Ä lines which were not identified. Copreci
pitated Fe2O3-SiO2 gel(Fe2O3/SiO2 = 0.4) and lime 
brought out X-ray amorphous material at 20°C, 
but well-defined lines of C3FH6 at 80°C.

Fig. 1. Composition of liquid phase during the reaction of 
coprecipitated Al2O3-SiO2 gel with lime solution

A further investigation into this reaction was 
made by the present author (6). Coprecipitated gel 
(Al2O3/SiO2 = 1) was prepared as the starting material.

0.1 g of the gel was treated with 100 cc of saturated 
lime solution at 20°C. The resulting material was iden
tified through X-ray diffraction, and the liquid phase 
examined by chemical analysis. The concentration 
of A12O3 and CaO in the liquid phase is shown in 
Fig. 1.

According to the X-ray analysis, 7.6 Ä line, 8.2 A 
line and very weak lines of C2ASH„ could be iden
tified within 30 minutes of reaction time. The lines of 
C2ASHn became stronger after 1 hr, they were 
quite well-defined after 2 hrs. The main resultant, 
C2ASHn, became dominant, while the by-product 
with 7.6 Ä line tended to disappear. It can be assumed 
that the natural allophane behaves similarly to the 
coprecipitated gel, although the reaction speed is 
slow. As was described by Sträfling (1), the reaction 
of allophane with lime solution proceeds topochemi
cally, and there is pseudo equilibrium between absor
bed lime and liquid phase concentration, or between 
the resulting crystal material and liquid concentra
tion. To investigate this mechanism, the next experi
ment was made. Coprecipitated Al2O3-SiO2 gel 
(Al2O3/SiO2 = 1.00) was heated at 600°C for 1 hr, 
added to lime solutions of various concentration, 
aged at 20°C for 35 days. As Fig. 2 shows, the amount 
of absorbed lime and the concentration of lime in 
liquid phase after the reaction were examined.

The relationship presented in Fig. 2 gives no straight 
line, but a line with three-steps gradient. This relation
ship was observed in air-dried allophane, but some
times AC was straight line in the case of heat-treated
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Fig. 2. Relationship between lime absorbed and lime in liquid 

phase after reaction (Also intensity of basal reflexion of 
resulted material is plotted against lime concentration.)

allophane. Between A and B no resulting crystal 
phase was identified, between B and C the intensity 
of the basal reflexion of C2ASHQ was observed to 
increase gradually, and between C and D the intensity 
stayed unchanged. This characteristics was common 
with other experiments using allophanes from 
“Kanuma clay” and “Fukubando clay” or meta
kaolin from “Kanpaku kaolin”. Points B and C 
correspond to 0.008 N and 0.013 N respectively.

Although the behavior of SiO2 was not clarified with 
the above examination, the behavior of CaO could be 
summarized as the following. In the lime-poor region 
allophane exists together with lime-absorbed allo
phane, in the next region up to 0.013 N C2ASHn 

co-exists, in which the formation of C2ASHn from ab
sorbed body proceeds. In the further lime-rich region, 
the reaction speed for the C2ASHn formation slows 
down, lime absorption continues gradually. In the 
region near to lime-saturation it is assumed that 
C2ASHn changes to C4AH, 3. The absorption reaction, 
C2ASHn formation through topochemical reaction or 
other possible reaction takes place simultaneously, 
and true equilibrium is not to be established.

The present author and Ohba (7) investigated the 
reaction of allophane with lime-gypsum solution.

0.15 g of allophane was treated with 100 cc of the 
solution of various components, varying the reaction 
time and temperature. With 5% gypsum added to 
allophane, low sulphate bacillus was obtained within a 
few hours. At 20°C C4AH13 coexisted, the resulting 
bacillus re-dissolves as the lime in liquid phase was 
consumed by the absorbing reaction. At 60°C the 
resulting bacillus and C4AH13 disappeared when ori
ginal lime amount was more than 65 % to allophane, 
C3AH6 appeared instead as a stable phase. With less 
than about 50% lime, C3AH6 could not be formed, 
and resulting bacillus tended to decrease while 
C4AHj3 increased.

With more than 15% gypsum added to allophane, 
high sulphate bacillus was formed as a stable phase at 
room temperature. Lime in liquid phase was con
sumed through both of bacillus formation and 
C2ASHb formation. During high sulphate bacillus re
dissolved as the results of lime consumption, it be
haved approximately along the dissolving curve of 
bacillus to lime. The existence of gypsum disturbed 
the C2ASHn formation.

The present author and Maki (8) made laboratory 
experiment as well as field experiment on the soil 
stabilization, using “Kanto loam” treated with lime 
and gypsum. It was established that bacillus formation 
is attributable to the strength development in soil
lime-gypsum mixture, and the existence of gypsum 
gives the initial strength. When lime-gypsum was 
added to allophane clay with high sensibility as well 
as with high moisture content (more than liquid 
limit), it was observed that the strength and the bearing 
power were not sensitive to the moisture content, 
the resulting soil had enough strength to bear pedes
trian’s weight one hour after mixing, bringing out a 
sufficient initial trafficability.

Materials Resulting from Reaction of Hydrated HaUoysite and Lime

As was described, allophane reacts with lime at hydrated halloysite was not established. To clarify
room temperature to result in C2ASHn. Behavior of this point, the present author and Fujisaki (9) carried



Experimental Resultsout an investigation similar to that in the case of 
allophane using three kinds of specimen of hydrated 
halloysite. It was confirmed that C2ASHn could be 
easily formed through the reaction and the reactivity 
decreased through dehydration of the starting material.

Specimens and Experimental Method

Naegihakudo clay, Yame clay and Musashino loam 
were treated with Kelley’s method (10) to bring out 
Ca-clay specimen of less than 1 /z. The specimens were 
kept in a desiccator with 60% moisture. Each speci
men was named NHH, YHH and MHH. The specimens 
were heated at 150°C for 20 minutes to give NH, 
Yh and Mh. Besides NHH was heated at 350°C for 2 
hours to give 7.3 Ä spacing. Hong Kong kaolin was 
named Hh. Also, well-crystallized Kanpaku kaolin 
was used for grinding experiment.

0.100 g of specimen was treated with 100 cc of 
lime saturated solution at room temperature for 
various reaction times (3, 7, 14, 21 and 35 days). 
Reaction vessel was of polyethylene, and care was 
taken to avoid CO2 contamination. After the reaction 
was completed, lime concentration in liquid phase 
was measured and the amount of absorbed lime was 
determined. The reacted specimens were washed and 
kept in a desiccator with 60 % moisture to give constant 
weight. X-ray diffraction, self-recording DTA and 
electron microscope were applied to examine the 
resultants. Care was taken to prevent dehydration 
of hydrated halloysite.

Clay minerals were identified through X-ray dif
fraction and DTA, as shown in Figs. 3 and 4. All 
specimens could be identified as hydrated halloysite. 
Yhh contained a small amount of gibbsite, MHH a 
small amount of allophane. The order of structural 
perfectness was found to be NHH > MHH > YHH. 
On heating at 150°C, (001) spacing of all specimens 
shifted to 7.5 Ä. The relationship between absorbed 
lime and reaction time is shown in Fig. 5.

The better crystallized specimens absorbed more 
lime. As is similar to the case of allophane, the 
C2ASHn formation started after the amount of 
absorbed lime had attained a limited value. The 
reactivity decreased through the dehydration of 
specimens when it was heat-treated.

According to X-ray diffraction, YHH gave 8.2 Ä 
line and 7.6 Ä line after 3 days. 8.2 Ä line was inten
sified with age, then disappeared after 21 days. 7.6 Ä 
line was not to be seen after 7 days. C2ASHn was 
not recognized before 21 days, but was recognized 
distinctly after 35 days. On the other hand, (001) 
spacing of hydrated halloysite became very weak 
after 3 days, and it disappeared almost completely 
after 35 days. (02) spacing, however, stayed un
changed. Mhh showed the same tendency as YHH, 
but C2ASHn formation started earlier, the existence 
of the new phase being recognized after 14 days. 
Nhh resulted C2ASHn further earlier.



Fig. 4. DTA diagrams of reaction products 0.100 g sample to 100 cc lime saturated solution, 20°C

Yh presented both of 8.2 Ä line and 7.6 Ä line for 
each reaction age, the pattern of X-ray diffraction 
remained almost unchanged, although the amount 
of absorbed lime was measurable. MH showed greater 
reactivity than YH, (001) spacing became weak 
with age, a small amount of C2ASHn was observed 
after 35 days. NH behaved similarly to MH, but C2ASH„ 
formation started earlier.

DTA curves of reacting specimens were found to 
have the following general tendency. The endothermic 
peak of 550°C shifted to lower temperature side, 
diffusing itself and becoming shallow. The exothermic 
peak of 970°C shifted to lower temperature side, the 
height of peak becoming lower and the profile rounded.

Gibbsite did not disappear, and loose endothermic 
peak of 750°C~800°C was observed. In correspon
dence to the structural perfectness of the specimens, 
the DTA curves were varied. The appearance of 200°C 
peak, which was based on C2ASH„, was in a good 
agreement with the results of X-ray analysis. The 
change of (001) spacing of hydrated halloysite, how-
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Fig. 6. X-ray diffraction diagrams of reaction products with 
various treatment

ever, was in a poor agreement with the DTA analysis. 
The curves of NH, MH and YH presented a tendency 
similar to that of the hydrated specimens, although 
the profiles were not quite in evidence.

Fig. 6 shows X-ray diffraction patterns of resulted



material through the reaction between heated speci
mens and lime as well as of heat-treated resultants. 
Treatment conditions were the following.

a. Nhh, heated at 350°C for 2 hrs (7.35 A), 21 days 
reaction

b. Hh, heated at 350°C for 2 hrs (7.25 A), 21 days 
reaction

c- Nhh, 7 days reaction, then heat-treated at 200°C 
d. Nhh, 35 days reaction, then heat-treated at200°C 
e- Nhh, 7 days reaction, then heat-treated at

1050°C
f. Nhh, 35 days reaction, then heat-treated at 

1050°C
g. Kanpaku kaolin, ground, 14 days reaction
h. Nhh, kept in CaCl2-desiccator for long time 

(7.5 A), then 21-day reaction

As is observed in Fig. 6, the preheated specimens 
caused a decreased reactivity. When well-reacted 
specimen, which showed strong lines of C2ASHn 
and no (001) spacing of hydrated halloysite, was 
post-heated, then C2ASHn decomposed and halloysite 
appeared instead. On post-heating the reacted speci
men at 1050°C, patterns of C2AS and wollastonite 
were to be observed. Well-crystallized kaolinite, when 
dry-ground in agate mortar to give X-ray amorphous 
material, reacted easily with lime and resulted in 
C2ASHn. Nhh specimen, when dehydrated in CaCl2 
desiccator to give 7.5 A line of halloysite, formed 
C2ASHn easily.

It was observed through electron microscope that 
clay specimen formed aggregate, then the aggregate 
changed into an edge-shaped form, crystal growth 
being started. This transformation is shown in Fig.
7.

Discussion

Hydrated halloysite (NHH, MHH, YHH) absorbed 
lime when it was placed in lime solution, C2ASHn 
could be recognized by X-ray analysis after the amount 
of absorbed lime had attained a limited value. Even 
in the stage when the amount of absorbed lime was 
small and C2ASHn lines were not to be seen, (001) 
spacing of hydrated halloysite became weak, but the 
intensity of (02) spacing stayed unchanged. It can be 
assumed from this observation that the disorder along 
c-axis became greater with the reaction, lime being 
absorbed between layers. Further, the absorbed lime 
reacted with the adjacent layer, which resulted in 
forming C2ASHn. From the X-ray diffraction patterns 
of the heat-treated specimen causing decomposition 
of C2ASHn, it can be assumed that the clay remained

Fig. 7. Electron micrograph of reaction product Nhh, 35 days, 
20aC, Magnification X 5,000

retaining its crystallinity almost intact during the 
reaction process.

Fades and Grim (11) described about the mecha
nism of lime-clay reaction as such reaction with 
solution starting on the edge of crystals for three- 
layers minerals. According to the opinion of Diamond 
and Kinter (12), the reaction proceeds between ab
sorbed lime and surface layers of clays. These observa
tions are based on experiment with clay minerals of 
rather poor reactivity. From the present auther’s 
experiment, in which such clay mineral of high 
reactivity and with interlayer water as hydrated hal
loysite was used, it is concluded that the reaction on 
surface layer could be more dominant than the one on 
layer’s edge. It is also described that the resultant 
materials from clay minerals of poor reactivity are 
calcium aluminate hydrates and calcium silicates 
hydrate but not C2ASHn.

In the case of allophane, it was found that C4AH13 
and 7.6 A hydrate appeared transiently and disap
peared as C2ASHn began to be formed. This pheno
menon, as was confirmed also by the case of hydrated 
halloysite, could be explained as that a part of A12O3 
dissolved into liquid phase when lime was absorbed. 
To satisfy the resulting condition of C2ASHn, the 
amount of absorbed lime should be more than 10% 
to the weight of air-dried hydrated halloysite. The 
value for allophane being about 20%, the deviation 
is caused by the difference of crystal structure of each 
clay mineral.



Generally speaking, the better-crystallized hydrated 
halloysite was found to possess the greater reactivity. 
This tendency was also confirmed with specimens, 
which were pre-heated at 150°C and showed 7.5 Ä 
basal reflexion of halloysite. The pre-heat treatment, 
however, deteriorated the reactivity. It is assumed that 
high structural perfectness favored the invasion of 
lime between layers or the orientation of lime on layer 
surface. When specimens were heated at 350°C, 
interlayer water evaporate away and (001) reflexion 
shifted to about 7.3 Ä, then the invasion of lime 
became difficult, the reactivity being decreased to a 
great extent.

Well-crystallized kaolinite, which is usually of poor 
reactivity, could be activated through dry-grinding to 
react easily with lime. The X-ray amorphous dry
ground kaolinite could recover its layer structure 
through the lime reaction, forming well-crystallized 
C2ASHn.

The final or metastable from materials resulting from 
the lime-clay reaction are, as is well known, depend
ent upon the reaction conditions such as paste form, 

slurry form or suspension form. Kudo, Tukiyama and 
Okabe (13) investigated the lime-clay (hydrated hal
loysite) reaction in paste form, in which C4AHI3 and 
C2ASHn were identified through X-ray analysis in 
early stage of reaction, tobermorite gel was identified 
through electron microscope in later stage, and the 
resulting crystal materials of early stage disappeared 
gradually as the reaction time elapsed. The reaction 
in paste form proceeds in the saturated lime solution, 
and the reaction speed is slow, thus giving different 
results compared with the present author’s results.

Although no detailed examination was made to 
confirm the existence of calcium silicate hydrates, it 
is assumed that the endothermic peak of 750°C~ 
800°C could be related to both of calcite and tober
morite gel. Davidson and Hilt (14) examined the 7.6 Ä 
hydrate which was obtained by the lime-montmoril
lonite reaction, and concluded that a part of Al in 
C4AH13 could be substituted isomorphously by Si, 
thus giving 7.6 Ä line instead of 8.2 Ä. This problem 
needs a further investigation.

Properties of Hydrated Gehlenite

On the properties of C2ASHn, which is obtainable 
by the lime-allophane reaction, some descriptions 
were already made (2) (3). The behavior of SiO2 
in allophane or of Fe2O3 as the contaminant is still 
unknown. The present author made detailed examina
tions on the properties of C2ASHn, which was pre
pared as purest as possible, comparing the newly 
obtained data with the published ones.

Specimens and Experimental Method

There was 20 g of coprecipitated gel(H2O- 17.5%, 
H2O+ 8.80%, A12O3 46.45%, SiO2 27.35%, A12O3/ 
SiO2 = 1.00) was added to 20Z of saturated lime solu
tion, aged for 1 year at 20°C in a CO2 free atmo
sphere. White crystal of C2ASHn was filtered out and 
kept in CaCl2 desiccator. Chemical analysis, X-ray dif
fraction, DTA, TGA, infra-red analysis and electron 
microscope were applied to the obtained C2ASHn. 
Also the specific gravity and the heat of solution 
against 2N HNO3 containing small amount of HF 
were measured.

Experimental Results

Chemical analysis (%) gave the following;

—
Fig. 8. X-ray diffraction diagrams of CaASHg

H2O": 7.60,H2O+: 25.25, CaO: 29.45,
SiO2: 13.65, A12O3: 21.40, CO2: 1.69

Figs. 8, 9, 10 and 11 show respectively the results of 
X-ray diffraction, DTA and TGA, infra-red analysis 
and electron microscope. Heat of solution was found 
with unheated sample, with 500°C heated sample



Fig. 10. Infrared absorption spectrum of Ci ASHg

Fig. 11. Electron micrograph of CzASHg Magnification
X 10,000

(ig. loss 5.33 %) and with 950°C heated sample respec
tively to be 336 cal/g, 577 cal/g, 672 cal/g. Specific 
gravity was measured to be 1.89.

Discussion

C2ASHn was firstly obtained by Strätling (1) who 
examined the resulting material of the reaction be
tween meta-kaolin and lime solution. Turriziani and 
Schippa (15) confirmed this substance when they 
carried out the same experiment as the above, and 
investigated the nature of C2ASHn in detail. Accord
ing to the study of Dörr, as is cited by Locher (16) 
and by zur Strassen (17), C2 ASHn was formed through 
the reaction of C2AS-glass and lime solution. C2ASHn 
could be obtainable from various starting materials 
through lime reaction such as quenched slag with high 
A12O3 contents (18) (19) (20), dry ground amorphous 
kaolin (21) (9), allophane (2) (22), hydrated halloysite 
(9) (13), kaolinite (although reaction time elapsed very 
long) (23), coprecipitated SiO2-Al2O3 gel (5) and 
metakaolin (1) (5) (24). C2ASHn was found also in the 
hydrates mixture of pozzolan cement of low alkali 
portland cement and burnt kaolin (25). Although the 
formation of C2ASHn has been reported by many 
authors, its properties are not yet clear because it is 
difficult to prepare C2ASHn in pure form.

Chemical composition can be calculated on the 
basis of the results of chemical analysis, being 

denoted by the formula C2.33ASI 08H8 70. If CO2 
exists in the form of CaCO3, and a small amount of 
lime is absorbed, the resulting material should be 
C2ASH8 45 together with a small amount of C2SH to 
be assumed to exist. Thus the purity of the sample is 
about 90%. Dorr’s sample, as was referred already, 
has the formula C2-5ASH9.3, which could be re-written 
as C2ASH8 when the existence of hydrogarnet is taken 
into consideration. Schmitt’s sample (20), which was 
obtained through lime reaction of C2A(1_k)FxS glass, 
has the formula C2ASH8. The present author’s sam
ple, which was proved to be in relatively pure form 
through X-ray analysis as well as electron microscope, 
possesses the approximate composition of C2ASH8.

On the X-ray diffraction patterns, as shown in 
Fig. 8, calcite is found to be in existence, but no car
boaluminate is to be seen. Calcium silicate hydrates 
were not recognized while weak lines of hydrogarnet 
are identified. Not regarding the lines, of which 
intensity is less than 10% to the intensity of (001) 
spacing, and eliminating the lines of above stated 
contaminants, C2ASH8 should possess the following 
spacing:

12.54(100) 6.24 (44) 4.92 (12) 4.17 (100) 2.868(60)
2.614(44) 2.495(27) 2.488(34) 2.405(20) 2.378(40)
2.118(16) 2.076(10) 2.014(12) 1.888(10) 1.824(16)
1.658(25) 1.645(14) 1.605(10) 1.542(10) 1.435(15)

Spacing values of C2ASH8 are already given by 
Strätling (1), Turriziani and Frantini (26), Schmitt 



(20) and the present author (3). Now the above values 
are compared with the data of Schmitt. Lines of 
4.28 Ä and 3.52 Ä, which are given by Schmitt, are 
not found by the present author. On the other hand, 
line of 2.01 Ä is found here, lines of 2.50 Ä and 2.38 Ä 
showing doublet profile, and intensity of 2.87 Ä line 
being greater than that of (002) spacing. When the 
above data are compared with the one already reported 
by the present author, all spacings possess a smaller 
value, and the intensity of lines is relatively strong as 
compared with the intensity of (001) spacing. From 
this observation it can be concluded that the sample 
is of high purity as well as of high degree of crystal
linity, and isomorphous substitution by Fe is not 
assumable.

On DTA diagram a relatively sharp endothermic 
peak at 210°C and exothermic one at 940°C are to be 
seen. At 840°C calcite shows endothermic peak. Peaks 
based on gibbsite, hydrogarnet, tobermorite or 
hydrated lime are not recognized. Peak of 210°C results 
from the decomposition of hydrate water, 940°C peak 
results from the formation of C2AS. According to the 
TGA diagram, dehydration starts at 50°C, it is inten
sified above 150°C. Up to 350°C, 90% of hydrate water 
decomposes. Weight loss above 750°C is attributable 
to calcite decomposition.

On infra-red absorption diagram, as shown in 

Fig. 10, absorption of calcite, Si-O, O-A1-OH, 
water and hydrogen bond are to be observed. Besides 
these, unidentified absorption bands are found as 
follows:

1500, 1380, 1160, 960, 865 (cm1)

1. S. Sträfling, “Die Identifizierung der Reaktion Produ
kte von gebräunten Kaolin im Zussamenhang mit 
dem System Kalk-Kiesersäure-Tonerde-Wasser”, 
Zement, 29, 427-432, 441-445, 455-460, 475^77 
(1940).

2. A. Ariizumi, “Pozzolanic reaction of allophane” (in
Japanese), Semento Gijitsu Nenpö, 13, 339-345 
(1959). ,

3. A. Ariizumi, “On the stabilization of Kanto loam
(allophanic clay) by means of lime-gypsum admix
ture: I, Formation of hydrated gehlenite through the 
reaction of allophane with lime” (in Japanese), 
Doboku Kenkyusho Hokoku, No. 110, p. 97-112 
(1962).

4. A. Ariizumi and M. Ohba, ibid. “II, Factors affecting
the formation of hydrated gehlenite” (in Japanese), 
No. 110, p. 113-126 (1962).

5. A. Ariizumi and S. Wada, ibid. “Ill, Formation of
hydrated gehlenite through the reaction of copre
cipitated SiO2-Al2O3 gel with lime” (in Japanese), 
No. lll,p. 105-110(1962).

6. A. Ariizumi, ibid. “IV, Discussion of the results”
(in Japanese),No. Ill,p. 105-110(1962).

7. A. Ariizumi and M. Ohba, ibid. “V, Formation of
cement bacillus through the reaction of allophane 
with lime-gypsum solution” (in Japanese), No. 119,

When heat treated at 200°C, 1160 band and 865 
band disappeared, and a broad 800~1200 band, 
which allophane shows, comes out instead. These 
two bands are thought to be related to C2ASH8.

Electron microscope was applied to samples in 
which crystals of more than 5/z are removed through 
sedimentation method. As seen in Fig. 11, C2ASH8 
possesses an irregular plate form, and hexagonal 
crystal is not observed. The edge of plates is not of 
straight line, but of curved line, and they tend to 
elongate. Degree of crystallinity is high. No gel sub
stance is to be seen. Electron diffraction pattern which 
is taken along c-axis of crystal gives regular hexagonal 
figure. The results agree with the data of zur Strassen 
(17).

For this study, carried out in chemistry section of 
Public Works Research Institute, Ministry of Con
struction, the auther is much obliged to the co-workers, 
Mr. M. Ohba, Mr. T. Maki, Mr. K. Fujisaki and Mr.
S. Wada as well as the assistant researchers, Mr. T. 
Kaibara and Mr. T. Nishijima.
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Synopsis

Utilization of High-Alumina cement for structural purposes is seriously limited due to 
the gradual loss of strength which High-Alumina cement concretes undergo especially under 
hot-wet environments. This phenomena is accompanied by conversion to C3AH6 of the 
hexagonal phase CAH10, which is the initial product of hydration.

A calcium sulfoaluminate additive was added to a High-Alumina cement which was 
used for making 2"x4" concrete cylinders at 40° to 50°F. The concrete was wet cured for 
28 days at 40° to 50°F, and later exposed to warm water at 100°F. At regular intervals the 
cylinders were tested for strength up to a period of 168 days from the date of hydration. 
No loss of strength was observed. X-ray diffraction studies on the corresponding concrete 
samples showed that only an insignificant portion of CAHj 0 converted to C3 AH6.

As compared with portland cements, High-Alumina cements (HA cements) are known to 
possess superior characteristics with regards to refractoriness, high early strength and 
resistance to chemical attack by acidic and sulfate-bearing waters. Development of high 
early strength is a valuable property for application of this cement both for emergency repair 
and construction jobs, and for production of prestressed concrete.

In spite of the advantages offered by HA cements, their use for structural purposes is 
handicapped due to partial loss of strength after long periods, particularly when the con
cretes are exposed to hot-wet environments. The loss of strength in certain cases is reported 
to have caused structural failures. Some countries have, therefore, forbidden the use of HA 
cement for structural applications.

Hypotheses on Loss of Strength

The main constituents in HA cements is generally 
the compound, CA. In his comprehensive review of 
aqueous cementitious systems containing lime and 
alumina, Steinour (1) states that, of the eight different 
hydrates reported by several investigators, only the 
following four are commonly present in the products 
of hydration of commercial calcium aluminate cements: 
C4AH13, CAH1o, CjAHg and C3AH6. The former 
three hydrates are hexagonal and they crystallize 
as thin acicular needles which contribute to the 
binding strength of the hydrating cement. The hexa
gonal phases, however, are metastable and they 
transform eventually to the stable cubic C3AH6.

The data from the investigation of Lea (2), Neville 
(3) Lehmann and Leers (4), and several other investi
gators have proved beyond any doubt that the conver
sion of hexagonal calcium aluminate hydrates to the 
cubic phase is related to strength loss in HA cement 

concretes. Regarding the precise mechanism which 
is responsible for retrogression of strength, Lehmann 
and Leers (4) attributed this to the intrinsic properties 
of the hydrates involved. According to them, the cubic 
morphology of C3AH6 does not permit a high surface 
area to become necessary for development of strong 
binding forces. The data from the investigation of 
Gitzen and Hart (5), and Neville (3), however, shows 
that the loss strength may also be attributed to in
creased porosity in the concrete structure when CAH10 
converted to C3AH6. Mehta (6) has made calculations 
to show that for every cubic centimetre of CAH10 
which transform to C3AH6, the solids undergo a 
reduction in volume by about one—half of cubic 
centimetre. Such a reduction in the volume of solids 
after hardening of concrete would evidently lead to a 
porous structure, which not only is inherently weak 
with regards to load-bearing capacity, but is also 
more susceptible to corrosion by permeating acidic 
fluids, especially when calcium hydroxide is not pre
sent in the products of hydration of HA cements.



Additives Already Investigated for Preventing Conversion

Robson (7) lists several chemical additives which 
have been tried by different investigators to prevent 
the conversion of CAH10 to C3AHS. The additives 
mentioned are preformed calcium aluminate hydrates, 
calcium sulfate, aluminum sulfate, ammonium chlo
ride, sodium phosphate, polysaccharides and poly
hydric alcohols, anionic, cationic and non-ionic 
surface active agents, etc. But, according to him, 
“No reliable and effective method has been dis
covered which will greatly retard or prevent the con
version process when the condition for the latter are 

especially favourable.”
According to Young (8), presence of ligno-sulfonate 

yielded thermodynamically more stable hexagonal 
calcium aluminate hydrate phases, but the hydration 
reactions were considerably retarded. Obviously, 
therefore, such additives which do not interfere with 
the rate of hydration of CA (or rate of formation of 
CAHjo) but which counteract the conditions favouring 
conversion of CAH10 to C3AHS seem to hold promise 
for solution of this problem.

Materials and Experimental Procedure

In carrying out this investigation a HA cement 
composed principally of mono-calcium aluminate 
was used. This cement was produced by heat treatment 
at 2600°F of stoichiometric quantities of reagent 
quality calcium carbonate and alumina hydrate. The 
chemical analysis of cement showed 35.5 percent 
CaO and 64.5 percent A12O3. It was ground to 
3130 cm2/g Blaine. When this cement was hydrated 
at 40-70°F, the principal product of hydration, as 
determined by powder X-ray diffraction analysis, 
was CAH]0. For preventing conversion of CAH10 
to C3AH6 under hot-wet conditions, a calcium sulfo
aluminate additive was included in the HA cement. 
The additive consisted of a high-purity chemical 
compound having the molar composition 4CaO- 
3A12O3-SO3. It was prepared by heat treatment 
at 2600°F of stoichiometric amounts of reagent 
quality calcium carbonate, calcium sulfate and 
alumina hydrate for a time sufficient to complete the 
reaction. It was also ground to 3130cm2/g Blaine. 
To chemical analysis of the additive showed 36.8 
percent CaO, 50.1 percent A12O3, and 13.1 percent 
SO3. Using 0.6 water-cement ratio, graded Standard 
Ottawa sand (ASTM Standard No. C109) and 3/8"- 
1/2" crushed quartz as coarse aggregate 2" X 4" 
cylinders were prepared from a six-sacks per cubic 
yard concrete, with and without the presence of the 
additive in the HA cement. Series A shown in Table 
1 represents a concrete mix which had no additive 
in the cement, while series B represents the concrete 
mix which had 5 percent additive by weight of the 
total cementitious material.

In order to prevent the instantaneous formation 
of some C3AH6 due to high heat of hydration normally 
produced during the rapid hydration of High-Alumina 
cement at early ages, the concretes were made with 

cold water (40° to 50°F), cast in pre-chilled 2" X 
4" C. I. molds, and the molds stored in a cold room 
maintained at 40° to 50°F. They were stripped after 
24 hours, and finally cured in 40° to 50°F water for 
27 days. This procedure of curing helped to hydrate 
most of the CA of the HA cement to CAH10 without 
producing any detectable C3AH6 in the specimens. 
On the 28th day three concrete cylinders from each 
series were tested, both for compressive strength 
and for changes in the compound composition of the 
cement. The other cylinders were moved to a water 
storage maintained at a constant temperature of 
100°F. The purpose of curing in warm water was to 
test whether the presence of calcium sulfoaluminate 
additive helped to prevent conversion of CAH10 to 
C3AH6 and thereby checked the resultant loss in 
strength. At 35, 56, 84, 112, 140 and 168 days, tests 
were made to determine both the changes in compres
sive strength and the compound composition of 
cement. In addition, modulus of elasticity of both the 
concretes was also determined before exposure to 
hot-wet curing and after exposure to hot-wet curing 
for 140 days.

The cylinders were capped and tested for compres
sive strength in accordance with the Standard ASTM 
procedures (C192-62T and C39-64). Representative

Table 1. Mix proportions of HA cement concretes both -with 
and without the additive.

Materials
Proportion by weight

Series A Series B

High-Alumina cement 564 536
Additive nil 28
Water 338 338
Graded standard Ottawa sand 1500 1500
3/8//-l/2//crushed quartz 1648 1648



Table 2. XRD peaks selected for semi-quantitative estimation 
of compounds .

Compound Selected peak

d.A 26 CuKa

CaO.Al2Os 2.996 30.1
CaO.AlgOslOHgO 7.132 12.4
3CaO.Al2O36H2O 5.121 17.3

samples of mortar were collected from the broken 
pieces of concrete. The mortar was crushed, sifted 

through a 100 mesh sieve in order to remove most of 
the sand, and tested by powder X-ray diffraction 
analysis for determining the compound composition 
of the cement paste. Phillips Norelco X-ray diffrac
tion equipment with copper target, nickel filter and 
scintillation counter was used.

In Table 2 are shown the specific peaks of the X- 
ray diffraction (XRD) pattern which were selected for 
identification and for semi-quantitative evaluation of 
the respective compounds by comparison of their 
relative peak intensities (counts per second at 1/8 
degrees 20 scanning rate).

Results and Discussion

The results of these tests are shown in Table 3, and 
are also plotted in Fig. 1:

It is evident from the strength data that substitu
tion of 5 percent 4CaO-3Al2O3-SO3 in HA cement 
did not alter the compressive strength characteristics 
of concrete specimens cured at 40° to 50°F for 28 
days, the strength values (average of three specimens) 
being about 8.3 Ksi in both the additive-containing 
and the nonadditive-containing concretes. The X-ray 
diffraction analysis of the cement paste showed that 
in both cases the hydration product consisted mainly 
of the hexagonal phase, CAH10. No cubic phase, 
C3AH6, was detected, while a substantial amount of 
anhydrous CA was still present in the samples. When 
the specimens were exposed to moist curing at 100°F, 
initially, the strengths rose to a value of about 11.0 
Ksi in both cases (due to hydration of the remaining 
unhydrated CA as confirmed by X-ray diffraction 
data), but later on started to decline. It can be seen 
from the curves in Fig. 1 that while the strength of 
HA cement concrete having no additive declined 
from about 11.0 Ksi to about 2.1 Ksi during the hot- 
wet curing period of 56 days to 168 days, the strength

Table 3. Compressive strengths and XRD peak ratios of 
Concretes A and B at different ages

Concrete A 
(made with cement containing 
no additive)

Concrete B 
(made with cement containing 
additive)

Age

Compressive 
strength 

Ksi.

XRD, ratio of 
peak intensities 
csah6/cah10

Compressive 
strength 

Ksi.

XRD, ratio of 
peak intensities 
c3ah6/cah10

28 8.24 0 8.29 0
35 10.69 0.145 11.38 0.06
56 11.55 0.25 10.85 0.08
84 7.98 0.39 10.98 0.14

112 5.50 2.50 10.10 0,14
140 2.48 9.70 10.03 0.19
168 2.17 11.00 10.28 0.19

loss under the same conditions during the correspond
ing period for HA cement concretes having 5 percent 
4CaO-3Al2O3-SO3 as additive was insignificant 
(within the value of experimental error).

In fact, the average compressive strength of refer
ence specimens of Concrete B stored continuously 
in cold water (40° to 50°F) for 168 days was found to 
be 10.47 Ksi as against 10.28 Ksi for the identical 
specimens of concrete which were initially cured with 
cold water (40° to 50°F for 28 days) and later exposed 
to a prolonged period of hot-wet conditions (stored 
continuously under water at 100°F until age 168 
days). Furthermore, prolonged hot-wet curing (under 
water at 100°F from age 28-168 days) of cylinders 
of Concrete A showed a drop in the modulus of 
elasticity from 5.23 X 10s psi to 2.74 X 10s psi., 
whereas under the same conditions the values of 
modulus of elasticity for cylinders of Concrete B 
remained essentially unchanged (5.67 X 10s psi.,

Fig. 1. Compressive strength and XRD peak ratios of Concretes 
A and B at different ages of curing



before exposure to hot-wet conditions, and 5.56 X 
106 psi., after exposure to hot-wet conditions for 140 
days).

The intensity ratios of diffraction peaks indicate 
that during the hot-wet curing period of 28 days to 

168 days, the ratio of C3AH6 to CAH10 peaks 
increased from zero to about 11 for HA cement con
crete having no additive, while it increased from zero 
to only 0.20 for HA cement concretes containing the 
calcium sulfoaluminate additive.

Conclusion

It can be concluded from the results of this investi
gation that, under the test conditions employed, the 
presence of 4CaO-3Al2O3 SO3 additive during 
hydration at high-alumina cement was capable of 
stabilizing the compound CAH]0 under hot-wet 
conditions, thus ensuring that no loss in compressive 
strength of concretes resulted when such concretes 
were exposed to hot-wet conditions. It can also be 

concluded that the presence of this additive did not, 
in any derogatory way, interfere with the initial 
hydration rate of CA.

It is, however, realized that some further tests are 
necessary to show the details of behaviour under other 
conditions such as exposure to hot-wet conditions 
at different stages of hydration.
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Oral Discussion

Shunro Ueda and Renichi Kondo

Dr. Mehta emphasized that CAH10 could be sta
bilized by the addition of calcium sulfoaluminate. 
We formerly tested the effect of calcium sulfoalumi
nate on the conversion of the aluminous cement in 

water at 50°C, because the aluminous cement manufac
tured in Japan by the sinter process using rotary 
kiln and heavy oil usually contains a certain amount 
of calcium sulfoaluminate in the clinker. In our test, 
not only CAH10 but also C2AH8 transformed to 
C3AH6 and gibbsite and the strength of the test pieces 
decreased. But the rate of the conversion was generally 
little retarded by the presence of additives such as 



calcium sulfoaluminate.
You did not discuss the reason of the stability of 

CAH10. However we think the prevention of the 
conversion cannot be explained by the consideration 
that the phase equilibrium of CaO-Al2O3-H2O 
system changes with the addition of SO3 ion. We 
would like to ask you about those points.

Oral Discussion

Keiko Okada

It is of much interest that C4A3S added in alumina 
cement on hydration prevents the hydrate CAH10 
from converting into C3AH6 during long age without 
losing any strength of the cement.

To stabilize CAH10, however, we have found it 
necessary to keep the hydrate specimen at relatively 
low temperature during such a long time as 28 days 
even if any additives were present.

Practically, however, it seems to be difficult to keep 
the large specimen under those conditions.

We should like to ask the author’s opinions what 
properties were expected when the concrete having 
C4A3S were placed and cured at room temperature.

Author’s Closure

Povindar K. Mehta

Reply to S. Ueda and R. Kondo

The author used 5 addition of a laboratory- 
made specimen of C4A3S for stabilizing strengths of 
concretes made with high-purity calcium aluminate 
cement. No conversion of CAH]0 to C3AH6, and cor
respondingly no strength loss was observed when the 
concrete specimens, initially cured for 28 days at 

40-50°F, were finally exposed to hot-wet conditions 
at 40°C for 140 days. The discussers used different 
types of high alumina cements, differently made 
from calcium sulfoaluminate additive with perhaps 
unknown ratio of additive to cement, and different 
curing conditions (50°C). Since their materials and the 
experimental conditions differed significantly from 
those of the author, it is possible that the discussers 
also obtained different results. The author already 
acknowledged that more work is needed using a wider 
range of materials and curing conditions before 
complete success in solving the problem of retrogres
sion of high-alumina cement concretes is attained.

Regarding the mechanism of CAH10 stabilization, 
no work has yet been done in this direction, and 
author’s thoughts on the subject are still of a specula
tive nature.

Reply to K. Okada

Results of research on properties of calcium alumi
nate cement concretes containing C4A3S additive, 
and placed-cured at room temperature, are not yet 
available. The author appreciates the concern of the 
discusser that the results may not be the same under 
more practical conditions of placement and curing. 
Research work is being planned in this direction at the 
Structural Engineering and Structural Mechanics 
Laboratory of the University of California.

In the mean time, the findings reported in this 
paper clearly establish that an initial long period of low 
temperature curing is not adequate by itself to prevent 
CAH10 conversion of concretes exposed to hot-wet 
conditions at later ages. The presence or absence of 
the C4A3S additive did make all the difference between 
final strengths and CAH ^-stabilization characteristics 
of Concretes A(C4A3S absent) and B(C4A3S present), 
considering that both the concretes were subject to 
identical conditions of placement and curing, i.e. 
cured at 40-50°F for the first 28 days and thereafter 
at 100°F in water.



Supplementary Paper 11-68 Amorphous Phase in the CaO-Al2O3-CaCl2-H2O 
System

Ferenc Tamas*

Synopsis

The reaction between supersaturated aqueous monocalcium aluminate solution and 
diluted calcium chloride solution in the presence of calcium hydroxide was studied formerly 
by Turriziani and Schippa. The precipitate being formed in this process was always a cry
stalline solid solution of Friedel’s salt (3CaO-Al2O3 -CaC^- 10H2O) and C4AH13. In this 
study the same reaction was re-examined, but extending the range to more saturated CaCl2 
solutions and the absence of calcium hydroxide as well. In the absence of calcium hydroxide, 
the precipitate is crystalline and completely amorphous if the CaCl2 solution is diluted and 
concentrated, respectively. This change is not abrupt but gradual: CaCl2 solutions of 0.5 
molar or above cause amorphous, CaCl2 solutions of 0.375 molar or less cause crystalline 
precipitates. The crystalline precipitates have an X-ray pattern very similar to that of Friedel’s 
salt, but their chemical composition varies, aluminium content is always higher, calcium 
content always lower than indicated by the formula. The chloride contents are not volatilized 
by ignition: a common feature of crystalline and amorphous precipitates. Infrared spectra of 
the amorphous and crystalline phases differ quantitatively but are qualitatively similar. 
The two phases are entirely different under the electron microscope.

Introduction

The reaction between supersaturated aqueous 
monocalcium aluminate solution and aqueous 
calcium chloride solution yields precipitates. Compo
sition and mineralogy of these solutions were cleared 
by the systematic study of Turriziani and Schippa 
(1): they consist of solid solutions of C3A CaCl2- 
xH2O and C4AHX. The CaCl2/Al2O3 ratios of the 
products range from 0.1 to 1.0, this latter conform
ing to pure tricalcium aluminate-calcium chloride
dekahydrate (hereinafter called “Friedel’s salt” for 
short).

However, the Italian authors have studied the reac
tion using rather diluted (56 g/1, i.e. roughly 0.5 mol/1 
as a maximum) calcium chloride solutions only; 
further this solutions were saturated in respect to 
Ca(OH)2. It thus occurred promising to re-examine 
this reaction and extend the range towards more 
saturated CaCl2 solutions, and without Ca(OH)2- 
saturation too. As a further difference, pure mono
calcium aluminate was used as a starting substance 
in this study as contrasted to the aluminous cement 
raw material of Turriziani and Schippa (1).

Experimental

Preparation of Samples

Supersaturated, metastable monocalcium aluminate 
solution was prepared by shaking synthetically 
produced, pure CA (containing no alkalies and free 
lime) for 30 mins with CO2-free distilled water in 
polythene flasks. Shaking was done machinally at 
room temperature.

’Central Research and Design Institute for Silicate Industry, 
Budapest, Hungary.

The clear, supernatant liquor was sucked down and 
added to an equal volume of CaCl2-solution, of 
concentrations ranging from 0.125 M to 2.0 M. 
Precipitation occurred usually within a few seconds; 
the mixtures were allowed to stand for 1 hr, then 
filtered and washed with a little water.

All the mixing, shaking, filtering, and other opera
tions were made in a controlled atmosphere cabinet 
(glove box) in pure nitrogen atmosphere. Distilled 
water was always used after a previous vigorous 



boiling for 10mins; the hot water was cooled to 
room temperature in the glove box. These rigorous 
measures eliminated the danger of contamination of 
the products by airborne carbon dioxide against 
which they are extremely sensitive.

Sample preparation was made at laboratory tempera
ture (about 22-25°C); some additional experiments 
were made at 0°C and 70°C too.

X-ray Investigation

Filtered precipitates were examined partly in moist 
state and partly after drying in a NaOH + CaO 
filled desiccator. For the X-ray tests a Japanese dif
fractometer (Type Geigerflex, Rigaku-Denki) was 

used, with filtered Cuka radiation. The scanning 
speed was usually 1 deg/min; in some cases a lower 
speed was used to enable a better resolution.

Chemical Analysis

The precipitates were only partly soluble in nitric 
acid; thus they were analysed for CaO, A12O3 and Cl" 
after attacked with KNaCO3. The melts were dis
solved in diluted nitric acid and stock solutions made. 
CaO and A12O3 were determined volumetrically by 
EDTA, Cl" by adding an excess amount of 0.1N 
AgNO3 and back-titrated with 0.1N NH4SCN. All 
analytical results are given, on an anhydrous basis, 
in terms of mols taking the amount of A12O3 as unit.

Results

The most striking result is that not all products are 
crystalline. The crystallinity of the product depends 
primarily on the concentration of the calcium chloride 
solution: dilute CaCl2 solutions yield crystalline, 
concentrated ones amorphous precipitates. The 
limit is slightly below 0.5 M.

The crystalline products have a sharp pattern,

Table 1. X-ray patterns of calcium aluminate chloride hydrates 
Mhkii values in Ä)

1. 2. 3. 4. 5. 6. 7.

7.94 vs 8.10 vs 7.90 vs 7.76 vs 7.87 vs 7.96 s 7.86 vs
— 6.36 vw — 4.77 w 4.79m? — 5.13 w

4.36 w 4.45 w 4.35 w 4.35 w 4.35 m — 4.42 w
3.94 s 4.01 s 3.94 s 3.92 s 3.95 s 3.96 m 3.93 s
3.83 w 3.88 w 3.80 w 3.83 m 3.89 w 3.83 vw 3.86 s
—- — —. — — — 3.76 s*

3.46 w — — 3.42 vw 3.45 w —. 3.39 w
— — — —— 3.13 w*

2.88 m 2.89 w 2.87 m 2.88 m 2.88 m 2.88 w 2.86 s
2.79 vw 2.66 w 2.68 w 2.70 vw 1 2.71 w _ 2.79 w

— — 2.61m 2.63 w 2.68 m
2.63 w 2.59 w 2.54 w 2.54 vw 2.55 w
2.54 w 2.40 w 2.45 m 2.44 w 2.44 m _ 2.43 m
2.32 m 2.35 w 2.32 m 2.32 m 2.33 m 2.32 w 2.30 s 

(diff)——. 2.20 vw — 2.19 w
2.13m 2.18 m 2.14 m 2.13 m 2.14 m 2.14 vw 2.12w
2.02 vw 2.00 m — — — 2.02 vw 2.03 w
1.97 m 1.96 w 1.97 w 1.96 w 1.97 w — —.

—— 1.89 vw — — — — __
1.71m 1.74 vw — 1.71 w 1.71 vw __ 1.70 w
1.63 vw 1.66 vw — 1.66 w 1.66 vw — 1.65 m

1. Preparate with Al2O3/CaCl2 = 1.0(1)
2. Preparate with Al2O3/CaCl2 = 0.22(1)
3. Preparate at lab. temperature with 0.25 m CaCl2 soln. Al2Os/CaCl<,

4. Preparate at lab. temperature with 0.125 m CaCL soln. ALOo/CaCL
= 0.205 2 3 2

5. Preparate at 70°C temperature with 0.125m Ca CUsoln. Al2O3/CaC!» n.d.
6. Preparate at lab. temperature with 0.450 m CaCL soln. ALO,/CaCL

= 0.650 2 3 2
7. Card No. 2-0081(3CaO»A12O3»CaC1210HgO)in  ASTM Powder Diffrac

tion File '
*

*
♦These two lines have never occurred in our samples. 

diffraction peaks are intensive; positions and inten
sities are almost identical with those obtained by 
Turriziani and Schippa (1). Table 1 gives some 
characteristic crystalline patterns selected from 
more than 200 patterns of crystalline precipitates 
obtained during the last two years; additionally, two 
patterns published by the cited authors as well as that 
of standard Friedel’s salt (card 2-0081 of the ASTM 
Powder Diffraction File). The similarity of the patterns 
is striking, though two peaks mentioned in the 
ASTM card are missing. But these two peaks have 
never been found in the präparat patterns neither 
during this study nor by the Italian authors, so they 
must be considered as incorrect data.

The amorphous precipitates showed no peaks at 
all, not even the slightest trace of them; only one 
broad ring was visible extending over 20-25 degrees 
in more than 150 amorphous samples investigated.

The change in preparation temperature has had no 
marked effect upon the crystallinity of the precipitates.

To elucidate phenomena in more detail, additional 
experiments were made with CaCl2 solutions in the 
concentration range between 0.250 and 0.500 M, in 
steps of 0.05 M; in the range of 0.450 and 0.500 M 
in steps of 0.005 M. For the examination of these 
samples a scanning speed of 1 deg/4 min. was chosen 
and only a narrow range, 6 = 4-8 deg. was scanned 
for the main (0001) peak of Friedel’s salt and its solid 
solutions appear in this range. The relative intensities 
of this peak as read off from the diffractometer tracing 
against the background are given in Table 2.

As well seen from these data, the changeover from 
crystalline to amorphous is not abrupt but gradual.



Table 2. Intensity of the [0001) peak in X-ray patterns of 
precipitates made with 0.250 M—0.500 M CaCl2 solutions

Molarity of CaCl«> soln. Intensity

0.250 100
.300 100
.350 100
.400 100
.450 78
.455 71
.460 68
.465 62
.470 38
.475 25
.480 5
.485 2
.490 0

In any case, the samples made with CaCl2 solutions 
being more concentrated than 0.5 M are undoubtedly 
amorphous, and those with CaCl2 solutions less

concentrated than 0.400 M crystalline. ,
The chemical composition of the precipitates 

showed very great variability; at present this will not 
be discussed in detail. The ignition of samples at 
1000°C for three hours causes no loss of Cl". The 
examination of thermal behavior of crystalline and 
amorphous substances has not been finished yet.

Infrared spectra of the crystalline and amorphous 
preparates are similar, though the crystalline samples 
give more distinct bands. OH stretching vibrations do 
not occur; the source of the double band in the 
range of 2800-3000 cm"1 is the Al -0 stretching vibra
tion. The 1480 cm"1 band is presumably due to water 
molecules coordinated to calcium.

Crystalline and amorphous preparates are entirely 
different under the electron microscope.
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Supplementary Paper 11-81 Barium Aluminate and Barium Silicate 
and Their Hydraulic Properties

Hiroshi Uchikawa and Koichi Tsukiyama*

Synopsis

The crystal structure and hydraulic properties of principal hydraulic compounds of 
refractory barium aluminous cement (BaAlzO») and rapid hardening barium silicate cement 
(BazSiO*)  were investigated.

Crystal structure of BaAlzO«, Ba2SiO4 and their hydration products of Ba(OH)2 • H2O, 
BaAl2O4-6.5H2O, BaSiO3-6H2O were precisely determined by electron diffraction of 
single crystal and powder X-ray diffraction using IBM 7040 and IBM 360 computer from 
the structure model and Patterson or Fourier synthesis.

Stoichiometry of the hydration of barium aluminate and barium orthosilicate was 
proposed by the identification of produced compounds based on the analysis of crystal struc
ture, electronmicroscopic observation and liquid phase equilibrium.

Physical properties and structural change of barium aluminate and silicate hydrate 
under various atmosphere and at elevated temperature were discussed in relation to cry
stallographic consideration.

Introduction

It has been reported that there are two kinds of 
barium cement consisting mainly of barium aluminate 
(BaAl2O4) (1) and barium orthosilicate (Ba2SiO4) 
(2). The high refractoriness of barium aluminous 
cement and high early strength of barium silicate 
cement as well as the radioactive rays absorbing pro
perty have been interested in from the viewpoint of 
industrial utilization. But owing to the lack of the 
foundamental knowledge of the constituent com

pounds, produced hydrates and the mechanism of 
hydration, it has been very inconvenient for us to 
increase the production and utilization of these 
barium cements. In order to make clear these undis
solved problems, the authors performed a series of 
crystal chemical studies on both of the hydrated and 
unhydrated barium aluminate and barium silicate as 
summerized later.

Method of the Precise Measurement of the Position and the Intensity 
of Diffracted X-ray Peak

X-ray diffraction was carried out using the powdered 
sample with X-ray diffractometer as it is too difficult 
to obtain the single crystal large enough to do single 
crystal X-ray diffractometry. Conditions of the X-ray 
diffraction are summerized in Table 1. The sample was 
finely ground to under five microns so as to avoid the 
preferred orientation of the crystal and the microab
sorption effect of the X-ray. Silicon or magnesium 
oxide fine powder was used as an internal standard 
in order to determine the Bragg angle precisely and 
avoid the variation of the apparatus. Possible slow

•Central Research Laboratory, Onoda Cement Co., Ltd, 
Jq^yo, Japan. 

scanning speed and fine slit were selected to satisfy 
the relation of the time width. Five measurements 
were performed on each sample, and the error in this 
case was smaller than 0.01° in 25 and 3 % in intensity.

Table 1. Conditions of X-ray diffraction

X-ray CuK<x radiation 
(Ni filtered)

Distance from X-ray source to sample 
Distance from sample to receiving slit 
Width of receiving slit 
Horizontal divergence 
Vertical divergence 
Time constant 
Scanning speed 
Ratemeter scale factor

180 mm
180 mm
0.2 mm
1°
1°
4 sec or 2sec 
l/4°/min
8



So we can conclude that the measurement has good reproducibility enough to use in the present work.

Method of the Determination of the Lattice Constants and the Atomic Coordinates

Reciprocal cell of a crystal is capable of being 
represented independently of its symmetry, as triclinic 
cell using six appropriate vectors. If we choose E(0) 
as a function of systematic error, next equation is 
right in general case.

4 sin2 6 = h^a* 1 + A:2Z>* 2 + Z2c* 2
+ 2hka*b*  cos y*  + '2hla*c*  cos ß*
+ 2klb*c*  cos a*  + ECß1)

Observed 20 value and random sets of (hk/) are given 
to the computer as input in ascending order. The 
computer then solves the above-given equation by 
means of least square method as the observed 20 
values are numerous in comparison with variable 

reciprocal vectors. When calculated l/</2bs is not 
fitted to observed 1 /c/2al, this set of (hkZ) is eliminated 
as unsuitable. This procedure is repeated until all sets 
of (hkZ) are satisfied by selected lattice parameter.

Atomic coordinates are first estimated roughly by 
means of Patterson synthesis and heavy atom method. 
Precise determination is performed by slight removal 
of the atoms considering the crystal symmetry and 
by the calculation of diffracted X-ray intensity to the 
corresponding positional parameter so as to minimize 
the

R(= E I (/0) - (1=) I /1 Io I) value.
All calculation was carried out by the computers, 

types of which were IBM 7040 and IBM 360.

Barium Aluminate and Barium Orthosilicate

Crystal Structure of Barium Aluminate 
(BaAl2O4)

Precedent Works
In 1937, X-ray diffraction data on barium alumi

nate was first reported by S. Wallmark and A. 
Westgren (3). Structural survey for a series of 
K2AlSiO4, BaAl2O4, K2LiSO4 and Na2AlSiO4 has 
been performed by W. Nowachi (4) using the relation
ship to ^-tridymite, but the precise determination of 
BaAl2O4 cell and atomic coordinates have not been 
clarified. Recently, precise determination of BaAl2O4 
structure and certification of the formation of the 
iron-bearing solid solution were reported by the 
authors (5).

Precise Determination of the Lattice Constants and 
Atomic Coordinates.

BaAl2O4 was synthesized by heating the stoichio
metric mixture of barium carbonate and a-Alumina

Table 2. Chemical composition, specific gravity and 
refractive index o/BaA1204.

Compound
Chemical composition 

J8, AI„O, BaO Total 
loss 2 3 BaO

Specific 
gravity 
(g/cm3)

Refractive

(20°C)

BaAl2O4 0.28 39.54 60.07 99.89 0.01 4.004 1.682 ±0.003

in a electric furnace at 1500°C for four hours. The 
chemical compositions and specific gravity and pow
der X-ray diffraction patterns of synthesized BaAl2O4 
are shown in Table 2 and Fig. 1. Indexing of the 
powder diffraction peaks was carried out by referring 
the S. Wallmark and A. Westgrens’ crystal data (3)



considering the close resemblance of the pattern. 
The unit cell dimensions determined by means of a 
least-squares treatment were a = 5.224 A, c = 8.777 
A. Assuming thatZ = 2, the density at room tempera
ture was calculated as 4.087 g/cm3, which was good 
agreement with observed density (4.004 g/cm3).

(hk/) reflections are observed only when (00/) is 
even, which corresponds to the space group D^- 
P6322.

A two dimentional Fourier synthesis with reflec
tion normal to c-axis and at intervals of 1/120 
along a- and c-axis was computed by IBM 7040 
computer using the atomic coordinates reported by 
W. Nowachi (4). From the calculated electron density 
distribution diagram of BaAl2O4, the interval of posi
tional parameter of aluminum correspond to the same 
electron density along z direction was determined as 
±0.009 and oxygen along x direction as ±0.08. 
Possible positional parameter of aluminum and six 
oxygen atom were selected from each of fifty values 
from —0.05 to 0.15 along c-axis and from 0.16 to 1.16 
along «-axis, respectively. With these 2500 sets of posi
tional parameters, structure of BaAl2O4 was refined 
by comparing the calculated intensities with observed 
one. When suitable atomic coordinates are selected, 
final R value for all observed reflections was 0.175, 
which is better than R =0.181 obtained from our 
calculation to W. Nowachi’s atomic coordinates. 
Final atomic coordinates of BaAl2O4 are given in 
Table 3. Observed diffracted X-ray intensities, cal
culated structure factors and intensities are shown in 
Table 4. The interatomic distances calculated from 
above-mentioned atomic coordinates are listed in 
Table 5.

Crystal Structure
The atomic arrangement projected along c- and 

b-axis is shown in Fig. 2. Two barium atoms in special 

Table 3. Atomic coordinates o/BaAhO»

Atomic coordinate

X y z

Baj 0 0 0.250
Ba2 0 0 0.750
All 0.333 0.667 0.046
Al2 0.667 0.333 0.954
ai3 0.667 0.333 0.546
ai4 0.333 0.667 0.454
Oi 0.333 0.667 0.250
O2 0.667 0.333 0.750
o3 0.647 0 0
O4 0 0.647 0
O5 0.353 0.353 0
O6 0.647 0 0.500
OT 0 0.647 0.500
O8 0.647 0.647 0.500

position in the cell are situated at 1/4 and 3/4 level of 
c-axis and four A1O4 in the unit cell form distorted 
tetrahedron with covalent bonding. Each of the oxy
gen situated at the apex of A1O4 tetrahedra is shared 
with two inversed A1O4 tetrahedra. Other three basal 
oxygens are situated at the same levels along c-axis. 
The average Al-O distance in A1O4 tetrahedra is 
1.79 A, which shows good coincidence with 1.78 A 
obtained by J. W. Smith (6). Another average value is 
reported in anorthite as 1.788 A and 1.719 A ac-

Table 4. Comparison of calculated structure factors and intensi
ties o/BaA12O4 with observed intensities

h k 1
W. Nowachi Authors

Lbs*
ICBf. |F„i.| I„l.

1 0 0 70.6 52.7 66.9 43.8 52.7
1 0 1 25.1 10.5 24.3 9.1 12.1
1 0 2 98.7 100.0 102.6 100.0 100.0
1 1 0 116.0 47.5 116.3 44.3 46.2
1 1 1 37.0 8.9 36.4 8.0 11.5
2 0 0 59.8 9.5 66.0 10.7 13.7
1 1 2 88.6 41.3 87.4 37.1 24.2
2 0 1 206.0 20.0 199.0 19.5 20.0
2 0 2 87.7 32.5 82.5 26.7 25.8
1 0 4 68.7 19.2 64.6 15.7 15.9
2 1 0 54.2 9.0 54.8 8.5 7.1
1 1 4 80.5 19.3 84.0 19.4 14.3
2 1 2 80.4 34.6 80.2 31.9 26.9
2 0 4 63.0 10.4 66.1 10.6 11.5
3 0 0 137.6 22.8 136.3 20.7 11.0
0 0 6 60.9 1.4 56.6 1.1 6.0
1 0 6 60.0 7.4 63.6 7.7 8.8
2 1 4 58.8 13.5 57.9 12.1 9.9
2 2 0 89.5 7.3 90.3 6.9 6.0
I 1 6 93.1 15.2 89.0 12.9 9.3

Table 5. Interatomic distances of various ions in BaA^Ch

a) Al-O bonds, in Ä

Key number 
of 

tetrahedron

Atoms
• Length

Al O

1 Ah °i 1.790
Ah c>4 1.737
Al, o5 1.821
All O9 1.745

2 Al2 02 1.791
Al2 0, 1.730
Al2 °5 1.699
Alg 012 1.772

3 Al, O2 1.791
Al3 06 1.699
Al3 0, 1.750
Al, Ou 1.772

4 ai4 o( 1.791
Alj Or 1.740
Al4 O« 1.735
Ah Ojo 1.817

Mean value of tetrahedral Al-O 
bonds is 1.761 Ä

c) Ba-O bonds. in A

b) 0-0 bonds in A

Atoms Length

2.770 
2,823 
2.774 
3.000 
2.868 
2.932 
2.774 
2.927 
2.768 
3.000 
2.820 
2.931 
2,793 
3.000 
3.000 
2.765 
2.747 
2.791 
2.849 
2.983 
2.927 
2.747 
2.779 
2.770 
2.856

Atoms Length

Baj—O5 2.841
Baj—O7 2.865
Ba2—O7 2.867
Ba2—O6 2.842



Fig. 2. Packing diagram

cording to its A1O4 structure (7) and 1.77 Ä in layer 
silicate minerals (8). Obtained Al-O distances in 
BaAl2O4 are considered to be reasonable compared 
with the generally accepted values with the character 
of covalent bonding. Average interatomic distance of 
0-0 and Ba-O are 2.86 Ä and from 2.84 to 2.87 Ä, 
respectively, which indicate the ionic bonding.

Iron-Bearing Solid Solution
Powder X-ray diffraction pattern of the sample 

synthesized by the addition of ferric oxide showed the 
expansion of cell as shown in Table 6 and Table 7. 
The degree of lattice expansion was variable according 
to the content of Fe2O3 which indicates the formation 
of iron-bearing solid solution. To account for the

Interplaner spacing d(A)

Fe^O^

Table 6. Interplaner spacing oj iron bearing solid solutions

added (%) 0 1.0 3.0 5.0 7.5 10.0 15.0
h kl

2 0 1 2.1975 2.1974 2.1976 2.2015 2.2001 2.2212 2.1959
2 0 2 2,0104 2.0111 2.0153 2.0162 2.0170 2.0128 2.0153
1 0 4 1.9769 1.9754 1.9786 1.9803 1.9794 1.9918 1.9770
2 1 0 1.7095 1.7095 1.7125 1.7153 1.7172 1.7166 1.7137
1 1 4 1.6814 1.6811 1.6828 1.6845 1.6857 1.6851 1.6828
2 1 2 1.5928 1.5923 1.5958 1.5988 1.5992 1.5994 1.5973
2 0 4 1.5759 1.5764 1.5778 1.5803 1.5788 1.5803 1.5778
3 0 0 1.5072 1.5074 1.5105 1.5122 1.5134 1.5136 1.5127
0 0 6 1.4642 1.4646 1.4654 1.4665 1.4668 1.4667 1.4658
1 0 6 1.3937 1.3933 1.3952 1.3959 1.3955 1.3937 1.3937
2 1 4 1.3492 1.3486 1.3479 1.3496 1.3496 1.3493 1.3486
1 1 6 1.2777 1.2775 1.2787 1.2799 1.2799 1.2769 1.2787

Table 7. Change of lattice constants by the formation 
of solid solution with FeaOs.

Quantities of 
added Fe2O3(%)

Lattice constant (Ä)

a c

0 5.224 8.777
1.0 5.225 8.777
3.0 5.233 8.779
5.0 5.239 8.796
7.5 5.240 8.797

10.0 5.244 8.789
15.0 5.258 8.734

mechanism of the substitution and the situation of iron 
ions in BaAl2O4, the diffracted X-ray intensities of 
high (hkZ) reflection were calculated in the following 
three cases on the assumption that the space group of 
BaAl2O4 is kept independent to the formation of solid 
solution and the X-ray scattering of oxygen atoms 
interfere with each other, consequently intensities of 
BaAl2O4 and iron-bearing BaAl2O4 are affected only 
by the atomic scattering factor of aluminum and 
iron ion.

1) Fe3+ substitutes at random for Al3+
2) Fe3+ substitutes systematically for the two

A13+(A13+ and Al3+)
3) Fe3+ substitutes for one A13+(A14+)
Fig. 3. shows the observed relationship between 

diffracted X-ray intensities and quantities of added 
Fe2O3, and Fig. 4. does the relation between calculated 
relative intensities and quantity of added Fe2O3 to 
the above-mentioned three cases. Iron bearing solid 
solution is considered to be formed by the systematic 
substitution of two A13+(A1|+, Al4+) or one A13+(A14+) 
when substituted quantities of Fe3+ is small, but over 
10% random substitution of Al3+ occurs accom-
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Fig. 3. Relation between observed relative intensities and the 
quantity of added FezOj

panying with the partial transformation of the 
coordination of Fe3+ from FeO4 to FeO6.

Crystal Structure of Barium Orthosilicate 
(Ba.SiOt)

Precedent Work
Crystal structure of Ba2SiO4 was proposed by H. 

O’Daniel and L. Tscheischwilli (9) that this compound 
belongs to orthorhombic system with a = 5.77 Ä, 
c = 7.56 Ä as a series of structural studies on the 
orthosilicates such as K2BeF4 and SrSiO4. H. P. 
Rooksby (10) suggested that the structure of 
Ba2SiO4 has a close resemblance to j$-K2SO4 and 
E. M. Levin and G. M. Ugrinic (11) measured the 
interplaner spacing and relative intensities of 
Ba2SiO4 by powder X-ray diffraction. The structure of 
Ba2SiO4 has been considered isostructural with j?- 
K2SO4 from the close resemblance of both ionic 
radius of barium to potassium and silicon to sulfur 

as well as (SiO4)2- to (SO4)2'.
Recently indexing of powder X-ray diffraction 

patterns and the precise determination of lattice 
constants and atomic coordinates of Ba2SiO4 using 
structure model of j9-K2SO4 were reported by the 
authors (12).

Indexing of the Powder X-ray Diffraction Patterns 
and Precise Determination of Lattice Constants

Ba2SiO4 was synthesized stoichiometric mixture of 
guaranteed reagents of barium carbonate and silicic 
anhydride powder by heating in platinum crucible in 
electric furnace at 1500°C for seven hours. Chemical 
compositions, refractive indices and powder X-ray 
pattern are shown in Table 8 and Fig. 5.

Table 8. Chemical compositions, specific gravity and 
refractive indices of synthesized Ba2SiO4

„ . . . Specific RefractiveSynthesized j loss sio BaO Total Free vit index 
sampte B = BaO (g/cm3) (20<;c)

n = 1.80
Ba,SiO4 0.29 17.25 82.19 99.73 0.05 5.427 n - 1.80

n = 1.826

Powder X-ray diffraction peaks of barium orthosili
cate were indexed by using the H. O’Daniel and 
L. Tscheischwilli’s (9) approximate cell constants. 
Then precise cell constants were determined from 
previously obtained (hkZ) and the precise peak posi
tion by the aid of least square method. The lattice 
constants obtained by these procedures were a = 
5.772 Ä, b = 10.225 Ä, c = 7.513 Ä. The extinctions 
of (OkZ) with k + I = In + Z, (hkO) with h = 2n + 
/ and (hOO) (OkO) (00Z) with h, k, I = 2n + I lead to 
the determined space group D^-Pmcn.

Atomic Coordinate
From the above-mentioned space group, presumed 

structure was built up on the assumption that eight 
barium atoms were placed in position (4c), four 
silicon atoms and eight oxygen atoms in (4c) and the 
other eight oxygen atoms in (8d) to form the exact 
tetrahedron of SiO4 keeping 1.61 A of Si-O distance. 
Diffracted X-ray intensities were calculated for each 
of barium atom with systematically variable posi
tional parameters of 81 cases for range of 6.37% 
of b value along 6-axis and 6.06% of c value along c- 
axis. While x coordinate was fixed on the mirror 
plane. The atomic coordinates in the first approxima
tion obtained in comparison with calculated and 
observed diffracted X-ray intensities are shown in



Fe20j added (^)

Fig. 4. Relation between the calculated relative intensities and 
the quantity of added FezOg

Table 9. Atomic coordinates o/BazSiO» obtained 
by the first approximation

Atomic coordinate

Parameter Bat Ba2 Si ot o2 O3 .

x 0.2500 0.2500 0.2500 0.2500 0.2500 0.0410
y 0.0761 0.7046 0.4155 0.4032 0.5579 0.3482
z 0.1768 -0.0123 0.2358 0.0315 0.2970 0.2997

15 20 25 50 55 40 45 50 55

26°CuK«

Fig. 5. Powder X-ray diffraction pattern of synthesized Ba2SiO4

Table 9. Obtained R value in this case was 0.249.
The same procedure was applied to the determina

tion of silicon and oxygen atomic coordinates to attain

the more accurate results. The range of variation of 
the positional parameter is ±2.90% of b value along 
y direction, ±2.66% of c value along z direction and 
x coordinate was fixed on mirror plane. For the oxy
gen atoms, range of the variation of positional para
meter is the same as Si atom except for 1.64% of a 
value along x coordinate. From this, the final refined



reflection

Fig. 6. Comparison of the observed and the calculated intensities 
using the atomic coordinates shown in Table 10

k

Fig. 7. Packing of atoms in the BazSiO» structure 
with their ionic sizes

atomic coordinates for Ba2SiO4 are obtained as shown 
in Table 10. Calculated F value and the comparison 
with observed diffracted X-ray intensities are shown 
in Fig. 6.

Reliability calculated from thirty peaks was 0.171, 
which is better than the R value of 0.249 in first 
approximation. Interatomic distances in Ba2SiO4 
structure are listed in.Table 11.

Crystal Structure

Packing diagram of Ba2SiO4 illustrated by the 
sphere with their ionic radius is given in Fig. 7. In 
Fig. 8. are shown ab, be projection of Ba2SiO4 struc
ture about barium atom and SiO4 group. Baj, Ba2, 
Si, OI and O2 atom are situated on the mirror plane

J»- b

Fig. 8. ab, V>c-projeclion of the BazSiOt structure

Table 10. Determined atomic coordinates o/BazSiO*

Atomic 
coordinate Bai Ba2 Si °1 Og o3

x 0.2500 0.2500 0.2500 0.2500 0.2500 0.0324
y 0.0761 0.7046 0.4445 0.4322 0.6019 0.3715
z 0.1768 -0.0123 0.2624 0.0488 0.3236 0.3523

Table 11. Interatomic distances

Atom Distance (Ä)

Ba!—Oj 2.79
Baj—O2 » 3.22
Bat—O3 2.79
Ba2—Ü! 2.82
Ba2—O2 2.74
Ba2—O3 2.76
Si—O! 1.61
Si—O2 1.69
Si—O3 1.60
C>i—O2 2.70

—O3 2.67
Og—O3 2.68

perpendicular to a-axis and Si04 forms distorted 
tetrahedron having 1.60 A, 1.67 Ä and 1.61 A intera



tomic distances of Si-O,, Si-O2 and Si-O3. As O2 
atom is influenced by the neighbouring Ba2, Si-O2 
distance is somewhat larger than in the exact SiO4 
tetrahedron. Resonanced structure of double and 

single bond of Si-O is suggested from the value 1.77 Ä 
observed in the single covalent bond. Average intera
tomic distance of Ba and O was 2.87 A which indicate 
the ionic bonding of Ba-O in Ba2SiO4.

Hydration of Barium Aluminate and Barium Orthosilicate

Stoichiometry of the Hydration of Barium 
Aluminate and Barium Orthosilicate

Precedent Work
Al. Braniski (1) reported the equation on the 

hydration of BaAl2O4 and Ba2SiO4 but no detailed 
explanation for the derivation of the equation has yet 
been attempted.

Stoichiometry of the Hydration
One of the produced barium aluminate hydrate 

and barium orthosilicate are BaAI2O4-6.5H2O and 
BaSiO3-6H2O mentioned later. In the hydration of 
BaAl2O4 initially liberated Ba(OH)2-H2O was con
sumed in the process of hydration as shown in Fig. 
9. On the contrary, Ba(OH)2 ■ H2O was recognized in 
the later stage of hydration in Ba2SiO4 by powder 
X-ray diffraction of hydrated specimen. Electronmi- 
croscopic observation of the sample obtained from the 
early stage of hydration of BaAl2O4 indicates the gel 
hydrate of A1(OH)3. In the early stage of hydration 
of Ba2SiO4, thin plate of BaSiO3-6H2O and spindle 
shaped Ba2SiO4-nH2O were observed, but the latter 
disappeared with the passage of time (Fig. 11, 
Photo 4 and 5). From these experimental results 

Time (hour)

Fig. 9. Change of produced barium hydroxide in the 
hydration ofBaAhCU

we supposed the stoichiometry of the hydration of 
BaAl2O4 and Ba2SiO4 as follows:
BaAl2O4

2BaAl2O4 + 11.5H2O
= BaAl2O4-6.5H2O + Ba(OH)2-H2O

+ 2A1(OH)3 (initial reaction)
BaAl2O4 + Ba(OH)2 • H2O + 7H2O

= Ba2Al2Os-9H2O (successive reaction)
3BaAl2O4 + 18.5H2O -

= BaAL04-6.5H2O + Ba2Al2O5-9H2O
+ 2A1(OH)3 (reaction as a whole)

Ba2SiO4

Ba2SiO4 + nH2O = Ba2SiO4-nH2O
(reaction at early stage)

Ba2SiO4 • nH2O + (8 — n)H2O
= BaSiO3 • 6H2O + Ba(OH)2 ■ H2O

(reaction at later stage)

2Ba2SiO4 + 8H2O = BaSiO3-6H2O A 1 a J A

+ Ba(OH)2 • H2O (reaction as a whole)

Equilibrium Relationships of Liquid Phase in 
the Initial Stage of Hydration

The process of the dissolution of unhydrated 
compounds was followed by the chemical analysis 
of liquid phase separated from hydrated specimen. 
Relation between molar concentration of each ion in 
aqueous solution and time of hydration are sum
marized in Fig. 10 (13).

Composition of Liquid Phase in the Hydration 
of BaAl2O4

Stepwise change in the composition was recognized 
as in Fig. 10. Increase in concentration in the first 
step corresponds to initial hydration which contains 
the absorption of water to the surface of unhydrated 
particles, the diffusion of water into unhydrated 
particles, the formation of thin rectangular and gel
like hydrate.



Time (hour)

Time (hour)

Time (hour)

Time (hour)

The compositions of liquid 
phase of hydrated BagSiO^

The compositions of liquid 
phase of hydrated BaAlgO^

Note: • w/c 60%
- ----------- w/c 100%

w/c 200%

Fig. 10. The compositions of liquid phase in the early stage of 
hydration ofBaMif)*  and BaiSiO«

In this period the vivid dissolution of unhydrate is 
predominant over the crystallization of hydrate, so 
the concentration of barium and aluminum ion 
increases until equilibrium is completed. The second 
step has to do with the successive reaction mentioned 
before. High ion concentration in low content of water 
is considered to be caused by the high super satula- 
tion concentration in equilibrium state. As little 
liberated Ba(OH)2-H2O is recognized, when mono
clinic hydrate is produced, from the equimolecular 
relation between BaO and A12O3 in liquid phase, it 
comes to a conclusion that the rectangular barium 

aluminate hydrate is equimolecular compound.

Composition of Liquid Phase in the Hydration 
of Ba2SiO4

As the hardening of Ba2SiO4 is quick, the separation 
of liquid phase was very difficult without addition of 
large quantity of water. Barium ion concentration 
showed monotonous decreasing while silicon ion 
showed maximum value at thirty minutes after mixing 
with water, but its absolute value was very small in 
comparison with barium ion.



Hydraulic Properties of BaAl2O4

Electronmicroscopic Observation
Electronmicrographs of hydrated barium aluminate 

in W/C = 0.6 at room temperature are shown in 
Fig. 11 (14). At thirty minutes after mixing, thin plate 
like crystal of BaAl2O4 • 6.5H2O and groups of minute 
granular substance of A1(OH)3 were produced among 
the unhydrated particles. Besides these substances, 
spherical hydrates of Ba(OH)2 ■ H2O were recognized 
(Fig. 11, Photo 1). At one hour after mixing, plate 
like hydrates gradually widened into rectangular 
plate and spheric hydrate disappeared (Fig. 11, 

Photo 2). After five hours of hydration rectan
gular crystal increased the thickness and irregular 
polyhedral hydrate which was considered to be 
Ba2Al2O5-9H2O from the hexagonal pattern of elec
tron diffraction was appeared (Fig. 11, Photo 3a, b).

Degree of Hydration
Degree of hydration of BaAl2O4 calculated from the 

ignition loss, free Ba(OH)2 and unhydrated BaAl2O4 
measured by quantitative X-ray diffraction analysis 
are shown in Fig. 12 (14). The larger the water content, 
the higher was the rate of hydration of BaAl2O4. 
One of the reason for this is supposed to be the higher

Photo 1. WjC = 0.6, 30 minutes after mixing (BaAl2O4) Photo 2. WjC = 0.6, 1 hour after mixing (BaAhCX)

Photo 3a. W[C = 0.6, 5 hours after mixing (BaAhCh) pattern (BaAl2O4)
• (Fig. 11.)
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Photo 4. W]C = 2.0, 15 minutes after mixing (BazSiO») Photo 5. WjC = 2.0,1 hour after mixing (BazSiOi)

Fig- 11. Electronmicrographs of hydrated BaAlzC^ and Ba2SiO4

Time (hour)

Fig. 12. Degree of hydration of BaAlzO» measured by 
means of X-ray diffraction

rate of dissolution of BaAl2O4 caused by the large 
gradient of concentration between the liquid and the 
margin of BaAl2O4. The other is low rate of deposi
tion of hydrate on account of the smaller degree of 
liquid saturation, which helps the development of 
crystal and deposition of hydrates apart from unhy
drated BaAl2O4. The third is the formation of skeleton 
structure even if the hydrate deposits around the 
unhydrated particles. The period of the appearance 
of these hydrates is variable owing to the difference of 
the activity of synthesized BaAl2O4 and of other con-

Time (hour)

Fig. 13. Liberated heat in the hydration of BaAlzO4 
measured by conduction calorimeter

ditions such as fineness, water content, temperature.

Rate of Liberation of Heat in the Early 
Stage of Hydration

The rate of heat liberation in the early stage of hy



dration of BaAl2O4 was measured by conduction 
calorimeter. Heat distribution curves consist of three 
divisions as shown in Fig. 13 (15). The first peak im
mediately after mixing with water is considered to be 
caused by the rapid hydration of directly contacted 
active BaAl2O4. The formation of porous film of 
hydrates on the surface of BaAl2O4 particles is respon
sible to the successive flat division appeared two 
hours after mixing, but this is different essentially 
from the dormant period recognized in the hydration 
of portland cement owing to higher electromotive 
force of some ten times than in the case of portland 
cement. The final peak at later than three hours is 
supposed to occur from the partial destruction of 
hydrates film caused by the formation of different 
hydrate such as Ba2Al2O5-9H2O by the consumption 
of Ba(OH)2 • H2O. The sum of the liberated heat with
in one day was about 80-90 % of the heat of hydration 
measured by the specimen cured for six months.

Table 12. Heat of hydration calculated from heat of solution

Water 
(%)

Heat of hydration (cal/g)

1 day 3 days 7 days 6 months

40 69.2 72.8 75.8 80.4
60 72.3 76.3 78.6 -

Heat of Hydration
Heat of hydration of BaAl2O4 in various curing 

period calculated from the heat of solution to mixed 
strong acid of 4N-HNO3 and hydrofluoric acid is 
listed in Table 12. ~

From Table 12 heat of complete hydration is con
sidered to be about 80 cal/g. In some case of larger 
water content than 60 %, reduction of the heat of hy
dration observed in longer period of curing. This may 
probably suggest the transformation to another 
stable phase.

Crystal Structure of Barium Hydroxide, Barium Aluminate Hydrate 
and Barium Silicate Hydrate

Crystal Structure of Barium Hydroxide 
Monohydrate (Ba(OH)2.H2O)

Precedent Work
The coordination polyhedra of hydrated barium 

compounds such as Ba(OH)2-8H2O and Ba(ClO4)- 
3H2O were reported that barium atom is coordinated 
by eight water oxygens in the former, while in the 
latter coordinated by twelve oxygen (16). No investi
gation, however, was intended to analyse the crystal 
structure of barium hydroxide monohydrate.

Determination of Lattice Constants and Other 
Crystallographic Data

Sample to be analysed was obtained from the 
hydrated Ba2SiO4 specimen for six months which 
contained about 50 % of Ba(OH)2 • H2O. Considering 
the strong resemblance of powder X-ray diffraction 
pattern and the ionic radius of metallic ion to Sr(OH)2 ■ 
H2O and Eu(OH)2-H2O (17), isostructure was pre
sumed on the Ba(OH)2-H2O. Approximate lattice 
constants of a and b were obtained from (hkO) 
reflection taken by the electron diffraction of Ba(OH)2 
•H2O single crystal. Precise lattice constants were 
determined as a = 6.99 Ä, b = 6.33 A and c = 3.92 
A from the dissolution of the least square equation 
using the (hk() indexed on the Sr(OH)2-H2O. The 
systematic extinction in (h0/) and (hOO) reflection 

with h odd indicates the same space group of 
Sr(OH)2-H2O as C2V-P21am. The number of mole
cule in the unit cell is four and the calculated density 
is 4.589 g/cm3.

Atomic Coordinates
The unit cell of Ba(OH)2-H2O contains two ba

rium atom, two water and four hydroxyl oxygen. 
All of them situated in special position from the space 
group symmetry. In the calculation of diffracted X- 
ray intensities positional parameter of barium atom 
was fixed in the same position of strontium as in 
Sr(OH)2 • H2O, but the positional parameter of 
oxygen atoms was fixed only z direction and variable 
±0.349 A (correspond to ±5% for x coordinate) 
for O2 and O3 along x direction and 0.317 A (corre
spond to ±5 % for y coordinate) for O3 and O3 along 
y direction. Suitable atomic coordinates were decided 
to the best R value obtained from abovementioned 
combinations of positional parameter as shown in 
Table 13. Calculated intensities in this case are shown

Table 13. Determined atomic coordinates o/BafOHlz-HiO

X y z

Ba 0.250 0.372 0
Oi 0.376 0.842 0
O2 0.191 0.063 0.500
03 -0.011 0.563 0.500



in Table 14 and interatomic distance are listed in 
Table 15.

Crystal Structure
The packing diagram of Ba(OH)2-H2O structure 

projected on a plane perpendicular to c- and Z>-axis 
is shown in Fig. 14. The barium and oxygen atoms 
exist in the layer at zero level and hydroxyl oxygens 
are situated at about 1/2'level along c-axis. Barium 
atoms between hydroxyl oxygen layers are coordi
nated by six hydroxyl oxygens and form a distorted 
octahedron as shown in Ba-O distance from 2.61 Ä 
to 2.94 Ä. It is interesting to compare the barium 
atoms in barium hydroxide octahydrate coordinated 
by water oxygen molecules.

Table 14. Comparison of the observed and the calculated 
diffracted X-ray intensities of Ba(OH)j-H2O

R-0.157 R = 0.210

h k 1 lob. I=.l leal (Using Sr(OH)2.H2O)
(atomic coordinate)

0 1 0 54 74 98
1 1 0 100 100 100
0 0 1 52 49 53
2 0 0 48 47 56
0 1 1 37 36 41
1 1 1 64 49 54
1 2 0 66 67 60
2 0 1 59 51 50
0 2 1 13 2 4
2 1 1 50 58 66
1 2 1 83 91 98
3 1 0 21 18 23
0 3 0 13 7 6
1 3 0 13 12 16
0 0 2 19 17 19
3 1 1 21 23 22
0 1 2 20 6 8
2 3 0 18 9 12
4 0 0 11 7 9
2 0 2 12 12 13
2 1 2 14 7 7
2 3 1 11 15 13
4 0 1 5 6 6
4 1 1 10 9 12
3 3 1 20 7 4
2 1 2 12 ' 10

Table 15. Interatomic distances in Ba(OH)2-H2O

Atom Distance (A)

Baj—O2 2.80
Ba]—O3/ 2.61
Ba]—O3 2.94
Ba2—O3 2.61
Bag-—Og/ 2.80
Ba2—O3z 2.94
83,-0, 3.10
Ba2—O] 2.94
O, -O2. 3.01
O]/-- Oy- 2.74
o,-o2 2.74
O]/—o2 3.01

Fig. 14. The packing diagram o/Ba(OH)2-H2O structure

Crystal Structure of Barium Aluminate 
Hydrate (BaAl2O4-6.5H2O)

Precedent Work
Some kinds of barium aluminate precipitated from 

barium and aluminum hydroxide aqueous solution 
were first identified by E. T. Carlson and L. S. Wells 
(18) with X-ray and chemical analysis. Since then many 
studies have been reported on the optical, physical 
properties, X-ray diffraction data, but crystal structure 
of barium aluminate hydrates has not been deter
mined.



Determination of Lattice Constants and Other 
Crystallographic Data

Sample was prepared by the hydration of BaAl2O4 
at W/C — 0.6 at room temperature. The barium 
aluminate hydrates produced at the early stage of 
hydration of BaAl2O4 were a mixture of two kinds 
of hydrates and aluminum hydroxide, but latter 
hydration they changes into a kind of hydrate in the 
laterstage of hydration which has the composition of 
BaO-Al2O3-6.5H2O as shown in Table 16.

From the electron diffraction pattern of a single 
crystal of BaO-Al2O3-6.5H2O, symmetry elements 
were deduced to be twofold or twofold screw axis 
parallel to c-axis and a mirror plane on the a-b 
face. Approximate lattice constants were a = 8.5 Ä 
b = 7.0 A and y = 92°55'. Unit cell dimension along 
c-axis was determined as about 16.7 Ä from the pow
der X-ray diffraction data and observed density 
(2.519 g/cm3). Space group of this hydrate is assumed 
to be C2t(-P21/m since the (00Z) reflections are systema
tically absent with / odd. More precise lattice con
stants were obtained from a least squares fit of 23 
lines of powder X-ray diffraction. That is a = 8.523 Ä 
b = 6.939 A, c = 16.667 A and y = 92°55'. Num
bers of the molecules contained in unit cell were 
determined as four from the lattice constants and 
observed density.

Atomic Coordinate

A detailed study of the crystal structure was dif
ficult because of small numbers of reflections, so we 
calculate the electron density by means of one 
dimensional Patterson function along c-axis using 
(00/) reflection intensities. From this we assumed the 
approximate positional parameters of barium and 
oxygen along z direction. One dimensional Patterson 
synthesis was also performed in consideration of the 
coordinate of all atoms in this structure. As shown in 
Fig. 15, the electron density distribution represents a 
centrosymmetric structure and two barium atoms 
are situated at each levels of 0 and 0.5, five oxygen 
atoms at 0.125, 0.250, 0.375, 0.625, 0.750 and 0.875, 
respectively. Aluminum atoms are situated two by 
two at the neighbouring oxygen positions and are 
coordinated by oxygen atoms. The other oxygen atoms 
must be distributed according to space group Qh- 
P2,/m. The calculated (00Z) reflection intensities 
using above-mentioned positional parameters showed 
comparatively good coincidence with observed one, 
so that above-mentioned parameters are able to be 
adopted as approximate atomic coordinates along z 
direction. The atomic arrangement along Z>-axis was 
introduced from comparative resemblance of a-

Table 16. Chemical compositions and specific gravity 
of hydrated barium aluminate

Specific
Ig, loss Insol. AlgO3 BaO Total gravity 

(g/cm3)

Fig. 15. Electron density distribution curve of BaAhO* • 6.5H2O 
along c-axis calculated from Patterson function

direction in Ba(OH)2 • H2O and the packing of three 
oxygen atoms was thought to be positioned along 
a-axis.

Possible atomic positions derived from Fourier 
synthesis along z direction and previous mentioned 
structure on ab-plane was then refined by trial and 
error method considering much contribution of heavy 
barium atom on the diffracted X-ray intensities. In 
this calculation barium atom positional parameters 
are variable in the range of ±0.04 considering the 
framework of Ba(OH)2-H2O in the structure. The 
most suitable atomic coordinates in many calculation 
and interatomic distances are given in Table 17 and 
Table 18. R value obtained in this case was 0.147 
as shown in Table 19.

Table 17. Determined atomic coordinates of BaA12O4-6.5H2O

Coordinate

Atom ■ X y z

Ba 0.598 0.259 0.0
Ah 0.176 0.692 0.221
AL, 0.516 0.490 0.221
Oi 0.176 0.692 0.125
o3 . 0.551 0.490 0.125
O3 0.821 0.202 0.125
O4 0.458 0.0 0.125
O5 0.176 0.922 0.250
O6 0.340 0.576 0.250
o7 0.669 0.591 0.250
Os 0.516 0.245 0.250
o, 0.012 0.576 0.250
o10 0.246 0.389 ' 0.0
0,1 0.141 0.101 0.125
°12 0.880 0.836 0.125
013 0.0 0.476 0.087



Table 18. Interatomic distances 0/"BaAl2O4-6.5HzO

Atom Distance (A)

Ba j—O§ 
Baj—O3, 
Ba J,—O4 
Baigi—Oj 
Bag»--O2 
Bag—O4 

—Oto 
Bag—O10 
A1l—On 
Alt—O5 
Alj—Og 
Al]—Og, 
Alg—Og 
Algi ■ Og 
Alg—Oj 
Alg-O6

2.70
2.84
3.00
2.99
2.85
2.79
2.78
2.78
1.60
1.72
1.73
1.76
1.63
1.74
1.75
1.78

R - 0.147

Table 19. Comparison of the calculated intensities of diffracted 
X-ray with the observed one of BaAlzO4-6.5HzO

b k 1 lobe let

0 0 2 $00 100
0 1 2 6 5
1 1 1 3 6
1 0 3 8 7
1 1 2 3 3
0 0 4 51 58
1 1 3>
i 1 3j 6 4

3
5 1 0 18 19
Z 1 1 13 15
I 20 17 15
2 1 3 6 5
2 0 4 4 2
0 0 6 IB 7
3 1 0 11 10
2 2 2 9 5
1 1 6 7 9
2 2 3 3 2
2 2 4 20 25
i 3 0 8 11
2 16 15 . 17
0 3 3 5 3
4 0 2 12 14
4 1 2 5 5

Crystal Structure

Fig. 16 shows the projection of the assymmetric 
unit on (00/). Each barium atom is coordinated by 
six oxygen atoms which form a framework of barium 
hydroxide monohydrate, so average Ba-O distance of 
2.84 Ä is almost equal to the value in Ba(OH)2- 
H2O. Other two oxygen atoms neighbouring the ba
rium atom on the zero level along c-axis may belong 
to water molecules because they exist apart from 
other six oxygen atoms. The apex oxygen atom of 
A1O4 tetrahedron in special position is bounded 
to both of two A1O4 tetrahedra like as in BaAl2O4. 
The basal three oxygens of these tetrahedra link to 
oxygen atom surrounding the barium atoms keeping 
the interatomic distance from 1.72 Ä to 1.78 Ä. 
Three kinds of another oxygen atom in general posi
tion are not contact with barium or aluminum

Fig. 16. Packing diagram o/'BaAlzOt-S.SIIzO

atom but it occupies a possible situation in the vacancy 
of oxygen packing. BaAl2O4 - 6.5H2O is built up from 
the framework of Ba(OH)2 • H2O and the linkage of 
two A1O4 tetrahedra extending along c-axis. The exi
stence of a set of A1O4 tetrahedra sharing the apex 
oxygen atom is observed in unhydrated BaAl2O4 which 
is considered to be one of the reasons why BaAl2O4 
paste has high refractoriness.

Crystal Structure of Barium Silicate 
Hydrate (BaSiO3-6H2O)

Precedent Work
BaSiO3-6H2O was recently studied by E. Höhen 

and K. Dornbergen-Schift (19) who determined the 
crystal structure by means of two and three dimen
sional Patterson function synthesis. Barium silicate 
hydrate in the hydrated sample of Ba2SiO4, however, 
have not been identified clearly and their crystal 
structure have not been determined.

Determination of Lattice Constants and Other 
Crystallographic Data

Sample was prepared by the complete hydration of 



Ba2SiO4 in 200% water suspension for a month at 
room temperature. The hydration products of 
Ba2SiO4 in later stage of hydration are BaSiO3- 
6H2O and Ba(OH)2 H2O as mentioned before, so 
we can easily distinguish barium silicate hydrate 
from barium hydroxide monohydrate. The electron 
diffraction pattern of barium silicate hydrate single 
crystal showed the structural accordance with 
BaSiO3 -6H2O reported by E. Höhen and K. Dorn- 
bergen-Schift (19), and approximate lattice constants 
were determined to be a — 8.4 Ä and b = 13.0 Ä. 
As the powder X-ray diffraction patterns is charac
terized by systematic decreasing in diffracted X-ray 
intensities keeping the constant intervals of the dif
fraction peaks toward high angle, these peaks are 
considered to correspond to (00/) reflection of the 
crystal. Cell dimension of c-axis was therefore decided 
to be about 15 A. Using these approximate lattice 
constants, observed X-ray diffraction peaks were 
first indexed for all possible set of (hk/) as the lattice 
constants were large and less precise. Precise lattice 
constants were next determined by the least squares 
fit of twenty-six lines as a = 8.44 A, 6 = 13.00 A 
and c = 15.06 A, space group was C2v-P21c« and the 
extinction was for (hkO) with h + k =2n, for 
(hkO) with h + k = 26 for (hOZ) with I = 2n, for 
(hOO), (OkO) and (00/) with h =2n, k = 2n, I = 
2n, respectively. The numbers of molecules in unit 
cell were eight and calculated density was 2.603 
g/cm3.

Atomic Coordinate

The diffracted X-ray intensities were calculated 
for the range that the changes of the positional 
parameters of barium atom were ±0.337 A (corre
spond to ±0.04 for x coordinate) along x direction 
and ±0.518 A (correspond to ±0.05 for y coordinate) 
along y direction under the condition that barium 
atom is bound to oxygen atom by ionic bonds. In 
this calculation the positional parameters of SiO4 
tetrahedra were fixed in the Höhen and Dornbergen- 
Schifts (19) structure because of less contribution to 
the structure factor compared with barium atoms. 
From the condition that (002) reflection must be the 
strongest intenstiy, the positional parameters of Ba, 
and three Ba2 to be variable were stricted to the 
combination of 0.250 and 0.210 along x direction and 
0.109 and 0.049 along y direction. So that the selected 
combinations became 2 x 2 x 3 X 3. The strongest 
intensity was calculated in (022), (131), (113) and (021) 
reflection in combinations of another parameters, so 
that these were eliminated. From these calculation, 
it was concluded that suitable atomic coordinates of 

Ba, and Ba2 along x direction must be in the range 
from 0.210 to 0.250 and from 0.710 to 0.790, respec
tively from the restriction for Ba-O ionic distances. 
After the calculation on eighty-one combinations of 
barium positional parameters on all the possible 101 
reflections, atomic coordinates of all atoms in unit 
cell were determined as given in Table 20. Calculated 
intensities in this case showed good coincidence with 
observed one as represented by R = 0.124 ~ 0.159 
in Table 21. Ba-O distances calculated from deter

Coordinate

Table 20. Atomic coordinates o/BaSiOj -6H2O

Atom x y z

Bax case A 0.250 0.109 0.241
case B 0.210 0.109 0.241
case C 0.210 0.109 0.241

Ba2 case A 0.250 0.234 0.248
case B 0.790 0.234 0.248
case C 0.710 0.234 0.248

Sii 0.160 0.434 0.065
Si2 0.340 0.434 0.456
O1 0.340 0.435 0.051
O2 0.100 0.398 0.154
Os 0.170 0.166 0.482
O4 0.650 0.043 0.487
O5 0.160 0,430 0.440
O0 0.420 0.426 0.364
o7 0.340 0.160 0.041
os 0.850 0.044 0.018
OL 0.730 0.436 0.143
OK 0.770 0.422 0.354
oe 0.590 0.298 0.216
oH 0.080 0.298 0.287
°A 0.580 0.043 0.207
OB 0,920 0.033 0.271
Oc 0.0 0.180 0.121
On 0.500 0.179 0.369

0.670 0.185 0.062
OF 0.830 0.193 0.433

Table 21. Comparison of the calculated intensities of diffracted 
X-ray in several cases with the observed one.

h k 1 lobs (case A) (case B) (case C)

0 0 2 100 100 100 100
1 0 2 5 2 3 3
1 1 2 32 27 41 27
0 2 2 44 40 40 40
2 0 0 50 69 55 74
1 1 3 61 53 54 52
2 1 1 12 11 10 10
0 0 4 42 47 47 47
2 1 2 5 3 3 4
2 2 1 21 30 22 26
0 2 4 5 6 6 6
1 2 4 6 2 2 2
2 3 2] 2 . 3 2
1 4 2f 2 2 2
0 2 5 14 15 13 15
3 1 1 24 22 25 22
1 1 6] 2 4 2
1 4 4f 2 2 2
1 2 6 4 2 2 2
0 6 0 5 7 7 7
4 0 0 4 4 0 6
1 5 4 14 14 13 13
4 2 0) 5 8 3
0 2 7/ 6 ' 6 6
2 6 0 10 11 9 10
0 0 8 9 5 5 4

R = 0.159 R = 0.124 R = 0.157



Table 22. Interatomic distances of Ba-O in the coordination 
of eight and ten oxygens

Atom —
Distance (A)

Case A Case B Case C

Ba]—OA 2.94 ' 3.25 3.25
Bal-O^ 3.06 2.78 2.78
Ba,—Oc 2.92 2.71 2.71
Ba]—OD 2.99 3.25 3.25
Bai—OG 2.86 3.04 3.04
Bai—°h 2.93 2.77 2.77
Baj—OK 2.82 2.86 2.86
Baj—OL 2.84 2.84 2.84

Ave. 2.92 2.94 2.94

Ba2—OA 2.88 3.05 2.74
Bag—OB 2.99 2.85 3.17
Bag—Oc 2.93 2.71 3.18
Ba2—OD 2.87 3.12 2.65
Bag—Oy 2.94 3.03 2.88
Bag—Op 2.91 2.84 3.00
Ba2—OG 2.94 3.26 2.65
Ba^r—-Oq 2.96 2.65 3.27
Ba9—OK 2.91 2.91 2.95
Bag^OL - 3.06 3.09 3.05

Ave. 2.94 2.95 2.95

mined atomic coordinate were listed in Table 22.

Crystal Structure
Projections of the structure of BaSiO3-6H2O to 

(010) is shown in Fig. 17. Barium atoms in general 
position make two types of polyhedra coordinated 
by eight and ten oxygen atoms. SiO4 tetrahedra lie 
independently in general position contacting with 
the oxygen atoms which form barium octa—and deca 
—hydrates. Two water molecules in Ba(H2O)10 coor
dinate polyhedra are not shared two barium atom, 
that is, exist in free water. It is very interesting to note 
that BaSiO3 -6H2O consists of positionally unstable 
barium atoms which can remove in the limited range 
without influence on the diffracted X-ray intensities. 
The differences in barium atomic coordinates and

interatomic distances in the authors and previous re
search (19) have probably been caused by the dif
ference of the source of sample and consequently by 
the difference of condition and process of crystaliza- 
tion. The mean Ba-O distance in both of polyhe
dron coordinated by eight and ten oxygens, however, 
are 2.94 Ä and 2.95 Ä, which is good coincidence 
with precedent work (19).

Physical and Crystal Chemical Properties of the Produced Hydrates

Physical Properties of Barium Aluminate 
Hydrate

Specific Surface Area of Hydrated Barium Aluminate
The specific surface area of BaAl2O4-6.5H2O and 

BaAl2O4-4H2O produced in lower water sample 
ratio were measured with BET method by N2 gas 
adsorption. Period of hydration of samples are both 
three months. Obtained values were 2 m2/g for 
BaAl2O4-6.5H2O and 6.0m2/g for BaAl2O4-4H2O 
(14) which indicate the existence of these hydrates in 

complete crystalline state.

Mechanical Strength of Hydrated Barium Aluminate
The compressive and bending strength of hydrated 

barium aluminate by using the mortar specimen is 
shown in Fig. 18 (17). When the amount of hydration 
water is small, the mechanical strength of BaAl2O4 
mortar is high. Therefore, it seems that the theory of 
the water cement ratio for portland cement may also 
be applied in this case, but the mechanism of the 
development of strength is quite different from the



Bay

Fig. 18. Compressive and bending strength of barium aluminate 
mortar (BaAlzO«: Sand =1:2)

Fig. 19. Differential thermal analysis and thermogravimetry 
curves of hydrated BaAhOt

case of portland cement. Orthorhomic double salt 
(ZBaCO3-mBa(OH)2-nH2O) was recognized in the

Fig. 20a. Powder X-ray diffraction patterns of hydrated 
BaAI2O4 at high temperature. W!C; 40%

Se'CuK*

nJ ULl iJ^vJ W-Ar
10 is 20 25 30 35

i^*e<,**,w**s*w>S*Ai*) ^b^w***A»*j \i JI—-...J. L||J ^nil-full

600° c

Fig. 20b. Powder X-ray diffraction patterns of hydrated 
BaAlzOt at high temperature. WjC; 60%

mortar specimen cured in wet air for four weeks by the 
powder X-ray diffraction which may probably be one 
of the reason for the decrease in strength with age.

Properties of Hydrated Barium Aluminate 
at Elevated Temperature

Structural Change of Hydrate in Heating
Differential thermal analysis, thermogravimetry 

and powder X-ray diffraction at high temperature 
was done to pursue the dehydration and structural 
change of hydrate in heating (15). Results are repre
sented in Fig. 19 and Fig. 20. A greater part of the 
combined water dehydrated under 350°C leaving one 
molecule of water, but the remarkable difference in 
dehydration process was observed between the sample 
hydrated with 40% of water and others. This was 
probably due to the difference of originally existed 
hydrate. Amorphous and illcrystalized phase was 
clearly observed at 100 to 300°C in the specimen



Fig. 21. Opticalmicrograph o/’BaAljO.fö.Sl^O after heating 
at 300° C .

hydrated over 60% of water which indicate the 
destruction of original crystal structure and the 
rearrangement of atoms. As the crystal correspond to 
the amorphous state keeps the external form of 
original hydrate as shown in Fig. 21, it is reconfirmed 
that the set of two A1O4 tetrahedra shared the apex 
oxygen remained as they are through all period of 
heating. This may be one of the reason why limited 
decrease in the mechanical strength at elevated 
temperature.

Phase Relation in Heating
Phase relation of hydrated barium aluminate in 

heating is summerized in Fig. 22. Converted phase 
appeared above 200°C was agreed with the cubic 
hydrate of BaAl2O4 • H2O reported by E. T. Carlson, 
T. J. Chaconas and L. S. Wells (18).

Mechanical Strength

Mechanical strength of mortar specimen at various 
elevated temperature is shown in Fig. 23. When the 
water cement ratio is low such as 0.4, unstable hydrate 
(probably be BaAl2O4-4H2O) is tend to be formed, 
which shows the favorable influence on the develop
ment of the mechanical strength. Compressive strength 
is first increase by the drying of the specimen and then 
decreased according to the temperature. The degree 
of decrease in strength, however, is fairly small com
pared with calcium aluminous cement as well as 
portland cement. Remarkable increase above about 
700°C is caused by the formation of BaAl2O4, which 
contributes the favorable effects on the utilization of

500

900 -

800 - BaAl20^

700 ;-------------------------------------------

600 . BaJi.l2O4.H2O + BaAlgO^

400

BaAl204-H20

200

100
Intermediate phqfee ill-crystallized

■ 1 ■ phase
BaA1204-(H20)4 J

, BaA1204.6.5H20 , 

20 40 60 80 100 120

W/C (%)
Fig. 22. Phase relation of hydrated barium aluminate

Temperature (°C)
Fig. 23. Compressive strength of mortar specimen of hydrated 

barium aluminate at various elevated temperature (BaA12O4: 
Sand =1:2)



barium aluminous cement.

Effect of the Atomosphere on the Structure 
of Hydrates (20)

Method of Experiment -
Completely hydrated sample prepared by the 

bottle hydration for twenty-eight days at room tem
perature with 500 % of water is dried under 1 mmHg 
and then mounted on the sample holder of X-ray 
diffractometer which is specially designed for the con
trol of humidity and atmosphere. The optical system 
of the diffractometer including the sample mount was 
filled with desired gas with selected humidity which 
was attained by the passage of the gas through aqu
eous solution of suitable salts. The powder X-ray 
diffraction patterns of samples under various condi
tions were recorded by this method.

Effect of Humidity

Fig. 24 shows the change of X-ray diffraction pat
terns of hydrated barium aluminate exposed in dry 
and wet nitrogen gas after being dried under 1 mmHg. 
The third chart of X-ray diffraction are that of the 
sample redried by the exposure of dried nitrogen gas. 
The interplaner spacing of the barium aluminate 
hydrate (BaAl2O4-6.5H2O) represented by the dif
fraction profiles in 26 CuKa = 11 ~ 12° shows the 
reversible change in accordance with the variation of 
humidity. These experimental facts lead us to the 
conclusion that the structure of BaAl2O4-6.5H2O 
contains barium hydroxide monohydrate layer and 

Note: a) Saturated with dry nitrogen gas 1
b) Saturated with wet nitrogen gas (R.H = 100%)
c) Resaturated with dry nitrogen gas

Fig. 24. X-ray diffraction patterns of hydrated barium aluminate 
exposed in various humidity after dried under 1 mm Hg.

water molecules stacked along c-axis which is able to 
remove without destruction of crystal structure.

Results on the hydrated barium silicate obtained 
under same experimental conditions are illustrated 
in Fig. 25. Crystal structure of BaSiO3 -6H2O and 
Ba(OH)2 H2O showed no essential change by the 
mere repetition of dry and wet cycle. This is easily 
deduced from the crystal structure of BaSiO3-6H2O 
that Si04 (probably Si(OH)4) tetrahedra arranged 
along a-axis contacted fairly tight to water molecule 
neighbouring barium atom. But unfortunately small 
amount of carbon dioxide mixed into the sample space, 
carbonation of Ba(OH)2 • H2O occurred as shown in 
Fig. 25 (a) and (b).

10 20 JO 40 50

20° CuK*

--
***«< vA

I1-' ^aa^,
Note: a) Saturated with dry nitrogen gas

b) Saturated with wet nitrogen gas (R.H. = 100%)
c) Resaturated with dry nitrogen gas

Fig. 25. X-ray diffraction patterns of hydrated barium silicate 
exposed in various humidity after dried under 1 mm Hg.

26° CuK«

Fig. 26. X-ray diffraction pattern of hydrated barium silicate 
exposed in wet carbon dioxide after dried under 1 mm Hg.



Effect of Carbon Dioxide
Diffraction profiles of d = 2.56 Ä, 2.62 Ä and 3.72 

Ä gradually appeared when hydrated barium alumi
nate expose for long time to wet carbon dioxide gas. 
The above-mentioned diffraction peaks are considered 
to be carbonated barium hydroxide hydrate (ZBaCO3 • 
mBa(OH)2-nH2O). The formation of this compound 
is slow and small.

Hydrated barium silicate was irreversibly changed 

immediately by the exposure of wet carbon dioxide 
gas into the carbonated barium hydroxide hydrate. 
X-ray diffraction pattern of the hydrate is resemble to 
that of witherite (BaCO3) as shown in Fig. 26. As 
SiO4 tetrahedra exist separately without formation of 
both chain and network, main structure of BaSiO3 • 
H2O resemble to barium octahydrate. This may be 
one of the reasons why hydrated barium silicate is 
easily carbonated under high humidity.

Summary and Conclusions

Crystal structure of barium aluminate, barium 
silicate and their hydrated products were determined 
as follows:
BaAl2O4: -

D|-P6j22, hexagonal, z = 2, pob, = 4.004 g/cm3, 
a = 5.224 Ä, b = 8.777 A, atomic coordinate, see 
Table 3.

Ba2SiO4:
D|h-Pmcn, orthorhombic, z = 4, pab, = 5.427 
g/cm3, a = 5.772 A, b = 10.225 A, c = 7.513 A, 
atomic coordinate, see Table 10.

Ba(OH)2H2O:
C^v-P2,am, orthorhombic, z = 2, />cal = 4.589 
g/cm3, a = 6.99 A, b = 6.33 A, c = 3.92 A, 
atomic coordinate, see Table 13.

BaAl2O4-6.5H2O:
C^h-P2,/m, monoclinic, z=4, pob5 =2.519 g/cm3, 
a = 8.523 A, Z> = 6.939Ä, c = 16.667 A, y = 
92°55', atomic coordinate, see Table 17.

BaSiO3-6H2O:
C|v-P21cn, orthorhombic, z = 8, /?cal = 2.603 
g/cm3, a = 8.44 A, b = 13.00 A, c = 15.06 A, 
atomic coordinate, see Table 20.
Stoichiometry of the hydration of barium aluminate 

and barium orthosilicate with enough water was 
proposed as follows:
BaAl2O4:

2BaAl2O4 + 11.5H2O
= BaAl2O4-6.5H2O + Ba(OH)2-H2O

+ 2A1(OH)3 (initial reaction)
BaAl2O4 + Ba(OH)2-H2O + 7H2O

= Ba2Al2O5 -9H2O (successive reaction)

3BaAl2O4 + 18.5H2O
= BaAl2O4-6.5H2O + Ba2Al2O59H2O

+ 2A1(OH)3 (reaction as a whole)

Ba2SiO4:
Ba2SiO4 + nH20 = Ba2SiO4-nH2O

(reaction at early stage)

Ba2SiO4-nH2O + (8 - n)H2O
. = BaSiO3 • 6H2O + Ba(OH)2 • H2O 

(reaction at later stage)

2Ba2SiO4 + 8H2O
= BaSiO36H2O + Ba(OH)2H2O

(reaction as a whole)

Barium aluminate hydrate changes into BaAl2O4 
at a considerable low temperature through inter
mediate phase (probably be BaAl2O4 H2O) without 
destruction of external crystal form. Completely 
hydrated barium aluminate shows the reversible change 
of interplaner spacing along c-axis in accordance 
with the variation of humidity. These experimental 
facts are able to be explained by the arrangement of 
A1O4 tetrahedra and the stacking of water molecules 
in the structure of BaAl2O4-6.5H2O.

Rapid hardening and high strength development 
of hydrated barium silicate in wet atmosphere are 
considered due to the network structure of hydrogen 
bonding among SiO4 (probably be Si(OH)4), Ba(H2O)8 
and Ba(H2O)10 judging from the fairly long intera
tomic distance of Ba O. The property of the hydrate 
being easily carbonated can also be illustrated from 
its crystal structure. ,
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SESSION II-3 PHASE EQUILIBRIA OF CEMENT-WATER

Principal Paper Phase Equilibria of Cement-Water

Paul Seligmann and Nathan R. Greening*

Synopsis

The solid phases at complete hydration in the cement-water system are identified as a 
calcium silicate hydrate gel containing appreciable quantities of alumina, sulfate, and 
alkalies, the low sulfate form of calcium sulfoaluminoferrite hydrate, the lowest sulfate 
form of calcium sulfohydroxyaluminate hydrate, an alumina-silica hydrogarnet, and calcium 
hydroxide. Ettringite or its iron analogue is also present in cements low in C3A, but more 
often forms as a result of carbonation.

Questions still remain on the thermodynamic stability of some of the phases at ultimate 
hydration. Evidence is presented that indicates that afwillite and calcium sulfohydroxyalu
minate hydrate may be stable at ordinary temperatures of cement hydration.

The early hydration reactions can be considered to be an essentially continuous sequence 
of phase equilibrium situations. The contact between cement and water immediately produces 
a set of reactions determined by local solution concentrations at the cement-water interfaces 
to produce materials such as calcium sulfoaluminate hydrates and a hydrogarnet. These local 
reactions are followed by a period of slow hydration in which the solution composition is 
relatively constant as ettringite precipitates and lime supersaturation persists. When the 
calcium hydroxide nucleates, a calcium silicate hydrate gel containing sulfate and a little 
alumina forms. Ettringite continues to form until the gypsum is depleted; the solution 
sulfate concentration drops. Rapid solution of the ettringite and the remaining aluminate 
and ferrite phases causes formation of a gel, richer in alumina, the calcium sulfoalumino
ferrite hydrate, and the low sulfate form of calcium sulfoaluminate hydrate. The formation of 
further aluminasilica hydrogarnet at this stage may be due to local depletions of sulfate in 
the liquid phase. After the ettringite is depleted, the lowest sulfate form of calcium sulfohy
droxyaluminate is ultimately produced.

Introduction

The techniques of portland cement manufacture 
and of the production of strong, durable concrete 
were originally developed largely empirically, as has 
usually been the case in processes involving naturally 
occurring complex raw materials and equally complex 
products. These developments were accompanied by 
research that originated with observed correlations 
between variations in the processes and the perform
ance of the products and ultimately produced a 
sophisticated applied science and technology. As the 
science of the cement and concrete field has developed,

•Portland Cement Association, Research and Development 
Laboratories, Skokie, Illinois, U. S. A. 

progress has been reflected in specifications, codifica
tions, and quality control procedures. As a conse
quence, control of the properties of concrete and 
prevention of concrete deterioration has been facil
itated. In addition, considerable fundamental under
standing of the nature and mechanisms of cement 
hydration and concrete deterioration has been 
achieved.

By contrast, more fundamental scientific research 
on the chemistry of cement, or any other complex 
material or process, must necessarily begin with 
studies of vastly oversimplified situations. The real 
situation is approached as progress is made. Compli
cations can then be added to the study. In fundamental 



research on the chemistry of cement hydration, studies 
of phase equilibria of aqueous systems involving 
particular components found in cement have been a 
focal point for many years. The relationship between 
these studies and actual cement hydration have 
frequently been somewhat tenuous, because of the 
complexity of the cement-water system.

The purpose of the present paper is to apply cur
rent knowledge of the phase equilibria of pure cement 
constituents and water to improve understanding of 
the chemistry of the cement hydration process. This 
procedure implies certain limitations that must be set 
forth at the outset. Cement hydration in field con
crete, on the one hand, can be influenced by various 
factors such as carbonation, aggregate reactivity, 
etc., that are not strictly part of the cement-water 
system. On the other hand, portland cement contains 
trace quantities of oxides for which systematic phase 
equilibrium studies are not available. Furthermore, 
the cement hydration process is known to be aflected 
qualitatively by additional factors such as the amount 
of SO, in the cement and perhaps the water content 
of the hydrating system.

The process to be considered here is therefore the 
hydration of a cement at or near the optimum gypsum 
content (1) and showing a depletion of the solid 
calcium sulfate phase at 18-24 hours of hydration 
(2). This cement is assumed to be in a paste with a 
water-cement ratio in or slightly above the range 
normally found in concrete. The data available limit 
the presentation to the behavior of the major oxides 
in the cement and largely to a consideration of the 
nature of just the solid phases, since analyses of the 
liquid phase in the cement-water system are available 
only at early ages. The value and potential utility of 
a study with these limitations must be judged by its 
adequacy. It is shown that many features of the chem
istry of cement hydration, from the time of first 
contact with water, can be qualitatively interpreted 
in terms of phase equilibria. The analysis made here

Identification

An examination of recent literature reveals that 
present knowledge of the equilibrium state of the 
cement-water system has come a long way since that 
time, only twenty years ago (4), when it appeared that 
the only solid phases present at ultimate hydration 
were crystalline calcium hydroxide and an essentially 
undifferentiated, poorly crystallized solid consisting 
primarily of a calcium silicate hydrate. The progress 
that has been made has resulted largely from the 

naturally provides, often merely by implication, 
possible directions of future research in resolving 
those uncertainties, difficulties, and discrepancies 
that still remain.

The presentation in the present paper begins with 
evaluation of some aspects of the experimental 
identification of solid phases in the cement-water sys
tem. A discussion of the final products of cement 
hydration is followed by consideration of the ther
modynamic stability of these products. Finally, the 
relation of the early hydration reactions to phase 
equilibria is presented.

Details of the phase equilibria involving pure com
pounds will be developed only where needed. Excel
lent reviews of these equilibria have been published 
quite recently (3) and will be referred to where appro
priate. Other reference to work in this field will be 
largely confined to papers published since the ap
pearance of these reviews.

Some of the conclusions drawn result from pre
viously unpublished original work. For completeness, 
details of this work are given where appropriate. The 
emphasis of the study is perhaps slightly selective, 
since the authors have not had experience with all of 
the various aspects of the cement-water system.

The present paper is based largely on information 
on cement hydration developed since the Fourth 
Symposium. The expansion of knowledge during this 
period has been made possible by extensive use of 
relatively new instruments, especially the X-ray 
diffractometer. Results of considerable interest have 
also been obtained with the Mössbauer spectrometer, 
a very new instrument.

Studies of a condensed heterogeneous system must 
commence with the identification of the phases pres
ent and the determination of their composition. The 
following section deals with certain problems and 
techniques of identification that are important in 
studies of the cement-water system.

of Solid Phases

improvement of techniques for identifying solid 
phases in hydrated portland cement.

It has been shown, for example, that the calcium 
silicate hydrate has an X-ray diffraction pattern that 
has at least a rudimentary crystallinity (5). Additional 
diffraction lines have been observed that can be as
sociated with crystalline phases containing aluminum 
and iron, by comparison of the patterns with those of 
the corresponding pure compounds (6). Great pro



gress has also been made in recent years in the prep
aration and characterization of both simple and 
complex calcium aluminates such as might occur in 
hardened cement paste (7).

The X-ray diffractometer has a great advantage 
over many other techniques for identifying solid 
phases in the cement-water system in that the state of 
the material under study can be rigorously controlled 
(8). The same can be said for the optical microscope 
and also for the Mössbauer spectrometer, to be dis
cussed later. Many other techniques, such as dif
ferential thermal analysis, thermogravimetric analysis, 
and electron microscopy, require that the sample 
be subjected to treatments, such as preheating in a 
laboratory atmosphere or evacuation, that can demon
strably change its character prior to observation. 
Since the optical microscope is limited by its resolving 
power, results from X-ray diffraction studies are 
considered the primary source of data for identifica
tion of phases for present purposes. Results from other 
techniques are used as confirmatory evidence or for 
consideration of ambiguities not yet resolved or 
inherently not resolvable by X-ray diffraction studies.

The above paragraph is not meant to imply that 
all existing X-ray diffraction studies provide a com
plete and consistent picture. This is certainly not the 
case. Many uncertainties and even contradictions 
appear in the published literature. It is believed, 
however, that presently available information provides 
a basis for resolving many of the problems that have 
been encountered and for identifying most or even 
all of the solid phases that exist during the hydration 
of portland cement.

No attempt will be made here to analyze all of the 
various uncertainties that have appeared in the 
literature. The following sections deal primarily with 
those aspects of instrumentation that are essential 
for the present argument and that can aid in resolving 
many problems that have been encountered.

Effect of Carbonation

Published examinations of hydrated cement pastes 
or of calcium aluminate and ferrite hydrates have 
generally shown the presence of one or more car
bonated phases. It has proved to be extremely difficult 
to prepare materials of this type that are truly free 
of carbon dioxide (9). In most instances where exclu
sion of carbon dioxide has been claimed, the claim 
has not been substantiated by a chemical determina
tion of CO2. It is of course recognized that the pre
sence of a small proportion of a carbonated phase 
has little effect on the gross composition or properties 

of a bulk phase; even slight carbonation, however, 
can cause gross misinterpretation of diffraction 
patterns of materials because the bulk of the 
carbonation may occur precisely at the surface where 
the diffraction is taking place. As a result, a slight 
degree of carbonation, while only a small proportion 
of the bulk phase, can result in a diffraction pattern 
that has little relation to the material being studied. 
For example, Wells, Clarke, and McMurdie (10) gave 
a basal spacing of 8.2 Ä as characteristic of their 
preparation of the tetracalcium aluminate hydrate. 
Even though this spacing is now known to belong to 
a carbonated phase (8), this fact does not in itself imply 
that the bulk material was unduly carbonated nor 
prove the rest of that phase equilibrium study invalid. 
In terms of the small quantities of materials used in 
the powder cameras of that time, carbonation could 
have occurred very early during handling of the 
sample, so that the material in the camera was 
simply no longer representative of the bulk of 
material under study. This illustration does, however, 
point up the need both for care in interpreting diffrac
tion patterns and for recognition of the effects of 
carbonation on the phases present.

The above conclusion applies directly to the signifi
cance of an identification of the high sulfate form of 
calcium sulfoaluminate (hereinafter called ettringite) 
in hydrated cement pastes. It has been found that 
carbon dioxide reacts with the low sulfate form of 
calcium sulfoaluminate hydrate (hereinafter generally 
referred to as monosulfate) to produce the calcium 
hemicarboaluminate hydrate and ettringite:
3[Ca3A.CaSO4- 12H2O] + CO2 + 20H2O -> 2[C3A. 
iCa(OH)2.|CaCO3.12H2O] + C3A.3CaSO4-32H2O 
Further carbonation then converts the hemicarboalu
minate to the carboaluminate and ultimately to some 
form of calcium carbonate. Fig. 1 illustrates the effect. 
Here carbonation was deliberately induced by blend
ing calcium carbonate with Long-Time Study cement 
18 in pastes at a water-cement ratio of 0.5. The cement 
composition is shown in Table 1. The top pattern 
shows the diffraction pattern of the carbonate-free

Table 1. Compositions(48) of cements used in study of 
ettringite as an ultimate hydration product .

Cement LTS 18 LTS 41

c3s 44.5% 20.0%
C2S 28.0 51.0
c3a* 12.2 3.4 .
c4af 6.8 - 15.2
so3 1.83 1.98

Alkalies as NagO 0.22 0.84

♦Corrected for minor oxides (49).
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Fig. 1. Carbonation of cement produces secondary ettringite.
' Legend: E = ettringite; S = calcium sulfohydroxyaluminate 

hydrate; H = calcium hemicarboaluminate hydrate; C = 
calcium carboaluminate hydrate.

paste after 28 days of moist curing. The ettringite 
peaks are absent. In the presence of the carbonate, 
as shown in the other two patterns at 7 and 14 days, 
respectively, the peaks for ettringite and the carbo
nated phases are very prominent, whereas the mono- 
sulfate-hydroxide solid solution (11) (hereinafter 
referred to as calcium sulfohydroxyaluminate hydrate) 
pattern that is prominent in the top pattern is essen
tially absent in the others.

Thus, the presence of ettringite in a well hydrated 
paste or similar system containing lime, alumina, 
sulfate, and water does not in itself indicate this 
compound to be a primary equilibrium product, but 
may merely indicate that this material was formed as 
a secondary product from incidental carbonation. 
It is believed that this reaction explains many of the 
reported inconsistencies regarding the presence of 
ettringite in well-hydrated pastes. Since diffraction 
studies on hydration of simulated cement pastes (11) 
have shown that the sulfate ultimately forms 
monosulfate and the sulfohydroxyaluminate, it 
appears that the ultimate hydration products of the 
cement-water system in the absence of carbon 
dioxide may not always include ettringite.

In an extension of this study, samples of pastes 

made from longtime study cements 18 and 41, whose 
compositions may be found in Table 1, were examined 
after 14 years of continuous moist curing. The samples 
were sawed out of the centers of 2 X 6 inch paste 
cylinders made up at a water-cement ratio of 0.5. 
The diffraction pattern for cement 18 gave no indica
tion of carbonation and also no indication of ettrin
gite. That for cement 41, on the other hand, contained 
the ettringite peaks and yet displayed no evidence of 
carbonation. Occurrence of ettringite as an ultimate 
hydration product of the cement-water system, as 
discussed later, depends upon the cement composi
tion.

Although the existence of the calcium hemicar
boaluminate hydrate was reported some years ago 
(8), the evidence for its existence and composition 
was not published at that time. Since the reported 
composition has been viewed with considerable 
skepticism (12, 13), and since recognition of this 
material is of great importance in diffraction studies 
of the cement-water system, it is essential that the 
details of this identification be presented here. The 
following discussion also covers the preparation and 
the properties of the material and gives some indica
tion of the reasons for the existing confusion.

In the present work, a suspicion that the material 
was not a form of C4AH13 as had been generally 
supposed, arose when it was found that it could not 
be converted to a higher hydrate. Thus, when a solid 
exhibiting the diffraction pattern of this material and 
C4AH13 was repeatedly wetted and dried, the C4AH13 
would transform reversibly to C4AH19, whereas the 
8.2 Ä line would remain unchanged. The material 
responsible for this line therefore had to be either 
some form of C4AH13 that was metastable toward 
absorption of water or some other compound. Al
though no C4AH13 preparation could be made that 
was free of this line, routine CO2 determinations re
vealed that the intensity of the 8.2 Ä line varied with 
the CO 2 content of the preparation.

A series of preparations was then made using slur
ries containing tricalcium aluminate, calcium car
bonate, and calcium hydroxide, in which the mole 
ratio CaCO3/C3A was varied from 0.1 to 1 in steps 
of 0.1, and the mole ratio Ca(OH)2/C3A was held 
constant at 1. These slurries were agitated at 40°F, 
to avoid formation of the cubic C3AH6, for 70 days. 
After filtration of the slurries, diffraction patterns 
were made of the wet solids. The material with a 
mole ratio CaCO3/C3A of 0.5 had a major diffraction 
intensity for a basal spacing at 8.2 Ä whereas the prep
aration with lower CaCO3/C3A ratios showed in
creasing intensities of the 10.7 Ä spacing of C4AH19, 



and those with higher CaCO3/C3A ratios showed 
increasing intensities of the 7.6 Ä spacing of C3A • 
CaCO3 • 12H2O. The intensity of the 8.2 Ä peak 
varied with the carbonate-to-alumina ratio and at
tained its maximum at CaCO3/C3A = 0.5.

Subsequently, preparations of the hemicarboalu- 
minate have been made to study its properties. For 
these preparations, 1 mole ofC3 A, 0.45 mole of CaCO3, 
and 0.55 mole of Ca(OH)2 are mixed in a slurry and 
agitated until the C3A is hydrated. It has been found 
that the preparation can be made at room temperature 
since the hemicarboaluminate, unlike C4AH13, is 
stable with respect to the cubic phase, C3AH6; in 
fact, the complex also forms, although slowly, from 
similar mixtures in which the C3A is replaced by 
C3AH6. The slight deficiency in carbonate is deliberate
ly introduced, since the mix absorbs enough atmos
pheric CO2 during filtration and subsequent handling 
to produce the desired composition. Chemical analyses 
of these preparations are within 0.25 per cent of the 
composition demanded by the assigned formula. 
Successive drying over CaCl2-2H2O and then CaCl2, 
followed by equilibration at 50 per cent relative 
humidity over dilute sulfuric acid, yields the desired 
compound with the 8.2 Ä basal reflection and close to 
12 moles of water per formula weight. A very weak 
pattern for C3AH6 also appears in the diffraction 
charts of these preparations.

Microscopic examination shows the material to 
crystallize in poorly defined hexagonal plates that are 
uniaxial negative with refractive indices: No = 
1.537 ± 0.002, Ne = 1.510 ± 0.002.

The X-ray diffraction pattern obtained agrees 
essentially with that already published and indexed 
as “C4AH13” by Wells, Clarke, and McMurdie (10) 
on the basis of a hexagonal cell with a = 8.89 Ä, 
c = 8.20 Ä. The spacings and indices obtained by 
Wells et al are reproduced in Table 2 for reference.

Dehydration of the material produces successive 
structures with successive reduction of the longest 
spacing from 8.20 Ä to 7.74 Ä, 7.30 Ä, 6.80 A, and

Table 2. Interplanar spacings and miller indices for 
calcium hemicarboaluminate hydratc(lO')

d(Ä) hkl d(A) hkl

8.2 001 2.06 004
4.1 002 2.000 104
3.9 111 1.951 222
2.9 210 1.766 320
2.73 211 1.670 410
2.64 103 1.637 411
2.55 300 1.554 403
2.45 301 1.500 501
2.37 212 1.475 323
2.31 113 1.440 420
2.24 203

6.09 A. The last value was obtained by prolonged 
drying over phosphorus pentoxide and corresponded 
to a measured water content of 6.78 moles of water 
per mole of A12O3. The first stage of dehydration was 
observed by Dosch and zur Strassen (12), who reported 
a spacing of 7.7 A and a water content of 9H2O per 
A12O3.

The indexing given in Table 2 is confirmed by the 
observation that dehydration causes systematic shifts 
in all low-order lines except the one at 2.88 A, which 
is the only low-order spacing of the form (hkO). 
Thus, the dehydration can be explained on the basis 
of changes in the c spacing only. This material is then 
quite different from the other materials of the type 
C3A-CaX2-yH2O, to which a spacing of the order of
5.7 A has been attributed (14).

The major source of confusion in the identification 
of calcium hemicarboaluminate hydrate as a form of 
C4AHj3 arises from the fact that a very small degree 
of surface carbonation of a sample in an X-ray 
diffractometer can produce a high intensity 8.2 A 
line. The existence of the dehydration states of the 
hemicarboaluminate helps further to explain the 
confusion regarding the number of calcium aluminate 
hydrates. When the phase changes in these materials 
occur on dehydration, the shifts in the X-ray diffrac
tion pattern are accompanied by line broadening. As 
a result, the 7.9 A line of the C4AHj 3 overlaps the
7.7 A peak of the first dehydration state of the car
bonated phase, and the 7.4 A line of the C4AHn 
overlaps the peak for the second dehydrated carbonate 
state at 7.3 A. Thus, the hemicarboaluminate and the 
C4AH13 have appeared to produce identical dehydra
tion states.

Calcium Hemicarboferrite Hydrate

The results described above naturally lead to the 
question of whether the behavior of the calcium 
ferrite and aluminoferrite hydrates on carbonation 
is analogous to that of the calcium aluminate hydrates. 
Two sets of experiments have demonstrated that this 
analogous behavior actually does occur.

In one study, samples of tetracalcium aluminoferrite 
were hydrated at 40°F in the presence of systematically 
varied quantities of calcium carbonate, just as already 
described for tricalcium aluminate. Each slurry con
tained four moles of calcium hydroxide per mole of 
C4AF to bring the CaO/(Al2O3 + Fe2O3) mole ratio 
to 4. The original slurries were dark colored, but 
became white upon completion of the hydration. The 
diffraction patterns of the products were completely 
parallel to those of the C3A series. The peak for the 



highest spacing of the C4(A, F)H19 decreased with 
increasing carbonate contents and disappeared when 
the CO2/(A12O3 + Fe2O3) mole ratio reached 0.5. 
At this point, the peak for the 8.2 Ä spacing reached 
its maximum intensity, decreasing at higher CO2 
contents as the peak for the 7.6 Ä spacing for the 
calcium monocarboaluminoferrite hydrate became 
stronger. The alumina-ferric oxide combination ap
parently forms a series of carbonated calcium salts 
completely analogous to those of the alumina alone.

The evidence for the formation of a hemicarbo- 
ferrite comes from a test in which very finely ground 
C2F was hydrated in a slurry at 40°F with two moles of 
Ca(OH)2. After 8 days of agitation considerable 
reaction had occurred. X-ray diffraction showed major 
spacings of 10.7 Ä and 8.20 Ä, indicating that atmos
pheric CO2 had produced the calcium hemicarbo- 
ferrite hydrate in the absence of alumina. The c spac
ings for these carbonated phases containing alumina 
or ferric oxide appear to be identical.

-Alumina Versus Ferric Oxide

Cement hydration is usually discussed in terms of 
the alumina in the cement despite the fact that ferric 
oxide forms a set of high limed hydrates completely 
analogous to the calcium aluminate hydrates and their 
complexes (15). Since those compounds based on ferric 
oxide are essentially indistinguishable from their 
alumina counterparts by X-ray diffraction, attempts 
to study the role of the ferric oxide in the cement
water system have encountered formidable experi
mental problems. Recently, a new instrument, the 
Mössbauer spectrometer, has become available for 
studies of the state of the iron. The presence of 
aluminum does not complicate' such studies. The 
instrument has yielded results that provide consider
able insight regarding the separate roles of the 
alumina and the ferric oxide in cement hydration.

The space available here does not permit a discus
sion of the principle and the operation of this instru
ment, other than to say that an X-ray spectrographic 
technique is used that is somewhat analogous to one 
used recently to determine the coordination number 
of aluminum in various compounds (16). The Möss
bauer technique, however, measures total resonance 
absorption, by the sample, of radiation from a very 
different type of radiation source and is much more 
sensitive than the usual type of X-ray spectrograph. 
The interested reader can find a good and inexpensive 
elementary English language text readily available 
(17).

Reference patterns for the use of this instrument 

have been obtained from tests run for these labora
tories by Dr. R. L. Collins of Austin Science 
Associates, Inc. Two fully hydrated mixtures prepared 
by long time agitation of slurries of tetracalcium 
aluminoferrite, gypsum and calcium hydroxide were 
submitted for examination. A light colored material 
made from a slurry having a SO3/(A12O3 + Fe2O3) 
mole ratio equal to one and containing sufficient 
calcium hydroxide to produce a CaO/(Fe2O3 + 
A12O3) mole ratio of 4 gave an X-ray diffraction pat
tern characteristic of the monosulfate and a charac
teristic Mössbauer pattern shown in Fig. 2.

In this figure, the ordinate, reading downward, 
represents the absorption, in percent, of the incident 
beam by the sample. No calibration was made for this 
exploratory test, so that the energy units on the 
abscissa simply represent channel numbers of the 
memory in the recording analyzer. Under proper 
calibration, as shown later in the present paper, 
these channel numbers represent numerical values for 
velocities that are proportional to differences in beam 
energy from that represented by the mid-line that 
intersects the horizontal scale. Two parameters are 
used to characterize these spectra. One is the displace
ment of the center of gravity of the spectrum from the 
zero of the figure. This parameter is known as the 
isomer shift. The other parameter, known as the 
quadrupole splitting is the difference in energy (ex
pressed as velocity) between the two absorption peaks 
that frequently appear for a single solid phase, 
particularly for crystals of low symmetry.

A much darker material prepared from a similar 
mixture, but with only half the quantity of gypsum per 
unit C4AF, gave a diffraction pattern identical with 
that of the light colored material, so far as could be 
determined with copper Ka radiation without special 
monochromators. Special care might perhaps have 
detected a broad peak, but it is certain that no other 
well-crystallized phase was present. The dark material 
produced the Mössbauer pattern shown in Fig. 3. 
This figure can be interpreted as indicating the pre
sence of at least two phases, one of which is probably 
the one responsible for the pattern shown in Fig. 2. 
It thus becomes quite clear that the instrument is 
responsive to changes in the state of the iron in the 
presence of lime, alumina, sulfate and water. The 
result indicates further that the color of the product 
provides an index to the purity of the phase. Since it 
had been found that mixtures of intermediate com
position produced dark products, it could be conclude 
that the light colored single phase with the highest 
sulfate content was the low sulfate from of calcium 
sulfoaluminoferrite hydrate, C6AF • 2CaSO4 • xH2O.



A further confirmation of the sensitivity of the in
strument was obtained from a Mössbauer pattern of 
the aluminoferrite analog of ettringite as prepared 
from a slurry of aluminum and ferric sulfates and 
calcium hydroxide in the appropriate stoichiometric 
ratios. Again a pattern for a single compound was 

found. This pattern was, moreover, distinctly different 
from that of the monosulfate.

The above considerations have now paved the way 
for a discussion of the existing evidence regarding the 
nature of the ultimate hydration products of portland 
cement.

Fig. 2. Mössbauer spectrum of the low sulfate form of calcium 
sulfoaluminoferrite hydrate.
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Fig. 3. Mössbauer spectrum of a fully hydrated material with 
the molar composition: C4AF + 3CaO + CaSO4'2H2O.

The Ultimate Hydration Products

The most comprehensive survey by X-ray diffrac
tion of the phase composition of the ultimate hydra

tion products in portland cement is the study of well 
aged pastes by Kantro, Copeland and Anderson (6).



After exclusion of the carbonated phases as not prop
erly belonging in the cement-water system, and of 
ettringite in the presence of CO2 as frequently secon
dary, the patterns obtained consistently show the 
presence of a calcium silicate hydrate gel, sulfated 
calcium aluminate and ferrite hydrates, a hydrogarnet 
phase, and calcium hydroxide.

Since no work has been reported on the composi
tion of the liquid phase in equilibrium with all of 
these ultimate hydration products, present knowledge 
of the final state of the cement-water phase equilib
rium is necessarily limited to the nature, composi
tion, and thermodynamic stability of these materials. 
The calcium hydroxide is very well defined and crystal
lized, and is always present, in the normal range of 
cement compositions, in sufficient quantity to satu
rate the liquid phase in the cement-water system. 
The interest here therefore centers on the nature and 
composition of the remaining solid phases. The 
matter of thermodynamic stability is considered later.

The Calcium Silicate Hydrate Phase

The calcium silicate hydrate gel found in portland 
cement pastes is the primary cementitious material. 
It is a very poorly crystallized material, whose pre
sence and general characteristics have been recognized 
for many years. It is only relatively recently, however, 
that X-ray diffraction techniques have demonstrated 
a fragmentary pattern of three lines (5), and electron 
microscopy has demonstrated a characteristic mor
phology for dried samples (18). Crystallographically, 
the material is a distorted version of the structure 
known as CSH (I) that is usually formed in room 
temperature equilibrium studies in the CaO-SiO2- 
H2O system (19). The most significant structural dif
ference between the cement product and CSH (I) 
is the absence, in the former, of any lines involving a 
c spacing. The spacings that are observed in both mate
rials are also found in the naturally occurring crystal
line mineral tobermorite (19).

Paste hydration of tricalcium silicate or beta-dical- 
cium silicate at room temperature yields a gel with the 
same X-ray pattern as the cement hydration product. 
It thus appears that the structure of the product is 
little affected by the presence of the other constituents 
of portland cement. This conclusion is strengthened 
by the close agreement that has been found between 
the heats of hydration of the anhydrous silicates and 
the values for the corresponding phases in portland 
cement as calculated by least squares from the heats 
of hydration of cements of various compositions 
(20). The electron microscope, however, does show a 

difference in morphology (18).
It is not surprising that a material as poorly defined 

as this major cement hydration product should show 
minor variations in composition. Various studies have 
shown that small quantities of alumina, ferric oxide, 
sulfate, or alkalies can be incorporated in the material 
without causing a change in X-ray pattern. It thus 
appears that changes in composition of this phase 
could accompany changes in the equilibrium liquid 
phase. Such changes are of interest in relation to the 
early hydration reactions and are discussed in that 
context after consideration of the effects of other solid 
hydration products on the liquid phase composition. 
It is, however, pertinent to consider here the ranges 
of composition that have been found for individual 
substituents and combinations of them.

The work of Copeland, Bodor, Chang, and Weise 
(21) indicates that alumina, ferric oxide, or sulfate 
ion can be incorporated into the gel by substitution 
of the aluminum, iron, or sulfur atoms, respectively, 
for calcium or silicon atoms up to a maximum of 
one atom of substituent per six atoms of silicon in 
the hydrate. These preparations were made by wet 
ball milling of the anhydrous C3S or alite with an 
appropriate anhydrous or hydrated calcium com
pound containing the constituent and appear to be 
good approaches to equilibrium. It was also found 
that exposure of an alumina substituted gel to a sulfate 
solution produced ettringite. This result provides a 
direct demonstration of the effect of the liquid phase 
on the gel composition, even though no quantitative 
analyses of the liquid phases were made.

It will be shown later that the calcium silicate 
hydrate phase finally formed in hydrated cement 
paste contains considerable alumina and little ferric 
oxide or sulfate ion.

Effect of Alkalies
The classical study of Kalousek (22) on the Na2O- 

CaO-SiO2-H2O system determined equilibrium points 
for gels prepared , by reaction of calcium hydroxide 
with sodium silicate solutions. Equilibrium as meas
ured by constancy of solution composition, was 
attained in a few weeks. It was pointed out, however, 
that the equilibria depended strongly on the nature 
of the solid phase and that slow changes in crystal
linity of that phase over a long period of time could 
produce very different equilibrium points. Little has 
been reported since the time of that study in relation 
to the effect of alkalies on calcium silicate hydrate 
gels.

Powers and Steinour (23), in their study of alkali
aggregate reaction, have reported alkali contents of 



solutions and solid phases resulting from two year 
contact of water with five hydrating cements beginning 
with pastes one day old. It was found that the alkali 
contents of the gels were much lower than would be 
expected from the results obtained by Kalousek,

Recent studies at these laboratories have indicated 
the reason for the discrepancy and have provided a 
limited amount of additional information regarding 
the role of the alkalies in the gel of the cement-water 
system. In these studies, various cements, anhydrous 
calcium silicates, and synthetic calcium silicate hy
drates with a range of lime-to-silica ratios up to 1.45 
were treated as slurries with alkali solutions from 
0.125 molar up to 2 molar in sodiurp or potassium 
hydroxide for a period of six months. X-ray diffrac
tion patterns were made of the wet solid phases ob
tained by filtration of these slurries. In many cases, 
the filtrates were weighed and analyzed to determine 
the distribution of alkalies in the system. Inconsist
encies in the analytical results indicated that equilib
rium had probably not been attained in six months, 
particularly at the higher alkali contents. The present 
discussion of these results is limited to those essentially 
qualitative aspects believed significant in the cement
water system.

The alkali contents of the solid phases were in all 
instances of the magnitude found by Powers and 
Steinour and considerably less than those found by 
Kalousek. The tests of the effect of potash were li
mited to the synthetic calcium silicate hydrate gels; 
for these preparations, with a range of lime-to-silica 
ratios of 0.9 to 1.45, the potash and soda behaved 
very similarly.

After six months of exposure to alkali, all solid 
phases, including those of the cements, developed 
some degree of crystallinity, as revealed by the pre
sence of a peak for the (002) spacing of tobermorite 
in the diffraction patterns. Some variation of the posi
tion of this peak was noted at low alkali contents for 
the tests on C3S and jff-C2S, where spacings as low as 
9.6 Ä were observed. At the higher alkali contents 
the peak became sharper and in all cases attained a 
spacing of 12.3-12.4 Ä, the constant spacing observed 
for the highest limed calcium silicate hydrate at all 
alkali contents. The results clearly confirm Kalousek’s 
surmises regarding the dependence of the equilibria 
on the state of the gel and the presence of slow crystal
lization processes.

An additional feature of interest in the tests on the 
highest limed calcium silicate hydrate was the pre
sence of the peaks for the (001) and (101) spacings for 
calcium hydroxide. These lines appeared at soda or 
potash concentrations above 0.25 molar and increased 

in intensity with increasing alkali contents.
A comparison of these results with Kalousek’s 

data indicates that the limiting alkali concentration 
for appearance of solid calcium hydroxide was much 
lower for his gels. The equilibrium state for the pre
sent gel is characterized by a higher lime content as 
well as a lower alkali content.

It might be speculated that the increasing crystal
linity of the gel with time of exposure might be 
accompanied by a decreased tolerance for alkalies in 
the structure. An indication of this effect was observed 
in another series of tests in which the soda content 
of the gel formed from the highest limed calcium 
silicate hydrate decreased during the time from 20 
to 98 days of exposure. Unfortunately, this series of 
tests included sodium chloride in solution as an addi
tional source of alkali, so that secondary effects may 
have occurred even though no appreciable change of 
the chloride ion concentration in solution was 
observed.

Since diffraction patterns of hydrated cements do 
not normally exhibit the d002 spacing found in the 
above study, it must be assumed that the significant 
quantities of alumina present in cement gel affect 
the structure. Evidence for this has been found in the 
electron microscope (21). A more complete study of 
the role of the alkalies in the cement-water system 
would therefore require the addition of alumina to 
the calcium silicate hydrates. The evidence already 
presented, however, indicates that the difference in 
capacity for alkali between a high limed calcium 
silicate hydrate gel and the gel in hydrated cement must 
be small. The primary conclusion to be drawn from the 
studies just described is that the alkali content of 
the gel in cement paste must be quite low and of the 
order of magnitude found by Powers and Steinour.

The Sulfated Aluminate and Ferrite Hydrates

A large number of studies have produced evidence 
for the existence of calcium sulfoaluminates at the 
various stages of cement hydration. The best evidence 
available for the ultimate hydration state is probably 
that of the X-ray diffraction study already cited (6). 
As already mentioned, caution must be used in the 
evaluation of such studies with respect to the presence 
of ettringite as a final hydration product in the cement
water system in the presence of carbonated phases.

The most interesting recent development in this 
area has been the use of the Mössbauer spectrometer 
in studies of cement paste. Wittmann, Pobell, and 
Wiedemann (24) have used the instrument to study 
the hydration of a single cement with a potential 



compound composition of 33 percent C3S, 38 percent 
C2S, 14 percent C3A, and 9 percent C4AF, and with 
an SO3 content of 3.1 percent (25). The spectrometer 
was used to monitor the state of the iron during the 
hydration of the cement in pastes at water-cement 
ratios of 0.4 and 1.0. Hydration was complete after 
two years.

The results are shown in Fig. 4. The spectrum of the 
original cement is shown at the top of the figure. The 
work of Pobell and Wittmann (26) on the ferrite solid 
solution series has shown this pattern to be charac
teristic of C4AF. This pattern was also obtained from 
the pastes for the first two days after mixing. Thus, 
it appears that no hydration had taken place during 
this period. The middle spectrum was obtained for

Fig. 4. Mössbauer spectra of a cement at successive stages of 
hydration (from Reference 23).

the paste with a water-cement ratio of 1.0 at 27 days. 
Here the C4AF peaks have decreased in intensity 
and two peaks for a hydrated phase have appeared. 
Finally, at 200 days, the bottom spectrum was ob
tained. Here, only the pattern for the hydrate appears; 
it can be assumed that the material was completely 
hydrated. The phase appearing at ultimate hydration 
was the only hydrated phase that was found through
out the hydration process. This phase was not 
identified.

Comparison with the results obtained by Collins 
reveals that the final spectrum of Fig. 4 is identical 
with that shown in Fig. 2. This matching identifies 
the hydrated ferrite as the low sulfate form of calcium 
sulfoaluminoferrite hydrate. It must be recognized 
that this identification cannot be regarded as complete 
until Mössbauer patterns of all other possible alter
natives are available; it is believed, however, that 
general experience with the sensitivity of the instru
ment indicates that other materials containing ferric 
oxide, such as the sulfate-free C4FHX or C4(A, F)HX, 
would give distinctly different patterns. This identifica
tion is also made with the qualification that the 
Mössbauer spectrometer is known to be insensitive to 
highly dispersed states of iron (26), i.e., a small 
quantity of ferrite hydrate dispersed in the gel would 
probably not be detectable by this means.

From the result obtained, definite conclusions can 
be drawn regarding the final distribution of the 
alumina and the ferric oxide in the cement tested by 
Wittmann. The mole ratio of Fe2O3 to SO3 in this 
cement is 0.477. Thus, the Mössbauer results indicate 
that for each mole of sulfate present, 2 x 0.477 = 
0.954 mole is ultimately transformed to a calcium 
sulfoaluminoferrite hydrate and 0.477 mole of alumina 
is consumed. The mole ratio of A12O3 to SO3 is 1.814. 
From the X-ray evidence, it is reasonable to assume 
that the lowest sulfate form of calcium sulfohydroxy
aluminate hydrate is present. The experimental evi
dence, as shown later in the present paper and also in 
reference 11, indicates that this compound contains 
about 0.6 mole of SO3 per mole of alumina. The 0.046 
mole of sulfate not accounted for in the ferrite complex 
can thus combine with 0.046/0.6 = 0.077 mole of 
alumina. This supposition still leaves 1.814 — 0.477 
— 0.077 = 1.260 mole of alumina per mole of sulfate 
unaccounted for. If this 69 percent of the alumina in 
the cement were to combine with the free calcium 
hydroxide that must be present in the hydration prod
ucts, a tetracalcium aluminate hydrate would form 
and could be identified by diffraction. Since this 
hydrate has not been found in well hydrated pastes, 
it must be concluded that the remaining alumina is 



ultimately distributed between the calcium silicate gel 
and the calcium aluminosilicate hydrogarnet phase 
discussed later. Without X-ray diffraction patterns 
of saturated, well-aged, uncarbonated pastes of the 
cement studied by Wittmann, however, it is not fea
sible to verify this analysis. 1

A Mössbauer spectrometer study of the pastes 
described in reference 6 is now underway in coopera
tion with the National Bureau of Standards. To at 
least a first approximation, all pastes tested have 
produced spectra similar to Fig. 2 for the hydrated 
ferrites. It thus appears that the above analysis should 
be quite generally applicable.

The above calculation of the distribution of cement 
components into the ultimate hydration products 
can always be performed provided that the mole ratio 
Al2O3/Fe2O3 is at least unity and the mole ratio 
SO3/Fe2O3 is at least two. The first of these require
ments is met by all portland cements except certain 
special cements designed to have a zero C3A content. 
The second requirement is met by most present-day 
normal cements, such as ASTM Type I, especially 
with the continuing rise in specification limits for SO3 
content (27), but not by low heat or sulfate resistant 
cements or even by many older cements with relatively 
low SO 3 contents. In well hydrated pastes made from 
cements not meeting the second requirement, prelim
inary results from the present cooperative study 
reveal that only unhydrated C4AF can be found as 
an additional iron-containing phase, even in pastes 
cured continuously moist for 10 years. Thus, it appears 
that hydration of the ferrite phase in cement essen
tially ceases when sulfate is no longer available for 
formation of the sulfoaluminoferrite complex. These 
cements with the unhydrated C4AF residue are the 
very ones whose X-ray diffraction patterns indicate 
the presence of ettringite as an ultimate hydration 
product. It is therefore apparent that the hydration 
in these pastes is of a character more usually asso
ciated with the early hydration reactions and will be 
discussed further when these reactions are consid
ered.

With respect to the phase equilibria in the cement
water system a problem remains in that some cements 
produce pastes containing an unhydrated residue at 
later ages that is certainly not an equilibrium phase, 
and yet one that hydrates so slowly that no hydration 
products are identifiable in a reasonable time.

Effect of Alkalies
With regard to the possible effect of alkalies on the 

sulfated aluminates and ferrites, it is necessary to 
consider the recent work of Dosch and zur Strassen 

(28) dealing with a solid calcium sulfoaluminate 
hydrate phase containing soda. After a great deal of 
effort, these workers were unable to establish either 
the precise composition of the phase or the boundaries 
of its region of stability. Both of these problems proved 
to be very complex. It was concluded that this phase, 
with the approximate composition:

4CaO ■0.9Al2O3 • I.ISO, • 0.5Na2O ■ 18H2O, 

was unlikely to occur in cement paste, except possibly 
in dried pastes at very early ages. •

The results of a series of studies by the present 
authors on the effect of sodium hydroxide solutions 
on the concentrations of sulfate that are in equilib
rium with calcium sulfoaluminate and sulfoferrite 
hydrates add a little more to the story. Examination 
by X-ray diffraction of the solid phases obtained in 
this study revealed the presence of calcium hydroxide 
and the solid phase with the 10.0 A and 5.0 Ä spacings 
studied by Dosch and zur Strassen. Those workers 
found it necessary to use relatively low lime and high 
alumina levels in order to determine the composition 
of the solid phase. The present work, on the other 
hand, with solid Ca(OH)2 present and with very low 
A12O3 in solution, represents a range of liquid phase 
compositions that is much closer to those occurring 
in cement pastes.

In one series of tests, mixtures of ettringite with a 
series of solutions of sodium hydroxide with concent
rations from 0.4 to 8.6 percent NaOH were agitated 
in polyethylene bottles for 4 weeks. The new phase 
was detected in many of the tests. In only one case, 
however, did the reaction proceed to the point that 
ettringite was no longer detectable by diffraction. In 
this test, 5 grams of ettringite were treated with 
40 ml of 2.55 N sodium hydroxide. On the assump
tion of the Dosch and zur Strassen composition for 
the alkali-containing solid, it was to be expected that 
the final solution would contain 6.69 percent Na2O 
and 1.25 percent SO3. The actual values found were 
7.59 percent Na2O and 1.30 percent SO3. The result 
indicates that the new phase can form in highly alka
line media in the presence of excess lime and in the 
absence of excess alumina. There - is, further, an 
indication here that the phase has a different composi
tion under these conditions.

An analogous set of experiments with the high sul
fate form of calcium sulfoferrite hydrate yielded 
similar results, with considerably greater sulfate 
solubility at low alkali concentrations and with 
similar reduction in Na2O in the liquid phase. Here the 
basal spacing of the new phase was 10.3 A, which is 
the same as that for the low sulfate form of calcium



sulfoferrite hydrate. It appears that, in principle, 
either the aluminate or the ferrite can form this type 
of solid phase.

A similar set of tests with the calcium sulfohydroxy
aluminate hydrate showed slight but definite increases 
in SO3 and decreases in Na2O solution concentra

tions. However, excessive carbonation prevented 
careful diffraction studies of the solid phases.

In the course of the previously discussed tests on 
the effect of alkalies on the gel in hydrated cement, 
the 10.0 Ä and 5.0 Ä spacings were observed in the 
diffraction patterns of the solids from various reaction 
mixtures. It was found that when slurries made from 
one part of cement and as much as 8 parts of 8 per
cent sodium hydroxide solution were hydrated, these 
peaks represented the only identifiable sulfate-con- 
taining phase in the solid. It thus appears that the 
compound can form in cement in the presence of 
excess alkali, although it has not been detected under 
oridinary conditions of cement hydration.

The Hydrogarnet Phase

Kantro, Copeland and Anderson (6), in their X-ray 
studies, reported the presence of a set of diffraction 
peaks attributable to a cubic hydrogarnet phase. This 
pattern appeared quite early in the hydration process 
and did not increase appreciably in intensity during 
aging of pastes. The unit cell edge, 12.40 Ä, was 
definitely different from the 12.58 Ä of the tricalcium 
aluminate hydrate, C3AH6. Since substitutions, both 
of alumina by ferric oxide and of water by silica, are 
possible, the observed cell size could not be used for 
identification of the composition. The formation of 
this phase has been confirmed by electron microscope 
studies (29).

Thermodynamic Stability of f

Although true thermodynamic equilibrium in a 
condensed heterogeneous system implies the presence 
of stable solid phases, the continued presence of a 
solid phase in a reaction mixture does not rule out a 
metastable situation. In fact, previous studies and 
reviews on the cement-water system and related phase 
equilibria have indicated considerable doubt regard
ing the stability of some of the solid phases that have 
been found.

The purpose of the present section is to review the 
available information insofar as it bears on the ce
ment-water system. In particular, recent original

The persistence of the hydrogarnet phase during the 
remainder of the hydration process indicates a high 
degree of stability. On the other hand, the inability 
of the phase to nucleate C3AH6 is of considerable 
interest. Apparently the cell sizes and compositions 
are too different for this process to occur. Another 
alternative is that C3AH6 is not a stable phase in the 
CaO-Al2O3-SO3-H2O system in the presence of excess 
lime, a possibility that is considered later.

The Mössbauer results provide a clue regarding the 
composition of the material. Cubic phases are known 
to give spectra different from those of hexagonal 
phases. All of the pastes that have been studied by 
this technique have produced spectra with appreci
able intensities only for the patterns of unhydrated 
C4AF and the calcium sulfoaluminoferrite hydrate. 
Strong evidence thus exists for the absence of ferric 
oxide in the hydrogarnet phase. Comparison of the 
observed cell edge of 12.4 Ä with those found by Flint, 
McMurdie, and Wells (30) indicates that the hydro
garnet formed should have a composition on the order 
ofC3AS0.5H5.

Summary

The present knowledge of the cement-water system 
indicates that five hydrated solid phases are ultimately 
formed. These phases are a calcium silicate hydrate 
gel containing significant quantities of alumina, sul
fate, and alkalies, the low sulfate form of calcium 
sulfoaluminoferrite hydrate, the lowest sulfate form of 
calcium sulfohydroxyaluminate hydrate, and alumi- 
nasilica hydrogarnet, and calcium hydroxide. In 
cements with relatively low C3A contents, such as 
ASTM Type IV or Type V, ettringite and unhydrated 
C4AF may also be present.

Ultimate Hydration Products

studies have produced results of considerable interest.

The Calcium Silicate Hydrate Gel

Work on the lime-silica-water phase equilibrium 
has generally shown that, at ordinary temperatures 
and high lime contents, the silica in the system occurs 
as a calcium silicate hydrate gel (19). The lime con
centration in solution varies with the lime to silica 
ratio of the gel. As already indicated, the gel phase in 
hydrated cement appears to be a high limed, poorly 
organized, and partially substituted version of the 



calcium silicate hydrate gel found in the phase studies.
A variety of crystalline calcium silicate hydrates 

have been prepared by hydrothermal means and have 
usually been considered as stable only at elevated 
temperatures. A single exception is the room tempera
ture preparation of afwillite, by C3S2H3, Brunauer, 
Copeland, and Bragg (31), which was accomplished 
by ball milling of slurries of tricalcium silicate in water. 
In this exceptional instance, it could, however, be 
argued that the milling process introduced sufficient 
energy to produce a metastable phase.

Further work has confirmed the possibility that 
afwillite may well be the stable room temperature 
calcium silicate hydrate in the lime-silica-water system, 
but yet may not be the stable phase in the cement
water system. These studies centered around the dis
covery that the presence of small quantities of afwillite 
during hydration of tricalcium silicate in pastes caused 
formation of crystalline afwillite rather than the usual 
gel. The results obtained and the properties of the 
material formed are believed of sufficient interest for 
inclusion here. '

Table 3 shows properties of a set of 1/2-inch cubes 
prepared from C3S at the water-to-solids ratios shown. 
Nucleation was accomplished with 2 percent, by

One half inch cubes stored in the mold for one day 
and then cured under water until time of test.

Table 3. Effect of nucleation by afwillite on the 
properties of tricalcium silicate pastes

Sample 
No. Admixture

Water-to- 
solids

Non-evaporable 
water

Compressive 
strength

7d. 28d. 7d. 28d.

1 ■no np. 0.25 0.109 0.142 10,300 14,800
2 2% afwillite 0.25 0.175 0.177 12,550 14,000
3 none 0.40 0.097 0.151 1,800 5,600
4 2% afwillite 0.40 0.179 0.201 4,900 6,600

weight of the C3S, of an afwillite formed sponta
neously in hydration of a C3S slurry and purified by 
leaching with water until no calcium hydroxide was 
detectable by X-ray diffraction. The cubes were 
stored in the molds for one day and then in water 
until the time of test. X-ray diffraction of the specimens 
indicated a more rapid hydration and the formation 
of afwillite rather than gel in the seeded cubes. The 
increase in hydration rate is reflected in the increase 
in non-evaporable water at 7 days, as measured by the 
method of Copeland and Hayes (32), and also in the 
relatively high compressive strengths at that age.

Fig. 5 shows conduction calorimeter curves for 

Fig. 5. Nucleation by afwillite increases the rate of heat liber
ation during the hydration of tricalcium silicate.



both seeded and unseeded C3S pastes made from a 
sample ground to a specific surface of 4400cm2/g 
(Blaine). The results, from pastes at a water-to-solids 
ratio of 0.40, reveal a great difference in heat evolution 
at times as early as 8 hours. After 24 hours the total 
heat evolved for the nucleated sample was 57.4 cal/g 
as opposed to 38.6 cal/g for the paste without the 
afwillite.

The crystalline material also showed the expected 
reduction in shrinkage as compared with the be
havior of an ordinary paste. Fig. 6 shows shrinkage as 
a function of water content for seeded and unseeded 
material for 1/4 X 1/4 X 6 inch bars with a gauge 
length of 5 inches cast from pastes with a water-to- 
solids ratio of 0.40. After a 28 day cure in water, 
the bars were stored successively in CO2-free atmos
pheres at 85, 65, 55, 45, 25, 7 and 0 percent relative 
humidity for 24 days at each exposure. It can be seen 
that, below 85 percent, the shrinkage of the paste 
containing the crystalline silicate was consistently less 
than one-third of that of the paste containing the 
poorly crystalline material.

Further studies included attempts to induce afwil
lite crystallization in pastes of materials closer in

Fig. 6. Nucleation by afwillite reduces the drying shrinkage of 
hardened tricalcium silicate pastes

composition to cement and in cement itself. Crystal
lization could, indeed, be induced in pastes of an alite 
that has a composition corresponding to the Jeffery 
formula C54S16AM (33), and also in pastes of alites 
having alumina and magnesia contents 1/3 to 2/3 
of those required by the Jeffery formula. However, 
crystallization could not be induced in pastes of beta
dicalcium silicate, a mixture of 90 percent C3S and 10 
percent C3A, or cement.

From the results obtained, it appears that the nature 
of the stable equilibrium state of the substituted 
calcium silicate hydrate in cement is still open to ques
tion. The difference in free energy between afwillite 
and the pure calcium silicate hydrate gel may be quite 
small. It is also possible that the introduction of 
appreciable quantities of sulfate or alumina into the 
gel to produce the material found in cement may 
reverse this free energy difference. Such an explanation 
would account for all results except the failure to 
nucleate crystalline afwillite from the dicalcium sili
cate paste. The presence of the stabilizer in that 
compound, however, may also have affected the free 
energy difference.

The Calcium Aluminate Hydrate Phase

Although the alumina and the ferric oxide can 
potentially form analogous hydrates in cement hydra
tion, only the alumina is of interest in the present 
context; the cubic tricalcium aluminate hexahydrate, 
C3AH6, has long been recognized as a stable phase in 
the CaO-Al2O3-H2O system at room temperature, 
even though it is found to be unstable at temperatures 
just above the freezing point of water in the presence 
of excess lime (8). The ferrite analog, C3FH6, on the 
other hand, appears to be structurally unstable (7).

The stability of C3AH6 in the presence of sulfate 
and excess alumina has been clearly established. 
However, in the presence of sulfate and excess lime, 
the area of interest in cement chemistry, the picture 
is much less clear. Considerable controversy over this 
matter has appeared in the literature and has been 
summarized by Steinour (34). In relation to the 
cement-water system it must be noted that the presence 
of C3AH6 in hydrated cement pastes has not been 
observed by X-ray diffraction, even though a closely 
related cubic phase, the hydrogarnet, has been found, 
even at early ages. The latter phase may indeed be 
only metastable, since it is present only in small 
quantity throughout the hydration. This phase 
also appears incapable of nucleating the closely 
related C3AH6. Tests conducted at these laboratories 
indicate that sulfate inhibits the formation of C3AHS



Fig. 7. System CaO-Al203-CaSO4-H2O (.with alumina gel) 
at 25°C (Jones(46)). The diagram is distorted slightly at the 
left side to show the fields there more distinctly (from Refer
ence 33)

(CaS0^3

Fig. 8. Portion of the system CaO-AlaOs-CaSCU-FUO at 25°C 
showing the region of calcium sulfohydroxyaluminate hydrate 
(according to Jones(47),from Reference 33).

in the cement-water system (11). In more recent studies 
of clinkers having high C3A contents, C3AH6 was 
observed by diffraction to form in pastes, early and 
quite readily, in the absence of sulfate.

A previously unpublished study of the calcium 
sulfohydroxyaluminate hydrates is believed to throw 
additional light on the stability relations in the CaO- 
A12O3-SO3-H2O system. As background for the 
discussion of this study and for later reference, it is 
necessary at this point to review the principal features 
of that portion of the system where calcium hydroxide 
exists as a solid phase.

Figs. 7 and 8, from Steinour (34), show the features 
of interest. These figures are so-called Janecke projec
tions and are particular representations of the four 
component system. An excellent discussion of this 
type of representation has been given by Purdon and 
Slater (35). In Fig. 7, the origin represents pure CaO. 
For convenience in considering the stoichiometry, 
the composition of an aqueous mixture, containing 
calcium, sulfate, and aluminate ions, is expressed in 
terms of moles of (CaO)3, (CaSO4)3 and A12O3. On 
this basis, the mole fraction of A12O3 in the mixture is 
plotted along the abscissa and the mole fraction of 
(CaSO4)3 along the ordinate. Moles of water per mole 
of total solid can be visualized as being plotted along 
a third axis perpendicular to the paper. Solution com
positions are then represented as surfaces in space. 

The lines in the figure are vertical projections of the 
boundaries of the fields of the various phases. The 
figure shows the liquid phase compositions for the 
“stable” equilibria at 25°C under the condition that 
free A12O3, when present, occurs as a gel. The present 
paper is concerned only with the high lime portion of 
the system (along CaO-G-F-E in the figure), thus 
the form of the alumina is irrelevant.

Fig. 8 shows the situation of “metastable” equilib
ria at 20°C. Here the point G has been replaced by 
the segment MV. The point M represents the liquid 
phase composition in equilibrium with three solids: 
calcium hydroxide, ettringite, and monosulfate.

Studies of the effect of small percentages of alkalies 
on this system have revealed (34) that the boundaries 
of the fields shift only quantitatively in the high-lime 
region and that no new phases appear. Figs. 7 and 8 
will therefore also be referred to in relation to appro
priate systems containing alkalies.

In a major investigation of the calcium sulfohydroxy
aluminate hydrates, three sets of slurries were made 
in which C3A and Ca(OH)2 in equimolar proportions 
were mixed in an excess of water with various quan
tities of gypsum necessary to introduce 0.1 to 1.1 mole 
of SO3 per mole of alumina. These mixtures were 
agitated in polyethylene bottles for periods up to one 
year at temperatures of storage of 40°F, 73 °F, and 
100°F. Periodic examinations of the solid phases at



TEMPERATURE (°F)

100

73

40

Fig. 9. Stabilities and conversion rates of the crystalline forms 
of the low sulfate form of calcium sulfoaluminate hydrate.

the storage temperatures were made by X-ray dif
fraction. After the final filtration, the wet solids were 
subjected to temperature changes while in the dif
fractometer.

The results shown in Fig. 9, for a mole ratio of 
SOj/CjA = 1, indicate that the structure of the 
monosulfate is highly dependent on temperature. The 
results shown duplicate in part those of Turriziani 
(36), whose notation is used here. The form is stable 
at 100°F; the a form, at 73°F; and the a2 form, at 
40°F. At 73°F, the at form is produced first, either 
from the raw materials or by warming of the a2 form. 
The a phase, once formed, is relatively stable toward 
cooling, but converts quite rapidly to the a, phase on 
heating.

The range of calcium sulfohydroxyaluminate hy
drates found at SO3/A12O3 ratios from 0.7 to 1.0 in
dicated that the solid solutions are stable at 73° and 
100° but not at 40°F, where they decompose into the a2 
form of the monosulfate and C4AH19. The range of d 
spacings for these calcium sulfohydroxyaluminate 
hydrates is 8.80-9.01 Ä, with the higher spacings 
corresponding to higher sulfate contents. They are 
formed at both 73°F and 100°F, after initial formation 
of the a, form of the monosulfate. The rate of forma
tion from the a, form was found to decrease rapidly 
with increase in sulfate content of the system, requiring 
years at sulfate contents near unity.

It is believed significant that in those mixtures with 
the very low SO3 contents stored at 100°F, both 
C3AH6 and the lowest sulfate form of the calcium 
sulfohydroxyaluminate hydrate were formed, with 
no trace, in the diffraction patterns, of the ettringite 
that would be formed from decomposition of the solid 

solution into the phases usually considered stable. 
This result would tend to indicate stability for the 
solid solution at that temperature, and would establish 
the existence of a boundary in Fig. 8 between the fields 
of the hexagonal solid solution and the cubic calcium 
aluminate hydrate. At both 40°F and 73°F, the excess 
alumina in these low sulfate mixes appeared as C4 AH19. 
It is to be expected that the C4AH19 would eventually 
convert to C3AH6 and Ca(OH)2 at 73°F.

It is therefore proposed that another invariant 
point occurs between M and V in Fig. 8 that represents 
the liquid phase composition in equilibrium with 
Ca(OH)2, C3AH6, and the lowest sulfate form of 
calcium sulfohydroxyaluminate hydrate as the solid 
phases. The segment from that point to V would then 
be the boundary between a C3AH6 field and the 
Ca(OH)2 field. The complete phase diagram would 
then include a new boundary extending from the low 
limit of the solid solution field on MV to some point 
on MR2, to the left of the field of A12O3.

An exploratory test, completed while the present 
paper was being written, provides somewhat more 
direct evidence for the stability of the lowest sulfate 
form of calcium sulfohydroxyaluminate hydrate. The 
test was based on various previous studies that indi
cated a high degree of stability of the a, form of the 
monosulfate in the presence of excess lime over the 
temperature range 100-190°F. In the present test a 
slurry containing this form of the monosulfate togeth
er with C3AH6 and excess lime was stored at 100°F. 
After 3 weeks, weak diffraction peaks appeared for the 
lowest sulfate form of the calcium sulfohydroxyalu
minate hydrate. The estimated 3-4 percent of the 
reaction product are believed to constitute direct 
evidence for its thermodynamic stability at 100°F.

In another study, the details of which are beyond the 
scope of the present paper, it was found that slurries 
of appropriate proportions of C3AH6, Ca(OH)2, 
and calcium carbonate formed the calcium hemicar- 
boaluminate hydrate on prolonged agitation at room 
temperature. It was thus demonstrated that C3AH6 
is not stable with respect to formation of the C3A- 
|CaCO3-|Ca(OH)2-12H2O in the CaO-Al2O3-CO2- 
H2O system.
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Phase Equilibria and the Early Hydration Reactions

Although the early stages of portland cement 
hydration cannot represent equilibrium states, the 
studies that have been made of the equilibria among the 
phases involved have provided considerable insight 

into the nature of the reactions that are occurring. 
The reactions that occur in this heterogeneous system 
are relatively slow in comparison with those occurring, 
for example, among inorganic ions in aqueous 



solution. The processes limiting the rates of reaction 
appear to be those of solution and of crystallization 
that occur at interfaces between solid and liquid 
phases. The nature of these processes will naturally 
depend upon the composition of the liquid phase at 
these interfaces. For very rapid reactions, this composi
tion will be only locally uniform; for the slower reac
tions in pastes, on the other hand, the composition of 
the entire liquid phase can be considered uniform. 
Thus, in the absence of high activation energies, the 
reactions at these interfaces can be considered as 
heterogeneous equilibrium situations that involve 
shifts in composition as the hydration reactions 
continue. The existing evidence indicates that this 
description furnishes adequate mechanisms for many 
features of the early hydration reactions. It is in this 
sense that the stages of early hydration can be related 
to phase equilibria in the cement-water system.

The earlier writers on phase equilibria of those 
aqueous systems that include components of cement 
made predictions only reluctantly with regard to the 
course of the early hydration reactions. This reluct
ance had several based, namely, that slow reaction 
rates could prevent attainment of a predicted equilib
rium situation, that the presence of other cement 
constituents would cause radical changes in the limited 
systems that they were studying, that there was no 
clear-cut experimental evidence to support their con
clusions, and, finally, that there was considerable 
uncertainty regarding the nature and stability of the 
solid phases present in cement pastes, or even in some 
of the more limited systems studied. A major cause of 
the uncertainties was probably the presence of prod
ucts from rapid local reactions and from carbonation. 
Present knowledge largely confirms the premise that 
many aspects of the early hydration are entirely 
predictable from the phase equilibrium studies.

The background for the present interpretation 
comes from the published studies on phase equilibria, 
from the more recent studies of the early hydration 
reactions and, finally, from the excellent recent 
studies of the composition of the liquid phase (37, 38, 
39). The approach used here is to interpret the hydra
tion process from the time of the first contact of the 
cement with water to the time of formation of the 
ultimate hydration products already described. Be
cause of the nature of this approach, little attention 
will be given to the components of the original cement. 
It will generally be assumed that the various compo
nents diffuse into the solution until the sources of the 
components are exhausted. A major exception is the 
ferrite phase, for which the results from Mössbauer 
spectroscopy, as well as evidence from X-ray dif

fraction (40) indicate a considerable delay in initiation 
of hydration. It is therefore assumed that ferrite is 
initially “absent”.

Of the various recent studies of the liquid phase 
at early ages, that of Lawrence (37) appears to be the 
most complete and to give the most detail. The results 
of this study are used in the following sections wherever 
references to a uniform liquid phase composition are 
appropriate.

Fig. 10 is a reproduction of one of Lawrence’s 
plots of liquid phase composition, up to about 16 
hours, for a cement paste having a water-cement ratio 
of 1.0. This figure displays most of the features 
relevant to the present discussion. After the initial 
contact with the cement, the liquid phase has high 
lime and sulfate concentrations. The alkalies of the 
cement are released gradually. The lime concentra
tion passes through a maximum, which is accom
panied by a drop in sulfate concentration. This se
quence is accompanied by an increase in the alkalinity 
(basicity). The composition then remains relatively 
constant with slow increase in alkalies until rapid 
decreases in lime and sulfate concentration occur, 
accompanied by a rise in alkalinity. The cement 
composition was not given, but the plot indicates 
that the material is undersulfated, by the present 
criterion, since sulfate depletion occurs before 18 
hours. Most of the features of the plot are included in 
the interpretation given below.

First Contact Between Cement and Water

The period of first contact between cement and 
water is a time of highly energetic reaction, as evi-

Fig. 10. Composition of the liquid phase during early hydration 
reactions of a cement at 25°C (from Reference 37). '



denced by the rate of heat evolution. It is to be ex
pected that solution compositions and temperatures 
vary widely over the entire body of liquid during this 
brief period and that the highest concentrations and 
temperatures occur in the liquid layer closest to the 
cement particles. It is therefore not surprising that 
considerable uncertainty has existed regarding the 
first alumina-containing phase to be precipitated.

Under an assumption of localized approaches to 
equilibrium, it is perfectly possible for a variety of 
immediate hydration products to form. The solid 
product would merely depend upon the local tempera
ture and the local concentrations of lime, sulfate, 
silica, alumina, and alkali existing at the surface of 
the hydrating cement particle. This expected variety 
has in fact actually been observed in an electron 
microscope study of the products of brief periods of 
hydration (29). By means of a replica technique, 
various products formed after as brief a hydration 
period as 30 seconds have been observed. Rods of 
ettringite, plates of calcium aluminate hydrates 
probably containing various amounts of sulfate, and 
cubic crystals of hydrogarnet were observed against 
a background of gel, as might be expected from local 
variations in alumina and sulfate ion concentrations.

Dormant Phase

After the immediate reactions the liquid phase is 
supersaturated with calcium hydroxide and saturated 
with calcium sulfate. Alkalies are also present. Unfor
tunately, values for the alumina content of the liquid 
phase during that period are not available but are 
known to be very low. Relative to the components 
shown in Fig. 7, or its analogue at low alkali con
centrations (41), the solution composition could be 
represented along a metastable extension of the bound
ary EF toward G. This point could not lie on the 
boundary FG, since this position would imply the 
presence of calcium hydroxide as a solid phase. Along 
the boundary EF, the solid phases are calcium sulfate 
and ettringite, as in the present case. During the 
period before the crystallization of calcium hydroxide, 
when the rate of heat evolution is very low, the alu
mina, which is already dissolving from the tricalcium 
aluminate, reacts with the calcium sulfate in solution 
to produce the solid ettringite. Thus, as shown for the 
first six hours in Fig. 10, the solution composition 
remains relatively constant except for changes in 
calcium hydroxide supersaturation as represented 
along the prolongation of the boundary EF in Fig. 7. 
The increase in supersaturation tends to decrease the 
sulfate concentration because of the common ion 

effect, as shown in Fig. 10 for the initial hour. The 
alkalinity remains quite constant during the period 
because the alkali released from the cement reacts 
with the calcium sulfate to form calcium hydroxide 
(42):

2KOH + CaSO4 Ca(OH)2 + K2SO4 (1)

Since the alumina concentration at F is very small, 
and is probably decreased by the increase in lime, the 
metastable extension of EF must be almost parallel to 
the (CaO)3-(CaSO3)3 axis and probably turns slightly 
toward that axis. The effect of the release of alkalies 
on alumina concentration has not been measured 
directly, but can be estimated from the phase equilib
rium studies, which indicate that the alumina con
centration at point F in Fig. 7 is decreased in the 
presence of alkalies.

So far nothing has been said about the silicates. 
It has been indicated, however, that the liquid phase 
rapidly becomes supersaturated in lime. This calcium 
hydroxide must result primarily from the reaction 
of water with the alite phase. The crystallization of 
Ca(OH)2 from this solution usually initiates the 
setting process.

Reactions at the Time of Set

The formation of crystalline calcium hydroxide is 
accompanied by a great increase in the rate of cement 
hydration. The alite phase hydrates rapidly with 
considerable heat evolution and deposition of calcium 
silicate hydrate gel. In view of the high sulfate and low 
alumina concentrations in solution at this time, it is 
to be expected that the gel formed contains appreci
able sulfate. This composition has been verified for 
C3S hydration by Celani and coworkers (38), who used 
their results to verify that the gel was the location of 
“missing” sulfate, as postulated by Kalousek (43) in 
a very careful study of the early hydration reactions 
by differential thermal analysis.

The phase equilibrium diagram of Fig. 7 indicates 
that the precipitation of the Ca(OH)2 should produce 
a decrease in calcium ion concentration and a cor
responding increase in sulfate ion in solution. Fig. 10 
does not show this effect because the gypsum becomes 
depleted during this period. Other data of Lawrence 
do, however, show the anticipated result. The system 
moves from the metastable state to point F and remains 
there as long as the three solid phases, ettringite, 
calcium hydroxide, and gypsum are present in the 
system.

A discussion of the variation of the lime to silica 
ratio in the gel during early hydration can be found in 



another paper in the present symposium (44).

Hydration of the Aluminate and Ferrite Phases

For a cement of the type being considered, the 
solid gypsum in the cement-water system becomes 
depleted between 18 and 24 hours after initial contact 
of the cement with water. This period is marked by 
a final rise in the rate of heat evolution. The reactions 
that occur at this time have again proved to corre
spond to expectations arising from phase equilibrium 
studies.

When the solid gypsum is no longer present, the 
requirements for point F in Fig. 7 are no longer 
satisfied. The sulfate ion concentration in solution 
drops as this ion continues to react with the trical
cium aluminate, which is still slowly dissolving to 
produce a further crystallization of ettringite. The 
loss of sulfate from solution is accompanied by the 
reverse reaction of Eq. (1) and a consequent rise in 
alkalinity, as shown in Fig. 10 for the period after 6 
hours. The solution composition moves from point 
F toward point M in Fig. 8, the invariant point at 
which the three solids calcium hydroxide, ettringite, 
and the monosulfate can coexist. When the sulfate 
concentration at point M is reached, the monosulfate 
begins to precipitate.

X-ray diffraction and Mössbauer studies have 
produced evidence that the rapid hydration of C3A 
is accompanied by rapid hydration of the ferrite phase 
at this point. Although the delay of the ferrite hydra
tion in the cement studied by Wittmann appears 
lengthy, the result is understandable because the 
composition indicates that the cement may be “over
sulfated”. As already indicated, the reaction product of 
the ferrite appears to be the low sulfate form of cal
cium sulfoaluminoferrite hydrate. During this period, 
therefore, the ettringite reacts with C3A and C4AF to 
produce monosulfate and the complex ferrite hydrate. 
Lawrence (37) has observed that the sulfate concent
ration at this transition point is higher when there is a 
higher alkali concentration. ■

Although the precise mechanism for the high rate 
of reaction at point M in Fig. 8 is unknown, it appears 
possible that the decreased sulfate concentration causes 
a rapid solution of ettringite and a high reactivity of 
the C4AF and the remaining C3A phases. This expla
nation provides a mechanism that is completely analo
gous to the observed increase in rate of alite hydration 
as the lime supersaturation decreases at the time of 
setting. It is assumed here that the process involves a 
dissolution of the ettringite, and of the anhydrous 
aluminate and ferrite phases followed by a reaction 

in the liquid phase to produce the solid low-sulfated 
products. The rapid increase in reactivity of the 
anhydrous phases can be attributed to dissolution of 
an ettringite coating on the tricalcium aluminate. No 
explanation has yet been found for the absence of any 
very early hydration product for the ferrite phase of 
the cement studied by Wittmann.

The Wittmann results thus indicate that the sulfate 
is preferentially taken up by the aluminoferrite rather 
than by the aluminate. The absence of any iron- 
containing phase other than the sulfoaluminoferrite 
indicates that the equilibrium concentration of sulfate 
from this phase must be less than that for the cor
responding aluminate phase at point M in Fig. 8. 
The rate of ferrite hydration must be controlled by 
some factor other than solution concentration, since 
the hydration is much slower than the rate of solution 
of the ettringite.

Electron microscope evidence indicates that some 
hydrogarnet phase forms during this period (45). 
No good explanation exists for this phenomenon, 
other than that widely varying local solution concent
rations during the rapid reaction may be the cause.

Finally, after the ettringite is depleted, the sulfate 
ion concentration again decreases. The remaining C3A 
and C4AF react with the monosulfate to give the 
lowest sulfate form of calcium sulfohydroxyaluminate 
hydrate and the calcium sulfoaluminoferrite hydrate; 
part of the alumina also goes into the gel. The system 
moves along the line MV in Fig. 8 to the invariant 
point involving the lowest sulfate solid solution. This 
stage of the hydration is not attained by the cements 
with low C3A contents. Thus, the final products from 
hydration of the C3A and C4AF phases in these 
cements are the calcium monosulfoaluminoferrite hy
drate, the monosulfate, and ettringite; a portion of 
the C4AF apparently remains unhydrated indefinitely.

The continued hydration of the remaining calcium 
silicates and the C4AF result in the ultimate hydration 
products discussed earlier.

Gel Composition

Few direct measurements are available on the extent 
of substitution by other cement constituents in the 
calcium silicate hydrate gel formed during cement 
hydration at ordinary temperatures and at the water
cement ratios found in concrete. The type and degree 
of substitution must depend both on the composition 
of the liquid phase and on the rate of the process.

At equilibrium, a given gel composition must be 
in contact with a liquid phase of definite composition. 
From the known variations in the liquid phase and 



from the information available regarding the stoichio
metry of the hydration process during the early hydra
tion reactions, as already described, it is possible to 
survey the type of variations in gel composition that 
can occur.

With respect to the alkalies, the results of Powers 
and Steinour (23) and the original work already 
described indicate the orders of magnitude to be ex
pected. The liquid phase compositions obtained by 
Lawrence (37) indicate the variations in the alkali 
concentrations that occur during the hydration 
process. The actual alkali content of the gel depends 
primarily on the rate of substitution, which appears 
to be slow.

The available Mössbauer spectrometer results indi
cate the degree of iron substitution to be very small.

For a discussion of the degree of substitution by 
alumina and sulfate ion, it is convenient to consider 
the variations in solution composition shown in Figs. 
7 and 8. These variations have been plotted schemati
cally in Fig. 11. For the cement-water phase equilibria, 
the values obtained for the CaO-Al2O3-SO3-H2O 
system must be modified by the presence of alkalies, 
ferric oxide, and silica. The numbers in Fig. 11 there
fore represent only orders of magnitude and are based 
on exploratory tests below the level of saturation of 
calcium silicate hydrate gel by the substituents (45).

For each point on the curve of Fig. 11, there must 
correspond an equilibrium gel of definite composition 
in the presence of calcium hydroxide as an additional 
solid phase.

The points of interest are labeled to conform with 
the corresponding points in Figs. 7 and 8, which 
represent the corresponding silica-free system. Thus 
point B represents the concentration of SO3 in the 
liquid phase in contact with calcium sulfate, calcium 
hydroxide, and gel saturated with SO3, similar to that 
described in reference 21. Point F represents the 
alumina concentration necessary to initiate precipita
tion of ettringite. Point M represents an invariant 
point where the solid phases are Ca(OH)2, the mono- 
sulfoaluminoferrite, ettringite, and the gel. This point 
has been approximated in original experiments with 
the iron-free system in which C3S was hydrated in 
the presence of about 40 percent of its weight of 
calcium monosulfoaluminate hydrate. Ettringite was 
formed during the hydration; its proportion increased 
with the degree of C3S hydration. Evidently, the gel
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Fig. 11. Schematic phase diagram of the variation in liquid 
phase composition during cement hydration.

at this equilibrium point contains more A12O3 than 
SO3 on a molar basis. The portion of the curve to the 
right of M then represents those compositions higher 
in alumina where the solid phases are, successively, 
the monosulfate, the solid solution sulfohydroxyalu
minate, and finally, C4AH19. Point V would then 
represent a sulfate-free system in which the solid 
phases are Ca(OH)2, C4AH19 or C3AH6, and an 
alumina-saturated gel similar to that described in 
reference 21. .

Good experimental evidence exists to indicate that 
shifts in gel composition during cement hydration are 
sufficiently rapid to attain or at least closely approach 
equilibrium. The high sulfate content of the gel at 
point F has been observed (38, 43). No crystalline 
alumina-containing phase free of sulfate, such as C3AH6 
or C4AH19 has been observed as the hydration pro
ceeds from F through M toward V. This fact, together 
with the high alumina content of the gel at ultimate 
hydration indicates that the alumina must be absorbed 
by the gel rapidly during the hydration of the C3A 
and C4AF remaining at point M after the gypsum has 
become depleted. Presumably, there is a simulta
neous release of SO3 from the gel during this period 
to participate in the formation of the calcium sulfoalu- 
minoferrite hydrate. . 

Conclusion

No attempt will be made here to summarize the various equilibria that have been described. It is of



interest, however, that the major features of cement
water phase equilibria can be condensed into a diagram 
of the type shown in Fig. 11. A series of curves for 
various alkali contents on such a plot would represent 
the appropriate small portion of the seven-component 
system CaO-SiO2-Al2O3-Na2O-K2O SO3-H2O. The 
calcium silicate hydrate gel and calcium hydroxide are 
always present as solid phases. There must be definite

equilibrium values for the lime and silica in solution 
at each point of the curves for alkali content. The gel 
composition should vary in accordance with the 
equilibrium liquid phase. Other solid phases are 
associated with the various ranges of solution 
composition. By the use of a third dimension, the 
effect of Fe2O3 content could be represented as 
well. ;
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Oral Discussion

Shunro Ueda and Renichi Kondo

The effect of the addition of the seed crystals on the 
rate and mechanism of cement hydration was men
tioned in your paper and also briefly in our principal 
paper. In your case, the reaction may be promoted 

and the physical properties of the paste are remarkably 
changed. It seems that not only the formation of the 
outer product but also that of the inner product are 
affected considerably. Especially when the composition 
of the seed crystal is similar to that of the hydrate, the 
transformation of the ordinary hydrate into the stable 
hydrate may occur easily because the migration of 
atoms is not needed during the transformation.

Whether the additive acts as a seed or as a catalizer 
may be determined by the identification of the product.



Oral Discussion

Heinrich zur Strassen

The authors as well as Dr. Roberts (1) confirm their 
former results that the low-carbonate phase with a 
basal spacing of 8.2 Ä is only a semicarbonate. Some 
years ago, we were of the opinion that the low-car
bonate phase would be a quarter carbonate (2), but 
now we have found, as explained in our Written 
Discussion (3) to the Principal Paper No. II-2 that 
there exists a solid-solution range between semicar
bonate and quarter carbonate.

The solid solution is not easily to be detected 
because all compositions have the same basal distance 
of 8.2 Ä. The most convincing experiment is reaction 
4 in Table 2 of the Written Discussion: Quarter car
bonate free from rests of tetracalcium aluminate 
hydrate is prepared and controlled by X-rays (Fig. 
1)1 .

This substance is shaken together with monocar
bonate in the molar ratio 2 to 1 in aqueous suspen
sion. After one week, the monocarbonate has disap
peared completely whereas the remaining reflections 
which now must belong to the semicarbonate phase 
have not changed their position.

The disappearance of monocarbonate would be 
impossible if there would exist only a single phase of 
lower CO2 content than the monocarbonate phase, 
either a quarter carbonate as we thought before, or a 
semicarbonate as the other authors believe.
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Authors’ Closure

Paul Seligamann and Nathan R. Greening

Dr. zur Strassen has not indicated the temperature 
at which his tests were made. It will be recalled that 

our tests were made at 40°F to avoid formation of the 
cubic phase, C3AH6. At room temperature, the cubic 
phase does indeed form, but its presence is manifested 
by only a very weak X-ray diffraction pattern in 
comparison with that of the calcium hemicarbonate 
hydrate. This pattern is very easily overlooked. The 
tetracalcium aluminate hydrate, on the other hand. 



has a pattern with an intensity comparable with that 
of the carbonated phase.

We have made tests of the type described by Dr. zur 
Strassen both at room temperature (73 °F) and at 
40°F. The results confirm our original conclusion. 
Room temperature mixes with a molar CO2/A12O3 
ratio between 0.25 and 0.5 show little beside the 
hemicarbonate pattern; cooling to 40°F, however, 
reveals the true situation as the cubic hydrate converts 
to the hexagonal and the intense lines of the latter 
phase appear. We have no reason to expect that the 
formation of the C4AH19 pattern is accompanied by 
any shift in the binding of the carbonate in the mix. 

since there is no change in the intensity of the hemi
carbonate pattern.

In response to the discussion by Mr. Ueda and 
Dr. Kondo, the paper perhaps did not make suffici
ently clear that the pastes whose properties were 
reported in Figs. 5 and 6 and Table 3 were examined 
by diffraction and found to contain crystalline afwillite 
rather than the gel obtained without nucleation. The 
properties are thus attributable to the change in paste 
structure rather than to the changed reaction rate, 
which itself appears characteristic of the trans
formation to the afwillite rather than the gel.
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Synopsis

This paper deals with the results obtained by the authors as well as by reviewing related 
literatures which appeared mainly during 1960 to 1967 in order to provide the present, 
advanced knowledge on the kinetics and the mechanisms of hydration of cements.

The accuracy of conduction calorimetry and quantitative X-ray diffractometry among 
methods for the estimation of the degree of hydration have been greatly improved and they 
are being widely used. While the measurements on the surface electron diffraction and the 
pore size distribution are still under development, they are already providing useful informa
tion. Interesting results can also be expected by the application of electron microscope either 
with electron microprobe analyzer attached or of the scanning type.

Such chemical properties as hydraulic, latent hydraulic and pozzolanic of cement com
ponents as well as the reaction with additives are compared and discussed. An attempt was 
made to explain the concepts of the so-called topo-chemical and through solution. Important 
factors which are dealt with are the fineness of cement, the water cement ratio and the curing 
temperature.

Since the rate of hydration is closely related with the properties of the hydrates, it is 
necessary to study the concentration and constitution of the liquid phase, nucleation and 
crystal growth, the composition and morphology of hydrates, the pore structure, and per
meability and diffusion.

As the rate and mechanism of hydration vary, in general, with the progress of reaction, 
it is divided into 5 stages and each of these are discussed in detail with reference to the 
hydration of tricalcium silicate as an example. Some comments are made on the rate equa
tions of the solid state reaction which appeared previously and an equation which explains 
the rate of the whole hydration process is derived in consideration of the above mentioned 
complexity in the process.

Introduction

As most inorganic cements harden by the hydra
tion reaction, investigations concerning the rate and 
mechanism of their reaction not only have scientific 
interest but also practical importance. In this paper 
chiefly the hydration of pure substances will be dealt 
with to elucidate fundamentally the rate and mech
anism of their reactions. Problems such as the hydra
tion of actual cement or the rate and mechanism of the

development of strength are not described in this 
paper. These problems will be explained by the other 
authors in this Symposium. -

Most researches up to 1960 have been presented at 
the Washington Symposium. Particularly the stoichio
metry, kinetics and energetics of the hydration of 
portland cement have been described by Copeland, 
Kantro and Verbeck (1). Accordingly fundamental 
researches concerning subjects reported from 1960 
to 1967 will be reviewed in this paper, together with 
some results obtained by authors. The contents of this 
paper are under the following headings:



Determination of the degree of hydration
Reactivities of cement components and types of 

reaction
Several factors concerned with the rate of hydration

Properties of hydrates concerned with the rate of 
hydration

Relation between the rates and mechanisms of 
hydration

Determination of the Degree of Hydration

The degree of the hydration of cement components 
is measured by various methods. The degree of hydra
tion is usually shown by the amount of residual reac
tant as the compositions and the crystallinities of 
hydrates change widely with the progress of the reac
tion. We can measure the amount by X-ray diffrac
tometry and optical observation but there are still 
problems concerned with the accuracy. The former is 
more hopeful than the latter.

The determinations of the amount of non-evapor- 
able water and free Ca(OH)2, and also the measure
ments of the electric conductivity, the heat of hydra
tion and the strength conveniently give the relative 
values for the degree of hydration with rather good 
reproducibility.

Differential thermal analysis, thermo-gravimetric 
analysis, differential thermo-gravimetry, infra-red 
absorption, electron microscopic observation, and 
selected-area electron diffraction are frequently used 
for studying the hydration mechanism.

Besides the phase-contrast microscope, the recently- 
developed electron microprobe analyzer and scanning 
electron microscope will find use in the near future. 
Ueda, Hashimoto and Kondo (2) applied the method 
of surface electron diffraction to the study on the hydra
tion process.

The characteristics and the problems involved in 
the methods commonly used with respect to the rate 
and the mechanism of hydration are discussed.

X-ray Diffractometry

The measurement of quantities of unhydrated 
reactants using X-ray diffractometry have been 
attempted as a useful method for determining the 
degree of hydration since the development of X-ray 
diffractometer. The reliability of this analysis has been 
remarkably improved recently. The large error by this 
analysis is due to the difference in the distortion and 
the fineness of powder. When the unhydrated particle 
is enveloped by the hydrates, the reproducibility is 
especially reduced. The accuracy is improved by analy
sis with the digital computer.

The following two methods are generally used in 
quantitative X-ray analysis. Seligmann and Greening 

modified X-ray sample holder to provide control of the 
temperature of the sample and the humidity and com
position of the ambient atmosphere surrounding the 
sample, and studied the reaction occurring in a mix
ture of tricalcium aluminate, calcium hydroxide, 
gypsum and water (3), and the dehydration reactions 
of calcium aluminate hydrates (4). Angstadt and Hur
ley observed that the hydration rate of the alite in 
portland cement paste reaches the maximum after 7 
hours in the case of the internal standard method, 
whereas it is reached slightly faster in the hydration 
of neat paste on X-ray goniometer (5)(6). Tsumura 
and Kawachi (7) and Tsumura (8) determined the 
hydration rate of each clinker mineral in paste form 
by a similar method. The operation of this direct 
method is very easy but it has some defects such as the 
preferential deposition of hydrates on the surface 
of the film, the appearance of a large halo by film 
and hydrated layer, and the amount of unhydrated 
reactant is apt to be estimated lower than the real 
amount.

The most common quantitative X-ray diffraction 
analysis is the internal standard method. In this me
thod, the effect of mass absorption coefficient can be 
neglected theoretically, however Smolczyk (9) pointed 
out that the correct application of mass absorption 
coefficient must be considered in actual experiments. 
The calibration curves of alite, Ca(OH)2 and ettrin
gite were obtained by Smolczyk (10) after the theore
tical correction for loss on ignition of hydrates has 
been made since the presence of H2O and CO2 
decreases the diffraction intensity. The curves of alite 
and Ca(OH)2 are in accordance with the theory, but 
a large error still exists in that of ettringite. The 
results of the progress of hydration determined by 
X-ray diffractometry are shown in Fig. 1.

In the estimation of the degree of hydration using 
X-ray diffractometry, it is necessary to calibrate the 
presence of poor-crystalline hydrates particularly 
at the early stage and the formation of products on 
the surface of unhydrated grain in order to obtain 
better accuracy. The diffraction lines 20 =41° and 
43° CuKa were selected for C3S (tricalcium silicate) 
and MgO as the internal standard respectively in the 
estimation of the degree of hydration of C3S by the



Fig. 1. Rate of hydration of cement composing minerals by 
quantitative X-ray analysis. .
C3S is hydrated at 25°C.

*ß-CiS, C3A and C4AF are measured by direct method.
After Tsumura and Kawachi (7) and Tsumura (8).

**Bottle hydration of aluminous cement with W7jC=4.0.
After Sakurai, Ueda, Hashimoto and Fukunaga (120).

authors. It is necessary to repeat measurements 12 
times in order to obtain a mean value with an accuracy 
as high as 2g- = 4 %.

Calorimetry

The heat-of-solution, the adiabatic and the conduc
tion calorimeters are used for the measurement of the 
heat of hydration. In the measurement by the heat- 
of-solution continuous result of hydration heat cannot 
be obtained, but it is possible to accurately measure 
the heat of hydration of the sample curing for a long 
time. Continuous curve of temperature change can be 
obtained with the adiabatic calorimeter but it is not 
suitable for obtaining the heat change for long time 
and it has the defect of change in curing temperature 
due to heat liberation. The conduction calorimeter 
which was adopted by Lerch (11) is most suitable as 

heat can be obtained continuously at almost constant 
cured temperature and in addition, it is self-recording. 
This type of calorimeter has been made smaller by 
Danielson (12), Stein (13), and Monfore and Ost 
(14), and also it has made possible the measurement 
of several grams of synthesized sample. '

The conduction calorimeter expresses differentially 
the relation between the heat liberation and the curing 
time. *

q-oST+H,*®.

where q is the heat flows into the container per unit 
time dt, a is the coefficient of heat transfer, AT is 
the temperature difference between the container and 
an isothermal body with a large heat capacity, and 
He{t is the effective heat capacity of the sample, 
container and heat conductor. The temperature change 
of the isothermal body shifts the base line, however.
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Fig. 2. Change in content of non-evaporable water per original 
C3S with progress of hydration

the isothermal body and container are coupled by 
relatively good heat conductor in a conduction calo
rimeter. In order to remove this defect the twin-type 
conduction calorimeter has been "developed and 
widely used, in which two of the same kind of calorim
eter are differentially connected to offset the various 
heat changes. The hydration rate and mechanism by 
the results of heat liberation will be discussed later in 
detail.

The same reaction is not carried out from the early 
stage to the later stage in the hydration of cement, 
and particularly at the early stage unstable products 
are formed to liberate low heat of hydration compared 
with the degree of hydration. Accordingly, the abso
lute value of the degree of hydration reaction cannot 
be determined by the heat evolution as in the case of 
the amount of free Ca(OH)2 and the thermo-gravi
metric result. However, the results of calorimetry 
indicate a parallel tendency with the degree of hydra
tion reaction obtained by X-ray diffractometry. It 
is convenient to study the effect of the factors on the 
rate of hydration as the relative value of the degree 
of hydration can be obtained with high sensitivity 
especially at early stage.

Chemical Analysis

The quantity of the non-evaporable water of 
hydrated sample depends on the drying conditions. 
Copeland and Hayes (15) revised the evacuated drying 

method at the temperature of dry ice (—79°C). They 
asserted that the time to reach an end point is usually 
shorter, and that the partial pressure of water vapor 
can be maintained constant in 0.5 X IO-3 mmHg 
with great ease, and that the obtained value is more 
nearly equal to the chemically combined water. How
ever it must be considered that most of the combined 
water in some aluminate hydrates, ettringite and 
gypsum is lost under this condition.

The amount of the non-evaporable water in cement 
paste, as is shown in Fig. 2, increases with the curing 
time to give a similar result as the curve of the reduc
tion of reactant. But the former result does not coin
cide exactly with the latter, as the stoichiometry of 
products is indefinite at the early stage of hydration. 
Kondo, Ueda and Kodama (16) showed that the molar 
H2O/SiO2 and CaO/SiO2 ratios of calcium silicate 
hydrate changed very irregularly within 24 hours.

The amount of free Ca(OH)2 is determined by the 
Lerch-Bogue method (17), Franke method (18), 
X-ray diffractometry and thermal measurement me
thod. Yamaguchi, Takemoto, Uchikawa and Takagi 
(19) pointed out that in Lerch-Bogue method a 
small part of the lime was removed from the hydrate 
due to heating of the sample for a long time, whereas 
a single extraction by the Franke method did not come 
even close to removing all the free Ca(OH)2. Brunauer 
and Greenberg (20) described that the free Ca(OH)2 
could be accurately determined by modified Franke 
method characterized by multiple extraction. In our
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Fig. 3. Change in content of free Ca(OH)z per original C3S 
with progress of hydration

laboratory we adopted the modified multiple extrac
tion method and obtained the results of Fig. 3. One 
of the reasons for the different compositions of cal
cium silicate hydrate given by the different investi
gators may be attributed to the difference in the experi
mental condition.

Chemical analysis and the measurement of electric 
conductivity of the liquid phase with the progress of 
reaction are frequently carried out. The concentration 
and constitution of liquid phase has indispensable 
effect on the nucleation and crystal growth of the 
hydration product.

Surface Area and Pore Size Distribution

The multiple adsorption theory has been applied 
to the measurement of surface area as the BET me
thod (21). Not only the surface area, but also the pore 
size distribution and the shape of the open pore of 
hardened cement paste can be determined by the 
measurement of adsorption and desorption isotherms. 
A greater part of the surface area of hardened sample 
is due to the poor crystalline C-S-H gel. There have 
been many discussions on the adsorbate used and the 
surface area of calcium silicate hydrate in water vapor 

is from 2 to 3 times that in nitrogen gas. Regarding 
this matter, Kalousek (22) pointed out that the smaller 
size of water molecule enabled it to penetrate into pore 
spaces which were inaccessible to the large nitrogen 
molecules. However the pore size distribution cal
culated from nitrogen adsorption by Eipeltauer, 
Schilcher and Czernin (23) indicates that there are no 
pores of less than d — 16 A. This value is larger than 
the size of nitrogen molecule, so they proposed that 
nitrogen adsorption showed the true surface area, as 
persorption phenomena is caused by water vapor 
adsorption such as is seen in zeolite. On the other 
hand Brunauer, Kantro and Weise (24) pointed out 
that nitrogen adsorption did not measure the true 
surface area because of leading to negative surface 
energy value in C-S-H gel. '

The differences of surface area due to the difference 
in water cement ratio, according to Hunt (25), are 
small at 1 day but become very large as hydration 
proceeds. Besides, Mikhail and Selim (26) showed that 
water vapor always gave larger areas than the other 
gases of larger molecule, and gases of moderate mole
cules, such as nitrogen and methanol, resulted in 
different values of surface area depending on the 
difference in water cement ratio as shown in Fig. 4.



Fig. 4. Variation with water cement ratio of surface area 
available to the different adsorbates. After Mikhail and 
Seiimifö)

The quantity of nitrogen adsorption, according to 
Kondo, Ueda and Kodama (16), has a maximum value 
at first .and then reaches a minimum value at the early 
stage and thereafter increases gradually, as is shown 
in Fig. 5. That is, it is possible to discuss the crystal
linities and the changes of the related properties of 
hydrated products from the result of adsorption. 
However, the degree of hydration is not so closely 
related with the surface area.

The pore size distribution of porous material such 
as hardened cement paste is measured by adsorption, 
mercury penetration, fluid permeation, back diffusion, 
electron microscope, selective adsorption and so on.

In the mercury penetration method the pore size 
distribution is calculated, on the assumption that the 
shape of the pore is cylindrical. However the pore 
radius measured by this method is smaller than the 
true value as the size of the neck of the capillary is 
measured. Particularly this error appears in case of 
sample in large lump form.

In the mercury pressure method all the pores in 
the gel cannot be measured owing to the difficulty of 
the high pressure technique and the minimum radius 
to be determined is 15 Ä. On the contrary in the 
adsorption method the pores between several hundred 
Ä and 10 Ä in diameter can be measured. In calcula
tion of the pore size distribution from adsorption 
data, the Cranston-Inkley method (27), which assumes 
the pore as a cylindrical capillary is widely used for 
instance, by Eipelatuer, Schilcher and Czernin (23). 
The Innes method (28) used by Hunt (25) assumes that 
the pores are in parallel plates.

Electron Microscope

A high resolution electron microscope is effective

Fig. 5. Change in specific surface area of hydrated CjS 
(r = 2 ~ 5p) with progress of hydration. (.WjC = 1.0, at 25° C)

Fig. 6. An example of chemical analysis by electron microprobe 
analyzer attached to an electron microscope

for the study of hydrate because of its low crystal
linities. The morphologies of hydrates have been 
clarified considerably by Grudemo (29) (30) who 
published many results obtained with the electron 
microscope. As the electron beam has a much larger



Fig. 7. Textures at broken surface examined by a scanning 
electron microscope, (a), (b): sand-lime brick by G. Sudoh, 
(c)~(f): surface state of C3S powder in hydration with 
W]C = 0.5 by Kondo, Daimon and Ueda(55)



sectional area of adsorption and scattering amplitude 
than X-ray and neutron beams, it provides sufficiently 
strong diffraction pattern so that measurement even 
in thin crystal is possible while it can pass about 
1000 Ä of the thickness of crystal without disappear
ance of coherency.

Direct observation and diffraction of fine crystal 
are obtained by the suspension method but the 
observation of the surface of hydrated particle is also 
important for the study of the hydration of cement. 
However, there are many problems when observing 
the particle boundary and distinguishing the figure 
by two step replica method. The character of the 
evaporation film of carbon has been applied in the 
one step replica method and this is being studied 
(31). It is considered that this method is suitable for 
study to distinguish the reactivities of various crystal 
surfaces in hydration.

The microtome technique is useful instead of the 
single crystal experiment as it is difficult to obtain 
in hydration. The preparation of ruby or diamond 

knife and the embedding method are being studied 
(32). Application of high voltage electron microscope 
is also interesting.

The method of using surface electron diffraction 
was used by Ueda, Hashimoto and Kondo (2) for the 
study of the state of the cement particle at the induc
tion period which was only assumed in the past.

The recently developed electron microscope with 
electron microprobe analyzer may also assist the 
study of hydration. It becomes possible by this to 
identify the chemical composition, with the excep
tion of observation of the figure and the diffraction 
pattern. As an example, the result obtained on 
hydrated C3S particle is shown in Fig. 6.

On the other hand the scanning electron microscope 
which was recently developed in England and Japan 
has a deep focal length and this is useful for direct 
observation of the surface of sample. The broken 
plane of the sand lime brick treated in an autoclave 
as well as the surface state of the C3S particle in 
hydration are shown in Fig. 7.

Reactivites of Cement Components and Types of Reaction

The hydration reaction is first of all affected by the 
natures of the reactants which possess hydraulic, 
latent hydraulic or pozzolanic reactivities. So-called 
clinker minerals have unstable crystal structure and 
low bond energy. The conditions of heat treatment and 
cooling, and the presence of minor components affect 
their crystal structure and lattice defect. Admixtures 
such as retarder and accelerator control the hydration 
rate and the properties of hardened pastes owing to 
the changes in species, morphology and volume of the 
hydrated product. There are many discussions on the 
mechanism of hydration whether it progresses by 
through solution or topochemically.

Reactivities of Hydraulic Components

Calcium silicates, calcium aluminates, calcium 
alumino-ferrites and calcium sulfates are well known 
as components which react with water to harden. 
There are components in which strontium or barium 
replaces calcium, or germanium replaces silicon. 
Some kind of phosphates, for instance A1(H2PO4)2 
and Zn(PO4)2, have also hydraulic properties.

The free energy in a certain system must be de
creased in order to carry out the hydration reaction. 
The values of AG29S per mole of CaO or MgO for 
the hydration of CaO, calcium silicates, calcium 
aluminates, calcium sulfates and lime-silica mixtures 

are given in Table 1. As can be seen in Table 1, the 
energy gains for the Ca-0 bond for these reactions 
are near the values of AH298. The low values of bond 
energy of the cement components are considered to 
be attributed to low coordination number of Ca++ 
and Al+++ ions by Brandenberger (33) and to the 
coordination with low symmetry by Bredig (34). 
According to Jeffery (35) Ca++ ion in C3S is sur
rounded by six oxygens, and five of them are in one 
hemisphere, and only one is in the other hemisphere 
whereby a large hole. C3S is therefore reactive. 
Kondo (36) studied the structure of Ca8 Al, 2O24(SO4)2 
and found that Al+++ ion was in a fourfold coordi
nation, and that Ca++ ion was surrounded asymmetri
cally by oxygen, and also found the presence of free 
SO4" ion. Accordingly this compound is reactive with 
water. Burdick and Day (37) mentioned that most 
of the aluminium ions in tricalcium aluminate were 
in fourfold coordination.

When the cement composing minerals are brought 
into contact with water, a decrease of bond energies 
is promoted and is dissolved by thermodynamic 
instability. According to Mchedlov-Petrosyan and 
Babushkin (38), calcium ion dissolves together with 
oxygen, whereas Si4+ ion hydrates in water and 
polymerizes in order to neutralize its charge and 
finally forms nuclei. The supersaturated solution 
permits crystal growth of the hydrated compound



Table 1. Heat of formation and free energy change of -various hydration reactions. 
After Mchedlov-Petrosyan and Babushkin (38) modified by Kondo.

Hydration reactions

CaO + H2O Ca(OH)2
MgO + H2O Mg(OH)2
3CaO-SiO2 + 2.17H2O —»• 2CaO.SiO9.1.17H2O + Ca(OH)2
/3-2CaO.SiO2 + 1.17H2O 2CaO SfO2.1.17H2O
7-2CaO.SiO2 + L17H2O -> 2CaO SiO2.1.17H2O
^-CaO.SiO2 + 0.585H2O-> l/2(2CaO SiO2.1.17H2O) + l/2SiO2 
5Ca(OH)2 + 6SiO2(quartz) + 0.5H2O -> 5CaO.6SiO2.5.5H2O 
5Ca(OH)2 + 6SiO2(silica glass) + 0.5H2O —* 5CaO«6SiO2-5.5H2O 
3CaO.Al2O3 + 6H2O-> 3CaO.Al2O3-6H2O
12CaO-7Al2O3 + 48H2O -> 3(4CaO- A12O3.12H2O) + 8AJ(OH)3 
CaO. A12O3 + 4H2O -*  1 /2(2CaO. A1«,O3.5H2O) + A1(OH)3 
CaSO4.1/2H2O + 1.5H2O -*  CaSO4.2H2O
CaSO4 4- 2H2O ->■ CaSO4.2H2O

AH29g 
(kcal/mole CaO)

AG2g8 
(kcal/mole CaO)

-15.60 -13.21
- 8.84 - 6.45
- 8.17 - 6.23
- 3.40 - 0.86
- 2.90 - 0.36
+ 3.47 + 4.89
- 7.32 - 4.67
-10.80 - 8.47
-23.03 -18.67
-19.07 — 16.60
-17.77
- 4.61 - 1.32
- 4.00 - 0.25

with higher Ca-O bond energy and low solubility.
Compared with many cement composing minerals, 

the reactivity of the reactant with high lime content 
is generally high because of the decrease in free 
energy or the increase in bond energy gain. The hydra
tion rate of such a reactant is accelerated due to dif
ference in concentration between the reactant interface 
and the surrounding liquid becoming larger. Com
pared with silicates, aluminates are generally high in 
reactivity and have rapid hydration rate due to high 
solubilities of both the unhydrate and hydrate, and 
also to the increase in the difference of concentration. 
However, when hydrates are formed on the surface 
of the particles of reactant to control the overall 
reaction by ion diffusion in pores, the hydration rate 
is significantly affected by the physico-chemical 
properties of hydrates. A comparison of the hydra
tion rates of the principal compounds of cement is 
shown in Fig. 1.

Next we will consider the reactivities of hydraulic 
components with approximately the same chemical 
composition. It is well known that minor components 
and conditions of heat treatment and cooling produce 
several polymorphisms of C3S and C2S. Yamaguchi, 
Shirasuka and Ota (39) found that monoclinic alite 
hydrated slightly faster, but early strength of the 
triclinic one seemed to be a little higher, in comparison 
with polymorphisms of alite with the same compo
sition. Lehmann, Traustel and Jacob (40) measured 
the heat of hydration of alites, which were prepared 
by various rates of cooling, and found that alite 
subjected to slow cooling had lower heat of hydration 
and strength than that subjected to rapid cooling. 
Ono and Soda (41) reported that crystal structure with 
high energy level caused acceleration of the hydration 
rate. -

According to Kondo (42), the hydration rate of 
C3S is accelerated if it contains SO3 and the reactivity 
of C3S with water is decreased if it contains P2O5. 

Kondo and Yoshida (43) confirmed that the alite 
which is defined as a solid solution containing A12O3 
and MgO has a higher hydration rate than pure 
C3S, and when alite or C3S contains TiO2 the reaction 
within 1 day is retarded, but the subsequent reaction 
is remarkably accelerated. It is regarded that the 
reactivity is increased because of the substitution of 
Al and Ti for Si in the structure of C3S but the retar
dation of the induction period in the C3S and alite 
containing Ti may be attributed to the difficulty of 
the growth of nuclei of more stable hydrate formed 
in the impermeable coating.

When KC23S12 and NCSA3 are compared with 
j6-C2S and C3A, according to Kryzhanovskaya, 
Mirak’yan, Shokotova and Horodnui (44) a signifi
cantly different hydration rate is not indicated.

Imperfections, stich as lattice defects and disloca
tions, play important roles in the chemical reactivities 
of solids and a surface may be considered to be a 
giant lattice defect. When particles and water are 
brought into contact, ionic species dissolve apart 
from particles. Dislocation density contributes to 
the rate of the dissolution. The formation of dislo
cation etch pits is generally attributed to enhanced 
chemical reactivity resulting from the lattice strain 
in the vicinity of edge or screw dislocations. But 
Gatos (45) indicated that dislocations could also be 
revealed at low angle boundaries where they pos
sessed no additional lattice energy, and that the lattice 
strain associated with dislocations was not of primary 
importance in determining their increased chemical 
reactivity. In certain instances surfaces with disloca
tion can become entirely inactive in the presence of 
adsorbed molecules in solution. If the surface reaction 
is the slow step the dissolution of the surface becomes 
activation-controlled, and differences in reactivity 
among surfaces with various indices (hkl) may be 
observed. However, differences in reactivity shall not 
be observed when the mass-transport is the slow



Fig. 8. Variation with reheating temperature of heat liberation 
0/C3S. (iF/C = 0.5, at 25°C)

Fig. 9. Amount of basic site of reheated C3S.

step.
Kondo, Daimon and Akiba (46) investigated the 

relationship between the amount of basic site and the 
hydration rate of C3S. The change in the amount of 
basic site in reheated C3S corresponds to that of the 
hydration rate as is seen in Figs. 8 and 9. With the 
increase in annealing temperature, C3S powder loses 
adsorbed water at about 400°C and dissociates into 
CaO and C2S at the surface and the amount of basic 
site increases rapidly at about HOO’C. If it is reheated 
above 1300°C, however, C3S is stabilized at its surface 
and the amount of basic site decreases. The surface 
which easily accepts proton or donates the electron 
pair seems to lower the hydration rate.

Through Solution and Topochemical Reactions

There are two theories about the mechanism of 
cement hydration, particularly with respect to the 
location forming hydrates. It has long been discussed 
whether it takes place by through solution or topo
chemically.

Through Rolution Seaction
The through solution theory at present is close 

to the crystallization theory of LeChatelier (47). 
According to him, the dissolution of the cement 
composing mineral takes place at first and then the 
dissolved species are hydrated in the solution. During 
this period as the hydration compounds produced 
has lower solubility than the reactants, crystallization 
is commenced in solution. _

Brunauer and Greenberg (20) proposed the fol
lowing process, if the hydration reaction is advanced 
with the through solution mechanism.

1. the hydrated ions form at the surface.
2. they diffuse away from the surface.
3. they react with each other to form C-S-H 

molecules.
4. the molecules form nuclei.
5. the nuclei grow.
6. colloidal particles precipitate and flocculate.

They practically observed that Ca(OH)2 separated 
out of the solution as relatively large particles and 
was overlaid by C-S-H gel or grew around and oc
cluded C-S-H gel, and the gel appeared to form at 
considerable distances from the grains. According 
to Richartz and Locher (48), calcium silicate hydrates 
grow from the surface of the alite and bellte particles 
into the surrounding water as large as the pore space 
allows.



Table 2. Hydration mechanism of C3S.
(fr = intermediate phase tj = inner product zo = outer product Pi = first portlandite P2 = second portlandite). 
After Terrier and Moreau (54) partly modified by Kondo, Daimon and Ueda (55).

Stage

Water

I II

Solution

III

Original particle boundary

CaO/SiÖ, ^=3 tr tr ->'

ti

C,S
C3S

Solution

IV V

Solution
Pl

Solution
Pl

t. p2 t.

t, 
CaO/SiO2 = 1.6

tj 
outside 

CaO/SiO2 = 1.6 
t, 

inside 
CaO/SiO2 = 2

C3S C3S ’

T opochemical^Reaction
A type of hydration other than through solution 

is so called topochemical reaction. According to 
Michaelis (49), when the Ca-rich silicious clinker 
mineral is brought into contact with water, Ca++ ion 
is liberated into the solution and the Ca-poor skeleton 
of crystal remains. This skeleton is swollen by the 
action of the prepared lime solution to form gel. He 
assumed that inner suction took place towards the 
interior of the cement particles.

Hansen (50) concluded that the hydrolysis of C3S 
to form hydrated silicate and Ca(OH)2 took place 
topochemically, as he could not detect a significant 
amount of SiO2 and A12O3 in the filtrate. Funk (51) 
showed by X-ray diagrams and optical observations 
that j8-C2S crystals took up H2O at 100°C and 100% 
relative humidity to form the intermediate products 
with low refractive indices, however it alters into the 
C-S-H phase with increasing water content.

Feldman, Ramachandran and Sereda (52) believed 
that the hydration of C3A in the vapor phase at 50% 
relative humidity took place and the reaction would 
proceed by a direct mechanism, because only one or 
two molecular layers of adsorbed water are present 
on the surface under these conditions and a through 
solution mechanism does not • have any meaning. 
Trojer (53), who observed the formation of the inter
mediate products of decreased refractive indices 
inside the original cement particle, considered that 
ionic species transported by lattice diffusion, i.e. 
Ca++ ion, migrated toward the outside and H+ ion 
penetrated from the liquid in order to maintain 
the electrical neutrality of the lattice. Terrier and 
Moreau (54) affirmed by optical observations that the 
hydration of a silicate proceeded topochemically and 
calcium moved from the reactant interface which 
shifted inwards gradually, through the inner product 
layer to the outside of the grain as is seen in Table 
2, which is partly modified by Kondo, Daimon 

and Ueda (55).
Hydration of plaster of Paris is generally regarded 

to take place with through solution mechanism, but 
Eipeltauer (56) observed the formation of inner 
product.

From the consideration of the specific volume and 
the pore space of hydrated gel, Taplin (57) and 
Powers (58) considered that the hydration reaction 
proceeded towards the interior of the cement particle 
to form the inner product, but simultaneously 1.2 
times the volume of the reacted part was required by 
the outer product. Accordingly the formation of inner 
and outer products in the respective stages of the 
process must be examined with consideration given 
to counter diffusion through the product layer.

Kondo, Ueda and Kodama (16) examined the 
hydration of C3S by calorimetry, quantitative X-ray 
analysis, chemical analysis of liquid phase and micro
scopic observation. In the extension of this study 
Kondo, Daimon and Ueda (55) pointed out that 
SiO2 content of the suspension of only the outer 
products exceeded SiO2 concentration of the 
extracted liquid phase and thus confirmed the existence 
of C-S-H gel other than Ca(OH)2 as the outer pro
ducts formed in solution.

However before the end of the induction period 
CaO concentration of the liquid rises rapidly to 
commence precipitation of Ca(OH)2 crystal. The 
difference in CaO concentration between the C3S 
interface and liquid increases due to the beginning of 
the precipitation of Ca(OH)2 and liberation of Ca++ 
ion becomes easier. On the other hand SiO2 concen
tration in the C3S interface of the exceedingly high 
CaO concentration decreases and the liquid phase 
remains in the saturated state. Therefore it will be
come difficult for Si4+ ion to migrate due to the small 
SiO2 concentration difference.

Kondo, Ueda and Kodama (16) have studied the 
hydration process of single particle of C3S under the 



microscope. After 8 hours the surface alters slightly, 
as can be seen in Fig. 10. The inner product which 
has a double refraction of almost zero extends toward 
the interior of the particle with the progress of 
hydration. The unhydrated part has been eliminated 
by 8 days in the case of fine particles. As shown in 
Fig. 10, the hydration seems to proceed without any 
remarkable changes in shape and size of the original 
C3S grain. The outer products which are formed out-

Fig. 10. Hydration process of single particle o/C 3 S(r = 2~5p) 
under microscope. After Kondo, Ueda and Kodama(l6)

sides the C3S particle consist of Ca(OH)2 crystals 
which are growing large and calcium silicate hydrate 
gel appears on the slide glass and the cover glass. 
With the exception of the early stage, the reaction 
proceeds topochemically, while liberating Ca++ ion 
and also keeping the original shape. Similar micro
scopic observation in the hydration of C4A3S were 
separately reported by Okushima, Kondo, Muguruma 
and Ono (59). C4A3S reacts with water to form inner 
products, while the particle expands by topochemical 
reaction when CSH2 and CH are existing.

It was also pointed out by Kondo, Ueda and 
Kodama (16) that the crystallization of the inner 
product was by no means chaotic, but proceeded 
epitaxially, from the observation of the Becke line 
around the particle whose reaction was considerably 
advanced. McConnell (60) has found similarly by a 
single-crystal X-ray technique that the ^-direction of 
the hydrated phase is oriented parallel to the c-direc- 
tion of the parent bredigite (natural a'-C2S). Such 
epitaxial crystal growth as mentioned above may have 
taken place due to the similarity between the arrange
ments of SiO4 tetrahedra in C3S and that in tober- 
morite as pointed out by Kawada and Nemoto (61).

As mentioned above, C3S is hydrated to form C-S- 
H with a definite direction without much change in 
the Si site of the original C3S. The oxygen site is 
generally not changed in the so-called topotactic 
reaction. On the other hand, the SiO4 tetrahedra 
migrates slightly to drop the energy level in the 
hydration of C3S because the original SiO4 tetrahedra 
is independent while that of the product is in chain.

A reactant which participates in mutual reaction 
and moreover has a large dissolution rate, for instance, 
gypsum in portland cement, reacts by the through 
solution mechanism. Cement components generally 
form the outer products by the through solution 
mechanism while they form the inner product topo
chemically. Topochemical reaction is characterized 
by taking place near the interface of reactant and 
includes not, only a topotactic reaction but also a 
local through solution mechanism.

Latent Hydraulic and Pozzolanic Materials

Besides the hydraulic components, calcium alumino
silicate glass such as granulated blast-furnace slag 
produces hydrates and hardens in the presence of 
activators, and also reactive silica or silicates hydrates 
and hardens by the reaction with lime.

Latent Hydraulic Materials
There ate calcium alumino-silicate glass and CaSO4



Table 3. pH of suspension with calcium aluminosilicate glass powders. After Kondo (62).

Latent hydraulic Intermediate Hydraulic

CaO 48.2 44.5 52.9 40.8 41.0 41.2 38.1 48.0 55.8 58.1 48,6 51.0 49.5 58.3
AI2O3 — 18.6 18.6 37.2 18.6 — 50.9 37.3 20.3 26.4 51.4 30.8 43.7 33.0
SiOg 51.8 36.9 28.5 22.0 33.0 44.0 11.0 14.7 23.9 15.5 — 18.2 6.8 8.7
MgO —- —- — 7.4 14.8 — — — — — — —

Mineral 
composition

CS CS 50
C2AS 50

C2S 50
CgAS 50

C2AS CaAS 50
C2MS2 50

C2MS2 C2AS 50
CA 50

C2AS C2AS C2S 44
CI2A7 39

C3A 17

c12at CjAS Ci2A7 64
CgS 19

CA 17

C3A 44
CgAj 31

C12S 25

3 min 10.0 8.4 10.2 8.5 8.4 10.1 10.5 10.2 10.8 11.9 12.0 10.9 11.7 11.5
pH 3 hr. 10.3 8.8 10.7 8.8 8.6 11.1 11.8 11.9 12.1 11.9 11.7 11.9 11.9 11.8

2d. 10.6 8.9 10.3 8.5 9.2 11.5 11.9 11.8 12.1 12.2 12.0 12.0 12.0 11.8

as materials which react with water to form hydrated 
products and to which an activator is added in order 
to accelerate their very slow reaction rate. Ortho 
silico-ethyl ester Si(OC2H5)4 is hydrolized and har
dened at a present of exciter such as acid or organic 
base.

Kondo (62) studied the hydration of calcium 
alumino-silicate glass powders in excess water and 
obtained the pH values of liquid shown in Table 3. 
Glasses with composition of above 50% CaO and 
below 20% SiO2 content have hydraulic properties 
and the pH values become more than 11~12. 
Glasses which indicate pH values lower than this 
due to their CaO contents have latent hydraulic 
properties.

Granulated blast-furnace slag is a glass whose main 
potential constituents are C2AS-C2MS2 solid solution, 
CS and C2S. Kondo (62) studied the mechanism of 
the hydration of latent hydraulic materials using 
C2AS glass to simplify the complicated composition 
of slag. Compared with C2MS2 or CS, C2AS is dif
ficult to dissolve in water. Particularly the amount 
of SiO2 and A12O3 liberated is very low when com
pared with that of CaO (Fig. 11). The dissolution 
rate of these compound is in general slightly larger 
in the glassy state than in the crystalline state.

In the suspension hydration of C2AS glass powders, 
a low permeable coating which is approximately 
ASH6 in composition and 0.2/z in thickness is formed 
on their surfaces. D’Ans and Eick (63) similarly 
reported that the surface of the slag was covered with 
acid gel by reaction with water. Fig. 12 shows that 
the suspension hydration of C2AS glass is accelerated 
by the addition of Ca(OH)2 to form the hydrate with 
approximately C3ASH5 composition because SiO2 
and particularly A12O3 are apt to be liberated and 
the solubility of hydrate also decreases under this 
condition. Nevertheless if C2AS is in a crystalline state, 
the amount of dissolution does not increase even in 
the presence of Ca(OH)2.

Fig. 11. Repeated extraction of C 2 AS glass. (5 grams of Cz AS 
per 100 c.c. of water) After Kondo(62)

Fig. 12. Solubility of C2AS glass with 2 moles of Ca(OH)z. 
(1 gram of solid per 100 c.c. of water) After Kondo(62)



CaSO4 is not an exciter in super-sulfate slag cement 
but an important reactant on account of its hydra
tion. The reaction between both reactants, however, 
is not proceeded in the absence of an alkaline exciter.

While there is no example of investigation on the 
degree of hydration of slag in the portland blast
furnace cement and super-sulfate slag.cement. The 
reason for this is that a suitable method for estimation 
of residual slag in hydrated cement paste has not 
been found. Kondo and Ohsawa (64) developed a 
method and determined the rate of hydration of slag 
in various slag cements.

Pozzolanic Materials. ,
The pozzolanic cement is a kind of blended ’cement 

and historically the oldest cement. f
In the pozzolanic cement the reactive silicas and 

silicates, which are called pozzolanic miterials, 
combine with lime at ordinary temperature' in the 
presence of water to form hydrates similar to those 
found in the hydration of portland cement. There are 
natural and artificial pozzolanic materials and their 
mineral constituents and properties have been 
reviewed by Malquori (65). Colloidal silica, opal, 
diatomite, alumino-silicate glass, zeolites, allophane, 
halloysite and metakaolin have been found to be 
reactive components. The hydration of pozzolanic 
materials containing a reactive alumina is especially 
accelerated by the addition of gypsum, besides lime. 
Quartz which has low reactivity at ordinary tempera
ture reacts with lime rapidly at a high curing tem
perature.

Halstead and Lawrence (66) and also Greenberg 
(67) examined the rate of reaction between colloidal 
silica and lime solution. It is shown that the surface 
of silica is covered with acidic silanol groups, SiOH, 
which react immediately with Ca(OH)2 in an acid
base reaction. Concentration of C-S-H is expressed 

in the solubility products as [Ca(OH)2]x [SiO2] = k, 
in which x = 1.9 and k = 3.4 (66) (68).

The pozzolanic reactivities of silica glass and quartz 
are compared at various temperatures and the results 
are mentioned later (69).

Mutual Reactions and the Effect of Admixtures

The addition of additives in cement or mixing water 
changes the rate of hydration. As additives sometimes 
a large amount of materials such as blast-furnace 
slag or pozzolan is added to the portland cement and 
occasionally a nearly inert powder of quartz or lime
stone is added. On the contrary, materials such as 
gypsum, calcium chloride and surfactants affect 
hydration reaction considerably even when a small 
amount is added. To avoid quick-setting of C3A, 
which is contained to some extent in portland cement, 
gypsum is always added.

Interaction of Silicates
The concentration of the liquid phase in paste is 

varied by the addition of admixtures. Kondo, Daimon 
and Ueda (55) examined the hydration of C3S with 
liquids supersaturated with respect to both Ca(OH)2 
and C-S-H. The fresh C3S was hydrated with this 
liquid and’then it was found that its hydration is 
extremely retarded as seen in Fig. 13 (70). Steinour 
(71) and de Jong, Stein and Stevels (72) reported 
similar results. When the surrounding liquid is in 
supersaturation, the dissolution of C3S is retarded to 
extend the induction period.

According to Kawada and Nemo to (61), the hydra
tion of C3S is accelerated when gypsum is added as 
the supersolubility with respect to Ca(OH)2 rises in 
the presence of gypsum. According to Kurczyk and 
Schwiete (73), a small amount of CaCl2 accelerates 
the hydration of C3S and the pH value of liquid 

Fig. 13. Variation with mixing liquid of heat lib'eration o/ C3S. 
(r = 2~5n, W1C = Q.5, dt 25°C)



decreases with the amount of addition. But when 
CaCl2 above 2 % is added the pH value drops to below 
12 to hinder the formation of a C-S-H gel. Stein and 
Stevels (74) reported that the hydration of C3S was 
accelerated by an autocatalytic type of reaction, as 
the addition of aerosol changed in calcium ion and 
silicate concentrations, and pH value.

Admixtures also change the composition, mor
phology and amount of hydrated products which are 
closely related to the rate of mass-transfer. According 
to Kurczyk and Schwiete (73), the addition of gypsum 
impedes the hydration of ß-C2S due to the low degree 
of crystallization of acicular product.

The rate of reaction of jS-C2S is retarded at the 
early stage in the presence of C3S but it is accelerated 
after liquid is supersaturated by the dissolution of 
C3S (75). The hydration of j9-C2S is retarded consider
ably in the presence of C12A7 (76).

Interaction of Aluminates
There are many studies on the mutual reactions of 

aluminates with admixtures such as gypsum because 
these reactions are concerned with retardation of the 
setting of portland cement and with the expansion of 
expansive cement.

According to Kondo (62), when C3A powder is 
hydrated in excess water, it dissolves stoichiometr- 
ically and the concentration of liquid indicates high 
supersolubility with respect to hydrates, which preci
pitate rapidly as shown in Fig. 14. The surface of 
C3A particle is covered with an ettringite coating 
from the beginning if gypsum is added to decrease the

dissolution rate and the A12O3 concentration of the 
liquid until gypsum is consumed as shown in Fig. 15. 
Similarly Fig. 16 shows that the hydration rate is 
kept low in the presence of Ca(OH)2. Particularly 
when gypsum and lime are added simultaneously to 
the hydration of C3A, the solubility of ettringite 
decreases further to form very small crystals and 
causes an increase in the compactness of coating. 
Therefore the hydration rate of C3A is retarded ex

Fig. 14. Solubility of C3A. (2 grams of C3A per 100 c.c. of 
water) After KondoifT)

Fig. 15. Effect of CaSO»-2H2O on solubility of C3A.
(a) C3A + 1 mole of CaSCU-jHiO
(b) C3A + 2.5 mole of CaSO4-|H2O
After Kondo(62).

Time



Fig. 16. Effect of Ca(OH)2 on solubility of Cs A. (Addition of 
1 mole o/Ca(OH)2) After Kondo(62)

Fig. 17. Effect of CaSO^-jHzO plus Ca(0H)2 on solubility 
of CgA. (Addition of 1 mole of CaSO4 jH2O and 1 mole 
o/Ca(OH)2) After Kondo(62)

tremely, and the A12O3 concentration of liquid is kept 
very low as shown in Fig. 17.

The hydration rate of C3A, according to Stein 
(77), is attributed to the degree of crystallization of 
calcium sulfoaluminate hydrate corresponding to the 
amount of additives. The formation of acicular crys
tal seems generally to have a tendency to accelerate 
hydration, however, less soluble products such as

Fig. 18. Effect of gypsum on aluminate hydration reaction with 
VEjS = 0.4. Molar proportion of reactants C3A, Ca(OH)2 
and CaSO4-2H2O; (a) 1:1: 4, (b) 1:1: E = Ettringite, 
G = Gypsum. After Verbeck(79)

ettringite retards the reaction due to its lower permea
bility.

Schwiele, Ludwig and Jäger (78) found that a layer 
of ettringite was topochemically formed around the 
C3A particles immediately after the addition of water, 
enveloping them in “hedge hog” fashion and owing to 
the formation of this layer the following reaction 
between C3A and sulfate ions was considerably re
tarded. These ions are thought to diffuse to form 
additional ettringite at the C3A interface. As long as 
the sulfate ion concentration is sufficient for an 
ettringite formation, the ettringite skin is sound or 
healed by new formation when it breaks in conse
quence of crystallization pressure. After the concentra
tion of sulfate ion is lowered by the consumption of 
gypsum a rapid reaction of the remaining C3A occurs. 



According to Verbeck (79), after the consumption of 
gypsum the conversion of ettringite to monosulfate 
hydrate commences as seen in Fig. 18. Henning and 
Danowsky (80) discussed the mechanism of hydration 
with the measurement of high frequency conductivity. 
According to them, Ca++ ion and [A1(OH)6] 
group liberate from C3A, and SO4" ion and Ca++ 
ion from gypsum. SO^- ion reacts with the C3A 
surface to form monosulfate film on it and[Al(OH)6] 
ion with the gypsum surface to form acicular trisulfate 
on it.

Tenoutasse (81) observed that the time required for 
consumption of gypsum was in square proportion to 
the amount of added gypsum and was reduced with 
increasing temperature. The hydration of C3A with 
gypsum is accelerated, if CaCl2 is added, and after the 
consumption of gypsum the reaction between C3A 
and the Cl- ions commences. He applied the kinetic 
equations conventionally but the model of reaction 
was not given.

According to Okushima, Kondo, Muguruma and 
Ono (59), hydration of C3A or C4A3S forms mono
sulfate at the interface of reactant locally even in such 
a case to form ettringite as an inner product. On the 
other hand it is difficult to form products at the surface 
of gypsum which has a large solubility and rate of 
dissolution. They also discussed the mechanism of 
hydration of expansive cement accompanying with an 
expansion which occurred in the consumption of 
mechanical energy.

Feldman and Ramachandran (82) proposed that 
the formation of ettringite did not have any direct 
role in the retardation and rather the presence of 
CaSO4 in solution decreased the reaction rate of C3A 
by sorption of SO4 ~ which affected the operation of 
surface source of dislocation. Feldman and Rama-

Several Factors Concerned

Pulverizing of cement not only makes the surface 
area of sample large but also changes the energy state 
of its surface. These variances affect the .reactivity 
with water. The water cement ratio and curing tempe
rature are the most effective factors on the hydration 
reaction. Furthermore hydration may be affected by 
vibration and ultrasonic treatment in the casting of 
paste, and by the relative humidity and the existence 
of CO2 gas during atmospheric curing. ,

Fineness of Cements

The particle size or the surface area of powder con- 

chandran (82) also found a two step reaction in which 
C3A and gypsum first formed the hexagonal hydro
aluminates immediately on contact with water, and 
then the gypsum reacted partly with the hexagonal 
hydro-aluminates to form the trisulfate hydrate.

The surfactants in general lower the water require
ment and retard the setting, however, Young (83) 
reported that C3A formed needle-like crystals at a 
presence of more than 3% of lignosulfonate. Ac
cording to Kawada and Nishiyama (84), C3A does not 
physically adsorb calcium lignosulfonate but reacts 
chemically to form a new hydration product. However, 
when the concentration of anionic calcium lignosul
fonate is low, C3S or C2S adsorbs physically to satisfy 
the Langmuir’s equation. Thus the hydration is re
tarded. The retardation mechanism was explained by 
Kasai (85) from the standpoint of the complex chem
istry whereby the structure of hydrate had been ex
plained by Forsen (86).

Stein (87) found that the hydration of C3A became 
faster as more C3AH6 was added, so that the second 
peak in the hydration of C3A is dependent upon the 
formation of C3AHS from the intermediates. He also 
stated in a later report (88) that the precipitation of 
amorphous hydrous alumina inactivated the nuclei 
of C3AH6 to stop the reaction and this effect was 
lowered in the presence of quartz because the precipi
tation occurs partially on the quartz surface. Accord
ing to Feldman, Ramachandran and Sereda (52), 
the effect of the addition of CaCO3 does not seem to 
be significant. Stein (13) reported that the addition 
of sodium carbonate accelerated the hydration of 
C3S, whereas it retarded the hydration of C3A as the 
result of the formation of 3CaO- A12O3 -CaCOj- 
11H2O.

with the Rate of Hydration

tributes to the rate of hydration and in general of solid 
state reaction and is inclusive in the kinetic constant. 
The hydration rate of the classified C3S is accelerated 
further, the finer the C3S grain, as shown in Fig. 1. 
From these data the thickness of the hydration layer 
can be calculated under an assumption in which the 
thickness of the hydration layer in C3S particle in
creases in correlation with time, without any relation 
with particle size. It is presumed that the time required 
for the reaction to be completed is about 1 year in 
particles with 8/z radii and is about 10 years in 
particles with 20/z radii.

Sylvan (89) pointed out that the specific surface



Fig. 19. t'ariMion Wille grinding time of heat liberation of C3S.
(r = 2^ 15g, W[C = 0.5, at 25°C)

wats to 86 large extern depetideirt öpou the measure of 
dispersion of the grading, whereas the hydrated 
quantity was not. The strength of the hardened cement 
paste is more closely bound up with the average value 
of the particle size and with the degree of hydration 
than with the specific surface.

Front the measurement of the amount of non- 
evaporable water, Gronau (90) proposed an equation 
to determine the degree of hydration. It was derived 
from the assumptions that the thickness of reaction 
layer did not depend on the particle size and the particle 
size of cement was in a logarithmic regular distribu
tion.

1 j*  l/ff /B »/fo <1A (•= 1

Vlitj r« J ,1V2?t
3h1 C” 1 h3 (* ” 1

t77T7ce'$1/ld15 + Je"w,'"dw

where t = \lo<ln-rlr6, u = l/<7-Zn'r/r01, v = l/<r- 
lft-rjrai, w = Xia-ln-rify), h =K0) ro is the median 
of volume distribution, <r is the variance and a is 
the degree of hydration. This equation can be solved 
by the help of the table of Gauss’ error function as 
all the right side terms are this type of function. The 
relation between a and g H2O/g cement is experimen
tally obtained.

Otherwise the surface energy of the particle changes 
with the degree of grinding. Beke and Opoczky (91) 
obtained a very fine powder by grinding of clinker 
minerals by addition of tri-ethanolamine as a grinding 
aid to avoid adhesion and aggregation. It was observed 
by X-ray diffraction that the intensity of the fine pow
der decreased with grinding time and' the width of 
peak became broad and also that split peaks became 
a single peak. They explained that the fine grinding 
of clinker mineral assisted the formation of lattice 
distortion and lattice defect, and then the rearrange

ment of atom in the crystal structure. Ueda, Hashi
moto and Kondo (2) studied the hydration rate on 
classified C3S with different grinding time with results 
illustrated in Fig. 19. The surface structure was also 
investigated by surface electron diffraction and its 
results are shown in Fig. 20. X-ray diffraction intensity 
of a sample ground for 10 hours decreases but there are 
no changes in the peak width and the background. 
The surface electron diffraction pattern shows that the 
surface is to some extent amorphous and the thickness 
of this amorphous layer increases with the grinding 
time. The hydration rate is retarded with the grinding 
time and the volume of heat evolution immediately 
after the addition of water is not in linear correlation 
with the grinding time. Accordingly, it is clear that the 
lattice defect does not always promote the reactivity 
of C3S particle at least in the early stage of reaction.

In order to accelerate the hydration such a study 
on the pulverizing" method to obtain the reactant 
powder with limited particle size distribution must be 
important, however, we must simultaneously consider 
the rheological properties of cement paste.

Water Cement Ratio

The water cement ratio of the paste determines the 
space of the capillary void where the reaction progres
ses, and particularly controls the state of the outer 
products. The relationship between the water cement 
ratio and the concentration of the liquid extracted 
from the paste is shown in Fig. 21. This figure indi
cates that the degree of supersaturation becomes 
higher with decrease in the water cement ratio. The 
degree of supersaturation contributes significantly to 
the rate of nucleation. The reaction rate is accelerated 
with increase in the water cement ratio when the slow



Fig. 20. Surface electron dijfraction patterns of C3S with 
different grinding time

step is dissolution but with decrease in the water 
cement ratio when the rate of hydration is controlled 
by nucleation.

Different results have been reported by numerous 
investigators on the dependence of the water cement 
ratio upon the rate of hydration. Sudoh and Mori 
(92), and Kantro, Weise and Brunauer (93) noted 
that at an early age the degree of hydration of C3S 
and j3-C2S was nearly the same for W/C = 0.3 to 
0.7, whereas at a later age it gave a higher value with 
increase in the water cement ratio. According to 
Kondo, Ueda and Kodama (16), the hydration rate of 
C3S within 6 hours does not seem to depend upon the 
difference between W/C = 0.5 and 1.0, however, the 
following reaction is distinctly accelerated to a great 
extent in a large W/C ratio. As is shown in Fig. 1, 
the degree of hydration in W/C == 1.0 is about 2 times 
that in W/C = 0.5 within a short time but the differ
ence between them decreases in case of a long time. 
This indicates that the hydration reaction is deter
mined neither by solution control nor by nucleation 
control.

The amount of combined water of the product in
creases with increase in the water cement ratio at the 
early stage, while it is kept constant regardless of 
different water cement ratios at the later stage as is 
shown in Fig. 22.

Fig. 21. Concentration of extracted liquid from C3S paste

In contrast with the above results, Locher (94) 
recently reported that with increase in the amount 
of mixing water the degree of hydration decreases 
until the age of 7 days and reaches the minimum
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Fig. 22. Change in molar ratio of produced calcium silicate 
hydrate in hydration of C3S. (r = 2~5p, at 25°C')

with W/C = 0.8. However he did not discuss the 
significance of this. According to Locher (94), C-S-H 
occurs with approximately equal CaO/SiO2 ratio in 
the C3S paste at above W/C = 0.6, but in samples 
with low water content CaO-rich C-S-H whose 
CaO/SiO2 ratio rises with decreasing W/C value are 
formed.

Kantro, Brunauer and Weise (95) studied the 
hydration of C3S in a steel ball mill at room tempera
ture and found that Ca(OH)2 and hydrate III were 
formed at the early stage but the latter was unstable 
and was converted gradually to well-crystallized afwil
lite.

According to Tsumura and Kawachi (7), the hydra
tion rate of C3A is accelerated with increase in the 
water cement ratio, while the early stage of C4AF 
is accelerated by the decrease in the ratio. Seligmann 
and Greening (3) found that at the very early stage 
the hydration in C3A-gypsum-water system was 
accelerated by the presence of excess water.

Curing Temperature

Curing temperature has a large effect on the hydra
tion of cement and introduces the changes in the 
products and the reaction rate. The reaction is gener
ally accelerated with rise in temperature. On the 
contrary, for instance, the hydration product of CA 
is transformed at about 20°C and consequently the 
rate of hydration is not accelerated with the curing 
temperature. When C3S or C2S is hydrated at 
temperatures higher than 70 to 80°C, hydrates are 
produced in high lime and low surface area and then 
the strength of the hardened paste decreases.

The rate of the hydration reaction of lime-quartz 
mixture is very slow at room temperature but is accel
erated with rise in temperature. Accordingly such 
binding materials are subjected to curing at about 
180°C in industry using an autoclave. For conveni
ence’s sake the effect of curing temperature is ex
plained by separating it into that of lower than 100°C 
and that of higher than 100°C. However, the practical 
problems on temperature treatment will be described 
in detail at part III of this Symposium.

Reaction Occurs under Atmospheric Condition
Kantro, Brunauer and Weise (96) found that in the 

comparison of hydration of C3S at 5°, 25° and 50°C, 
the reaction rate at the early stage was accelerated 
with the temperature." However, the temperature 
dependence after 1 day becomes ambiguous. Kondo 
and Daimon (70) studied the effect of curing tempera
ture on the early hydration of C3S. The difference in 
heat evolution is shown in Fig. 23, and the results will 
be discussed in the later section.

Mchedlov-Petrosyan and Chernyavskii (97) studied 
the effect of low temperature, even below the freezing 
point and reported that the reaction rate was retarded 
by increase in the specific volume of silicate gel.

According to Carlson (98) who studied the hydra
tion of aluminates, the hexagonal hydrates are more 
stable than C3AH6 at low temperature. Compared 
with the hydration at ordinary temperature, the 
hydration mechanism itself is different at low tem
perature.

Hydrothermal Reaction
The reaction between lime and pozzolan proceeds



Fig. 23. Variation with curing temperature of heat liberation 
0/C3S. (r = 2~5p, WJC = 0.5)

considerably even at ordinary temperature but the 
reaction of lime-quartz mixture cannot appreciably 
take place, although this is accelerated by heat treat
ment. The autoclave is used for heat treatment at a 
temperature higher than 100°C in order to avoid loss 
of the liquid phase.

Mchedlov-Petrosyan and Babushkin (38) reported 
on the free energy change of the hydrothermal reaction 
in a CaO-quartz-H2O system. The result of the free 
energy change when compared with that in CaO- 
SiO2-H2O system in which quartz is replaced by silica 
glass is shown in Fig. 24. The hydrothermal reaction 
in the CaO-SiO2-H2O system was summarized by 
Taylor (99), and the reaction rate was discussed by 
several authors.

Moorehead and McCartney (100) suspended a 
crystal quartz in saturated lime solution and treated 
it in an autoclave. It was shown that tobermorite was 
formed at 235°C and xonotlite at 335°C on the surface 
of crystal quartz. They proposed that the reaction 
was a diffusion-controlled process limited by the dif
fusion of H2SiOj_ species through the product layer 
formed on the outside. The higher temperature of this 
experiment makes probably the silica concentration 
in the solution very high and the calcium concentra
tion very low. It is therefore possible that the diffusing 
species and the precipitation sites of products may 
differ in the reaction at temperatures of 150° to 200°C 
which are used in industry.

Krzheminskii, Rashkovich, Sudina and Vorlamov 
(101) developed a method for quantitative X-ray 
diffraction analysis while carrying out autoclave 
treatment. They carried out treatment at 150°C and 
found that at the early stage the reaction rate was 
determined by the nucleation process and at the later

6. IIA. tobermorite 7. 14A tobermorite 8. gyrolite 9. okenite) 
After Mchedlov-Petrosyan and Babushkin{38), partly modified 
by Kondo(69)



stage by the diffusion which is proportional to the root 
of the absolute temperature. •

Sauman (102) studied the hydration of ß-C2S at 
175°C and found that a-C2S hydrate began to form 
after 4 hours and it was converted into jS-C2S hydrate 
after 7 days. He also described that the addition of 
quartz stopped the hydration of ß-C2S due to the 
formation of silica gel but the addition of a small 
amount of Ca(OH)2 or C3S accelerated the formation 
of CSH (I) and tobermorite.

Kondo (69) studied the kinetics of hydrothermal 
reaction between lime and silica. As representatives of 
the silica reactants, silica glass and quartz were cho
sen, the former being a species of pure silica, which 
possessed pozzolanic properties and the latter being 
the most stable form of silica, widely used for manu
facturing autoclaved products. The particles of silica 
reactants between 5 and 10/z in radius were mixed 
with calcium oxide in a molar ratio of 1:1. The speci
mens were processed in an autoclave at various tem
peratures between 80 and 216°C, for various periods 
between 0.5 and 24 hours.

In the case of quartz, the reaction proceeds regularly 
without falling into any slump in a wide range of 
conditions, as shown in Fig. 25. The reaction of 
silica glass, on the other hand, is retarded excessively 
with the progress of reaction except when it is below 
100°C or in the initial stage at higher temperature. 
As the reaction progresses, the lime-silica ratio of the 
product is converted from high to low in the case of 
quartz but a reverse trend is observed in case of a 
product obtained from silica glass as shown in Fig. 
26. The rate of reaction seems to have a close rela
tionship with the compactness of the product which 
varies with the process of formation. Such differences 
in composition or compactness of the product may be 
closely associated with the magnitude of solubilities 
of quartz and silica glass in the liquid phase.

It was found furthermore by Kondo, Ohsawa, 
Matsumaru, Kitamura and Kato (103) that the reac
tion rate was remarkably lowered by replacement of 
a part of the quartz with silicates, such as clay min
erals, feldspar and fly ash, all of which contained 
alumina. Accelerating effect of alkali, on the contrary, 
is probably due to the increase in solubility of quartz. 
The results are shown in Fig. 27.
, ‘ In connection with the composition of hydrous 
calcium silicate, they noticed that it was difficult for 
SO3 to enter into the tobermorite lattice, in which, 
however, certain amounts of Na2O, K2O, A12O3 and 
P2O5 seemed to be dissolved. Considerable amount 
of alumina was also found dissolved into a-dicalcium 
silicate hydrate as a sub-component.

Fig. 25. Rate of hydrothermal reaction between lime and 
quartz or silica glass. After Kondo(69)

Next, they dealt similarly with the reactivity of 
diatomite. It tends to react easily with lime even at 
below 100°C to form a hydrate in bulky gel state, 
with considerable combined water and indefinite 
lime silica ratio which changes from low to high with 
the progress of reaction.

Temperature Dependence on the Rate of Hydration
Temperature dependence on the processes such as 

dissolution or hydration is frequently expressed per
functorily as an activation energy. The activation 
energy is sometimes estimated as more than 10 
kcal/mole even when the hydration of cement is 
controlled by diffusion. This seems to depend on the 
effect of the increase in pore size and pore volume due 
to the crystal growth of product with increase in 
curing temperature, however the chemical restriction 
may partly be concerned.

The temperature coefficients on the hydration rate 
of C3S and C2S are positive, according to Knoblauch 
(104), but on the other hand, van Bemst (105) shows 
negative values. According to Kantro, Brunauer and 
Weise (96), it is positive for hydration of C2S and 
C3S up to 70 and 30 percent degree of hydration.



Fig. 26. Changes in combined CaO/SiO2 ratio (Jeff) and 
combined HjO/SiOz ratio (right) with processing time. 
After Kondo(69)

Fig. 27. Effect on reaction rate of solubility alumina for 10% 
of silica by replacing part of quartz by other silicates, and 
of added alkali. After Kondo, Ohsawa, Matsumaru, Kitamura 
and Kato (103)

respectively. Copeland and Kantro (106) examined 
the kinetics of overall reactions of portland cement

from the heat of hydration, and found that the ap
parent activation energy was not a constant, but 
decreased from 8 to 2.3 kcal/mole with the degree of 
hydration.

The dissolution process of colloidal silica powder 
into lime solution is a reaction with an average 
activation energy of 16.7 kcal/mole by Halstead and 
Lawrence (66) and 9.4 to 18.4 kcal/mole by Greenberg 
(67). In the hydrothermal reaction between quartz 
and lime Kondo (69) indicated that an activation 
energy is 14.3 kcal/mole in the early reaction, and 
12.5 kcal/mole in the later. According to Moorehead 
and McCartney (107), the activation energy to produce 
xonotlite hydrothermally is 52.1 kcal/mole but this 
unusually high value probably depends on the change 
in pore volume.

The activation energy in the reaction of gypsum in 
a C3A-gypsum system, according to Tenoutasse (81), 
is 12 kcal/mole. Tanaka, Murakami and Sato (108) 
reported that the activation energy in the early reac
tion of C4AF to form hexagonal hydrates such as 
C4AH13 and C4FH13, was 9.1 kcal/mole and that the 
subsequent reaction was retarded by the transforma
tion of hexagonal hydrates to cubic ones. Layden and 
Brindley (109) obtained an activation energy of 16.1 
kcal/mole in the hydration of magnesium oxide.

There are few data on the diffusion coefficients in 
hydration product of cement at various temperatures. 
For reference, the temperature dependence on the 
diffusion coefficient of the cation exchange in clay and



zeolite is given. According to Low (110) the activation 
energy for exchangeable ion movement in bentonite 
changed parallel with the specific volume of the ad
sorbed water, and the electrical interaction between 
ion and clay have little effect on the activation energy; 
that is, the activation energies for the migration of 
Li+, Na+ and K+ ion in pure solution are 4.0, 3.9 
and 3.4 kcal/mole respectively, and those in clay are 
only about 0.5 kcal/mole higher than in the former. 
The self-diffusion coefficients of Na+ and SO4- ion 
in water and in bentonite are given by Lai and Mort
land (111) as shown in Table 4. According to Rao and 
Rees (112), the diffusion coefficient in mordenite

Table 4. Diffusion coefficients o/Na4" and SO4- ions 
in Na-bentonite plug and film. After Lai and Mortland(IlI).

Ion
r>(cm2sec-i) x 105 
in clay plug at 25°C

D(cm2sec-1) x 105 
in film at 25OC

D(cm2sec-1) X 105 
in water at 25°C

Na+ 0.467-0,535 0.00074 1.35
so4-- 1.15-1.27 1.08

crystal at 60°C is expected as low as 1.0 X 10-12 in 
Na and 0.47 X 10"12 cm2/sec in K. The diffusion of 
Na which is controlled in the Na form by 2.8 A 
windows has an activation energy of 8.74 kcal/g.ion.

Properties of Hydrates Concerned with the Rate of Hydration

The rate and mechanism of hydration are affected 
by the reactivity of the reactant and the various fac
tors mentioned previously. However it is controlled 
more directly by the concentration and the constitu
tion of the liquid phase at various sites, nucleation 
and crystal growth in the liquid or in hydrates, the 
composition and morphology of hydrates, the pore 
structure and the easiness of the mass transfer in the 
product.

Concentration and Constitution of Liquid Phase

The concentration of the liquid phase in cement 
paste and in suspension is equal to the solubilities of 
the hydrates when the reaction is completed. On the 
other hand, during the progress of hydration it is in 
the supersaturated state with respect to the outer 
hydration product. The liquid phase coexists with the 
outer product and is in the lower concentration with 
respect to the inner hydration product.
' According to Mchedlov-Petrosyan and Babushkin 

(38), Ca++ ion dissolves accompanying with oxygen 
from reactant suface and Si4+ ion joins with existing 
OH' group or forms double bonds with oxygen. 
HSiO3 ion is stable at the range pH = 8 ~ 13. Whereas 
at pH > 13 SiOj"" ion is the principal constitution 
unit. In the presence of Ca++ ion the latter polymerizes 
to form chains (Si6O17)10', layers (Si12O31)14' and 

/ networks (Si6O15)6'. Greenberg (67) reported that the 
[_ silicate ion in the solution was monosilicic.

In the bottle hydration of C3S with W/C = 20, 
according to Kondo, Daimon and Ueda (55) the 
concentration of the liquid after 1 hour is not satu
rated with respect to Ca(OH)2, but is supersaturated 
with respect to C-S-H. After 3 hours it rises slightly 
with respect to Ca(OH)2 and falls with respect to C-S- 

H than at 1 hour but both are in the supersaturated 
state. Thereafter the concentration of the liquid 
remains almost constant. Greenberg and Chang 
(113) also found similar results in the bottle hydration 
ofC3S.

The results of the chemical analysis of the liquids 
extracted from the C3S paste were reported by Mali
nin, Lopathikova, Guseva and Klishanis (114), and 
Kawada and Nemoto (61) (75).

In addition, two maxima in the concentration are 
observed by Kondo, Ueda and Kodama (16) at the 
beginning and at the end of the acceleratory period as 
shown in Fig. 21. The coating layer produced or C3S 
dissolves very slowly until the liquid reaches super
saturation with respect to Ca(OH)2 during the induc
tion period. After the supersaturation the outer 
products which consist mainly of Ca(OH)2 are 
precipitated. The liquid concentration remains almost 
constant as the crystallization rate is larger than the 
rate of Ca++ ion supply from unhydrated C3S. The 
crystal of Ca(OH)2 grows rapidly but the rate of the 
growth decreases slightly after 7 ~9 hours and thereby 
the liquid concentration becomes the second peak. At 
the same time C3S particles begin to be enveloped by 
the growing crystals of Ca(OH)2. Therefore the liquid 
concentration drops again because hydration reac
tion becomes retarded. It is difficult to estimate the 
very low SiO2 concentration in the presence of CaO.

Greenberg and Chang (113) examined a C3S paste 
with W/C = 0.7 and found that the saturation with 
respect to C-S-H was obtained within 2.75 min.

The liquid concentration in the suspension hydra
tion of calcium aluminates or aluminous cement is 
independent of the composition difference of reac
tants as reported by Wells and Carlson (115).

Electric conductivity or resistance is sometimes 



measured besides chemical analysis. It was reported 
by Greenberg and Chang (113) that the electric resist
ance in suspension hydration of C3S showed a sudden - 
drop within several minutes and a plateau appeared 
between 10 and 20 min. This fact seems to indicate 
very rapid dissolution of C3S and the existence of time 
lag for nucleation.

The measurement of pH value is not difficult in 
excess water. Mchedlov-Petrosyan and Salop (116) 
developed tungsten and molybdenum electrodes which 
could act stably even in the hardening process.

In the above-mentioned studies only the liquid 
concentration outside the particle was measured. The 
method for measurement of the concentration and the 
constitution of the liquid in the interface of unreacted 
reactant has not been established, however it is very 
important to elucidate hydration reaction.

Nucleation and Crystal Growth

The free energy difference AG between the solute 
molecule and the solute crystallite in solution goes 
through a maximum when the radius of the crystal
lite increases to a certain value. The crystallite, which 
is larger in size than the critical nuclei of radius, 
commences to grow as a stable nucleus. When the 
liquid concentration becomes larger than supersolu
bility, the liquid becomes unstable to form a solute 
crystallite.

For nucleation from condensed phases Melia (117) 
proposed the rate equation

logio J =log10 A - 16^a-3V2N3 
3(2.303 RT)3(log10 S)2

where J is the nucleation rate, A is the kinetic constant, 
<t is the interfacial free energy per unit area between the 
forming phase and the metastable phase, V is the 
volume of a single molecule of the forming phase, R 
is the gas constant, and N is Avogadro’s number. 
The nucleation rate, accordingly, is determined by the 
supersaturation ratio S, which is the ratio of the 
activities of the solute in the supersaturated solution 
and in the saturated solution.

Greenberg and Chang (113) measured the rates of 
formation of products from solutions of monosilicic 
acid and calcium ions by light-scattering measure
ments. They found that the rate of change of scattering 
increased with calcium concentration and pH in solu
tion. They also observed that the dissymmetry values 

decreased with reaction time, and pro
posed that the dissymmetry had to be attributed par
tially to the changes in size of the growing particles, 
to the anisotropy of hydrated calcium silicate particles. 

and to flocculation.
The precipitation of Ca(OH)2 crystal commences 

at the end of the induction period. Kondo, Ueda 
and Kodama (16) observed C3S hydration under a 
polarizing microscope and found that the outer pro
duct consisted of a few but yet well-crystallized 
Ca(OH)2 and the C-S-H gel. The presence of the 
latter was confirmed by electron microscope, ap
pearing very thin on the slide glass and the cover 
glass. The crystal growth rate of Ca(OH)2 in the C3S 
paste at W/C = 0.5 is shown in Fig. 28 (55). In view 
of this, they considered the formation of the metas
table phase of the nuclei of Ca(OH)2 and C-S-H 
gel based on Takiyama’s consideration (118) with the 
relationship between supersolubility and solubility as 
shown in Fig. 29. .

Ueda, Hashimoto and Kondo (2) reported from the 
result of surface electron diffraction that the depth 
of the intermediate product layer was 200-300 A. 
According to Uhara (119) the size of the critical nuclei 
at which free energy becomes the maximum is in the 
order of 10-6 cm in case of solid nuclei. The C-S-H 
produced after 1 day grows to the extent a surface 
electron diffraction pattern is indicated (2).

j
Composition and Morphology

The rate of species migration through the hydrated 
product layer seems to be influenced mainly by the 
pore size distribution and morphology of the inner 
products. The particle size and morphology of the 
hydrate are closely related with its chemical composi
tion. Furthermore the rate of hydration of C3S in the 
later stage is related with the crystal size of Ca(OH)2 
produced.

The composition of hydration products illustrated 
in Fig. 22 shows that the reaction takes place with the 
same stoichiometry at the later stage. However, 
the hydration reaction of calcium silicate is not car
ried out with the same stoichiometry at least until the 
formation of stable hydrated product and becomes 
diffusion-controlled reaction. The compositions of 
hydrated products have been calculated from the 
results of several experiments. Particularly the dif
ferent compositions at the very early stage have been 
reported by several investigators. Ueda, Hashimoto 
and Kondo (2) attempted to determine the composi
tion and performed an experiment in which the hy
drated particle was gradually dissolved with weak 
acid solution from its surface.

The difference in the morphology of C-S-H gel 
depending upon the difference of its composition has 
been discussed in detail by Richartz and Locher



Fig. 28. Crystal growth of Ca(OH)’2 in paste hydration of C3S. 
<r = 2~5p, W[C = 0.5, at 25°C')

Temperature Temperature
Fig. 29. Relation between solubility and supersolubility.

(48). Calcium silicate hydrates with a molar CaO/ 
SiO2 ratio of 1.0 crystallize in pseudorhombic foil and 
those of 1.3 in partly rolled-up foil, whereas those 
with a ratio above 1.4 form fibrous crystal. The elec
tron diffraction of this fibre shows a diffuse pattern 

perpendicular to the fibrous direction. Thus, they con
firmed that this fibre was of the rolled-up form. 
According to Sakurai, Ueda, Hashimoto and Fukunaga 
(120), CAH10 may also be of the rolled-up form.

Stein and Stevels (74) observed that the hydrate 



habit converted from the crinkly foil (CSH(B)) to 
needle-like cigar-shaped agglomerates (C2SH2) before 
and after the induction period. But they thought that 
the acceleration of the hydration rate of C3S depends 
upon the conversion of crinkly foil from closely 
fitting hydrate. The conversion begins in the induction 
period and then accelerates the main reaction. The 
kinetic equations were given by them as described 
later. Kondo, Daimon and Ueda (55) have further 
proved the changes of the surface state of C3S powder 
in hydration by a scanning electron microscope as 
shown in Fig. 7. In 1 hour hydration, the particle 
surface is covered with scale-like products and the 
hydration itself does not make any progress, but 8 
hours later the hydrate becomes active and the particle 
surface is highly progressed as can be seen in this 
figure. It can also be realized that in 3 days and 1 
year the product gradually develops and as a result 
retarding the hydration.

Funk, Schreppel and Thilo (121) studied the hydra
tion of ß-C2S and found that on the surface of crystal 
there was a zone of low refractive index and the thick
ness of this zone increased with increasing binding 
water to grow into the tobermorite-like phase. They 
called this product with low refractive index the 
intermediate product. McConnell (60) found the for
mation of gel pseudomorphs with relict lamellae 
twinning after natural ß-C2S (larnite). Such investi
gators, Trojer (53), Terrier and Moreau (54), Kondo, 
Ueda and Kodama (16), who studied the process of 
C3S hydration with an optical microscope found that 
an intermediate product with low birefringence has 
formed surrounding the C3S particle. According to 
Kondo, Ueda and Kodama (16), the inner product is 
formed epitaxially with a preferred orientation to the 
direction of the parent C3S.

Until recently the calcium hydroxide in cement paste 
has not received much attention. According to Terrier 
and Moreau (54) (122), the Ca(OH)2 crystal appears 
m the interstices of cement particles and crystallizes 
preferentially in larger pore to grow in 7 to 90 days to 
the extent the space permits. They also observed the 
second portlandite in the matrix between above cited 
first-crystallized portlandite and clinker' particles. 
According to Kondo, Ueda and Kodama (16), a 
particle of Ca(OH)2 grows not only in the pore space 
but also envelops the C3S grains. This fact has a 
significant meaning as the acceleratory period of 
C3S approximately coincides with the period of the 
largest crystal growth rate of Ca(OH)2. 1

Aluminium substitutes silicon in hydrates and 
changes the properties of the products. Copeland, 
Boden, Chang and Weise (123) discussed in detail the 

relations among the molar CaO/SiO2, H2O/SiO2 
and Al2O3/SiO2 ratios in a series of C-S-H gels con
taining different amounts of alumina. They also found 
that the aluminium substituted gel looked very much 
like the gel formed in the early stages of hydration of 
cement. Diamond (124) found also by X-ray fluores
cence spectroscopy that Al+++ ion could substitute 
15% of Si4+ ion in tobermorite produced by hydro
thermal synthesis.

Pore Structure

The rate of hydration is occasionally discussed with 
the results of loss on ignition and free Ca(OH)2 as 
the degree of hydration and even with strength. The 
pore volume is also closely related with the degree of 
hydration and strength, independently of the composi
tion of cement. The pore structure of product in the 
radial direction to the reactant particle is most desir
able to be elucidated in connection with the rate of 
hydration.

The pore system is divided into capillary pore and 
gel pore by Powers (125). Edel’man, Sominskii and 
Kopchikova (126) reported as a result of measurement 
with a mercury pressure porosimeter that the large 
capillary pores were the matrix between unhydrated 
clinker particles and new products, and the small 
pores correspond to the pore in the texture among the 
growing produced crystals. Mikhail, Copeland and 
Brunauer (127) reported that the nuclei of hydration 
products could not grow into crystals in small pores. 
Whereas Richartz and Locher (48) pointed out that 
there was a continuous size distribution for the entire 
pore space as the diameters of the calcium silicate 
hydrate tubes varied over a wide range. There may be 
no distinct difference between the small and large 
pore systems. The result of Kondo, Ueda and Kodama 
(16) indicates a continuous pore size distribution.

The relationship between pore size distribution and 
curing time is shown in Fig. 30. This figure shows that 
both the total pore volume and the size of pore decrease 
with the progress of hydration.

The fact that the pore shape in hardened cement 
paste is not always cylindrical was found by Schwiete 
and Ludwig (128) in observation of electron micro
scope. The shape of the pore can be determined 
to some extent by the hysteresis loop of adsorption 
and desorption isotherms. Mikhail, Copeland and 
Brunauer (127) pointed out that the shapes of hystere
sis loops in hardened portland cement pastes came 
closest to those classified as type D loops by de Boer 
(129). Such type of capillaries is consisted of wide



Pore radii

Pore radii '
Fig. 30. Pore size distribution of C3S paste hydrated at 25°C. 

T.P. V. indicates total pore volume.

bodies having a varying range of narrow short necks.
Besides open pore and sack-like pore, Powers, 

Copeland and Mann (130) pointed out the creation of 
capillary cavity. The necessary curing time for the 
creation of capillary cavity are affected by water 
cement ratio and temperature. For standard labora
tory conditions, they were as follows: W/C = 0.7, 
1 year; 0.6, 6 months; 0.5, 14 days; 0.45, 7 days; 
0.40, 3 days. The fact suggests an increase in the 

hydration rate with water cement ratio. It has been 
confirmed that the surface area and the pore size 
distribution change due to the difference in water 
cement ratio by Hunt (25) and also by Kondo, Ueda 
and Kodama (16).

As a special experiments on the pore size distribu
tion change with curing time, Feldman and Rama- 
chandran (131) and Feldman and Sereda (132) studied 
on the hydration of C3A compact. The effects of sand 



cement ratio and C02 curing are studied by Kroone 
and Crook (133) (134). The effects of autoclaving are 
examined by Moorehead and McCartney (100) and 
also by Kondo, Ohsawa, Matsumaru, Kitamura and 
Kato (103).

Permeability and Diffusion

As hydration progresses, the interstices among 
cement particles are filled with the outer products to 
decrease the pore volume and particularly the pore 
size. As a result the permeability or the diffusivity in 
the hardened cement paste is lowered. This effect 
relates also with such as water permeation, rate of 
hydration, carbonation of hardened paste, sulfate 
attack and so on.

The rate of permeation and diffusion is expressed by 
the following equation,

Q = — = PAA = DA^-

where d is the volume of permeation (cm3), t is time 
(sec), P is the coefficient of permeability P =
h-t (cm/sec) and A is sectional area (cm2), h is the 
pressure difference (cm), is the thickness (cm), 
D is the diffusion coefficient D = $ • DjA C t (cm2/sec) 
and C is the concentration difference (vol/vol).

The rate of permeation through a pore Q is expres
sed by the Poiseuille’s equation as follows:

n — 7tr* Jk
8?/ ' I

where r and I are the radius and length of single pore 
and i] is the viscosity of the fluid.

In the case of gas, D decreases proportionally with 
r if r is less than about 1000 A.

n = 4r i2PT
3 V urn

where m is the molecular weight of gas.
The molecules and ions in solution usually are 

hydrated with water molecules. The strongly hydrated 
species move less easily through the pore, whereas 
water molecule is most permeable because of its 
small size.

The membrane permeability coefficient P is equal 
to the value obtained by multiplying the diffusion 
coefficient in pore D by the pore volume ratio Ae/A 
and the tortuosity. D gives a lower value when 
compared with the diffusion coefficient in solution D 
because of the interaction of the adsorption sites 
along the pore. When the hydrated layer is electri
cally charged, the effect of the Coulomb’s force appears. 
If it is negatively charged, it will be difficult for anion 

to migrate in the pore and it is the opposite in case 
of cation. Colloidal particles diffuse by Brownian 
motion and its diffusion coefficient D' is expressed 
as

D- = RI. _L
N 3z»/<Z

where N is the Avogadro’s number and d is the 
diameter of the particle.

In the hydration of cement, the outer reactants such 
as gypsum dissolve and diffuse inwards with water 
through the product layer around another reactant 
particle so that the latter reacts at the interface and a 
part of hydrate deposits to form inner products while 
the remainder diffuses outwards to form outer pro
ducts. The pore size in the cement paste is exceedingly 
small and has a peak of pore volume at radii of 10 
to 20 Ä, and therefore interaction with diffusing ions 
cannot be neglected. Colloid particles formed as 
inner product hardly migrate outward. On the other 
hand, according to Moorehead and McCartney (100), 
the product treated in an autoclave at a very high 
temperature has big pores with radii of 2700 to 10800 
A. Thus, it appears that the migration is not affected 
by the interaction along the pore. They also deter
mined the diffusion coefficient of Na+ or Ca++ ion 
in these specimen (100).

In the hydration of hydraulic compound it is 
difficult to measure the concentration of the inter
face, and also it is almost impossible to study the 
diffusion coefficients of the produced layer after this 
layer is removed from the unhydrated particles.

Ionic diffusion in pores is comparatively well known 
in clay paste, zeolites and high-polymer film and some 
of these have already been mentioned. But it has not 
yet been examined the relationship between diffusion 
coefficient and the pore structure of hydrated cement.

Ratinov, Kurcheryaeva and Melenteva (135) 
measured the dissolution rate of pellets of C3S, ß- 
C2S and hydrothermally synthesized C3SH2 and 
C2SH(A). The solubility of C3S is 0.256, 0.338 and 
0.387 g/1 at 2°, 10° and 20°C, respectively. They also 
obtained the diffusion coefficients, which were 0.26 X 
10"5 at 2°C, 0.30 x IO"5 at 10°C and 3.4 x IO"5 
cm2/sec at 20°C. ,

Spinks, Baldwin and Thorvaldson (136) determined 
the diffusion coefficient of hardened cement paste 
with a radioactive tracer. The diffusion coefficient 
D of 1:2 mortar in 4 weeks is 2.8 X 10-10 cm2/sec 
for Ca++ and that of neat paste is smaller. They also 
found that anion generally indicated a diffusion 
coefficient higher than that of cation.

As the diffusion coefficient changes with the pore 



structure, precise experiments to elucidate the rela
tionship between the pore structure and the diffusion 
coefficient or the rate of hydration must be systema
tically carried out in the future.

The diffusion-controlled exchange between calcium 
in calcium silicate hydrate crystal and its surrounding 
solution was measured by Forrester and Lawrence 
(137). The self-diffusion coefficient for calcium in the 

hydrate crystal is very low, however it increases from 
1.08 X 10"23 to 60.7 X 10"23 cm2/sec as the molar 
CaO/SiO2 ratio of hydrates change from 0.36 to 
1.39. They considered that the low mobilities of cal
cium ion accounted for the slowness with which cal
cium silicate hydrate came to equilibrium with its 
aqueous solution and for the high durability of port
land cement products.

Relation between the Rates and the Mechanisms of Hydration

The hydration mechanism of cement components 
changes with the progress of reaction even in the case 
of a certain single component. Therefore an equation 
which explains a single step cannot represent the 
actual rate which changes complexly. The kinetics of 
hydration should correspond to the mechanism but 
a strict model for the later stage especially is difficult 
to be given and an accurate measurement of the degree 
of reaction is also difficult particularly in the very early 
stage.

Sv belong to the decay period. The variations in the 
properties of the liquid phase and the solid phase are 
summarized in Table 5.

The Induction Period

It had been considered that the exothermic reaction 
which took place immediately on contact of portland 
cement with water was due to the rapid hydration of 
C3A, as already described but it was confirmed that

Variation in the Hydration Mechanisms with 
the Progress of Reaction

Periodical changes in the rate and the mechanism 
are generally observed in the hydration of plaster of 
Paris, portland cement, aluminous cement and so 
on. The variation with progress of hydration will be 
described in the case of C3S as an example for it can 
represent the behavior of portland cement.

The result of measurement of heat evolution of C3S 
with a conduction calorimeter gives the characteristic 
curve as shown in Fig. 31. Kondo, Ueda and Kodama 
(16) classified this characteristic curve into five stages 
to discuss the hydration process.

S,: The stage in which a short but rapid reaction 
takes place immediately on contact with 
water.

Sn: The stage which corresponds to the so- 
called dormant period and the reaction rate 

, is very low.
SIn: The stage in which the reaction takes place 

very actively and is accelerated with time.
SIV: The stage in which the reaction rate is de

creased after the most active reaction is over.
Sv: The stage in which deceleration is more 

remarkable.

The whole process can also be differently divided into 
3 periods. Sr and Sn correspond to the induction 
period, Sni is the acceleratory period and SIV and Fig. 31. Classification of hydration stages of C3S



Table 5. Characters of respective stages.

Stage
Induction period 

I II (Dormant p.)
III (Acceleratory period) Decay period

Start to reaction Most active IV V

CaO concentrn. negligible promptly up down a little up down
Liquid (OH) concentrn. negligible promptly up down suddenly up down

Ion product negligible promptly up down suddenly up down

Degree of hydrn. a little dormant start again most gradually up slowly up
or combined H2O actively up
Amount of Ca(OH)2 negligible up

actively up
gradually up slowly up

Amount of C-S-H negligible up actively up gradually up slowly up
Solid C/S of C-S-H about 3 suddenly down constant constant 1.6 1.6->1.7

H/S of C-S-H about 3 highest down down 2.5-> 1.7
Surface area of total solid small up highest down gradually up
Surface area of C-S-H small highest down gradually down

it appeared in the paste of C3S.
According to Greenberg and Chang (113) the super

saturation with respect to C-S-H is reached within 
only 2.75 min. in a C3S paste with W/C = 0.7. As the 
amount of C-S-H is large but of poor crystallinity, 
its metastable region is narrow as shown in Fig. 29 
and it precipitates soon after the supersaturation. 
It may be formed on the surface of the C3S particle, 
as Richartz and Locher (48) and Greenberg and 
Chang (113) pointed out.

The composition of the product which is formed 
immediately after C3S is brought into contact with 
water, differes with investigators but it is believed to 
coincide with C3S to which water has combined as 
shown in Table 5. This can be understood from the 
fact that the CaO concentration of the liquid is very 
low. Kondo, Ueda and Kodama (16) pointed out that 
the product layer is only less than 200 A in thickness 
at 1 hour after the addition of water. The critical 
nucleus has the maximum difference of interfacial 
free energy at a product layer of the order of 102 A 
by Uhara(119).

Kondo and Daimon (70) discussed the causes of 
formation of such a thin and compact layer in accord
ance with the following three hypotheses: (1) The 
formation of a protective layer of very low diffusion 
coefficient by the addition of water to the reactant. 
(2) The conversion of the amorphous layer around the 
reactant surface formed by grinding. (3) Minimizing 
the free energy by the strain energy of the surface 
product. In the third hypothesis the chemical free 
energy decreases with increase in the thickness of the 
layer but the total free energy reaches the minimum at 
a certain thickness due to the surface free energy 
of the thin layer. It reaches the maximum due to the 
compressive strain with increase in thickness. The 
strain energy which is stored at the surface of C3S 
is

4 __
A(/Strain = 7^(W 5 - y)2dy

J o K -

= [^(WS-y)3]^^2

where 3 is the thickness of the compressed layer, 
kV 3 is the thickness of the stretched layer, y is a 
distance from the interface of C3S and c is a constant. 
The ratio of the dependence of hypotheses (1)~(3) 
to the mechanism of actual hydration is not clear.

After the formation of metastable nuclei at the 
product layer, the inner products, which consist mainly 
of C-S-H with high CaO content, are topochemically 
formed and liberated excess Ca"*" 4" ion dissolves into 
the liquid. The outer product which is formed in solu
tion may consist of much Ca(OH)2 and lesser amount 
of C-S-H as the concentration of silica is lowered by 
increase in lime concentration of the liquid.

When a reaction does not begin immediately but 
has a time lag, this time is called the induction or 
incubation period. The term dormant period used in 
the hydration of cement is equivalent to this period.

Powers (138) assumed in the hydration of portland 
cement that during the dormant period the exposed 
surface of C3A became coated by small amounts of 
their own products, and the physical characteristics 
of cement paste are not altered appreciably. But vari
ous kinds of chemical changes may take place during 
this period. The most characteristics- in this period is 
the change in liquid concentration as shown in Table 
5. The composition and the surface area of reaction 
product seems to be altering gradually. Namely the 
induction period is the stage in which the dissolution 
of Ca++ ion mainly takes place through the protective 
coating layer. This gradual dissolution continues 
until the liquid reaches to the unstable degree of super
saturation. According to Ueda, Hashimoto and Kondo 
(2), a 1 hour hydrated sample does not indicate a



Fig. 32. Surface electron diffraction patterns of hydrated C3S 
particles.

surface electron diffraction pattern but a 3 hour hy
drated sample, which has already passed through the 
induction period, indicates a weak pattern. These 
results are shown in Fig. 32. It seems that the product 
layer liberates Ca++ ion during this period to give low 
mass absorption coefficient.

As is shown in Fig. 13, the hydration of C3S with 
the saturated solution is to some extent retarded 
when compared with the case of pure water. Accord
ing to Kondo and Daimon (70), the dissolution of 
Ca++ ion is decreased due to the small concentration 
difference by which the formation of topochemically 
produced nuclei is retarded.

Experiments on hydration by addition of seed 
crystal have been attempted. Funk (51) found that 

was practically transformed into dicalcium 

silicate a-hydrate at 100° to 200°C through the solu
tion, if seed crystals of this compound were added. 
Stein (87) also found that the hydration of C3A was 
accelerated by an addition of C3AH6. Kondo and 
Daimon (70) examined the hydration of C3S paste 
by the addition of seed which was prepared by grind
ing 6 months hydrated paste, and found that the 
hydration became more retarded as more seed crystal 
was added as seen in Fig. 33. This suggests that the 
seed crystal plays the role of only increasing the liquid 
concentration due to the dissolution of Ca(OH)2 
in the seed. Accordingly the seed crystal seems to give 
only the same effect as the hydration with the satu
rated solution as has already been shown in Fig. 13. 
While de Jong, Stein and Stevels (72) found that the 
addition of CaO or Ca(OH)2 to C3S paste resulted in



Fig. 33. Effect of added seed on heat liberation of C3S. (r = 
2~5n, WjS = 0.5, at 25°C') (a) by pure water, (b) by saturated 
solution with respect to Ca(OH)z and C-S-H

Fig. 34. Heat liberation rate of rehydration of C3S.

the retardation, which was supposed to be due to 
suppressing the nucleation of meta-stable hydrate 
from unstable coating. On the other hand, Kondo 
and Daimon (70) pointed out that the hydration of 
C3S with the saturated liquid with respect to both 
Ca(OH)2 and C-S-H is accelerated if seed crystals 
are added as shown in Fig. 33. It seems desirable to 
testify the effect of seeds of various hydrates previously 
removed Ca(OH)2 to avoid the complexity. The effect 

of seed consisting of C-S-H is considered to be the 
acceleration of the deposition of the outer product by 
increasing the growing sites and also to be the improve
ment of the crystallinity of the inner product which 
controls the rate of hydration.

On the other hand, despite of the cessation of hydra
tion by drying the paste at a certain time of the induc
tion period the hydration proceeds successively as 
usual as shown in Fig. 34 when dried sample is re



wetted. This suggests that the metastable nuclei 
produced promotes the following reaction.

Sn is after all the stage in which the nuclei of C-S- 
H is being formed in the coating layer accompanying 
with increasing the liquid concentration. Thereafter 
not only the inner product but also the outer product 
are formed in Sin stage due to increase of the permea
tion of the protective layer.

The Acceleratory Period
There are various theories for the reason why a 

reaction begins to be accelerated after a certain period. 
Powers (138) considered that at the inside of a gel 
coating on a particle of cement osmotic pressure 
developed to split off pieces of the gel covering and 
the crystal surface was immediately accessible to water 
and thus permitted rapid reaction. Brunauer and 
Kantro (139) also considered that a protective skin on 
the unhydrated substrate had the same CaO/SiO2 
ratio as the substrate and such a high-lime gel coating 
might be unstable and decomposed with the libera
tion of calcium hydroxide, accompanied by the split
ting off of thin layer of the second intermediate. 
Stein and Stevels (74) thought that the hydration of 
C3S was accelerated by the conversion from a closely 
fitting hydrate to a crinkly foil hydrate with the change 
in liquid concentration. Kawada and Nemoto (75) 
considered that the seed crystal precipitated and at the 
same time the thickness of the intermediate product 
layer on the substrate decreased to make the diffusion 
of water easy and accelerated the hydration of C3S. 
However, the theories mentioned above cannot ex
plain satisfactorily the changes in the stoichiometry 
and morphology of hydrates and also the fact that 
the induction period is never appeared in the reac
tion of refreshed reactant surface.

Kondo, Ueda and Kodama (16) considered that the 
properties of the early produced protective layer with 
low permeability might be changed. Kondo, Daimon 
and Ueda (55) proposed further that the protective 
layer became porous. That is, when the nuclei of 
metastable C-S-H in the protective layer are grown 
to an extent of the thickness of the layer, the hydra
tion of reactant begins again as the result of increase 
in permeability of the layer due to the liberation of 
lime. The rate of hydration reaction of C3S in this 
period must be controlled by the degree of the sec
tional area of permeable part in the protective layer. 
The inner product composes of metastable C-S-H 
which has not become thick enough to control the rate 
of reaction in Sin stage.

When is the time required for the induction period 
to be over, and k' is the slope of the differential for

Time of induction period (hr)
Fig. 35. Change in velocity of acceleration of C3S hydration 

with time of induction period

rate d^qjdt1, k’ becomes smaller as Zt becomes longer 
as seen in Fig. 35. According to Kondo and Ueda 
(140), it was confirmed that d2q!dt2 was always posi
tive, independent of the slope k', and the reaction 
proceeded with positive acceleration. When k*  is 
positive, there is almost no resistance to retard the 
reaction effects and so the acceleration of hydration 
reaction increases with time. As is shown in Fig. 36, 
however, when the thickness of the inner product 
layer increases the material transfer is limited and 
k’ becomes negative. As is shown in Fig. 36, when the 
degree of hydration is large and consequently the 
inner product is thick and Ca(OH)2 crystals are 
large, the time required for k' to become negative 
shortens.

The Decay Period
When the reaction proceeds further, it indicates 

negative d2a/t/z2 and the rate begins to decrease. At 
the beginning of this period the thickness of the inner 
product exceeds 2000 A and the surface of the original 
C3S particle seems to be changed as is seen in Fig. 10. 
The reaction in this period depends upon the rate 
N = 2 as seen in Fig. 1, and is controlled by the outer 
diffusion through the inner product layer. Ca(OH)2



formed in the outer hydration space becomes larger 
than 100 n and envelops many C3S particles.

It is apparent from Fig. 32 that the SIV stage shifts 
to Sv stage gradually. The inner product increases in 
compactness and is enveloped by Ca(OH)2, and the 
reaction is controlled by a diffusion such as N > 2, 
namely the diffusion coefficient decreases with increase 
in time.

At the beginning of the Sv stage the size of the 
Ca(OH)2 crystal reaches already 200 Thereafter 
it grows gradually and envelops most of C3S particles 
as is shown in Fig. 37. According to Kondo, Daimon 
and Ueda (55), it has been confirmed that the inner 
product consists of two zones in a perfectly hydrated 
sample. Compared with the outside part, the inside 
part indicates greater refractive index. Terrier and 
Moreau (54) observed two kinds of inner products 
and reported that the inside part had the higher CaO/ 
SiO2 ratio. The C3S enveloped by Ca(OH)2 cannot 
react with the outer water, but reacts with the gel 
water held in the product previously formed. There
fore the inside part may consist of a product of higher 
CaO/SiO2 ratio and lower H2O/SiO2 ratio than the 
outside part which is formed before. The second port
landite is formed surrounding the C3S particle as 
mentioned by Terrier and Moreau (54). According to 
Ueda, Hashimoto and Kondo (2), the inner product 
at 1 day grows to indicate the surface electron dif
fraction pattern, as shown in Fig. 32.

Rate Equation of Hydration

The rate of hydration of cement components is Fig. 37. Inside and outside products in inner product



generally determined by the mass transfer through the 
product layer formed around the reactant particles, 
except at the early stage of paste hydration and ball
mill hydration. The rate equation for whole hydration 
process is shown, although the rate determining step 
changes with progress of reaction. As the rate has 
already been discussed for the case in which the par
ticle size of the reactant is distributed, it will be 
discussed here by assuming a sphere of a single size.

Non-Diffusion Controlled Reaction

First, the rate equations other than the diffusion 
controlled step, for instance the boundary reaction 
being a slow step, will be reviewed. Furthermore, 
several reports have applied conventionally the rate 
equations for homogeneous reaction to discuss the 
order of reaction and empirical equations which do 
not correspond to an actual model.

As cited previously, Halstead and Lawrence (66) 
and also O’Connor and Greenberg (68) discussed the 
rate of reaction between colloid silica and lime solu
tion and expressed the results by the following equa
tion.

1 — .v1'3 = kt
where x is the fraction of silica remaining in solid 
form after time t. In this reaction the dissolution of 
silica is the slow step and the rate is proportional to 
the surface area of reactant. The rate of solution is 
independent of the hydroxyl-ion concentration in the 
range of 15-40 milli-equivalents/ liter.

Greenberg and Chang (113) determined the rate 
of hydration of C3S from the measurement of concen
tration and electric resistance of the solution, as C3S 
dissolved congruently about 0.25 g per liter of water. 
The rate equation is as follows

- = kts- kAc3sxs

where (C3S) is the concentration of unreacted C3S, 
(C3S)[i is the concentration of dissolved C3S, S is 
the surface area of unreacted C3S, and kx and k2 are 
the rate constants of dissolution and precipitation 
on the surface of particles, respectively. However, this 
does not always correspond to the experimental 
results.

According to Brunauer and Kantro (139), the reac
tion of C3S in ball-mill hydration is always accele
rated as the gel coating is removed. If it is assumed 
that the reducing rate of C3S is equal to the disappear
ing rate of the gel coating, this can be expressed by the 
following equation.

- ^§5) = jk(c3s)2/3 (i) 

The rate is proportional to the surface area of C3S. 
k is 0.095 h"1 and then C3S reacts completely at 
31.5 A.

In the case of the hydration of calcum sulfate 
hemihydrate, a maximum in the rate was found by 
Taplin (141) near the mid-point of the reaction. The 
precipitation of gypsum controls the rate until the 
maximum, and thereafter the control passes to the 
dissolution of hemihydrate, which may be related 
with diffusion. An equation mentioned below is 
given

J- = ± . a2/3 + 4- • (1 - a)2/3 
da g h v y
dt

where g and h are the empirical rate constants for the 
precipitation and for the dissolution respectively. 
In practice the exponents become more than 2/3. 
The accelerators usually increase the rate of precipi
tation.

Knoblauch (104) examined the rate of hydration of 
C3S and C2S at several temperatures and reported 
that the former was the reaction of the third order 
and the latter was 1.5. Brunauer and Greenberg (20) 
suggested that these reactions were rather the diffu
sion controlled reaction, zur Strassen (142) interpreted 
from the result of Knoblauch (104) that the hydration 
of C2S was obeyed by the surface controlled reaction 
from several days up to 120 days and it was controlled 
by diffusion thereafter, and that the hydration of C3S 
was diffusion controlled until 30 days.

The rate of dissolution can be apparently expressed 
by an equation for the first order reaction which was 
derived by Nernst. As an example of such reaction 
there is the hydration of magnesia studied by Coleman 
and Ford (143). When the sample is exposed to an 
atmosphere saturated with water vapor, the hydration 
rate can be expressed by such type of equation as 
follows,

In (!—«) = —kt

The relationship between the rate and the mechanism 
is not clear, but they concluded that this hydration was 
the result of capillary condensation of water-vapor 
in the micro-pores of MgO and its rate was dependent, 
not on specific surface, but on the difference in the 
starting materials and calcination temperatures. On 
the other hand Layden and Brindley (109) found an 
incubation period in the hydration of magnesia and 
interpreted that an interface reaction controlled the 
progress of the overall reaction. The rate of hydra
tion of magnesia in the vapor-phase can be expressed 
by similar equation as like (1).



Rate Equations of the Solid State Reaction

Rate equations of the solid state reaction controlled 
by diffusion are given by many investigators. Parti
cularly the equation derived by Jander (144) is fre
quently used. The equation is as follows:

[I - (1 - a)1/3]2 = kt

where a is the reaction ratio and t is time. This equa
tion was derived by assuming the sectional area of 
diffusion being the original surface but the area 
should be the geometric mean between the former and 
the interface of the reactant which reduced with pro
gress of reaction. However it was reported by Kondo 
and Choi (145) that this equation conformed to 
another kind of the solid state reaction which took 
place in the presence of melt, for an example C + 
C2S -> C3S in the portland cement formation.

Ginstling and Brounshtein (146) obtained a more 
accurate equation. Their equation can be modified to 
express by the function of the thickness of reaction 
layer in convenience of later discussion and to eluci
date the meaning of the rate constant. '

[1 - (1 - a)V3]2 _ ^[1 _ (1 _ a)i/3p = 2DCt

(2) 
where a is the reaction ratio, D is the diffusion coef
ficient, C is the concentration difference expressed as 
g reactant/1000 cm3-p, where p is the density (g/cm3) 
of the solid reactant and “a” is a constant described 
later and r0 is the radius of the original reactant 
particle. As shown in the above equation, the first 
term of the left side dominates the reaction in the 
early stage to coincide with lander’s equation and on 
the other hand, the second term dominates the reac
tion in the later stage to complete faster.

The above two rate equations are given under a 
very simple assumption that the mass transfer depends 
only upon inward diffusion and the volume of the 
reacted reactant is equal to that of the formed product. 
Thereafter Carter (147) proposed an equation in which 
the volume ratio of the reacted part to the formed 
product was considered. But all of these equations 
are not natural because of the assumption that the 
product is formed only at the interface of reactant. 
If it is true each particle must be expanded and the 
rate constant cannot remain unchanged owing to the 
destruction of the texture of the formerly formed 
product.

Regarding this matter Taplin (57) considered that 
the outer product and inner product were formed 
simultaneously by counter diffusion in the hydration 
of C2S and gave the equation (148) in which two dif

fusion coefficients on both products were taken into 
account. The following equation is a modification of 
Taplin’s equation to make easy to compare with the 
equations mentioned above.

+ l-(z - 1){1 + |(z - l)a - [1 + (z - l)a]2/3}

2CV
~~ <zr?

where Dt and D„ are the diffusion coefficients on the 
inner and outer products, respectively, and z is the 
volume ratio of the product to reactant.

The above equation is reduced to Carter’s equation 
if Dt = Do, and coincides with the equation of Gin
stling and Brounshtein if z = 1. The meaning of rate 
constant is here clarified, however it is not described 
by Ginstling and Brounshtein (146) and Carter 
(147). A factor “a” in the right side term must not 
be neglected, nevertheless it is not considered by Tap
lin (148) as all of the reacted reactant does not diffuse 
outward but only a part “a” of this diffuses. In addi
tion, “a” is to be (z — l)/z when the densities of inner 
and outer products are the same. It is obvious from the 
above equation that particularly the rate at the later 
stage decreases when the diffusion through the outer 
product is the slow step.

Mass Transfer Controlled by Diffusion

The rate equations mentioned above is applicable 
to the case of hydration if the diffusion is a slow step. 
Furthermore some rate equations mainly concerned 
with the hydration reaction will be reviewed.

Greenberg and Chang (113) considered that the 
rate of the hydration of C3S was controlled by the rate 
of diffusion of the ions into the surrounding solution 
through the product layer and applied an equation 
given by Brunner and Tolloczko.

. - = fcS[(C3S)s - (C3S)d]

where k is a function of diffusion, S is the surface 
area of C3S particle, (C3S), (C3S)3 and (C3S)d are the 
concentrations of unhydrated C3S, dissolved C3S 
on the interface of unhydrated C3S and dissolved C3S 
in the solution far from the unhydrated particle surface 
respectively. This equation, however, does not coin
cide with the experimental results. It seems that it is 
necessary to take into consideration the thickness of 
the product layer.

On the other hand, Ratinov and Lavut (149) dis
cussed the early stage of suspension hydration of C3S. 



with the rate of solution. The solution rate of a disk 
is as follows.

= D(C - C') 
at po •

where, / is the size of particles, D is diffusion coef
ficient, p is density, 8 is the effective thickness of the 
diffusion layer and estimated from the study of Levich 
as 8 = kD1/3 in which convection and diffusion are 
taken into consideration, C is saturated concentra
tion and C' is the concentration of the liquid. The 
dissolution rates of the pressed pellets of C3S, C2S or 
hydrothermally synthesized product such as C3SH2 
or C2SH(A) are obtained (135). Both results were 
substituted in the above equation, by which the 
following equation was derived.

- m|.o) - - m|.o) = -D=(C1 - C2)t

where, m, and m2 are the weight of reactant and pro
duct, respectively, at time t, mt.o and m2.0 are those 
at t = 0. As /, and Z2 are in the order of 10 ~ 50 /z and 
100~500Ä respectively, — C^>C — C'2, and 
Z)273^, — C2) can be approximated as a constant, 
so that

m\ ~ mi.o ~ ~ kDHCx — C^t
In the case of cement, C2 can be ignored as "5> 

C2. The determined value of —k-104 is 1.0~l.l at 
20°~65°C. The value mj/3 — is kept nearly 
zero for 2~3 hr, thereafter it increases proportionally 
with lapse of time. The slope of the line obtained from 
this equation becomes steeper, which implies that the 
reaction is accelerated by the addition of a salt such 
as NaNO2, KC1 and K2SO4. This rate equation is 
dealt with carefully but this cannot be utilized for 
paste hydration in which the diffusion through the 
product layer becomes the slow step.

Stein (150) discussed the retardation of the reaction 
of C3A by the formation of ettringite in the presence 
of gypsum and lime. If the amount of the ettringite 
produced is P, / is the fraction of ettringite formed 
around the interface of reactant to cause retardation, 
the following equation was obtained from Fick’s 
first law of diffusion. '

<Z2P 
dlnf In X _ 1 , dP , dt2 

dt ' dt — P " "dt ' dP
dt

The relation of P vs t is a straight line when the 
beginning of the second peak of the rate of heat 
liberation is taken as t. He substituted Blaine’s surface 
of C3 A for A which is the area of the relevant surface 
concerned with diffusion as he intended only to apply 

to the early stage of reaction.

. Rate Determining Steps in Hydration
In the case of the reaction of spherical particle the 

relation between the thickness of the reacted layer 
and time t is expressed as = kt when the rate deter
mining step is boundary reaction. On the other hand 
when the reaction is controlled by diffusion, the 
relation <^2 — -|^3 = kt is given as shown by equation 
(2) but this equation becomes approximately ^2 = 
kt in the very early stage.

It is hold for many reactions an empirical equation 
in which the N power of the function of the thickness 
of reaction layer 1 — (1 — a)173 is regarded as being 
equal to kt. The value of TV is 1 if the slow step is 
boundary reaction and approximately 2 if it is dif
fusion. This value sometimes becomes less than 1 
or more than 2, however almost no discussion has 
been made on hydration reaction in the past.

When N is less than 1, an autocatalytic reaction is 
expected and the rate is accelerated with progress of 
reaction. This type of reaction occurs at the accele- 
ratory period.

It can be considered that an impermeable product 
layer formed at the S, stage decreases in thickness 
gradually to become permeable at the Sni stage. 
However, the consideration of the change of rate 
with time and of mechanism leads us to a conclusion 
that the formation and growth of nuclei start by the 
transformation from unstable to metastable phase 
during Sn stage already. When the size of transformed 
spots reaches the thickness of protective layer, this 
layer becomes permeable to change to Sm stage and 
further growth of these spots seems to increase the 
sectional area of permeable part. This process leads 
to a proportional increase in the rate of hydration.

Kondo and Daimon (70) proposed a following rate 
equation for transformation in the product layer. 
They considered that the reaction was boundary 
controlled, and that the transformed part grew linearly 
at a constant rate k.

a, = - tgy

where a, is the transformed volume and is the time 
when the center of transformation is formed. If the 
rate of increase of the center is k', the following 
equation is obtained.

a. — at = 2 k'oij = f (z — t^p-dtg 
tg-tl 2. J tt

a — a8 = -^-k2k'(z — tty

The rate of increase in is practically decreased by 



the collision of the growing fronts and the roughness 
of the particle surface, k' is also saturated by the end 
of Sin.

If we next assume diffusion as being the slow 
step,

da = = ke dt

where e is the volume fraction of the permeable part. 
In case of the transformed part grows in length and 
width with time,

c^=k\t-tty 
da = kk'(t — tty dt 

a — at = ^kk\t — t^3

where 6 is a fraction of the total transformed metas
table phase e'. Accordingly, e' increases in the Sn 
stage but e remains zero.

On the other hand, from the heat liberation data 
during the Sin stage, the following equation is given.

where, /cfcal/g-hr3) indicates the rate of increase in 
the permeable area, and tt is the time of the induction 
period. Since the temperature dependance of k is as 
large as 37 kcal/mole, the hydration of C3S at the SHI 
stage is regarded as being controlled by the chemical 
reaction in which the protective layer is transformed 
into the metastable phase.

When A is a value larger than 2, the diffusion may 
be the slow step, however the diffusion coefficient 
decreases gradually. The reaction at the Sv stage men
tioned above is an example of this type. The diffusion 
coefficient through the hydration product is generally 
smaller than in bulk liquid so that the ratio of sectional 
area of the total through pores to the relevant surface 
is smaller than 1, the tortuosity is higher than 1 and 
chemisorption of capillary is also effective. When the 
pore structure becomes more dense, it can be expressed 
by = kt where N > 2. In general = Dt, where 
v is a variance, which is expressed as d = k'l£,N~z. 
Accordingly the diffusion coefficient D decreases in 
this case at a rate of l/^'v"2 with progress of reaction.

In the hydration of C3S, the SIV stage whose reac
tion is controlled by diffusion through only inner 
product is very short. In the Sv stage most particles 
are enveloped by the growing Ca(OH)2 crystal and 
thereafter the subsequent hydration is very limited as 
the gel water in the inner product formed before is 
only available for hydration. Then the value of A of the 
overall reaction after 1 day becomes 2.5 to 2.8.

Kinetics of the Whole Hydration Process Having 
Various Stages.

The complicated change occurring in the hydration 
of cement with progress of reaction has already been 
explained. Kondo and Kodama (151) tried to for
mulate these complicated changes without over sim
plification. Here the whole hydration process con
taining the five stages from S, to Sv will be described. 
The equations obtained are also applicable to some- 
kind of solid state reactions having induction and 
acceleratory periods.

A dense protective layer seems to be formed on the 
reactant suface during the early part of the reaction 
and this follows the parabolic law as a kind of an 
erosion reaction.

S = T or <2=i' + t'

where, k' refers to the very early chemical reaction 
term which is not affected by diffusion. In this period, 
it can be considered that $ will be proportional to a, 
so

a2 = kat + k'.

The change of dajdt or a with time is shown in Fig. 
38, (a) and (b), respectively.

Next, the geometry of a single sphere of reactant 
whose original radius and the radius of the partly 
reacted reactant are r0 and r, respectively, is shown in 
Fig. 39. Among the overall transport processes of the 
chemical species, the slowest one is assumed to govern 
the rate of reaction.

Now, let us consider the situation where the reaction 
da advances in the duration dt at time t. The flux of 
the material or ion in relation to the rate determining 
transport process F, is formed in proportion to da, 
so that the flux in a single spherical particle can be 
expressed by the following equation.

T- 4 3 da¥-T’lri°7t

where, “a” is the proportionality constant when] the 
chemical species concerning the rate controlling dif
fusion are formed in proportion to the quantity of the 
hydrated reactant.

Hence, it is possible to derive the following equa
tions.

<3>

C2-c3 = t^^S-^; <4>
C3-C4 = 47Ir-fl$-n1s- (5)

•J CIL J-Z0



Fig. 38. Relation between hydration rate or degree of hydration 
and time at each stage

where, Cx, C3 and C4 are the concentrations 
of the rate determining chemical species in each 
position, Dtt, Dt, and Dc are the mass transfer coef
ficients of the rate determining chemical species in each 
position, and Sa or Sö is the geometric mean surface 
between S and S', or between S' and So, respectively. 
By combining (3), (4) and (5), we obtain.

where, C is the overall concentration difference, and 
R refers to the resistance to the flux of the rate deter
mining process, and is expressed by,

R,-
Da-Sa R2 = Arb

Db • S»
R3 = 1 

Dc ■ So
Now, the flux of the rate determining process is given 
from equation (6).

(7)

by the

(8)
(9)

A-Tt _______
3 ° “dt Ara.So Ar».S0 1

Da.Sa + Db.Sb^D(

where S„, S„ and S6 are
S„ = Attr'i
Sa = (S;-S)l = -ATtr^X - a)^ = 4nro2(l - a)^ 
Si=(S'.S0> = 47Ir2

The protective layer is first simply assumed to be
come gradually thiner linearly with time 
dissolution process. Thence,

Ar.=r.[l -(1 -a)i]
Ar6 =$o- ks(t - / J 

where, is the layer thickness at time r,.
Hence, from equations (7), (8) and (9), we obtain 

the following differential equation which should be 
solved.

I .1 (1 a)= , 1 re _ L- (f _ t Y] 4-
lD0 (1-a)’ + D6Ko sk 1)J + DcUt

= 3-5- (10)
arQ v '

If we assume that in the SnI stage the process which 
governs the overall rate is the mass transfer through 
the protective layer, R2 >• R, + R3. When the R3 
term is ignored and the equation (10) is integrated 
from a, to a and from tx to t.

The solution which gives the relationship between a 
and t in the Sni stage is



a a, - A3 In t 

where,

A - 6 9C-D-
3 ar0 ks

The solid curves shown in Fig. 38 as (c) and (d) 
represent the relationship between t and da,[dt or a, 
respectively.

It was assumed after equation (9) that the coating 
layer became thin linearly but the rate of reaction for 
the acceleratory period increased in the proportion 
of nearly second power of time. This leads to the 
hypothetical mechanism that the area of permeable 
part in the coating layer increases in two dimensions 
with time.

Thus, the term, l/D6[<^0 — ks(t ~ Z,)], in equation 
(10) must be changed to — zj". The following 
equation is similarly obtained by ignoring the Rt 
and R3 terms,

—'-(TTW)'-" -
= k'(tn+1—tT1) '
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The dotted curves (c) and (d) in Fig. 38 are from 
calculated value.

As for the SIV stage, we assume that the process 
which governs the overall rate is the mass transfer 
through the inner products, so that R] > R, | R3, 
by which equation (10) reduces to

Da (1 —ar0
When integrated from Z2 to Z and from a2 to a,

^p(l_ 001-1]^ = ^ pt
v as Uf 0 J t2

The solution which gives the relationship between a 
and t in the SIV stage is

z = A4[B4 - -1(1 ™ a)8 - a] (11)

where A4 = JgL

and B4 = -|-(i-a2)l + a2 + ^z2

Equation (11) corresponds to that derived by Ginstl- 
ing and Brounshtein (146) if z2 and a2 are zero because 
the reaction has no induction and acceleratory periods. 
If we assume the value C is in the order of g/1, and “a” 
is about 0.5, although they have not been experimen
tally confirmed in cement hydration, the order of D 
may be evaluated from the data of the hydration rate 
as lO^11”12. In Fig. 38, (e) and (f) show the relation
ship between Z and dajdt or a in the SIV stage.

Further, in the later period of hydration in which 
the unsteady diffusion process through the inner and 
outer products is the rate determining step, the dif
fusion equation is generally given by Fick’s second 
law rewritten in spherical coordinates as follows.

<?C(M)_ 1 d( 2dC\
dt ""Fdr \ dr)

where D(r, C, z) is not a constant. This equation re
presents the Sv stage and expresses a trend for retard
ing qualitatively more than the rate of reaction in the 
SIV stage. We do not have sufficient information on the 
structures and concentrations of the system at this 
stage but the rate of the overall reaction can be ex
pressed by an empirical equation, [1 — (1 — 
a),/3]N = kt, in which N > 2 generally and N = 
2.5~2.8 in the case of paste hydration of C3S, as 
previously described.

Finally, the whole hydration process consisting of 
various stages can be expressed as shown in Fig. 31, 
in which the solid curves are the sum of the results 
shown in Fig. 38 for every stage and the dotted curves 
are for the actual reaction course.
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Written Discussion

Hans N. Stein

Dr. Kondo and Mr. Ueda are to be congratulated 
for having derived mathematical expressions that can 
be applied to the mechanism proposed for the hydra
tion of C3S by Kantro, Brunauer and Weise (1) and 
by Stein and Stevels (2) (3) (4).

These authors adduced experimental arguments 
indicating that during the accelerated phase of C3S 
hydration, the reaction rate is determined by the 
transition of a closely fitting, strongly retarding first 
hydrate (=F. H., probably C3SHn) into a second one, 
less retarding one (=S. H., probably CSH-I). This 
transition was found to be determined by the amount 
of S. H. nuclei present. It appears from Kondo and 
Ueda’s paper that this mechanism is corroborated by 
recent measurements of theirs.

The equations of Kondo and Ueda are, in principle 
at least, capable of dealing with this mechanism. 

However, in their derivation one very important 
factor, viz. the rate of formation of S. H. nuclei, has 
not yet been fully worked out. In Kondo and Ueda’s 
paper, the rate of S. H. nucleus formation is thought 
to be independent of time, i.e. independent of the 
concentrations in the aqueous phase. This, however, 
is improbable and at variance with the experimental 
results that led to the mechanism mentioned (viz. the 
influence of amorphous silica on the suspension 
hydration of C3S). The introduction of parameters 
(tt and n in Kondo and Ueda’s final equation) may 
make the equation fit experimental data, but this 
procedure may conceal rather than solve the funda
mental difficulties. It is clear that the theory must be 
supplemented on this point before it can be applied 
with confidence.
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Written Discussion

John H. Taplin

Kondo and Ueda state that a kinetic equation of 
mine (1) defines two diffusion constants but omits 
a factor which is the fraction of material which even
tually diffuses outwards. The equation was originally 
given as:

i[l - (1 - F)2/3 - 2 F/3]
+ (o/v)[l + 2vF/3 - (1 + vF)2/3
= 2 C r/R2 (1)

The quantities i and o were stated to be specific resis
tances. If C is the concentration difference and if 
Dt is the diffusion coefficient of outward moving 
material, in the inner products, then ajDt can be writ
ten for z. However “a” is not the fraction of material 
which diffuses out, it is the concentration in the cement 
mineral, of the material involved in the rate controll
ing diffusion. .

In a Supplementary paper to this Symposium (2) 
it has been argued that equation (1) is more likely to 
apply to the inward diffusion of water than to the 
outward diffusion of soluble products. However equa
tion (1) could still apply to outward diffusion if the 
cement mineral, or some thin impermeable coating or 
its surface, is able to come to equilibrium with the 
aqueous solution so as to maintain the constant con
centration difference, C, which was assumed in deriv
ing equation (1).

However, equation (1) applies to a particle of radius 
R. In order to take account of the particle size distri
bution possessed by most powders, it is convenient 
to approximate equation (1). It is more accurate (3) 
to use equation (2) rather than dander’s eqaution.

dF[d(tz) = k2(l - F)N/R (2)
where z 2 for parabolic kinetics and where N is 
always well below the 2/3 value given by dander’s 
approximation. For example:

N =- 0.43 for quadratic kinetics (all diffusion resis
tance in the inner products) ,

N = 0.30 for i = 0, as in Valensi’s equation (4), 
and v = 1 .

Of course, the exact effect of particle size distribu
tion on the reaction kinetics of a powder depends on 
the nature of the particle size distribution. However, 
the effect can be illustrated for linear kinetics, as 
follows. Let (/^ be the frequency function on a weight 
basis so that the proportion of the powder consisting 
of particles with a radius greater than R is f (/)R c/R.

If the particles keep their shape as they react then:

(1-F)r = (1-p/R)3 (3)
where p is the distance the reaction has penetrated a 
particle of size R. For simplicity, assume linear 
kinetics so that p is independent of R, p = kt. For the 
whole powder

f"(l-F)r(/)r(/R (4)

By differentiating equation (4) four times with respect 
to p it follows that:

IV
(1 -F)=6(/)2,/p3

or
IV

(/)„=Z>3(1 -F)/6 (5)
Integrating equation (5) by parts, we obtain:

fP(/)R dR = F - E(-P)" (I - F)/n I (6) 
J 0 1

An important difference between a mono-sized 
powder and one with a range of sizes is that the sur
face area- of the mono-sized powder decreases more 
slowly as it reacts. This fact suggests a modification 
of equation (2) where allowance is made for a range of 
sizes by increasing the value of N. Assume

dFjdt = Akp(l - F)M (7)
for a powder reacting by linear kinetics where A is 
the specific surface area, p the density and M > 2/3. 
By using p = kt, making the necessary differentia
tions, and substituting in equation (6), the appropriate 
cumulative particle size distribution is found. For 
example for M > 1.

f (f)x dx = 1 — 9l[1 + x[q + Mx2/2#2 
J 0

+ M(2M - l)jY3/6gr3] (8)
where L = 1/(1 — M) and q = 1 — (1 — M)x

Fig. 1 is a log probability plot of three distribu
tions of size which, for linear kinetics, will obey equa
tion (7) with M = 1, 1.5 and 2.0. It will be seen that 
at the lower values of M the distributions are approxi
mately lognormal.

This effect of particle size distribution, means that 
plots of In [1 — (1 — F)1/3] versus In (t), as used by 
Kondo and Ueda in their Fig. 1, are difficult to inter
pret except for closely sized materials such as their 
C3S samples. Consider particle size distributions such 
as are found for commercial portland cements. The



Fig. 1. Log probability plots of particle size distributions of 
powders which, for linear kinetics, meet the following require
ments: O’) the reaction rate is proportional to (1 — F)M 
G'z) the particles retain their shape as they react

Fig. 2. The failure of the relation, [1 — (/ — F)1 '3J oo t, for 
the linear reaction of a hypothetical powder of spherical 
particles with a Furnas distribution of sizes approximating 
that found in commercial portland cements

1. J. H. Taplin, Proceedings of the Fourth International 
Symposium on the Chemistry of Cement, Washing
ton, D. C. 1960, N. B. S. Monograph 43, 263-266

Furnas distribution usually fits cement data closely 
from a radius of 1.7 to about 25 microns (5), i.e. from 
about 8 to 90% passing. For C 0, the Furnas 
distribution is

f"(/)R z/R = (Rc - R5)/(R? - RS) 
j 0

The linear and quadratic kinetics were computed 
for a size distribution typical of a cement, C = 1/2, 
Ro = 0.84 microns and R, = 31.5 microns. Fig. 2 is 
a plot of In [1 — (1 — F)1/3] versus In (kt) for linear 
kinetics. If interpreted as the kinetics of a mono
sized powder it would suggest a transition to diffusion 
kinetics at about a third of the way through the reac
tion. Fig. 3 is a similar plot for quadratic kinetics. 
Again the initial slope is that expected for a mono
sized powder and again it falls as the reaction proceeds. 
These plots would show even greater curvature if 
allowance was made for the usual deviation of cement 
from the Furnas distribution. There is usually 5-10% 
of material which is coarser than the fitted R,.

Nucleation, crystal growth, dissolution and dif
fusion are some of the possible rate controlling 
processes in the hydration of cement. In trying to 
distinguish between them, the effect of particle size 
distribution can hardly be ignored. In the later stages

Fig. 3. The failure of the relation, [7 — (7 — F)1/3]2 <x> t, for 
the parabolic reaction (diffusion resistance in inner products') 
of a hypothetical powder of spherical particles with a Furnas 
distribution of sizes approximating that found in commercial 
portland cements

of the reaction, this size distribution effect is generally 
about as great in comparison with a mono-sized pow
der as is a change from a linear to a parabolic reaction 
mechanism.
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Written Discussion

Rolf F. Feldman

In this very comprehensive review the authors 
have discussed the various parameters that control the 
rate of hydration of a solid. These can be categorized 
as follows:

(a) Reactivity of the solid,
(b) Nucleation and crystal growth,
(c) Mass transfer through the solid product.

The authors have also outlined how these parameters 
may be affected by the addition of foreign molecules 
or ions. It is the purpose here to discuss the effect of 
sulphate ions on the hydration of C3A.

On the assumption that the rate-controlling process 
is the rate of decomposition of the solid, sorption 
of ions on surface sources of dislocation may decrease 
the reaction rate, effectively decreasing the reactivity 
of the solid. Foreign molecules can also affect the 
number of nuclei available for crystallization and 
modify the rate of growth and morphology of crystals. 
They may even alter the product of hydration more 
drastically: for example, the presence of sulphate ion 
prevents, for a time, the conversion of hexagonal 
hydro-aluminates to the cubic hexahydrate (1) in the 
hydration of C3A. It is this conversion that accelerates 
the normal hydration of C3A (2).

The additive might affect the rate of hydration 
through the third category by changing the nature of 
the solid product (as stated previously) that might 
accumulate around the reactant. This has been the 
most common explanation for the retardation of C3A 
hydration in the presence of additions of gypsum. It 
has been concluded that ettringite forms a dense 
impermeable layer around unhydrated C3A grains, 
thereby retarding the reaction.

The main purpose of this discussion is to show that 
the above conclusion may be premature. If it is ac
cepted that the rate of diffusion through the solid 
product is the rate-controlling process, then one is 
faced with two possibilities: •

(1) The product modified by the additive has a 
greater density and impermeability than the product 
formed without the additive. In the case of the hydra
tion of C3A in the presence of gypsum, it is generally 
concluded that ettringite, which forms around the 
unhydrated C3A, has these properties of high density 
and impermeability relative to the properties of the 

hexagonal hydroaluminate. The latter product forms 
around the C3A during its earlier periods of hydration 
in the absence of gypsum.

(2) The effect of the sulphate ion in small pores 
with its high electric-field intensity may significantly 
reduce the rate of mass transport through the solid 
product.

This mechanism for retardation will then remove 
the necessity of giving special properties to the ettrin
gite layer.

The importance attached to the nature of the solid 
product requires an understanding of the formation 
of the structure of a body when the solid product 
forms during hydration. The nature of the stresses 
and strains produced during hydration should provide 
some information on whether the layer around the 
unhydrated grains will be dense and impermeable.

The final structure of an agglomeration of particles 
of a solid which may undergo a reaction with water 
depends upon many factors. The morphology of the 
product and the place where it is deposited must be 
considered as part of the over-all reaction mechanism; 
reaction conditions may affect all of these. The state 
of the structure and the volume change of the body 
reflect the morphology of the product and its place of 
deposition. Volume or length change may be large or 
small; a large length change does not necessarily lead 
to a weak and soft body. When the expansion leads to 
a weak and soft structure, it is considered disruptive.

Compaction of the solid reactant tends to emphasize 
some of the properties of the reaction by bringing 
particles in contact and, although compaction may 
alter the relative periods at the different stages of the 
reaction, it must be kept in mind that a body of low 
porosity is also the final product of normal paste 
hydration. Studies of length change of compacts of 
several materials during hydration have been made to 
aid in understanding the nature of the stresses and 
strains involved during formation of the solid product. 
It was assumed that the forces that cause expansion of 
the body would also operate in the formation of a layer 
around a grain of unhydrated material; results have 
led us to believe that this is so.

The fact that hydration reactions involve an increase 
in the volume of solid product over solid reactants 



does not account for the various types of length change 
and structuring during reaction. At the beginning of 
hydration, expansion of the compact is caused by the 
thrust of the product at or close to the points of contact 
of the grains of the reactants. In some cases, this ex
pansion is slight and a fairly dense impermeable pro
duct is built around each grain and penetrates into 
the pore spaces. The structure of the body would then 
consist of a dense impermeable product and should 
be and is of good strength and low porosity. The 
hydrate product is probably continuous but the unhy
drate material is embedded in it, and the reaction is 
terminated or almost so by the lack of space or water. 
Examples of this type of reaction with the solid in 
compact form are C3S and jS-C2S both with linear 
expansion of 0.10 to 0.15 per cent (3) and portland 
cement with 0.3 per cent (4).

The hydration of CaSO4-l/2H2O compacts (5) is 
accompanied by somewhat larger linear expansions 
(from 1 to 4 per cent,) depending upon the hydration 
conditions, but also produces a strong fairly dense 
body. The expansion in this case is not disruptive. 
Slurries of calcium sulphate hemi-hydrate may pro
duce linear expansions of 0.5 per cent. CaO hydrates 
with a disruptive expansion in the presence of water 
vapour (6); there is a weakening of the structure 
during hydration, little or no reduction in reaction 
rate, and a complete disintegration of the body, 
leaving only a powder. Under these conditions, one 
cannot visualize the formation of a dense impermeable 
product around the CaO particles because this would 
mean that the unhydrated material was joined toge
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ther and surrounded by the dense product (thereby 
forming a strong body) and that the reaction rate had 
been drastically reduced.

The reaction of CO2 with compacts of Ca(OH)2 
in the presence of water vapour (7) is an example of 
another type of structuring. Although the reaction 
produces an increase in solid volume, densification of 
the body is accompanied by shrinkage up to 0.3 per 
cent linear measurement.

These examples show something of the complex 
nature and relationship of length change to struc
turing and reaction mechanism.

The expansive behaviour observed for the compacts 
of mixtures of C3A with 10 and 20 per cent gypsum 
was disruptive; the body was in fact a “much”. It is 
difficult to see how, in the light of the above discus
sion, this can be the result of a special dense and 
impermeable product of ettringite. The retardation of 
C3A hydration by gypsum when the reaction is con
trolled by diffusion is thus considered to be due to the 
effect of the electric field intensity of sulphate ions 
upon mass transport through small pores.

In contrast to this, hydration of C3A at 52°C (8) 
produced a firm strong product, and the expansion of 
the compact was only 0.7 per cent after 4 days, most of 
this taking place in less than one hour. The degree of 
hydration was only 17 per cent although plenty of 
pore space was available for hydrate product. It ap
peared clear that, under these conditions of hydration, 
there was a dense impermeable product of C3A-H6 
around the C3A grains.
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Oral Discussion nate-ferrite phase (W/S = 1.0-1.2) of portland 
clinker and of technical clinkers (W/S — 0.5) together 
with CaSO4 (as anhydrite or dihydrate) and increasing 
amounts of CaCl2 in lime saturated pastes can be 
summarized as follows:

J. Albeck, Udo Ludwig and Hans E. Schwiele

Our investigations (1, 2) of the hydration of alumi



1. In accordance with Schwiele, Ludwig and Jäger
(3) we found a decrease of reaction velocity of the 
following clinker minerals with dihydrate and anhy
drite in lime saturated pastes:

C3A —> C6A2F —> C4AF —> C2F
Correspondingly the sulphate combination velocity 

of clinkers decreases with decreasing C3A content of 
the clinker.

2. With anhydrite the sulphate fixation of the 
aluminate-ferrite phases and the clinkers itself is more 
rapid than with dihydrate. This is due to the lower 
dissolving velocity and the therefore minor tendency 
for initial formation of ettringite coatings.

3. The addition of CaCl2 accelerates the sulphate 
fixation. Increasing amounts of CaCl2 are effecting 
increasing accelerations. This effect is due to the reduc
tion respectively prevention of the ettringite layer on 
the aluminate-ferrite phases of the clinker grains.

4. With 20% of Cl" addition we found in the first
minutes of hydration (up to 30 minutes) the simul
taneous formation of C3(A, F)-3CaCl2-H^, C3(A, 
F)-3CaSO4-H32 and C3(A, F)-CaCl2-H10, afterwards 
the formation of the two latter salts only. That means 
in disagreement with Tenoutasse (4)—that CaCl2— 
and CaSO4-fixation runs at higher CaCl2-content 
simultaneous. '

5. The reaction of CaCl2 to Friedel salt stabilizes 
the initial formed ettringite for there are minor 
aluminate ions for the formation of C3(A, F) • CaSO4 • 
H12 or the solid solution series C3(A, F)-(Ca(OH)2, 
CaSO4)H12.

6. On slurries (W/S = 10) with C3A an increasing 
CaCl2-content leads to an increasing A12O3 and a 
decreasing SO3 content and pH value in the filtered 
solution. By this we establish the minor formation of 
ettringite coatings.

Fig. 1. One day’s C&CXz-and CaSO4 fixation of aluminatic 
ferritic clinker phases ( IViS = 1.0 — 7.2)

Table 1. Al2Oa -and SOj-concentration and pH-value after 30 
minutes hydration in lime saturated solution

1) 10,0g C3A <■ 6,0g CaS04-2H20 + 1,8 2g Co (0H)2

2) 10,0g C3A ♦6,0gCaS04 -2H2O + 1,82g Ca(0W2

♦ 7,82g CaCl2.H2O

3) 10,0g c3A + 6,0g CaS0(- 2H20t 1,82g Ca(0H)2

♦ 3.64g Co Cl2 H20
x) Calculated on C3A-content

W/S =10 t = 30 min

ai2o3 
(mg in solution)

S03 

(mg in solution)
PH

1

2

3

ov.cr
i0 7.cr,)

2O7.CI"X)

0.14

0,17

0,26

■ 14 9,40

110,00 

10 6,25

12,85

12.63

12.50
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Authors’ Closure

Renichi Kondo and Shunro Ueda

Three written discussions were given to our paper. 
First of all, Dr. Stein pointed out the similarity of ideas 
on the explanation of acceleratory period between 
our’s and of other investigators. But the reason why 
the reaction in the acceleratory period takes place 
can hardly be explained logically simply by insisting 
that the propective layer splits off as viewed by Messers 
Kantro, Brunauer and Weise. Their theory cannot 
explain satisfactorily the mechanism that the reaction 
of this period is accelerated as the splitting off makes 
expose the new unreacted surface. According to us, 
the sudden reaction in the acceleratory period can be 
explained mathematically by considering that the 
protective layer partially becomes porous. We made 
reference to this point in our principal paper.

Dr. Stein also pointed out that the kinetic equation 
of the nucleation as conceived by us didn’t take the 
concentration of liquid into our consideration. To 
this comment we have described that the nucleation 
rate is functioned with the liquid concentration, in 
the section of “Nucleation and Crystal Growth". 
On the other hand, our own data shows that the liquid 
concentration remains for a while in comparatively 
same level during the course of the acceleratory 
period. By taking advantage of this phenomenon, 
we obtained the equation as shown in the section 
“Rate determining step in hydration" by going so far 
as setting the liquid concentration at constant.

In his discussion, an empirical equation which 
appeared in principal paper’s last page was criticized 
as having escaped the difficulty in the fundamental 
solution. In response to this comment, we wish to 
point out that there is a fear of perfunctory handling 
even if a theoretical equation is forcively induced, 
as there are many doubtful points in later stages of 
the reaction. As a first-hand step to cope with the 
difficulties, we are going ahead with a plan to seek the 
diffusion coefficient by using the radioactive isotope 
and observing the hydrate’s structure by the electron 
microscope either scanning type or using the micro
tome.

The equation in which N was referred to as para
meter is an empirical one. However, we explained alre
ady the relationship between N and diffusion coef
ficient or the compactness of the product layer in the 
section mentioned above so far as the concentration 
difference is constant. This is the very reason why we 
gave a temporary conclusion by utilizing this equa
tion.

Next, Mr. Taplin raised an objection to our opinion 
in his written discussion that the factor “a” in the rate 
constant must be regarded as a concentration in the 
cement mineral of the material involved in the rate 
controlling diffusion, instead of a fraction of material 
which diffuses out. Our view on the terms, C, “a” and 
D in the rate constant will be here described in detail, 
since the examination of the rate constant is important 
in order to evaluate the magnitude of diffusion coef
ficient, although it is not incorrect to combine the 
terms such as “a” and D in the so called resistance as 
treated by Mr. Taplin.

As described in our principal paper, Mr. Taplin’s 
equation can be reduced to the Ginstling’s equation 
when the diffusion in the inner product layer deter
mines the rate of reaction, and Ginstling’s equation 
was improved by Kondo as follows:

[1 - (1 - a)i/3]2 _ 2 (1 _ (1 _ a)1/3]3 = 2DCtA-1
D Ur q

where C is the concentration difference of the species 
involved in the rate controlling diffusion between 
outside and inside interfaces of the inner product. C 
is expressed as follows in consideration of the material 
balance:

wt. difference of dissolved reactant (g) ___________ 1_________
unit volume (cm3) density of reactant (g/cm3)

And the factor “a” is taken as the weight fraction of 
the material diffused out to the reacted reactant.

An example will be shown to clarify the characters 
of C and “<z”, and also to examine the order of D in a 
hydration reaction.

At first let us assume that the amounts and composi
tions of inner and outer products are the same in the hy
dration of C3S, and the difference of concentrations in 
the liquid phase is 1.63 gC3S/l. When the concentra
tion is expressed on the liquid phase, it must be multi
plied by a ratio of pore volume to total volume of the 
inner product, and this ratio estimated is approxi
mately 0.2. And the density of C3S is 3.2 g/cm3. Then 

'=4i-0-5- c-s^^'2^-0'0001

If we use C3S powder with r0 = 3.5 /<, the thickness 
of the reacted layer reaches 1 — (1 — a)1/3 = 0.06 in 
5 hrs (18000 sec.) from 5th to 10th hr. in early hydra
tion, and 1 - (1 - a),/3 =0.285 in 27 days (2330000 
sec.) from 1st to 28th day in later hydration.

Then the magnitude of D can be estimated as fol
lows. In the case of early hydration,

7
0.062 - y • 0.063



= 2XDX 0.0001 x 18000 x

D = 5.8 x IO'11 cm2/sec
In the case of later hydration, 

0.2852 - y • 0.2853 1

. 2 X » X 0.0001 X 2330000 x x

D = 8.5 x 10-12 cm2/sec

Next we shall assume that 1 mole C3S reacts topo
chemically with water to form C, sSHn as the inner 
product and 1.5 mole CaO diffuses outerward to form 
1.5Ca(OH)2 as the outer product, and the concentra
tion difference is 1.2 gCaO/1. Then

1.5 x m.w. of CaO n 
a =------------- ----------- = °-37m.w. of C3S

This value may be called as the concentration in C3S, 
of the material involved in the rate controlling dif
fusion as Mr. Taplin stated.

1 m.w. of C3S
3.2 x 3 x m.w. of CaO x °-2 x 1W

= 0.0001
The value D can similarly be evaluated as follows: 

In the case of early hydration,

D =4.3 x IO"11 cm2/sec
In the case of later hydration,

D = 6.2 x 10-12 cm2/sec
The evaluated value of D in hydration, thus ob

tained is a little lower than in paste or mortar. This 
is expectable, as only radial through pores around the 
reactant particles are available for material transfer 
in hydration reaction. On the other hand the diffu
sion in bulk specimen of paste or mortar must be 
mainly taken place in the pores of outer product. 
Regardless of the considerable amount of pore volume, 
the order of diffusion coefficient in hydration product, 
even in the bulk specimen, is as low as that in zeolites 
with very fine pores of several Ä. Chemical interac
tion between the surface of pores and the diffusing 
species seems to be responsible for lowering the dif
fusion coefficient and worth systematical study in 
future. '

In addition, we have recently received a private 
communication from Mr. Taplin, whose opinion is 
not fully agreed with us, but he described that we 

had the density of the reactant as a factor C whereas 
he had it as a factor of “a". He granted us an “a" 
which was the fraction of material which diffused 
out if we wrote for the right hand side of the equation 
iDCtfapr^, where p is the density of reactant.

On the other hand, Mr. Taplin in his written discus
sion emphasizes the importance of the particle size 
distribution on the rate of hydration and gives the 
equation, which are believed very useful. However we 
do not think that we have ignored the effect of particle 
size distribution, so that we have used elutriated samples 
and discussed about it not only in the paper but also 
especially in the paper refered as number (69) in the 
former.

Finally it is generally considered that the retarda
tion mechanism of C3A hydration by added gypsum is 
attributable to the formation of a dense ettringite 
coating. But Mr. Feldman and his colleague have put 
forward an idea to the effect that the sorption of 
SOj- ions over the dislocations of the particle sur
face is related thereto. This idea was already 
referred to in our principal paper.

Mr. Feldman supplemented afresh with a view that 
where diffusion is rate controlling, the transport rate 
of mass such as water molecules can be reduced by the 
high electric field of SO;- ion within the small pore.

In connection with the hydration rate of cement, we 
attach importance to the necessity of clarifying the 
hydrate’s conditions on the surface of cement com
pounds, and are actually going ahead with researches 
by utilizing either the surface electron diffraction or 
scanning electron microscope. As a matter of fact, we 
already have obtained considerably clear results which 
cover silicate hydration just as we mentioned in our 
principal paper. We further expect to be able to solve 
the problem of aluminate hydration by the similar 
method.

While on the other hand, we cited an example in 
Table 4 of our principal paper with respect to the 
mobility of various ions in the porous body. However, 
it is difficult to recognize such special trend as SO;- 
ion serving to lower down the diffusion coefficient 
more than other ions. Thus it is desirable to verify by 
further experiments Mr. Feldman’s idea that the 
electric field has an effect on the rate of hydration.

In any case, we believe that his idea will serve as 
useful working hypothesis in pushing forward more 
detailed fundamental researches in days to follow.
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Synopsis

The influence of monosaccharides and polysaccharides on the paste hydration of trical
cium aluminate (C3A) was studied for periods up to 90 days using X-ray diffraction, thermal 
analysis and electron microscopy. Each of the sugars used was found to retard the hydration 
of C3A. Sucrose and raffinose were strongly retarding at all ages, and trehalose, xylose and 
ribose were the least retarding. The other sugars studied gave intermediate results, although 
lactose, xylose and fructose were strongly retarding at very early ages. It was shown that 
the presence of sugars prevents the rapid formation of C3AH6 which is observed in pastes 
without additives. The principal hydration product was CtAH^ while C2AH8 was often 
present; the morphology of these hydrates was considerably modified.

Sugars also influenced the formation of sulphoaluminates in pastes of C3A and gypsum. 
Apart from some early acceleration by xylose, fructose and glucose, all sugars retarded the 
rate of formation of ettringite and its subsequent conversion to the low-sulphate sulphoalu
minate hydrate. An increase in the rate of formation of ettringite was apparent after 14 days 
in pastes containing lactose, raffinose and sucrose. The morphology of ettringite was also 
modified by sugars.

The experimental results are discussed with reference to the different mechanisms of 
retardation that have been postulated. It is suggested that the complexing of organic com
pounds with metals, such as calcium or aluminium, could be the main factor underlying their 
behaviour as retarders.

Introduction

Interest in the use of organic compounds as poten
tial set-retarding additives for cement has prompted 
several recent investigations (1-4) on their effects on 
the setting characteristics and hydration of cement 
pastes. However, apart from lignosulphonates and 
related materials, and with the exception of work by 
Suzuki and Nishi (2), no detailed study of the phy
sical and chemical effects of organic additives on the 
hydration of cements and cement compounds has been 
reported.

This paper presents results of preliminary studies on 
the influence of organic compounds on the chemistry 
of the hydration of cement compounds. The sacc
harides were chosen for this initial study because 
earlier reports indicated that these compounds 
generally behave as strong retarders. Interest in sugars 
was stimulated by previous work with lignosulpho

nates (5) which themselves contained appreciable 
amounts of sugars and other carbohydrates as impuri
ties. It has been shown (6) that the performance of 
lignosulphonate additives is not impaired by a high 
carbohydrate content and that sucrose behaves satis
factorily (6, 7) as an additive to concrete at low 
dosages (0.05 % by wt. of cement) giving some decrease 
in water requirements and slight gains in strength at 7 
and 28 days. Nevertheless, it appears that sugars are 
still viewed with concern by the concrete industry.

With the exception of trehalose (4) it has generally 
been found that all saccharides strongly retard the 
set of cement even when used at moderately low 
dosages. An earlier report (1) that fructose and raf
finose are not strong retarders has not been substan
tiated (2, 4). Although sucrose may be the strongest 
retarding sugar, all sugars show complete inhibition 
of set after several days at high concentrations (> 
0.25%) (1, 2). Suzuki and Nishi (2) found that large 
additions of sugar(l % by wt.) tend to promote flash set 
when the water: cement ratio is low.



Experimental

Materials

CgA was prepared by repeatedly firing at 1300°C 
and grinding pellets made from the appropriate mix
ture of the constituent oxides. The C3A had a specific 
surface area of 3430 cm2/g. (air-permeability method), 
an initial free lime content of 2.1 % and an iron con
tent of 0.5% (from ball-mill contamination). No 
other phase was detected by X-ray diffraction, but a 
differential thermal analysis showed that the free 
lime was partially hydrated or carbonated and that 
trace amounts of C3A were hydrated.

C3A-gypsum mixtures were prepared by blending 
2 parts by weight of C3A to 1 part of AR gypsum in a 
Pascall end-runner mill.

The sugars were of laboratory reagent grades and 
were used without further purification. The following 
were used in this study: ribose, xylose, glucose, 
mannose, fructose (monosaccharides); sucrose, lac
tose, aa-trehalose (disaccharides); and the trisac
charide raffinose.

Preparation of Pastes

The sugars were dissolved in CO2-free distilled 
water and the solutions cooled to 0°C before being 
mixed with solid. The concentration of the solutions 
was such that 1 % sugar by wt. of C3A was added at a 
water: solid ratio of 0.6. This dosage gives a sugar: 
C3A ratio similar to that when 0.05-0.10% sugar is 
added to a typical cement, and it is sufficiently high to 
ensure that any change occurring is readily detec
table.

The pastes were mixed by hand for 1-2 minutes in 
the glass vials in which they were stored. The tightly 
stoppered vials were then stored at 21 °C over CO2- 
free distilled water in a desiccator containing soda
lime. This procedure ensures protection against CO2 
during the hydration period and the maintenance of 
100% R. H. within the vials.

At the end of each hydration period a vial was 

opened, the contents crushed where necessary and 
washed with acetone to remove excess water and stop 
hydration. A sample was set aside for immediate X- 
ray diffraction analysis and the remainder dried to 
constant weight over MgCl2-6H2O at 21 °C (33% 
R. H.) in the absence of air. As the pastes were not 
protected from CO2 during crushing and washing, 
the carbonation later observed would have occurred 
at this stage. The reactivity of different pastes with 
CO2 from the air during this brief exposure was found 
to vary. The dried pastes were subsequently subjected 
to thermal analysis and, in some cases, to quantita
tive X-ray diffraction analysis.

Apparatus

Differential thermal analysis (DTA) was carried out 
on a “Deltatherm” instrument (Technical Equipment 
Corp.) using chromel-alumel thermocouples in con
tact with the samples and a heating rate of 10°C/min. 
Thermogravimetric analyses (TGA) were run on a 
Chevenard thermobalance at 5°C/min. A specially 
designed “cylinder and piston” sample, similar to that 
described by Garn and Kessler (8), was used so that 
the samples decomposed in self-generated atmos
pheres.

A Phillips Norelco X-ray diffractometer was used 
for diffraction (XRD) work using CuKa radiation with 
nickel filters. The scanning speed was 1° 20/min., 
the scale factor 4 and the time constant 4. Commercial 
titanium dioxide (Rutiox CR, British Titan Products), 
having an average particle size of 0.25 /z, was used 
without further treatment as an internal standard in 
quantitative work.

Electron micrographs were taken on a Phillips 
EM200 microscope at 80 kV. Samples were prepared 
by dispersing a small portion of the paste in alcohol 
and evaporating a drop of the suspension on a copper 
grid backed with a carbon film supported on col
lodion. No shadowing was used.

Results

C3A Pastes ,

All pastes, except those containing trehalose, were 
quite fluid on mixing. Using a fixed water: solids 
ratio, pastes containing trehalose remained as a 

thick slurry after the initial mixing; but there was no 
evidence of premature set. All the other sugars showed 
slight water-reducing properties in pastes as evidence 
by bleeding which was not observed in the control 
pastes without sugars.



*C4 = C4AH13 and carbonated products; Cg = C2AH8; C3 = C3AH8 
ftr = trace, vw = very weak, w — weak, m = medium, s = strong.

Table 1. Hydration products in CgA pastes hydrated with sugars

Time of hydration 3 hours 24 hours 5 days 14 days 90 days

Hydration products* c4 c2 C3 C4 C2 Cs C4 C8 C3 c4 c2 C3 C4 c2 C3

Additives
None — mw mw — s mw — s mw — vs
Ribose mw — — m w m mw w m mw mw
Xylose tr — mw w w m w m w m ms rn
Mannose w — — mw tr tr m — vw m — mw m — m
Glucose w — — mw vw w mw w vw mw w mw m w m
Fructose VW — — mw VW w mw w tr m w w m vw m
Sucrose VW — — w — tr mw — tr mw — vw mw — vw
Lactose — tr — — mw tr — m tr w ms — w
Trehalose mw — — m w tr m mw w m mw w ms m w
Raffinose tr — — w — — mw — — mw — — mw — —

e No Additive 
»Lactose 
ORofUnose 
a Ribose 
V Mannose 
▼ Fructose 
^Glucose 
+ Trehalose 
X Sucrose 
Q Xylose

Fig. 1. The rate of hydration of CjA pastes

Amount of Hydration

Fig. 1 shows the rate of hydration of C3A in 
pastes as determined by quantitative XRD analysis. 
Very little hydration occurs within 3 hours in pastes 
containing xylose and lactose. This is confirmed by 
thermal analyses and by the lack of any strength 
development in these pastes. In the case of lactose 
this abnormal behaviour continues during the first 
24 hours and appreciable hydration occurs only 
later. On the other hand pastes with xylose hydrate 
very rapidly between 3 and 24 hours, and from this 
point hydration is but weakly retarded as compared 
with that observed in pastes without additives. Pastes 
with fructose show a behaviour similar to that of 
xylose, but to a lesser degree. Both sucrose and raf
finose are strongly retarding at all ages. The weakest 
retarders are trehalose, xylose and ribose.

Hydration Products

Table 1 lists the hydration products detected in C3A 
pastes by DTA and XRD. In DTA thermograms, of 
which typical examples are given in Figs. 2-4 the hexa

Fig. 2. DTA thermograms of C3A hydrated without additives, 
(a) No hydration (Z>) 3 hours hydration (c) 24 hours (d) 14 
days (e) 90 days. Dashed curves were recorded at half sen
sitivity

gonal phases C4AH13* and C2AH8 are recognized by

’Throughout the text the formula C4AH13 is taken to 
include the carbonation products of this hydrate. XRD shows 
the predominant phase to be generally a-C4AHi3 (10) but 
sometimes C3A-CaCO3-121120 is present in appreciable 
quantities.



Fig. 3. DTA thermograms of C3A hydrated with 1% sucrose, 
(a) No hydration (b) 3 hours hydration (c) 24 hours (t/) 5 days 
(e) 14 days (/) 90 days. Dashed curves were recorded at half 
sensitivity

three endotherms peaking just above 100°, 200° and 
300°C respectively. C3AHS is characterized by a 
strong endotherm at 300-350°C, superimposed on an 
endotherm due to the hexagonal phases, and another 
at about 550°C which originates from the dehydration 
of calcium hydroxide formed in the first dehydration 
step (9). An exothermic hump at about 400°C (Figs. 
3 and 4), usually only readily seen at early ages, is 
attributed to the combusiton of organic matter. These 
results agree with earlier observations (5). It is not easy 
to distinguish between C4AH13 and C2AH8 by DTA 
because their thermograms are so similar, but in sam
ples where C2 AHS is detected by XRD the initial 100°C 
endotherm is more intense than that at 200°C (Fig. 
2) whereas these two endotherms are of comparable 
intensity (Figs; 3 and 4) when C2AH8 is absent. The 
endothermic effects of DTA correspond to successive 
weight-loss steps in the TGA curves with a correlation 
between the intensities of the endotherms and the 
magnitude of the weight losses. As expected, TGA 

Fig. 4. DTA thermograms of C3 A hydrated with 1 % trehalose. 
(0) 3 hours hydration (b) 24 hours (c) 5 days (d) 14 days 
(e) 90 days. Dashed curves were recorded at half sensitivity

shows that there is appreciable overlap of the first 
three dehydration steps under the experimental con
ditions used.

The hexagonal hydrates were estimated from the 
XRD patterns by the relative intensities of their basal 
reflections and C3AH6 from its reflections at 4.43 Ä 
and 3.14 Ä, which are free of interference from C3A. 
Small quantities of C3AH6 were preferably estimated 
by DTA using the intensity of the endotherm at about 
550°C. Several samples did not show this endotherm, 
although their XRD patterns apparently indicated 
that small amounts of C3AH6 were present. It is 
our experience that DTA is more sensitive in detecting 
trace amounts of hydrates. The 3-hour pastes with 
xylose and fructose, and the 23-hour paste with lactose 
showed very small quantities of the hexagonal hydrates 
to be present, although these were not detected by 
XRD.

The relative amounts of the hydrates listed in Table 
1 have only been estimated qualitatively, and hence 



the details must be treated with caution. However, the 
main trends are clear, and two main points should be 
noted: (1) the large amount of C3AH6 found in pastes 
without additives compared with the much smaller 
quantities found in all other pastes even after 90 days, 
and (2) the formation of C2 AH8 in appreciable amounts 
in the majority of pastes hydrated with sugars. The 
pastes in which no C2AH8 (or only trace amounts) 
was detected, contain those sugars (mannose, lactose, 
sucrose and raffinose) which are the strongest retar
ders. C2AH8 was not detected in pastes without addi
tives, although it has been reported by others (11, 12) 
and was detected in low temperature hydration (5).

TGA Data as a Measure of Hydration
It was not possible to obtain reliable quantitative 

data on the amounts of the different hydrates present 
in the pastes. Although attempts were made to 
calculate these quantities from TGA curves using 
empirical methods, consistent results could not be 
obtained. The main difficulty arises from the varia
bility in the relative magnitudes of the weight loss 
steps of the curves. It should be possible to obtain 
reliable figures from TGA data by paying closer 
attention to the control of experimental conditions. 
Making TGA measurements in steam atmospheres 
may achieve a separation of the overlapping dehydra
tion steps.

The quantitative XRD estimation of the hydrates 
is not considered to be practicable at present because 
of (a) the uncertainty of detecting small amounts of 
C3AH6, as discussed previously, and (b) the strong 
tendency to preferred orientation of the hexagonal 
hydrates and the difficulty in preparing suitable sam
ples for calibration.

Nevertheless, a remarkably good linear relation
ship was found between the ignition loss at 1100°C, 
as measured by TGA, and the amount of C3A hydra
ted as measured by XRD (Fig. 5). This is due to the 
fact that most of the pastes form mainly the hexagonal 
hydrates which have very similar percentage weight 
losses for total dehydration. The ignition losses for 
the pastes without additives lie on a separate straight 
line as a result of their high C3AH6 contents. The 
lower slope of this line indicates that the C3AH6: 
C4AH13 ratio is always much higher than in other 
pastes.

Crystal Development and Morphology
The behaviour of the pastes hydrated without addi

tives is distinctive in that large amounts of C3AH6 
are formed at all ages. The TGA data in Table 2 indi
cates that after the first 24 hours the C4AH; 3 content

Fig. 5. The relationship between ignition loss and the amount 
of C3 A hydrated. {Key as in Fig. 7)

Time of hydration

Table 2. Percentage weight losses for C3A pastes 
hydrated without additives

Temp, interval 3 hrs 24 hrs 14 days 90 days
Up to 200°C 3.2 3.4 3.4 3.4
200—400°C 75 14.0 15.4 18.1

remains constant throughout the hydration period 
and only the C3AH6 content increases. The weight loss 
up to 200°C represents only C4AH! 3 and the loss from 
200-400°C represents both C4AH13 and C3AH6. 
It is generally assumed that C3AH6 forms from the 
conversion of the metastable hexagonal hydrates 
which are the first products of reaction. Therefore it 
would seem that after the initial period of hydration 
a steady state is set up as the rate of conversion to 
C3 AH6 equals the rate of formation of the intermediate 
hydrates. The question then arises as to why the hexa
gonal hydrates readily convert to C3AHS in pastes 
which do not contain additives, but are stable in the 
presence of sugars. It is possible that, as a result of the 
initial rapid heat evolution that occurs when sugars 
are not present, the temperature in the control pastes 
may rise sufficiently high for the conversion to become 
quite rapid. However, the experimental procedures 
were designed to prevent this.

An examination of the hydration products by elec
tron microscopy (Fig. 6) show changes in crystal 
morphology which may be the main cause of this 
difference in reactivity. Fig. 6a shows the well-developed 
hexagons of C4AH13 normally found in C3A pastes. 
These are up to 2 microns in diameter, but are very 
thin since the electron beam can penetrate through 
the stacks of crystals which are generally found. 
Nevertheless, the crystals are quite stable in the beam.



(a) (b)

(c)

Fig. 6. Electron micrographs of C3A pastes after 24 hours. 
(a) No additive (x 19,750) (b) with 1% mannose (x24,650) 
(c) with 1% trehalose (x 37,500). ' ■

The stippled material superimposed on some hexagons 
is most probably dehydrated aluminium hydroxide 
which must be formed with C4AH13. Figs. 6b and 6c 
show the typical material formed when sugars are 
present. There is no sign of hexagonal crystals, but 
instead there are extremely thin laminae which have no 

regular shape. They are usually piled up on each other 
in a large number of layers to give large aggregates 
of hydrated material 1-2 microns in diameter (Fig. 
6b), but when the laminae are smaller, e.g. < 1 
micron across, the material tends to be more scat
tered as in Fig. 6c. This latter micrograph clearly shows 



the extreme thinness of the laminae and indicates 
that they are much less stable under the electron 
beam than the well-formed hexagonal crystals. The 
“bubbly” appearance probably results from free 
water released from the structure after having been 
trapped between laminae, and it occurs at relatively 
low beam intensities. Electron diffraction experi
ments show multicrystal patterns revealing hexa
gonal symmetry, and thus confirm the nature of the 
material. These patterns were much weaker than those 
of the hexagonal crystals and, although they were 
more distinct in the case of material hydrated for 3 
or 4 days, hexagonal crystals were not seen.

XRD and DTA of pastes indicate that in pastes 
with sugars C4AH13 is much more susceptible to 
attack by CO2 than in pastes without additives, the 
latter showing very little carbonation. The extent 
of carbonation precludes any estimate of line broaden
ing in XRD reflections which would result from poor 
crystallinity. Nevertheless, it is clear that the crystal
linity of the hexagonal hydrates is less well developed 
in the presence of sugars. Lignosulphonate additives 
have also been found (5) to alter crystal morphologies 
and stabilize the hexagonal hydrates with respect to 
C3AH6. It is not yet certain how the changes in 
crystallinity affect the formation of C3AH6, but the 
observed decrease in the rate of this reaction could 
have an influence on the rate of hydration of C3A. 
Stein (11) has suggested that the acceleration of C3A 
hydration by the addition of C3AH6 is due to the 
C3AH6 particles acting as nuclei and thereby hasten
ing its formation from the hexagonal hydrates.

C3A-Gypsum Mixtures

C3A pastes containing gypsum had a C3A: gypsum 
ratio of 2 which is similar to that found in many 
cements. Sufficient C3A is present to allow ettringite, 
which forms initially, to convert completely to the 
low-sulphate sulphoaluminate, but this change does not 
occur until later ages and was not studied in detail. 
Nevertheless, several interesting observations were 
made.

Hydration Products
In all pastes ettringite was the only product of hydra

tion in the first 14 days. Qualitative estimations of 
ettringite by XRD generally give the same trends as 
calculated values (see Figs. 7 and 8), but in some cases 
preferred orientation gave misleading results. Al
though ettringite gives sharp reflections, it could not 
be detected at concentrations less than about 8%. 
Typical DTA thermograms are shown in Figs. 7

Fig. 7. DTA thermograms of C^k-gypsum pastes hydrates 
without additives, (a) No hydration (b) 3 hours hydration 
(c) 24 hours (rf) 14 days (e) 90 days. Dashed curves were 
recorded at half sensitivity .

and 8.
In the early stages of hydration four overlapping 

endotherms lie between 150°C and 250°C. The lowest 
endotherm is due to ettringite, and later it grows so 
intense that it obscures the whole region. The two 
highest endotherms are attributed to gypsum even 
though their relative intensities are different from that 
which is usually observed. The gypsum peaks are ob
scured eventually by the growing ettringite endo
therm. The fourth endotherm at 150-200°C has not 
been positively identified, but is tentatively assigned 
to water adsorbed on the gypsum. Adsorbed water 
has been detected earlier in this laboratory (13a) as 
an endothermic shoulder on the lower gypsum peak. 
In pastes without additives a small endothermic 
shoulder appears on the low temperature side of the 
strong ettringite peak (Fig. 7d). This effect has been 
shown (13b) to be due to water adsorbed on ettringite. 
The peak was not observed with pastes containing 
sugars.

A broad exothermic effect at about 400°C (Fig. 
8) is again attributed to the organic matter, but



Fig. 8. DTA thermograms of CiX-gypsumpastes hydrated with 
1% sucrose, (a) No hydration (6) 3 hours hydration (c) 24 
hours (d) 14 days (e) 90 days. Dashed curves were recorded 
at half sensitivity

probably also arises from the formation of insoluble 
anhydrite after the gypsum has dehydrated. A broad 
exotherm at about 65O°C and the sharper one at about 
750°C (Fig. 8) are dependent on the amount of 
ettringite that was initially in the pastes, but are not 
found either in the thermograms of pastes hydrated 
without additives (Fig. 7) or in the thermograms of 
synthetic ettringite. These effects have previously been 
observed (5) in C3A-gypsum pastes, but their origin 
is still not clear.

The presence of the low-sulphate sulphoaluminate 
is readily detected by XRD and DTA. In DTA ther
mograms the endothermic region is shifted to 200
300°C (Fig. 7e) and the broad exotherm at 750°C 
has been shown (14) to be characteristic of the low- 
sulphate sulphoaluminate. Low-sulphate sulphoalu
minate has only been detected at 28 days in pastes 
without additives and by 90 days in pastes containing 
lactose, trehalsoe and raffinose (Table 3). It can be 
seen (Table 3) that C4AH, 3 appears before the con
version of the sulphoaluminates is complete.

Table 3. The conversion of ettringite to low-sulphate 
sulphoaluminate in Cj X-gypsum pastes

Additive
Time of hydration

14 days 28 days 60 days 90 days

None Ett*, vst Ett, m Ett, tr Ett, tr?
LS, vs LS, vs LS, vs
C* tr c4, w C4, mw

Lactose Ett, ms Ett, s Ett, vs Ett, m
LS, vs
c4, mw

Trehalose Ett, vs Ett, vs — Ett, ms
LS, ms

Raffinose Ett, ms — Ett, vs
LS, VW

♦Ett = ettringite; LS = low-sulphate sulphoaluminate; C4 = C4AHI3 
tvs = very strong, s — strong, m = medium, w = weak, tr = trace

Time of hydration

Table 4. Percentage ettringite formed in C^X-gypsum pastes

Aoaitive
3 hours 24 hours 14 days 28 days 60 days 90 days

None 10.3* 1.59 52.3 LSI LS LS
Xylose 11.8 22.6 42 2 — — 48.6
Glucose 8.2 16.5 37.7 — — 50.0
Fructose 11 2 15.0 33.8 — — 46.9
Sucrose 8.7 10.5 24.8 — — 50.0
Lactose 10.3 9.6 32.0 38.2 42.0 LS
Trehalose 6.0 15.6 48.9 55.5 — LS
Raffinose 7.5 8.8 33.9 — — LS

♦Complete reaction of gypsum gives a maximum of 62.0% by weight of 
ettringite.

ILow-suIphate sulphoaluminate was present and the amount of ettringite 
could not be calculated.

Rate of Hydration

The amounts of ettringite formed in pastes, calcu
lated, as described below, from TGA data, are pre
sented in Table 4. The weight losses up to 400°C for 
gypsum and ettringite were determined on pure sam
ples. If it is assumed that no reaction has occurred, 
then the theoretical weight loss due to gypsum is kno
wn and the extra loss observed in any sample is attri
buted solely to ettringite. Using the reaction

C3A + 3CaSO4.2H2O + 26H2O
—>C3A-3CaSO4-32H2O

the amount of gypsum reacted to form ettringite can 
be calculated, and this leads to a new value for the 
amount of ettringite formed. By successive approxima
tions the concentrations of gypsum and ettringite are 
eventually determined. The assumption that adsorbed 
water does not contribute to the TGA weight losses 
is probably not justified in view of DTA interpreta
tions (see previous section). However, accurate 
corrections would be difficult to make, because adsor
bed water was not distinguished in TGA data, and 
consequently they have been neglected. Although the 
calculated values of ettringite may consequently be 
too high (and this would explain the apparent insen-



(C)

Fig. 9. Electron micrographs of C^X-gypsum pastes after 24 
hours ( x 24,650). (a) No additive lb) with 1 % xylose (c) with 
1 % glucose '

sitivity of XRD), the general trends will not be 
affected.

The formation of ettringite is retarded by the addi
tion of sugars. However, there is a small, initial acce
leration in pastes with xylose, fructose and glucose, 
although the rate of formation of ettringite appears 

to be less at later ages in these pastes. On the other 
hand pastes with raffinose, trehalose and lactose are 
initially strongly retarding and the appearance of 
low-sulphate sulphoaluminate by 90 days is the con
sequence of an increase in the rate of formation of 
ettringite at later ages. Sucrose also shows this later 



acceleration in rate, but to a smaller extent.
This action of the sugars is rather different from 

their effects in C3A pastes. Thus xylose and fructose 
accelerate hydration at early ages, but retard strongly 
later. Raffinose and lactose are initially strongly retar
ding, but only moderately retarding later; while 
sucrose is again strongly retarding at all ages. Tre
halose, apart from an initial strong retardation, 
delays hydration less than the other sugars.

Crystal Morphology
A brief electron microscopic examination of C3A- 

gypsum pastes show that sugars also modify the 
morphology of ettringite. The familiar needles of 

ettringite are well formed in pastes without additives 
by 24 hours (Fig. 9a), although good electron dif
fraction patterns could not be obtained. These need
les are also present in pastes hydrated with trehalose, 
but are not generally as well developed. Usually they 
have been modified to small rectangular crystals 
(Fig. 9b) or to thick chunky crystals (Fig. 9c). The 
needles were not observed with other sugars and only 
the modified forms were present. However, no appreci
able strength was developed in C3A-gypsum pastes 
until the low-sulphate sulphoaluminate was formed, 
so that ettringite does not contribute to the strength 
of pastes whether modified or not.

Discussion

The Behaviour of Sugars in Pastes

Structures
At the beginning of this study it was hoped to be able 

to relate the effects of the different sugars to their 
structural differences; but no definite pattern has 
emerged. From this point of view the saccharides 
are not good compounds to study because they are 
complex structurally. Sugars are capable of existence 
in an open chain form and as 5-membered (furanose) 
or 6-membered (pyranose) ring forms and these are 
all rapidly interconvertible. Most saccharides exist 
predominantly in the pyranose form in neutral aque
ous solutions, but fructose is mainly in its furanose 
form, and ribose has abnormally high amounts of the 
open-chain form. Thus the equilibria between the 
different structural forms may vary widely under the 
experimental conditions.

Reactivities
Sugars are also very labile in strongly alkaline 

solutions (15) such as occur in cement pastes. Initially 
isomerizations to other saccharides takes place and 
the hydrolysis of polysaccharides may also occur. 
Using gas chromatography it has been shown (16) 
that these reactions occur quite rapidly in saturated 
calcium hydroxide or in C3A solutions (Table 5). 
Slower reactions also occur (15) which involve the 
formation of saccharinic acids and the breakdown of 
sugars into fragments which can then re-combine. 
These reactions cause the yellowing of alkaline sugar 
solutions and account for the yellow tints observed 
in the dried C3A pastes from 24 hours onwards. The 
disappearance of the original sugars in alkaline solu
tions, as estimated from gas chromatography, cannot

Table 5. The isomerization of sugars in saturated calcium 
hydroxide solution

Initial sugar New products detected by gas chromatography

Ribose None
Xylose Arabinose, Lyxose?
Mannose No other hexoses, unidentified pentoses
Glucose Galactose, mannose, fructose, xylose, arabinose
Fructose Glucose, mannose
Sucrose Glucose, fructose, traces of pentoses
Lactose Galactose, glucose (only traces of both)
Trehalose ^4one
Raffinose Galactose, glucose, fructose, traces of pentoses

be wholly accounted for in the formation of other 
sugars, and the appreciable discrepancies are attri
buted to the formation of other undetected products. 
However, ribose and trehalose show no appreciable 
isomerization, hydrolysis or degradation and these 
sugars are moderately weak retarders. Therefore, it is 
possible that the degradation products may be more 
effective retarding compounds than the sugars them
selves. Bruere (4) has earlier remarked on the stability 
of trehalose towards alkali.

Mechanisms of Retarding

Complexing -
Taplin (3) has suggested that the HO-C-C=O 

grouping is an essential feature of any organic com
pound which is an effective retarder. This chemical 
grouping is one which can readily complex with metals 
by chelation. Taplin has pointed out that the two oxy
gen atoms must also be able to approach each other 
and this is also a necessary condition for chelation. 
The 5-membered chelate ring such as would be for
med is the ring size of optimum stability. Those com



pounds which are classed by Taplin as weak or negli
gible retarders are, in fact, generally poor complexing 
agents. However, the weak retarding action of some 
recognized strong complexing agents (e.g. acetylace
tone, 8-hydroxyquinoline, salicylaldehyde, EDTA) 
suggests that the position of equilibria between 
complexed and uncomplexed forms may be important.

Although sugars are formally polyhydroxy alde
hydes with the HO-C-C=O grouping, they exist 
predominantly in ring forms (as discussed above) in 
which the aldehyde group has become an ether lin
kage. Nevertheless, sugars complex with salts and 
hydroxides of the alkali metals (17), alkaline earth 
metals (17) and other metals (18), although the struc
tures of these complexes are not definitely establi
shed. Sugars also complex with hydroxy complexes 
of metals (19, 20) such as borates, germanates, Stan
nates, arsenites, and aluminates (21, 22). In these 
complexes it is considered (19, 20) that the sugar 
molecule chelates to the central metal atom by sub
stituting for two metal hydroxyls to form two C-O- 
M bonds through adjacent hydroxy groups.

We consider, therefore, that complexing of metals, 
especially calcium, aluminium and iron, may be an 
important factor in the retarding action of organic 
compounds. The concentration of the metal in solu
tion will increase on complexing, and this should 
influence the hydration reactions. Suzuki and Nishi 
(2) have observed increases in the total concentrations 
of aluminium, iron and silica in cement pastes con
taining sugars. It is anticipated that specific ion elec
trodes will be useful tools in the investigation of 
complexing in cement chemistry.

Adsorption
Hansen (23) has suggested that retarders adsorb on 

cement surfaces thereby preventing attack by water, 
and Taplin (3) has pointed out that adsorption on 
hydrate surfaces would also lead to retardation. 
Adsorption may be regarded as a special case of com
plexing in that the metal ions involved are located on 
solid surfaces and not in solution. Sugars have been 
found to have water-reducing properties, and this is 
usually explained by the repulsion of solid particles 
through adsorption.

The behaviour of trehalose is puzzling in that the 
particles appear to be attracted rather than repelled. 
Trehalose is a non-reducing sugar not readily at
tacked by alkali so that it will exist as two pyranose 
rings even in cement pastes. This contrasts with the 
isomerization or hydrolysis observed for other sac
charides which indicates that the open-chain forms are 
readily formed under these conditions. Therefore, it 
is plausible to suggest that the structure of trehalose 
allows it to adsorb on solid surfaces in such a way that 
it can adsorb to ä second surface simultaneously, as 
has been suggested (24) for additives which increase the 
flocculation of cement pastes.

Solubility
Suzuki and Nishi (2) have suggested that additives 

act through the precipitation of insoluble complexes 
which are assumed to prevent further reaction by 
coating the cement grains. They have suggested that a 
relationship exists between the solubilities of the 
calcium salts of carboxylic acids and their retarding 
properties. However, contrary to their statement, 
complexes of sucrose and other sugars with calcium 
hydroxide are very soluble in aqueous solutions 
(17). The solubility product of metal complexes on 
salts will play a part since this also affects the con
centration of the metal in solution.

Concluding Remarks

At the present time it is not possible to do more than 
generalize about the theories of retarders, but it is 
likely that the three approaches discussed above are 
merely different aspects of the one phenomenon and 
can all be involved in influencing the hydration of 
cement. However, until more data is available to the 
cement chemist the details of mechanisms cannot be 
clarified, and more work is therefore required on the 
chemical aspects of retardation such as the rate of

formation of hydration products and changes in their 
reactivity, the rate of release of components into the 
liquid phase, the extent and nature of adsorption and 
the chemical behaviour of additives in the alkaline 
environment of a cement paste. Our results have, 
therefore, been presented at this stage, although 
several points require further investigation. This work 
is being developed further with special attention 
being given to the possibilities of complexing.
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Synopsis

During the hydration of cements their constituents, C, S, A, F, N, K, M, etc., regain a 
certain individuality.

1) Calcium silicates have an incongruent dissolution: lime passes into solution much 
faster than silica, the richer the silicate is in lime and the higher the concentration of strong 
anions in the interstitial water; it alone can result in a crystallization of portlandite.

Hydrated calcium silicates are not stoichiometrically defined.
2) Calcium aluminates pass into solution in their stoichiometric ratio faster, the richer 

they are in lime, the poorer in iron oxide, the higher the concentration of strong cations and 
the lower the concentration of strong anions in the interstitial water.

The crystallization of hydrated aluminates starts with a coacervation: the network of 
hydrates includes all the constituents present in the interstitial liquid: hydroxides, sulphates, 
chlorides, carbonates, etc. The most stable hydrated aluminate is C3AH6.

3) Anions or cations in the interstitial solution can precipitate on the calcic cement grains 
in an anhydrous form: they coat their surface and thus retard their hydration. Above the 
concentration corresponding to a monomolecular layer on the surface of the grains, they 
precipitate into the solution and contribute to the gelation of the aqueous interstices.

Anions in the interstitial solution can also precipitate with the calcium ion of the solu
tion in a hydrated form and contribute to gelation without coating the cement grains.

4) Calcium sulphate, which is relatively soluble, is amphoteric. It behaves as a strong 
anion for silicates and highly calcic aluminates and as a strong cation for aluminates low in 
calcium.

It can also contribute to the gelation of aqueous interstices when partially dehydrated.

Introduction

The study of cement hydration which originated at 
the end of the last century, has only made strides in 
the course of the last scores of years. It has consider
ably developed during the last twenty years. A mere 
careful scrutiny of the book-reviews of the last sym
posiums on the chemistry of cements, mainly those of 
1952 and of 1960 suffices to convince one of this 
development.

The science of hydration has still to improve a great 
deal and above all let’s say that the existing data are 
often lacking in accuracy. It is due to the fact that the 
hydrated cement constitutes an artificial rock, and one 
knows there exists and infinite variety of rocks in 
nature...

Hence one can understand why hydrated cement is 
highly heterogeneous. One must not expect to find in 
it only perfectly defined bodies, from the stoichio
metric point of view, and, a fortiori, from the crystal

lographic point of veiw, except in some particular 
cases affecting special cements only.

Yet, hydration is of the highest interest as it exerts 
an influence of primary importance on all the various 
properties of concretes: rapidity of setting; mechanical 
strength; stability of volume; impermeability; resist
ance to agressive agents, to freezing, to flames; protec
tion of the reinforcement; and so on.

Conversely all that can be known concerning these 
different properties should be fully taken to account 
in the study of hydration, and provide indispensable 
precisions, complement to the mineralogical studies 
of hydrated products (chemical composition, water 
fixation, crystallography, etc.).

Two general methods may be envisaged for this 
study: the first one consists in examining separately 
the evolution of certain compounds, in presence of 
water, under certain conditions, as best as possibly 
can be defined, as for instance the evolution of 
calcium silicates, that of calcium aluminates, the 
influence exerted by minor components and by admix- 



tures (i.e. by sulphates, chlorides, carboxolates, etc.), 
the influence of temperature, the consequence of the 
water/cement ratio, etc. The second method consists 
in taking advantage of the total results accumulated 
during the laboratory researches, and also in the 
practical experience of the utilization of cements. The 
first method is mainly deductive, it bears on the scale 
from the simple to the complex. The second method is 
more inductive, it tends to extract certain simple 
principles out of a complex entity. Most of the works 
published for the last scores of years, dealing with 
hydration, have generally adopted the first method. 
But one must not neglect the possibilities of intellectual 
induction, working from scientific observations, either 
technical or practical, on the greatest possible variety 
of cements (portlands, slags, pozzolanas) used under

General

As from its initial mixing, concrete is heterogeneous, 
since it is a three-phased element: it has a solid phase 
(the aggregate grains and the cement grains), a liquid 
phase (water, or rather interstitial solution) and a 
gaseous phase, intended or not (the voids, and the 
air or hydrogen bubbles). The aggregates and the 
gases remain almost inert, at least at ambient tempera
tures, during a certain time. Hydration therefore occurs 
essentially in the paste constituted by the cement 
grains and the water.

The hydraulic components of the cement grains 
enter into solution in water, where they precipitate 
in a hydrated form, but this dissolution is accom
panied by a hydrolysis, that is to say, that the acids 
(particularly silica and alumina) and the bases (mainly 
lime), which constitute the cement, regain a certain 
individuality at the time of dissolution.

This is particularly characteristic with silicates: for 
instance the lime of the clinker alite may escape alone 
from the cement grains in order to crystallize in the 
aqueous interstices in hydroxide form (which has been 
termed portlandite that may be easily observed under 
the microscope and with a microprobe on polished 
sections, and on thin plates) or even to form stalac
tites out of the rims of certain cracked reservoirs. 
This is true, too, for aluminates, though alumina

Hydration 

the most varied conditions (fineness, dilution, tem
perature, admixtures, etc.). On all cases it is impera
tive that the basic principles of the science of hydration 
should be verified by all checked inferences, without 
any exception.

The principles we wish to set out concern the studies 
which are carried out at the CERILH in France, 
after a very important confrontation of the works 
having been published in different countries in 
the world. We will mostly refer to data universally 
known and admitted by experts such as for instance 
the acceleration of the hydration of portland clinker 
by means of calcium chloride, or the retardment 
provoked by sodium fluoride. We will therefore not 
indicate the origins.

Points

passes into solution more easily than silica; the effects 
are the polystoichiometry of hydrated aluminates, 
the proportion of “fixed” water, the rising of the pH 
to a rate of about: from 11 to 13, etc .. . Cements are 
always basic, for lime is a strong base, whereas cement 
acids (silica, alumina) are weak, not much soluble, 
and not very much dissociated. Moreover, the dis
solution of alkaline components present on occasion, 
is easy and rapid. So it may be noted that the main 
stable cement hydrates may be written as follows:

jSiO2, «Al(OH)3,/Fe(OH)3, cCa(OH)2, nlLO
(This formulae is a generalization of that which 

had been formerly proposed by Brandenberger).
s, a, f c, n are whole numbers. The OH have not 

the infrared absorption bands of water, and do not 
obey its laws of evaporation. For example, the curves 
of thermogravimetric analysis always present a level 
corresponding either to a CcSsHc or to a CcA„H3o+(. 
formulae as C3S2H3, C3AH6, C3FH6 etc. Conversely, 
the nH2O are more or less “free", and they evaporate 
therefore more or less easily, and especially in keeping 
with the conditions of temperature and of steam 
pressure, and their elimination is more or less reversible 
in normal temperature.

The formulae shows that aluminates fix more water 
than silicates.

of Silicates

One may be tempted to argue in the following way: 
we know, according to the original theory of Le 

Chatelier, that the anhydrous silicates dissolve and 
crystallize in an hydrated form (that may be appre-



dated by X-rays); then, whatever the initial fineness 
of the cement may be, the hydrated paste obtained in 
course of time depends only on the initial (water/ 
cement) ratio. This would be proved by the fact that 
the mechanical strength is effectively almost the same 
in course of time, whatever the initial fineness. But it is 
to be noticed that the water taken out of the solution, 
at the start of mixing, contains lime, but contains 
almost no silica. Besides, the permeability of the 
hydrated paste varies in relation to the initial fineness 
and the hydraulic drying shrinkage is almost in pro
portion to the initial Blaine fineness, for usual portl
and cements, whatever the duration of hydration 
before they are exposed to the air. In other words the 
cement does not so soon forget its specific surface, 
and consequently it keeps intact the surface of its 
grains.

Hence, one is to think that hydration occurs as is 
described, in schematizing, on Fig. 1, for instance 
for tricalcium silicate and this is not annuled by mic
roscopic observations and by microanalysis with the 
Castaing probe. The initial surface of the cement grains 
remains a solution of continuity in the hydrated paste 
during the hydration. The topochemical “gel” formed 
inside a silicate grain and the gel created in the inter
stices initially filled with water, are quite distinct 
gels.

Since the silicate grains keep the same surface dur
ing the hydration and thus keep their contact points 
between one another and with the aggregates, one 
understands why in wet medium and in constant 
temperature the apparent volume of the cement paste, 
and a fortiori, that of concrete are not modified: 
there is no mould shrinkage for the portland cements 
which are rich in silicates.

The interestices between the grains have, in fact, a 
lime concentration independent from the fineness of 
the cement, provided that the (water/cement) ratio 
remains the same; and one can think that the mech
anical strength depends mainly on this concentration. 
But the network of interestices has ramifications 
depending on the fineness of cement, and one knows, 
too, that permeability, capillarity, hydraulic shrin
kage depend on this texture: the permeability-meters 
used for the measuring of the fineness of cement 
originate in these principles, and the clay pastes 
shrinkage is consonant to them.

During the hydration the bonds which are formed 
in the interstices of the grains are in increasing number: 
they are represented on Fig. 1, in schematizing, by 
the |CH|.

The penetration of a fluid into a porous solid 
almost occurs in conformity to the usual law:
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For the silicate grains which are hydrolyzed by water, 
the expression of the penetration is, no doubt, a little 
more complex; but anyway this penetration of water 
into the grains occurs more and more slowly since the 
thickness of silicate that water must get through is 
increasing during the hydration: one conceives that 
the setting of highly silicated portland cements is slow 
and that their mechanical strength is progressively and 
regularly increasing.



A part of the lime in the calcic silicate passes into 
the interstitial water, leaving a free space for the 
penetration of water, for the molecules of water are 
smaller than those of lime. Besides, those among the 
molecules of lime which become hydrated, while 
staying at the same place in silicate grains, may un
dergo some changes in position. But if two lime mole
cules of a silicate are taken out, instead of one, the 
penetration of water is not two times more rapid. 
To understand the preceding statement it is enough 
to remember that the flow of a liquid in a pipe is in 
proportion to the square of its section. One then 
deduces that tricalcium silicate hydrates more rapidly 
than dicalcium silicate; and monocalcium silicate is 
not easily hydrated.

For one given (water/cement) ratio of the paste, 
the amount of portlandite in of the interstices is all 
the higher, the stronger the lime content of the sili
cates is, that is to say the alite content is higher.

During the hydration of an alite grain, the core of 
the grain may have remained anhydrous and one 
conceives that the hydrated part of the grain which is 
very near this core remains relatively rich in lime. 
But silica has little affinity with lime (one knows, for 
instance, that calcium silicates are relatively seldom 
found in nature, and that the burning of cement 
needs considerable energy). So, when recovering a 
certain individuality, during the hydration, the lime 
has a propensity to make its concentration roughly 
uniform in the whole paste containing the initial grains 
and the aqueous interstitial phase. As, in concrete, 
cement takes up a volume which is about 1/3 to 1/2

Hydration <

It is to be noticed that the water which is extracted 
from the paste of calcium aluminate, at the initial 
mixing, contains alumina and lime in the same C]A 
ratio, as the anhydrous aluminate: the hydrolysis of 
calcium aluminates is therefore quite different from that 
of the silicates. Their hydration occurs as is indicated 
(in schematizing) in Fig. 2 for instance for the 
tricalcium aluminate.

The surface of the grains in contact with the solu
tion is progressively dissolved by water. It disappears 
in so far as it is a discontinuity of the hydrated paste. 
It, therefore, establishes no solid bond with the aggre
gate grains (or the other cement grains) which are 
around it. A surface that is dissolving even prevents 
the bonds from being strongly established in the area 
in which it is found. It is only when the dissolution is 
complete in an area that strong bonds may be esta- 

of the volume of the paste (cement + water), the 
hydrated silicate, which has a propensity to replace 
alite C3S in wet medium, has a total composition 
roughly situated between CSH and Cl.,SH15, but 
there is no stoichiometrically defined hydrated calcium 
silicate, and as a consequence, during the hydration, 
intermediate compositions may exist locally, compo
sitions which can reach C2SH2, or even CH (as we 
saw previously).

As it is diffused in all the interstitial solution, the 
lime originating in the silicate grains, reinforces all 
the bonds. A vibration being effected on concrete, 
after the first precipitations are made, and even after 
the first bonds are established, i.e. a little moment 
after the initial set, no an ill effect on the final strength.

The penetration of water into the grains, and the 
concomitant migration of their lime into the inter
stices, depends on the viscosity of this water which 
lowers when temperature increases. It results that 
the speed of hydration of the silicates increases with 
temperature. One knows that the solubility of the 
lime diminishes when temperature increases; but it 
is the speed of dissolution which must be taken into 
account much more than solubility.

Silica is much less mobile than lime, during the 
hydration, but it is not strictly insoluble, in a water 
the pH of which is high. So, around the grains, in 
course of time, there are, undoubtedly, some move
ments of molecules or of siliceous anions in the sili
cates (alite or belite), in presence of lime in solution, 
and above all in presence of alkalies (see par. Accel
erators and Retarders).

Aluminates

blished. It results that the hardening occurs immedia
tely after the moment in which the first bonds are 
established, that is, after the initial set. Thus this 
hardening is always rapid: after one day the average 
compressive strength of normal mortar ISO is of 
600 kg/cm2 for an aluminous cement, whereas it is 
ten times weaker for a portland cement having the 
same setting time.

It results also that a mixing or a vibration of con
crete after the moment when the first bonds are 
established, i.e., after the initial set, breakes these 
bonds and considerably reduces the final strength. 
It is what happens with the aluminous cement, as with 
plaster, for the same reasons.

One could assert, in schematizing, that the bonds 
between silicate grains are produced one beside the 
other, in parallel; they are more and more numerous,



Fig. 2.

stronger amd stronger, they give one another more 
strength, whereas the bonds between aluminate grains 
are produced, at least partly, one at the end of the 
other, in series. Every re-mixing breaks the bonds and 
if the latter afterwards go on extending, they are 
weakened once for all. This weakening, moreover, 
may be stressed by the fact that aluminates absorb 
more water than silicates, and the workability is more 
affected by the initial hydration.

The hydration of aluminates occuring with a shrin
kage of the whole (solid + water), the cement concrete 
rich in aluminate shows a mould shrinkage, conversely 

to what happens with the cements which are rich in 
silicates. It is all the same, a fortiori, with neat cement 
paste, and specially with aluminous cement.

Whatever the initial fineness of the aluminate grains 
may be, the hydrated paste has about the same texture 
if the (water/cement) ratio is the same. It results that 
the drying shrinkage does not much depend on the 
imtial fineness ofi the ahrniinate. Actually it is known 
that it is so, for the aluminous cement: the increase 
of the cement shrinkage due to the increase of fineness 
is small. It originates, to a great extent, in the small 
proportion of silicate that it contains. One conceives, 
too, that the permeability, the capillarity, and the 
freezing strength of concretes of aluminous cement 
little depend on the fineness of cement, contrary to 
what happens with the portland cements.

As the surface of the grains dissolves when it comes 
into contact with the interstitial water, the penetra
tion of this water into the grains keeps more or less 
the ||X = law, whereas for silicates we saw that 
it was rather x = k.-V t. It is one of the reasons 
why the hydration aj aluminates is more rapid than that 
of the silicates for the same molar proportions of lime 
in relation either to the alumina or to the silica.

During the hydration of calcium aluminate, the 
alumina and the lime pass into solution, but alumina 
is much less soluble and much less mobile than lime. 
Hydration therefore is the more rapid, the richer in 
lime the alminate is: aluminate which is highly calcic 
grants the quick-setting cement a quick set. The same 
holds true in respect of the tricalcium aluminate of 
the portland, provided it is not retarded by the gypsum 
(see par. Accelerators and Retarders). Conversely, the 
aluminate of the aluminous cement, which is not very 
calcic, and the composition of which corresponds more 
or less to CA, is a slow-setting one.

Ferric oxide is still less soluble and less mobile 
than alumina, at least for the simple reason that the 
iron atom is more voluminous than the aluminium 
atom. Thus the smaller their AjF ratio is, the less 
rapidly the aluminoferrites hydrate.

Crystallization of hydrated aluminates in the inter
stitial solution has some common points with a coacer
vation: the aluminates which have passed into solution 
and have precipitated, behave like colloids in certain 
respects, and they enclose in their networks the com
ponents contained in the interstitial liquid, i.e. hydro
xides, sulphates, chlorides, carbonates, etc. It results 
in a formation either of aluminates enriched with 
lime or of complex aluminates: sulphoaluminates, 
chloroaluminates, carboaluminates, etc. It is not the 
same thing with silicates.

Since the alumina of the aluminate passes into 



solution at the same time as the lime, the changes in 
structure of the hydrated aluminate may possibly 
occur, and this explained why the more stable hydrated

Accelerators

The products which accelerate or retard the dissolu
tion of the hydraulic components of cement, especially, 
lime, silica, and alumina, are accelerators or retarders. 
These admixtures, thus, must be soluble in the mixing 
water. If they are hydrolized, they behave like a mix
ture of the ionized acid and base which constitute 
them. In order to understand their activity one must 
consider that the medium has always a high pH.

1) The accelerators are essentially:
—the “acid" anions which accelerate the dissolution 
of the lime: hydrochloric, nitric, and sulphuric anions. 
These are the acids of which the calcium salts are 
comparatively soluble, and particularly the chloride 
whose anion is the smallest one, and thus the most 
mobile one. '
—the “basic" cations which accelerate the dissolution 
of alumina and of silica: alkaline cations (sodium, 
potassium, ammonium, etc.) for all the aluminates 
and silicates; calcic cation for the aluminates which 
are poor in lime.

These are the bases of which the silicic or aluminic 
salts are comparatively soluble.

But the alkaline cations remain “dissolvent" and 
hence weakening for the final strengths, mainly if the 
cements are very much calcic (portlands).

The portland cement acts upon the aluminous 
cement as if it were a basic accelerator. The two 
cements, therefore, are incompatible.

One deduces from the above that the best accelera
tor salt of the portland cements is the calcium chloride; 
nitrate is more expensive than chloride, and moreover 
it is more dangerous for the reinforcement. For less 
calcic cements, containing high proportions of blast
furnace slag or of natural pozzolana or of artificial 
pozzolana (fly ash), an alkaline chloride may be 
preferred.

Alkaline hydroxides are accelerators for all the 
cements made of calcium silicates and aluminates. 
The alkaline salts of weak acids behave like the cor
responding bases: silicates, aluminates, carbonates, 
etc. They are therefore accelerators. In strong dose, 
besides, they are “gelificators”, too (see par. Setting 
and False-Setting).

The accelerating action varies regularly and more or 
less in proportion to the concentration of the accelerat
ing admixture in the mixing water. But one under

aluminate eventually tends to be effected. It is known 
that usually, it is C3AH6, above all if temperature 
rises above 30°C.

and Retarders

stands that the slower the crystallization of the hydrat
ed bonds is the mote easily it is effected. The best 
final strengths, thus, are usually all the higher the 
more slowly the setting is.

2) Retarders can behave in two different ways.
They are:

a) “Reducers of solubility”: their presence in solu
tion in the mixing water lowers the rate of solubility 
of the anhydrous cement components. For instance, 
calcium hydroxide retards the portland since it hinders 
the dissolution of the lime of the silicates; calcium 
chloride retards the “slag cement with lime” made 
mainly of slag (vitreous silico-aluminate of a potential 
composition which is very near CsS3A6) and of 
Ca(OH)2, since the Cl" anion, like all the anions, 
retards the dissolution of silica and of alumina, and 
the Ca++ cation is already existing in the lime.

The activity of these reducers of solubility regularly 
varies with their concentration.

b) “Coaters": They form with a cement consti
tuent, on the surface of its grains in contact with the 
mixing water, an anhydrous compound almost inso
luble, and thus impermeable. It is the case of alkaline 
tetraborates, fluorides, phosphates and carboxilates, 
and of certain organic substances, such as the sugars, 
which form, with the calcium, compounds which are 
much less soluble than lime and which, therefore, fix 
the calcic cement ions and inhibit the dissolution of the 
silicates and aluminates. The latter are retarders for 
all cements (schema in Fig. 3).

It is the same case, too, for the cations which cor
respond to almost insoluble bases. These bases preci
pitate, by means of an exchange with Ca(OH)2, on 
the surface of the cement grains, that is to say, where 
the OH" anions are more concentrated (schema in 
Fig. 4). These hydroxides contain OH hydroxiles, but 
they are anhydrous, like all coaters.

These cations can originate in oxides insoluble in 
pure water and brought into solution in presence of 
cement alkalies. This is why, for instance, zinc oxide, 
which has no effect on cements without soluble alka
lies (since it is insoluble), is a retarder for usual por
tlands which contain small amount of alkalies.

The coaters are retarders for a low proportion, 
since it is enough for them to form a monomolecular 
layer on the surface of the grain to be effective. Beyond



this proportion the retard does not become more 
marked in proportion to the addition. The coating 
coat is not rigorously impermeable. Hydration is 
just retarded and the final resistances may be excel
lent.

3) Certain compounds are amphoterous: They are 
either accelerators or retarders according to their 
effect on one or the other of the cement components. 
Or else these compounds include two ions the effects 
of which may act against each other. Generally speak
ing, to understand their effects, one must study the 
cement components the dissolution of which is abso
lutely necessary:
—To accelerate a silicate, one has better act upon its 
lime,
—To accelerate an aluminate, one must act upon its 
alumina,
—To retard something, one has better act upon the 
lime.

So, calcium sulphate is:
—By the sulphate anion, comparatively strong,
—An accelerator for calcium silicates (in which it 
accelerates the dissolution of the lime), 

—A retarder for highly calcic aluminates, in which it 
retards the dissolution of the alumina (it is a “reducer 
of solubility").

It is, therefore, a regulator of setting and of harden
ing for the portlands. Its best proportion is all the 
stronger, the more rapid the initial hydration of the 
clinker is, and thus:

—the finer,
—the richer in alkalies

(see below: 4)
—the richer in C3A 

the clinker is.

—By the calcium cation, relatively strong, the sulphate 
is an accelerator for the aluminates and for the 
alumino-silicates, little calcic, and particularly for 
slags and pozzolanas.

If the action of the calcium sulphate must be exten
ded so that it should not be wholly fixed from the 
initial hydration by hydrated aluminates, it must be 
little soluble. This is why the supersulphated cement 
(mainly composed of slag and of calcium sulphate) is 
made of anhydrite burnt in some special conditions. 
But if the supersulphated cement concrete, conceived 
to give good strengths in ordinary conditions of tern- 



perature, is steam cured, the sulphate passes too rapi
dly into solution and the final strengths chance to be 
mediocre, as though gypsum instead of anhydrite had 
been used in normal conditions of temperature.

Amphoterous admixtures tend sometimes to be
have differently according to the ambient tempera
ture.

When two ions of a salt have opposing effects, it 
is generally the retarding ion that prevails. For exam
ple, calcium chloride is a retarder for aluminous ce
ment although Ca++ tends to accelerate the dissolu
tion of the alumina, because the CF ion is a retarder 
for the same dissolution.

In particular, when an ion of the admixture is a 

coater, it is always its action which prevails.
Certain anionic tensio-active admixtures are:

—accelerators for the aluminates by means of the 
Na+ cation,
—retarders for the silicates by means of R- anion.

4) Certain cement components, which rapidly pass 
into solution in the mixing water, can, in certain 
respects, be considered as admixtures. This is the case 
of calcium sulphates added to most cements, of a 
part of the portland cement clinker alkalies, and even 
of the calcium hydroxide produced by the silicates of 
the clinkers, particularly by the alite (see par. Setting 
and False-Setting).

Setting and False-Setting

We have seen (par. General Points) that hydration 
of cements is produced by the dissolution of certain 
components of the grains in the interstitial water and 
crystallization in these interstices in a hydrated form. 
This dissolution takes place progressively as regards 
the aluminates (par. Hydration of Aluminates) and 
principally as regards the silicates (cf. par. Hydration 
of Silicates) since the penetration of water into the 
grains is itself progressive.

The concentration (in the initial aqueous phase) of 
hydrated solid products, therefore, progresses regu
larly, and this results in a higher shearing strength, 
which was initially null: by definition a fluid has no 
shearing strength. The Vicat needle measures, in fact, 
a shearing strength of the paste and allows one to 
appreciate what is termed the “initial” and “the final 
setting time".

The addition of a retarder-coater admixture such 
as sodium fluoride delays the “setting”. For this a 
dose corresponding to a monomolecular coating of 
calcium fluoride on the cement grains suffices. That is: 
—surface of grains x thickness of the coating X 
volumic mass of fluoride, 
for instance, for one gram of cement of the specific 
surface of 3,000 cm2/g: .

3,000 cm2 X 3.5- IO"8 cm x 3.2 g/cm3 = 0.00034 g
It follows that the dose of sodium fluoride of 0.4 

per 1000 (in respect to the weight of the cement) 
sufficies to retard considerably the setting. For the 
coating admixtures having more important mole
cules than those of sodium fluoride, more important 
doses would be necessary. This is the case of for exam
ple, certain sodium lignosulfites which are retarders- 
coaters when they are used at high doses.

Yet the sodium fluoride is used as an “accelerator” 
for certain uses but at a rather high does. In fact, it is 
true that the fluoride is a retarder for the cement hydra
tion, but if it is added in sufficient quantity to the 
mixing water saturated with lime by the initial hydra
tion of the cement, it precipitates also with the Ca++ 
ions, within the aqueous interstices. So it is a “gelifi- 
cator” or “thickener” for these interstices; it is rather 
a “pseudo-accelerator”.

Water saturated with lime contains about 1 gram 
of calcium per litre. One can calculate that its precipi
tation under the CaF2 form, requires about 2.1 gram 
of NaF per litre, that is to say about one thousandth 
of the cement for usual concretes. One obtains so, to 
get the gelification, a minimum dose of calcium fluo
ride of 0.4 + 1 = 1.4 per 1.000. But the Ca++ ions 
which are precipitated by F~ ions are renewed by Ca++ 
ions originating in the cement and the stronger the 
dose of fluoride is, the more marked is the gelification. 
In fact doses of about 1 % or even more are used.

Thanks to this example one can distinguish “setting” 
from “false-setting”:
—The setting originates in the hydration of cement 
grains which pass into solution and crystallize in the 
aqueous interstices.
—The false-setting originates in the precipitation of 
admixtures initially soluble, in the aqueous inter
stices.

One must take as admixtures, in this respect (as we 
saw it in par. Accelerators and Retarders), not admix
tures specially added to the cement, but also the hy
dration products which pass into solution during the 
mixing*,  alkalies, lime originating in portland cement 
clinkers, calcium sulphate.



The setting and the false-setting have, of course, 
common points, in particular, both of them need the 
presence of the cement components which precipitate 
in the aqeuous interstices. But they show noteworthy 
differences which are deduced from the principles 
we have enacted:
—1) The false-setting is always quick (a few minutes, 
at most);
—2) It is almost not retarded by cold;
—3) It does concern but a trifling proportion of the 
cement components (a few per cent, and even some
times less than 1 %);
—4) It only results in trifling strengths (a few kg/cm2 
at most);
—5) It only occurs with a trifling liberation of heat;
—6) It is “broken” by a re-mixing.

Even though the fringe between the setting and the 
false-setting is not quite defined, it is absolutely neces
sary to characterize clearly their respective process. 
The understanding of the latter may allow one to avoid 
them, to obviate their inconveniences or to use them 
rationally. We will give some examples of what is 
above:

1) We saw previously that the alkaline fluorides 
are either strong retarders or pseudo-accelerators (it 
means accelerators of setting, but retarders of harden
ing). They can so be used in order to get a false-setting, 
for instance, in the case of projected concrete or of 
rapid withdrawing from the mould. It is all the same 
with other admixtures which precipitate in presence 
of Ca++: tetraborates, phosphates, carboxilates. This 
is why tensio-active admixtures (air entraining agents, 
plasticizers, fluidifiers) sometimes increase the visco
sity of concrete, at a high dose, whereas they are 
retarders at a weak dose.

2) One can create a false-setting by means of the 
admixtures which precipitate in basic medium as, 
for instance, the ferric sulphate which involves the 
gelification of the aqueous interstices by the precipi
tation of Fe(OH)3 and eventually of the hydrated 
calcium sulphate.

3) The chlorideless accelerators may be alkaline 
bases; but on one hand they are caustic for the wor
kers, and, on the other hand they weaken the final 
strengths. They are generally replaced by salts of weak 
acids: silicates, aluminates, carbonates which behave 

like the corresponding alkaline ions (for the same 
molarity), and of which the anions participate in the 
gelification of the aqueous interstices by means of the 
precipitation with the lime originating in the portland 
cement, under the hydrated forms of calcium silicates, 
aluminates and carbonates. The final strengths can 
this way be not too much lowered.

4) This gelification is used too for the waterproofing
agents, but in order to avoid a disturbing false-setting 
one must sometimes reduce the proportion of the lime 
of the cement which passes into solution, and must 
add for this effects a small dose of coater (a phosphate 
for instance). '

5) A part of the alkalies of portland cement rapidly 
passes into solution in the course of the mixing. It 
can be said that the clinker alkalies are auto-accele
rators. Their action is somewhat moderate for the 
reason that their dissolution is progressive; and so, 
a portland cement containing, for instance, 1 % of 
K2O is not so rapid as when the corresponding propor
tion of caustic potash is added to a similar cement 
without alkalies. But it does happen that the aeration 
of certain cements relatively rich of soluble alkalies 
confers them a false-setting, although the aeration 
generally retards the setting. The carbonation of the 
alkalies entails at the time of mixing, in the aqueous 
interstices, the precipitation of the alkaline carbonates, 
in presence of the lime in solution, in the form of 
calcium carbonate.

6) The common false-setting is that of dehydrated 
gypsum at the time of grinding when the temperature 
of the cement is above 100°C. The setting of the plaster 
thus formed provokes the false-setting of the cement. 
This is really a false-setting in the proper sense that 
must be given to this term.

7) A sulphate false-setting is also provoked by the 
addition of barium chloride to cements which contain 
gypsum.

8) The acceleration of aluminous cement by means 
of lime or of portland (which rapidly liberates lime) 
proceeds partly from what we have termed a false- 
setting: in the aqueous interstices this lime passed into 
solution is precipitated in presence of calcium alumi
nate coming out of the aluminous cement.

Mechanical Strengths and Homogeneity

It results from the principles of hydration which we 
have exposed, that the strengths of the hydraulic 

binders are obtained with the normal fineness and at 
the normal temperature:



—During the first minutes, thanks to the very calcic 
aluminates (quick-setting cement, aluminous cement 
mixed with lime);
—During the first hours, to the little calcic aluminates 
(aluminous cement) or to the very calcic aluminates 
retarded by gypsum (portlands rich in C3 A);
—On the first days, to the very calcic silicates (portl
ands);
—At a longer period, to silicates and to silico-alumi- 
nates little calcic (slag cements, pozzolanic cements, 
portland cements relatively poor in lime and alkalies).

The obtainment of these strengths can be accelerated 
by favouring the dissolution of hydratable com
pounds:
—higher grade of fineness,
—addition of accelerating admixtures,
—heating,

Heating is more favourable to silicates than to 
aluminates: the portland cements rich in C3A (from 
12% to 15 % of C3A) have lower strengths when warm 
than when cold. Aluminous cements also.

The cement paste which confers strength to concrete 
has a high heterogeneity for different reasons:

1) Immediately after the mixing and the working 
stage the relatively soluble components which diffuse 
from the grains in the liquid, particularly alkalies, 
calcium sulphate, lime, are uniformly distributed to 
the aqueous interstices as they have only a few dozens 
of microns to travel for that purpose in a liquid; but 
as crystallization of the hydrates goes on, this phase 
acquires a shearing strength and the concrete acquires 

ipso facto a mechanical strength. The diffusion of the 
different components is progressively slowed down, 
so much their ions and molecules are bigger and less 
mobile, that is to say, less soluble. Thus the lower the 
(water/cement) ratio is, the less rapid the hydration.

The electrons themselves become less mobile from 
one atom to the other in the course of hydration and 
the electrical conductibility diminishes at the “end of 
the setting”.

2) The cement grains have various dimensions: the 
grains inferior to a micron (the number of which is of 
the same importance as that of the grains superior to 
a micron) are rapidly hydrated (often in less than 24 
hours) whereas the hydration of bigger grains some
times lasts several years.

3) Cement grains are heterogeneous: they contain 
different silicates, aluminates, ferrites, sulphates, 
etc.. They can contain clinker, slag, pozzolana, gyp
sum. The diffusion of their components and their 
hydrations can be more or less rapid. The interior 
surfaces of the aqueous interstices have their origin 
from cement grains or from aggregates or from rein
forcement, or from moulds.

4) Concrete is not always homogeneous for mul
tiple reasons (mixing, segregation etc.).

5) The medium of conservation of concrete can 
create heterogeneities: evaporation of water, carbona
tion by the atmosphere, percolation of aggressive 
waters (either pure, acid, or sulphated).

One must, therefore, not be surprised at the diver
sity of hydrates occasioned during hydration.

Conclusion

The problem of hydration of cements is not simple; 
but one can already grasp at least qualitatively most 
of the phenomenons which are inherent: setting, 
hardening, hydraulic shrinkage, etc. No method should 
be neglected in order to progress in this respect, and 
further knowledge cannot be considered as acquired, 
unless all observations and all possible measures are 
corroborated. It is conspicuous to realize for instance 
that the first values of the dimension of the minute 
interstices which subsist between the solid hydrated 

surfaces were determined, thirty years ago, by measur
ing hydraulic shrinkage, and their order of impor
tance has never been canceled since.

One can hope that ulterior researches will allow one 
to precise the present knowledge concerning hydra
tion, particularly on the point of view of the quantita
tive data. One cannot, however, dissimulate that the 
way will be long, since cement hydrates are evidently 
more complex than water, and many particularities 
of this simple substance are not yet enlightened.
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Synopsis

The study of minerals and anhydrous glasses in cement and their change during hydra
tion is carried out in CERILH using analysis with an electron microprobe. This enables the 
qualitative and quantitative analysis to be made by X-ray emission of the elements present in 
a volume of some cubic microns under the polished surface of the sample examined with 
a microscope.

Anhydrous silicates and aluminates in portland cement contain precipitated inclusions 
and impurities in solution. Microanalysis characterizes them in industrial clinkers.

The chemical composition of fly ashes used in cements is relatively constant; however, 
in the same ash some heterogeneity can occur between the grains as a consequence of the 
rapid passage of unbumt coal through the flame. The glass produced belongs to the silica- 
mullite-anorthite system and contains different proportions of iron, alkalies and magnesia.

In cement pastes, the hydration of aluminates with fixation of the sulphate ion leads to the 
formation of acicular crystals grouped in separate positions in the intergranular interstices. 
The hydration of tricalcium silicate is effected by the penetration of water which converts 
the anhydrous silicate into hydrated silicate in place while part of the lime diffuses outside 
the grain and crystallized in the form of hydroxide.

The reaction of ash grains in cement or lime pastes is effected by a superficial change of 
the vitreous grains with the formation of an hydrated envelope with a mainly low silica 
content which diffuses into the interstices and combines with lime.

Introduction

In 1949, A. Guinier and R. Castaing proposed a 
physical method of elements microanalysis at the 
congress in Delft. In 1951, R. Castaing described in 
his thesis the electron microprobe (1). Since then, 
the equipment has been perfected and the analysis 
has as much developed in metallurgy as in mineralogy 

and in biology.
We give, here, some examples of the use of this 

method in regard to cement chemistry. They deal 
with the composition of the minerals of cement clinker, 
the composition of fly ashes, the hydration of por
tland cement and the “pozzolanicity” of the ashes.

Electron Microprobe Analysis

A solid target bombarded under vacuum, with an 
electron beam, emits an X-ray radiation. The latter 
contains a continuous background, and lines repre
sentative of the constituent elements of the target, 
and there exists a relationship between the intensity 
of a line and the concentration of the element emitting 
it. The different lines are analysed, that is to say, 
separated by means of spectrometers.

A variable self-bias triode-type gun produces an 

electron beam which is focussed on the section to be 
studied, by means of two electro-magnetic lenses. 
An adjustment of electronic intensity eliminates the 
influence of possible variations in the emission of the 
electron gun.

The specimen contains a diamond-polished section; 
its surface is made conductive by a film of nickel 
deposited under vacuum. The observation of the impact 
of the electrons on the target is obtained by means 
of a microscope having a mirror objective which 
permits the coaxial focus of the electron and light 
beams. Two chambers, placed on each side of the



column, contain the curved crystals spectrometers 
and the gas-flow proportional counters, which are 
combined to them. These spectrometers allow the 
revelation of the radiations of the elements classified 
by Mendeleev, except for the first four elements.

The displacement of the analyzing crystal and of 
the detector on a focussing circle crossing the point 
of impact permits the qualitative analysis of the 
target. The quantitative analysis is achieved by clamp
ing the spectrometer in an appropriate position, 
and by comparing the intensities of the radiation when 
emitted by the sample under consideration, and by a 
standard.

One may also possibly shape the image of the dis
tribution of an element, by means of an oscilloscope: 
a small area of the specimen is scanned by the elec
tron beam, in synchronism with the spot of the 
oscilloscope, the latter being modulated in intensity 
by the signal of the counter.

By modulating the intensity of the oscilloscope beam 
by a signal proportional to the number of electrons 
absorbed by the specimen, one forms the electron 
image, i.e. a data comparable to an optic view, but in 
which the fluctuation of the average atomic number

Fig. 1. Electron microprobe. General layout
Center: Electron and light optics. Spectrometers
Left: Two pens recorders; two channels. EHT supply

and adjustment; vacuum meters and control.
Right: Nanoamperemeter; X-ray and electron display; 

condenser supply, objective supply; astigmatism 
control and illuminator supply. Sweep chassis

from one phase to another comes into account for the 
differentiation.

The Clinker Minerals

The study of the influence of the various elements 
on the formation and the stability of the minerals 
depends on the solution of the problem of the com
position of the minerals contained in industrial clin
kers.

Images of the distribution of the elements in the 
crystals have been obtained by means of the micro
probe by Philibert and Weinryb for an aluminous 
clinker (2). Taylor (3), later Moore (4), and more 
recently Terrier, Hornain and Socroun (8) have 
expounded those relative to portland clinkers.

Wright (3) has determined the calcium in alite and 
belite. Determinations in alite have been effected by 
Moore for MgO, by Terrier and Capitant (5) for 
A12O3 and Fe2O3 and by Peterson (7) for MgO, 
A12O3 and Fe2O3. In belite, Moore has determined 
MgO and Peterson K2O. These authors have also 
effected determination in the interstitial phase.

The CERILH has undertaken the complete analy
sis of the clinker minerals. The values shown in Table 
1 have been extracted from the “Revue des Mate- 
riaux” (8) in which our first results have been publi
shed.

It appears that the alite contains about 3 % of minor 
oxides, the contents of which change from one clinker 

Table 1. Compositions of the crystals of alite 
and belite expressed in percentages

Alite Belite

Clinker
1

Clinker
2

Clinker 
3

Clinker
1

Clinker
2

Clinker 
3

71.0 70.9 73.1 CaO 63.2 63.6 63.7
24.9 24.9 25.3 31.5 31.5 33.7

1.1 1.3 0.7 1.8 1.8 1.3
0.6 0.6 0.8 0.9 0.8 1.1
0.9 0.3 0.4 MgO 0.5 ' 0.3 0.3
0.2 0.2 k2o 0.8 0.7 0.4
0.1 0.1 0.1 Na2O 0.2 0.2 0.4
0.2 0.4 0.2 TiO2 0.3 0.1 0.3

trace 0.1 0.1 PA 0.3 0.3 0.1

99.0 98.8 100.7 Total 99.5 99.3 101.3

to another. Belite contains as far as 5 % minor oxides; 
it is richer than alite in A12O3, Fe2O3 and alkaline 
oxides.

The determinations relative to the C3A and C4AF 
aluminates are delicate if one takes into consideration 
the fact that the modern kilns deliver quenched pro
ducts in which the components of the interstitial phase 
are often closely entangled. From the measures we 
have gathered, one can infer that the C3A phase con
tains about 3%SiO2, 5%Fe2O3, 0.6% MgO, 0.9%



Fig. 2. Qualitative composition of Alite and Belite crystals 
in clinker; lines records >

K2O, 0.4 % Na2O and 0.3 % TiO2; whilst the percent
ages in the C4AF phase are of about 2% SiO2, 2% 
MgO and 1.8%TiO2.

These determinations are still carried on at the 

CERILH, in collaboration with the crystallographic 
research team, by the study of the correlations which 
exist between the composition and the allotropic 
form in which the silicates occur in the clinkers.



Fig. 3. Electron image (e+) and X-ray images for Mg, Si, Fe. 
Polished section of clinker; 100 microns side

Fly-Ashes

The fly-ashes issued by the flame of the generating 
plant result from the melting of coal leavings: clay, 
quartz, pyrites, calcite, gypsum, dolomite, etc.

Among the uses of ashes which profit of the spheric 
form of the grains, their lightness, their composition, 
or their pozzolanicity, the incorporation into cement 
particularly engage our attention, in France, an 
attention which is based at the same time on a long 
industrial experience and on laboratory studies in 

which the CERILH was very early involved.
The ashes are constituted by vitreous spheres, 

either solid or hollow, by spongy fragments, by mineral 
grains, and by unburnt fragments. The fineness of the 
ashes is related to that of the coal and to the type of 
the collector; the unburnt substance is related to the 
nature of the coal and the type of generating plant. 
The proportion of vitreous phase is due to the nature 
of the leavings, to the fineness of grinding, and to



Fig. 4. Electron image (e+) and X-ray images for Mg, Al, Si, 
Ca and Fe. Polished section of lime and fly ash mixture; 100 
microns side. ■ .



Composition of the ashes

Table 2.

2A
' Mean of the ashes 

of French coal

2B
The studied ash*

SiO2 50 t 51.4
ai203 30 27.7
FegOg 7 9.0
CaO 2 3.1
MgO 2 2.0
so3 0.5 0.1
Na2O 1 0.8
K2O 4 4.2
TiOg 1 1.6

•Special granulometric fraction 7 to 80g

the thermal treatment.
The study of the representative samples taken in 

the generating plant shows a constant variation of all 
the properties of the ashes from the furnace to the 
end of the dust collector. The first precipitated frag
ments are the most important in size. They are porous 
and heterogeneous, whilst the finest ones, recovered 
at the end, are compact.

Table 3. Elementary compositions obtained by probe 
for grains of a same ash

SiO2 ai2o3 Fe2O3 CaO

58 36.1 3.0 2
53.1 33.1 6.3 —
51.1 42.9 5.1 —
43.5 24.2 9.6 18.4
42.5 30.2 12.9 7
42.1 29.3 17.9 4.6
42.1 24.2 26.8 —
42 29.5 20.8 —

To the constancy of the macroscopic composition 
of coal ashes (Table 2) is opposed a microscopic 
heterogeneity, the consequence of the rapid passage 
of the coal leavings through the flame which does not 
allow a diffusion of the bodies in presence and a 
complete reaction.

Eight characteristic analyses of vitreous grains of 
the same ash are shown on Table 3. The glasses 
potentially contain mullite, quartz, anorthite and fer
rites. They contain, moreover, 0 to 7 % K2O and vari
able contents of MgO. The unmelted quartz and the 
mullite of devitrification are associated to them.

Hydration of Portland Cement

The study of the hydration of portland cement has 
been undertaken on pastes of particular granulome
tric graduation (7 to 80/z) and pastes of complete 
granulometric gradation.

The hydration of aluminates takes place with fixa
tion of the sulphate ion, and produces acicular crystals 
which are grouped in discrete sites in the intergranular 
interstices. Three determinations of this phase shown 
on Table 4 demonstrate that it has an intermediary

Table 4.. Composition of the acicular crystal groups 
in portland pastes*

After 2 years 2 years 3 years

CaO 44.5 45.1 < 41.2
A12O3 2L9 23.2 24.0
so$ 9.8 9.0 9.2

*of 7-80g granulometry.

composition between an aluminate and a sulpho
aluminate of calcium.

The hydration of tricalcium silicate is obtained by 
a penetration of water which transforms anhydrous 
silicate into hydrated silicate whilst a part of the lime 
diffuses outside the grain and crystallizes in the 
hydroxide form: portlandite. The measurements 
obtained by the electron microprobe have shown that 
the hydrated silicate had a mean molecular ratio 
CaO/SiO2 of 1.65 for a duration up to 90 days for the 
7 — 80/z fraction tested (6). This ratio varies from one 
crystal to another. We have discussed the mechanism 
of the hydration of alite which probably begins by 
a topochemical reaction.

In the portland paste, the portlandite contains in 
course of time, small quantities of SiO2, A12O3 and 
K2O. At the end of three years, the portlandite 
crystals have the following composition: CaO = 
74.2, SiO2 = 2.5, A12O3 = 1.7, K2O = 0.7.

Pozzolanicity of the Ashes

The reaction of the ash grains in cement or lime 
Pastes takes place with a superficial transformation 
of the vitreous grains with formation of a “corroded” 

envelope, poor principally in silica.
Twenty compositions of active grains are shown in 

Table 5. It does seem that the vitreous phase is reac-



Table 5. Compositions of active grains of the same ash

SiO2 A12O3 CaO Fe2O3.

57.8 33.8 0.4 2.6
57.4 39.5 0.6 2.5
55.9 35.2 2.7 5.4
55,5 38.5 0.5 3.0
55.4 ' 33.8 0.3 3,7
53.9 37.0 4.5 3.0
53.2 31,2 7.7 2,3
52.9 35 0.3 3.1
52,1 30.2 6.3 5.1
49,9 38.9 0.8 3.9
49.9 32.5 0.7 11.2
49.2 35.9 0.4 7.0
49.1 29.7 5.3 3.7
47.6 23,6 1.5 18.0
47.4 32.8 4.1 11.6
46.2 30.4 7.6 6,4
44.0 27,6 2.0 17.9
43.7 27.4 2.4 22.8
41.9 25.7 1.5 21.5
39,6 29.7 0,3 25.6

live in a large area of composition.
The study of the diffusion of the elements of the ash 

in the interstices of the pastes is undertaken for pastes 
of fly-ash cement and for lime-ashes mixtures. In 
the latter the progression of the diffusion of the silica 
and of the alumina terminates in concentrations of 
14% SiO2 and 2% A1ZO3 in the interstices which also 
contain after 600 days of conservation at 60°C small 
quantities of MgO and K2O.

The preparation of synthetic glasses having analogy 
of compositions with the fly-ashes was effected by 
means of the Vemeuil blowpipe and allows one to 
carry on the study of the mechanism of the pozzolanic 
activity by the study of systems having a more limited 
number of variables.

Conclusion

It is often difficult to make the best of the micro
scopic observations that can be effected on anhydrous 
or hydrated products, because of the heterogeneity of 
the substance. The electron probe, which permits to 
analyze, point by point, what can be seen with a mic
roscope, is thus a precious tool for the interpretation 
of the observations. Its high resolution ability is 
adapted to a great number of problems which concern 
the grains of the hydraulic binders as they are for the 
greater part visible with the microscope.

The method is applied whenever localized variations 
of the composition which cannot be appreciated by 
the global methods of analysis, impose the necessity 
of a punctual technique and direct investigation.

The electron probe is a basic research instrument 
which is unique for the punctual analysis by compari

son with standards placed in the same geometry and 
detected by the same radiation.

Although corrections are necessary, they can be 
greatly reduced by the choice of standards neighbour
ing the phases to be analyzed.

Up to the present, the electron probe microanalysis 
only shows the quantitative distribution of the ele
ments but not their bonding.

These studies which are developed at the CERILH 
thanks to the intensification of technical research in 
the French cement profession are effected with the 
participation of the Centre d’Etudes et de Recherches 
des Charbonnages de France and the financial help 
of the Communaute Europeenne du Charbon et de 
1’Acier.

References

1. R. Castaing, “Application de Sondes Electroniques ä
une Methode d’Analyse Ponctuelle, Chimique et 
Cristallographique”, ONERA Publication No. 55 
(1952).

2. J. Philibert and E. Weinryb, “Quelques Applications
du Balayage Automatique sur la Microsonde de 
Castaing”, Journal de Microscopic, 1, No. 1, 13-22 
(1962).

3. H. F. W. Taylor, “The chemistry of cements”, Acade
mic Press, London and New York. vol. 1, 119-120 
and P. W. Wright (mentioned by Taylor,) (1964).

4. A. E. Moore, “Examen d’un Clinker de Ciment Portl
and par Microanalyse ä la Sonde Electronique” 
Silicates Industriels Belgique 30, No. 8, 445-50 
(1965).

5. P. Terrier and M. Capitant “Etude de 1’Hydration du 

Ciment Portland par Microanalyse (emission X)”, 
4° Congres International Optique des Rayons X et 
Microanalyse. Orsay. Hermann Edition Paris 
(1965).

6. P. Terrier and M. Moreau, “Recherche sur le Mec-
anisme de 1’Action Pouzzolanique des Cendres 
Volantes dans le Ciment”, Revue Materiaux Con
struction France. No. 613-614. Publication Techni
que CERILH No. 176 (1966).

7. O. Peterson, “Untersuchung von Portland-Klinker
mit der Mikrosonde”, Zement-Kalk-Gips No. 2, 
61-4 (1967).

8. P. Terrier, H. Hornain and G. Socroun, “Quelques
Applications de l’Analyse par Microsonde Electro
nique ä l’Etude des Mineraux du Clinker", Revue 
Materiaux Construction (1968). No. 3.



Oral Discussion

Renichi Kondo and Shunro Ueda

As the thickness of the hydration layer of C3S 
particle is very thin, Dr. Roy and Mr. Grutzeck 
could not recognize the reaction rim by X-ray micro
analyzer. Kondo and Ohsawa pointed out that the 
thickness of the hydration layer of slag was thinner. 
Accordingly the spot analysis of the hydrate by using 
X-ray microanalyzer with usual technique seems to 
be difficult. Therefore we used an electron microscope 
attached with X-ray microanalyzer and studied semi- 
quantitatively the difference of the compositions bet
ween the inside part and the outside part of hydrated 
C3S particle as was shown in Fig. 6 of the principal 
paper II-4.

It must be useful for us if Mr. Terrier shows his 
experimental conditions as his experiment seems to 
have good accuracy. Furthermore, if he has some 
experimental results on various hydrates of cements 
and additives which are not shown in his supplemen
tary paper, it might be very interesting to show these 
results.

Oral Discussion

Della M. Roy

Dr. Terrier reports analyses of C3S hydration 
products indicating that the phase has a 1.65 
CaO: SiO2 ratio. Was this observation made only 
after relatively long periods of hydration, or was it 
found to be true also of shorter reaction periods? 
Indication was also given that analyses varied from 
grain to grain. What were the limits of variation 
observed?

Author’s Closure

Pierre Terrier

First ages observation of cement hydration pro
ducts, by means of the EPMA, is difficult. The first 
condition for the analysis is the following one: the 
phase to be analysed must be optically defined, which 
is, generally, not the case. On the other way, the 
electron probe enters into the target and risks to get 

through the phase to be analysed. In the way to avoid 
it, we use an accelerating voltage of the 12 KV, 
limiting the penetration (while the current limitation 
limits the heating). The choice of a particular grading 
(7-80 microns) enables, in some way, to dilate the 
timescale, and to obtain the optically defined hydrates 
for which, between 28 and 90 days, the paste strength 
becomes 950 kg/cm2 from 500 kg/cm2. Our tests 
are related to this period and beyond it.

The knowing of the CaO/SiO2 ratio, which is bet
ween 1.35 and 2.00, with a mean value of 1.65, for 
28 to 90 days, is a first approach. We must table in 
account the alumina, the magnesia and the SO3, 
and this has been yet well studied by EPMA, for anhy
drous products only.

It is showed by Kondo and Ohsawa (1) that the 
thickness of the reacted layer on C3S in C3S-slag 
mixture is about 0.5 /z at 28 days and the thickness 
of the reacted layer on the slag particles is about 0.4 n 
at the same time.

About C3S we (2) observed that the thickness is 
higher on alite in cement, about 3 p, at 28 days, 
(and not the same from one to another crystal). 
This agrees with the fact that in the investigation 
you made (1) more than 70% of C3S react in portland 
cement at 28 days and only 30% of C3S in C3S-slag 
mixture.

It is possible to observe the reacted layer on alite 
by EPMA after 28 days and to examine the ratio 
Ca/Si with V = 12 kV and I = 30 mA for example. 
Quantitative measurements are made point by point 
with a stationary beam on the specimen and on the 
standard (wollastonite). This conditions and those 
of Roy and Grutzek (4) are similar but these authors 
studied synthetic compounds.

Relating to cement aluminates hydration, your 
experiments (3) show that the simultaneous presence 
of Ca(OH)2 and of semihydrated calcium sulfate 
makes the alumina practically insoluble, which under
goes little replacement. The hydrated aluminates are 
forming from the anhydrous aluminates and are 
developing in the interspace with fixation of the sul- 
fate-ion, which is evidenced by the joint figures ob
tained with the microprobe for the cement granulome
try of 7-80 p, after three years curing.

On the other hand, the hydration mechanism with 
internal hydrates and external hydrates formation 
applies not only to portland cement, but also to high 
furnace slag. A 5-80 p slag hydrated with 10% 
soda, with a W/C ratio = 0.46, has a compressive 
strength of nearly 500 kg/cm2.

That was studied with the microprobe. The evolu
tion is recapitulated in Table 1 for molar ratios and



Scheme Electronic image-^-

X ray image of Sk=< Electronic image—

Fig. 1. Electronic images and scanning of S cement 7-80 p.. Pure 
paste after 3 years. = 0.28

Table 1.

Slag Inner product Outer product

CaO
siö^ 1.46 1.07 1.75

SiOg 3.46 4.65 2.16A12O3

by the diagram. Fig. 2.
You indicate (3), in good place, that the hydration 

rate of alite is modified by the minor elements. In 
some way, cement contains an impressive amount of 
additives whose action and ending are not already 
known. EPM A is useful to study this and we have done 
recently a new approach of the composition of alite (5).
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Supplementary Paper 11-62 The Behavior of AIuminate-Ferrite 
Phase during Hydration
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Introduction

In continuation of our earlier work (1, 2) the mech
anism which occurs when the aluminate-ferrite clinker 
minerals C3A, C6A2F, C4AF and C2F react with 
calcium hydroxide and gypsum or anhydrite in aque
ous solution have been investigated by chemical 
means, by infra-red spectroscopy, by X-ray diffrac
tion and with the aid of the electron microscope. 
The chosen fractions of C3A or calcium aluminate 
ferrite and calcium sulphate correspond approxima

tely to commercial portland cement. The amount of 
calcium hydroxide added was sufficient to form ettrin
gite and convert the remaining C3A and calcium 
aluminate ferrite into tetracalcium aluminate 
ferrite and into tetracalcium aluminate ferrite hydrate 
respectively in the presence of a saturated lime solu
tion.

As an indicator for the rate of hydration the absorp
tion of water and free sulphate were measured.

Reactions in the System C3A-CaSO4-CaO-H2O

The investigation of C3A was carried out with 
0, 30, 60 and 90 % gypsum relative to the C3 A content.

In the pure C3A system the principal product in 
the first hours was hydrogarnet (C3AH6) and later 
tetracalcium aluminate hydrate (C4AH19). The pro
portion of tetracalcium aluminate hydrate remained 
the same during a three-year observation period, and 
this means that for a long while no appreciable recrys
tallization of the unstable C4AH19 to the stable C3AH6 
took place.

With 30% gypsum ettringite was first formed but 
disappeared again after 8 hours. In its place the sul
phate-bearing phases monosulphate hydrate or the 
mixed crystals of this with tetracalcium aluminate 
hydrate were observed. The occurence of C3AH6 as 
well as C4AH19 was clearly recognizable.

With 60% gypsum ettringite was stable over a grea
ter range. Monosulphate hydrate and its mixed crys
tals with tetracalcium aluminate hydrate only appeared 
after a full day’s hydration.

After 60 days ettringite reappeared and was still 
present after 300-day hydration together with mono
sulphate hydrate, the mixed crystals with tetracalcium 
aluminate hydrate and pure tetracalcium aluminate 
hydrate.

With 90% gypsum it was only after 2 days that a 
marked decrease in the content of the initially-formed 
ettringite was observed. Simultaneously monosulphate 

hydrate appeared in the reaction mixture. However, 
in contrast to the other mixtures, no solid solution 
between monosulphate hydrate and tetracalcium 
aluminate hydrate was observed.

The results of these experiments can be summarised 
in the following table:

These results show that with rising content of 
gypsum the amount and stability of ettringite increases 
in the period before monosulphate hydrate or the 
mixed crystals with tetracalcium aluminate hydrate 
are formed. The formation of monosulphate hydrate 
and tetracalcium aluminate hydrate or the mixed 
crystals of the two begins only when all the sulphate 
ions have been used to form ettringite or when the 
concentration of sulphate ions is no longer sufficient 
to allow this mineral to crystallize. Concomitant with 
the formation of monosulphate hydrate the initially- 
formed ettringite is decomposed and the remaining 
CjA is hydrated. The amount of gypsum added deter
mines the speed of hydration of C3A.

Table 1. Formation of C3A-Cs3-H32 and. C3A(Cs, CH)-Hiz 
in the system CsA-CaSCH-CaO-HiO

Amount of 
CaSO4.2H2O 

added %

Occurrence of
C3AeCs3«H32 CjA^CSeHjg 

C3A(Cs, CH).H12

30 at oncef 12h
60 at once 24 h
90 at once 48 h

fobserved under the electron microscope after 30 sec.



Reactions in the System (C2F-C6A2F)-CaSO4-CaO-H2O

In the experiments with the calcium aluminate 
ferrites C2F, C4AF and C6A2F a constant amount of 
sulphate containing 27.9% SO3 was added; this 
corresponds to 60% dihydrate or 47.4% anhydrite. 
The amount of calcium hydroxide added was such 
that, allowing for the formation of the most lime-rich 
phases, a saturated solution of lime was still present.

Bonding of Sulphate

The combination of sulphate with calcium alumi
nate ferrite was determined, making allowance for 
the free sulphate in the solution and as a residue. 
Fig. 1 shows the amount of sulphate combining with 
C6A2F in the presence of lime in aqueous solution. 
It can be seen that the reaction is much faster in the 
case of anhydrite than if dihydrate is used. After 
only 6 hours 70% of the anhydrite has reacted but 
only 43% of the dihydrate. After 12 days both com
pounds are completely fixed.

C4AF, also, is hydrated much faster in the presence 
of anhydrite than with dihydrate, as is obvious from 
Fig. 2. The combination of sulphate is only complete 
after 90 days in the case of anhydrite and in the case 
of the dihydrate it is almost complete after 180 days.

As may be expected, the slowest reaction is shown 
by C2F, although for this compound also the reaction 
proceeds much faster in the presence of anhydrite 
than with dihydrate (Fig. 3). In this case the combina
tion of sulphate is only complete after 180 — 270 days.

The reaction of calcium aluminate ferrite with 
gypsum or anhydrite shows the influence of the dif
ferent sulphates on the concentration of sulphate ions

Fig. 1. Sulphate-bonding in system CsA2F-CaS04-CaO-H2O

in the solution. It was observed that the sulphate 
concentration increases with increasing ferrite con-

Fig. 2. Sulphate-bonding in system C+AF-CaSOi-CaO-HzO

Fig. 3. Sulphate-bonding in system C2F-CaS04-CaO-H2O



Table 2. Sulphate bearing hydration products after 2 years 
in the system C2(A, F)-CaSO4-CaO-H2O

C3(A, F)Cs.H12 C3(A,F).(Cs,CH).H]2 c3( A, F) • Cs3 • Hjg

+ + weak
c4af 4* + //
c2f + —

tent of the calcium aluminate ferrite, but decreases 
with rising aluminate content.

These reactions show in particular that C6A2F 
reacts so fast that at no time is the solution saturated 
with respect to anhydrite, or even with the dihydrate, 
under normal conditions of temperature and grain size 
of the reagents.

Formation of the Hydrates

The formation of hydrates in the residue was deter
mined by X-rays over a period of 2 years. To begin 
with ettringite, phases (C3(A,F) Cs3H32) with varying 
ratios of Al3+ to Fe3+ were formed almost exclusively. 

With increasing aluminate content of the calcium 
aluminate ferrites, the trisulphate hydrates are altered 
faster into the monosulphate hydrates and the mixed 
crystals of this with tetracalcium aluminate hydrate 
by using up the remaining ferrite. The solid solutions 
do not occur with C2F. For the remaining ferrites 
C4AF and C6A2F these mixed crystals prove increa
singly unstable with time, i.e., their amount decreases, 
the longer the hydration continues, with the formation 
of monosulphate hydrate. As in the case of C3A 
the appearance of the mixed crystals is less likely 
as the amount of sulphate is increased. In the case 
of the calcium aluminate ferrites, the formation of 
the mixed crystals decreases with increasing iron con
tent of the ferrite, and is less pronounced in the pre
sence of anhydrite than in the presence of dihydrate.

Hydrogarnets were observed in all the reaction mix
tures. Their amount increases with a rising aluminate 
content of the ferrites.

The following table show the sulphate bearing hydra
tion products formed by the reaction of calcium alumi
nate ferrite with anhydrite and lime in aqueous 
solution after a hydration period of two years.

Discussion and Summary

On the basis of previous and present work on the 
hydration of the aluminate ferrite phases in aqueous 
solutions of calcium hydroxide and calcium sulphate, 
we have been able to confirm our opinion that, directly 
after the addition of water, the calcium aluminates 
and calcium aluminate ferrites become protected from 
further rapid hydration by a layer of ettringite-like 
phases.

In the presence of solutions rich in sulphate and lime 
ettringite forms as soon as water is added, together 
with negligible amounts of monosulphate hydrate and 
its mixed crystals with tetracalcium aluminate hydrate. 
Only when the sulphate ion concentration is too low to 
allow ettringite to crystallize are monosulphate hydrate 
and the corresponding mixed crystals formed to any 
extent. The ettringite initially precipitated is then 
altered to monosulphate hydrate or the mixed crystals 
with tetracalcium aluminate hydrate by reaction with 
the remaining C3A. The point at which all the remain
ing C3A is used up and the ettringite decomposes is 
dependent upon the amount of sulphate present and 
the grain size of the C3 A. Similar results were found for 
the calcium aluminate ferrites.

Determination of the amounts of water and sul
phate combined, and examination by X-rays and in 

the electron microscope have shown that the rate of 
hydration of the calcium aluminate ferrites increases 
with increasing alumina content in the system 
C2(A, F)-CaSO4-CaO-H2O. This is seen in Fig. 4. 
If one refers the amounts of calcium aluminate fer
rite to a common specific surface area, the increase 
in weight of the residue shows that, after one day the 
quantity of C2F that has reacted is only 50% of the 
amount in the case of C4 AF, 30 % in the case of C6 A2F 
and 15% in the case of C3A.

The schematic presentation in Fig. 5, which includes 
ideas of Manabe (3), shows that, during hydration 
in the presence of solutions rich in sulphate and lime, 
the principal hydration products of the aluminate 

' ferrite phases in portland cement clinkers are trisul
phate hydrate together with small amounts of mono
sulphate hydrate and its mixed crystals with tetracal
cium aluminate hydrate. This occurs directly after the 
addition of water. Only when the sulphate ion concen
tration is insufficient to form ettringite do monosul
phate hydrate and the mixed crystals begin to appear 
in increasing amounts. The trisulphate first formed is 
more or less completely altered to monosulphate 
hydrate after a few hours depending upon the amount 
of sulphate present.



Fig. 4. freight increase of the precipitation during hydration of 
aluminate—ferrite phase based on the specific surphace of 
1000 cm^ig {Blaine)

The experimental results show that the amount and 
kind of the calcium sulphate added is of prime impor
tance for the rate of hydration of the C3A and the 
calcium aluminate ferrites.

Furthermore the formation of tri- and monosul
phate hydrate from the calcium aluminate ferrites 
is only possible by combining 1 molecule of calcium 
hydroxide. This contrasts with the reaction for C3A. 
When the formation of tri- and monosulphate hydrate 
is complete, hydration of the aluminate or aluminate 
ferrites to tetracalcium aluminate ferrite hydrate 
occurs by combination with calcium hydroxide which 
is split off the calcium silicates. Thus the hydrolysis 
and hydration of the calcium silicates is influenced 
and controlled by the course and speed of the hydra
tion of the tricalcium aluminate and calcium aluminate 
ferrites and their combination with lime.

Also important is the fact that more or less rapid 
hydration of C3A and the calcium aluminate ferrites 
has an effect on the area of reactive surface of the 
calcium silicates in the clinker.

Time of Hydration---------------*—

Jn solution:

(J) SO^'-cono saturation

(2) SO'"-conc.= saturation

@ SO2"-conc.«.saturation

Fig. 5. Reaction of sulphate during hydration of C3A and 
C2(A,F)

It follows from the above results that the amount 
and kind of the calcium sulphate added has a complex 
influence on the rate of the initial hydration of the 
aluminate-ferrite phases of the clinker:

1. by retarding and controlling the hydration of 
C3A and the calcium aluminate ferrites,

2. by fixing the free calcium hydroxide released 
by hydrolysis of the calcium silicates in the clinker, 
which is then combined with the crystallizing 
trisulphate hydrate, monosulphate hydrate and 
tetracalcium aluminate ferrite hydrate. This 
causes an acceleration in the hydrolysis of the 
calcium silicates and

3. by creating a greater reactive surface area in 
the calcium silicates of the clinker.

In practice the accelerative effect of anhydrite as 
compared to the dihydrate is of great importance, 
in particular in the production of portland cements low 
in, or free of C3A.

We are grateful to the Association of German 
Cement Producers, Düsseldorf, for their financial 
support.
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and Other Binding Materials on the Basis of Acidic-Basic Reactions

Nikolai F. Fedorov*

Synopsis

The analysis shows that the hardening of portland cement and other most widely 
distributed binding materials of normal and autoclave hardening (lime, phosphate and 
oxychloride cements) is the result of chemical reactions in which acid radicals and metal 
cations take part together with the protons and hydroxyl groups and which, therefore, are 
the reactions of acid-base interaction.

The results of investigation of binding properties of a great number of combinations are 
considered in the paper, the components of which were selected so that the process of acid
base interaction would take place.

Four groups of materials have been investigated on the basis of the following type 
systems:

1. Mineral-water systems, where minerals are the analogoues of calcium silicates or 
aluminates, viz. plumbates, stannates, titanates and zirconates of alkali earths.

2. Metal oxide-acid systems, where acids are HCl, II3PO4, H2SO4, H2CZO4, etc.
3. (The binding materials of autoclave hardening). MeO-MeO2-H2O systems, where 

MeO are the oxides of alkali earths and MeO2 are TiO2, SnO2, PbO2 and ZrO2.
4. Metal oxide-polyatomic alcohol systems (glycemie, glycol).
In each group, for a great number of investigated combinations the formation of stone

like materials has been established, physico-mechanical properties of the latter having been 
investigated and for separate, most typical ones, the phase composition of new formation 
has been investigated by means of X-ray, infrared and chemical analysis.

Introduction

At present it is difficult to find such an industry 
where artificial stone would not be used. Artificial 
stone is used both in the most ancient industries such 
as construction and the most modern ones, such as 
radioelectronics (1).

Among the methods of technical stone synthesis, 
the methods and ways of silicate technology are the 
most popular ones, including several varieties. Their 
common feature is the transition from the solid powder 
material of natural or artificial origin to the monolith— 
an artificial stone having a certain complex of proper
ties. Schematically, separate varieties of silicate tech
nology may be represented in the following way:

1. Ceramic technology:
powder—»moulding—»-burning—»artificial stone

2. Technology of glass-crystalline materials: 
powder^melting -xmoLilding—»heat treatment 
—»artificial stone.

3. Technology of cements: r
powder-»mixing with fluid—»artificial stone.

‘Chemical Technology of Cement, Leningrad Lensoviet 
Institut of Technology, Leningrad, U.S.S.R.

4. Technology of autoclave materials: 
powder-^moulding—»hydrothermal treatment 
—»artificial stone.

The comparison of separate methods shows that, 
from the technological point of view, the most con
venient one is the method of producing artificial 
stone by the technology of binding materials. However, 
in spite of this rather important fact, the technology 
of ceramics and glass have achieved the greatest 
progress in their development lately. So, during only 
one or two decades man has learned to produce and 
organized the industrial production of materials 
having unique electrical and magnetic characteristics, 
the ones having good mechanical properties in con
ditions under the influence of high temperatures, 
etc. by the ceramic technology, i.e. by the technology 
which was once developed for producing red brick, 
porcelain, and pottery.

The transition from traditional ceramic materials 
and glass to the new ones was stipulated in most cases 
not by any special changes in the technology of their 
production, but mainly by the expansion of the 



“geography” of the chemical elements used, by the 
substitution of the widely used in nature and readily 
available elements such as O, Si, Al, Fe, Ca, Na, K, 
Mg, H, etc. by less distributed and even rare ones, 
such as Ti, Sn, Pb, Zr, Nb, W, Mo, Sr, Ba, Ni, Co, F, 
etc.

The range of materials produced by the technology 
of binding materials may also be widened, and, if 
one takes into account the simplicity of the production 
and the fact that the development of technology is 
often hindered by the lack of suitable materials giving 
possibility, for instance, to cement together metals, 
ceramics, glass, plastics, particularly under ordinary 
conditions, the range of such materials has to be 
enlarged.

According to the experience of ceramic technology, 
when developing the new kinds of binding materials, 
it seems necessary to reject the idea of using only 
inexpensive, readily available raw materials. The 
search should be carried out very widely, enveloping 
possibly greater number of elements, including even 
the rare ones. In order that the search of the new 
kinds of binding materials would be more specific 
and economical it is necessary to proceed, first of 
all, from the ideas developed by V.F. Zhuravlev (2) 
and from his main conclusion in particular: “Binding 
properties are not something permanent and inherent 
only to a limited number of mineral compounds. 
The display of binding properties is a common link 
of the chain of phenomena subject to definite regula
rities; there are numerous other combination and 
chemical reactions, the binding properties of which 
should be expressed stronger or weaker than the 

known ones”.
From numerous family of chemical reactions it is 

necessary first to consider the ones that are the main 
reactions for the preparation and application of the 
widely distributed binding materials.

The analysis shows that the hardening of portland 
cement, alumina cement and other most widely dis
tributed binding materials (gypsum, lime, phosphate, 
and oxy-chloride cements) is the result of the crys
tallization of the products resulting from the chemical 
reactions in which acid radicals and cations of metals 
along with protons and hydroxyl groups interact. 
Chemical reactions of such kind are called acid—base 
reactions. So, one of the directions when searching 
for new binding materials which are the analogues 
of the traditional binding materials, should be the 
detailed consideration of all possible acid-base reac
tions ; the range of the objects to be investigated should 
be limited by the reactions in the solid-liquid systems 
and solid- H2O (vapour) ones, although acid-base 
reactions may be realized:
a) through a solution, b) in the saturated water vapour 
medium, c) through the melt, d) in the solid phase, 
and e) in the gaseous phase.

As it was stated above, in the present paper the 
range of the objects studied was limited by consider
ing only such systems and such chemical reactions 
as have long been used for preparing binding mater
ials, viz. 1) mineral (salt)—water, 2) oxide (hydroxide) 
—acid (salt), 3) base oxide-acid oxide (in the saturated 
vapour medium), 4) oxide (hydroxide)—organic com
pounds having acidic properties.

Binding Materials on the Basis of Mineral-Water System

The principal chemical reaction resulting in the 
hardening of the binding materials of this type is the 
exchange reaction with water when the hardly soluble 
compounds are fonned. This reaction takes place 
when portland and alumina cements harden, to be 
more exact, when calcium silicates and aluminates 
react with water. It has long been noticed that calcium 
silicates and aluminates are not the only represen
tatives of chemical compounds which are capable of 
being hydrolyzed. Zhuravlev and the collaborators 
of the Chair of Chemical Technology of Cement, 
Leningrad Lensoviet Technological Institute showed 
experimentally that there exist the analogues of cal
cium silicates, aluminates and ferrites, strontium 
and barium silicates and aluminates, in particular, 
as well as titanates, manganates, chromates and stan

na tes of calcium, strontium and barium (2-6).
According to the periodic system of D.I. Mendeleev, 

one should expect the plumbates of the alkali earths 
to be hydraulically active ones. So, the comparative 
investigation of the binding properties of plumbates 
and other silicate analogues—stannates, titanates 
and zirconates of the alkali earths has been done in 
the given section, the latter having been investigated 
from the point of view of hardening in the hydro
thermal conditions, since it has not been done before.

All the minerals in MeO-MeO2 systems about which 
there is certain information have been synthesized. 
Due to the fact, that a number of systems formed by 
the dioxides of group IV and by the alkali earth 
oxides have not been investigated, the compositions 
corresponding to the investigated systems have been 



chosen for the synthesis. The oxides of Mg, Cd, 
Zn, Ba, as well as the calcium and strontium carbon
ates and the Ti, Sn, Pb, Zr dioxides have been taken 
as the original materials. The synthesis has been done 
in the following way: the original materials were 
weighed in the amount corresponding to the stoich
iometry of the mineral to be synthesized and then 
ground in the laboratory ball mill. The duration of 
the grinding was such that all the ground powder 
would pass through the sieve No. 0063. From the raw 
mixture prepared in this way the samples have been 
made, the tiles, having dimensions of 5 x 5 X 4 cm 
under the pressure of 500 kgs. per sq. cm., which have 
been burned. The burning has been done either in 
the muffle furnace or in the laboratory furnace with 
carborundum heaters. The temperature of burning 
was chosen according to the melting temperature of 
the minerals, and it amounted to 0.8-0.9 of the melt
ing temperature. The readiness of the synthesised 
minerals was checked by chemical determination of 
the content of unreacted base oxide (excluding zinc

Table 1. Conditions of synthesis of the minerals studied

Preparation

Number 
of 

burnings

Total keeping 
at maximum 
temperature

Temperature 
°C

Amount of 
free MeO 

in % 
by weight

*CaO.2PbO,
Minerals-—plumbates

1 8 960 —
•CaO.PbO, 4 24 960 0.56
2CaO.PbOä 4 27 900 0.21

*Sr0.2PbO, 1 8 900 __
•SrO.PbO, 3 18 920 3.2
2SrO.PbO, 1 8 940 —

*BaO.2PbO, 1 8 910 __
*Ba0.PbO2 3 20 930 0.25
2BaO.PbO, 5 36 900 3.15
MgO.PbO2 1

Minerals-
8 

—titanates
900 not checked

CaO.TiO2 1 8 1380 0.20
3CaO.2TiO, 2 16 1380 0.73
2CaO.TiO, 2 16 1380 16.00
SrO.TiO, 1 8 1380 __
3SrO.TiO, 1 8 1380 —
2SrO.TiO, 1 8 1380 —
BaO.TiO, 1 8 1300 —
3Ba0.2TiO, 1 8 1280 —
2Ba0.TiO2 1 8 1380 —
MgO.TiO2 1 8 1380 —
CdO.TiO, 1 8 1380 —
ZnO.TiO2 1 8

Minerals—stannates
1380 —

MeO.SnO, 2 12 1380 —
2MgO.SnO2 3 18 1380 __
CaO.SnO, 1 6 1350 —
2CaO.SnO, 3 18 1380 —

*3CaO.2SnO, 1 6 1350 ——
SrO.SnO, 2 12 1350 —
2SrO.SnO, 2 12 1350 —
BaO.SnO, 2 12 1350 —
*2BaO.SnO2 4

Minerals-
24 

—zirconates
1380 45.5

CaO.ZrO2 1 6 1350 —
SrO.ZrO, 1 6 1350 —

*2SrO.ZrOs 2 12 1350-1400 12.0
BaO.ZrO, 1 6 1350 —
ZnO.ZrO, 1 6 1400 not determined
2ZnO.ZrO, 1 6 1400 //
CdO.ZrO, 1 6 1350
2Cd0.ZrO2 1 6 1350

and cadmium minerals) as well as by the X-ray or 
infrared analysis. The data of the condition of sample 
synthesis are given in Table 1. The samples which 
are not monomineral ones are marked with the sign

All the products obtained were ground till they 
passed through the sieve 0063 mesh, and were mixed 
with water until the paste of ordinary consistense was 
prepared. The samples to be tested for mechanical 
strength were made of the paste in the shape of cubes 
having the edge of 1.41 cm long.

The results of investigating the strength properties 
of the materials obtained are given in Table 2. It should 
be noted that the hardening of all samples took 
place both in the normal and hydrothermal condi
tions of hardening, the autoclaving being done under 
the pressure of 8 and 16 atmospheres during 4 or 8 hrs. 
respectively, at a maximum pressure.

Consideration of the data given in Table 2 allows 
one to draw the following conclusions: When reacting 
with water minerals—calcium silicate analogues show 
pronounced binding properties, in contrast to minerals 
—silicates the binding properties of calcium plum- 
bates and stannates, strontium and barium distinguish
ing themselves when the basicity of the mineral is

Table 2. Compressive strength (kglcm1) of the 
minerals—calcium silicate analogues

Compression limit (kg/cm2)

Under ordinary Under hydrothermal
conditions of conditions of

Mineral hardening hardemng

3 7 28 8 16

Ca0.2Pb02 0 0 0 70 165
CaO.PbO2 10 80 100 170 435

2CaO.PbO2 525 600 625 560 810
SrO.2PbO2 0 0 0 95 150
SrO.PbO2 5 10 110 390 560

2SrO.PbO2 45 75 140 495 560
BaO.2PbO2 10 15 120 180 230
BaCKPbOg 35 75 145 280 350

MgO.PbOg 0 0 0 0 0
VgO«SnO2 0 0 0 0 0

2MgO.SnO2 0 0 0 15 30
CaO»SnO2 0 10 15 70 75

2Ca6.SnO2 100 150 150 415 500
3CrO.2SnO2 75 100 100 340 365

SrO.Sn02 15 30 30 70 115
2SrO.SnO3 225 300 300 70 115
BaOeSnO2 0 15 15 10 25

2BaO.SnO2 does not harden
BaO«TiO2 0 0 0 130 200

3CaO.2TiO2 5 10 15 165 210
2CaO.TiO2 30 15 10 195 255

SrO.TlO2 0 ' 0 0 75 100
3SrO.2TiO2 15 15 45 85 125
2SrO.TiO2 45 70 95 125 230
BaO«TiO2 0 0 0 65 95

2BaO.TiO2 185 195 360 170 195
2ZnO.TiO2 30
2CdO.ZrO2 620
3CdO.ZrO2 230

SrO.ZrO2 0
CaO.ZrO2 0
BaO.ZrO2 45



equal to 1. Autoclaving intensifies the process of har
dening of the greater majority of the minerals inves
tigated and it results in displaying the hydraulic 
activity for a number of them, e.g., monobasic calcium 
titanates, strontium and barium, which shows that 
monobasic strontium, calcium, and barium titanates 
are not hydraulically inert compounds' as it was 
thought before. Since, as it was found in the laboratory 
of the chair, the same refers to the low basic silicates 
of the alkali earths. Therefore, speaking about some 
substance exhibiting binding properties or not doing 
so it is necessary to state the conditions under which 
it does so.

The fact that cadmium zirconates display binding 
properties contradicts to the point of view of V. F. 
Zhuravlev and a number of other investigators, 
according to whom minerals—silicates of zinc, cadm
ium and magnesium and their analogues are not able 
to display binding properties. The hydraulic activity 
of cadmium zirconates which is rather pronounced 
requires further attentive investigation. To find out 
the character of the hydration process of the minerals 
—calcium silicate analogues, the investigation of the 
hardening products formed during their reaction with 
water has been carried out when calcium stannates 
were hardening in particular.

For investigation the methods of thermography. 
X-ray and infrared analysis have been used. The com
parison of thermograms. X-ray patterns, and the 
spectra of the original minerals and the hardening 
products showed their substantial differences. The 
respective curves for calcium ortho and metastannates 
also differ from each other. There are no effects on 
the thermograms of the original stannates while on 
the thermograms of the hardening products of dical
cium stannate are four endothermic effects at the tem
perature of 140-160°, 310-350°, 470-520° and 770
800°C and an exothermic one at the temperature of 
700-730°C. The thermogram of the hardening products 
of calcium metastannate differs from that of the 
orthostannate by the absence of endothermal effect 
at the temperature of 470-520°C and by less intensive 
other effects. According to the available information 
in literature (5), the endoeffects at the temperature of 
310-350° and 770-780°C appear to be due to the 
dehydratation of the calcium hydrostannate, and the 
one at the temperature of 470-520° is due to the 

decomposition of calcium hydroxide. As to the exo
thermal effect at the temperature of 700-730°, it is 
likely to be connected with the recrystallization of 
the amorphous calcium metastannate. Therfore, it 
may be suggested from the thermographic data that 
during the hardening process calcium orthostannate 
is hydrolyzed giving off calcium hydroxide and form
ing hydrostannate, while metastannate is hydrated.

The results of X-ray and infrared analysis confirm 
the fact that the original materials are converted into 
new hydrated compunds which is demonstrated by the 
appearance of new diffraction maxima in the X-ray 
patterns and new lines of absorption in the spectra. 
When calcium orthostannate hardens hydrolysis also 
takes place since on the X-ray patterns of the harden
ing products of calcium orthostannate along with 
the new diffraction maxima d/n = 4.66; 4.04; 2.32; 
2.14; 2.08; 1.64; 1.38; 1.34 which are likely to be 
inherent to the calcium hydrostannates, the strongest 
lines of calcium hydroxide being distinguished when 
d/n = 4.83; 2.62; 2.40; 1.80. The latter are completely 
absent in the X-ray patterns of the hardening products 
of calcium metastannates.

The information given above allows to draw the 
conclusion that minerals—stannates and possibly, 
minerals analogues of calcium silicates, in general, 
when mixed with water are either hydrated or hydro
lyzed forming hydrated compounds which are difficult 
to dissolve and the crystallization of which leads to 
the formation of cement stone. Exchange reactions 
with water are known to envelop an extensive class 
of chemical compounds—salts. So, the minerals 
considered in the given paper are a small part of 
chemical compounds which may be employed to obtain 
new binding materials. Thus, there are prospects for 
new materials search especially if one takes into 
account that hydrolysis should be looked upon as 
a particular case of solvolysis, i.e., an exchange 
reaction of a solute and a solvent in general. The facts 
that have been considered in the present paper in 
combination with the information received by other 
authors are a sound foundation for obtaining a great 
number of binding materials of the following type: 
MeO-MeO2-Me2O3, where MeO2 and Me2O3 may 
be represented both by separate compunds such as 
PbO2 and A12O3 and by numerous combinations 
of the oxides of the same type with each other.

Binding Materials on the Basis of Metal Oxide—Acid (Salt) Systems

Among various binding materials which have been 
widely used along with cement, gypsum and lime there 

are two more groups of binding materials—magnesium 
oxychloride and phosphate or dental cements. The



former are obtained by mixing powder magnesium 
oxide and its chloride solutions, the latter by mixing 
certain oxides or the compositions prepared on their 
basis and phosphoric acid. Until now those groups 
of binding materials have been considered separately, 
but the chemical basis of their hardening is neverthe
less the same: acid-base reaction. The kinds of cements 
mentioned above seem to be particular representatives 
of a large family of binding materials prepared on 
the basis of solid—liquid systems, when solutions of 
acids and salts are taken as liquids and the solids 
are represented by the oxides and compositions formed 
on their basis.

The given section of the paper has been devoted to 
checking up the possibility of synthesis of artificial 
stone on the basis of oxides of different groups of 
D.I. Mendeleev’s Periodic Table and a number of 
acids: HNO3, diluted H2SO4, HC1, HI and H2C2O4 
as well as the solutions of sodium acid phosphates 
which may be used for obtaining the binders (7).

To determine the availability of binding properties 
the original oxides were ground in the agate mortar 
and the powder made was mixed with such amount 
of an acid or salt which was necessary to prepare the 
paste of normal consistency. Balls or pellets were 
formed from the paste which were kept under normal 
conditions during 1-3 days after which they were 
crushed. The availability of binding properties has 
been determined, as it was stated above, in the 
systems MeO-HNO3, where MeO-ZnO, Bi2O3, 
CdO, ZnO, ZrO2. If sulphuric acid was used, the 
hardening compositions were prepared on the basis 
of the following oxides: Fe2O3, Bi2O3, PbO, CdO, 
MgO. When mixing the compounds with HC1 solution, 
the compositions hardened on the following basis: 
CaO, I2O3, La2O3 and other rare earths, ZrO2, TiO2, 
Nb2O3, Sn2O, NiO, and all the alkali earth oxides 
and, when HI was used, the ones on the basis of V2O5, 
BaO, Co2O3, ZrO2. In case the oxides were mixed with 
oxalic acid, the following oxides gave the cement 
stone: Sb2O5, Co2O3, MgO, ZrO, TiO2 and others.

In the experiments where the oxides were mixed 
with solutions of acid phosphates of sodium the 
compositions containing P2O5 in the amount of 35 % 
by weight were used. The binding properties were 
found in the following oxides: Co2O3, Fe2O3, FeO, 
CuO, CdO, HgO, PbO2, SnO2 when mixed with 
monosubstituted sodium phosphate in normal condi
tions of solidification, and in SiO2, TiO2, Cr2O3, V2O5 
when heated at 200—300°C. The use of disubstituted 
sodium phosphate as a mixing agent allows one to 
obtain the binding properties on the basis of SiO2, 
IiO2, A12O3, ZrO2, MgO, CaO, SrO, Co2O3, Fe2O3, 

FeO, SnO2, ZnO, CdO. The strength characteristics 
of some binding materials obtained were determined. 
The samples from the paste 1:0 having the shape 
of cubes the size of which was 1 X 1 X 1 cm were 
tested for compressive strength. The samples were 
stored in air during 3, 7 and 28 days. The results 
obtained are given in Table 3. For comparison, the 
results of testing the samples of portland cement 
are also given, the latter having been prepared and 
stored in a similar way.

The data obtained confirm the fact that on the basis 
of metal oxide—acid systems a whole number of 
cements may be synthesized, the strength characteris
tics of the latter being similar to those of portland 
cement and sometimes even much greater.

More detailed investigation of the binding subs
tances of this kind will result in such new binding 
materials which will surpass the already well—known 
magnesia, oxychloride and dental cements. The 
investigation of the binding substances in the MeO— 
HC1 systems, in particular, showed that the cements 
obtained by mixing CuO with solutions of cupric 
chloride or hydrochloric acid in contrast to magnesia 
cement appear to be not air but hydraulic binding 
materials since they can harden not only in air but 
also under water.

As to the cements formed on the basis of metal 
oxide—phosphoric acid systems, they are used, at 
present, not only in the dental technique. There are 
numerous kinds of phosphate cements which are used 
as heat resistant binders, vacuum lutes for cementing 
various materials. In the near future the scope of 
employing such binding materials is likely to become 
still wider as there are all necessary requisites for this:

Table 3. Compressive strengfit Qcglcm2) of cements 
on the basis of metal oxide—acid (salt) systems

No System

Strength (kg/cm2) in

3 days 7 days 28 days

1 Sb2O5-H.3C2O4 37 95 110
2 MgO-H2C2O4 69 80 94
3 ZrO2-HNO3 20 25 40
4 MgO-HI 30 - 90 150
5 CdO-H2SO4 400 540 700
6 Cement of trade mark 500 58 90 105
7 V2Os-Na2HPO4 180 — —
8 MgÖ-Na2HPO4 240 — —
9

10
CdO-NaH2PO4
CuO—CuCl2 

a/ 10%solCuCl2 58 60 63
20% » „ 66 66 68
30% // h 79 80 84
40% « t. 165 115 120
50% « » 155 100 180
60% » „ 225 235 240

11 CuO-HCl 
a/ 15% sol. HC1 60 65 68
b/ 25% » » 150 150 160
Cl 30% » » 165 165 180



first, both the composition of the powder constituent 
and the mixing fluids for such cements may be varied 
greatly, second, the reacting capacity of the powder 
and the chemical activity of a mixing fluid may be 
changed, i.e. one may influence the processes of che

mical interaction of solid and liquid components of 
the binder and the processes of structural formation 
of artificial stone and, as a result of this, to direct the 
synthesis of the artificial stone with predetermined 
properties.

Binding Materials of Autoclave Hardening on the Basis of MeO-MeOi-HzO Systems

At present there is no such a definition as binding 
materials of autoclave hardening in spite of the fact 
that such materials have long been used in construc
tion. The author suggests an idea of calling by this 
name solid powder materials of different chemical 
and mineralogical composition which change into 
strong stone-like body after moulding and hydro
thermal treatment. The typical representatives of this 
group of materials known from the time of Mich
aelis are the silicate articles made of finely divided 
silica and lime, i.e., the articles that result from the 
reaction of acid and base oxides in the medium of 
saturated water vapour.

The author considers it probable to expect the exist
ence of numerous analogues of such lime silicate 
materials.

The investigations carried out by D.I. Tchemodanov 
and his collaborators (8) as well as by the investiga
tors from the Chair of Chemical Technology of Cem
ent, Leningrad Lensoviet Institute of Technology, 
confirm the existence of such analogues. The results 
given below demonstrate this statement.

The following systems have been considered as the 
objects to be investigated: MeO-H3BO3, where MeO 
are the oxides of Mg, Ca, Sr, Ba, Zn and Cd; MeO3 
were taken as acid oxides, i.e. TiO2, ZnO2, PbO2 and 
SnO2.

The original samples were prepared from the raw 
mixture of variable composition from base and acid 
oxides or an acid. The raw mixture composition varied 
from 0 to 100% of each component every other 10% 
by weight. The raw mixtures were ground by means of 
wet grinding in a ball mill until the fineness of 0063 
mesh. The samples were pressed from the mixture, 
under the pressure of 100 kgs. per sq. cm., their dimen
sions being 1.41 X 1.41 x 1.41 cm. They were placed 
into an autoclave. The autoclaving was carried under 
the pressure of 8 and 16 atm. according to the scheme 
of raising the pressure—keeping at the same pressure— 
lowering the pressure during 2-8-2 hrs and 2-4-2 hrs 
respectively. On the day following the autoclaving 
the testing of the samples has been made. The testing 
results are given in Table 4.

The analysis of the data obtained from the quanti

tative point of view appears to be difficult since the 
materials of different granulometric composition were 
used in various combinations in the experiments 
and the conditions of the hydrothermal treatment 
were not strictly identical. Nevertheless, it is quite 
evident that the original statement about the possi
bility of the artificial stone synthesis by the technology 
of autoclave materials on the basis of the mixtures 
of the oxides of groups II and IV of the D.I. Men
deleev’s Periodic Table or for the mixtures of H3BO3 
and MeO is fully justified. The strength of the samples 
depends upon the nature of acid and base oxides, 
upon their concentration and as the special experi
ments proved, both upon the parameters of the hydro
thermal treatment and upon the pressure of pressing 
the samples. One should note that all the systems of 
MgO-MeO2 investigated are a good foundation for 
producing the artificial stone the strength of which

Table 4. Compressive strength (kg!cm1') of binding materials of 
hydrothermal hardening on the basis of MeO-MeOz-HiO 
systems. P = 8 atm

oxide
Acid oxide content in % by weight

20 40 50 60 80

1 75 300 110 110 240
2 215 400 495 550 305

MgO 3 95 180 235 195 110
4 ■, .■ ■ — .—
5 100 100 60 30 0
1 15 25 35 75 50
2 255 475 610 600 325

CaO 3 130 260 335 280 140
4 100 60 80 60 70
5 170 40 30 50 40
1 > 0 0 0 0 0
2 170 345 445 410 220

SrO 3 60 110 140 130 75
4 30 0 0 0 0
5 70 94 0 0 0
1 0 0 0 0 0
2 0 0 0 0 0

BaO 3 45 80 105 95 35
4 0 0 0 0 0
5 0 60 130 0 0
1 — —— —— —
2 — — —

CdO 3 0 0 0 0 0
4 450 190 — 70 60
5 — — — — 60

1. MeO-SnOg system
2. MeO-PbOg system
3. MeO-TiOg system
4. MeO-ZrOg system
5. MeO-H3BO3 system



does not yield to that of the samples obtained with 
other alkali earths. The formation of magnesia com
pounds of calcium hydrosilicate type is likely to 
occur much easier from the oxides than in case the 
anhydrous magnesium titanates, stannates, plumbates 
and other analogues are used since the artificial stone 
does not form the latter even in the hydrothermal 
conditions as it is stated in the first section of the paper.

An interesting phenomenon also takes place in the 
systems containing zink and cadmium oxides. The 
combination of those oxides and zirconium dioxide 
allows one to synthesize the stone having rather high 
strength.

If the results of mechanical testing of the stone 
produced on the basis of the same systems of MeO- 

MeO2-H2O by the technology of binding materials 
and using autoclaving as a hardening intensifier, i.e. 
with the preliminary synthesis of the anhydrous miner
als—calcium silicate analogues were compared with 
the ones for the stone obtained by the technology of 
autoclave materials, the preference should be given 
to the latter ones since, in this case, the expensive 
operation of burning specially prepared raw material 
to obtain anhydrous materials has been eliminated.

In conclusion, it may be stated that the hydro
thermal treatment of the samples, the components of 
which were chosen so that the acid—base reaction 
would take place among them, is an effective means of 
artificial stone synthesis.

Binding Materials on the Basis of Metal Oxide-Polyatomic Alcohol Systems

A whole number of organic compounds are known 
to display acid properties when reacting with metals 
and their oxides. Polyatomic alcohols refer to such 
kind of compounds in particular, the interaction of 
a representative of polyatomic alcohol—glycerine 
and lead oxide being used to obtain a special lute.

In the light of ideas developed by the author, this 
kind of binding materials may be expected to have 
analogues, too.

The interaction of the oxides of the elements of 
groups II, III, IV of the Periodic Table and glycerine 
or glycol have been investigated from the point of 
view of obtaining binding materials. The method of 
making an experiment was the same as the one in 
the second section of the paper. The results of testing 
are given in Table 5. They indicate the fact that 
calcium, strontium, barium, lead and minimum 
oxides when mixed with glycerine or glycol form 
quick hardening, high-strength binding materials, the 
strength of which (e.g., strontium oxide—glycerine 
system) amounts to 1000 kg. per sq. cm. exceeding 
that of cement having trade mark 500 and tested under 
similar conditions approximately fivefold. It should 
be noted that a number of combinations on the basis

Table 5. Compressive strength (kgjcm1') of binding materials 
on the basis of MeO—polyatomic alcohol systems (air—kept)

Oxide

Glycerine Glycol

1 
day

3 7 
days

1 3 7

PbO 185 315 390 150 175 240
CaO 125 600 570 35 640 550
SrO 400 970 1050 — — —

70% PbO + 30% CaO 920 850 870 500 340 380
70% PbO + 30% SrO 200 780 — — — —

of the mixture of the oxides investigated and glycerine 
produce high—strength binding materials differing 
from other kind of cement in greater adhesion in 
relation to glass and metals.

As it was stated above, among organic compounds 
there are ones having both acid and basic properties. 
On account of this fact the author believes that the 
combination of a solid inorganic powder component 
and organic liquids will give possibility to synthesize 
a lot of new binding materials and, possibly, a new 
separte chapter of the chemistry of binding materials 
will develop on this basis.

Conclusion

While fulfilling the present investigation, the author 
set the task to investigate the possibility of synthesis 
of the new kinds of binding materials having taken 
the main thesis of V.F. Zhuravlev about binding 
properties of substances being chemical properties 

as a foundation. The author assumes that, when 
developing new binding substances, one should be 
guided by those chemical reactions which are the 
main ones in obtaining already well-known, widely 
distributed binding materials. Large experimental 



material gathered indicate the correctness of the 
above idea, and shows the rich possibilities of the 
chemistry of binding materials in the synthesis of 
artificial stone the strength properties of which surpass 
those of portland cement and which has or, at least, 
may have specific properties that are the distinctive 
features of a solid powder component. The ideas 
of Prof. V.N. Young (9) who considered cement stone 
to be “microconcrete” containing unreacted grains 

of original minerals and compounds may be taken 
for the basis of such a conclusion. If one takes into 
account the statement mentioned above and the re
sults of the experiments, it is theortically possible to 
obtain binding materials with most varied properties, 
such as electrophysical and others as well as binding 
materials having greater adhesion to metals, glass 
and ceramics than the cements known to-day.
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Synopsis

The electron microprobe has been applied to the study of cement phases and their 
hydration products. The instrument used was an ARL-EMX modified microprobe equipped 
with three spectrometers. Visual cathode-ray tube displays of characteristic Ca-K„, Al-K„ 
and Si-K« emission, and electron back scatter (EBS) displays have been used to follow the 
progress of hydration of cement phases. In addition, counting techniques were employed to 
obtain quantitative analytical data. The C3A hydration process was studied in detail as a 
function of time as it proceeds from C3A through the early stage hydration products to 
C3AH6. The C3S hydration was studied similarly, and finally mixtures of a simplified ce
ment containing C3A, C3S and C2S were examined. It is believed that techniques have been 
demonstrated which will apply more generally to the study of cement hydration problems.

Introduction

Portland cement offers the researcher a complex 
multicomponent system, replete with temperature and 
composition sensitive hydration reactions, poorly 
crystalline hydrates and extremely small grain size. 
In order to solve the complex problems involved 
in the hydration of portland cement researchers have 
been continually searching for new insights and new 
methods. An analytical tool which does not depend 
on crystallinity and which is well suited for non
destructive, in situ analysis of small grains is the 
electron microprobe. This investigation was begun 
with the intention of exploring the feasibility of 
applying the microprobe to various unsolved problems 
involving portland cement hydration.

While the microprobe was initially applied to the 
study of metals and sections of large single crystals, 

White (1, 2) in our laboratories has adapted the micro
probe technique to the analysis of crystalline powders. 
More recently, Moore (3) and Yamaguchi (4) have 
conducted exploratory work with the microprobe on 
the identification and distribution of material in ce
ment clinker phases. The microprobe has been recog
nized as an extremely powerful tool; however, it 
has not as yet been used to investigate portland cement 
hydration products. The specific purpose of this 
research was to adapt electron microprobe methods 
for examination of hydration products of cement 
compounds individually and in mixtures, to collect 
sufficient data to evaluate the method, to compare 
the results with data obtained by other means and, if 
possible to establish techniques that could be applied 
generally.

Experimental Method

General

Standard anhydrous compounds* ** and hydrates 
were prepared, identified and examined for purity 

by optical and X-ray diffraction methods. These were 
mounted in plastic and were used as microprobe 
standard samples. Repeated counts were made on 
different grains of the same material and the result
ing data were treated statistically. Several of these 
materials were also used for preparation of hydrated 
pastes. Wherever possible, the results of microprobe 
analyses were compared with X-ray diffraction and 
optical data. In some cases these data were supple
mented by thermogravimetric analysis data.



Equipment

Electron Microprobe

The electron microprobe used in this investigation 
was an ARL-EMX electron microprobe*  modified 
with an automatic print out of three spectrometers, 
a preset time mode of collecting data and a step 
scanner which moved the sample one micron under 
the beam between each counting period.

** Selectron RS-5003, manufactured by Pittsburgh Plate 
Glass Co., Pittsburgh, Pa.

*** Nuodex, from Nuodex Products Division, Heyden 
Newport Chemical Co., Elizabeth, N.J.

**** From Lucidol Division, Walace and Tiernan, Inc., 
Buffalo, N.Y.

Two types of data were collected: the first entailed 
the use of a rastering electron beam operating in unison 
with an oscilloscope. The output, in the form of elec
tron back scatter (EBS) and elemental displays was 
photographed from the cathode ray tube. The second 
type of data involved the use of a stationary beam 
to perform quantitative analyses, registering the counts 
of characteristic X-rays emitted from the sample. 
The microprobe was operated at 30 kev with a one- 
to-two micron diameter spot size. For the rastering 
beam analysis the current used was 0.03 microamperes 
on the 3 X 10"8 A scale, while the current used for 
stationary beam analysis was 0.01 microamperes on 
the 10 x 10-9 A scale.

Microscopes
A standard Zeiss petrographic microscope and a 

Leitz reflecting light microscope were used to identify 
the materials and to follow the course of hydration 
in pastes.

X-ray Diffractometer
A GEXRD-5 wide range diffractometer equipped 

with a copper tube was used throughout the study. 
In addition to standard powder techniques, the dif
fractometer was used for some constant monitor 
experiments. In the latter case, the hydrating sample 
was placed in a square shallow depression in a glass 
or plexiglass slide and was covered with a 0.001 inch 
thick Mylar sheet. Repeated scans were then taken 
until the desired stage of hydration had been reached.

Sample Preparation

Preparation of Standards
Analyzed reagent-grade chemicals used as starting 

materials have as their highest levels of impurity, 
CaCO3 (0.08 % Na); A12O3 (0.005 % Cl); SiO2 (0.005 % 
heavy metals). The anhydrous compounds CA, 
C3A, CA2, pseudowollastonite (oc-CS), ß-C2S and C3S

♦Built by Applied Research Laboratories, Inc., 3713 Park 
Place, Glendale, Calif., and modified by Dr. E. W. White, 
Materials Research Laboratory, The Pennsylvania State Uni
versity. 

were prepared by reaction in the dry state at 1400°C. 
Calcium aluminoferrites were eliminated for simplicity 
because of the difficulty in analysis of Fe-containing 
compounds. 1 %A12O3 was added to the C3S before 
firing to promote crystal growth, and j?-C2S contained 
1 % B2O3 as stabilizer. C5S2H (calciochodrodite) 
was prepared hydrothermally at 650° and 4000 psi 
(5,6). For electron microprobe standards it was 
necessary to select crystals distinguished by their 
optical properties and X-ray diffraction pattern. 
It was found that sieved grains in the 44 to 74/z 
size range made the best standards and starting mater
ials for hydration studies. These sieved grains entirely 
contained the electron beam, and at the same time 
assured us that the observed hydration rims were due 
only to the outward growth of individual grains. 
Analysis of such materials and their use as standards 
of reference made it possible to correct for many 
of the sources of error in microprobe analysis.

Hydration of Sample for Microprobe Studies
Hydrated pastes of compounds and “synthetic 

cements" were prepared by mixing the above-men
tioned size fraction with water, having a 0.5 water: 
solids ratio for C3A, and 0.4 water: solids ratio for 
C3S and the synthetic cement. The paste was mixed 
in a mortar, compacted into a 5 mm. I.D. glass tube, 
transferred to a rubber-stoppered shell vial and sealed 
with wax. The temperature of reaction ranged from 
28 to 30°C. After the allocated reaction time the 
sample was immersed in liquid nitrogen (7) and the 
glass tube was broken away. In the usual case the 
hydration product was crushed gently in a mortar 
to enable examination of individual grains with their 
rims. The samples were then washed in very cold 
absolute alcohol and vacuum desiccated for five hours.

Sample Preparation for Microprobe
Initial experiments using a “cold-setting” resin, 

Quickmount revealed an undesirable temperature rise. 
The final material selected was a mixture of Selectron 
RS-5003 polyester (98.5 wt. %)**,  Nuodex Cobalt 
Naphthenate (l.Owt. %)***  here acting as a retarder 
and the catalyst t-butyl hydroperoxide (0.5 wt. %)****.  
A dough-like paste was made by adding a few drops 
of this material to about 250 mg of sample. This paste 
was placed in the center of a greased microscope 



slide, surrounded by a greased section of 3/4” I.D. 
combustion tubing which was filled with additional 
plastic material, and covered with a greased 7/8” 
thinness zero cover glass square. Approximately four 
days was required for the set. A preliminary polish 
with 6, 3 and 1 p, Geonite diamond paste*  and 

* Geonite diamond paste from Geoscience, Inc., New 
York, N.Y. (concentration S was used).

** Metadi oil, trade name for thin polishing oil, Buehler, 
Ltd., Evanston, Ill.

Metadi oil**  was followed by buffing on pads of 
optical quality SnO2. Absolute alcohol was used 
to clean the surfaces between each step. The final 
sample surface was coated with a few- hundred Ä 
layer of carbon and then mounted in brass sample 
holders.

Experimental Results

EBS Photographs and Elemental Displays

An electron back scatter (EBS) photograph conveys 
information as to the mean atomic weight of the 
material under the beam, and is very useful in detect
ing rims of hydrate formed around a crystal or grain. 
Such displays, as well as the cathode ray tube displays 
of the characteristic radiation for the major elements, 
CaK„ A1K„, and SiK, were obtained for the various 
samples. Fig. 1 gives an example of EBS, Ca and Al 
displays for anhydrous C3A and a sample of C3A 
hydrated for one day. While the crystal boundaries 
are shown to be sharp, and the element distribution 
homogeneous in the anhydrous compound (la), the 
hydrated sample (lb) reveals a distinct grain boundary 
observable between the hydrate and central core C3A. 
Such rims were not clearly observable with C3S sam
ples, presumably because of the slower rate of hydra
tion. However, occasional Ca(OH)2 crystals were 
observed in C3S hydrates as confirmed by the ele
mental displays.

Quantitative Analysis

Calibration-Standardization
In order to eliminate the effect of many non-random 

sources of error in obtaining quantitative analyses 
(such as described by McKinley (8); Birks (9) and Keil 
(10)) empirical correction was made by use of calibra
tion standards. Calibration curves were constructed 
for calcium aluminates and silicates derived from 
measurement of Ca, Al and Si intensities for the com
pounds C3A, CA, CA2, C3S, j?-C2S, a-CS and C5S2H. 
Measurements were made on five to ten grains of each 
compound. Values for grains showing high variation 
were discarded, and the remaining values used. 
The usual coefficient of variation ranged from 0.80 
to 1.75%. The data are summarized in Fig. 2 and 3, 

which include the experimentally determined data, 
as well as interpolated and extrapolated values for 
calcium aluminates and calcium silicates, respectively. 
These curves were employed to analyze the data ob
tained for hydration products at various stages.

Effect of Dehydration
In order to correct for the effect of dehydration in 

the electron beam two lines of experiment were per
formed. In the first, the weight loss of a hydrate was 
determined as a function of temperature under a 
vacuum comparable to microprobe conditions. A 
thermobalance curve of C3AH6 run at a 10-5 torr 
vacuum is shown in Fig. 4a. It is seen that the weight 
loss is insignificant below 200°C.

To examine the effect of actual operating conditions 
in the microprobe, grains of C3AH6 having a 20 
micron diameter were prepared in the usual manner 
and exposed to a 0.01 microampere sample current 
at 30 kev accelerating voltage with a one micron spot 
for ten minutes during which Ca and Al intensities 
were recorded simultaneously. Under these conditions 
Ca and Al intensities should have changed propor
tionately to the amount of water lost.

Fig. 4b shows the change in intensity of charac
teristic radiation as function of time, also plotted 
as a percent of the total water lost. It is seen that, 
within the relatively short time for quantitative analy
sis (10 seconds on a spot) the water loss would be 
negligible. When working with hydrates whose ther
mal properties are unknown, however, it is best to 
take precautions against dehydration by keeping the 
beam power as low as possible, selecting a short 
counting period, and spreading the beam spot over as 
wide an area as possible. '

Problems of Sample Geometry
In addition to the calibration curves obtained above, 

it was occasionally necessary to correct for the effect 
of crossing a grain boundary. This was particularly 
necessary in examining the course of hydration when 
pursuing a traverse from the center of an unhydrated 
crystal through a hydration rim to the grain-plastic



Fig. 1. EBS and elemental displays for C3A samples, (a) anhy
drous; (6) hydrated for one day: note hydration rim. Small 
grid division is 5p
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Fig. 2. Calcium aluminate calibration curves: aluminum and 
calcium X-ray intensities as a function of weight percent of 
element

Fig. 4(a). Thermobalance curve showing dehydration of CgAHe 
at a vacuum of 10~5 torr. Rate of heating was 2°Clminute

Fig. 3. Calcium silicate calibration curves

Fig. 4(b). Loss of water in CaAHa as a function of time under 
the electron beam in the microprobe, calculated from change 
in measured X-ray intensities

boundary. X-ray intensity measurements made on 
a crystal surrounded by different widths of hydration 
rim are shown schematically in Fig. 5a. If the hydra-



MICRONS FROM TRAVERSE STARTING POINT 
(C)

A FIRST BREAK IN SLOPE

Fig. 5(a). The effect of width of hydration rim on the measured 
position of the first break in slope in the X-ray intensity curve 
(schematic)

tion rim is sufficiently large, a shoulder levels off and 
enables accurate measurement of the X-ray intensity. 
If not, the only measurement possible is the position 
of the first break in slope of the curve. Under the experi
mental conditions employed, it was necessary to 
have a minimum rim width of approximately 9 /z 
in order to record directly accurate X-ray intensities 
of the material in the hydration rim. Fig. 5b gives 
actual intensities of Ca and Al emission measured as 
a function of thickness of the rim. Using this latter 
fig. it was possible to calculate a correction factor when 
the rim width was below 9 p,.

Analytical Data Obtained from C3A-Hydrate Traverses
X-ray intensities were measured with the microprobe 

for anhydrous C3A and C3A which had been hydrated 
for one, seven and twnety-one days, respectively. 
In each Case EBS displays were also recorded. Exam
ples of the actual data obtained are shown in Figs. 
6, 7, and 8 which give the measured X-ray intensities 
at 1 micron intervals, along with the EBS photograph 
showing the position of the traverse. The results for 
a typical unhydrated sample (Fig. 6) are unambiguous, 
and the interpretation of Fig. 7 is based on the in
formation contained in Fig. 5 and 6 where it is seen

Fig. 5(b). Measured variation in position of first break in slope 
as a function of width of hydration rim for calcium aluminates

Fig. 6. X-ray intensities measured in traverse across an anhy
drous C3A grainlplastic boundary. Vertical line shows position 
of boundary. Small grid division in EBS photo is 5p

that the point of first break in slope is significant and 
measurable. For the one-day hydration product this 
point represents a CaO: A12O3 ratio of approxi-



MICRONS FROM TRAVERSE STARTING POINT

Fig. 7. Measured X-ray intensities in traverse across a grain 
of CjA hydrated for one day. Vertical lines show position of 
central corejhydrate and hydratejplastic boundaries. Small 
grid division in EBS photo is 5p

mately 2.8. The hydration product at one day had been 
tentatively identified by X-ray diffraction as C4AH13. 
However, it is probable, in view of the microprobe 
analysis data, that the hydrate is either a crystalline 
solution of C4AH13 with C2AH8 in its lattice, or a 
1:1 mixture of crystalline C4AH13 and amorphous 
C2AH8, which would provide the measured stoichio
metry. Refractive indices of the plate-like crystals 
were different (<y = 1.552, e = 1.539) from the 
reported values for C4AH13 (co = 1.534-1.539, 
8 = 1.514-1.524), (II) suggesting probable crys
talline solution. In any event, a total CaO : A12O3 
ratio of approximately 3: 1 seems reasonable in view 
of conservation of matter from the original C3A.

Data obtained after seven days of hydration (Fig. 8) 
show an initial break in slope on the Ca and Al inten
sity curves at a CaO: A12O3 ratio of approximately 
3.0. This agreed with the observed X-ray diffraction 
and optical data which indicated that the hydrate 
present was C3AH6.

After twenty-one days of hydration, the first break 
in slope was also observed at a CaO: A12O3 ratio 
near 3.0; however, it was usually more difficult to 
determine this position precisely because of grain

MICRONS FROM TRAVERSE STARTING POINT

Fig. 9. Traverse for C3S hydrated twenty-one days. Small grid 
division in EBS photo is Sp



deterioration. The results are in general agreement with 
X-ray diffraction and optical data, which showed the 
presence of C3AH6.

Analytical Data Obtained from C3S Traverses
X-ray intensity data were collected on anhydrous 

C3S, and C3S hydrated for three, twenty-one and forty- 
two days. No substantial rim build-ups were observed 
even after forty-two days had elapsed.

Data from a typical traverse after twenty-one days, 
hydration are given in Fig. 9, where an initial break 
in slope occurs at a CaO: SiO2 ratio of about 2.4. 
The position of the traverse is shown in the BBS 
photograph. The first break in slope suggests the pres
ence of a hydrate having a composition of the type

EBS

C5S2Hx. Insufficient data were available to provide 
a valid correction factor due to small rim size, and 
hence no further inferences have been made. A some
what lower CaO: SiO2 ratio in the hydrate is reason
able in view of the existence of Ca(OH)2 as identified 
both in the X-ray diffraction pattern and in the micro
probe display. It appears that the relatively slow rate 
of hydration of C3S prevents sufficient build-up of 
the hydration rim for accurate analysis to be possible 
at this stage. '

Data on a Synthetic “Cement”

Preliminary studies were made on a synthetic 
“cement” composed of a mixture of the C3A and C3S 

Ca

Al Si
Fig. 10. EBS and elemental displays for C3S-C2S-C3A 

“cement" hydrated seven days. Small grid division is 5p



used in earlier experiments, along with j?-C2S*.  Data 
were obtained on samples hydrated for seven and 
twnety-one days. Visual displays of the Ca, Al and Si 
emission, as well as the EBS for a typical sample hy
drated for seven days are shown in Fig. 10. The EBS 
shows that some grains have substantial hydration rims 
while others do not. Elemental data indicate that 
the rimmed grains are C3A, while the others are sili

cates, consistent with the data on the individual 
compounds. Insufficient time was available to carry 
these studies as far as desirable. However, the results 
showed comparatively little inter-reaction between 
the silicate and aluminate phases in this relatively 
early stage of reaction. It would appear that the 
aluminate hydrates early, and only after an extended 
period makes water available for silicate hydration.

Summary and Conclusions

Existing electron microprobe techniques have been 
successfully modified to cope with the specialized 
problems inherent in portland cement hydration 
studies. Limits of error in quantitative measurements 
have been established by applying standardization 
techniques and studying geometrical factors and effects 
of dehydration.

Two principal techniques have been employed: 
the use of electron back scatter (EBS) and elemental 
display data; and the analysis with a stationary beam 
at successive one micron intervals across a hydra
tion rim. The first offered a physical description 
of the grain-hydrate relationships during the progress 
of the hydration and the possibility of observing the 
relative rate of hydration of aluminate and silicate 
phases both individually and combined in a synthetic 
cement. The second, the elemental analysis data 

taken along traverses, made it possible to follow the 
progress of the hydration in a quantitative manner 
Agreement between published and observed data and 
similar data gathered with the microprobe was good, 
and discrepancies could be explained.

The advantages of the method are: the direct 
analysis available on a micron scale; the visual nature 
of display data clearly showing inter-relationships; 
and rapid identification of individual grains. The 
disadvantages are concerned with the difficulty in 
sample preparation for quantitative analysis and the 
time consumed in obtaining significant quantitative 
data. It is believed that the advantages outweigh the 
disadvantages, and that the use of the microprobe 
should be extended to help solve many of the prob
lems relating to portland cement and its hydration.
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Oral Discussion

Giichi Sudoh

In the C3S paste, it is difficult to observe the hydra
tion rim even after 42 days’ curing.
Dr. Roy and Mr. Grutzeck assume that this is because 
of the slow rate of hydration of C3S, we also assume 
that there may be some other reasons causing diffi
culty in observing the C3S hydration rim.

Among the above are as follows: and we should like 
to ask Dr. Roy on these points.

(1) . The effect of the polishing conditions on the
hydration rim of C3S may be more sensitive 
than on that of the C3A hydrates.

(2) . The dehydration phenomena during observa
tion may disturb the electron back scattering 
display.

Furthermore, in Dr. Roy’s and Mr. Grutzeck’s 
paper, it is reported that their C3S hydrate has high 
molecular ratio of lime to silica, about 2.4.
This high ratio is considered to come from the dehy
dration of C3S hydrates, isn’t it?

Authors’ Closure

Della M. Roy and M. Grutzeck

It is true that the rims observed on C3S were smaller 
than those observed for C3A. We do not believe that 
C3S hydration rims were broken off during polishing. 
Great care was taken during mounting and polishing 
to prevent this happening. In addition, optical examina
tion under high power indicated that the final polished 
surfaces are flat for both the C3A and C3S sample 
plaques.

Some dehydration undoubtedly does take place 
under the electron beam. While we investigated this 
for GA hydrates, we were not able to establish quan
titatively the limits for “CSH gel", since it is difficult 
to produce a standard material for analysis. The 
absolute measured intensities of Ca and Si increase 
with loss of H2O, but the Ca: Si ratio changes much 
less. Recent data obtained on C3S samples hydrated 
for longer periods of time yield data which speak to 
both questions. Larger hydration rims were visible on 
these samples, and the size appears to be a function 
of time. In addition we obtained lower Ca: Si ratios 
in the latter analyses, close to those predicted by many 
for C-S-H gel. The dehydration effect does not appear 
in these instances to cause a substantial increase in 
Ca: Si ratio.

These supplementary data are reported elsewhere.
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Supplementary Paper 11-35 Mutual Interaction of C3A and C3S during Hydration

J. G. M. de Jong, Hans N. Stein and J. M. Stevels*

Synopsis

The following mechanism can be proposed for the mutual interaction of C3A and C3S 
during hydration: the compounds start to react individually, C3A forming hexagonal 
aluminate hydrates, C3S forming “first hydrate" (F.H.). Soon, however, the presence of 
silicate ions in the water phase influences C3A hydration and the presence of calcium and 
aluminate ions in the water phase influences C3S hydration.
A. The former can be understood by two opposing effects:

1. an acceleration of the formation of C3 AH6 nuclei I
a. by silicate ions incorporated into the C3AH6 nuclei
b. because C3S can be used in this case as precipitation place for amorphous I

A1(OH)3 by which the C3A hydration can carry through.
2. a retardation of C3AH6 nucleus formation by a lowering of aluminate ion con

centration in the water phase. The aluminate ions are taken away from the water '
phase and incorporated into the calcium hydrosilicates formed.
If a small amount of C3S is present, the former influence (Al) predominates, in
the presence of larger amounts of C3S the latter (A2) predominates. ;

B. C3A retards the appearance of the C3S heat evolution peak, since 1
1. aluminate ions can be incorporated into F.H. This is more stable with respect to >

recrystallisation than aluminium-free calcium silicate hydrate. 1
2. the calcium- and hydroxyl concentration in the water phase originating from the .

hydration of C3A, retard the transition F.H. -> S.H. too.
i

Introduction

Until now only limited research has been devoted 
to the mutual interaction of C3A and C3S during 
hydration.

Earlier work includes that by Chatterji and Jeffery 
(1) investigating mixtures of alite, C3A, C4AF and 
water by electron microscopy, electron diffraction and 
X-ray diffraction. As hydration products hexagonal 
crystals of Ca(OH)2, C3A CaCO3.H12 and C4AHX 
were found. After longer hydration times the hexa
gonal C4AH, changed into the cubic C3AH6 (hydro
garnet). Calcium silicate hydrates were observed too.

Sträfling and zur Strassen (2,3) investigated 
C3S — C3A mixtures (molar ratio 2:1) in dilute 
suspensions, following CaO and A12O3 concentra
tions in the water phase. They concluded that the 
“A12O3” was probably incorporated into the calcium

, *Laboratory  of Inorganic Chemistry, Technological Univer
sity, Eindhoven, Netherlands. 

hydrosilicate, forming a quaternary compound.
Iwai (4) ground mixtures of C3A and C3S for 1 

week in a ball mill (w/s = 5/1), left the resulting 
systems for 1 week, dried the mixture and investigated 
the hydration products by X-ray diffractometer. If 
only C3A was present, the cubic C3AH6 was formed 
exclusively. The intensities of the X-ray peaks of this 
hydrate were smaller with increasing C3S/C3A ratio. 
In contrast with experiments with mixtures of C4AF 
and C3S, no silicate ions were build into the lattice 
of the cubic crystal. By hydration of C3S afwillite 
(C3S2H3) came into existence.

Richartz (5) found in mixtures of C3S and C3A, 
which were shaken in water (w/s = 5/1) for 28 days, 
that the quantity of hydrogarnet increased at small 
quantities of C3S. At larger concentrations of C3S 
the quantity of hydrogarnet decreased whereas more 
C4AH13 was present which was ascribed to the in
fluence of Ca(OH)2 liberated. Because SiO2 had been 



built into the lattice, the hydrogarnet had the com
position C3AH5.6S0.2.

According to Copeland et al. (6) aluminate ions can 
be incorporated in tobermorite gel which comes into 
existence by the hydration of C3S. On account of the 
introduction of aluminium ions the morphology of 
tobermorite gel changes. Afwillite is the product 
formed by the hydration of pure C3S in the ball 
mill (7) but simultaneous hydration of C3S and C3A 
(C3S/C3A ratio = 10/1) gives Ca(OH)2 and tober
morite gel only. A hydrogarnet was detected when 
the proportion of C3A was increased by 10 percent.

Bobrov et al (8) found by shrinkage measurements 
that the hydration of a mixture of C3A and C3S 

was more sluggish than would be expected from a 
summation of the hydration reactions of the separate 
compounds.

In this study the mutual interaction of C3A and C3S 
during hydration has been investigated both in pastes 
and in suspensions.
In pastes heat evolution rate was measured, supple
mented by X-ray and DTA analyses of hydration 
products after predetermined hydration times.

In suspensions the electrical conductivity and the pH 
have been determined, and the calcium, aluminate 
and silicate ion concentrations were determined 
analytically. The solid phases were characterized by 
their X-ray diffraction patterns.

Experimental

Materials

C3S
Calcium carbonate (reagent grade “Merck”) and 

quartz (reagent grade “Merck"), ground separately 
in an agate ball mill, were ground together in an 
excess of benzene. There was a very slight excess of 
quartz over the stoichiometric amount in order to 
minimize contamination by free calcium oxide. The 
mixture was heated overnight in a vacuum oven 
(40°C) in order to remove the benzene and then 
heated for 40 hours at 1600°C. Every 8 hours the 
product was taken out of the furnace and ground in 
dry first, and then with water; after the last firing, 
the product was ground in dry only.

X-ray analysis showed that the product contained 
a very slight quantity of free CaO only, but that it 
was also contaminated with a small amount of yC2S. 
From examination by microscope it was concluded 
that no other C2S modification was present. The 
amount of yC2S was estimated to be 3 to 4%. The 
percentage of free CaO was determined according to 
the method of Pressler et al. (9) and was found to 
be less than 0.3% by weight. The specific surface of 
this C3S preparation was found by air permeability 
(10)tobel.76 X 103 cm2g'1.

C3A
This compound was prepared by heating a stoich

iometric mixture of CaCO3 (reagent grade “Merck”) 
and A12O3 (reagent grade “U.C.B.”; loss on ignition 
4.5 %), ground previously in an agate ball mill, during 
four hours at 1375"C. Thereafter the mixture was 
heated two times for four hours at 1500°C. Between 
all firings, the product was ground in dry first, then 
with water. After the last firing, the product was only 
ground in dry in agate ball mills. The X-ray diffrac- 
togram of the product agrees completely with the data, 
mentioned by Taylor (11).

The percentage of free CaO, determined according 
to the method of Pressler et al. (9), was less than 
0.8% by weight. „
The specific surface, determined by air permeability 
(10) was 1.0 X 103 cm2g-1.

Water
The water used was twice distilled. All water had 

been boiled and cooled shortly before use so as to 
minimize contamination of the pastes or suspensions 
by CO2.

Nitrogen
The nitrogen, used in the suspension measurements, 

was purified by passage successively through an 
adsorption tube filled with 13 — 20 mesh carbosorb, 
a washing bottle filled with 20 % NaOH solution and 
a washing bottle filled with water.

Method

of solid with varying C3A/C3S ratio and 2.00 ml 
of water). The C3A and C3S mixed in dry; the mixture 
was transferred to a porcelain dish, after which the 
water was added. This paste was ground for 1 min. 

Paste Experiments

Preparation of the Pastes

The water/solid ratio in the pastes was 1: 1 (2.00 g 



with a porcelain pestle and transferred into the iso
thermal calorimeter.

At predetermined times, samples were taken and 
dispersed by being ground in a porcelain dish for 
1| to 2 min. in an excess of absolute ethanol (10 ml.). 
The ethanol was added in order not only to arrest 
the hydration reaction at a fixed moment but also to 
provide protection against CO2 (12). It is generally 
held that the ethanol affects neither the nature of the 
hydrated phase nor that of the unhydrated phase 
(13; 14). The sample was dried in a vacuum oven 
(25 — 35°C) overnight.

Isothermal Calorimeter
The isothermal calorimeter which has been described 

earlier (15; 16) was placed in a thermostat (25 ± 
0.1°C), situated in a constant temperature room 
(25 ± 0.25°C).

X-ray Analysis
Qualitative X-ray analysis was carried out with a 

Philips diffractometer (PW 1051) using CuKa, rays 
with a Ni filter. ■

Differential Thermal Analysis
As a reference A12O3 (reagent grade “Merck”), 

heated previously to 1200°C was used. The equipment 
used (Licence CNRS; model Ml) required only a 
few mg of sample. The rate of temperature increase 
was about 10°C per min.

Suspension experiments

Preparation of the Suspensions
Water (60 ml), brought previously to temperature, 

was pipetted into a glass beaker provided with a 
thermostating jacket. Stirring was started and the solid 
phase was added through a small hole in the cover 
that was closed immediately afterward by a rubber 
stopper. During the hydration the suspension was 
magnetically stirred and purified nitrogen was passed 
over the suspension. The nitrogen exit tube was pro
tected against back flow of air by a carbosorb-filled 
tube. The speed of the magnetic stirrer was kept 
constant during any series of experiments. Care 
was taken that the magnetic stirrer swept the whole 
bottom of the thermostatic beaker (with the exception 
of a rim of about 1 mm. width) so as to avoid “dead 
spots” in stirring and to prevent settling of the sus
pended solids.

Determination of the Electrical Conductivity
Electrical conductivity in the suspensions during 

hydration was followed by means of a Philips PR 
9501 direct reading conductometer in combination 
with a Philips PR 9510 immersion conductivity cell 
and a Philips PR 4069 M/00 recorder.

Determination of pH
Determination of pH was performed using con

ventional high alkali glass and calomel electrodes. 
The glass electrode was placed directly in the sus
pension, the calomel electrode in a 1 N KC1 solution. 
The boundary between suspension and 1N KC1 
solution was formed through a capillary as described 
by Maclnnes and Belcher (17) and renewed once 
every 5 minutes in the earliest reaction stages, after 
one hour once every 10 min. After 7 hours’ hydration, 
boundary renewal was omitted and only started again 
after 22 hours’ hydration. Precipitation of hydrates 
near the boundary tended, if these precautions were 
not taken, to influence the pH measurements.

The pH was recorded by an Electrofact Labora
torium pH meter type 53 A and a Philips type PR 
4069 M/00 recorder.

Chemical Analysis of the Water Phase

Separation of Liquid and Solid Phases
The suspension was filtrated with suction directly 

from the thermostatic beaker by way of a siphon 
through a Schott 1 G 4 sintered glass funnel. During 
filtration, purified nitrogen was passed still over the 
suspension by which the suspension was protected 
against contact with air. The filtration time varied 
from some seconds to sometimes fifteen minutes. 
Samples of the filtrate were pipetted for chemical 
analysis immediately after filtration; the solid phases 
were washed with absolute ethanol and dried in a 
vacuum oven overnight.

Determination of the Calcium Concentration
Calcium was titrated with EDTA after acidification, 

addition of 5 ml of a triethanolamine-water mixture, 
dilution to about 200 ml and addition of 10 ml 4N 
KOH solution with murexide as indicator.

Determination of the Aluminate Concentration
Aluminium was determined gravimetrically with 

8-hydroxyquinoline (18).

Determination of the Silicate Concentration
The silicate concentration was determined spec- 

trophotometrically by the Mullin and Riley method 
(19) as modified by van Lier (20).



Experimental Results

The Results of the Paste Experiments

The results of the measurements in the isothermal 
calorimeter have been reproduced in Fig. 1, in which 
the heat evolution rate has been expressed as a func-

Fig. 1. Heat liberation curves for pastes, containing C3A, C3S 
and water. Letters indicate the reactions as in Table 1

tion of the time. Some experiments have been stopped 
after predetermined times and the hydration products 
have been investigated by X-ray analysis. These 
results, forming the basis for the interpretation of 
the calorimetric data have been reproduced in Table 1.

The heat evolution per unit of time during the 
hydration of C3S increased after an induction period, 
during which practically no reaction took place as 
described earlier (21,22). It shows with the C3S 
used a maximum after 5 hours and then decreases 
gradually (Fig. 1. J). By the addition of a small quan
tity of C3A this C3S heat peak (peak II) shifts from 5 
to 20 h, it becomes lower but more spread out (Fig.

Table 1. The date of the X-ray diffraction patterns 
of the reaction: xg C3A + yg C3S + 2 ml H2O

vw = very weak; bb = broad band; tr = traces
"Includes also the compound with small amounts of COi-;

CiAHn was not found. .

c3a CsS C4AH„*  C3AHa Ca(OH)2

A. 2.00 g C3A + 2.00 ml H2O
after 20 h m — — vs —

7 months — — — vs —

B. 1.90 g C3A + 0.10 g C3S + 2.00 ml H.O
after 2 h vs vw — s —

20 h m —— — vs w
200 h vw — — vs w

C. 1.75 g C3A + 0.25 g C3S + 2.00 ml HqO
after lh.30min. vs m — s —

20 h m vw — vs m
200 h vw — — vs m

D. 1.50 g C3A + 0.50 g C3S + 2.00 ml HnO
after 1 h vs s w w —

4h m s w vs —
20 h w vw — vs s

E. 1.25 g C3A + 0.75 g C3S + 2.00 ml HoO
after 5 h vs vs bb — —

70 h vs w w —— vs
200 h vw vw vw vs

F. 1.00 g C3A + 1.00 g C3S + 2.00 ml HpO
after 5 h vs vs bb —

70 h vs m w —-■ vs
200 h w w — vs vs

G. 0.75 g C3A + 1.25 g C3S + 2.00 ml HpO
after 5 h S vs bb — —

' 70 h s m — — vs
200 h w w — vs vs

H. 0.50 g C3A + 1.50 g C3S + 2.00 ml H2O
after 5 h m vs — — —

70 h m m vw --- vs
200 h w m — s vs

I. 0.10 g C3A + 1.90 g C3S + 2.00 ml H2O
after 5 h — vs — —

70 h m —. — vs
200 h — m — — vs

J. 2.00 g C3S + 2.00 ml H2O
after 20 months — m — — vs

vs = very strong; s = strong; m = medium ; w = weak;



1.1). At still smaller C3S/C3A ratios this peak becomes 
lower always but more spread out too. This peak II 
shifts again to about 5^- hours if peak III comes into 
existence after smaller hydration times (Fig. l.C and
l.D).

In pastes of C3A two heat evolution peaks are found 
(23; 24): the first one directly after the beginning of 
the hydration (peak I), the second one, for the sample 
used in the present investigation a very small effect 
(peak III) after about 6| hours (Fig. LA.). This peak 
III has been connected with the conversion of inter
mediate hexagonal hydrates into the cubic C3AH6 
(24). By the addition of a small quantity of C3S 
to C3A this peak shifts to earlier reaction times and is 
more intensified (Fig. LB, l.C, l.D). If the C3S/C3A 
ratio 3/5 the C3A hydration and the C3AH6 for
mation is retarded strongly (Fig. LE, l.F etc.).

This interpretation of the heat evolution peaks 
based on X-ray data (Table 1) is confirmed by DTA 
measurements (Fig. 2.): After 5 hours’ reaction in 
pastes 1 g C3A + 1 g C3S + 2 ml H2O (F) exclusively 
endothermal peaks of the hexagonal aluminate hydra
tes can be observed; after 70 hours the strong peak 
of Ca(OH)2 at 475°C has appeared. After 200 hours 
the peaks of the hexagonal hydrates have disappeared 
almost but the strong peak of C3AH6 at about 330°C 
has appeared. The second, more weak peak of C3AH6 
can not be distinguished from the peak of Ca(OH)2.

100 200 300 400 500 600
Temp (°C)

Pig. 2. D.T.A. of the paste reaction:
1.00 g C3A + 1.00 g C3S + 2.00 ml water 

The reaction has been stopped after:
I 5h
II 70 h
III 200 h

Fig. 3. Electrical conductivity vs. time for suspensions, contain
ing C3A, C3S and water. Numbers indicate the reactions as 
in Table 3



The Results of the Suspension Experiments

The specific conductivity for suspensions with 
different C3S/C3A ratios has been reproduced as a 
function of the time in Fig. 3., the pH in Fig. 4. This 
pH has, in general, a similar course as the specific 
conductivity. The decrease of the conductivity which 
is found after 4 hours in the absence of C3S, took 
place after earlier hydration times when a small 
quantity of C3S had been added to the C3A. The 
crystallisation of C3AH6 which causes this decrease 
in the specific conductivity (32), took place therefore 
earlier as is also evident from Table 2 where the 
X-ray diffractograms of the solid phases have been 
reproduced for some reactions. The conductivity 
increase, caused by the C3S hydration (see later), 
shifts to earlier reaction times with increasing C3S 
content of the paste and converges ultimately with 
the first part of the curve, caused by the C3A hydra
tion. The C3S quantity decreases very gradually. 
After 16 hours hydration time (during experiment V) 
practically no C3A is present but still a distinct amount 
of C3S.

The X-ray patterns of the products of all these 

reactions after 24 hours hydration time have been 
reproduced in Table 3. It is seen that the sudden 
decrease of the specific conductivity in some experi
ments (V, VI, VII) after about 17 hours hydration 
time is caused by crystallisation of Ca(OH)2. Usually 
no quaternary compound was formed, but in some 
cases traces of gehlenite hydrate were found.

By the addition of a small quantity of C3A to C3S 
the specific conductivity is distinctly lowered (Fig. 
3. VIII).

The results of the analyses for calcium and alu
minate ion concentrations in the water phase during 
the reactions I, II and V have been reproduced with 
the Jones and Roberts phase diagram for the ternary 
system, CaO-Al2O3-H2O (26) as a background (Fig. 
5). The results of the ion concentrations during the 
reactions V and IX have been reproduced in Table 4, 
respectively Table 5. The results of Strätling and zur 
Strassen (2, 3) are in accordance with these results.

The addition of C3S to C3A does not change the 
concentration course in the beginning up to the time 
of establishment of a solution saturated towards both 
C^AHj 9 and C2AH8. In the presence of small quantities 
of C3S the crystallisation of C3AH6 takes place more

Table 2. The data of the X-ray diffraction patterns of the reactions: 
0.60 g C3A + xg C3S in 60 ml HzO in the course of its hydration.

1, 0,60 g C3A in 60 ml H2O after 50 min. 3 h 30 min. 7h 24 h

c3a vs — — —
aC2AH8 vs m w
CtAH. m vs V w
C3AH6 — w vs vs

IL 0,60 g C3A + 0,05 g C3S in 60 ml H2O after 20 min. 2h 3h 5 h 7h 17h

csA vs $ w — —
aC2AH8 m m w — — —
C3A.CaCO3.H19 m s m VW — —
c3ah6 s vs quantity increases —>
C4AHo m s m VW — —

V. 0.60 g CjA + 0.60 g C3S in 60 ml H2O after 7 min. 35 min. 2h 3 h 30 min. 16 h 30 min. 19h 40 h

CjS vs vs vs vs 5 m tr
c3a vs quantity decreases —> tr tr —
c3ah6 — m quantity increases —> vvs vvs vvs
Ca(OH)2 — — — — w m vvs
c,ash8 — — — tr tr tr —
C^A • CaCO3 - H12 — — — — w —

Table 3. The X-ray data after 24 hours’ hydration time of the reactions: xg C3 A + yg C3S in 60 ml HjO.

C3S c3a C2ASH8 Ca(OH)2 CaAH8 c4ah„ C3AHg

I. 0.60 g CgA in 60 ml H2O __ — — w w vs
II. 0.60 g CSA + 0.05 g C,S in 60 ml H2O — _ __ — — vs
Ill. 0.60 g CsA 4- 0,15gC3Sin60mlH2O VW — __ — _ — vs
IV. 0.60 g C3A + 0.30 g C3S in 60 ml H2O w — __ vw — —. vs
V. 0.60 g C3A 4- 0.60 g C3S in 60 ml H2O Hl — tr m — tr vs
VI. 0.30 g C,A + 0.60 g C3S in 60 ml H,O m — tr vs —— — s
VII. 0.15 g C3A + 0.60 g C3S in 60 ml HgO m _ w vs — tr —
VIII, 0.05 g C3A -t- 0.60 g C3S in 60 ml H2O vs —— w _ _ <> i, —.
IX. 0.60 g C3S in 60 ml H2O VS — — — *— — —



Fig. 4. pH vs tinime for satspwnsioas, coMtaimmg CjA, C3S wi 
water. NumAers ismiicate the reactions as iw Table 3

Table 4. The results of the analyses for calcium, atuminale uwA 
silicate ion concentrations in the water phase during the reaction 

0.60 g C3 A 4- <9.<60 g C3S in 69 ml water (V)

hydr, time Ca cone. 
(im^CaO/li)

Al come, 
(■igAljOs®

Si come. 
.(mgSaO2']i)

A" ImiiM 491 211
539 190 <0.15
53-9 19S,5 0.0

B" «mm 654 103 0.1
650 97.5 0.2
622 IM (0.8

C" Ih45mim 712 94 2.«
D" 23a 917 37.5 2.5
E,# 3 hMmm 1132 71 1.95

1260 65 1.35
F" 16 h 3« min 173«3 29 0^5

1750 47 =0.90
G" 1911 1^56 0.5 0.75

1687 18 M
H" 40lh 1413 1 —

quickly; the concentration course in that stage re
sembles that found in pastes C3A + amorphous

® 5.7 »3 ®-3 04. ®5 M W ®3 M
---- e- to© wvsrftKttiontfgtoli^literi)

Fig. 5. Ggnoentwlibn retatiuws in the water phase mff se^penwns 
of:

x------x ©.60 gCjA in fflal water
o----- «» ©.60 g C3 A + O.©5 g CsS im Ä ml water
H-----H ©.60 g Cj A + ©.60 g CgS in 60 ml water

Table 5. The results of the analyses f@r uMfciwn and si'licale- 
conrxntratiefm in ehe water f/hase dtoring the reaction 0.60 g 
CgSwiWml

hydr. time (Ca-comc.
tCTingC^aO/l!)

Si-OOTDC.
<(itng SiOg/lU)

1(0 mnim 2235 —
232 90
2365 54

Ih 3935 18
3935 12

I7lh 1404.5 (0
1348 (0

SiO2 + H2O (33) but equilibrium comditions (comcen- 
trations corresponding to solutions saturated towards 
CjAH^) are reached more quickly. In the presence of 
larger quantities of C3S the concentration line leaves 
the point of metastable coexistence of solution with 
C4AH]$ and C2AHe no longer in the same way as in 
suspensions of pure CSA but along the C4AHn1l satu
ration line. It follows that the rising part of the con
ductivity curve is caused by the C3S hydration; this 
is evident from the silicate determinations, too.

Discussion of the Experimental Results

C3S Hydration

The following mechanism, proposed by Stein and 

Stevels (22; 26) based partly on results of Kantro et 
al. (27; 28), agrees with all data available concerning 
the hydration of C3S:



3CaO-SiO2 + H2O
1

3CaO-SiO2 mH2O(F. H. = first hydrate)

Ca(OH)2 + (0.8 - 1.5)CaO-SiO2.nH2O
(C-S-H(I); S. H. = second hydrate)

(1.5-2)CaO-SiO2•pH2O(C-S-H(II) or tobermorite 
gel; T. H. = third hydrate).

The influence of small quantities of C3A added to 
C3S is understood if it is supposed that the transition 
F. H. —♦ S. H. is retarded. This is evident both in 
suspensions (see Fig. 3) and in pastes (see Fig. 1). 
There may be two reasons for this as for as the au
thors can see:

1. Aluminium ions are incorporated into the cal
cium silicate hydrate formed. This aluminium-con- 
taining calcium hydrosilicate is thought to be more 
stable with respect to recrystallisation than aluminium
free calcium hydrosilicate, in analogy to Kalousek’s 
results on Al-containing tobermorite (29). This is 
the reason why addition of bayerite, or still more 
clearly, the addition of amorphous A1(OH)3 retards 
the hydration of C3S (28).

2. The calcium and hydroxyl ions in the water phase, 
resulting from the hydration of C3A, retard the transi
tion F. H. —> S. H. too. It is already known that CaO 
or Ca(OH)2, added to C3S, retards the C3S hydration 
(30).

Of these two possible mechanisms, the first-men
tioned appears to be much more probable than the 
last-mentioned, though the latter may not be exclu
ded. Although in C3S + water systems [Ca2+] and 
[OH-] are generally higher than in C3A + water 
systems, during the very first stages rapid reaction of 
C3A may provide still higher [Ca2+] and [OH-] in 
mixed C3A + C3S + water systems than are found in 
C3S + water systems. It is known from the work of 
Stein and Stevels (22) that the calcium and hydroxyl ion 
concentrations during the first hydration stages have 
a far-reaching effect on C3S hydration.

Larger quantities of C3A are found not to exert 
this strong retarding action on C3S hydration. The 
transition between both mechanisms lies at a C3S/C3A 
ratio less than 3/5 in pastes. The reasons for this 
changed mechanism are at present far from clear; 
it should be remembered, however, that in suspensions 
a rather striking difference in concentration course is 
found between suspensions with low C3S/C3A ratio 
and suspensions with high C3S/C3A ratio: the point 
of, metastable coexistence of C4AH19, C2AH8 and 
solution is left in the former case more or less along 
the C2AH8 saturation line, in the latter case along the 

C4AH]9 saturation line (see Fig. 5). This suggests 
the following explanation: In the presence of large 
amounts of C3A, C3AH6 precipitation occurs in such 
a way as to lower the aluminate ion concentration to 
a value represented by the C3AH6 saturation line in 
the CaO-Al2O3-H2O phase diagram. In this case 
only a slight amount of aluminium ions is incorporated 
into the calcium silicate hydrates:

C3S hydration is not noticeably retarded. On the 
other hand, in the presence of small amounts of C3A, 
C3AH6 precipitation is suppressed. The aluminate 
ion concentration in the water phase remains high 
(corresponding to a value represented by the C4AH]9 
metastable saturation line in the CaO-Al2O3-H20 
phase diagram), more aluminium ions are incorporated 
into the calcium silicate hydrates: C3S hydration is 
considerably retarded. From the suspension measure
ments one would expect that this mechanism can be 
operative at later hydration times only; but it should 
be remembered that the suspension measurements 
are not to be taken too strictly as indications for the 
time scale of the paste mechanism; especially for the 
formation of C3AH6 nuclei an acceleration with 
decreasing water solids ratio has been reported (32).

The explanation offered is consistent with data by 
Copeland et al. (6) who report that a minimum amount 
of 20 % C3 A should be present in order to make pos
sible C3AH6 formation. It is confirmed by the calori
metric and X-ray data on paste experiment I (Table 
1) obtained in the present investigation. If a small 
quantity of C3A is added to C3S the specific conduc
tivity is lower. This is in accordance with the hypo
thesis that aluminate ions are incorporated into the 
calcium hydrosilicate formed by which the hydration 
of C3S is retarded. For this reason less calcium and 
hydroxyl ions, which determine the conductivity, 
come into the solution.

C3A Hydration

The following mechanism can explain the hydration 
of C3A (32): in the first reaction stage, hexagonal 
metastable hydrates are present on the C3A surface. 
After conversion of this layer, C3AH6 and hydrous 
alumina are precipitated, the latter also on the C3A 
surface so that the C3A hydration is retarded again. 
It has been found earlier that the addition of an inert 
material, like quartz, on which the amorphous 
A1(OH)3, can precipitate, accelerates the reaction 
(32). If amorphous silica is added to C3A, peak III 
in the heat evolution rate curve, connected with the 
conversion of intermediate hexagonal hydrates into 
the cubic one, shifts to earlier reaction times and is 



intensified more clearly (33).
De Jong et al. (33) have demonstrated quantita

tively, Richartz (5) and Chernykh et al. (34) qualita
tively that at comparable times the quantity of hydro
garnets in the presence of amorphous silica is larger. 
Especially, the formation of C3AH6 nuclei appears to 
be accelerated by the presence of silicate ions. If a 
small quantity of C3S is added to C3A, the effect of 
this C3S is analogous to that of amorphous silica, viz, 
and acceleration of the formation of C3AH6 nuclei 
by silicate ions. Peak III shifts, therefore, to earlier 
hydration times and is intensified. In accordance with 
this explanation Richartz (5) found, in the presence of 
small quantities of C3S, a larger quantity of hydro
garnets. Since in this case no aluminium ions are 
incorporated into the F. H., the C3S hydration is 
not perceptibly retarded.

For C3S/C3A ratio 3/5 the retardation of the 
formation of C3AH6 nuclei by a lowering of aluminate 
ion concentration plays the most important part. 
The aluminium ions are incorporated in an early 
reaction stage into the F. H., in a later reaction stage 
into the tobermorite gel. By the absence of large 
quantities of aluminate ions, the formation of C3AH6 
nuclei is retarded and therefore the C3A hydration, 
too, because the hexagonal aluminate hydrates remain 
as a protecting layer around the C3A grains. It is 
typical of the extreme case of high C3S/C3A ratio 
that in suspensions the invariant point of coexistence 
of solution with C4AH19 and C2AH8 is left following 
the C4AH19 saturation line (Fig. 5.), and that C3AHtf 
is observed late if at all by X-rays both in suspension 
and in pastes.
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Synopsis

In order to aid the understanding of the factors affecting cement performance, a quite 
general mathematical model has been developed to show the interrelationships between 
several important experimentally measurable variables.

The central and most complex part of the model is the representation of the kinetics of 
hydration. Once the kinetics are satisfactorily represented, many important properties of 
the system at any given point in time can be calculated from the quantity and composition 
of the liquid phase, the quantities and particle size distributions of the solid phases and the 
known properties of the phases.

The model is described and its use is illustrated by calculations depicting the chemical 
changes, heat liberation, volume changes, and changes in flow and mechanical properties 
accompanying the hydration of tricalcium silicate.

Introduction

When an inorganic cement is mixed with water, 
chemical and physical changes begin to take place 
which, in some cases, can continue for many years. 
These changes are, in large part, responsible for the 
engineering performance of the cement. While some 
qualitative relationships between the physics and 
chemistry of cement hydration and specific aspects of 
cement performance have been recognized, there is 
a need for improved insight into the physical and 
chemical factors affecting performance. A method for 
contributing to the insight which has recently become 
practicable is mathematical simulation using electronic 
computers. This paper illustrates the method and 
discusses its advantages and limitations.

Simulation has already been applied successfully 
to complex problems in many scientific, engineering 
and business applications and it appears to be equally 
applicable to the problem of cement hydration. In 
this case, the most general simulation coiild be des
cribed as a physical-chemical-mechanical model since 
it would have to relate physical, chemical and mech
anical effects.

The desirability of being able to relate the engi
neering performance of cements to chemical and 
physical changes was apparent to Le Chatelier (1) 
in the late 19th century, and this recognition appears 

to have stimulated his important contributions to the 
field. In subsequent years, many persons have tried to 
relate specific aspects of cement performance to 
recognizable chemical and physical characteristics, 
and they have generally contributed in an important 
way to understanding. Examples of contributions 
of this sort for the case of portland cement have been 
those of Powers (2), Helmuth (3) and Volkov (4) 
and their collaborators, while the work of Ridge (5) 
and Schiller (6) has been concerned with gypsum pla
ster, and the work of Koishi (7) with dicalcium plum- 
bate. The contributions of Volkov, Ridge, Schiller, and 
Koishi are particularly relevant to the present work 
since each developed mathematical expressions for the 
kinetics of the hydration reactions in which they were 
interested and, in some cases, attempted to relate 
experimentally determined performance character
istics (e.g. heat liberation, setting, etc.) to chemical 
changes. The present work illustrates how more 
comprehensive and more generally useful mathema
tical models for use with computers can be developed.

The application of computers to complex problems 
in chemical kinetics has recently been demonstrated by 
DeTar (8) and others (9, 10). Though their work has 
been oriented towards reactions in homogeneous 
systems, similar methods can be applied to reactions 
in heterogeneous systems, such as cement paste, in 
which reactions at the solid-liquid interface have to 



be taken into account. In the physical-chemical
mechanical model to be described below, a quite gen
eral approach has been taken which may be applied to 
any solid-liquid system in which solution, nucleation 
and precipitation are taking place. Because of the 
complexity of the cement hydration process, it is not 

to be expected that the model as described will be 
entirely realistic but it does have features which can 
account for a number of aspects of cement behavior 
and it may be modified to deal with its shortcomings 
as they become apparent.

Outline of the Incremental Solution-Precipitation Model

The model which is to be described can be used with 
a computer of moderate capacity such as the IBM 360, 
Model 30. It is an incremental model which proceeds 
in steps covering more or less short time intervals. 
Starting from an input defining the state of the cement
water system at the start of mixing, calculations are 
made which allow the prediction of physical, chemical 
and mechanical changes which take place in successive 
time intervals. The predicted values are the output of 
the program. In this section, the input to and the 
output from the calculations and the calculations 
themselves will be outlined prior to the fuller discus
sion to be given in Section 3. The way in which the 
input, the output, and the calculations are related is 
indicated in the flow chart of Fig. 1.

Read in values of parameters defining 
conditions at the start

Perform preliminary calculations (e.g.
molecular weights of compounds)

—»Begin calculations for current time 
increment

. I '
Calculate composition of aqueous phase 
at start of increment

I
Calculate rates of solution and precipita
tion of the solid phases

I
Calculate length of time increment

Calculate changes of weight of the solid
phases in the increment

Calculate values of quantities of interest 
at end of increment

Print out results for increment
I.

Check to see if calculations are complete ------------- > Stop
Yes

J. No
Proceed to calculations for next time 
increment

Input—The State of the System at 
the Start of Mixing

The characteristics used to describe the system at 
the start of mixing and which form the input to the 
calculations are (i) the quantities, compositions, and 
particle size distributions of the solid phases present 
in the cement, and (ii) the quantity and composition 
of the mixing water. In addition, it is necessary to 
know or assume the compositions of the possible 
reaction products and the values of the relevant 
chemical and physical properties of both products, 
and reactants. These properties include solubilities 
rate constants for solution, nucleation and precipi
tation, heat contents, and specific gravities together 
with other constants needed for calculation of mech
anical properties.

Output—The Calculated Characteristics of 
the System at Various Points in Time

The output' of the calculations consists of the 
quantities and particle size distributions of the solid 
phases present, the quantity and composition of the 
aqueous phase, the heat liberated, the volume, density, 
porosity, viscosity, and modulus of elasticity of the 
system. It must be emphasized that the quality of the 
output depends upon the quality of the input and upon 
the correctness of the many assumptions incorporated 
in the model.

Calculations

For simplicity, calculations are based on the 
assumption that each solid phase in the system con
sists of spherical particles which, depending on the 
composition of the aqueous phase, will either dissolve 
or precipitate when in contact with the aqueous 
solution. The rate of solution or precipitation of a 
compound at any point in time is governed by the 
degree of saturation of the solution with respect to 
that compound. Calculations of the rates of solution 
of dissolving phases and of the rates of nucleation and 

 J.

Fig. 1. Flow chart depicting major subdivisions of the model 
calculations



growth of particles of precipitating phases make pos
sible the further calculations of the changes which 
take place in the system over a suitably short time 
interval. Then, proceeding in steps over successive 
time intervals, the incremental calculations can be 
extended to cover the whole course of the reactions.

In addition to the state of the system in terms of the 
quantities and particle size distributions of the phases 
present at a point in time, the calculations are extended 
to cover the porosity of the system, the rate of heat 
liberation, viscosity, and modulus of elasticity.

Details of the Model as Applied to Cement Hydration

The calculations associated with the chemical and 
physical changes taking place in the system are of 
three main types. These are calculations of the com
position of the aqueous phase, calculations of rates of 
solution of dissolving phases, and calculations of rates 
of nucleation and growth of precipitating phases. The 
other major calculations are those of mechanical 
properties. These aspects of the calculations will now 
be discussed individually.

Calculation of Rates of Solution of 
Dissolving Phases

In the simplest case, the rate of solution (Rs) of a 
dissolving phase can be expressed in terms of the 
surface area (S) of the phase and the degree of un
saturation of the aqueous phase with respect to the 
dissolving compound (11). This is expressed by the 
equation:

R, =^.S.(Isat-I) (1)
where ks is a constant, I is related to the ionic product 
for the compound in solution at a given point in time, 
and Isat is the value of I for a saturated solution of the 
compound. For the compound A1BmC„..., I is 
given by:

I = ^[A]1 .[B]m.[C]”. ■ • (2)

where [A], [B], [C],... are the concentrations of the 
ions in solution.

Calculation of the Rates of Nucleation and 
Growth of Precipitating Phases

Just as the rate of solution of a compound can be 
expressed by equation (1), so can the rate of growth 
of existing particles of the compound. However, 
calculations of precipitation are more complex than 
those of solution since the possibility of the nuclea
tion of new particles must be taken into account (11). 
The rate of nucleation (R„) may be expressed by the 

equation:

R„=A:„.(I-Islty (3)
where p is an exponent characteristic of the particular 
compound and k„ is a constant. The value ofp usually 
lies between about 4 and 20. In the calculations, it is 
assumed that all nuclei of a given compound are of 
the same size.

Calculation of the Composition of the 
Aqueous Phase

The most difficult part of the calculations for any 
given point in time involves the determination of the 
composition of the aqueous phase. In the terms used 
by DeTar, the aqueous phase is “a steady state inter
mediate” whose composition changes at a rate which is 
very low compared with the rates of change of the 
quantities of the solid phases in the system. This makes 
it difficult to use a material balance based on solution 
and precipitation calculations to calculate the compo
sition of the aqueous phase. A more satisfactory 
method is to calculate the composition of the solution 
from the knowledge that its rate of change with time 
is close to zero. In this procedure, the rates of solu
tion and precipitation of the solid phases at the point 
in time are calculated as functions of solution compo
sition using the previously calculated surface area 
values, and then selecting the solution composition 
which minimizes the sum of squares of the relative 
rates of change of the concentrations of the ions in 
solution. Although the concept is straightforward, the 
calculations required are lengthy and account for the 
greater part of the computations.

Calculation of Physical and 
Mechanical Properties

Examples of the physical and mechanical proper
ties which the model may be used to interpret are heat 
liberation, porosity, viscosity, and modulus of elasti
city.



The calculation of the heat liberation as a function 
of time requires a knowledge of the molar heat con
tents of the individual phases in the system. Then the 
total heat content of the system at a point in time is 
given by the equation:

H=±N,.H, (4)
i

where Nt is the number of moles of phase z in the 
system and H, is its molar heat content. The rate of 
heat liberation is calculated as the rate of change of 
the heat content of the system with time.

The viscosity n at moderate rates of shear can be 
related to the volume concentration of solids in the 
system using one of the well-known equations for the 
viscosity of concentrated suspensions. The volume 
concentration 0 is calculated from the previously 
calculated weights of solid and water in the system at 
the particular point in time. While it is not yet known 
which viscosity equation is best suited to the case of 
cement paste, the one used in the present form of the 
model is the Mooney equation (12):

/ 2.50 \
(5) 

In this equation, tja is the viscosity of the liquid phase 
and k is a constant.

Whereas the volume concentration of solid in the 
liquid governs the viscosity and other flow properties, 
the porosity of the system plays a major part in 
governing mechanical properties such as elastic moduli 
and compressive strength. The proosity is the frac
tion of the volume within the outer bounds of the mass 
which is not occupied by solid. Thus, the pores may be 
filled with water or air. Since the overall volume of a 
cement paste seldom changes more than a small frac
tion of 1 percent during hydration, the proosity 8 
at a point in time may be calculated from the expres
sion:
g _ volume of solid in system at the given time

— initial volume of system (solid + liquid)
The porosity calculated in this way is used to calculate 
changes in the modulus of elasticity E using the 
equation:

E = E0.(l-e)3 (7)
where Eo is a constant which may be interpreted as the 
modulus for zero porosity (3).

Application of the Model to the Case of C3S Hydration

Calculations using the model have been made for a 
few hypothetical cases in which the hydration of 
C3S*  was considered to be represented by the equa
tion:

*The cement industry nomenclature used in this paper 
employs the symbols C = CaO, S = SiO3 and H = H2O.

2Ca3SiO3 + 5H2O
---- > Ca3Si2O7 • 2H2O + 3Ca(OH)2 (8) 

The calculations differed in the values chosen for 
parameters such as the rate constants for solution, 
nucleation and growth, and Isat for the solid phases. 
This approach, which was dictated by the lack of 
information about the actual values of the parameters, 
gave an insight into the sensitivity of the calculations 
to the choice of values.

An example of the results obtained is illustrated in 
Figs. 2 and 3. Only one set of calculations is repre

sented since the work has not progressed sufficiently 
far for any critical evaluation to have been made. 
The values of the parameters used are given in Table
1. The axes of the curves in Figs. 2 and 3 have linear 
scales, but they are not marked in absolute units since, 
in view of the arbitrary choice of parameters for the 
calculations, these would not be meaningful. However, 
the curves do share a common time scale and may be 
compared with each other.

C3S C3S2H2 Ca(OH)s

Table 1. Values of parameters used In the 
illustrative calculations

k. 0.01 0.1 1.0
kn 1018 1021 1018
Diameter of nucleus 10-7 10-7 10-r
P 3 3 3

10-5 10-8 10'5
Particle diameter at start 6 x 10-4 0 0
Weight at start 1.0 0 0



Fig. 2. Results of an illustrative set of model calculations

Fig. 3. Results of an illustrative set of model calculations

Discussion

Because the calculations represented in Figs. 2 
and 3 merely represents an early attempts to simulate 
the hydration of a cementing material using a com
puter, the forms of the curves shown should not be 
considered to have great significance. What is signi
ficant is that the curves illustrate how physical, chemi
cal and mechanical changes taking place in an hydrat
ing cement can be interrelated. The capability of 
being able to relate so many different aspects gives 
hope of obtaining improved insights into the inter
relationships between them.

Referring to Fig. 2, the changes in the weights of 
the solid phases with time shows several expected 
features such as an initial “dormant” period followed 
by a period of increasing rate of reaction. A wide 
range of control over the length of the dormant period 
and over the steepness of slope of the curve can be 
exercised through modification of the input parameters. 
However, in its present form, the model does not 
appear to have the capability of accounting for ex
perimental data for the hydration of C3S such as that 
obtained by de Jong, Stein and Stevels (13). de Jong’s 

data showed the induction or dormant period to be 
followed by a period of fast reaction and a still later 
period of prolonged slow reaction. These findings were 
interpreted in terms of a sequence of reactions in which 
hydrated calcium silicates with different C/S ratios 
were formed and de Jong et al postulated that these 
products have different retarding effects on the hydra
tion of C3S. While the present model does not take into 
account effects such as those postulated by de Jong, 
such effects could easily be included in future versions 
of the model.

The relationships between the changes in weights of 
the solid phases and other variables such as the number 
of particles of the products, heat liberation and the 
porosity and volume concentration of solids in the 
system is apparent from Figs. 2 and 3, but the curves 
showing concentrations of ions in solution have a 
shape which is unexpected in the light of Lawrence’s 
experimental data (14) for hydrating cements. How
ever, the forms of these curves are particularly sensi
tive to the values of the input parameters and should 
not be considered as necessarily being representative. 



The calculated values lead to an initially high rate of 
nucleation of the product compounds which is 
followed by a continuing period of growth without 
significant nucleation.

It is clear that no precipitation of reaction products 
can take place without the formation of particles of 
the compounds by nucleation, and this is consistent 
with results shown in the third frame of Fig. 2.

The first set of curves in Fig. 3 are closely related 
to the changes in weights of the compounds, and 
show no. unexpected features. The curves for the 
volume of solids and the volume concentration of 
solids are closely similar, but they would diverge more 
if the calculations had been for a lower water/cement 
ratio than 0.6. From the calculated volume concen
tration of solids and the porosity, the calculations of 
viscosity and modulus of elasticity shown in the lower 
portions of the figure were made. The results indicate 
that the viscosity of the system increases markedly 
with time as a result of the volume concentration of 
solids increasing. This effect would be related, at least 
in part, to the setting of cement systems. Little can be 
said about the calculated curve of the modulus of elasti
city except that the calculations are only likely to be 
useful for rigid systems. Thus, calculations of the 
modulus for early ages are unlikely to be of value, just 
as calculations of viscosity at late ages when the system 
is rigid are also of little value. The modulus increases 
with time because of the decreasing porosity. The 
changes in the modulus would be much more marked 
if the calculations had been made for a lower water
cement ratio. This draws attention to the fact that one 
of the uses of this and similar models is to attempt to 

predict the effects of changes of water/cement ratio, 
compound composition, particle size distribution and 
other variables on the performance of cement-con
taining systems and it will also be useful in aiding the 
design of experiments to test the predictions. In addi
tion, the predictions will raise questions about the 
chemistry and physics of cement hydration which 
may stimulate research to answer them. An example 
of such a question concerns the nature of nuclei and 
the role of nucleation in affecting cement performance.

In conclusion, the advantages which a mathematical 
model offers to the individual researcher or cement 
technologist are

(a) A self-consistent, easily modified, representa
tion of the state of knowledge concerning 
cement performance.

(b) An ability to test the implications of new 
concepts concerning cement performance.

(c) An aid to the planning and interpretation of 
research work.

(d) An educational tool for the teaching of con
cepts relevant to the understanding of cement 
behavior.

While it must be emphasized that the success which 
any general model will have in the prediction of 
cement performance from fundamental physical and 
chemical properties may be limited, there can be no 
doubt that such a model is an important aid to under
standing. This is particularly true when the model 
is used as an evolving representation of the state of 
knowledge and is improved whenever its shortcomings 
are identified.

Summary

In this paper, we have shown how a general 
mathematical model for the hydration of cement and 
other materials can be developed. The model has been 
outlined and its use illustrated by calculations depict
ing the hydration of C3S. The calculations were based 
on a single set of somewhat arbitrarily chosen para

meters and are not expected to approximate closely to 
the real system. While the application of the model to 
the interpretation of real data has not been attempted, 
the results of the calculations have been discussed with 
reference to data in the literature and to known fea
tures of cement performance.
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Synopsis

Change in the mechanical property of alumina cement during hydration process was 
searched continuously by tracing the velocity of ultrasonic wave propagated through neat 
paste of the cement.

For the hydration of the cement paste a paraffine-made vessel was prepared which was 
a long parallelepiped and had a couple of transducers made of BaTiO3 facing each other on 
both ends of the vessel. They were electrically connected with an electric oscillator as well 
as an amplifier followed by an oscilloscope. Generated power from the oscillator vibrated 
the specimen to propagate sonic wave between both the transducers, and finally a sinusoidal 
mode appeared on a screen of the oscilloscope. When the oscillator was directly connected 
with the oscilloscope, however, a similar mode was obtained having a phase different from 
the former. From the phase difference relating to the time necessary for the propagation of 
sound, sound velocity (v) could be obtained as follows:

v = 7/(«T0 + AT),
where 1 is distance between both transducers, n is number of waves standing within 

both ends of the specimen, To is period of vibration, and AT is phase difference, respectively.
At first the velocity in the paste was mostly constant for several hours, the value being 

near to that in water. After gradual increase in the next period, the velocity increased steeply 
and reached the constant value, both the period length and the final velocity depending on 
hydration temperature.

Mechanical strength was predicted on the basis of Young’s modulus calculated from 
sound velocity of the hardened specimen. Between the above obtained result and that of 
crushing test carried out on corresponding specimen, a fairly good agreement was found out. 
Thus the progressive change in sound velocity in hydrating cement shows the hardening 
process. A time when the sound velocity has reached a saturated value, i.e., the hardening 
time, is more important to estimate the strength development of alumina cement than so- 
called setting time.

Introduction

There have been many studies dealing with hydra
tion of alumina cement, and some proper phenomena 
appearing in early stage, e.g., remarkable heat evolut- 
tion, sudden decrease of electric conductivity, etc., 
have often been discussed in comparison with rapid 
hardening of the cement (1). A number of studies on 
various crystalline and amorphous hydration products 
have made clear their structures as well as their crystal
lization processes depending on conditions, e.g. 
temperature, water-to-cement ratio, that were much 
influential on early strength development (2). Recently 
the early developed strength was discussed in quite a 
few studies, referring not only to hydrates produced 

in early stage of hydration, but also to their conversion 
in each other (3). Although the early strength was 
considered to be due to chemical reaction accom
panied with heat evolution, very few has been reported 
on correlation between mechanical and chemical 
properties at the very early stage of hydration of the 
cement (4). In the present investigation a set of direct 
measurements of mechanical properties changing in 
the hydration process were carried out by means of 
ultrasonic method. The change in mechanical proper
ties was continuously searched by tracing the velocity 
of ultrasonic wave propagated through the neat 
paste of the cement.

Although ultrasonic wave has well been used in 
many studies on cement and concrete (5), e.g., non



destructive test on strength, non of the results reported 
hitherto has concerned such a slurry or muddy state 
that had been found in very early stage of hydration. 
The reason is considered to come from the fact that it 
was difficult to measure sound velocity in a muddy 
substance continuously which change entirely into 
solid. In the present work it was the most important 
subject to establish a method to transduce the sonic 
wave into the specimen and to pick it up out of the 
specimen as well as to keep off any trouble preventing 

a stable propagation during the hydration.
The sound velocity in the neat paste of the cement 

increased to the saturated values depending on con
ditions of hydration, the elastic modulus derived from 
the velocity showing the correspondence to mechani
cal strength of the hardened cement paste. And this 
happened coincidentally with the characteristic heat 
evolution as well as the sharp drop of electric conduc
tivity.

Specimen, Apparatus and Procedures

Specimen

Through the whole experiment one of the com
mercial alumina cements produced by electro-fusion 
was used as specimen, the chemical composition being 
illustrated in Table 1. In preliminary experiment, how
ever, some pure calcium aluminates prepared from 
chemical reagents, CaCO3 and A12O3, were also used 
in addition to the cement above mentioned. The speci
men was confirmed to consist of CaAl2O4 in great 
majority and of 12CaO7Al2O3 and 4CaOAl2O3Fe2O3 
as minor portions, although glassy or amorphous parts 
could not be inspected since the mineralogical inspec
tion was carried out only by X-ray diffraction on the 
cement powder.

Physical properties of the specimen were shown 
in Table 2 and 3 which were obtained by the test 
based upon JIS-R-5201. Hydraulic strength and setting 
time of neat paste specimen were measured at several 
levels of curing temperatures and water-to-cement

Table 1. Chemical composition of specimen

SiO2 2.90
ALiO^ 40.34
FegOg 13.28
FeO 3.98
Fe 0.01
TiO2 2.25
CaO 37.15

MgO 0.32
Na/) tr.
K20 0.20
Ig. loss —0.10
Total 100.40
Insol. 0.65 

Particle size distribution Specific surface area (cm2/g)
—---------- ------------------ 3000

Table 2. Characteristics of specimen

size-group 
(microns)

weight -------------------- ------------
(%) Setting time

30°C 35°C88 <
88 <*'  40

0.4
32.51

20°C

40~30 9.90 Initial 3M5m 4M8ra 2h-06m
30~20 10.36 • Final 4h-20m 3M1B
20~15 14.99 Water content 28.7 29.1 30.0
15> 32.24 (%)

ratios to compare them with data on mechanical 
properties which would be obtained in later.

Apparatus and Procedures

Behavior of sound propagation in a substance is 
generally different depending either on its physical 
state, or on mechanical properties. There was obtained 
on the other hand, a set of close relations between 
mechanical strengths and elastic moduli of hardened 
alumina cement (6). Since the experiment searching 
early strength development was desired to be carried 
out by means of continuous and non-destructive 
measurement, the velocity of sound propagation 
through neat paste of the cement was being traced 
throughout the hydration process.

A couple of tansducing elements made of BaTiO3 
crystal were used both to propagate sonic wave into 
the specimen and to pick it up out of the specimen. 
Both the elements had high directional character
istics that was necessary for efficient transducing and 
good prevention of sonic wave from dispersion in 
the specimen.

For the hydration of the cement paste a parallele
piped vessel was prepared which was 15 cm X 2 cm 
X 2 cm on the inside and had a couple of BaTiO3 
elements facing each other on both ends of the vessel.

Flow value 210 (mm) w/c (/^) 60

Table 3. Physical properties of specimen

Hydration time
Flexural strength

(kgfcmS)
Compressive strength 

(kg/cm2)

4 hours 2.4 10
5 » 20.6 89
6 ff 38.2 241

24 /, 49.7 409
2 days 57.0 46!
3 // 58.8 479
7 » 66.8 577

28 // 75.4 671



The vessel was made of paraffine in which the sound 
velocity was lower than that in the cement paste. 
Thermally molten paraffine was poured into a steel 
mold and cooled to make the vessel into the long 
parallelepiped. Ratio of length to cross section of the 
vessel was so large that sonic wave was propagated 
through the specimen in longitudinal mode.

The transducers were electrically connected with 
an electric oscillator and an amplifier followed by an 
oscilloscope respectively. The arrangement was shown 
in Fig. 1. Thus, generated electric power from the 
oscillator vibrated the specimen with frequency ranging 
from 30 to 40 kc to propagate the sonic wave between 
both the transducers, and finally a sinusoidal mode 
appeared on a screen of the oscilloscope. Electric 
signal generated in a pick-up (one of BaTiO3 elements) 
had the mode somewhat different from the perfect 
sine-wave because of unavoidable dispersion and 
reflection of sound in the specimen. So, such an am
plifying circuit as a cathod-follower type was used to 
amplify the signal with high S-to-N ratio. The main 
amplifying circuit was shown in Fig. 2.

When the oscillator was directly connected with the 
oscilloscope, however, a similar mode was obtained 
having a phase different from the former. The phase

Fig. 1. Arrangement of circuits on measurement of sonic wave

difference (AT) was obviously to correspond to the 
time necessary for the propagation of sound through 
the specimen. So, the sound velocity (v) in the cement 
paste could be obtained as follows:

v = Z/(nT0 + AT), 
where / is distance between both transducers, 

To is period of vibration, and 
n is number of waves standing within both 
ends of the specimen.

The relation among v, /, To and AT was shown in 
Fig. 3 schematically. AT was exactly measured on the 
oscilloscope and n was determined in preliminary 
experiment in which the relations of n to I had been 
obtained at the various distances.

After the transducers were molded in both ends of 
the vessel, it was put into a case in which temperature 
was controlled within 20 ~ 35°C with an accuracy of 
iO-O5°C and relative humidity was kept over 85%. 
The control was carried out by means of both the elec
tric heater and the coolant set in water stored at the 
bottom of the case. Alumina cement powder and water 
previously stored in a thermostat at the same tem
perature as that in the case were mixed with each 
other by a series of water-to-cement ratios ranging 
from 0.24 to 0.30. The mixture was kneaded for about 
3 min., and poured into the vessel with a slight tapping. 
The progressive change in phase of mode of ultra
sonic wave propagated through the specimen was 
recorded in photographs that were taken at regular 
intervals until the specimen hardened completely. 
The whole apparatus was shown in Fig. 4.

A couple of electrodes, on the other hand, made of 
copper plate with area of 2 cm X 3 cm was inserted 
in the specimen along the side walls of the vessel so as 
to face each other in parallel to the path of sonic wave 
as shown in Fig. 5. Applying alternative current 
between both the electrodes, electric conductivity of 
the specimen was continuously kept in an electronic 
recorder. The progressive change of the conductivity

Fig. 2. Amplifying circuit
Fig. 3. Phase difference of sonic wave induced by propagation 

through specimen



Fig. 4. Bird's-eye-view of apparatus Fig. 5. Electrodes inserted in vessel

was measured simultaneously with that of sound velo
city during hydration. Since it was avoided in the ex
periment to electrolyse the specimen, data were not 
obtained on D. C.—conductivity, but on admittance 
accompanied with capacitance. Keeping track of 
characteristic change in electric impedance of the 

specimen was of good use in this work even if the 
capacitance could not be measured separately. There
fore,. voltage drop generated by alternative current 
flowing through the specimen was traced during hydra
tion.

Results and Discussion

Sound Velocity

Characteristic patterns of progressive changes in 
sound velocities propagated through the specimens 
were obtained throughout the hydration. Fig. 6 
showed both the modes of propagated (lower) and 
standard (upper) sonic waves on a dual beamed screen. 
The phase difference scarcely changed during the first 
2 hours. Through a gradual increase the difference 
became rapidly greater. The velocity was mostly 
constant for the first period, the length of which was 
different depending on hydration temperature and 
water-to-cement ratio; the value of the velocity was 
near to that in water, about 1,400 m/sec. After a 
gradual increase in the second period, the velocity rose 
up suddenly, then reached again a constant value. Both 
the length of the second period and the final velocity 
were also dependent on hydration conditions, the 
values of them falling into 2~ 10 hours and 2,400 ~ 
4,600 m/sec respectively.

Effect of Water-to-Cement Ratio
When specimen were prepared with water-to- 

cement ratio lower than 0.28, it was difficult to obtain 
sharp modes of sonic wave on the oscilloscope be
cause the specimens were not sufficiently plastic to be 
molded homogeneously enough for stable propagation 

of sound. As for the specimens with water-to-cement 
ratios ranging from 0.28 to 0.30, measurements of the 
velocities were easily carried out and their progressive 
changes similarly appeared with a little differences 
depending on the ratio. The dependence of the pat
tern of progressive change in sound velocity on water- 
to-cement ratio was not so remarkable compared with 
that on hydration temperature. Therefore, the further 
experiments were carried out on the specimens with 
constant viscosity (or workability) irrespective of 
water-to-cement ratio.

Temperature Dependence of Progressive Change 
in Sound Velocity

Change in sound velocity during hydration was so 
much influenced by temperature as were periods of 
heat evolution and of setting as well as of strength 
development. The temperature dependence was obvi
ously much more remarkable than that on water-to- 
cement ratio. In Fig. 7 each pattern of progressive 
change in sound velocity was shown as a function of 
hydration time with hydration temperature as a param
eter. The characteristic increase of the velocity 
retarded with the increase of hydration temperature 
up to 30°C, at which the retardation reached the maxi
mum. Over this temperature, on the other hand, the 
period of velocity-increase became earlier again. At



(1) 2 hrs (2) 2.5 hrs

(3) 3.5 hrs (4) 4.2 hrs

(5) 5 hrs

Fig. 6. Progressive change in phase of sonic wave propagated 
through specimen (40 kc, 20° C)



Fig. 7. Sound velocity and electric conductivity in specimen as 
functions of time

30°C, the slope of the velocity-increase became 
the smallest. Comparing these results with those 
previously reported (8), it was found out that correla
tion between the progressive change in sound velocity 
and hydration temperature closely resembled that 
between heat evolution and the temperature.

Electric Conductivity

During hydration of the specimen, electric conduc
tivity decreased in characteristic manner depending 
on hydration temperature. The patterns of change in 
the conductivity were exactly same as those obtained 
previously (1). At 20°C, like the sound velocity, elec
tric conductivity decreased scarcely for the first several 
hours, then sudden drop appeared after which the 
conductivity reached very low constant value. It is of 
interest that the time when the sudden drop appeared 
was exactly coincident with the sudden increase in the 
sound velocity.

When hydration proceeded at temperatures merely 
below 30°C., electric conductivity began to decrease 
gradually after the first period in which no change in 
the conductivity was found. Decrease in the conduc
tivity continued thereafter with the slope becoming 
progressively steep, and finally the low constant value 
was reached. At 30°C, change in the conductivity was 
the most gradual without such a sharp drop as found 
at 20°C, although the steepest slope was recognized 

at a time about 12.5 hours after the beginning of hydra
tion.

Since the electric conductivity was measured using 
alternative current, obtained data showed somewhat 
lower value of impedance than pure resistance against
D. C.—current. The latter was usually 2~7 times as 
large as the former. It should be noted that the 
hardened specimen showed capacitance ranging from 
100 pF to 0.01 pf?, which was remarkably large 
compared with those reported on ordinary concrete 
(7).

At every hydration temperature, the coincidence of 
characteristic drop in electric conductivity with proper 
rising in the sound velocity was preserved as shown in 
Fig. 7. This fact suggests that characteristic change in 
mechanical properties of alumina cement during 
hydration exactly corresponds to chemical change.

Young’s Modulus and Mechanical Strength

In the present work, sonic wave propagated through 
the specimen could be considered to be longitudinal 
wave, since the vessel used for measurement was a 
long parallelepiped. Therefore, the elastic constant 
regarded as the function of the obtained sound velocity 
is “volume modulus” until the specimen hardens, 
and is “Young’s modulus” after hardening. For the 
sake of simplicity, we used Young’s modulus to discuss 
the mechanical properties of the cement paste through-



Table 4. Sound velocity and Young's modulus in neat paste of alumina cement during hydration

Temperature
(CQ)

Time
(hr) 3 4 5 6 7 8 9 10 11 12 13 14

V(km/sec) 1.48 1.50 3.16 4.16 4,50 4.60 4.61 4.61
E(105 kg/cm2) 0.467 0.487 2.13 3.71 4 34 4.52 4.55 4.55

V(km/sec) 1.71 1.78 1,81 1.86 1.96 3.13 3.45 3.48
E(105kg/cm2) 0.624 0.676 0.700 0.739 0.821 2.10 2.54 2.59

V(km/sec) 1.43 1.43 1.47 1.90 2.43
E( 105 kg/cm2) 0.436 0.436 0.461 0.77 1.18

V(km/sec) 1.25 1.18 3.00 3.27 3.31 3.32 3.34
E(105 kg/cm2) 0.334 0.298 1.93 2.28 2.345 2.36 2.385

Fig. 8. Correlation between Young’s modulus and hydration time

out the hydration process, since the latter could 
approximately take the place of volume modulus. 
Young’s modulus of the specimen was derived from

E = pv2, 
where E is Young’s modulus, 

p is bulk density of specimen, and 
D is velocity of longitudinal sonic wave in 

specimen.
Using the bulk density of specimen known to be 

2.0 g/cm3 at the beginning of hydration and finally to 
become 2.1 g/cm3, Young’s modulus of the cement 
paste was calculated at the various hydration tem
peratures as shown in Table 4. Young’s modulus 
calculated from sound velocity and electric conduc
tivity were shown in Fig. 8 as functions of time during 
hydration at 20°C. The modulus reached the final 
value of ca. 4.28 X 105 kg/cm2 corresponding to the 
final velocity of sound. The coincidence of the charac
teristic period of change in Young’s modulus with 
that in electric conductivity was, of course, pre
served.

In our previous study (6), it has been found out that 
there were fairly good correlations between crushing

Table 5. Correlation between predicted and measured strength

Hydration 
temperature 

(°C)

Predicted 
strength 
(kg/cm2)

Measured 
strength 
(kg/cm2)

Hardening

(h-m)

20 800< 675 7-20
25 450-500 420 9-15
30 150-200 141 13-40
35 390-440 378 6-40

strengths of hydrated alumina cement and their 
Young’s moduli irrespective of hydration conditions. 
On the basis of the results mechanical strengths of the 
specimens were predicted from their Young’s moduli. 
After the experiments, on the other hand, the hardened 
specimen were subjected to crushing test. Both the 
predicted and the measured strengths of the specimens 
hydrated at various temperatures were shown in Table
5. There were a fairly good agreement between them 
so that the estimation of the strength by ultrasonic 
method seemed to be possible even in early stage of 
hydration of alumina cement. Thus, it is clear that 
sound velocity propagated through the neat paste of 
alumina cement corresponds to its mechanical strength 
that is being developed during hydration, and that the 
progressive change in the velocity shows the harden
ing process of the cement.

The setting time was also different with hydration 
temperatures as shown in Table 2, the temperature 
dependence being similar to that of the saturation time 
of sound velocity. Comparing the final setting time 
with the saturating time of the velocity at each tem
perature in Fig. 7, however, it was difficult to find out 
quantitative relations between both the times. There
fore, a time when the sound velocity has reached a 
saturated value is considered to be more essential to 
the strength development of alumina cement than the 
setting time.

It was shown that alumina cement hardened within 
a short period accompanied by rapid increase in 
sound velocity as well as sharp drop of electric con



ductivity which had been reported to coincide with a 
remarkable heat evolving time in the hydration pro
cess of the cement (8). This leads to the fact that all 
the characteristic properties change coincidentally 
with each other during hydration. On the basis of the 
experimental results, we propose that the hardening 

time be defined as a time when sound velocity in the 
cement paste has reached a saturated value. The 
hardening time is considered to be of more useful 
as a measure of strength development in alumina 
cement than the setting time.

Conclusion

To investigate the process of early strength devel
opment in alumina cement, a set of experiments were 
carried out measuring sound velocity in neat paste of 
the cement during hydration. For the measurement a 
method was established to transduce the sonic wave 
into and out of the muddy specimen that changed into 
solidus state during hydration, as well as to keep a 
stable propagation.

The progressive change in the sound velocity was 
obtained at each hydration temperature of 20°, 25°, 
30° and 35°C. The velocity changed scarcely at first, 
gradually in the next period and then suddenly rose 
up to the saturated value, the manner of change and 
the final value depending on hydration temperature. 
The change proceeded more slowly with rising hydra
tion temperature below 30°C, above that the change 

became faster again. The pattern of change in the 
velocity closely resembled that of electric conductivity 
and the final period in both patterns were exactly 
coincident.

Mechanical strength was predicted on the basis of 
Young’s modulus calculated from sound velocity of 
the hardened specimen. The results was compared with 
that of crushing test carried out for corresponding 
specimen, and a fairly good agreement was found 
between them. Thus, the progressive change in sound 
velocity in hydrating cement is considered to show the 
hardening process. A time when the sound velocity 
has reached a saturated value, i.e., the hardening time, 
is more important to discuss the early strength devel
opment of alumina cement than the setting time.
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Oral Discussion

Renichi Kondo

We are much interested in the use of ultrasonics in 
cement chemistry, which seems to give some influences 
on the rate and mechanism of hydration and to be of 
much interest for practical purposes. The authors 
showed the relation between the sound velocity and 
the electric conductivity of each specimens at each 
curing temperature in Fig. 7. It is considered that the 
sound velocity is concerned with the structure of 
hydrated specimens, while electric conductivity show 
the liquid phase concentration. I would like to know 
how to understand the relation between these phys
ical and chemical properties and hydration mechani
sm of alumina cement. Especially, the relative conduc
tivity in early stages is almost constant in many cases. 
How do you think about the hydration mechanism 
in relation to this fact?

Authors’ Closure

SMgeaki Koide and Keiko Okada

Sound velocity and electric conductivity of alumina 
cement paste progressively change showing the 
characteristic pattern as a function of hydration time. 

On the basis of the pattern the mechanism of harden
ing process of the cement is considered to be as 
follows:

When the cement powders contact with water, CA 
immediately decomposes into calcium- and alumi- 
num-ions on its surface, and some amount of the ions 
migrate out of the powder with the steep concentra
tion gradient at a vicinity of the surface of the cement 
powder. While the rest of ions precipitate mostly on 
the surface of the powder turning into nuclei of CAH10 
the new ions are produced by the reaction of CA 
with water diffusing through the surface layer.

The migrating ions seem to be kept in almost 
constant amount, so that the electric conductivity is 
also constant in this period, although it is not the case 
in which water to cement ratio becomes higher or 
some additives are present in the water. The length of 
the period (so-called induction period) falls into sev
eral hours depending on hydration temperature, water 
to cement ratio, amount of additives, etc. At the end 
of the period acicular CAH10 crystals are produced 
which bridge the aggregate with anhydrous cement 
powders. Then, the paste hardens into the solid with 
rigid texture, and the remained free water vaporizes 
due to the heat liberated coincidentally. So, the 
increase of elastic modulus and drop of electric 
conductivity occur simultaneously at a time which 
may be called the hardening time. The time is con
sidered to be more effective aim of strength devel
opment of the cement than the setting time.



Supplementary Paper 11-70 On the hydration Kinetics of Hydraulic Cements

John H. Taplin*

Synopsis

The hydration kinetics of seven hydraulic cements are explored. They are magnesia in 
1.5-0.05 molar magnesium chloride or sulphate solution, anhydrite in potassium alum solution, 
one y?-C2S preparation without boric oxide and one with it, two preparations of mono
clinic C3S with excess alumina and a triclinic C3S without excess alumina. From the particle 
size distributions of six of these cements, hypothetical linear and quadratic kinetics are 
calculated and used as a guide as to whether the rate of hydration depends on the reacting 
surface area or on the rate of diffusion of material to or from the surface.

The cements were stirred in some experiments and hardened in others. In all stirred 
experiments the kinetics are either approximately linear or approximately quadratic. Hard
ening specimens of magnesia, anhydrite and in final stages C3S show a rate decay which 
is even more rapid than quadratic kinetics and which is taken to be controlled by resistance 
to diffusion through merging and perhaps thickening outer products.

Some aspects of the possible basis for a linear-diffusion kinetics model are treated. For a 
single discrete particle, for example, it is shown that a diffusion process is unlikely to control 
the rate either at the very beginning or at the very end of the reaction.

A possible mechanism by which the outward diffusion of a substance could control the 
rate is postulated and found to lead to joint linear-diffusion control. No direct evidence 
could be found in the stirred experiments for such a joint kinetics although the possibility 
exists when the rate is controlled by merging outer products.

Linear rate constants and apparent activation energies are quoted for several of these 
hydraulic cement systems. The ageing of C3S preparations was found to slow the diffusion 
process and retiring to speed it up.

Introduction

fhe hydration of a hydraulic cement involves the 
reaction of discrete particles of the cement with an 
aqueous solution, and the formation of a coherent 
network of solid hydration products. It has been 
argued previously (1) that at least the outer products 
must be formed from material which has been trans
ported by diffusion. Here we will consider the simple 
alternatives of a rate (i) proportioned to the surface 
area of cores of unreacted cement and (ii) invesely 
proportional to the resistance to diffusion provided by 
a coherent coating of reaction products. ,

The kinetics of (i) above will be referred to as “lin
ear.” The term “diffusion kinetics” will be used for a 
reaction rate controlled by any diffusion process, 
parabolic kinetics” for control by diffusion through 

one or more layers of products each assumed to have 
a constant specific permeability and, “quadratic kine
tics” for parabolic kinetics with the resistance of the
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outer products negligible compared to that of the 
inner products. Linear and quadratic kinetics have 
been discussed previously in relation to the hydration 
of^-C2S(2).

The hydraulic cements to be described here are: 
magnesia in magnesium chloride and sulphate solu
tion at concentrations below those needed for basic 
salt formation, anhydrite in potassium alum solu
tion, two preparations of j8-C2S and three of C3S. 
To test for linear or diffusion kinetics, the experimental 
hydration data are compared with hypothetical linear 
and quadratic curves computed from the measured 
particle size distribution (p.s.d.) assuming spherical 
shape and uniform reactivity. Quadratic kinetics was 
chosen as a test for diffusion kinetics because the 
inner products might be expected to provide most of 
the diffusion resistance for isolated particles with 
coherent coatings. It is also a useful choice in that the 
effect of a more complex parabolic reaction or other 
diffusion modifications such as for example a decreas
ing product porosity can be expected to show up as 



a deviation from quadratic kinetics in the direction of 
an even more rapidly falling rate, i.e., in the direction 
away from linear kinetics. Such deviations are to be 

expected under conditions of high strength since both 
phenomena are due to the outer products filling most 
of the space between the original cement particles.

Experimental

The hydration of the calcium silicates was followed 
by the method of Taplin (1), i.e., the reaction was 
stopped by vacuum drying, the specimens further dried 
at 125°C in an atmosphere of steam and the “chemi
cally combined” water determined as the loss on 
heating to 540°C. For magnesia the procedure was 
modified by omitting the steam atmosphere in the 
oven and, for stirred magnesia, by first washing out 
most of the chloride or sulphate before vacuum dry
ing. The weight loss between vacuum dry and 540°C 
was the hydration measure for anhydrite. The hydra
tion values assumed for complete reaction are: 0.45 
for magnesia, 0.26 for anhydrite, 0.21 for C2S and 0.25 
for C3S.

Two types of specimen were made. The “stirred” 
specimens consisted of an aqueous suspension of 
cement in a glass bottle or tube sealed with a rubber 
gasket or stopper and attached to a wooden frame 
rotating about four times a minute. The curing tem
perature was 21°C and the suspension had a water 
cement ratio of 5, 8 or 10 depending on the tendency 
of the cement to stiffen.

The “hardening” specimens were paste specimens 
unless referred to as mortars. The water-cement ratio 
(W/C) is quoted by weight. The early specimens were

X X 4 inch bars tested in compression as modi
fied cubes. The anhydrite specimens were inch cubes 
and the 1967 C3S specimens were cylinders, inch 
diameter, 1^ inches high. Only the /?-C2S (5106) 
specimens at W/C = 0.35 were produced by me
chanical compaction in a tamping machine. A vibrating 
table was used to help remove air bubbles from the 
more fluid mixes. The earlier specimens were kept 
saturated by the addition from time to time of a few 
drops of water to the tube in which they were cured. 
The cylinders were cured under water. Only the hydra
tion results of these specimens will be discussed here.

The experimental p.s.d. of the cements are plotted 
on logarithmic probability paper in Fig. 1. For the 
purpose of computing linear and quadratic kinetics, 
these data were approximated by double composite 
lognormal distributions obtained by fitting two lines 
which meet at the median size and pass through the 
upper and lower parts of the distribution respectively. 
This p.s.d. was then treated as a histogram with each 

step containing one per cent of the powder at a size 
which was the median in the range. At various hypo
thetical reaction times, the fraction reacted was com
puted for each step of the histograms, by interpolating 
in tables of F versus tjR and F versus tjR2 construc-

Fig. 1. Particle size distributions of the hydraulic cements on 
log probability paper. The suspending medium for the cyclosizer 
was water and for the sedimentation balance and Andreasen 
pipette it was ethanol with 0.01 % calcium chloride. The mineral 
identifications are:
A Fused magnesium oxide,
B Sintered anhydrite, •
C j5-C2S(5106),
D #-C2S(5108),
B Alite(608),
F C3S(620),
G C3S(620) re-fired.



ted from equations (1) and (2) for linear and quadratic 
kinetics respectively. ■

1 - (1 - D1'1 = kY tjR (1)
1 - (1 - F)2/3 - 2F/3 = tjR1 (2)

where kt and A:2 were put equal to unity for the com
putation and then adjusted in attempts to fit the experi
mental hydration data. The distributions used in the 
computations can be described by the diameters in 
microns at the 15, 50 and 84% levels, they are: 
“fused” MgO 3.45/13.2/51, sintered anhydrite 7/20/ 
44, j?-C2S (5106) 2.8/5.2/24, ^-C2S (5108) 4.8/8.6/34, 
alite (608) 7.1/23/77, C3S (620) 5/10.3/29, C3S (620) 
re-fired 5/9/22.

Magnesium Oxide

This material is a commercial “fused” magnesia 
with a chemical analysis of MgO 96%, SiO2 3.0% 
and Fe2O3 0.4%. It had been ground in a ball mill. 
One sample of this material was separated into closely 
sized fractions by use of a cyclosizer (3). -

Another sample “B”, was analysed for size distri
bution by use of the cyclosizer, and the Andreasen 
pipette, the result in Fig. 1 (a) show good agreement.

Powdered magnesia mixed with concentrated solu
tions of magnesium chloride or magnesium sulphate 
forms basic magnesium salts which are the basis of 
sorel cement. However, at concentrations below about 
2 molar, the X-ray diffraction patterns of the basic 
salts disappear and are replaced by that of a colloidal 

Fig- 2. The hydration of sized magnesia fractions stirred in a 
slurry of 1.25 molar magnesium sulphate solution. The data 
fit linear kinetics for the first 80 % of the reaction

brucite. Although giving less strength than with the 
basic salts, the system still acts as a hydraulic cement.

The stirred experiments with the various size frac
tions in 1.25 molar magnesium sulphate show 
approximately linear kinetics as shown in Fig. 2 which 
is a plot of curing period versus 1 — (1 — T7)173 
where F, the fraction reacted, is the ratio of hydration 
value to 0.44. A logarithmic plot of the slopes of the 
lines in Fig. 2 versus the mean particle size in Fig. 3 
has a slope approaching unity and tends to confirm 
the linear kinetics. Note that the non-spherical shape 
of the particles tends to compensate for the non
uniform particle size. Examination of reacted particles 
from this experiment showed a coherent coating of 
brucite about the unreacted cores. See Photo 1.

As the concentration is reduced the brucite becomes

Photo 1. Magnesia particles with brucite coatings. The 15-24p 
fraction, hydrated 430 hours in stirred 7.25AfgSO4 solution, 
dried and later photographed by transmitted light x640

Fig. 3. A logarithmic plot of the slopes of the lines in Fig. 2 
versus the mean size of the particles in each fraction. The 
range of particle sizes in each fraction is indicated. A slope 
of unity indicates that the linear rate constant is independent 
of particle size ■



more crystalline and at concentrations below about 
0.05 molar the rate decays more rapidly than it does 
for linear kinetics. This phenomena is illustrated by 
Fig. 4 for both chloride and sulphate. In the region 
where linear kinetics apply the rate constants are 
5.3 X 10-3 and 9.5 X 10"3 microns per hour for 
sulphate and chloride respectively.

The rate also decays more rapidly than for linear 
kinetics in hardened specimens. Data for a W/C ratio 
of 0.40 and 1.25 molar magnesium sulphate are plotted 
in Fig. 5. The continuous lines are drawn for the pur
pose of estimating an activation energy of 18 kcal 
in Fig. 8. They show a rate decay greater than that for

Fig. 4. The hydration of a magnesia powder in a stirred slurry. 
The continuous lines represent linear kinetics as calculated for 
the p.s.d. in Fig. IQA). The broken lines indicate the more 
rapidly falling rate at lower concentrations of (a) magnesium 
chloride, (b) magnesium sulphate

Fig. 5. Hydration rate of hardening specimens of magnesia with 
1.25 molar magnesium sulphate at a WjC ratio of 0.40. The 
broken line indicates the course of the reaction at a WiC ratio 
of 0.17 and at 42°C

quadratic kinetics. The broken line indicates the course 
of the reaction at a W/C ratio of 0.17 and 42°C. This 
rapid decay of the rate at low W/C ratios is not due 
to the specimens drying out because they were kept 
saturated by the addition from time to time of a drop 
of water to the tubes in which they were cured.

The way in which the reaction is choked off at low 
W/C ratios suggests the same explanation that was 
given for the similar behaviour of portland cement 
(1), i.e., the reaction rate becomes limited by the rate 
of diffusion of material to, and of nucleation of prod
ucts in, water filled voids of above a certain critical 
size.

The difficulty with this explanation is to provide a 
mechanism, by which the lack of space in which to 
precipitate products, can slow down the decomposi
tion of unstable oxide minerals to their thermodynam
ically more stable hydrated products. This difficulty 
will be taken up later.

Anhydrite

Prepared from A. R. gypsum by adding one per 
cent of sodium chloride, kneading with water and 
sintering at 860°C. The chemical analysis is CaO, 
40.61; SO3, 58.60; NaCl, 1.59; SiO2, 0.08; A12O3, 
0.04; MgO, 0.03; Fe2O3, 0.02. The material was 
ground with pestle and mortar and a particle-size 
analysis was carried out with the cyclosizer. The 
p.s.d. shown in Fig. 1(b) is probably in error in appear
ing too disperse at the fine end due to dissolution 
in the cyclosizer.

A 3 % solution of potassium alum was the electro

Fig. 6. Hydration of anhydrite in 3% potassium alum solution. 
By assuming an induction period of ten and forty hours for 
seeded and unseeded experiments, stirred hydration approxi
mates to linear kinetics represented here by the continuous line



lyte used to promote hydraulic activity. The result of 
two stirred runs are shown in Fig. 6. In the run marked 
“seeded” 0.25 grams of A. R. calcium chloride were 
rapidly stirred into 80 mis of 3 % alum solution and 
the resulting suspension of small gypsum crystals 
used as electrolyte. In order to approximate to the 
linear kinetics as calculated from the p.s.d. an induc
tion period of ten and forty hours was assumed for 
the seeded and unseeded experiments respectively. 
The estimated linear rate constant is 8.5 X 10"2 
microns per hour. An error in the fine end of the p.s.d. 
will not explain away more than an hour or so of the 
apparent induction period of the stirred experiment. 
However, it could be due to non-spherical shape and 
to different rates of dissolution along different axes 
of the anhydrite crystals.

For hardening specimens the rate decays more 
rapidly as is shown by the (1:1:0.5 sand, anhydrite, 
water) mortar specimens in Fig. 6 or by the specimens 
with a W/C ratio of 0.30 in Fig. 7. The approximation 
of these 0.3 W/C ratio runs to quadratic kinetics is 
probably no more than an indication of a diffusion 
process controlling the rate. Certainly the coarse 
network of gypsum crystals appears very different 
from the coherent coating of inner-products which are 
assumed in calculating quadratic kinetics.

Beta C2S (5106)

This material was prepared from precipitated silica 
and A. R. calcium carbonate by a repeated procedure 
of grinding with pestle and mortar, mixing to a stiff 
paste with ethanol or water, pressing into small pellets 
and firing to 950°C. After five cycles the material 
contained no free lime by White’s reagent. The crystal 
size is very small, but it was estimated that at least 
80% of the material had a refractive index above 

1.695. The X-ray diffraction pattern is that of ß- 
C2S. The p.s.d. obtained from the Andreasen pipette 
is shown in Fig. 1(c).

The kinetics of stirred specimens is considered with 
aid of Fig. 9. It will be seen that the rate appears to 
decay too slowly for linear kinetics and this suggests 
the remedy previously invoked for anhydrite, of

Fig. 8. Logarithm of empirical rate constant versus reciprocal 
of absolute temperature. The identification are:

(a) MgO from Fig. 5.
(b) ß-CfS, 1/To from Fig. 11.
(c) jS-CzS, 1/TS from Fig. 11.
(d) ß-CiS (5108) linear rate constant from Fig. 13.
(e) Alite (608) linear rate constants Fig. 18(a).
(f) Alite (608) linear rate constants Fig. 18(c).
(g) C3S (620) quadratic rate from Fig. 20(b).

Fig- 7. At a WjC ratio of 0.3 the hydration of anhydrite in 3 % 
potassium alum approximates to quadratic kinetics (the con
tinuous lines)

Fig. 9. Hydration of ß-CiS (5106) in a stirred slurry compared 
to: la) constant rate, (6) linear kinetics, (c) quadratic kinetics



supposing an induction period. However when this is 
done, the data still give a better fit to constant rate 
kinetics as in Fig. 10.

The hydration rates of hardening specimens also 
approximate to constant rate kinetics as is shown in 
Fig. 11. Without taking this induction period plus 
constant rate model more seriously than is warranted 
by the data, it is of interest to note that, by treating 
the induction period as the completion time of a rate 
process, we obtain an apparent activation energy of 
15 kcal from Fig. 8(b) compared to 9.6 kcal from 
Fig. 8(c) for the constant rates themselves.

Beta C2S (5108)

This material was prepared from the same materials 
as (5106) but with the addition of 0.5% boric oxide 
which was assumed to replace silica. It was fired four 
times to 1400°C until White’s reagent showed negli
gible free lime. It was much better crystallized than 
5106, but had a very similar X-ray diffraction pattern. 

The p.s.d. obtained by Andreasen pipette is indicated 
in Fig. 1(d).

Fig. 12 suggests that linear kinetics fit the hydration 
of stirred specimens better than either constant rate 
or quadratic kinetics.

At a W/C ratio of 0.525 and curing temperatures of 
42, 21 and 5°C the kinetics are again approximately 
linear as shown in Fig. 13. The linear rate constants 
are 41 X 10'4, 8.5 X 10"4 and 2.8 X 10 "4 microns per 
hour with an apparent activation energy of 13 kcal 
compared to our previous (2) estimates of 6 X 10-4 
microns per hour at 25°C and 16 kcal for a previous 
j8-C2S which was also stabilized by boric oxide. If 
allowance is made for the discrepancy for irregular 
particles between Stoke’s law and Feret diameters and 
for the difference in curing temperatures, the earlier 
preparation is seen to be reacting at only a third the 
rate of 5108.

Fig. 10. Stirred hydration of jß-C2S (5106) replotted from Fig. 9 
to show the induction period To and reaction time, TR, of the 
constant rate kinetics

100 1000 10,000
HOURS

, Fig. 13. Hardening specimens of /?-C2S (5108) at a WjC ratio
Fig. 11. Constant rate plots for hardening specimens of of 0.525. The lines represent linear kinetics as calculated from 

ß-CxS (5106) the p.s.d.

Fig. 12. Hydration of ß-C^S (5108) in a stirred suspension 
compared with the following kinetics: (a) constant rate, 
(b) linear, (c) quadratic



Alite 286

This material was prepared in 1956 from a 99% 
pure calcium carbonate and 96% pure silica sand. 
Extra alumina and magnesia were added in an attempt 
to approach CS4S16AM. The materials were inter
ground overnight in a ball-mill and fired to 910°C. 
The powder was pressed into 2 inch diameter pellets, 
fired to 1500°C, cooled and reground. After three 
cycles of this treatment there was little free lime. 
Many particles had small inclusions which are thought 
to be C2S. A chemical analysis gave the overall com
position C53S16Al06M0i33F0,05. Both the X-ray dif
fraction pattern and a single endotherm at 835°C in 
the first D.T.A. heating cycle indicate (4), (5) a mono
clinic crystal structure.

Two hydration experiments at a W/C of 0.525 were 
made with this material. The runs of 1956-7 are shown 
in Fig. 14. Simplifying the figure by means of the re-

10 100 1000 10000
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Fig. 14. Hydration of alite (,286) at a W]C ratio of 0.525. 
Specimens made Nov. 1956 and Feb. 1957 are given shaded 
and open symbols respectively. The lines are for comparison 
with Fig. 15.

Fig. 15. The 1959 hydration of alite (286) at a W[C ratio of 
0.525. The shaded circles represent untreated material, the 
open symbols represent material re-heated to 540°C. The refer
ence lines are for comparison with Fig. 14

ference lines does not hide the complicated movement 
of the temperature coefficient of the rate which is first 
positive, then negative and finally approaches zero. 
The experiments of 1959 were undertaken to see if 
ageing slowed the reaction and if reheating would 
restore the rate. Fig. 15 shows that, although reheating 
to 540°C increased the rate by about a quarter, both 
experiments have similar kinetics. It seems that only 
at very early ages and low temperatures can the reac
tion be linear. For the test of the reaction the rate 
falls rapidly suggesting a diffusion or precipitation 
controlled reaction. Lack of a measured p.s.d. pre
cludes a more detailed analysis of these experiments.

Alite 608

Prepared in 1959 by methods similar to those de
scribed for Alite 286 from precipitated silica and A. R. 
calcium carbonate, alumina and magnesia. The che
mical analysis of this material can be written 
CS4S16A1.0M0 8F0 02. D.T.A. runs were made in 1960 
and on untreated material in 1967 with the same re
sult. Endotherms at 770 and 840°C were found in the 
first heating cycle but only the second endotherm 
occurred in later cycles. The first endotherm and a 
weight loss of 5% above 540°C are ascribed to car
bonation of the aged material. The X-ray diffraction 
pattern indicated a monoclinic structure. A small 
region of this pattern is shown in Fig. 16. The p.s.d. 
is shown in Fig. 1.

Fig. 16. A small but characteristic portion of the X-ray diffrac
tion pattern of the tricalcium silicate phase

(a) alite (608) untreated, 1967; (b) alite (608) refired 1400°C, 
1967; (c) C3S (620) untreated, 1967; (d) C3S (620) retired 
1400°C, 1967



There are three sets of experiments: (a) those of 
1960, (b) those with untreated material in 1967, (c) 
those with material re-fired to 1500°C in 1967. No 
change in X-ray diffraction pattern was detected except 
that re-firing had reduced the intensity of the very 
weak calcite pattern. Patterns (b) and (c) were pre
pared much more carefully than was pattern (a). There 
was insufficient of (c) for a full particle size analysis 
but it is probably very similar to (b) since the percent
ages passing a 30 micron sieve are 52 and 50 respec
tively.

From Fig. 17 it will be seen that the kinetics of (a) 
and (c) are linear but those of (b) are quadratic. The 
linear rate constant of (a) is 1.25 X 10"2 microns per 
hour.

Fig. 18 shows that hardening specimens react as 
they did when stirred except that now, as the water 
voids fill with outer products, a diffusion or precipi
tation process controls the rate for the last 30 or 40% 
of reaction. The apparent activation energies of the 
linear portions of (a) and (c) are found from the plots 
of Fig. 8(e) and (f) to be 8.5 and 9.7 kcal respectively.

C3S (620)

This material was prepared from precipitated silica 
and A. R. calcium carbonate by repeated pressing to 
pellets, firing to 1500°C and grinding with pestle and 
mortar. The chemical analysis can be written 
Cs.ogSAß oq3M0 003F0 0006- A D.T.A. run in 1960 
gave sharp endotherms at about 920 and 970°C on 
heating and exotherms about 30° lower on cooling. 
Another run on untreated material in 1967 gave the 
same behaviour plus an additional endotherm at

Fig. 17. Stirred hydration of alite (608). The lines (/f) and (B) 
are linear and quadratic kinetics respectively, they are calculated 
from the p.s.d. of the untreated material

78O°C for the first heating cycle only. A Ta pattern was 
obtained by X-ray diffraction in 1960 and for untreated 
material in 1967.

The experiments fall into the same three groups as 
did those of alite (608): (a) 1960, original material; 
(b) 1967, untreated material; (c) 1967, material re-fired 
to 1400°C. The original and re-fired material have 
similar p.s.d. as can be seen from Fig. 1(f) and (g). 
However, re-firing has produced a Tß X-ray diffrac
tion pattern. Fig. 16 compares alite and C3S patterns 
at 32° 20 for CuKa.

The stirred hydrations all approximate to quadratic 
kinetics as shown by Fig. 19. The rate constants of 
(b) and (c) are only 27 and 36 % of (a) and this repre
sents a substantial change in rate without a change in 
kinetics.

Fig. 18. Hardening specimens of alite (608)
(a) the 1960 runs at "WfC ratio of 0.35. The continuous lines 

represent linear kinetics for this p.s.d.
(b) the 1967 runs for untreated material at W/C ratio of 

0.436. The lines are for the quadratic kinetics of this 
p.s.d.

(c) the 1967 runs with re-fired material at W/C of 0.367. 
The lines are for linear kinetics of the p.s.d. of the 
untreated material.



Fig. 19. Stirred hydration 0/C3S (620) compared with quadratic 
kinetics as calculated from the relevant p.s.d.

Fig. 20 shows that the hydration kinetics of 
hardening specimens is again approximately quadra
tic, with the rate falling even more rapidly as the 
reaction approaches completion. The kinetics of (a) 
and (c) are similar to those of alite (286) in that the 
curves are initially separated but merge later. There is 
also the same suggestion of linear reaction at early ages 
and lower temperatures. The kinetics of (b) are different 
because there is no suggestion of an early linear reac
tion and yet the temperature coefficient remains 
fairly large. The apparent activation energy from Fig. 
8(g) is 7.4 kcal. This aged material like that of alite 
(608) has a weight loss of 5 % above 540°C which is 
ascribed to carbonation, although the calcite pattern 
is barely detectable.

(a>

HOURS

Fig. 20. Hardening specimens 0/C3S (620). The continuous lines 
represent quadratic kinetics as calculated from the relevant 
p.s.d. The different experiments are shown as follows:
(a) 1960, W/C = 0.40.
(b) 1967 untreated material, W/C = 0.50.
(c) 1967 material re-fired to 1400°C, W/C = 0.50.

Discussion

For stirred experiments where the particles can be 
considered as reacting without interference from their 
neighbours, the data are consistent with either linear 
or quadratic kinetics except for j?-C2S (5106) where 
the rate decays too slowly for even linear kinetics. 
The lack of an effect for W/C ratio suggests that the 
constant rate process is not a homogeneous reaction 
in solution. However the presence of an induction 
period for this material indicates a process which 
accelerated the rate. If such an effect were to continue 
throughout the reaction, it would tend to counteract 
the effect of the decreasing reaction surface and 
produce an approximately constant rate from what 

might be essentially linear kinetics.
When the cements are allowed to harden, the rate 

tends to decay more rapidly than for the same material 
stirred. This effect depends on the W/C ratio and at 
the values used here is most pronounced for magnesia 
and anhydrite, it affects the C3S phases only at later 
ages and has little effect on j9-C2S.

Generally, then, the data is not inconsistent with the 
attractively simple model of a reaction which starts 
linear but which may become diffusion controlled if 
the resistance of the diffusion process exceeds that of 
the surface decomposition. Where diffusion kinetics 
hold for isolated particles, the rate approximates to 



quadratic kinetics. However, when the reaction be
comes diffusion controlled due to merging outer prod
ucts, then the kinetics vary with W/C ratio and pos
sibly depend on the relative specific permeabilities of 
inner and outer products.

Even a good fit to a kinetic equation does not esta
blish it as a mechanism, but merely fails to eliminate 
it. The present data is not precise and it is plotted 
against the integrated form of the rate equation which 
is a notoriously insensitive test (6) for a kinetic model. 
Consequently, the possible basis for this simple linear 
diffusion kinetics will be treated next.

The Linear-Diffusion Kinetic Model

Consider the general model, put forward by this 
author (1) in 1959, to account for the phenomenon of 
hydraulic hardening. It is suggested that at least the 
outer-products must form a coherent network; and, 
to minimize the generation of disruptive stress, that 
these products must be precipitated from material 
which has diffused away from the cement grains. For 
portland cement, the limited growth of the crystals of 
hydration product and their supposed inability to 
nucleate in pores below a critical size, are phenomena 
invoked to further limit the generation of stress and 
to explain the very great reduction in hydration rate 
which occurs at low W/C ratios as the outer-products 
fill the space available to them. Under these conditions 
it is probable that diffusion or precipitation control 
the rate. However, neither in this (1) account of the 
argument nor in the later versions of Powers (7), 
Verbeck (8) or Brunauer and Greenberg (9) is any 
mechanism offered to explain the difficulty to which we 
alluded in describing the limited hydration of magne
sia at low W/C ratios.

The difficulty "is this. In order to prevent the accu
mulation of products at the cement mineral surface 
and the consequent generation of disruptive stress, 
the outward diffusion process must always keep pace 
with the rate of mineral decomposition. If we suppose 
that the hydration rate is controlled by the inward 
diffusion of water, then this implies that the outward 
diffusion of hydrated material occurs more readily. 
This is difficult to accept in view of the higher con
centration and greater mobility of water compared to 
say divalent cations in aqueous solution. On the other 
hand, if we suppose that outward diffusion or preci
pitation controls the rate, then we need a mechanism 
to prevent the cement decomposition from exceeding 
this rate.

Such a mechanism is not hard to find when the free 
energy change and hence solubility difference between 

cement mineral and hydration product is small. 
Anhydrite is an instance of this and at low W/C ratios 
when the precipitation of gypsum is hindered the 
concentration rises towards the solubility of anhy
drite, slowing the rate of its dissolution. However, 
for more thermodynamically unstable materials such 
as C3S, such a mechanism is not possible.

A possible mechanism for such unstable materials 
is that a stable surface is produced by the adsorption 
of an outward diffusing chemical species which in this 
way poisons the reaction if its concentration rises. 
From such a mechanism we have derived (10) the 
following rate equation:

r^ktiA + rKX.^ + rfc([A]0 + K) = XZ[W]OK (3) 
where r is the reaction rate, k is the resistance to a lin
ear reaction, t)A and r]w are the respective resistances 
of the intermediate product A and water to diffusion 
across the product coating, (1/K) is the Langmuir 
adsorption coefficient for A on the cement, Xf is the 
surface area of the unreacted cement cores and [A]o 
and [W]o are the concentration of A and water at the 
outer surface of the reaction coating.

If the third term of the left hand side dominates, 
we get linear kinetics. For example, equation (1) is 
obtained by expressing X, in terms of the fraction re
acted of a sphere.

If the second term of the L. H. S. dominates we get 
parabolic kinetics for the inward flow of water. Sub
stituting an expression for the resistance due to the 
inner products of a spherical particle gives the equa
tion (2) for quadratic kinetics. Introducing the resist
ance of the outer products of an isolated sphere gives 
equation (4) of reference (2).

If the first term dominates, we get joint control by 
the surface decomposition and by the outward dif
fusion of the poisoning species. For a plane surface 
/’3/2 = a bt, compared to F = bt*  for linear and 
F2 = a + bt for parabolic kinetics. For joint kinetics 
the empirical rate constant b is compound (11) and the 
activation energy is half the sum of the enthalpy 
charge for adsorption and the activation energies for 
diffusion and linear reaction. The rate equation for the 
joint kinetics of a sphere is complicated.

The condition for joint kinetics is
tIaWo^w > X,^ > A:([A]0 + K)2/k[W]0 (4)
If lies below these limits the reaction is linear, 

if above, it is parabolic. Notice that X^A tends to zero 
at both the beignning and at the end of the reaction 
so that it must start and finish linear. If inequality 
(4) does not hold, the reaction is either completely 
linear; or starts linear, becomes parabolic and then 
ends linear. The necessity for a linear finish is not



explicit in earlier treatments (2), (12), (13). Such an 
effect is unlikely to be of experimental importance as 
the particles will generally reach this final stage at 
different times depending on their size and the proxi
mity of their neighbours.

Alternatively, we could provide a mechanism for 
outward diffusion to control the rate by postulating a 
direct coupling between this process and the inflow of 
water.

Evidence from the Experiments

These experiments produce no direct evidence for 
joint kinetics. Hydration curves on log time for the 
joint kinetics of isolated particles will have slopes which 
lie between those of our calculated linear and quadratic 
kinetics. Examination of the figures for stirred hydra
tion show no such evidence. We must conclude that, 
if joint kinetics exists in our experiments, it can be 
only in those regions where the kinetics are affected by 
merging outer products. Unfortunately it is just here 
that the geometry of the diminishing water spaces 

makes calculation of the kinetics most difficult.
Two of these cements, ß-C^S (5106) and anhydrite 

show a definite induction period. That of j?-C2S has 
an apparent activation energy of 15 kcal, whereas that 
of anhydrite appears only in stirred experiments and is 
greatly reduced if the solution is already seeded with 
gypsum.

It should be mentioned that, if the magnesia is 
fired to 910°Cand then stirred in 1.25 molar magnesium 
sulphate, as in Fig. 4, then it gives the usual linear 
kinetics after an induction period of 170 hours. There 
is no evidence in these experiments from which one 
can draw conclusions about factors which might affect 
the linear reaction constants of these cements.

There is evidence in Figs. 17-20 to show that the 
diffusion process for C3S is affected by the ageing or 
re-firing of the cement. This result is somewhat surpri
sing and requires further investigation. It seems to 
imply a difference in either the structure of the gel of 
hydration products or in the concentration difference 
driving the process or both. It may be due to the 
presence of carbonate.

Conclusions

For the seven hydraulic cements described here and 
with only a few additional hypotheses it is possible to 
describe the hydration kinetics at least approximately 
by an attractively simple model in which the rate after 
allowance for particle shape, particle size distribution 
and the merging of outer products, is controlled by 
either linear or parabolic kinetics. The additional 
hypotheses are the induction period for ß-C2S (5106) 
and anhydrite, and an extra accelerating process for 
ß-C2S (5106) which counteracts the effect on the rate 
of the diminishing reaction surface on linear kinetics.

Consideration of the possible basis of such a model 
leads to the dilemma that it is difficult to see how the 
rate of diffusion of water in through a coherent coat
ing of products should be slower than the outward 
diffusion of products, yet, if the outward diffusion 

is slowest, then a mechanism must be provided to 
prevent the rate of cement decomposition exceeding 
the rate of outward diffusion. A solution to this dilem
ma is to suppose that an outward diffusing substance 
can adsorb on, and poison, the cement surface. This 
hypothesis raises the possibility of joint linear-diffu
sion control. It is shown that, regardless of the nature 
of the linear-diffusion transistion, the rate must obey 
linear kinetics at the very end of the reaction of a dis
crete particle. No evidence is found in these experi
ments for joint kinetics, but it is not possible to rule 
out this possibility in the region where the merging of 
outer products controls the rate.

Evidence for the effect of ageing and re-firing of 
C3S suggests that these effects are due to a change in 
the rate of a diffusion process.
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of the System 3CaO.Al2O3-CaSO4.2H2O-Ca(OH)2-H2O
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Synopsis

The hydration course of 3CaO-Al2O3 with CaSO4-2H2O and Ca(OH)2 at 5°C to 70°C 
has been investigated mainly by using twin-type conduction calorimeters. The hydration 
reaction of the present system can be classified into four stages: 1) the first rapid reaction 
(the first heat evolution peak), 2) the dormant period after the first peak, 3) the rapid reaction 
of the remaining 3CaO -AljOa (the second heat evolution peak), and 4) the suppressed 
reaction after the second peak. These stages appear successively.

The reaction rate in the first stage is not greatly affected by the hydration temperature. In 
the second stage, however, a considerable increase in the rate of hydration is observed when 
the temperature is raised, because the physical properties of the ettringite coating vary with 
temperature. The reaction of forming a coating on the surface of the 3CaO'Al2O3 grains 
proceeds below 40°C, while the reaction proceeds on the surface of 3CaO-Al2O3 at 70°C 
without forming a protective layer. The change in the properties of the ettringite coating 
has a greater effect on the reaction rate. The presence of sufficient Ca(OH)2 restrains the 
dissolution of 3CaO-Al2O3 and ettringite, and makes the ettringite layer more dense. The 
addition of Ca(OH)2 has a similar effect to the lowering of the temperature.

The reaction in the third stage appears when the CaSO4 content in the solution becomes 
insufficient to form ettringite, and calcium monosulfate precipitates from the liquid phase 
near the 3CaO-Al2O3 grains and simultaneously the ettringite coating is removed by being 
dissolved. The reaction of 3CaO-Al203 with ettringite is fairly rapid and is accelerated by 
raising temperature.

In the fourth stage, the hydrates which are produced in the second rapid reaction enclose 
the unhydrated 3CaO-A12O3 grains and suppress the subsequent hydration.

Introduction

The early hydration of 3CaO • A12O3 has been known 
to be retarded by the presence of CaSO4-2H2O. 
Recently the kinetics and the mechanisms of the 
reaction of 3CaO-Al2O3 (C3A) with CaSO4-2H2O 
have been discussed in many papers (1-7). In general, 
it has been found that CaSO4 • 2H2O can retard the 
hydration of C3A by the forming of the ettringite 
(C3A-3CaSO4-32H2O) coating on the surface of the 
C3A grain, and that the reaction proceeds with the 
diffusion of sulfate ions through the coating in the 
earlier stage and with the occurrence of cracking in 
the coating in consequence of the formation of more 
ettringite in the later hydration (2, 3). On the other 
hand, there are papers in which the formation of 
monosulfate on the C3A grains in the very early hydra
tion (5) and the retardation of calcium aluminate 

hydrates on the hydration of C3A, not of ettringite 
(6) have been reported. It follows that there is some 
doubt about the hydration course of the present 
system.

Calorimetric methods are often used successfully 
to trace continuously the hydration process, and 
calorimeters which were constructed in laboratories 
have been used to study the hydration of C3A (1, 2). 
The heat of hydration in the present system at a tem
perature ranging from 5°C to 40°C was studied in the 
previous paper (7). This experiment is concerned with 
the early hydration of the system at 5°C to 70°C. The 
hydration course of C3A with CaSO4-2H2O and 
Ca(OH)2 has been studied by analyzing quantitatively 
the effects of the hydration temperature and the 
reactant composition on the heat evolution rate, and 
by determining the hydration product and the degree 
of hydration by X-ray diffraction analysis.



Materials and Methods

Materials

C3A was prepared from reagent grade CaCO3 
and A12O3. These reagents were weighed in the fixed 
molar ratio and, after mixing, they were heated three 
times in an electric furnace at 1450°C. Free CaO deter
mined by the alcohol-glycerol method was 0.2 %, and 
loss on ignition was 0.2%. SiO2 and Fe2O3 determined 
by the chemical analysis as other impurities were 0.1 
and 0.1% respectively. The synthetic product had a 
CaO/Al2O3 molar ratio of 2.96 and was free of other 
calcium aluminates. The product was pulverized in 
a porcelain potmill to 2980 cm2/g of Blaine value in 
this experiment. Reagent grade CaSO4-2H2O was 
dried at 40°C after washing sufficiently with pure water. 
Ca(OH)2 was prepared by mixing CaO with CO2- 
free water and by desiccating the hydrate. CaO was 
made by heating reagent grade CaCO3 at 900°C. 
Prepared CaSO4-21120 and Ca(OH)2 contained few 
impurities.

These preparations were mixed with each other so 
as to get mixtures containing the molar ratio as shown 
in Table 1. All of the samples were dry-mixed throughly 
until they became homogeneous. The effects of the 
CaSO4-2H2O content and the hydration tempera
ture on the early hydration of C3A were determined 
from the results of calorimetric measurements on 
samples No. 1 to 6, and the effect of the CaO concent
ration was determined by measuring the heat evolu
tion of samples No. 7 to 11 at 20°C.

Ettringite, which was used to examine its reactivity 
with C3A, was prepared by suspending 1 mole of C3A 
and 3 moles of CaSO4 • 2H2O in excess pure water in a 
tightly closed 300-ml Erlenmeyer flask. The flask was 
shaken sufficiently for six months at 20°C. The result 
of the X-ray powder diffraction in Table 2 showed that 
no reactant was present and most of the lines were 
found to be due to ettringite. The differential thermal

(S): Saturated solution of Ca(OH)2

Table 1. Molar ratio of the starting samples

Sample 
No.

3CaO ■ AlnOa 
(mole)

CaSO4-2H2O 
(moles)

Ca(OH)2 
(moles)

1 1.0 0 0
2 1.0 0 0.5
3 1.0 0.25 0.5
4 1.0 0.5 0.5
5 1.0 1.0 0.5
6 1.0 3.0 0.5
7 1.0 0.25 0
8 1.0 0.25 (S)
9 1.0 0.25 0.1

10 1.0 0.25 1.0
11 1.0 0.25 2.0

analysis curve of the product was also identical with 
the ettringite one. Loss on ignition of the synthetic 
ettringite was 44.6% of its weight.

Methods

The measurements of heat evolution, which was 
observed in the hydration of the mixed samples at a 
temperature ranging from 5°C to 70°C, were performed 
at an interval of 5°C or 10°C. This temperature range 
was decided on because the hydration reaction at 5°C 
is similar to the reaction which occurs in concrete 
casted in winter, and because the conditions at 70°C 
are near to those in the steam curing of concrete. The 
reaction processes of samples were traced by using 
twin-type conduction calorimeters which were de
signed by Amaya (8). Block diagrams of the two con
duction calorimeters improved to be installed with 
temperature controlled baths are shown in Fig. 1. 
The one for lower temperature was used at a tempera
ture from 5°C to 40°C, and the calorimeter for higher 
temperature was used at 50°C to 70°C. The tempera
ture in the baths was controlled by the thermister tem
perature regulator and the temperature of the reaction 
vessel was kept within ±0.1 °C and ±0.03°C of the 
desired temperature for the former and for the latter 
respectively. For measurement at higher temperature, 
the reaction vessel was kept as tight as possible so as 
to prevent the water-solid ratio from varying during 
the hydration of the paste.

Table 2. X-ray powder data for ettringite preparation

Preparation NBS Preparation NBS

d Ä. intensity dK intensity d A intensity d A intensity

10.74 8 ' 2.701 10 2.714 6
9.72 100 9.73 100 2.682 12 2.697 12
8.86 9 8.86 12 2.680 7
7.21 3 2.617 20 2.616 21
5.72 12 2.565 52 2.564 45
5.61 80 5.61 81 2.523 3 2.524 4
4.98 24 4.98 24 2.489 4 2.487 3
4.86 8 4.86 6 2.442 2 2.434 2
4.70 44 4.69 36 2.423 4 2.422 2

4.41 3 2.402 10 2.401 10
4.03 10 4.02 10 2.350 6 2.347 4
3.88 61 3.88 51 2.230 10 2.230 20
3.68 6 3.67 7 2.209 42 2.209 43
3.60 14 3.60 14 2.184 8 2.185 8
3.48 34 3.48 31 2.154 25 2.154 23
3.26 12 3.27 4 2.128 5 2.130 2
3.24 22 3.24 19 2.123 6 2.124 5
3.02 9 3.02 6 2.080 3 2.081 4
2.81 8 2.81 6 2.062 5 2.062 5
2.77 45 2.77 38



(1) Calorimeter for lower temperature

(2) Calorimeter for higher temperature
Fig. 1. Block diagram of twin-type conduction calorimeter

These calorimeters have installations for stirring and 
are suitable for continuousmeasuringofheatevolution 
after the addition of water when the hydration was 
made with the mixed sample in paste form. Sensitivity 
of the heat conductor used is 6.5 mv/°C at 20°C.

Pastes for calorimetric investigation were prepared 
by mixing 4 g of sample with 2 ml of distilled pure 
water for 5 minutes at a speed of 60 r.p.m. In these 
experiments the hydration reaction up to a period of 
3 days was traced and discussed.

Heat of hydration of the sample was calculated from 
the ratio of the area within the curve of heat evolution 
rate of the sample to the area within the curve of heat 
evolution rate of a manganin coil (100 cal/hr) over a 
fixed time. And the rate of heat evolution was deter
mined by the ratio of thermo-electromotive force 
measured during the hydration of the sample at a 
fixed time to that of the standard coil.

The increase in temperature of the paste during 
hydration was about 4°C at its maximum when either 
gypsum and Ca(OH)2 were absent or the hydration 
temperature was raised. To determine the reproduci
bility of a measurement, the heat evolution of CaO 
and C3 A, which are known to be very active for water, 
were measured three times at 20°C. These results 
showed that the heat of hydration of CaO after 1 hour 
was 252 ± 3.5 cal/g and the heat of 1 hour hydration 
of C3A was 103 ± 1.8 cal/g, and that heat evolution 
rates of C3A at the first peak after the addition of water 
agreed within ±3.6%. When measurements were 
taken with an amount of C3A ranging from 3 g to 
5 g, results obtained were within the same range as 
above. The reproducibility of measurements was 
satisfactory enough.

The hydration products were identified by X-ray 
diffraction analysis and differential thermal analysis. 
The hydration degree of C3A against time was deter
mined by means of the calorimeter when the reaction 
rate was greater, considering it to be proportional to 
the heat of hydration, and by the X-ray internal 
standard method when the reaction became steady. 
The hydration was stopped by suspending the product 
in acetone, and the product was dried over soda lime 
and/or CaCl2 in a desiccator at room temperature.

Results and Discussion

Effect of the Hydration Temperature 
and Gypsum Content on the Heat Evolution

Table 3 and Figs. 2 to 5 show the heat of hydration 
which were liberated during the hydration of samples 
No. 1 to 6 containing different amounts of gypsum at 
5°, 20°, 40° and 70°C. From Fig. 2 it is evident 
that the immediate hydration of samples No. 1 and 2 
with no gypsum occurs at a slower rate at 5°C than at a 
higher temperature, and that the heat of hydration 
after 1 hour is found to be less. The heat evolution 
rate after that, however, decreases so slowly in both 
cases that considerable increases in the heat of hydra
tion after 1 day are observed in Table 3. C2AH8 and 

C4AH13 were detected during the hydration of sample 
No. 1, and 3 was the only product in the hydra
tion of No. 2. These products seem to have had no 
great retarding effect on the hydration of C3 A.

The presence of gypsum decreased the rate of heat 
evolution when the C3A grains came in contact with 
water and also the rate after the first peak. Accord
ingly, heat of hydration of only 16.7 to 22.3 cal/g. 
C3A were measured after 1 day. The difference in the 
gypsum contents hardly affected the hydration reac
tion for 3 days. The second peak of heat evolution, 
which was accompanied by the conversion of ettrin
gite to monosulfate, did not appear in this time. It 
is apparent that by the formation of an impermeable



1) ;  degree of hydration (%)*
2) Ett; C3A.3CaSO4.32H8O, Mono; C3A.CaSO4 12H2O, S.S; solid solution of C3A CaSO4.12H2O and C4AH13

Table 3. Heat of hydration and hydration products of the system C3 A-CaSOi -SH^O-CaCOtQz-HzO

Sample 
No.

Temperature 
(°C)

Heat of hydration (cal/g C3A) Hydration product

1 hr. 1 day 1 hr. 1 day

5 58.2 161 c2ah8, c4ah13 C2AHs, C4AHu
1 20 103 184 C3AHa, C4AH13 c3ah8

40 104 143 c3ah6 c3ah6
70 88 127 c3ah6

5 80 186 C^AHtg c4ah13
2 20 137 241 CqAHg, C^AH^g c3ah6, c4ah13

40 155 227 c3ah6 c3ah6
70 91 192 GjAHs csah8

5 8.1 (2.5)* 16.7 (6.9)* Ett Ett
3 20 13.6 (3.6) 182 (48.4) Ett Ett, Mono, S.S.

40 24.6 (7.1) 214 (61.5) Ett Mono, C3AH6, S.S.
70 54.7(24.3) 163 (72.1) Mono Mono, C3AHq

5 8.9 (3.2) 24 6 (7.5) Ett Ett
4 20 16.5 (3.9) 59.4(13.9) Ett Ett

40 23.2 (5.8) 249 (62.2) Ett Mono, C3AHi3, S.S
70 110 (47.5) 166 (71.4) Mono, Ett Mono, C3AH6

5 9.3 (2.6) 21.1 (6.2) Ett Ett
5 20 15.4 (3.8) 49.5(13.3) Ett Ett

40 24.4 (5.0) 233 (48.0) Ett Mono, Ett
70 77.1(17.5) 315 (71.4) Ett Mono

5 9.5 (2.8) 22.3 (6.6) Ett Ett
6 20 17.8 (4.6) 62.2(13.5) Ett Ett

40 20.0 (5.2) 206 (49.8) Ett Ett
70 73.1(11.6) 266 (63.0) Ett Ett

O : N0.1 , e : No 2 • : N0.3

□ ; No 4 A No 5 X : No 6

Fig. 2. Effect of CaSO4-2HzO content on the early 
hydration of C3 A at 5°C

(hr)(mm) 
Time

Fig. 3. Effect of CaSO+^HjO content on the early hydration 
of C3A at 20°C (symbols as in Fig. 2)

and dense coating around the C3A grains ettringite 
retards the hydration of C3A more effectively at 5°C.

At 20°C the rates of hydration at the first peak of 
samples No. 1 and 2 were two times as great as that 
at 5°C, subsequent rates, however, tended to decrease 
markedly. The products fromed during 1 hour’s hy
dration were some C3AH6 and a little C4AH13. It is 
found that C3AH6 is able to form a more imperme

able coating than C2AH8 and C4AH13. A small peak 
of heat evolution, which can not be shown in Fig. 3, 
appeared after about 2 hours during the hydration 
course of No. 2. This peak was observed at 15°C, 
but was not recognized for 3 days either at a tempera
ture below 10°C or above 25°C. The small peak cor
responds to a heat effect which is due to crystalliza
tion of C3AH6 from the intermediate C4AH13, as



Fig. 4. Effect of CaSC^^HjO content on the early hydration 
of C)A at 40° C {symbols as in Fig. 2)

(min) (hr)
Time

Fig- 5. Effect of CaSC>4-2H2O content on the early hydration
7 of Cj A at 70° C {symbols as in Fig. 2)

observed previously by Stein (9), because an apparent 
increase in the amount of C3AH6 was observed after 
this peak.

During the hydration courses of samples No. 3 
to 6 which contained gypsum, gypsum effectively 
retarded the hydration of C3A at 20°C. As shown in 
Fig. 3, the second peak of heat evolution occurred 
after 12 and 44 hours for samples No.' 3 and 4, 
respectively. The second peak of No. 4 was divided 
in two parts. This phenomenon will be discussed later. 
The second peak took place when most of the added 
gypsum had reacted with the C3A. It is assumed that 
ettringite forms a coating on the surfaces of the C3A 
grains and the retarding effect of the coating on the 
hydration of C3A increases as the reaction proceeds.

After 3 days only ettringite was detected in the pro
ducts of samples No. 5 and 6 in which the molar 

ratios of CaSO4-2H2O/C3A were 1.0 and 3.0, respec
tively. The second peak was not observed during 3 
days hydration.

At 40°C No. 1 and 2 formed C3AH6 just after the 
addition of water, and then the immediate hydration 
was promoted more markedly than at 20°C. After 
1 hour, however, the reaction rate decreased sharply 
as stated by Tanaka, Murakami and Sato (10). The 
heat of 1 day’s hydration of No. 1 at 40°C was 41 cal/g 
C3 A less than at 20°C.

In the cases of samples No. 3 to 6, the heat evolu
tion rates of the first peak were lower at 40°C than at 
20°C. But the decrease in the rates was gradual after
wards, and the reaction was so markedly accelerated 
that the heat evolution rate at the onset of the second 
peak was fourteen or fifteen times that at 20°C. And 
the reaction of the second peak was also accelerated 
and, therefore, the heat of 1 day’s hydration increased. 
It might be said that at 40°C gypsum acted as an accel
erator for the hydration of C3A. In Fig. 4 small heat 
effects are recognized after about 40 minutes in No. 
3 to 6. These effects were already observed at 35°C. 
After the peak no change could be recognized in the 
hydration product except a noticeable increase in the 
amount of ettringite.

At 70°C gypsum hardly retarded the hydration of 
C3A. Fig. 5 shows that in the hydration of lower 
gypsum content the second peaks occur after 10 and 
35 minutes for No. 3 and 4 respectively without an 
apparent decrease in the rate following the broad first 
peak. The onset of the second peak of No. 5 with higher 
gypsum content was 6 hours earlier than at 40°C, 
though a considerable decrease in the rate is observed 
after the first peak. After the second peak, however, 
the heat evolution rate declined rapidly. Since sample 
No. 6 had stoichiometric amounts of C3 A and gypsum 
for ettringite, it formed only ettringite even at 70°C 
and the ettringite did not convert to monosulfate. 
For 1 day’s hydration of No. 6, 6.6% of C3 A hydrated 
at 5°C, 13.5% at 20°C, 49.8% at 40°C, and 63.0% at 
70°C. These results show that the retarding effect of 
gypsum decreases with increasing temperature.

The same tendency was shown by the calorimetric 
measurements at other temperatures which were not 
included in Table 3 and Figs. 2 to 5. In Fig. 6, it is 
evident that the hydration of C3A is continuously 
promoted by temperature increase. At a lower tempera
ture, a fast heat evolution after the addition of water 
is followed after about 2 hours by a slow increase in 
the heat of hydration. In this dormant period added 
gypsum reacts with C3A and retards the hydration of 
C3A by forming ettringite. Marked differences among 
the inclines of heat evolution against time are observed



Fig. 6. Heat of hydration ofsample No. 4 at various temperatures

Table 4. Volume shrinkage of pastes during the hydration 
of C3A with CaSO4-2H2O

Sample 
No.

Volume shrinkage (ml/100g solid)

calculationa 20°C 40cC 70°C

3 1.27 1.2 1.3 _
4 2.26 2.3 1.8 1.8
5 3.73 — 5.6 3.9

a: Data were calculated from the following equation,
CSA + 3CaSO4.2H2O + 26H2O ->• C3A.3CaSO4.32H2O

......... (-53.9 cm'<)

in the dormant period, showing that the retarding 
effect of gypsum became apparently smaller above 
35°C.

The relations between the heat of hydration before 
the start of the second peak and the hydration tem
perature, and between the onset of the second peak and 
the temperature are illustrated in Fig. 7. Linear decre
ases in the heat of hydration by raising temperature 
are observed. Using the heat of formation of ettringite, 
347 cal/g C3A, the heats of hydration before the 
second peak were calculated to be 29.4, 58.8, and 117 
cal/g C3A for No. 3, 4 and 5 respectively from added 
gypsum contents. On comparing the calculated values 
with the measured values, the latter were greater than 
the former at a lower temperature, but at a higher 
temperature were inversely smaller. The same trend is 
recognized in Table 4, where the volume shrinkages 
of pastes from 30 minutes after the addition of water 
are shown. These shrinkages are responsible for the 
formation of ettringite. The formation of such a product 
as C3AH6, for which both the heat of formation and 
the volume shrinkage accompanied by the formation 
are smaller than for ettringite, might be expected. But 
its presence in the products was not observed by X-ray

-------- heat of hydration before the second peak
---------onset of the second peak
-------- calculated value of heat of hydration
O: No. 3 ®: No. 4 •: No. 5

Fig. 7. Effect of temperature on the heat of hydration before 
the second peak and the onset of the second peak

analysis and differential thermal analysis (DTA). The 
amount of unhydrated C3A determined by X-ray 
quantitative analysis at the onset of the second peak 
undoubtedly decreased when the temperature was 
raised. As stated by Lieber (11), the reaction be
tween C3A and CaSO4 •2H2O is not quantitative 
especially with a lower gypsum content and at a 
higher temperature.

The onset of the second peak is shortened with 
temperature rise as shown in Fig. 7, Though this trend 
is affected to some extent by temperature and the gyp
sum content, it may be said that below 40°C the time 
for the complete reaction of gypsum with C3A de
creases to one fourth or one third when the tempera
ture is raised by 10°C, and above 50°C decreases to 
about one half when the temperature is raised by 10°C. 
The effect of gypsum on the reaction time is recognized 
more distinctly below 30°C, and the time measured for 
the hydration of No. 4 is three times that for No. 3 
and that for No. 5 is about three times that for No. 4. 
Added gypsum retards the hydration of C3A more 
strikingly as the amount of it is increased at a tempera
ture below 30°C. As already mentioned, it is thought 
to be caused by a structural change of the ettringite 
coating, e.g., an increase of its thickness or a decrease 
in the void space.

It may be concluded from the calorimetric measure
ments that gypsum retards the early hydration of C3A 
and its action becomes more effective by increasing the 
amount, but the effect of gypsum is weakened above 
35°C.
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Fig. 8. X-ray dijfraction patterns of product during the hydra
tion of sample No.4 at 20° C (*:  symbols as in Fig. 3)

Hydration Products and Reaction Sequence

So as to compare the changes in the hydration 
products with results by the calorimeters, X-ray 
analysis and DTA were carried out on the products 
which were prepared under the same procedure as 
employed for the calorimetric measurement. The 
hydration products which were detected after 1 hour 
and 1 day are listed in Table 3. Figs. 8 to 10 show the 
X-ray diffraction patterns of the products during the 
hydration of sample No. 4. In Fig. 8 the pattern after 
5 minutes indicates the presence of a slight peak of 
ettringite at 9°. In addition, a small endotherm at 
155°C, which was responsible for ettringite, was 
observed in the DTA curve of the same product. 
However, both analyses showed the formation of no 
other product, such as monosulfate, C4AH13, or 
C3AH6. Up to the onset of the second heat evolution 
peak, continuous decreases in the amounts of un
hydrated C3A and gypsum and a continuing in
crease of ettringite are observed. No change was 
observed in the amount of Ca(OH)2 which was deter
mined by the loss in weight between 500°C and 600°C 
on the thermogravimetric curve. Therefore, no signifi
cant reaction between Ca(OH)2 and C3A occurred.

8 9 10 11 12 30 31 32 33 34 35

28"

Fig. 9. X-ray diffraction patterns of product daring the hydra
tion of sample No. 4 at 40°C (abbreviations as in Fig. 8)

C,AH6
Mono—L—------

Smmutes

30mmutes

1 hour

2 hours

6 hours

12 hours
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-1 1 I I I L
30 31 32 33 34 35

28°

Fig. 10. X-ray diffraction patterns of product during the hydra
tion of sample No. 4 at 70°C (abbreviations as in Fig. S')

Immediately after the second peak starts, a peak at 
31° appears indicating the formation of monosulfate 
and, on the other hand, the interference of gypsum 
is noticeable. As the hydration proceeds the inter
ferences of C3A, gypsum, and ettringite decrease. The 
interference of ettringite can not be recognized any 



longer after 1 hour from the top of the second peak, 
and that of gypsum disappears entirely at the end of 
the peak. At the same time a considerable increase in 
the intensities of monosulfate interferences at 9.8° 
and 31.0° appears. A line of monosulfate was observed 
at 9.2° in the wet specimen, but it shifted to 9.8° when 
washed with acetone and further to 10.4° upon drying 
over CaCl3. Accordingly, after the onset of the second 
peak the samples were preserved on soda lime in a 
desiccator. After 1 hour from the top of the heat 
evolution peak, Ca(OH)2 decreases considerably and 
an interference of monosulfate at 9.8° is found to be 
extending to about 11°. These observations show that 
a solid solution of monosulfate with C4AH13 had al
ready formed. It can be seen from Fig. 8 that monosul
fate is formed at first, followed by the formation of 
the solid solution, and that the doubled peak of sample 
No. 4, as already shown in Fig. 3, are explained in the 
following way; the first half shows the formation of 
monosulfate and the second the solid solution.

The reactions at 40°C and 70°C produced the same 
products as at 20°C. But a great increase in peak 
intensity at 9.8° was observed, and little solid solution 
was formed. At 40°C after 1 day C3AH6 was present 
in the product instead of the solid solution. At 70°C 
the formation of C3AH6 was so accelerated as to be 
recognized after 6 hours. In the hydration of No. 3 
with lower gypsum content, C3AH6 was formed in 
greater quantities above 30°C. In No. 5 with higher 
gypsum content, however, after the second peak the 
formation of monosulfate was only observed over the 
entire temperature range.

On comparison of the thermal processes to the 
change in the hydration products with time, it is found 
that the first peak of heat evolution and following slow 
evolution are responsible for the heat of formation of 
ettringite. The second intense reaction occurs with the 
conversion of ettringite to monosulfate, and with the 
formation of monosulfate and the solid solution of 
monosulfate and C4AH13, or with the formation of 
monosulfate and C3AH6.

Stein (12) pointed out that from the fact that the 
presence of unhydrated C3A and ettringite can be 
demonstrated when the second peak must have been 
passed, this second peak corresponds to the scaling- 
off of a protective layer of ettringite and its replace
ment by a layer of C4AH19, monosulfate or a mixed 
phase of these two compounds. The results of present 
investigation indicate the presence of ettringite even 
after the onset of the second peak, but the amount of 
ettringite decreases considerably because it reacts 
with the remaining C3A forming monosulfate or the 
solid solution.

To determine the reactivity of C3A with ettringite, 
the hydration reactions of the mixtures, which had 
the same compositions that samples No. 3, 4, and 5 
had at the beginning of the second peak, were traced 
by the conduction calorimeters, X-ray diffraction anal
ysis, DTA and thermogravimetic analysis (TGA). 
Fig. 11 shows the development of heat of hydration, 
and changes in the amounts of the reactants and the 
products of the mixture, 11C3A + C3A-3CaSO4- 
32H2O (ettringite) + 6Ca(OH)2, which corresponds 
to the composition of No. 3 after a complete consump
tion of the gypsum. The amounts of unhydrated C3A, 
and both ettringite and Ca(OH)2 were determined by 
X-ray internal standard method and by TGA respec
tively. DTA endotherms between 200° and 300°C 
are thought to contribute to the dehydration of mono
sulfate and/or the solid solution of that with C4AH13. 
In Fig. 11 an immediate hydration with great velocity 
is followed by a rapid decrease in the reaction rate. 
Free C3A, ettringite, and Ca(OH)2 decrease rapidly 
at first, but after 10 minutes decrease slowly. After 6 
hours the presence of ettringite is not observed at all. 
No calcium aluminate hydrate other than monosul
fate and its solid solution with C4AH13 can not be 
observed in the X-ray diffraction patterns. It can be 
concluded from the results in Fig. 11 that the reactivity 
of ettringite with C3 A in water is very high. And it is 
thought that the second peak takes place when ettrin
gite begins to react with the remaining C3A, and that 
a great increase in the heat of hydration is responsible 
for the reaction of C3A with ettringite, and further 
reaction of the system C3A-Ca(OH)2-H2O.

Kinetics of the Hydration Reaction

From the results by the conduction calorimeters, 
it seems that the ettringite coating, which was fomred

a: heat of hydration b: hydration degree of C3A
c: ettringite d: Ca(OH)i
e: loss in weight during 200° to 300°C endotherm

Fig. 11. Heat of hydration and hydration degree of the system
C3A-C3A.3CaSO4.32H2O-Ca(OH)2-H2O



on the C3 A grains in the hydration of C3 A with gypsum 
and Ca(OH)2, acts as a diffusion layer. However, 
the rate of heat evolution varied noticeably with 
varying temperature and the dependence of the rate 
upon the temperature was considerable.

In general, the hydration reaction of the present 
system can be classified into four stages; 1) the rapid 
reaction after the addition of water (the first peak of 
the heat evolution), 2) the dormant period after the 
first peak, 3) the second rapid reaction (the second 
peak of the heat evolution) and 4) the suppressed 
reaction after the second peak. The equation of the 
reaction rate which was introduced by Kondo (13), 
(1 — 1 — »Y = kt, was applied to interpret these
processes; where a is the degree of hydration, k is the 
rate constant, t is the hydration time and N is the 
value which is variable according to the reaction type. 
The logarithms of (1 — 1 — a), which were cal
culated from the degree of hydration as a function of 
time, were plotted against the logarithms of the hydra
tion durations. In Fig. 12 there are linear relationships 
between them over the whole temperature range, and 
except at 5 °C three straight lines are observed. The 
values of N in the equation were determined from 
the slopes of the first lines in the second stage when the 
reaction became steady. The estimations are listed in 
Table 5. The reaction of C3A is retarded at a tempera
ture below 40°C because the ettringite, which is formed 
in the very early hydration, forms a coating on the C3 A 
grains and the solution probably containing Ca2+ 
and SOJ- ions have to diffuse through the coating. At 
70°C, however, the type of the reaction differs con
siderably from that at a lower temperature.

The reaction processes for sample No. 4 as shown in

Fig. 12. Determination of the value of N in the equation, 
(Z — v' 7 — a)N = kt, on the hydration of sample No. 4

Fig. 12 are discussed in detail as follows: At 5°C the 
slope becomes fairly gradual after the first 20 minutes 
of the reaction. Then N is about 4. This means that 
ettringite has formed dense coating around the C3A 
grains, and that the coating has become more compact 
in structure and simultaneously the resistance of the 
coating to the diffusion increases as the reaction pro
ceeds. Accordingly the reaction is retarded markedly 
after the first peak of heat evolution and is followed by 
a decrease in rate. Namely at 5 °C, the saturated con
centration of CaO in the liquid phase is higher, and the 
solubility of ettringite is lower, so the dissolution of 
C3A into the solution is suppressed and the oversatu
ration of ettringite is attained more easily, and then a 
large number of nuclei will be formed. It is assumed that 
fairly fine crystals of ettringite, which are formed near 
the surface of the C3A grains, form an impermeable 
layer by filling up capillary pores in the layer with 
more ettringite.

At 20°C, the value of N was about 3 at a duration 
from 30 minutes to 44 hours. The value of N shows the 
formation of a fairly compact coating. But the con
centration of CaO becomes lower and the solubility 
of ettringite is greater than at 5°C; therefore, the 
ettringite crystals must grow larger. It is evident 
from the above that the reaction has been promoted 
by a decrease in the resistance of the ettringite coating 
to the diffusion of the solution.

At 40°C this trend is encouraged more and more. 
The value of N is about 2 from 30 minutes to 4 hours, 
and the equation is near to dander’s equation. It is 
assumed from the value of N that an increase in the 
amount of ettringite during the progress of the reac
tion increases the thickness of the coating, but brings 
no change in the structure. Furthermore, the diffusion 
constant increases with rising temperature. These 
cause apparent increases in the reaction rates so that 
considerable differences in the heat evolution rates 
are observed in Figs. 2 to 7.

The reaction at 70°C is not divided into four stages 
because of overlapping of the first stage with the 
second one. The first linear relationship is observed 
after only 5 minutes in Fig. 12. The slope of this line

Table 5. Determination of the value of N on the hydration 
ofCiN with CaSO«-IHiO

Sample 
No.

Temperature (°C)

5 20 40 70

3 3.5 2.5 1.5 1
4 4 3 2 1
5 3.5 2.5 1.5 1(1.5)
6 3.5 2.5 1.5 1(1.5)



is about 1 unitl 40 minutes’ hydration. This value of 1 
shows that ettringite does not interfere with the pro
gress of the reaction of C3A, and the reaction pro
ceeds on the surface of the C3A grains. However, 
for samples No. 5 and 6, higher in gypsum content, 
the first lines were broken into two parts on their way 
to the third stage. Namely, for No. 5 N was about 1 
for the next 25 minutes, but about 1.5 for the fol
lowing 2.5 hours, and for No. 6 the value of N was 
about 1 for the next 45 minutes and after that N was 
approximately 1.5. In the hydration at 70°C ettrin
gite crystals grew large enough to be visible under the 
optical microscope, and did not form what is called 
a protective layer. An increase in the quantity of 
ettringite, which was formed near the C3A grains, 
would decrease the reaction rate after some duration 
in the hydration of the sample high in gypsum con
tent.

The nitrogen adsorption measurement of the sur
face area (BET method) was carried out on the hydra
tion products of sample No. 6, at 5°, 20°, 40°, and 
70°C, after sufficient washing with acetone. An out
gassing of the products, which were dried over soda 
lime and CaCl2, was performed at —20°C and under 
IO-5 mmHg for 2 hours to prevent the ettringite from 
decomposing. Under these conditions no decomposi
tion of ettringite was apparent according to X-ray 
diffraction analysis and DTA. Table 6 shows increase 
of the surface area after 1 day. As above described 
sample No. 6 had always formed only ettringite. A loss 
on ignition in Table 6 is caused only by ettringite, and 
the quantity of ettringite can be calculated from the 
ignition loss. An increase in the surface area of the 
product means the difference between the surface 
area of the product and that of the reactant. It has been 
corrected by the decreases in the areas of C3A and 
gypsum which are calculated from the degree of hydra
tion. Hence, the increase is approximately equivalent 
to the surface area of ettringite, because most of the 
ettringite is separated from the C3A grains by sus
pension in acetone with enough mixing to break up 
the product. In Table 6 the increase in the area mark
edly varies with the hydration temperature as the

Table 6. Increase in surface area of hydrated product of sample 
No. 6 after 1 day by nitrogen adsorption method

Temperature
(°C)

Increase in 
loss on 

ignition (%)

Ettringite 
formed8 

(g/g product)

Increase in 
surface areab 

(m2/g)
b/a

(m2/g ettringite)

5 2.30 0.062 3.30 53.2
20 5.11 0.137 5.62 41.0
40 14.17 0.380 12.44 32.7
70 20.94 0.561 12.71 22.7

degree of hydration increases with rising temperature. 
The surface area per gram of ettringite is at a maxi
mum at 5°C and decreases with temperature increase. 
It is evident from these results that the manner in 
which ettringite is formed is variable according to the 
hydration temperature. In this discussion a growth 
of ettringite crystal as the result of recrystallization 
can be neglected because of the low watersolid ratio 
of 0.5.

It can be concluded from the above results that, 
the type of the reaction differs with the temperature 
because, at a temperature below 20°C, the fine crys
tals of ettringite form a dense coating around the 
C3A grains and, at a higher temperature, the crystals 
grow larger and cannot form such a compact layer 
and finally ettringite forms no protective layer at 70°C. 
In these experiments, the gypsum content did not 
affect the N value distinctly. But the effect of tempera
ture on the hydration rate of the sample higher in 
gypsum content tended to decrease at a temperature 
above 40°C.

The heat evolution of samples No. 7 to 11, in Table 
1, were measured at 20°C by the conduction calori
meter to examine the dependence of the retarding 
effect of gypsum upon the physical properties-of the 
ettringite layer. In Fig. 13 the reaction rate of C3A 
with gypsum is significantly influenced by the pre
sence of Ca(OH)2, especially, in the early stage. The 
extent of the effect of Ca(OH)2 reaches a maximum

Fig. 13. Effect of Ca(OH)i concentration on the hydration of 
C3A with CaSO4-2HzO



at a higher Ca(OH)2/C3A molar ratio than 0.1. The 
addition of Ca(OH)2 is similar to the lowering of the 
temperature and the reaction rate of sample No. 7 
without Ca(OH)2 at 20°C is equivalent to that of No. 
3 with 0.5 Ca(OH)2/C3A molar ratio at about 35°C. 
During the continuous observations of the hydra
tion reaction at water-solid ratio of 5.0 by the optical 
microscope, needle-like crystals were observed after 
only 10 minutes, if Ca(OH)2 was not present, and grew 
to a few score /zm in length after several hours. Then 
the crystals covered the C3A grains radial like. The 
increase of Ca(OH)2 concentration shortened the 
crystal and, in the case of saturated solution, the 
ettringite crystals became invisible under the micro
scope. Thus, Ca(OH)2 suppresses the dissolution of 
C3A and ettringite, and disturbs the growth of the 
ettringite crystals. In the calorimetric measurements 
at low water-solid ratio of 0.5, the relation between 
them may be expected to differ from that described 
above. But even at low water-solid ratio Ca(OH)2 
may retard the hydration of C3A with gypsum in the 
same manner as at water-solid ratio of 5.0, because the 
surface area of the product increased after raising the 
Ca(OH)2 content.

It seems from the above results that the effect of the 
Ca(OH)2 concentration on the hydration rate of C3A 
with gypsum can be explained in terms of the size of 
the ettringite crystal and the manner in which the 
crystal covers the C3A grains. •

The values of N, as shown in Table 5, were sub
stituted for N in the equation, (1 — 1 — a)N =
kt. The mean value of k was determined from the 
calculations at various hydration times during the 
reaction in the second stage, using the equation of 
Ink = N x ln(l — 1 — a) — In t. For the hydra
tion of sample No. 4 at 5°, 20°, 40° and 70°C, 
mean value of k was calculated to be 5.7 x 10-s, 
3.9 x 10"6, 9.1 x 10-4, and 2.5 x IQ-1 (hr-1) respec
tively. Similar values to these were given for other 
samples. The considerable differences in the values of 
the rate constant, k, is thought to be caused chiefly 
by the changes in the physical properties of the ettrin
gite coating, because the dependence of the diffusion 
constant upon temperature must be too small to 
account for the variation of k. The reaction rate is 
determined by the changes in the properties of the 
ettringite coating.

The discussion of the sequence of the second rapid 
reaction, as already described, leads to the investiga
tion of the possible cause of the reaction. In Fig. 12, 
the value of N is always smaller than 1 for the rapid 
reaction, and it shows that the reaction proceeds with 
increasing velocity. Fig. 14 shows free CaO and free

Fig. 14. Free CaO and SO3 contents in the liquid phase during 
suspension hydration of sample No. 3 at 20°C

SO3 contents in the solution during the suspension 
hydration of sample No. 3 in 20 water-solid ratio at 
20°C. Free CaO was determined by the EDTA titra
tion method and free SO3 was by gravimetric analysis. 
Since no important change was observed in the charac
teristic pattern of heat evolution by increasing water
solid ratio to 20, it was chosen so as to get the condi
tions as similar as possible to those at the onset of the 
second peak when little gypsum was present in the 
solid phase. In Fig. 14 free CaO and free SO3 concent
rations exist in the region near to Jones’ F point (14) 
for 2 hours after the addition of water and decrease 
gradually to the composition at G point. After 12 
hours considerable decreases in their concentrations, 
during which the contents of free CaO and SO3 
dropped below those at G point, were observed. These 
rapid decreases correspond to the start of the second 
peak in the heat evolution curve.

From these results, it may be concluded that mono
sulfate crystallizes thereby withdrawing free CaO 
and free SO3 from the liquid phase when CaO and SO3 
contents in the solution become insufficient to form 
ettringite, and that simultaneously the ettringite coat
ing is removed by being partially dissolved. Then the 
second rapid reaction, that is, the third stage occurs 
with increasing velocity because more ettringite must 
be removed in proportion to time. ■

After the second peak the hydrates around the C3A 
grains formed a new barrier and the value of N in the 
equation of the reaction rate was greater than 2. Thus 
the reaction rate decreased again, so that a, slow de
crease in the amount of unhydrated C3 A was observed.



Conclusion

The following conclusions may be drawn from this 
investigation:

1. For the sake of the convenience the reaction can 
be classified into four stages; 1) the rapid reaction after 
the addition of water (the first peak of the heat evolu
tion), 2) the dormant period after the first peak, 3) 
the second rapid reaction (the second peak of the heat 
evolution), and 4) the suppressed period after the 
second peak.

2. The reaction in the first stage is not greatly 
influenced by the temperature and reveals its maxi
mum rate at a temperature ranging from 15°C to 
25°C. But the rate is markedly decreased by the pre
sence of both gypsum and Ca(OH)2.

3. On the other hand, the hydration in the second 
stage is considerably affected by the hydration tem
perature and the Ca(OH)2 concentration. The degree 
of these effects is closely related to the properties of 
the ettringite layer. At a temperature below 40°C, 
and further by the presence of sufficient Ca(OH)2, 
the reaction of forming a coating on the surface of the 
C3A grains proceeds with decreasing velocity in 
proportion to the lowering of the temperature. This is 
because, the lower the hydration temperature, the finer 

the crystals of ettringite which are formed and the 
more compact the ettringite coating. At 70°C, even 
if sufficient Ca(OH)2 is present, the ettringite crystals 
grow larger and do not form a protective layer. Then 
the reaction takes place with little decrease in rate. 
From considerable increases in the rate constant with 
rising temperature, it is considered that the changes in 
the properties of the ettringite layer rather than the 
diffusion through the layer or the occurrence of the 
cracking in the layer determine the reaction rate at a 
temperature between 5° to 70°C.

4. The second rapid reaction in the third stage 
occurs when the gypsum content in the solution is 
insufficient to form ettringite. This reaction also accel
erated by a rise in temperature. Great increases in 
the heat of hydration during the second peak are 
responsible for the reaction of the remaining C3A 
with dissolved ettringite and, when more C3A is pre
sent, are responsible for the further hydration of the 
system C3A-Ca(OH)2-H2O.

5. In the last stage, the reaction seems to proceed 
with the diffusion of the solution through the clusters 
of the hydrates which have formed around the C3A 
grains.
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Synopsis

Hydration of tricalcium silicate which occurred immediately after mixing with water 
(CjS/water 1:0.7) was studied by following the evolution of heat, the increase in combined 
water, and the dissolution of calcium and silicate ions. The heat evolution was followed by 
using a twin type conduction calorimeter and the combined water was measured by micro
electrometric titration using Karl—Fischer’s reagent with the hydrate sample as wetted 
with petroleum ether, which was obtained first by mixing the sample of paste with alcohol to 
interrupt the progress of hydration, and then by replacing the alcohol with petroleum ether 
centrifugally. To determine the concentrations of calcium and silicate ions in the aqueous 
phase, the solutions were squeezed out of the paste by hand loading through a plunger and 
absorbed into the filter papers, which were then subjected to chemical analysis.

As a result, there were obtained curves of combined water versus period of hydration, in 
which a rapid increase of combined water was observed during the first five minutes, followed 
by a dormant period which continued for half an hour at 20°C. At this immediate stage 
combined water amounted to 0.05 wt. % of tricalcium silicate used, irrespective of the 
temperature for hydration, while the concentration of Ca++ ions in the aqueous phase was 
9 millimoles/1 and tricalcium silicate was found to dissolve instantaneously as it was mixed 
with water in a ratio of CaO/SiO2 = 3, that is, congruently, it being suggested that the 
dissolution of one mole layer of C3S on the surface of the grain would result in adsorption 
of 3 or 4 mole layers water on it.

Once the immediate hydration has ceased, it begins the sluggish stage durable for about 
three hours, in which the heat evolution and the increase in combined water are mild and 
sluggish. During this stage are observed the supersaturation of Ca++ ion in the aqueous 
phase, the maximum concentration being about twice as high as the solubility of Ca(OH)2 
in water, and the exceedingly large mean heat of hydration per mole combined water. From 
these data available together with electron micrographs, it was considered that until the 
end of the sluggish stage, about four mole layers of C3S (equivalent to a depth of 20 Ä) 
on the surface of original grains should be hydrated, and the outmost of the four mole layers 
does emigrate elsewhere through a solution-precipitation process (in the immediate stage), 
however the remaining three mole layers will be hydrolyzed in situ under the participation 
of the adsorbed water to form an intermediate substance prior to tobermorite—formation 
(in the sluggish stage).

Introduction

When tricalcium silicate (3CaO-SiO2 or C3S for 
brevity) comes into contact with water, a rapid hydra
tion reaction occurs with evolution of some detec
table heat. This early hydration has been followed by 
several means containing electron microscope (1) (2), 

calorimetry (3), measurement of specific surface area 
(4), and analysis of solution (5). Much elaborate 
work has been reported, nevertheless the detailed 
mechanism of the hydration of C3S in a very early 
stage is likely to remain ambiguously. The present 
study, therefore, was undertaken with the hope of 
obtaining some information necessary for a quantita
tive approach.



Experimental

Materials

Tricalcium silicate .
Tricalcium silicates used in this study had such 

characteristics as are shown in Table 1. And the pre
parative method for them was as follows:

A slight excess of tetraethyl silicate over the stoi
chiometric amount was added into an aqueous suspen
sion of Ca(OH)2 at room temperature and the whole 
mixture was shaken for a while to cause ethyl silicate 
to hydrolyze into the formation of calcium hydrosili
cate gel. After drying, the mixture was so ground as 
to pass through 80 mesh sieve, subjected to chemical 
analysis and then corrected by adding a necessary 
amount of CaCO3 for the stoichiometric ratio of CaO 
to SiO2 3:1. The calcium carbonate used was a rea
gent suitable for flame photometry. The mixture was 
then moistened with ethyl alcohol, hand-pressed to 
form cylindrical shapes, prefired at 1400°C for two 
hours, ground, shaped again by hand-pressing, fired 
for two hours at 1500°C, then ground, shaped repea
tedly under a pressure of 1250 kg/cm2, fired for five 
hours at 1550°C and so ground as to pass through 
200 mesh sieve (for sample No. 1). For sample No. 2, 
the second heating and a relating process was omitted. 
It is indispensable for the reproducibility of kinetic 
data on the hydration in an early stage to use an al
most completely moisture-free tricalcium silicate, so 
that before used, it was reheated at 1300°-1350°C, 
followed by distintegration of lumps in a porcelain 
mortar while hot (300°-400°C) and preservation in a 
P2OS desiccator. .

■ Isothermal Calorimetry

The isothermal calorimetry was performed in a 
constant temperature room (20°C ± 0.3°C) by use of 
the twin type conduction calorimeter which has been 
described earlier (6). Ten grams of tricalcium silicate 
was fallen down into the reaction vessel and mixed 
with ten milliliters of decarbonated water, resulting 
in liberation of heat, which was detected by a recorder 
through the circuit of wire connecting two thermo
element in twin form and having a sensitivity of 3 
millivolt/l0C.

The curves to be traced in a chart are the ones 
representing the rates of heat evolution, and from these 
data the integral curves can be made to show an over
all amounts of the heat evolved during any predeter
mined reaction time, if account is taken of the heat

conserved in the reaction vessel at the end of that 
time. This conserved heat will be measured from the 
area under the attenuation curve which for any heat 
evolution rate would be traced from the moment at 
which the evolution of heat will be suddenly stopped. 
In practice, the relations between the areas under the 
attenuation curves and the heat evolution rates were 
made previously by use of a standard heater having a 
known resistivity, and were utilized as calibration 
curves. .

Analysis of Aqueous Solution in the Paste

To determine the concentrations of calcium and 
silicate ions in the aqueous phases, the solutions were 
squeezed out of the paste by hand loading through a 
plunger and absorbed into the filter papers as shown 
in Fig. 1. ■

That is, 5 g of C3S was mixed with decarbonated 
water in a cylindrical vessel (stainless steel, inner dia
meter 45 mm, depth 15 mm), the ratio of water to 
C3S being 0.7, and the mixture was enclosed therein 
tightly with a lid, submerged in a thermostat. At 
predetermined time it was taken, and then closely upon 
the mixture were placed five sheets of 100% nylon 
cloths, on which further ten sheets of filter papers No. 
7 supplied by Toyo Roshi Kaisha, Ltd. were succes
sively placed. The nylon clothes, which were non- 
chemically treated as woven and had a fine texture 
suitable for the purpose of making umbrella, were used 
after precoating with a thin slurry of low soda alumina 

--------- Bakelite plunger

Filter papers
Nylon cloths precoated with a-AI2O3 powder

C3S paste " '

Cylindrical vessel 
18Cr-8Ni stainless steel

Lid

Fig. 1. Assembly for sequeezing the aqueous solution 
from the paste



(a-Al2O3, mean grain size of 3/z) and then drying, to 
secure the liquid absorbed in filter papers from the 
contamination with C3S particles. Care should be paid 
here not to substitute filter papers for nylon clothes, 
because the filter papers commercially available do 
adsorb substantial amount of Ca++ ion from the 
basic aqueous solution to be analyzed. After hand
loading through a plunger, the whole filter papers were 
separated from, weighed, mixed with 30 ml of 0.03 
N HC1, filtered and washed. The solutes in the filtrate 
thus obtained were analyzed as follows: After adding 
about 2 ml of 0.1 mol Mg-EDTA solution to the half 
filtrate, the content of calcium ion was determined 
by titration with 0.001 mol EDTA under the indicator 
of BT (7). To determine the SiO2 content in the other 
half filtrate, molybdenum blue photometric method (8) 
was carried out, a Hitachi Spectro-photometer Model 
EPU-2 being utilized for the purpose.

Combined Water

After hand pressing, the residue left under the 
nylon sheets was taken and the combined water there
in was measured as follows: The residue (about 5 g 
in dry basis) was diluted with about 70 ml of absolute 
iso-propyl alcohol to interrupt the progressive hydra
tion of C3S and was centrifugalized. The sediment was 

mixed with another 70 ml of absolute alcohol and re- 
centrifugalized, this treatment being repeated succes
sively four times, followed by replacements with each 
70 ml of petroleum ether three times. The sediment thus 
obtained was then placed, as wetted with petroleum 
ether, on a combustion boat made of silica glass and 
the combined water therein was released by heating 
in a tube furnace, absorbed in a methanol—glycol 
solution and titrated with Karl Fischer’s reagent (3 mg 
H2O /ml) as described in the recent paper (9). To 
obtain a correct value, it was necessary to run through 
blank test with almost the same amount of «-alumina 
—petroleum ether paste and to make a corresponding 
reduction (i.e. equivalent to 0.2-0.3 ml of the reagent) 
from the result of analysis. Thus, the combined water 
described in this paper should be defined as the one 
combined to the solid phase tightly enough not to be 
released by the dissolving effect of absolute iso-propyl 
alcohol.

Electron Micrograph

The electron micrographs were made by means of a 
Nippon Denshi K. K., Model JEM-7A. Samples treat
ed with organic solvent at predetermined times were 
air-dried and sprinkled over a collodion film sup
ported by a grid in the usual manner.

Results

Immediate Heat Liberation of C3S 
as Mixed with Water

In Fig. 2 the heat evolution rate during the hydra
tion of C3S is plotted versus time. A peak of heat 
evolution rate appears immediately after mixing 
C3S with water, but soon declines to a minimum, the 
minimum being at around 30 min.—in this paper the 
period until the minimum appears is refered to as 
immediate stage,— and then the heat evolution rate 
increases gradually but almost linearly with time 
(sluggish stage), followed by an abrupt raising (harden
ing stage).

From the peak area in Fig. 2, the heat liberated in 
the immediate stage was calculated to be 0.096 cal/g 
C3S or 0.25 cal/m2 C3S for the sample C3S (I) and 
0.14 cal/g C3S or 0.33 cal/m2 C3S for the sample C3S 
(II). The discrepancy between both calorimetric values 
would be in a close relation to the difference in the 
specific gravity, as shown in Table 1. It is further 
noticeable that these calorimetric values were so small 
in comparison with those of portland cements, the 

values being around 4 cal/g cement in general (6). 
Passing through a minimum heat evolution rate, there 
came the sluggish stage, which was durable for about

Fig. 2. Heat evolution rates versus hydration time at 20°C 
(C3S: water = 1:1')



Table 1. Cltaracteristics of SCaO-SiOi used

Sample ignition lossf
Mole ratio
CaO/SiO2 F-CaO Density

Siunifiaoe area 
m2/g*

Spectirochemical analysis
Oa** Mg Fe

C3S(0 0.10 2.98 0.05% 3.14 0.38 W Tr Tr
CgS (II) 0.15 2.99 0.05% 3.12 0.43 F Tr Tr

* by B.E.T. method
••probable contamination from the abrasion of sieve wire 
t before use, the moisture was removed by heating at 13<X)-135!OOC.

Fig. 3a. Dehydration curves of CgSCI) hydrated for various 
periods at 20°C, heating rate 5°Clmin

Fig. 3b. Dehydration curves «/CjSCIIJ as in Fig. 3a

three hours and showed a mean heat evolution rate 
of one cal. sec1. 10"4/g C3S.

Increase in Combined Water

Based upon the application of the devised analy
tical method mentioned above, it was made possible 
to follow clearly the increase in combined water dur
ing the early stage of hydration.

From the titers of Karl Fischer’s reagent, the per
centage of water by weight released from the solid 
samples were plotted against temperaturs as shown in 
Fig. 3 a. b., where the continuous dehydration curves 
were seen over the temperature range up to 700°C, 
but slight sharp slopes were observed at around 100°C 

and between 400°C-5(X)oC. Such dehydration curves 
were obtained for the series of samples which had been 
hydrated at various temperatures of 10°C, 20°C and 
40°C, and the total amounts of water released by 
heating up to 850°C were determined and refered to 
as a combined water in the hydrated sample, the results 
being shown in Fig. 4.

The curves in Fig. 4 indicate that after mixing C3S 
with water a combined water is formed almost instan
taneously and the amount thereof soon reaches to a 
constant value of about 0.05 ± 0.005 wt. % irrespec
tive of the temperatures for hydration. This constant 
value holds for a while (i. e. for a dormant period) but 
the durations thereof are considered as depending 
upon the temperatures for hydration. Passing through
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Fig. 4. The amounts of combined -water (wt. % by weight of 
C3S used) versus hydration time
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Fig. 5. Cumulative curves of the amounts of heat evolved and 
combined water versus hydration time, at 20° C

15

hydration time (hr)

Fig. 6. Mean heat of hydration per mole of combined water 
versus hydration time, at 20°C

the dormant period, the curves are rising with a nearly 
linear slope up to the point indicating about 0.12 
wt. % of combined water, this period being corres
ponding to the sluggish stage in Fig. 2. ,

To make clear the relationship between the libera
tion of heat and the formation of combined water, it 
is necessary to transform the curves shown as heat 
evolution rate versus time in Fig. 2 into the one in the 
form of integral amount of heat evolved versus time. 
The results obtained are shown in Fig. 5, wherin are 
seen the cumulative curves of the amounts of heat 
evolved (in this case however, the heat of solution or 
crystallization of Ca (OH)2 is excluded) and combined 
water versus time during hydration (at 20°C), indicat
ing that a remarkable difference in the slopes of curves 
occurs at the time range from 1 hour to 3.5 hours. 
When the mean heat of hydration per one mole of 
combined water may be presented as (cumulative 
amount of heat evolved )/(cumulative amount [moles] 
of water combined), so the values can readily be cal
culated as shown in Fig. 6.

From Fig. 6, it was revealed that at the immediate 
stage the mean heat of hydration was as small as about 
3.5 Kcal/mole H2O, but gradually became larger until 
a maximum of 10 Kcal/mole H2O was reached in a 
later sluggish stage, followed by a sudden decrease at 
the beginning of the hardening stage.



Analytical Results of Aqueous Phases

The aqueous phase in a paste with a 0,7:1 water—

Fig. 7a. Dissolutions of calcium ion and silicic acid 
from C3S(I), at 20°C

Fig. 7b. Dissolutions of calcium ion and silicic acid 
rrom C3S(I), at 10°C

Fig. 7c. Disolutions of calcium ion and silicic acid 
from C3S(II), at 20°C

tricalcium silicate ratio by weight was squeezed out 
in the immediate stage and subjected to chemical 
analysis.

As shown in Fig. 1 a, b, c, the dissolutions of both 
calcium ion and silicic acid did occur immediately as 
tricalcium silicate was mixed with water and the 
amount of silicic acid was recorded to be about one 
millimole/1 soln, at a reaction time of 0.5 min. The 
concentration of silicic acid, however, reduced rapidly 
in contrast with gradual increase in that of calcium 
ion along with time. Such trends were observed not only 
for C3S(I) at 20°C but also for the same at IO C and 
for C3S(II) at 20°C, and when these data were repre
sented so as to illustrate the variation in CaO/SiO2 
ratio with time, then were obtained the curves shown 
in Fig, 8.

Fig. 8. Variations in CaO/SiOz mole ratio in the aqueous phases
of pastes with hydration time

Fig. 9. Concentrations of Calcium ion and silicic acid in aqueous 
phase versus hydration time (view over the long period)



Extrapolating the curves to a reaction time of zero 
in Fig. 8, so the CaO/SiO2 ratio of 3 was probably 
attained, it being suggested that at the moment of 
their mixing with water, some surface layers of trical
cium silicate were likely to dissolve instantaneously 
in water at a stoichiometric ratio or congruently, 
and that the silicic acid once dissolved would soon 
precipitate from aqueous solution presumably as a 
calcium hydrosilicate.

The concentration of calcium ion in the aqueous 
phase varied with reaction time, and the feature could 
be viewed until after seven hours as shown in Fig. 9.

In the immediate stage, the concentration of cal

cium ion as CaO was far below the level of saturation, 
and remained unsaturated until a hydration time of 
1.3 hours (at 20°C) and 3.2 hours (at 10°C) has elapsed. 
After reaching the saturation, however, a further 
increase in concentration took place continuously up 
to the maximum concentration which was about twice 
as high as the solubility of calcium hydroxide. It is 
worthwhile to note that the time at which the maxi
mum concentration was attained was in a later slug
gish stage, that is, a start on the crystallization of 
Ca(OH)2 from the supersaturated solution would 
likely be in a close relation to the beginning of the 
hardening stage.

Discussion

Based on the data described above, some interpre
tations may be put on the hydration processes of 
tricalcium silicate in an early stage.

An Immediate Stage

On mixture with water, tricalcium silicate was found 
to dissolve instantaneously in a ratio of CaO/SiO2 = 
3, that is congruently (See Fig. 8). If such dissolution 
should occur from the surface of the grain, the amount 
of dissolution of one mole layer on the outer shell 
of C3S can be calculated to be (specific surface area of 
C3S)/(mean area occupied by one molecule of C3S) X 
(Avogaro’s number), where the mean area occupied 
by one molecule of C3S may be 25.2 Ä2, the value 
being obtained as

(abc. sin ß. siny/Z)2/3
unit cell a = 12.915 Ä a = 90° Z = 18
constants (10): b = 7.104 Ä ß =89.8°

c = 25.096 Ä 7 = 89.8°
Therefore, the amount of dissolution of one mole 
layer on the outer shell of C3S can be expected to be 
2.54 x IO’3 millimoles/g C3S(I) or 2.86 X 10-3 
millimoles/g C3S(II), namely the concentration of 
C3S dissolved in the aqueous phase of the paste 
(C3S : H2O = 1:0.7 in weight ratio) will amount 
to 2.54/0.7 millimoles/l = 3.63 millimoles/1 for C3S(I) 
or 2.86/0.7 millimoles/1 = 4.08 millimoles/1 for 
C3S(II). These values are fairly comparable with the 
concentrations of calcium ion in the aqueous phases 
8.5 millimoles/1 for C3S(I) and 9.0 millimoles/1 for 
C3S(II), measured at a hydration time of twenty 
minutes, the time being at a later immediate stage, 
(see Fig. 7 a, b, and Fig. 2), because the hydrolysis 
of one mole of tricalcium silicate dissolved should 

split off more than one mole of Ca(OH)2 in accor
dance with the following formula.

3CaO ■ SiO2 + (3 + m — n)H2O
= «CaO - SiO2 • fflH2O + (3-«)Ca(OH)2 (1)

for calcium silicate hydrate (I), n = 1-1.5
Providing n to be 1, so the calculated concentrations 
of calcium ion in the aqueous phases would become 
2 X 3.63 = 7.26 millimoles/1 for C3S(I) and 2 X 
4.08 = 8.16 millimoles/1 for C3S (II).

The amount of the combined water formed at the 
end of the immediate stage was found to be about 
0.05 % by weight of C3S used, as seen in Fig. 4a, and 
the nature of this combined water will be mentioned 
in the following.

The combined water described in this work will be 
hydrated water to form calcium hydroxide and cal
cium hydrosilicate, the remainder presumably being 
an adsorbed water. An approximate estimation of 
each combined water would be possible, provided 
that the calcium hydrosilicate crystallized out of the 
solution during the immediate stage has a mole ratio 
H2O/SiO2 of 2.0 in based on the value given by 
Taylor (11), that was obtained for calcium silicate 
hydrate (I) dried with alcohol and ether, in the present 
work also the same drying procedure with organic 
solvent being employed. If m in the equation (1) is thus 
supposed to be 2, so the equation (1) becomes as 
follows:

3CaO SiO2 + (5 - «)H2O
= «CaO ■ SiO2 • 2H2O + (3 - «)Ca(OH)2 (2)

The amount of one mole layer of C3S on the out
most surface dissolved into aqueous phase could be 
estimated to be 2.54 X 10-3 millimoles/g C3S (1) 
or 2.86 X 10-3 millimoles/g C3S (II) as mentioned 



above, and should the C3S thus dissolved hydrolyze 
to precipitate «CaO • SiO2 • 2H2O with remaining 
Ca(OH)2 formed in an aqueous phase, the amount of 
three species of combined water could be calculated 
and the result is shown in Table 2.

From Table 2, an adsorbed water can be considered 
as a principal constituent of the combined water.

It will be reasonable to suppose that the adsorbed 
water should be formed on the surface of C3S grains 
as compensation for the dissolution of one mole layer 
of C3S situated on the outmost surface. Then, the 
number of layers of waler molecules adsorbed on the 
C3S grains can be calculated using the cross sectional 
area of 11.4 A2 for one water molecule (12) and the

Fig. 10. Electron micrographs of C3S hydrated 
for various periods at 20°C



Table 2. Adsorbed water (wt"/^ on C3S grains during the 
immediate stage {Calculated by use of eq. 2)

Species of H2O n = 1.0 n = 1.5

C,S(I) C3S(II) CgSd) C3S(II)
nCaO • SiO2- 2H.,O 0.009 0.010 0.009 0.010
Ca(OH)2* 0.005 0.006 0.004 0.005
Adsorbed water 0.036 0.034 0.037 0.035
Total comb, water 0 050 0.050 0.050 0.050
Number of layers of H9O 
mokcules adsorbed on 3.6 3.4 3,3 3.1
the C3S grain

♦About 40% by weight of total amount of solution in the paste tested was 
squeezed out for analysis of the solution. Therefore, the amount of the com
bined water for Ca(OH)2 in the solution must be 0.6 x 0.009 = 0.005 for 
n = 1.0, C3S(I) and so on.

results are also shown in Table 2. The mean values are 
seen to be 3.5 for n = 1 and 3.2 for n = 1.5, but, the 
most probable number of layers of adsorbed water 
molecules will be 4, because that the alcohol added to 
the paste to interrupt the progressive hydration of 
C3S does dissolve a very few but, influential amount 
of Ca(0H)2 and if account is taken of the low con
centration of Ca++ ions in the aqueous phase at the 
immediate stage, the value of n will probably be 1.2
1.3. ■

The Sluggish Stage

Once the immediate reaction of C3S with water has 
ceased, it begins the durable sluggish stage in which 
the heat evolution is mild and the increase in the 
amount of combined water is sluggish. Of the data 
obtained in this work, the followings seem to be 
important for understanding the characteristic reac
tion that has occured in the sluggish stage.

1. The concentration of calcium ion reached to 
about 40 millimoles/1 soln, in a later sluggish stage, 
this maximum concentration being about twice as high 
as the solubility of Ca(OH)2 in water (Fig. 9).

2. From Fig. 6, the mean heat of hydration per 
one mole of combined water in the sluggish stage is 
found to be exceedingly large in comparison with those 
in the immediate stage and the hardening stage.

3. From the electron microscope data (Fig. 10), 
no distinct changes could be observed in the sluggish 
stage and the fibrous or crinkly foil-type hydrate 
lying stragglingly on the C3S grains will most likely 
be a precipitate of calcium hydrosilicate from the 
solution during the immediate stage.

Based on these facts, it will be possible to put some 
interpretations on the characteristic reactions at the 
sluggish stage. In the first place, it may reasonably be 
deduced that at the later sluggish stage, about four 
mole layers of C3S (equivalent to a depth of about 
20 Ä) on the surface of original grains should be hy
drated with splitting off Ca ion into solution in ac
cordance with the formula 1, because that the concen
tration of Ca(OH)2 thus splitted off into the solution 
at the later sluggish stage (40 millimoles/1) is four 
times as high as that at the end of the immediate 
stage, the latter being approximately equivalent to 
one mole layer of C3S as mentioned above. The out
most of the four mole layers does emigrate elsewhere 
through a solution—precipitation process. However 
the remaining three mole layers will be hydrolyzed in 
situ to form an intermediate substance as was antici
pated from the concentration of silicic acid shown in 
Fig. 7 and 9, the intermediate compound being 
presumably a non-crystalline hydrate prior to tober- 
morite—formation.

In the second place, about four mole layers of the 
adsorbed water which have been made presumably 
loosely on the surface of grains during the immediate 
stage, must rearrange themselves to form hydrates 
and contribute to heat evolution during the sluggish 
stage. This effect will be one of the causes for the 
exceedingly high mean heat of hydration observed 
during the sluggish stage (Fig. 6).

Lastly, it will be interesting to note the fact that the 
beginning of crystallizing calcium hydroxide out of 
the solution with a maximum supersaturation did 
timely correspond with the entrance into the harden
ing stage. However, further investigation will be neces
sary to solve the problem as to whether both are in a 
causal relation or not.

References

1. J. G. M. de Jong, H. N. Stein and J. M. Stevels,
“Hydration of tricalcium silicate,” J. appl. Chem. 
London 17, 246-250 (1967).

2. G. Sudoh and H. Mori, “Influence of alkali and amount
of water on the hydration of tricalcium silicate,” 
Semento Gijutsu Nempo 15,46-54 (1961).

3. H. N. Stein and J. M. Stevels, “Influence of silica on
the hydration of 3CaO SiO2”, J. appl. Chem.

London, 14, 338 (1964).
4. D. L. Kantro, S. Brunauer, and C. H. Weise, “Deve

lopment of surface in the hydration of calcium 
silicates (II) Extention of investigation to earlier and 
later stages of hydration,” J. Phys. Chem. 66, 1804 
(1962).

5. S. A. Greenberg and T. N. Chang, “The hydration of
tricalcium silicate,” J. phys. Chem. 69, 553-561



(1965).
6. K. Fujii, T. Watanabe, and S. Hagiwara, “Immediate

heat liberation of portland cement as mixed with 
water,” Semento Gijutsu Nempo 18, 120-24 (1964).

7. W. Biedermann and G. Schwarzenbach, Chimia
(Switz.) 2, 56 (1958). cf. K. Ueno, “Kireito Tekitei 
Ho” (The method of Chelate Titration) published 
by Nanko Do, Tokyo, 1962, P230.

8. I. Iwasaki and T. Tarutani “Silica in water, V. Salt ef
fect on the colorimetric determination of silica in 
concentrated salt solution,” Bull, Chem. Soc. Japan, 
32, 32 (1959).

9. K. Fujii, W. Kondo and N. Mashimo “Presence of syn
genite in commercial portland cement,” J. ceram. 
Assoc. Japan (Yogyo-Kyokai-Shi) 76 (1968) (in 
English).

10. “The chemistry of cements” edited by H. F. W. Taylor,
vol 2, P367, (1964) Academic Press.

11. ibi.vol. 1,P195.
12. S. Brunauer and S. A. Greenberg, “The hydration of

tricalcium silicate and /?-dicalcium silicate at room 
temperature,” Chemistry of Cement, Proceeding IV 
international Symposium (Washington D.C.) vol. 1, 
P149.

Oral Discussion

Shunro Ueda

You stated that the combined water was only 
0.05 % of C3S immediately after the mixing with water. 
Our tests have shown that powered C3S usually con
tains about 0.1 % moisture and combines with 0.3 to 
0.4% water immediately after the mixing. You con
sidered that the thickness of the reaction layer was 
about 20 Ä at the end of the sluggish stage. Terrier and 
Moreau presumed the thickness to be several Ä while 
we presumed it to be 200 to 300 Ä in agreement with 
the thickness of a nucleus, based on our tests by sur
face electron diffraction.

I would like to ask your opinion on these points.

Arthur’s Closure

Kinjiro Fujii

It would be due to the hydration condition of C3S 
varying with each other that our results remarkably 
differ from those obtained by Mr. Ueda and Dr. 
Kondo, that is, in our test C3S was hydrated at a 
water/C3S ratio of 0.7, while Mr. Ueda and Dr. 
Kondo studied on the hydration of C3S in a suspen

sion state, the water/C3S ratio being 20. Our deter
mination of calcium ions concentration in the solution 
one hour after mixing with water showed that the 
amount of Ca++ dissolved was only 0.01 m. mole/g. 
C3S at a water/C3S ratio of 0.7, while in case of 
water/C3S ratio of 200, under which Greenberg and 
Chang (1) studied on the kinetics of the hydration of 
C3S, it was about 1.7 m. moles/g.C3S, that is 170 times 
of the former. From this, different conclusions may be 
conducted on the hydration layer thickness.

With regard to the determination of combined 
water content of C3S hydrated in a short period, a 
satisfactory result may be obtained by the analytical 
procedure written in the present paper within a error 
of ±0.005 wt/% of C3S used. From our blank test 
by Kiri-Fischer’s method, it was estimated that the 
absorbed moisture content of original sample which 
was heated in advance and allowed to cool in desicca
tor was 0.01 wt% or less. D-dry method stated by 
Copeland and Hayes is said to require two days in 
drying, and so there remains some different questions 
in its application for the study on hydration process of 
C3S in a very early stage.
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Synopsis

We have studied the paste hydration of C3A and C3S in the presence of gypsum and/or 
CaCl2.

The methods of investigation used in this work are: isothermal microcalorimetry. X-rays, 
chemical analysis, measurements of specific surface area (B.E.T. method), etc.

During this investigation we have developed a simple method for determining free 
CaCl2 in the system C3A-CaC12-H2O; this method is based on the high solubility of CaCl2 
in ethyl alcohol.

The influence of the temperature on the hydration of C3A + CaCl2 and C3A + CaSO4- 
2H2O is determined by microcalorimetry.

The activation energy for hydration is also determined.
The hydration of the system C3A-CaCl2-CaSO4-2H2O has shown that CaCl2 

accelerates the reaction between C3A and gypsum.
In the hydration of C3A in the presence of SOj- and Cl-, the SOj- ions react first, and 

the C3A reacts with the Cl- ions only after the gypsum has been used up.
The trisulphoaluminate remains stable as long as the aqueous phase contains calcium 

chloride. .
Our results on the system C3S-CaCl2-H2O show that the CaCl2 which can be 

extracted by alcohol decreases during hydration.
Using all of our results as a basis, we discuss the mechanism by which CaCl2 and CaSO4 • 

2H2O influence the hydration of tricalcium aluminate and silicate.

Introduction

Calcium sulphate and chloride are two substances 
frequently used to control the setting and hardening 
of portland cement.

The action of gypsum (CaSO4-2H2O) on the 
hydration of cement and its constituents has been the 
subject of numerous investigations.

Jones (1) has carried out a detailed investigation of 
the system CaO-Al2O3-CaSO4-H2O. The chemical 
nature and the stability domains of the various hydrates 
have been determined. D’Ans and Eick (2) have 
also studied the calcium sulphoaluminates.

Schwiete, Ludwig and Jäger (3) have recently studied 
the system C3A-CaSO4-Ca(OH)2-H2O; amongst 
the various hydrates of the system CaO-Al2O3- 
CaSO4-H2O, there are two of particular interest in 
cement chemistry:

1. Calcium trisulphoaluminate, C3A-3CaSO4- 
32H2O (Candlot’s salt); this is found in nature as 
ettringite.

2. Calcium monosulphoaluminate or C3 A • CaSO4 • 
12H2O; this hydrate is isomorphous with C4AH13; 
calcium monosulphoaluminate crystallises as thin 
hexagonal platelets.

As far as research on the role of CaCl2 in the setting 
and hardening of cements is concerned, a literature 
review by Vollmer (4) should be mentioned. The 
latter summarizes almost 200 publications on the role 
of CaCl2 in the hydration of cements.

Most of the research on the behaviour of cement in 
the presence of CaCl2 is concerned with the technolog
ical aspect and with mechanical characteristics; 
the exact mechanism by which CaCl2 exerts its effect 
is not well understood.

Calcium chloride modifies the hydration kinetics 
of all the constituents of cement; it accelerates the 
hydration of silicates and slows down that of alumi
nates and aluminoferrites.

Certain investigators believe that the acceleration 
of the hydration of silicates by CaCl2 is due to a 
lowering of the pH of the aqueous phase by the cal
cium chloride.



Amongst the chlorine-containing hydrates of inter
est in cement chemistry, the following ones should be 
mentioned:

monochloroaluminate: C3A-CaCl2- 10H2O (Frie
del’s salt)

trichloroaluminate: < C3A-3CaCl2-32H2O
calcium oxychloride: 3CaO-CaCl2-15H2O.
Calcium monochloroaluminate is the only hydrate 

formed in the usual conditions of cement use.

It is known that aluminates and aluminoferrites 
containing CaCl2 do not influence positively the 
mechanical performance of cements. The favorable 
results obtained by the addition of CaCl2 are due 
essentially to its role in the hydration of C3S.

We shajl discuss briefly below our work on the 
hydration pf C3 A and C3S in the presence of CaSO4 • 
2H2O and/or CaCl2.

Materials and Methods

C3S and C3A are prepared by heat treatment from 
stoichiometric mixtures of the oxides.

The purity of the final products is checked by X- 
rays and by a determination of free lime using a 
method developed by the author (5).

The products thus obtained are crushed until they 
pass through an A.S.T.M. 325 sieve. ■

In order to obtain fractions of definite grain sizes, 
we fractionated C3A and C3S using a BAHCO elutor- 
centrifuge.

The gypsum and CaCl2 used are Merck “pro analisi” 
reagents. "

The determination of gypsum and CaCl2 was car
ried out as described previously (6 and 7).

The thermal phenomena accompanying the hydra
tion of our samples are followed using an isothermal 
microcalorimeter.

The technical characteristics of this apparatus have 
been described by Stein (8) and the author (9).

In order to determine the structure of the hydrates 
we used X-rays. The apparatus employed is the 
Philips P. W. 1010 diffractometer, fitted with a P. W. 
1050/30 wide-angle goniometer.

Results and Discussion

C3A + CaSO4 2H2O

Literature data on the hydration of C3A in the 
presence ^of gypsum indicates that ettringite (the 
trisulphoaluminate) is formed at the beginning of 
hydration: it persists until the SO;- ions are used up; 
afterwards it is converted into monosulphoaluminate 
which, in turn, forms mixed crystals with C4AHI3.

It is well-known that gypsum influences the hydra
tion kinetics of C3A; isothermal microcalorimetry 
is a useful method for confirming the role of CaSO4 • 
2H2O in the hydration rate of tricalcium aluminate.

The thermograms in Fig. 1 show the influence of 
various gypsum concentrations on the thermal phe
nomena accompanying hydration.

An examination of the curves shows that a variation 
in the percentage of CaSO4 -2H2O greatly modifies 
the profile of the thermograms; in fact, the gypsum 
concentration of the samples influences not only the 
time necessary for the appearance of thermal phenom
ena, but the amplitude of the peaks (hydration rate) 
is also changed.

An analysis of the sample by X-rays, and also by 

chemical analysis, shows that at the top of the second 
thermal phenomenon, the gypsum has been entirely 
used up. It is, therefore, possible to measure the time 
necessary for the consumption of a definite quantity 
of gypsum by microcalorimetry; in fact, it is suffi
cient to measure the time which has passed in order to



obtain the maximum of the second thermal phenom
enon.

This time has been calculated from the thermograms 
of Fig. 1 for several gypsum concentrations. It is seen 
that the gypsum consumption time varies linearly with 
the square of the gypsum percentage (Fig. 2). In other 
words the delay caused by gypsum in the appearance 
of the second thermal phenomenon is proportional 
to the square of the CaSO4 ■ 2H2O concentration.

The fact that the gypsum consumption time depend 
linearly on the square of its concentration suggests 
that the gypsum reacts by a diffusion mechanism.

The effect of temperature on the hydration kinetics 
is demonstrated by microcalorimetric tests at various 
temperatures. -

If rate constants are calculated from peak heights, 
the Arrhenius equation is shown to be valid.

Using the thermograms carried out at different 
temperatures, we have determined the activation 
energy for hydration for the system C3A + CaSO4 • 
2H2O + H2O. This energy is of the order of 12 
Kcal-mole-1.

C3A + CaCl2

The hydration kinetics of C3A in the presence of 
CaCl2 has been studied under the same conditions as

C3A + CaSO4-2H2O. The role of CaCI2 in influenc
ing the thermal phenomena is analogous to that of 
CaSO4 -2H2O. Fig. 3 shows the thermograms obtained 
for the hydration of C3A in the presence of various 
quantities of CaCl2; the ratio E/S = 1.2; calcium 
chloride is dissolved in the water before tempering.

It can be seen from Fig. 3 that an increase in the 
concentration of CaCl2 in the aqueous phase retards 
the appearance of the second thermal phenomenon.

We have followed the CaCl2 consumption during 
hydration. We shall denote by a the degree of trans
formation (percentage of CaCl2 which has reacted).

By studying the function F(a) = A(/) where t is 
the hydration time, it is observed that the hydration 
kinetics is controlled by diffusion processes.

Amongst the different relations proposed by various 
investigators, the equation for diffusion in a sphere is 
in best agreement with our experimental results:

' [1 - (1 - a)1/3]2 = Kt
The straight lines in Fig. 4 show satisfactory agree

ment between this expression and the experimental 
data.

C3A + CaSO4 2H2O + CaCl,

The paste hydration of C3A in the presence of Cl' 
and SO4~ ions is of an obvious practical interest; 
when CaCl2 is added to portland cement, the trical
cium aluminate of the cement is hydrated under the 
simultaneous influence of calcium chloride and 
calcium sulphate. Roberts (10) has investigated this 
problem, but his experimental methods do not enable 
a determination of the chloride which has reacted to 
be carried out. Our method, on the other hand, ena-

Fig. 3.



Fig. 4.

bles one to determine precisely how much CaCl2 
has been consumed at a given time; the presence of 
CaSO4-2H2O has no effect on the estimation of 
CaCl2.

Microcalorimetry has provided us with valuable 
information on the action of CaCl2 in the hydration of 
C3A + CaSO4-2H2O.

The curves in Fig. 5 show the influence of various 
percentages of CaCl2 on the hydration of a mixture of 
C3A + 15%CaSO4-2H2O.

An examination of these thermograms shows that 
percentages of CaCl2 greater than 5 % accelerate the 
appearance of the thermal phenomena; above 7.5% 
CaCl2 the main thermal phenomenon is doubled; 
CaCl2 concentrations less than 5% slow down the 
appearance of the thermal phenomena; it seems that 
the addition of small amounts of CaCl2 (less than 5 %) 
increases the effect of gypsum.

To arrive at a better understanding of the hydration 
process, we shall consider in particular the hydration 
of a sample having the following composition:

C3A + 20%CaSO4.2H2O + 12.5%CaCl2
The choice of the composition of this sample is 

based on microcalorimetric data, since with these 
percentages of sulphate and chloride, the thermal 
phenomena are considerably separated and one can 
easily stop the hydration between two microcalori
metric peaks.

The hydration of this sample is followed by the 
methods listed below:

1. The thermal phenomena are recorded using an
isothermal microcalorimeter. ‘

2. The CaCl2 consumption is followed by estima
tion of the CaCl2 which has not reacted (free chloride).

3. The reaction between C3A and CaSO4 is

Fig. 5.

Fig. 6.

studied by determining the gypsum percentage by 
radiocrystallography.

4. The hydration products are identified throughout 
hydration by X-rays.

Our results are shown schematically in Fig. 6.
At the beginning of hydration, a small amount of 

CaCl2 reacts to give chloroaluminate; but it is ob
served in particular that SO4 * ions react at first to give 
calcium trisulphoaluminate.

Consumption of Cl- ions begins only after the SO4 ~ 
ions have been completely used up; the complete 
consumption of CaCl2 coincides with the maximum 
of the third peak.

In the light of these results, one can represent the 
hydration process of C3A in the presence of Cl- and 
SO J" by the following reaction steps;
A. first microcalorimetric peak “liquid-solid contact”

C3A + 3CaSO4 + 32H2O-> C3A-3CaSO4-32H2O
C,A + CaCL + WH2O C3A.CaCL-10H2O

B. between the first and second peaks



Fig. 7. Fig. 8.

C3A + 3CaSO4 + 3H2O C3A-3CaSO4-32H2O
This reaction proceeds until the gypsum has been 

completely used up; during this period the CaCl2 
does not react.
C. between the second and third thermal phenomena

CaCl2 + C3A + 10H2O^ C3A-CaCl2-10H2O
D. after the third thermal phenomenon

The remaining C3A is hydrated to give C3A- 
Ca(OH)2- 12H2O; this hydrate converts the trisul
phoaluminate into monosulphoaluminate (after the 
Cl- ions have been used up):

C3A-3CaSO4-32H2O + 2C3A-Ca(OH)2-12H2O
3C3A-CaSO4-12H2O + 20H2O + 2CH2

After conversion of the ettringite (the trisulpho
aluminate) the hydrates having a hexagonal structure; 
C3A • Ca(OH)2 • 12H2O, C3A • CaCl2 • 10H2O and 
C3A-CaSO4- 12H2O form solid solutions.

The Hydration of C3S

The hydration of C3S has been studied in partic
ular by isothermal microcalorimetry.

Fig. 7 shows the effect of CaCl2 on the hydration 
kinetics of C3S. It can be seen that CaCl2 accelerates 
the appearance of the second thermal phenomenon. 

It should also be noted that an increase in the con
centration of CaCl2 in the aqueous phase causes the 
height of the peak to increase.

X-ray examination of samples of C3S hydrated in 
the presence of CaCl2 did not enable us to detect 
any compound containing CaCl2, except in the sample 
containing 20 % CaCl2; in fact, X-rays show that this 
sample contains calcium oxychloride (3CaO CaCl2- 
15H2O).

We have also studied the hydration of mixtures of 
C3S and C3A; our first results show that the presence 
of C3A considerably modifies the thermal phenomena 
accompanying the hydration of C3S. Tricalcium 
aluminate slows down the hydration of C3S.

In Fig. 8 are shown thermograms for a mixture of 
C3S and C3A, containing increasing percentages of 
gypsum.

An examination of the curves in Fig. 8 shows that; 
when the microcalorimetric peak due to the complete 
consumption of the gypsum lies before the peak due 
to the hydration of C3S, the latter peak is greatly 
retarded.

On the other hand, when the thermal phenomenon 
attributed to the hydration of C3A + CaSO4-2H2O 
lies after the thermal phenomena due to the hydra
tion of C3S, the latter peak is practically unchanged.

General Conclusions

In the present investigation, we have studied the 
hydration of C3S and C3A in the presence of CaCl2 
and/or CaSO4-2H2O.

Great importance is attached to the kinetic aspect 

of hydration.
In order to study the hydration kinetics, adequate 

methods of investigation are above all necessary to 
follow the transformation.



By using simple methods, we have followed with 
precision the concentration of Cl and SO," in the 
liquid phase.

In this way we have been able to show the deter
mining role of diffusion processes in the hydration of 
CjA in the presence of calcium chloride or calcium 
sulphate.

We have proposed equations to describe the hydra
tion kinetics.

Our microcalorimetric investigations have led us 
to devise a simple method for determining the activa
tion energy for hydration.

The values obtained by microcalorimetry for the 
activation energy are in agreement with those mea
sured by chemical methods.

As regards the nature of the hydration products, 
it should be remembered that the hydration of pure 
C3A gives unstable hydrates with a hexagonal struc
ture (C4AH13, C2AH8) which are converted into the 
cubic hydrate C3AH6, which is the only stable hydrat
ed calcium aluminate in the system CaO-Al2O3- 
H2O; but according to our X-ray crystallographic 
data, the hydration of C3 A in the presence of CaSO, • 
2H2O and CaCl2 gives rise to sulpho- and chloroalu
minates which have the hexagonal structure. These 
complex hydrates containing Cl" and SO," form 
solid solutions with C,AH13. The formation of a solid 
solution stabilises C,AH13 and greatly slows down its 
conversion into C3AH6.

A study of the nature of the hydrates in the hydra

tion of the system C3A-CaSO,-2H2O-CaCl2 enables 
us to define certain aspects of the hydration of C3A in 
the presence of Cl" and SO,":
I. CaCl2 accelerates the reaction between gypsum and 
C3A.
II. When C3A is hydrated in the presence of CaCl2 
and CaSO, • 2H2O, the SO^" ions react first to give the 
trisulphoaluminate; formation of monochloroalu
minate begins only after the SO, “ ions have been used 
up.
III. The trisulphoaluminate formed in the presence 
of CaCl2 is converted into monosulphoaluminate 
only after all the CaCl2 has been used up.
IV. CaCl2 accelerates the reaction between C3A and 
CaSO,2H2O.
V. Calcium hydroxide does not alter the hydration 
mechanism of C3A in the presence of Cl" and SOj" 
ions.

Our work on the kinetic aspect of the hydration of 
C3A + CaCl2 and/or CaSO,-2H2O has shown that 
for a complex kinetic study, it is useful to use several 
methods of investigation such as; isothermal micro
calorimetry, X-ray crystallography, chemical analysis, 
etc.

As regards the hydration of the binary system 
C3S + C3A in the presence of CaCl2 and CaSO,- 
2H2O, our first results are encouraging, but further 
research is necessary to understand the hydration 
mechanism of C3S + C3A.

Abbreviations

The following symbols are used:

C = CaO
S = SiO2
A = A12O3
F = Fe2O3
H =H2O
E _ water
S — solid '
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Synopsis

It is generally accepted that the ferrite phase of cements is a solid solution having the 
formula C6AxFy.

During the investigation of the hydration of cements, we have studied some aspects of 
the solid solution of the ferrite phase under different conditions for pastes having a low 
water to solid ratio.

The action of iron during hydration was established by chemical analysis of the hydrated 
phase separated from the mixture by heavy liquids.

We have also studied the hydration of alumino-ferrites in the presence of gypsum and 
the latter was found to influence strongly the kinetics of hydration. The nature and stability 
of different hydrates was determined by X-ray studies and by electron microscopy.

The part dealing with the kinetics is entirely devoted to studies of the effect of the fol
lowing parameters, which influence the rate of reaction:

I. time of contact of the specimens with gypsum,
II. water to solid ratio,

III. specific surface area,
IV. temperature, and
V. chemical composition of the specimens.

Introduction

The system Al2O3-CaO-H2O has been studied in 
many investigations, and we now have a good under
standing of it; this is neither the case for the system 
Fe2O3-CaO-H2O, nor that of the system A12O3- 
Fe203-Ca0-H2O, obtained by hydration of the 
ferrite phase, symbolically represented by C6A,FJ1, 
where x + y = 3.

It should be remembered that a study of the system 
Fe203-Ca0-H2O presents difficulties owing to the 
instability of hydrates containing iron: for example 
FC3H6 is a hydrate which is difficult to synthesize 
in the pure state, while the synthesis of AC3H6 pre

sents no difficulty.
In this investigation we have looked into the hydra

tion of certain components of the solid solution of the 
ferrite phase in a pure paste or in the presence of 
Ca(OH)2. The hydration of the ferrite phase is also 
studied in the presence of certain setting regulators 
such as CaSO4-2H2O and CaCl2.

The hydration of tricalcium aluminate in the pre
sence of gypsum and/or CaCl2 is the subject of a paper 
presented at this symposium (1).

This paper is a condensed summary of work carried 
out over the last few years.

Materials and Methods

Nine components of the solid solution of C6AXFX 
were synthesized from “pro analisi” reagents. Mix
tures of CaCO3, Fe2O3 and A1(OH)3 having a definite 
stoichiometry (lying between C2F and C6A2F) are 
subjected to three heat treatments at 1340°C.

“Centre National de Recherches Scientifiques et Techniques 
Pour ITndustrie Cimentiere, Bruxelles, Belgium.

After the heat treatments the product is crushed 
until it passes through an ASTM 325 sieve (16,900 
mesh/cm2).

In order to obtain fractions of definite granulo
metries, we carried out a fractionation of the products 
after sieving, using a BAHCO elutriator-centrifuge.

The gypsum used is U.C.B. “pro analisi" CaSO4 • 
2H2O (No. 1234); it is passed through an ASTM 325 



sieve (limiting mesh diameter 44 microns).
The gypsum is also elutriated to obtain fractions 

with different specific surface areas. In all the experi
ments we used Merck “pro analisi” CaCl2-2H2O 
(2832). The CaCl2 content is always expressed as a 
percentage of anhydrous CaCl2 respect to anhydrous 
aluminoferrite.

The calcium chloride is always dissolved in the 
water before tempering.

In order to follow the CaCl2 concentration during 
hydration, we extracted the CaCl2 which had not 
reacted by means of ethyl alcohol. After the alcohol 
extraction the chloride is determined by the silver 
nitrate method in a non-aqueous medium.

The thermal phenomena accompanying the hydra
tion of our samples are followed using an isothermal 
microcalorimeter, described previously (2).

In order to determine the nature of the hydrates, 
we employed thermogravimetric analysis: the dif
ferential thermobalance was developed in 1953 by W.

L. De Keyser (3).
Since then this method has been used frequently 

in studying the hydration of cement and its con
stituents.

The applications of differential thermogravimetry 
to cement chemistry are dealt with in a publication by 
De Keyser, Derie and Van Bemst (4).

In order to identify the structure of the hydrates, 
we used X-ray diffraction and electron microscopy.

We should like to point out that we have studied 
only the paste hydration of aluminoferrites.

The synthesized products were mixed with freshly 
boiled distilled water to obtain a plastic paste; the 
amount of water necessary to obtain such a paste 
varies from 25 to 40 % depending on the nature of the 
aluminoferrite.

The hydration of the aluminoferrites was carried 
out at 25°C; the samples were stored in an atmosphere 
saturated with water and free from CO2.

Results and Discussion

The Hydration of the Ferrite Phase in the 
Pure State and in the Presence of Ca(OH)2

The rate of hydration of C2F is very small. At the 
beginning of hydration the X-ray diagram of the 
sample of C2F + H2O resembles that of the anhy
drous substance.

As the iron is progressively replaced by aluminium 
in C2F, the rate of hydration increases. For instance, 
C6AF2 is hydrated more rapidly than C2F.

As regards the nature of the hydrates obtained by 
the hydration of C6AF2, it should be remembered that 

these hydrates are similar to those obtained by hydra
tion of C4AF and C6A2F.

The hydration of C4AF is more rapid than that of 
C2F and C6AF2. After five minute hydration, elec
tron microscopy enables one to identify hydrates of 
hexagonal structure (Fig. 1). -

24 hours later, the platelets are thicker, but the hexa
gonal platelets disappear gradually and hydrates of 
the cubic system are observed to appear. Fig. 2 shows 
an electron micrograph of a C4AF sample hydrated 
for 4 months.

Fig. 3 shows differential thermogravimetric analysis

Fig. 1. Fig. 2.



curves obtained after various hydration times. An 
examination of the curves in Fig. 3 shows clearly that 
after 5 minute hydration there are various peaks situ
ated in the region lying between 100°C and 250°C, 
the peak at 150°C being characteristic of the hexago
nal compounds.

But after 24 hour hydration it is seen that these 
peaks disappear gradually and an important peak 
appears at 300°C corresponding to the dehydration of 
the cubic compounds (A, F)C3H6. The appearance of 
this peak at 300°C is accompanied by that of another 
peak at 450°C, which corresponds to the dehydration 
of the Ca(OH)2 liberated by the dehydration of the 
cubic hydrate.

It can, therefore, be seen that during this hydration 
hexagonal compounds are formed at first; these then 
turn into cubic compounds.

The process by which C6A2F is hydrated is very 
similar to that of C4AF; however, the hydration of 
C6A2F is even faster than that of C4AF.

When aluminoferrites are hydrated in the presence 
of Ca(OH)2, the hydration process changes con
siderably.

This investigation was undertaken on account of 
its practical importance. This is due to the fact that 
portland cements liberate Ca(OH)2 during hydra
tion.

-j____iiii
100 200 300 *00 500‘C

Fig. 4.

The role of Ca(OH)2 in the hydration of C2F is 
illustrated in Fig. 4; this figure shows the differential 
thermogravimetric analysis curves for C2F hydrated 
in the presence and in the absence of lime.

It can be seen that in the system C2F + Ca(OH)2, 
hexagonal compounds are formed at first; but after 16 
weeks hydration a peak characteristic of cubic com
pounds appears.

It seems that in this case the hydration process is 
greatly accelerated by lime and that hexagons are 
first formed, followed by cubes, which are not observed 
in the case of C2F free from lime, even after 4 months 
hydration.

When C4AF is hydrated in the presence of Ca(OH)2, 
the formation of hexagonal hydrates can be demon
strated using an electron microscope.

An examination carried out after 8 weeks shows the 
persistence of hexagonal platelets, while for C4AF 
free from lime these platelets had then completely 
disappeared.

It follows that Ca(OH)2 considerably slows down 
the conversion of hydrates having the hexagonal 
structure.

The evolution of the hydration of C6A2F in the 
presence of Ca(OH)2 is similar to that of C4AF. 
Here too, lime slows down the conversion of hexa
gonal hydrates.

The slower conversion of hexagonal crystals into 
cubic ones enables one to obtain cubic crystals having 
better shapes, which is moreover explained by the 
general rules of crystallochemistry.



The Hydration of the Ferrite Phase in the 
Presence of Gypsum and/or CaCl2

The Hydration of C6A,Fy in the Presence of 
CaSO4 2H2O

We shall describe here our results on the hydration 
of C4AF in the presence of CaSO4-2H2O. Fig. 5 
shows the effect of various gypsum concentrations on 
the thermal phenomena accompanying hydration.

To arrive at a better understanding of the hydration 
mechanism, we shall consider the hydration of the 
mixture C4AF + 10% CaSO4-2H2O (Fig. 6). The 
hydration of this sample is stopped at the points M, 
N, O and P marked on the curve. After each inter
ruption of hydration, the hydrated phase is identified 
by X-rays. Fig. 6 summarizes clearly the hydration 
process of C4AF + CaSO4 • 2H2O.

Using the microcalorimetric method we have stu
died the influence of several parameters on the hydra
tion kinetics. The thermograms in Fig. 7 illustrate the 

Fig. 5.

influence of the specific surface area of C4AF on the 
appearance time of the thermal phenomena. It can 
be seen that an increase in the specific surface area 
reduces the time required for the appearance of the 
second thermal phenomenon.

The thermograms in Fig. 8 show the influence of 
the water/solid ratio on the hydration kinetics.

The Hydration of the Ferrite Phase in the Presence of 
CaCl2 and CaSO4 2H2O

Our work on the hydration of C3A in the presence 
of CaCl2 shows that CaCl2 considerably retards the 
hydration of tricalcium aluminate; the thermal 
phenomena accompanying the hydration of C3A + 
CaCl2 can easily be recorded using the isothermal 
microcalorimeter (1).

Microcalorimetric experiments show that CaCl2 
reacts so fast with aluminoferrites that it is very 
difficult to analyse the effect of CaCl2 on the hydration 
kinetics of C4AF by this method. It should be remem
bered here that it is the second thermal phenomenon 
which reveals the retarding effect of CaCl2 or CaSO4 •

C4AFt30%S04Ca2H2^ 

... 3250 cm7/g. 

--- 3000 
=.»oo= 2000 cm^. 

--- 1600 
--- KOO cmz/g.



2H2O. In the system C4AF + CaCl2, the CaCl2 
consumption is so rapid that practically only one 
thermal phenomenon is recorded.

A study of the system C4AF + CaCl2 has shown us 
that under certain conditions, the hydrate C3(AF)- 
3CaCl2 • 30H2O, rich in chlorine, is formed. But the 
trichloroal uminoferrite is easily converted into mono
chloroal uminoferrite. Fig. 9 shows a micrograph of 
C4AF + 20 % CaCl2 after five minute hydration. 
Fig. 10 shows a micrograph of the same sample after 
one hour hydration.

In Fig. 9, needles of C3(AF) • 3CaCl2 • 30H2O are 
easily distinguished; C3(AF)• 3CaCl2• 30H2O closely 
resembles ettringite, C3A-3CaSO4-321120. When the 
variation of CaCl2 concentration is followed during 
the hydration of C4AF + 30% CaCl2, a rapid con
sumption of CaCl2 with formation of trichloroalumi- 
noferrites is observed (Fig. 11); afterwards the CaCl2 
consumption decreases.

This phenomenon is observed better when the 
hydration is carried out with D2O; in fact, the repla

cement of H2O by D2O greatly reduces the rate of 
hydration and a plateau can easily be distinguished 
on the CaCl2 consumption curve (Fig. 11).

When CaCl2 is added to portland cement, the hydra
tion of the ferrite phase of the cement is influenced by 
the simultaneous presence of calcium sulphate and 
calcium chloride; this is why the paste hydration of 
the ferrite phase in the presence of CF and SO;- 
ions presents an obvious practical interest.

The thermograms in Fig. 12 illustrate the effect of 
various percentages of CaCl2 on the hydration of a 
mixture of C4AF + 25% CaSO4-2H2O. It can be 
seen that CaCl2 accelerates the appearance of the 
thermal phenomenon. When the CaCl2 concentra
tion reaches 5 %, the second thermal phenomenon is 
doubled.

We have studied the progress of the hydration of the 
mixture C4AF + 25%' CaSO4-2H2O + 7.5% CaCl2 
by stopping the hydration after the various times 
indicated on the thermogram of the sample. After

Fig. 9.

Fig. 10.
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the hydration has been stopped, the sample undergoes 
chemical analysis and X-ray crystallography.

Fig. 13 shows all of our results. Using the results 
illustrated schematically in Fig. 13 as a basis, we can 
summarize the hydration process of C4AF in the 
presence of Cl*  and SO4' ions as follows:
A. Between the first and second peaks: the gypsum 
reacts to give calcium trisulphoaluminoferrite. On the 
X-ray diagram of the sample at point A, the principal 
line of C3(AF)-3CaSO4-32H2O can be detected at 
9.75 Ä: the presence of CaSO4-2H2O and anhydrous 
C4AF is also confirmed by X-ray crystallography.
B. The gypsum consumption continues up to point 
B: the X-ray diagram of the sample at point B shows 
that all the gypsum has been consumed; between 

points A and B, there is an increase in intensity of the 
trisulphoaluminoferrite line which we shall designate 
by TS(AF). At the top of the second thermal phenom
enon (point B), the gypsum has been completely 
used up. After the complete consumption of CaSO4 • 
2H2O, the Cl" ions begin to react to form calcium 
monochloroaluminoferrite.
C. In the system C3A + CaSO4 -2H2O and C4AF + 
CaSO4-2H2O, at the top of the second calorimetric 
peak (point B), when the gypsum has been used up, 
the hydrates rich in sulphate are converted into hydra
tes poor in sulphate; in other words, the trisulphated 
phases are converted into monosulphated phases. 
In the presence of Cl" ions this transformation does 
not occur.

X-ray crystallography shows that at point C (be
tween the second and third thermal phenomena) 
TS(AF) and MC(AF) are present. This observation 
supports our conclusions on the system C3A + 
CaCl2 + CaSO4-2H2O + H2O (1).
D. Between the second and third thermal phenomena 
(points B and D), CaCl2 reacts to give monochloro
aluminoferrite. At point D all the CaCl2 has reacted 
and the TS(AF) begins to be converted into mono
sulpho al uminoferrite MS(AF).
E. When the CaCl2 has reacted completely (point D), 
the hydration continues on account of the presence of 
anhydrous C4AF; after point D the hydration of 
C4AF gives hexagonal hydrates (AF)C4H13. This 
hydrate forms solid solutions with C3(AF) • CaCl2 ■ 
10H2O and C3(AF)CaSO4- 12H2O.

General Conclusions

Literature data tell us that aluminoferrites behave 
in a similar manner to calcium aluminates.

According to the work of Malquori and Caruso 
(5), there is a great similarity between FC3 CaSO4- 
12H2O and C3A-CaSO4• 12H2O.

In our work we have dealt with the hydration kine
tics, using various means of investigation.

Our results on the hydration of the ferrite phase in 
the pure state show that the hydration rate increases 
from C2F up to CSA2F.

As regards the nature of the hydrates, it is observed 
that, in the initial period of hydration, the hydrates 
are of hexagonal structure, but that under our experi
mental conditions the hexagonal hydrates (AC2H8, 
AC4H3) are unstable; they are converted into cubic 
hydrates (AC3HS); calcium hydroxide considerably 
slows down this transformation.

In the presence of CaSO4-2H2O, calcium trisul
phoaluminoferrite C3(AF)-3CaSO4-32H2O is formed 
at the beginning of the hydration. After the gypsum has 
been used up, the trisulphate phase is converted into 
calcium monosulphoaluminoferrite C3(AF) • CaSO4 • 
12H2O.

An inspection of our results on the hydration of the 
system C6A,F,, + CaSO4 • 2H2O shows that there is 
a great similarity between the effect of gypsum on the 
ferrite phase and its role in the hydration of C3A.

Our conclusions on the hydration of the ferrite 
phase are in agreement with the results of Chatterji 
and Jeffery (6, 7).

A study of the hydration mechanism of the system 
C4AF + CaSO4-2H2O + CaCl2 shows that the 
hydration process of this system is similar to that of 
C3 A in the presence of Cl" and SO4 " ions (1).



CaCl2 accelerates the reaction between gypsum and 
C4AF.

When C4AF is hydrated in the presence of CaCl2 
and CaSO4. 2H2O, the SO4 ions react first to give 
trisulphoaluminoferrite; during the consumption of 
SO4 ~ ions the Cl- ions do not react. The formation of 
monochloroaluminoferrite begins only after the 
complete consumption of SO4 ~ ions.

The trisulphate phase (calcium trisulphoalumino
ferrite) formed in the system C4AF + CaSO4 • 2H2O + 
H2O is converted into a monosulphate phase after the 
complete consumption of CaSO4-2H2O. In the pre
sence of CaCl2 the trisulphate phase persists after the 
complete consumption of the gypsum, in other words 
the presence of CaCl2 prevents the conversion of 
TS(AF) into MS(AF).

This phenomenon can be explained by the fact 
that it is above all the hydrated calcium aluminofer- 
rites, (AF)C4H13 and (AF)C2H8, which react with the 
trisulphate phase to convert it into the monosulphate 
phase. When the aqueous phase contains Cl- ions, the 
calcium aluminoferrites react with CaCl2 to give 
hydrated chloroaluminoferrites, and as long as there 
are Cl- ions in the liquid phase, the trisulphoalumi
noferrite is not converted into monosulphoalumino- 
ferrite.

In this work we have separated off the hydrated 
phase by using heavy liquids: the A/F ratio of the 

hydrates is different from the A/F ratio of the anhy
drous aluminoferrite.

In the hydration of C4AF, the phases hydrated 
under different conditions have an A/F ratio greater 
than 1. It, therefore, seems that only part of the iron 
is to be found in the hydrates; the rest may be in the 
form of ferric hydroxide.

We have investigated the influence of certain para
meters on the hydration kinetics. Differential micro
calorimetry has proved to be a useful method for 
determining the influence of various factors such as the 
E/S ratio, the grain size, etc, on the hydration of the 
ferrite phase.

We have seen above that C4AF forms hexagonal 
hydrates after five minutes hydration.

Recently we have shown directly that these hexa
gonal platelets contain iron.

It is by means of an electron microprobe that one 
can demonstrate the presence of iron in the hexagonal 
platelets (8).

As a sample mount for the microprobe examination 
we used a single crystal of MgO.

It should be remembered that a study of the role of 
iron in the hydration of cements is of an obvious 
practical interest; indeed it is well known that cements 
rich in Fe2O3 are very resistant to agressive media 
(sea-water, water containing sulphates, etc.).
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Synopsis

Various factors influence the reactions of alite and belite in cement; temperature, 
water-cement ratio and composition are among these. Their effects on cement are com
parable with their effects on the corresponding “pure” compounds.

The temperature data lead to activation energy results consistent with early age solution 
reaction processes and later age diffusion processes. The hydration factors are of two types, 
one involving the composition of the alite or belite phase itself and the nature of the polymor
phic form and the other concerning the presence of other substances, i.e., C3A, CaSO4- 
2H2O and CaCl2.

These various factors also influence the composition of the hydration products of the 
“pure” phases. For example, the C/S ratio of C-S-H gel has been found to increase signi
ficantly with decreasing w0/c ratio.

The presence of other substances such as sulfate ion in the hydrating system leads to the 
formation of substituted C-S-H gels.

The hydration of C3A starts immediately upon contact with water. The products that 
form depend upon the composition of the solution phase. If sulfate ion and Ca(OH)2 are pre
sent the first product is hexacalcium aluminate trisulfate. When the sulfate ion is depleted 
further hydration of C3A produces tetracalcium aluminate sulfate. Thereafter the solid 
solution of monosulfate and tetracalcium aluminate is formed. The presence of the ferrite 
solid solution phases leads to substitution of F for A in all hydration products.

Sufficient sulfate ion is present in properly retarded cements to assure that the conver
sion of hexacalcium aluminate trisulfate to tetracalcium aluminate sulfate does not occur 
until after the paste has hardened.

Introduction

The hydration of portland cement consists of sets 
of simultaneous and consecutive chemical reactions 
that are practically impossible to investigate in detail 
if study is limited to the cement-water system. 
However much progress has been made by studying 
this complex cement-water system. One method of 
study has been to make the tacit assumption that 
cement is one component of a two component system 
and use an estimate of the “chemically bound” water 
(such as the non-evaporable water) or the heat of 
hydration as a measure of the amount of cement that 
has hydrated. Many characteristics of hardened neat 
cement pastes are closely related to the extent of

’Portland Cement Association, Research and Development 
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hydration of the cement so deduced. It is also pos
sible to identify most of the hydration-products of 
cement without any knowledge of the hydration 
characteristics of the individual compounds that 
comprise cement, and most of the hydration products 
that normally occur had been so identified at the time 
of the Fourth International Symposium on the 
Chemistry of Cement.

The attempt to obtain more detailed information 
on hydration characteristics of the individual cement 
compounds was started long ago with studies of the 
hydration of each of the pure compounds individually. 
More recently the hydration of pure compounds 
under conditions like those that exist in the cement
water system have proven to be fruitful. The primary 



purpose of this paper is to review pertinent informa
tion on the hydration of “pure" cement compounds, 
individually and in mixtures; to compare this infor
mation with information obtained from hydration 

of portland cement; and finally to describe a sequence 
of events in the early hydration reactions of cement 
that seems to be consistent with the experimental 
results and the interpretations of most researchers.

The Hydration of Silicate Phases of Portland Cement

The Consumption of Alite and Belite

Dependence on w0/c

The disappearance of alite and belite in cement 
is conveniently observed by means of X-rays. Exam
ples of the type of results obtained are given in the 
1960 Symposium (1, 2). Since that time, other 
investigators (3, 4) have also employed the X-ray 
method.

Some of these authors (1, 4) have indicated the 
difficulty in obtaining good precision in the belite 
results because of the small amount of material in 
the cement. The difficulty is compounded if the belite 
line at 2.88 Ä is used, as was pointed out by von 
Euw (5) a decade ago.

The X-ray analysis procedure for the silicate phases 
in cements and clinkers reported a few years ago (6) 
may be used with only minor modifications (7) for 
alite'and more reliable belite analyses than is obtained 

from use of the 2.88 A line of partly hydrated cement 
pastes.

Alite and belite data have recently been obtained 
for cement pastes hydrated under various conditions 
(7). The curves in Fig. 1 represent data obtained from 
an ordinary (ASTM Type I) cement hydrated at two 
different water-cement ratios. The curves show that 
the percentages of alite that had hydrated by 1 day 
are about the same at both water-cement ratios. The 
curves diverge from 1 day on, more alite hydrating 
at the higher water-cement ratio in a given time.

As can be seen from the data points on the figure, 
somewhat greater scatter occurs in the case of the 
belite. Nevertheless, the belite results have charac
teristics somewhat similar to those of alite. At 1 day 
the amount of belite hydrated is almost independent 
of water-cement ratio. The curves diverge thereafter, 
although, in contrast to the alite curves, they recon
verge to some extent at later ages.

Fig. 1. Alite and Belite hydration in an ordinary port land 
cement. (Initialalite, 57.8percent; initialhelite, 19.6percent').



The X-ray results in Fig. 1 indicate the same type 
of effect of water-cement ratio on cement hydration 
as do the fixed water data given previously (8).

The investigation of the hydration of C3S and C2S 
as a function of w0/c-ratio has led to similar results 
(9, 10, 11). Thus, in general, it is found that more 
C3S and CZS hydrate in a given time, the higher the 
w0/c ratio. However for ages up to 7 days, Locher 
finds that the degree of hydration of C3S decreases 
with increasing w0/c, above a value of .35 iv0/c, 
reaching a minimum at .80 w0/c. We have found this 
same type of effect at shorter times but only in a lower 
wjc range, .20 to .35. Various factors, such as mixing 
conditions, fineness of C3S, and sample size and shape 
may influence these earlier age results.

Alite and belite data were obtained for another 
oridinary portland cement hydrated at 3 different 
temperatures, 5, 25 and 50°C (7). The alite results are 
shown in Fig. 2. A very significant temperature 
influence can be seen, especially during the early 
stages of hydration, since the widest divergence in 
results occurs at the earliest age investigated, 12 hours. 
Nevertheless, the curves begin to converge significan
tly only after about 1 day. The rate of alite hydration 
at 50°C becomes very low after about 14 days of 

hydration.
These alite results may be compared with the results 

obtained for the hydration of pure C3S at the same 3 
temperatures (12). As can be seen in Fig. 3, the 5° 
results at early ages are lower than the results at 25 
and 50°C; these latter two do not differ significantly. 
Furthermore, the percentage hydration from about 
1 day on is independent of temperature over the entire 
range examined, the data for all pastes falling on the 
same curve within experimental error. Hence the 
rate of hydration is independent of temperature. 
Earlier results, by others, have indicated small regular 
temperature dependence (13) and small inverse 
temperature dependence (14).

The small or zero temperature dependence indicates 
a diffusion controlled hydration process (15). As is 
well known, diffusion controlled processes have low 
temperature coefficients of rate (16), and hence low 
activation energies.

Rates of hydration of alites in cement at different 
temperatures have been obtained from the data in 
Fig. 2. The apparent activation energies at 60 and 70 
percent hydration were calculated from the In R vs. 
1/T plots shown in Fig. 4.

The value obtained at 60 percent hydration, 9.8

TIME,DAYS

Fig. 2. Alite hydration in an ordinary portland cement at differ
ent temperatures. {Initial alite, 50.0 percent, initial belite, 31.1 
percent; wojc = 0.57.)



Fig. 3. Hydration of C3S at different temperatures 
(wofc = 0.70; e5°C; O25°C; a50°C)

In
 R

l/T x IO3, °K-1
Fig. 4. In Rvs IjTplots, cement alite at 60 and 

70 percent hydration.

kcal/mol, is considerably higher than values attri
buted to diffusion processes (17), but is in the range of 
values given by Iler (18) for the acid and base catalyzed 
polymerization of silicic acid. The hydration of alite 
and belite to a calcium silicate hydrate gel also include 
silicate polymerization steps. As has been recently 
shown by Lentz (19) and by Funk and Frydrych (20) 
C3S and C2S both consist of orthosilicate ions; these 
same authors have shown that the calcium silicate 
hydrate consists of condensed silicate chains of vari
ous lengths, in agreement with Taylor’s hypothesis 
(21).

The apparent activation energy of the cement alite 
at 70 percent hydration is 6.30 kcal/mol. The signi
ficant decrease in the apparent activation energy from 
60 to 70 percent hydration indicates that the hydration 
process is becoming more and more diffusion-con
trolled.

Taplin (22) reports a value of 10 kcal/mol for port
land cement paste. An apparent activation energy of 
about 9.3 kcal/mol was obtained for C3S during its 
early stages of hydration from conduction calorimeter 
data (10). Taplin reports a value of 10 kcal/mol for 
one C3S preparation)



A comparison of the C3S results (Fig. 3) with those 
of alite (Fig. 2) suggests that the hydration of C3S is 
probably diffusion-controlled by the time 25 percent 
hydration has occurred; while for alite, even at 60 
percent hydration, the reaction may still be controlled 
primarily by the rate of polymerization of orthosili
cate ions and diffusion has not yet become the rate 
determining step.

The belite results corresponding to the alite data 
of Fig. 2 are shown in Fig. 5. These results may be 
compared with similar data obtained for j9-C2S (B2O3- 
stabilized) (12), shown in Fig. 6. The two sets of curves 
do show some similarities, as contrasted to the alite 
and C3S results. However a greater fraction of the 
belite in cement hydrates in a given time than of 
)?-C2S by itself, possibly simply because of the smaller 
amount of belite in cement, as compared to the 
relatively pure material. The cement belite hydration 
has a greater temperature dependence than the ß- 
C2S hydration. The apparent activation energies 
calculated at 40 percent hydration are 13.5 and 7.4 
kcal/mol respectively for belite and jff-C2S. These 
values indicate that diffusion control occurs at lower 
extents of hydration in C2S as compared to the belite 
in cement, just as it does in the case of C3S as com
pared with cement alite.

Apparent activation energy values for different 
jff-C2S preparations examined by Taplin (22) were 
stated to be 18 kcal/mol and greater than 10 kcal/mol. 
These values were based on moisture loss data.

Dependence of Alite Hydration on Composition
The reactions of C3S and alite are also influenced 

by the composition of the hydrating mixture. Three 
different types of composition variation may be con
sidered: the presence of small amounts of other con
stituents in CjS, making it an alite, the presence of 
other cement compounds, and the presence of other 
substances, such as gypsum or calcium chloride. 
Although the behavior of alite in cement is the princi
pal concern of this section, C3S is considered in some 
detail, because it serves as a convenient reference 
material with which to compare cement alite.

Tricalcium silicate has a number of polymorphic 
forms, stable in various temperature ranges (23). 
The presence of small amounts of foreign ions in the 
C3S structure will stabilize one or another of these 
polymorphic forms at room temperature, as has been 
done by Woermann, Hahn and Eysel (24). Different 
polymorphic forms of alite in different portland 
cements were observed by Midgley, Fletcher and

Fig. 5. Belite hydration in an ordinary portland cement at difler
ent temperatures. (Initial alite, 50.0 percent; initial belite 31.1 
percent; wofc = 0.57)



Fig. 6. Hydration of ß-CiS at different temperatures, 
(wofc = 0.70; eJ0^ O25°C; £.50oC')

Cooper (25) and by Ono, Uno and Kanai (26). With 
the knowledge that different alites can occur in dif
ferent cements, the question immediately arises as to 
how the hydration characteristics of these alites 
differ. Differences can occur because of differences in 
crystal structure, differences in composition, or both. 
Yamaguchi, Shirasuka and Ota (27) have succeeded 
in obtaining alite of one composition, C295M6S99A, 
in two polymorphic forms, triclinic and monoclinic. 
Pastes of each of these alite modifications were hydra
ted, and the alite residues at various ages were 
determined by X-rays. The results are given in Fig. 7. 
The results show that the monoclinic form hydrates 
slightly more rapidly between 5 hours and one day; 
thereafter, the two curves run approximately parallel. 
Nurse, Midgley, Gutt and Fletcher (28) used compres
sive strength as a measure of reactivity in an investiga
tion of the various polymorphic forms of C3S. These 
forms were obtained by inclusion of MgO, F, MnO, 
and a combination of MnO + F in various amounts 
in the alite. The results for preparations including 
only magnesia are in general agreement with those of 
Yamaguchi and his coworkers, showing a slight 
increase in strength from the lowest symmetry form

Fig. 7. Hydration of different alite polymorphs. 
(M = Monoclinic, T = Triclinic) {ref. 27)

(triclinic) to the highest (monoclinic). The alites 
containing fluorine did not show any clear-cut rela
tionship.



Fig. 8. Hydration of alite and C3S. (mjq/c = 0.45; high-speed 
blender mixing; A ■ C3S; B, O triclinic alite and • mono
clinic alite; C, a alite +2.3 percent C3A; D, ▲ alite +4.5 
percent C3A; E,  cement LTS-11 [57.1 percent alite and 
8.3 percent C3A])

The presence of other compounds along with alite 
in pastes can have a significant effect on the hydration 
characteristics. Alites containing small amounts of 
free C3A have been hydrated and the alite residues at 
various times determined by X-rays (29). The results 
are shown in Fig. 8. Also included in this figure are 
results for C3S, a triclinic alite (9), a monoclinic alite, 
all of which are C3A-free, and a normal portland 
cement. The triclinic alite contains 1 percent A12O3 
and 0.3 percent MgO; the monoclinic alite contains 
1 percent A12O3 and 1 percent MgO.

The curves A and B in Fig. 8 indicate the same kind 
of differences Nurse, Midgley, Gutt and Fletcher 
found. '

Curve A represents the case of a pure C3S, which is 
triclinic, T3 in the nomenclature of Woermann, Hahn 
and Eysel (24). Curve B is the composite of data from 
a triclinic alite, Tn, and a monoclinic alite which was 
prepared from the triclinic alite by reburning with 
additional MgO. These two alites behave alike. Effects 
that may have been caused by differences in their 
structures must therefore be compensated for by effects 
due to differences in their composition. It seems pro

bable that the difference between curves A and B is 
caused by the difference in alumina of the correspond
ing materials, 0.1 percent in C3S and 0.9 percent in 
each of the alites. The higher reactivity of the mono
clinic alite reported by Yamaguchi, Shirasuka and Ota 
(27) may be attributed to the fact that the companion 
triclinic form was the stable phase at the hydration 
temperature.

The two alites represented by curves C and D both 
contain 1 percent A12O3. One (curve C) contains 0.7 
percent MgO and the other (curve D) 1 percent 
MgO. This latter alite is almost identical in composi
tion to the monoclinic alite of curve B. The alite in 
cement LTS-11 is also monoclinic. In all cases in which 
free C3A is present, as can be seen from the curves, a 
significant increase in the rate of hydration occurs 
during the first day of hydration, the rate then remain
ing higher even beyond the second day for the two 
highest C3A cases (curves D and E).

The accelerating action of gypsum on alite hydra
tion has been deduced from heat liberation data (8) 
and from DTA data such as has been reported by 
Raccanelli (30). The latter finds alite hydration in 



cement is accelerated by either gypsum or alkali 
sulfate, but the acceleration is independent of sulfate 
concentration. He does find, however, that the dura
tion of the acceleration is proportional to the alkali 
sulfate concentration.

A normal portland cement clinker hydrated with 
various gypsum additions was subjected to X-ray 
analysis (7). Some of the results are shown in Fig. 9. 
There is an indication from these data that there is an 
“optimum” gypsum level for maximum rate of hydra
tion of alite in cement. This effect is particularly noti
ceable in the 1 and 3 day hydration curves. By 7 days 
the “optimum” value, if one exists, is below 1 percent 
SO3. It appears from these results that the “opti
mum” value' decreases with time of hydration. The 
accelerating effect of the gypsum is rather small how
ever, and in fact, with larger gypsum additions, a 
significant retarding action occurs.

A number of investigators have examined the influ
ence of gypsum on C3S hydration. Kurczyk and Schwi- 
ete (31) conclude on the basis of free lime results that 
gypsum admixtures up to 4 percent by weight have 
no effect on the hydration kinetics of C3S. Celani, 
Collepardi and Rio (32) conclude, also from free lime 
data, that gypsum does accelerate C3S hydration, but 
only during the first day.

Pastes of C3S with different amounts of admixed 
gypsum were analyzed by X-rays for unhydrated 
C3S residues after various hydration times (10). A 
significant acceleration occurred even with the lowest 
amount of gypsum added, 0.7 percent as SO3, as can 
be seen in Fig. 10. There was some evidence for an 
“optimum” effect, but the variation was rather small 
over the entire range of amounts added, 0.7 to 3.0 
percent as SO3. The C3S with added SO3 hydrates at 
about the same rate as the alite in a properly retarded 
cement.

The accelerating action of CaCl2 on cement hydra
tion is well known. Kurczyk and Schwiete (31) found, 
by an X-ray method, that at a time when 68 percent 
of C3S in a paste had hydrated, 96 percent had hy
drated in a paste also containing 2 percent CaCl2. 
Results of a similar nature were obtained by Celani, 
Collepardi and Rio (32).

Alite analyses have been made on hydrated pastes 
of 3 widely differing cements, one a normal cement, 
one a white cement, and one a nominal zero-C3A 
cement (33). The results are shown in Fig. 11. The 
curves for the alites of these cements all follow approxi
mately the same paths. However, the shape of curve 

Fig. 9. Hydration of cement alite in the presence of gypsum, 
(wo/c = 0.45; low frequency vibration mixing')

Fig. 10. Hydration of C3S in the presence of gypsum, 
(wo/c = 0.45; low frequency vibration mixing')



C, for the zero C3A-cement is slightly different from 
those of A and B.

Dependence of Belite Hydration on Composition
Dicalcium silicate is a polymorphic material; four 

different forms are known (34, 35). Of these four 
forms, a, a', ß and y the first and last are considered 
to be nonhydraulic (36, 37) although Yamaguchi, 
Ono, Kawamura and Soda (38) have reported strength 
development of mortars made with a-C2S.

The normal belite phase in portland cement con
sists of the ^-modification. The «'-modification has 
been reported to occur also, but this could be the 
alkali silicate KC23S12. Both Nurse and Midgley 
indicate that KC23S12 is a potassium stabilized 
C2S.

It has not been possible to compare hydration 
characteristics of different polymorphs of C2S having 
the same composition. However, some investigations 
of the effect of belite composition including more than 
one polymorph have been carried out (38, 39).

Yamaguchi, Ono, Kawamura and Soda (38) inves
tigating mortars made with the a, a' and j3-forms, 
observed that there was little difference in strengths 
between mortars of a' and ß forms, but found that 

mortars of the a-form gave much more strength. 
Strength results, however, do not give a good indica
tion of the hydration characteristics of the anhydrous 
materials because of the influence of other factors, 
such as the composition and morphology of the 
hydration product.

Kryzhanovskaya, Mirak’yan, Shokotova and Kho- 
lodnyi (39) investigating the bound water content 
as a function of time for pastes of KC23S12 and ß- 
C2S found little difference in the hydration character
istics of these two materials.

The results reported with regard to similarity in 
hydration characteristics of KC23S12 and j?-C2S are 
rather surprising in view of the significant influence 
that the composition of ^?-C2S has on its hydration 
properties (28, 34). Results of X-ray analyses have 
been obtained for paste series of /?-C2S preparations 
stabilized in different ways (29). Among these prepara
tions were a j?-C2S stabilized with 0.8 percent SO3, 
added as CaSO4, as described by Funk (40), a ß- 
C2S stabilized with 1.9 percent A12O3 and 0.9 percent 
MgO (41), and two stabilized in the conventional way 
with B2O3, one containing 0.5 percent and the other 
0.8 percent. The results of the X-ray analyses are 
shown in Fig. 12. These results show that all the C2S

Fig. 11. Hydration of alites in different cements. (wolc = 0.65;
A, normal cement, 57.8 percent alite; B, white cement, 50.8 
percent alite; C, zero-C^X cement, 67.2 percent alite)



Fig. 12. Hydration of different ß-CiSpreparations and of cement 
belite. (wo/c = 0.45; A, a 0.8percent B2O3; B, • 0.5 percent 
B2O3; C, O 1.9percent AI2O3 + 0.9percent MgO; D, ▲ 0.8 
percent SO3; E,  cement belite, LTS-II)

preparations hydrate to about the same extent during 
the first week of hydration. Thereafter, the influence 
of the stabilizer becomes apparent. The B2O3-stabi- 
lized preparations (curves A and B) hydrate to a lesser 
extent at later ages, the highest B2O3 content material 
(curve A) hydrating the least. The Al2O3-MgO and 
SO3-containing materials (curves C and D) react to a 
greater extent than do the B2O3-containing materials, 
but still do not demonstrate the reactivity of belite 
in an ordinary portland cement (curve E). Although 
the Al2O3-MgO stabilized C2S was made in an attempt 
to reproduce a cement belite, it is likely that either 
there is still some difference in the compositions of 
these two, on the cement belite is influenced by the 
presence of some other substance, such as sulfate of 
C3A. As an example of a composition variation, the 
cement belite may have a somewhat higher A12O3 
content, and possibly some iron as well (34).

Belite results in cement were obtained which are 
analogous to the alite results in Fig. 9(7). A slight 
“optimum" effect was observed at all ages for the paste 
series with 1.5 percent SO3 added. The curves for 3 
and 4 percent SO3 additions were almost alike and 
higher additions resulted in a marked decrease in 
belite hydration.

Belite hydration is also accelerated by CaCl2. 
Kurczyk and Schwiele report 48 percent hydration of 
ß-C2S as compared with 82 percent hydration when 2 
percent CaCl2 was present. Funk (42) had previously 
reported complete hydration of ß-C2S in 30-40 days 
in the presence of 15 percent CaCl2. This result may 
be compared with hydration times for pure ß-C^S 
greater than 1 year, even in an excess of water (43).

Belite results analogous to the alite results in Fig. 
11 have also been obtained (33) and are shown in Fig. 
13. The belite in the white cement appears to be less 
reactive than the belites in the other two cements. 
Because of the absence of iron in the white cement, 
the composition of the belite may be slightly different 
from its compositions in the other two cements. It is 
also possible that the amount of belite present has some 
relationship to the behavior. Not enough data is 
available at the present time to allow any definite 
conclusions to be made.

The Alite and Belite Hydration Products

The Calcium Silicate Hydrate Phase

The hydration products of portland cement consist



Fig. 13. Hydration of Beides in different cements, (woic = 0.65;
X, a normal cement, 19.5 percent belite; B, • white cement 
40.0 percent belite, C, O zero-CjA cement, 13.7percent belite)

of two types of materials—substances that are rela
tively well-crystallized, such as calcium hydroxide and 
ettringite, and a substance that is poorly crystallized, 
namely a calcium silicate hydrate gel. For some years, 
this calcium silicate hydrate has been called variously 
tobermorite, tobermorite (G) and tobermorite gel. 
The tobermorite designation was applied because of 
some similarity of this material to the well-crystallized 
natural mineral of the same name. The primary simi
larity is in the X-ray diffraction diagram. Three broad 
peaks are obtained for the calcium silicate hydration 
product, these peaks corresponding approximately in 
d-spacing to three strong natural mineral tobermorite 
X-ray peaks. In this respect the calcium silicate hy
drate resembles tobermorite more than it does any 
other calcium silicate hydrate.

On the other hand, the composition of the calcium 
silicate hydrate gel is quite different from that of 
natural mineral tobermorite, or even of hydrother- 
mally prepared tobermorite (21). In order to distin
guish between the product of paste hydration of trical
cium, dicalcium silicate, alite, or belite on the one 
hand, and any other calcium silicate hydrate on the 
other, the poorly crystallized calcium silicate hydrate 
gel which is the product of the paste hydration is here 

designated C-S-H gel.
Of primary importance in the present discussion is 

the composition of the C-S-H gel that is produced 
by the hydration of portland cement? Unfortunately, 
because of the complexities of the system little is 
known about this composition, except by analogy with 
the products of hydration of C3S and ß-C-ffi.

The Determination of the Composition of C-S-H Gel

Various investigations have been carried out in 
recent years on the composition of C-S-H gel. Even 
in the case of the hydration of the “pure” calcium 
silicates, the determination of the composition of the 
calcium silicate hydrate gel presents certain difficulties. 
No method has yet been devised that will permit 
direct determination of the C/S and H/S ratios of 
this gel. It is therefore necessary to determine all of 
the other constituents in the system, and obtain the 
composition and amount of the calcium silicate hy
drate gel by difference (44). To obtain the difference 
requires determination of the unhydrated residue and 
the calcium hydroxide content of the material. Several 
methods have been used to determine the calcium hy
droxide content (15, 43). Three such methods may be 
considered. These are chemical extraction using ethyl 



acetoacetate. X-ray analysis, and thermogravimetric 
analysis. The chemical extraction method gives higher 
results than the other two, both of which give about 
the same result (43).

Two different points of view have been expressed 
in explanation of this phenomenon (15, 21, 43, 45). 
One is that the lime not detected by X-rays is lime 
which is chemically extracted from lime-rich regions 
of the C-S-H gel. The other is that some amorphous 
lime is present, which cannot be detected by X-rays 
and which consequently would not give a sharp step 
in the thermal weight loss curves. One explanation for 
the formation of amorphous lime was given by Gru- 
demo (46). More recently Locher (11) reported results 
obtained on free lime contents of hydrated C3S 
pastes by both chemical and thermogravimetric me
thods. His observed difference in Ca(OH)2 values, in 
terms of moles Ca(OH)2 per mole SiO2, appeared to 
be nearly independent of the C/S ratio of the C-S-H 
gel. If both the firmly bound lime and the labile lime 
were associated with the silica in a given C-S-H gel, 
one might expect from spatial considerations that if an 
increase in firmly bound lime occurred, a correspond
ing decrease in labile lime could occur. If, however, the 
lime were amorphous and not associated with the 
gel, no relationship would need to exist between its 
amount and the C/S ratio of the gel.

In further discussion of gel compositions, values 
based on chemical lime determination will be con
sidered.

Influence of Time, Temperature and w0/c 
on Composition of the C-S-H Gel

Investigations in recent years have shown that 
various paste hydration conditions, such as time, 
temperature, water-solids ratio and presence of other 
substances can affect the composition of the C-S-H 
gel hydration product.

The effect of time on the hydration of C3S and C2S 
has been examined for pastes hydrated at .70 w0/c 
at three different temperatures (12, 44) for periods 
from 1/2 hour to 400 days. The results indicated that 
both C3S and ß-C2S formed initial hydration products 
with C/S-ratios near those of the original anhydrous 
compounds. These C/S-ratios decreased during the 
early stages of hydration. In the case of C3S, the 
initial decrease was rapid, and was followed by a slow 
decrease during the remainder of the hydration reac
tion. In the case of C2S, the early age decrease was also 
rapid; however it was followed by a slower rise during 
the remainder of the hydration (9).

The influence of temperature on the C/S-ratio of 
the C-S-H gel formed by hydration of C3S appears 

to be negligible over the temperature range examined. 
The lowest C/S-ratios were obtained for pastes hy
drated at 25°C; pastes hydrated at either 5 or 50°C 
gave slightly higher values.

In the case of C2S pastes, there appeared to be a 
correlation of C/S-ratio with hydration temperature, 
the value of the C/S-ratio increasing with increasing 
temperature, as had been observed previously (40) 
(43).

The influence of wjc on the composition of the 
hydration product is significant. Investigations by 
Locher (11, 45), Sudoh and Mori (47) and by the 
present authors and their coworkers (9, 10) have 
yielded results in quite good agreement. It is found 
that as the w0/c-ratio is decreased the C/S-ratio in
creases. Over the entire range of H’0/c-ralios covered by 
these various investigators, 2.00 to 0.20, the C/S-ratio 
was found to vary from about 1.3 to 2.3. It was also 
found that C3S pastes below a certain wojc value, about 
0.45, showed a slight increase in C/S-ratio with time 
at later ages. One set of results is shown in the upper 
curve in Fig. 14(10). The data points represent average 
values obtained from pastes hydrated 6 months or 
more. All of these pastes were hydrated more than 60 
percent, a time beyond which any further increase in 
C/S at a given w0/c is negligible.

The H/S values associated with the C-S-H gel are

Fig. 14. Influence of wo/c on C-S-H gel composition



first of all related to the extent to which moisture has 
been removed from the paste at the end of the hydra
tion period. Various methods of drying have been 
used. In the investigation of C3S and C2S pastes, one 
method has been to remove water with the aid of 
organic agents such as cyclohexanol followed by 
drying in CO2-free air (11). Another has been vacuum 
drying, the so-called “D-drying” (9, 15). These two 
methods lead to results not too different from one 
another, as is indicated by the fact that the amounts of 
water retained, after drying, by fully hydrated C3S 
pastes were found to be about the same by both 
methods.

The H/S ratios calculated for a given paste are 
obtained from loss on ignition data (1000-1050°C) 
corrected for the water in the free Ca(OH)2 and for 
the CO2 present. For well-hydrated systems, it has 
been found that the H/S ratio is about 0.5 mole/mole 
SiO2 less than the C/S ratio, as is shown in Fig. 14. 
This indicates that the composition of C-S-H gel 
varies as calcium hydroxide enters or leaves it. The 
general composition of C-S-H gel in well-hydrated 
systems may, as a first approximation, be represented 
by the expression.

CxSHx_Oi5
where x is the C/S ratio. However, another type of 
H/S variation has also been observed, which depends 
on time. The above expression may therefore be 
modified to

C^SH^-o;^

where y is the difference in H/S-ratio between the 
experimental value and that estimated from the C/S- 
ratio. Results on the hydration of C3S (11, 44) and 
C2S (44) have shown that values of y are negative 
during the early stages of hydration. In the case of 
C2S at 5°C, the value of y at the earliest stages of 
hydration was almost —(x — 0.5), that is, the net 
H/S ratio was nearly zero. A similar observation was 
reported by Kawada and Nemoto (48). As hydration 
progresses, the value of y increases, finally becoming 
slightly positive, of the order of 0.1 moles H2O/mole 
SiO2. Upon reaching this value, y remains approxi
mately constant.

Substituted C-S-H Gels
The above discussion has dealt with “pure” C3S 

and C2S. Some analogy may be drawn to the behavior 
of alite and belite in cement. Turriziani, Rio and 
Collepardi (49) found some similarities regarding 
free-lime formation in clinker and C3S. It is well- 
known that a C-S-H gel also forms by hydration of 

cement, this gel having properties similar in many 
respects to those of the gel formed by C3S or C2S 
hydration. The gel formation in cement is probably 
controlled to a significant extent by the same factors 
operating in C3S and C2S pastes. However, other 
variables exist in the cement system, these being 
related to the presence of other substances—gypsum, 
other cement compounds, alkali. Furthermore, the 
alite and belite phases contain small amounts of 
other substances—A12O3, Fe2O3, MgO, K2O, in solid 
solution, which may have an important bearing on 
their behavior.

The composition and properties of the hydration 
products are more important in the following discus
sions than are the influences of these various “impuri
ties” upon the hydration characteristics of C3S and 
C2S. In the past few years, work by a number of 
investigators has shown that substances such as alumi
na or calcium sulfate could enter the calcium silicate 
hydrate structure chemically without destroying the 
identity of the gel. Kalousek (50) prepared samples of 
tobermorite hydrothermally containing as much as 
6.5 percent A12O3. His results indicated that the 
alumina substituted for silica in the structure. In 
addition Kalousek suggested that this type of substi
tution is possible in the products of hydration of 
cement at ordinary temperatures. A similar hydro
thermal investigation was also carried out by Diamond, 
White and Dolch (51), in which such products con
taining iron or magnesium were also prepared. Kurc- 
zyk and Schwiete (31) and Celani, Collepardi and 
Rio (32) found that when C3S was hydrated with 
added gypsum, a morphologically altered hydration 
product resulted. The latter investigators also ob
served that the sulfate in the paste present as gypsum 
was less after a period of hydration than the amount 
added initially. They concluded that some of the sul
fate had entered the C-S-H gel lattice.

Recently a study was made of the reaction products 
of hydrated C3S pastes with C3A, C2F and CaSO4- 
2H2O (52). Substituted C-S-H gels were produced in 
all cases, as was indicated from X-ray analysis and 
electron microscopic examination. .

The substitution of other species for silica or for 
lime in the C-S-H gel lattice is not, strictly speaking, 
an isomorphous substitution, inasmuch as slight 
structural changes must occur because of valence 
differences between the substituent species and the 
normally present species. Furthermore, these reac
tions may easily be considered as addition reactions, 
since, for example, silica is not released in the reaction 
between C-S-H gel and calcium sulfate; the entry of 
the sulfate into the lattice is essentially a structural



Fig. 16. CgS paste containing added C4AH13 after agitation 
in -water 3 months

Fig. 15. CgS paste after agitation in -water 3 months.

extension in which more gel is produced.
The maximum ratio of substituent ion to silica was 

found to be 1/6, for sulfate, aluminum, or iron. The 
substitution reaction occurs either during formation 
of the gel or between the gel and the substituting spe
cies. Substitution for both calcium and silica by the 
same species can occur. Thus it was found that, at 
maximum substitution of alumina, 74 percent of the 
total alumina had replaced silica; the remainder sub
stituted for calcium. In the case of iron, 50 percent 
substitutes for silica, and all sulfate substitutes for 
silica. Electron microscopic examinations indicate 
that significant morphological changes occur along 
With the substitution reactions. Examples of the 
changes observed are shown in Figs. 15-17. Fig. 15 
shows a field of a hardened C3S paste after agitation 
in water for 3 months; Fig. 16 shows a field of this 
same material with added C4AH13 after agitation in 
water for 3 months; Fig. 17 shows a field of the C3S 
paste with 20 percent added gypsum after agitation in 
water for 3 months. The rolled sheet type of structure 

evident in Fig. 15 and characteristic of C3S pastes is 
absent in Figs. 16 and 17. In Fig. 16, the gel more 
nearly resembles that formed during the early stages 
of cement hydration, and in Fig. 17, a less fibrous 
product (than in Fig. 15) occurs with an indication of 
numerous small platelets.

The examination of the substitution reactions has 
been extended to the hydrating paste system (10). 
Pastes of C3S have been hydrated in the presence of 
various quantities of gypsum up to 3 percent as SO3 
on the C3S basis. The net effect of the sulfate in the 
case of reaction in a hydrating system was much the 
same as in the case of reaction with a previously 
formed C-S-H gel. The results obtained by the two 
methods are shown in Fig. 18, in which the linear 
relationships between C/S-ratio of the gel, and the 
extent of sulfate substitution in the gel, expressed as 
the molar SO3/SiO2 ratio, are illustrated. The lower 
line was obtained by the reaction in an agitated slurry, 
and the upper curve by the direct reaction in a hydrat
ing paste. The intercepts of the lines represent the



Fig. 17. C3S paste containing added gypsum after agitation 
in water 3 months

C/S ratios of unsybstituted gels obtained with the 
respective reaction conditions, and the slopes repre
sent the uptake of lime accompanying the SO3 sub
stitution. If the only lime to enter with the sulfate 
were that required to extend the structure, the slope 
would be equal to the intercept, that is, the C/SO3 
ratio would equal the initial C/S ratio. However, 
the slopes of both lines exceed the intercept values by 
1.5 moles of lime per mole of SO3. One mole of this 
amount may be considered to enter the structure so 
as to maintain charge balance.

The H/S results are consistent with the C/S results. 
The value of the slope of the H/S line is 0.5 moles/ 
mole SiO2 less than the value of the slope of the C/S 
line, maintaining the difference in the initial H/S 
and C/S ratios. The difference between the slope and 
the intercept of the H/S line is 1.5 moles/mole SiO2, 
indicating that the additional lime, over that required 
for structure extension and charge balance, entering 
in with the SO3, enters in as Ca(OH)2.

The morphological changes which accompany 
entry of sulfate into the structure are similar regard
less of when during the history of the C-S-H gel this 
entry occurs. This is illustrated by the stereo pairs of 
electron micrographs of surface replicas shown in 
Fig. 19. Pair (a) represents a field obtained from a 
C3S paste hydrated for 5 years at 0.7 w0/c; pair (b) 
represents a field of this same paste after immersion 
in 0.15 M K2SO4 for 30 days. The sulfate-treated 
paste shows only vague suggestions of the structure 
that appeared in the untreated paste. The rosettes 
of cone-shaped particles have completely disappeared.

Fig. 18. Effect of sulfate substitution in C-S-H gel



(a) Untreated CgS paste, initial w^jc = 0.7 cured 5 years.

(b) Same paste after 30 day immersion in 0.15 M K2SO4.

(c) Pure C3S paste, initial W/C3S, cured 28 days.

Fig. 19. Surface replicas of hardened C3S pastes {Mag. X5000)

(d) Paste of C3S plus 3 percents S as gypsum, initial wq/c = 0.45, 
cured 28 days. ■



Fig. 20. zl/ite paste after agitation in water 3 months

Pairs (c) and (d) represent fields of C3S paste hydrat
ed at .45 wjc in the absence and in the presence of 3 
percent SO3 as gypsum. The pastes are 28 days old. 
Pair (c) shows particles similar to those in pair (a), 
except that they are much more elongated. They, too, 
seem to grow out of the substrate in clusters, or roset
tes. Pair (d) shows broader, thicker and much shorter 
cones. The change in morphology from (c) to (d) is 
not at all as severe as in the case of (a) and (b). Pairs 
(a) and (b) represent the case of attack on an already 
existing C-S-H gel, while (c) and (d) represent for
mation without or with gypsum present.

The investigation of the composition of the hydra
tion products of alite pastes brings one a step closer 
to the cement-water system. In past years, one alite, 
containing approximately 0.9 percent A12O3 has been 
investigated (9, 12, 44). Recently, the hydrations of 
two other alite preparations containing excess alu
mina, as C3A, have been examined (29). Alumina was 
found to enter the C-S-H gel as a substituent. An 
electron micrograph of an alite paste is shown in Fig. 
20. Fewer rolled sheets of the type shown in Fig. 15 
are found in alite pastes; there is a similarity in the 
appearance of the field in Fig. 20 to that of a C4AHI3 
treated C3S paste shown in Fig. 16.

The C/S ratios obtained for pastes with various 
alumina contents, hydrated at .45 w0/c for 28 days or 
more are shown in Fig. 21, along with the results 
obtained from the slurry reaction products of hydrat
ed C3S paste and C4AH13. Linear relationships were 
obtained for the two series, the lines having about the 
same slope, corresponding to an uptake of 1 mole
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Fig. 21. Effect of alumina substitution in C-S-H ge



CaO per equivalent of A12O3.
Two investigations have been carried out that sug

gest that substitution in C-S-H gel occurs during 
hydration of cement. In one of these Kalousek (53) 
found, using a quantitative DTA technique, that not 
all the sulfate in cement paste was accounted for by 
the amounts of gypsum and sulfoaluminate phases 
present. Some sulfate was “missing”; Kalousek sug
gests that this “missing” SO3 is a “lattice substitu
ent” in the gel. As much as 2.83 percent SO3 of this 
type was determined. If all the SiO2 in the cement 
used was in the silicate phases, this would correspond 
to a SO3/SiO2 ratio of 0.10, which is below the maxi
mum ratio of 1/6, given above. Since the pastes used 
by Kalousek were not completely hydrated, the ratio 
0.1 should be somewhat higher, probably by about 25 
percent. In the other Smolczyk (54) observed that the 
calcium aluminate hydrates could not account for all 
the alumina present in blast furnace slag cement 

paste. He pointed out that the concentration of Ca2+ 
and OH' was too high to permit the presence of 
amorphous alumina and concluded that the C-S-H 
phase retained the “missing” alumina.

It has been demonstrated that a significant mor
phological change in C-S-H gel produced by cement 
hydration occurs when sulfate enters the gel (55). 
This is demonstrated by electron micrograph stereo 
pairs of replicas of the gel produced by hydration of a 
clinker and by hydration of the cement (containing 
4 percent SO3 as gypsum) shown in Figs. 22a and 22b, 
respectively.

Some consideration has been given to the simul
taneous substitution of both alumina and sulfate in 
C-S-H gel. Kalousek suggests that the amounts of 
these materials that can enter the gel are interdepen
dent to the extent that less of each can enter when both 
are present.

More recently, it was found that ettringite reacted 

b l_i

Fig. 22. Stereo pairs of electron micrographs of hardened cement 
pastes, a, clinker paste made with wojc = 0.45, cured 14 days. 
b, paste of same clinker plus 4 percent SO3 as gypsum, 
Wojc = 0.45, cured 14 days. Mark represents 1 p.



only slightly with C3S paste, but that the sulfoferrite 
analog reacted more extensively (52). Furthermore, it 
was observed that ettringite was a product of the reac
tion of calcium sulfate with the alumina-substituted 
gel formed by hydration of alite, and also a product of 
the reactions of C3A and tetracalcium aluminate 
hydrate with sulfate substituted C-S-H gel. However, 
the conversions to ettringite were apparently not 
complete; the evidence indicated that some alumina 
and sulfate could coexist as substituents in C-S-H 
gel.

The structural changes occurring because of sub
stitution result in changes in other physical charac
teristics besides particle morphology. Of great signi
ficance with regard to cement technology is the in
fluence of these various reactions on the strength 
properties of the paste. The compressive strengths of 
C3S pastes (.45 w0/c) as a function of extent of sulfate 
substitution are shown in Fig. 23. The strength drops 
significantly with increasing sulfate content. The 
strength at the highest sulfate content (3 percent on the 
C3S basis) is 56 percent of that of the corresponding 
sulfate free paste, for both percentage hydrations illu
strated, 75 and 90 percent. Possibly the lack of resis
tance of many cements to sulfate attack is at least in 
part related to these changes caused by replacement of
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Fig. 23. Variation of compressive strength with extent of sulfate 
substitution at constant amount ofC^S hydration

Si4+ by S6+ in the gel.
The data obtained regarding the influence of alumi

na substitution on compressive strength indicate that 
a slight improvement may result.

Early Hydration Reaction of C3S

The results of most researches on the hydration of 
C3S are generally compatible; the minor differences in 
interpretation that do exist are probably caused by 
the fact that most groups of workers do not have the 
time or facilities to make a complete study. Never
theless by comparing the work of all it is possible to 
propose a sequence of reactions during the first few 
hours that is fairly consistent with all results.

Kawada and Nemoto (48) studied most of the as
pects of the early stages of C3S hydration. They show
ed that when C3S was mixed with water there was an 
immediate liberation of heat for a few minutes, after 
which the rate of heat liberation fell to a low level. 
Later the rate of heat liberation increased, passed 
through a maximum and decreased to a low level 
again in about eighteen hours. The essential features 
of this heat liberation curve have been duplicated in 
our own laboratories. They, Turriziani, Rio and 
Collepardi (49), as well as Celani, Collepardi and 
Rio (32) measured the increase in lime content in 
solution as well as in the solid phases during the early 
reactions. The solution phase becomes saturated with 
lime in less than an hour after mixing; concentration 
of lime continues to increase until maximum super
saturation is reached at 2-6 hours. At about 6 hours 
crystalline calcium hydroxide can be detected by X-ray 
diffraction. Turriziani, Rio and Collepardi report 
free lime in the solid phases is found at about 4 hours 
by chemical extraction but not by X-ray diffraction. 
They consider this lime to be amorphous, as have 
Brunauer, Kantro and Copeland (56). The lime con
centration in solution remains high until crystalline 
Ca(OH)2 begins to be formed; after that it drops slow
ly to the saturation value.

Greenberg and Chang (57) report that in suspen
sions of C3S in water the concentration of silicate ion 
in solution decreased rapidly as the concentration of 
Ca(OH)2 in solution increased, and that the silicate 
ion in the solution phase of C3S pastes reached a 
concentration of 6.7 X 10-5 moles per liter within 2 
minutes after first contact with water. The Ca2+ 
concentration was .032 moles with a pH = 12.8; 
comparison of these values with values they obtained 
(58) by analysis of the solution formed by prolonged 
stirring of aqueous suspensions of well hydrated C3S 



pastes (wherein the silica concentration was less than 
10~5 molar in solutions containing .0193 M Ca2+ 
at a pH = 12.46) shows that within 2 minutes the 
solution became supersaturated with respect to cal
cium hydroxide and also with respect to the C-S-H 
gel in C3S paste.

The results of determining C/S ratio in the hydra
tion (or hydrolysis) product that have been obtained 
by different research teams differ to some extent. 
Kawada and Nemoto (48) find the C/S ratio is about 
1.5 initially; it rises to 2.5 at about 6 hours, after which 
it falls and remains essentially constant at 1.5. On the 
other hand Kantro, Brunauer and Weise (12), and 
Locher (11) find that the first product formed has a 
C/S ratio nearly 3. This high ratio decreases rapidly 
to an approximately constant value, depending upon 
the water/C3S ratio of the paste. In pastes, mixed with 
w0/C3S equal to 0.7 and 0.57, the reaction product 
at 30 minutes had a C/S ratio of 2.9; after 4 hours 
(14% hydration) the C/S ratio had fallen to about 
1.7; it then decreased slowly to about 1.5 at complete 
hydration in 1 year. Kawada and Nemoto report 
that the calcium silicate formed initially has practi
cally no bound water. Kantro, Brunauer and Weise as 
well as Locher also have reported that the water 
content of the hydration products of C3S pastes at 
early ages is essentially the water bound in calcium 
hydroxide.

These results indicate that the first reaction upon 
contact of C3S with water is hydrolysis of C3S. The 
solid product of the hydrolysis is a reaction inter
mediate left as a coating remaining on C3S surfaces, 
which retards the reaction. The intermediate product 

- has a C/S ratio somewhat below 3 (but perhaps not far 
below 3) and has little, if any, bound water. The hydro
lysis proceeds to form a solution that is supersaturated 
with respect to calcium hydroxide and also with res
pect to the C-S-H gel finally formed. The increase in 
rate of heat liberation at about 2 hours indicates that 
cleaning of surfaces by dissolution of the intermediate 
product to form C-S-H gel has started. Maximum 
lime concentration in solution is reached at about this 
time. The increase in rate of hydration is accompanied 
by a decrease in C/S ratios of the reaction product and 
the first appearance of extractable lime (between 2 and 
4 hours). At 4 hours the C/S ratio of the C-S-H gel 
has fallen to about 1.6. The lime concentration has 
decreased somewhat. Crystalline Ca(OH)2 is nucleated 
in the period between 4 and 6 hours at which time the 
rate of hydration reaches its maximum. The rate of 
hydration then decreases as surfaces become covered 
and space becomes filled with C-S-H gel.

As hydration proceeds, more and more available 
space becomes filled with hydration products. Cal
cium hydroxide precipitates with increasing difficulty 
and the hydration products leave the anhydrous sili
cate only with greater difficulty. The net result is an 
increase in the C/S-ratio of the gel with formation of 
proportionately less free lime, and an increase in the 
distance which ions must diffuse through hydration 
product in order to arrive at the solution boundary. 
The effect of limited available volume becomes more 
significant, the lower the w0/c-ratio, and accounts for 
the marked increase in the C/S ratio of the C-S-H 
gel that occurs as the w0/c-ratio of the paste is de
creased.

The Hydration of Alumina-Bearing Phases

Tricalcium Aluminate Phase

Hydration in Pure Water
The study of the hydration of pure C3A in water 

has been shown to have little similarity to the hydra
tion of C3A in cement because in cement or clinker 
pastes the solution formed quickly attains relatively 
high concentrations of Ca(OH)2, alkalies, and sulfates. 
These solutes influence the rate and also the products 
•that are formed in the hydration of C3A. Neverthe
less, a brief review of the simple system will serve to 
illustrate the sensitivity of this component of cement 
to the conditions of hydration.

Steinour (59) reports that Candlot and LeChatelier 
believed that C3A hydrated to form C3AH12. Klein 

and Phillips (60) later reported that hexagonal plates, 
needles, and spherulites, all with the same optical 
properties were formed by hydration of C3A at room 
temperature. The chemical analysis showed the hy
drate to have a C/A ratio of 3. In 1929 Thorvaldson 
and Grace (61) prepared pure cubic crystals of C3AH6 
by hydration of C3A at 150°C and also at room 
temperature. Nacken and Mosebach (62), among 
others, showed that hydration of C3A does not always 
produce a hydrate with a C/A ratio of 3. They found 
that the solution formed in the first few days was not 
congruent, and became so only when the “hexagonal” 
phase transformed to the cubic C3AH6. Wells, Clarke, 
and McMurdie (63) were able to show that the 
“hexagonal” hydrates formed by hydration of C3A 



in water consisted of two compounds: C2A • Aq and 
C4A-Aq.

Recently H. N. Stein (64, 65) examined the hydra
tion reaction of C3A using calorimetric, conducto
metric, and X-ray diffraction techniques. Two heat 
evolution maxima were found in pastes of C3A, 
h;0/C3A = 1.0. The first started immediately upon 
mixing the paste with water, the second, appearing 2 
to 3 hours later, was connected with the conversion 
of the intermediate hexagonal hydrates, C2AHS and 
C4AH19, into C3AH6 and hydrous alumina. Addition 
of C3AHs to the C3A-water paste shifted the second 
peak to earlier time without affecting its intensity 
appreciably. Addition of finely ground quartz to the 
C3A-water pastes had little effect upon the time of 
appearance of the second maximum, but did increase 
its intensity, Fig. 24. Decreasing the water to C3A 

ratio shifted the second peak to shorter times. These 
results are consistent with a mechanism in which the 
hexagonal hydrates begin to form immediately upon 
contact of the C3A with water, and later convert to 
the more stable C3AH6. The results show thatC2AHs 
disappears more rapidly than does C4AHI9. The de
creased rate of conversion was attributed to deposi
tion of hydrous alumina upon the C3AH6 crystal 
faces. The action of added C3 AH6 was to provide seed 
so that the conversion of hexagonal to cubic phase 
could start sooner. Addition of quartz to the pastes 
apparently did not provide nucleation sites for C3 AHS, 
but did provide surfaces for precipitation of hydrous 
alumina, and thus gave some protection to the surface 
of the C3AH6 crystals.

This mechanism seems consistent with the results 
of Feldman and Ramachandran (66) who studied the 

Fig. 24. Influence of quartz on heat evolution characteristics 
of C3A + water pastes. C3A: batch B, surface area 16.3 x 
loa/s- A

+ -0.9991 gC3X + 1000 g water.
q_1.0004 g C3A + 0.1228 g quartz + 1000 g water.
__ 0.9985 g C3A + 0.3747 g quartz + 1000 g water



hydration of compacts of C3A in water at different 
temperatures and examined the products by DTA 
and expansion measurements. They found that hexa
gonal phases formed first at all temperatures, although 
only small amounts were formed above 50°C. At 
temperatures above 52°C conversion to C3AH6 
occurred rapidly and hydration of C3 A virtually ceased 
at that time. These authors suggest that at the higher 
temperatures the C3AH6 formed directly on the C3A 
surfaces and blocked the entrance of water. At room 
temperature, and below, the hexagonal phases formed 
on the surface of the C3A grains; their conversion 
to C3AH6 cleaned the surface and accelerated hydra
tion for a time.

Effect of Gypsum
Feldman and Ramachandran also studied the 

influence of gypsum upon the hydration of C3A (67) 
using identical techniques. C3A contained 2 percent 
free lime; this amount is not sufficient to supply all the 
lime needed to prevent the hydrolysis of C3A. The 
amount of gypsum, which was mixed with the C3A 
before making the compact, was varied from 0.25 
percent to 20 percent. Consequently even the highest 
gypsum content contained a smaller proportion of 
gypsum relative to C3A than would normally be 
found in portland cement even if its C3 A content were 
high. Nevertheless they did find that the rate of 
hydration was retarded even at the lowest gypsum 
level (0.25 percent) although they could not identify 
hexacalcium aluminate trisulfate hydrate (ettringite) 
as a product of hydration. They reported that at all 
other gypsum levels except the highest (20 percent) 
the hydration products comprised a mixture of C2AH8 
C4AH13, and CsAS3H32. Conversion of the hexa
gonal hydrates to C3AH6 was delayed but not pre
vented by the presence of SO4-. With 20 percent gyp
sum at 52°C the rate of expansion of the compact was 
very much higher than observed in the corresponding 
compact without gypsum. Apparently the hexacal
cium aluminate trisulfate formed with gypsum present 
retards the hydration of C3A less than does the 
C3AH6 that forms at high temperatures in the absence 
of gypsum. Feldman and Ramachandran concluded 
that although the formation of the mixed hexagonal 
aluminates on the surface of the C3A retarded the 
reaction to some extent, the adsorption of SO4" ion 
on the surface of C3A was still the major factor. Other 
workers seem not to agree with this conclusion.

Effect of Gypsum Plus Calcium Hydroxide
Seligmann and Greening (68) monitored, by X-ray 

diffraction examinations of wet pastes, the hydration 

reaction of C3A in pastes containing gypsum and 
equimolar quantities of C3A and Ca(OH)2. The water: 
solids ratio was 0.4. Fig. 25 shows a series of X-ray 
patterns obtained from a paste containing 1 /4 mole SO3 
per mole of alumina, which is a lower gypsum content 
than corresponds to most portland cements.

The results are semiquantitative and show that the 
sequence of hydration reactions can be divided into 
three stages: In the first stage the hydration reaction 
produces hexacalcium aluminate trisulfate hydrate 
C6AS3H32. The second stage starts when the SO»' 
is depleted; the hexacalcium aluminate trisulfate 
C6AS3H32 reacts with C3A to produce tetracalcium 
aluminate monosulfate hydrate, C^ASH^. In the 
third stage the hydration of tricalcium aluminate 
produces the tetracalcium aluminate hydrate—tetra
calcium aluminate monosulfate hydrate solid solution, 
and tetracalcium aluminate hydrate.

In Fig. 25 the pattern at 15 minutes shows peaks of 
gypsum (G) and tricalcium aluminate (A); weak lines 
for hexacalcium aluminate trisulfate hydrate (E) arc 
present. By 2 hours the gypsum peaks are considerably 
reduced and the peaks for hexacalcium aluminate 
trisulfate hydrate are stronger. The first stage of 
hydration ends by 5 hours when the gypsum has com
pletely reacted. By six hours the second stage of hydra
tion is completed; the hexacalcium aluminate trisul
fate hydrate has converted completely to tetracalcium 
aluminate monosulfate hydrate. This reaction pro
duces the heat evolution peak marking rapid reaction 
of C3A shown by Lerch (69). The final stage is complet
ed at 48 hours when the C3A has completely reacted. 
In this stage the monosulfate peak at 9.2° (20) in
creases in intensity and shifts to higher angles as the 
monosulfate reacts with tricalcium aluminate and 
calcium hydroxide to form a solid solution. The 
monosulfate peak at 31.0° (20) eventually disappears. 
By 12 hours the peak of tetracalcium aluminate hy
drate at 8.3° (20) appears and continues to increase in 
intensity with continued hydration of C3A. The fact 
that tetracalcium aluminate hydrate coexists with the 
solid solution suggests that there is an upper limit to 
the amount of Ca(OH)2 that can be taken up in for
mation of the solid solution phase. Hydration of 
pastes with higher gypsum contents showed essentially 
the same effects except that when enough gypsum was 
present the monosulfate persisted as the final calcium 
aluminate hydrate phase.

Stein (70) showed the sequence of the reactions 
involving hydration of tricalcium aluminate in the 
presence of gypsum and enough calcium hydroxide to 
insure formation of tetracalcium aluminate hydrate 
by use of calorimetric measurements and X-ray dif-
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Fig. 25. Diffraction patterns of base mixture with 3j4 mole SO3 
, per mole alumina

fraction examinations. His heat curve is shown in Fig. 
26. As with cement there is at first a large heat libera
tion peak followed by a “dormant” period, in which 
the rate of heat liberation is low until the gypsum has 
completely reacted. Immediately following there is 
a second large peak during which the hexacalcium 
aluminate trisulfate hydrate formed in the “dormant” 
period reacts with tricalcium aluminate to form tetra

calcium aluminate monosulfate hydrate. Stein con
cluded: (1) that the trisulfate is formed first on the 
surfaces of the tricalcium aluminate grains, and (2) 
that the layer of trisulfate must eventually peel off 
because the volume of the trisulfate is so much larger 
than the volume of the tricalcium aluminate from which 
it was formed. Schwiete, Ludwig and Jäger (71) concur 
with Stein’s proposed mechanism on the basis of their
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Fig. 26. Isothermal heat liberation of CsA-CaSOi^HzO- 
Ca(OH)2-H2O; mixture—3 g. C3A, 0.4 g. CaSO4-2H2O 
2 co 0.0196 m Ca(OH)2 solution. VRef. 71')

own experimental results. They followed the rate of 
disappearance of SO3 and CaO from solution in 
slurries of tricalcium aluminate, CaO, and gypsum in 
distilled water. X-ray examination of the reaction 
products showed the same sequence of reactions 
reported by Stein, and Seligmann and Greening. Their 
conception of Stein’s proposed mechanism is illustrat
ed by their diagram reproduced in Fig. 27. Schwiete 
and his coworkers were able to show by electron mi
croscopy, Fig. 28, that hexacalcium aluminate trisul
fate hydrate formed upon the surface of C3A grains 
within thirty second after the introduction of water.

'Ca2v 
SO42- 
OH- 
H/)

First stage: Formation of a thin cover of C6AS3H32 on 
the C3A surface.

Second stage: A thicker layer of C6AS3H32 formed on 
the C3A surface produces crystallization pressure.

Third stage: Bursting of C6AS3H32 layer caused by 
pressure of crystallization.

Fourth stage: Burst section sealed by newly formed 
C6AS3H32.

Fifth stage: Insufficient S for formation of CsAS3H32; 
complete hydration of Cs A with consumption of 
C6A§3H32 to form C4ASHi2 and C4A(S, OH)Hi2.

Fig. 27. Schematic description of retarded setting caused by 
sulfates (after Stein, as modified by Sehweite). (Ref. 71)



Hydration of the Calcium Aluminate Ferrites

The reactions of the calcium aluminate ferrite solid 
solution phases are more complicated than those of 
tricalcium aluminate although there are many simi
larities between the two sets of reactions. In the discus
sion of these solid solutions we shall for brevity use 
the symbol, Fss, in place of the name “calcium alumi
nate ferrite” solid solution. Whenever it is necessary to 
designate a particular composition of the solid solu
tion the symbol will be written Fss(p), where p is the 
mole ratio, A/(A + F); thus tetracalcium aluminate 
ferrite will be written either Fss(l/2) or Fss(0.5). The 
range of p is thus 0</><2/3; the solid solution 
phase found in portland cement usually lies in the 
range 1/3 < p < 2/3.

Fss Reaction with Pure Water

Carlson (72) investigated the action of pure water 
on six different Fs, phases in leaching experiments, 
and found it possible to remove all of the alumina and 
most of the lime from the solid solutions and leave

Fig. 28. Electron micrograph of replica of field in C3A-CS- 
C-H system. E = CsASHsz, Cz = CSHz

most of the iron as oxide with a little lime adsorbed 
upon it. If Fss is shaken with water the solution be
comes sufficiently concentrated to precipitate C2AH8 
at room temperature. At 70°C the precipitate that 
forms is hydrogarnet with about ten percent of A re
placed by F. The rate of the reaction increases with 
temperature and decreases with increasing iron con
tent in the FBS. The presence of Ca(OH)2 in solution 
will retard the dissolution reaction but will not pre
vent it even at lime saturation. -

The reactions in pastes with water are similar in 
most respects. The composition of the hydrogarnet 
varied with the composition of the F„, but the iron to 
alumina ratio of the hydrogarnet was always lower 
than that of the Fas phase. When p of the Fss phase is 
small (high iron content) the hydration product is 
C4(A, F)Hx, especially at low temperature. If p is 
high and the temperature is low, C2AH8 is formed. 
The reactivity of FM decreases with increasing iron 
content. Chatterji and Jeffery (73) reported that pastes 
of Fss(l/2) with water/solids ratio of 0.6 were a deep 
brick red and remained soft up to three months. 
Hexagonal plates forming early in the hydration 
(4 min.) were identified as C2AHX. Calcium carboalu
minate and a small quantity of C4 AH, were also found. 
The predominant hydrate was hydrogarnet No cal
cium hydroxide, iron oxide, nor any other iron com
pound was identified by either electron or X-ray 
diffraction. The lack of iron compounds and calcium 
hydroxide along with the occurrence of some shift in 
the magnitude of aH for the hexagonal phases lead to 
the suggestion that iron may substitute for aluminium 
in the hydration products. Carlson’s work shows that 
such substitution does occur; substitution also occurs 
in C4AH„ trisulfate, and monosulfate phases but the 
diffraction patterns are almost identical to the unsub
stituted hydrates (74) so it is generally difficult to 
detect substitution from the diffraction pattern alone.

Pastes of Fss + Ca(OH)2

Chatterji and Jeffery (73) found that pastes of FM 
(1/2) mixed with a suspension of lime-water did not 
harden in three months. The color of the paste changed 
from a brick red to a light yellow during this time. 
Hexagonal hydrates began to form within 4 minutes 
after mixing. At 24 hours small cubic crystals were 
also seen. The diffraction patterns showed presence 
of C4(A, F)H„ carboaluminate, C3(A, F)H6, Ca(OH)2 
and C4AF. During the 3 month period, the Ca(OH)2 
disappeared while the proportions of C4(A, F)H, and 
C3(A, F)HS increased. The fading of the red color of 
the paste to yellow indicated that the proportion of 
iron in the hydration products increased during the 



hydration period. At 3 months the unit cell of the cubic 
phase was 0.5 percent larger than that of the cubic 
phase formed in the C4AF-water pastes at the same 
age. During the same period the a parameter of the 
hexagonal phase in the pure water increased from 5.7 
to 5.8 A. (Chatterji and Jeffery report a for the pure 
iron compound to be 5.8 Ä) They concluded that the 
iron remained in the hexagonal phase and did not 
substitute for aluminium in the cubic phase unless 
excess lime was present.

Schwiete and Iwai (75) studied the hydration of 
C4AF mixed with the stoichiometric quantity of CaO 
needed to form the hexagonal hydrate. The mixture 
was ground with water, water/solid ~ 5, in an agate mill 
for 24 hours, then one portion was stored at 5°C, 
and a second portion was stored at 25°C for a month. 
At 5°C the C4AF hydrated to C4(A, F)H13 and C3(A, 
F)H6. At 25°C the cubic hydrate was formed with only 
a meager quantity of the hexagonal hydrate. They also 
hydrated Fss phases with various iron contents with 
the stoichiometric quantity of CaO necessary to pro
duce the corresponding cubic hydrate. For Fsa phases 
with iron contents below p ~ 0.2 the diffraction lines 
of the cubic hydrates were sharp and shifted to lower 
angles with increasing iron content. At higher iron 
contents the diffraction peaks were not clearly defined 
because of the low reactivity of the iron-rich Fss 
phases. The lattice constant a for the cubic hydrates 
varied with p of the Fss phases in good agreement 
with the values found by Flint, McMurdie, and Wells 
(76) for the hydrogarnets.

Work of Carlson (77) has corroborated the findings 
of Schwiete and Iwai to a large extent. Carlson hy
drated a series of F„ solid solutions with the neces
sary quantity of lime to produce either the hexagonal 
phase or the cubic phase. He was able to achieve 
colorless, or light yellow hydrates with p of the hy
drate the same as for the FS3 phase. He was not succes
sful in preparing C3FH6, and found that hydration 
became more sluggish as the iron content of the Fss 
phase was increased.

Pastes of Fss + Gypsum
In their study of pastes of C4AF and gypsum Chat

terji and Jeffery (73) found that the first hydration 
product formed as needles on C4AF surfaces. The 
needles did not give an electron diffraction pattern, 
but had the morphology of ettringite, and their X-ray 
diffraction patterns showed them to be that. At 14 
days the hydration product was a mixture of two types 
of hexagonal plates. One type had a = 6.14 Ä; the 
other had a pseudo cell with a = 5.66 Ä but also 
showed joint intermediate spots indicating a doubled 

a axis. The hexagonal phase with a = 6.14 Ä was not 
identified. The other is tetracalcium aluminate mono
sulfate or its solid solution phase. Some C4AHZ was 
also present. Gypsum and ettringite had disappeared. 
At 3 months the sample was a mixture of the cubic 
phase, C4AH x and the monosulfate. The paste was 
brick red in color so only a part, if any, of the iron 
was in the hydration products. Tenoutasse (78) 
studied the behavior of C2F, C6AF2, C4AF, and 
C6A2F with gypsum in pastes. C2F hydrated slowly to 
give hexagonal plates identified as C4FSHX. With 
C6AF2 the trisulfate was the first hydration product. 
Hexagonal plates, identified as C4(A, F)SH12 and 
C4(A, F)H13, appeared in a week, and at the end of a 
month the trisulfate phase had practically disappeared. 
No cubic phases appeared. The hydration reactions of 
C4AF and C6A2F were examined in more detail and 
proved to be similar to each other. Calorimetric 
measurements showed that when water was added to 
the Fss phase and gypsum there was an immediate 
heat evolution which subsided after a short time. 
Some time later there was a second peak in the heat 
curve. The time of appearance of the second peak 
depended upon the quantity of gypsum that had been 
added. The trisulfate hydrate was formed immedia
tely on adding water. After the gypsum had completely 
reacted, the second heat peak developed with the fur
ther reaction of Fss and trisulfate to produce the mono
sulfate phase. The A/F ratios of the hydration pro
ducts were found to be higher than those of the Fss 
phases from which they were formed. This reaction 
sequence is like that of C3A + gypsum.

Pastes of Fss + Ca(OH)2 + Gypsum
Chatterji and Jeffery (73) found that the trisulfate 

phase was formed immediately when a paste contain
ing C4AF: Ca(OH)2: gypsum = 10:1:1, was mixed, 
but that the rate of formation was very low in com
parison to the rate of formation in the absence of 
lime. The X-ray diffraction peaks of the trisulfate 
were somewhat diffuse so it could not be determined 
whether or not there was substitution of F for A in 
the trisulfate phase. After 3 months the paste con
tained mostly the monosulfate phase with some 
C3(A, F)H6 and C4(A, F)HX. The color of the paste 
changed from grey at the time of mixing to light red 
at 3 months. The color indicates that amorphous 
ferric oxide was liberated slowly; some substitution 
of F for A must have taken place. These results agree 
with those of Seligmann and Greening (68) who ex
amined the F„ solutions with p = 0, 1/3, 1/2 and 2/3. 
In all instances the rates of hydration were low, even 
at low SO3 levels; C2F gave no hydration products 



even after 13 days. They did find that the hydration 
sequence of the other Fss phases was like that of C3A; 
that is three stages occur: the trisulfate phase formed 
first in Stage I, Stage II started when SO3 was depleted 
and further hydration produced the monosulfate 
phase, but Stage III differed in that absorption of 
Ca(OH)2 was not accompanied by the changes in the 
X-ray pattern in the 7.6-9.6 Ä range. Their pastes 
were also red and they were unable to determine the 
extent of substitution of F for A. Seligmann and 
Greening also found that not only were the rates of 
hydration of the ferrite phases low, but also that C3 A 
hydrated slowly in pastes containing C3A:C4AF = 
2:1 with lime and gypsum at a constant ratio of SO3/ 
total A12O3, i.e., the presence of C4AF under these 
conditions retarded the hydration of C3A.

Effect of Tricalcium Silicate Phase on 
Hydration of C3A + Fss

Aside from the comparative reactivity of tricalcium 
aluminate and the Fss phases their hydration charac
teristics are similar, and their hydration products are 
so similar that it is difficult to differentiate between 
them under the most favorable conditions. The pre
sence of calcium hydroxide has a pronounced effect 
upon both the rate and the products formed in the 
hydration reactions. Since the silicates are sources of 
calcium hydroxide in cement it is important to know 
how the hydrations of the aluminates and ferrites in 
the presence of gypsum are affected when the calcium 
hydroxide in the system must be obtained by the 
hydrolysis of the silicate phases. Some work has been 
reported on hydration of simple (relative to cement) 
mixtures of gypsum, C3S, or alite, with C3A and/or 
Fss.

Pastes of C3S, C3A with Gypsum
Seligmann and Greening (68) found that the Stage 

I hydration of C3A was accelerated when the Ca(OH)2 
in their mixture was replaced by 3 moles of C3S. This 
effect is probably caused by the initial absence of 
calcium hydroxide in solution. The later hydration 
though was markedly retarded, and the hydration 
products were poorly crystallized relative to those 
obtained in the mixture containing calcium hydroxide. 
Finally, no C4AH19 was formed.

The retardation of Stage II and III reactions prob
ably results from the decreased rate of imbibition 
of water caused by hardening of the paste. The effects 
of C3S are shown in Fig. 29 where diffraction patterns 
of pastes with increasing C3S contents are compared
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Fig. 29. C3S retards hydration of base mixture and causes 
formation of poorly crystallized products

after 24 hours of hydration. One must consider, of 
course, that the C3A content of the pastes is reduced 
as the C3S content increases. In the paste containing
3 moles of C3S per mole of C3A a faint line for ettrin
gite is still visible indicating that Stage II hydration 
has not been completed, yet the tetracalcium aluminate 
sulfate is already converting to the mixed hydrate M 
shown by the broad peaks in the 7.6-9.6 Ä region. 
The peaks in the 4Ä region are hardly discernible. 
Pastes containing 1 mole of C3S per mole of C3A 
show no tetracalcium aluminate trisulfate, but do 
show the 9.6 A monosulfate peak. Nevertheless, 
except for the monosulfate peak, the peaks in the
4 A region are not resolved. The results suggest that 
Stages II and HI are not clearly separated in the 
presence of C3S.

The fact that no C4AH19 is found in the hydration 
products of pastes containing C3S may be related to 
the ability of the calcium silicate gel to absorb alumina, 
which is discussed in the section “Substituted C-S-H 
Gels”. '

Pastes of C4AF, C3S and Lime
Schwiete and Iwai (75) prepared hydrogarnets by 

hydration of C4AF with different preparations of 
C3S chosen to achieve different degrees of substitution 
of silica for water. They found a linear decrease in the 
value of the lattice constant of the hydrogarnet with 
increasing mole ratio of C3S/C4AF of the starting 



material up to a ratio of 2. Above 2 the lattice para
meter was constant. The values of the unit cell para
meters agree very well with the values reported by 
Flint, McMurdie and Wells (76) if it is assumed that 
the cubic phase produced by C4AF in excess lime 
was C3(A0.5F0-5)Hs and S substituted for 2H until 
the composition became C3(A0 5F0 5)SH4, i.e., below 
the mole ratio of 2 the iron, alumina, and silica were 
present in the hydrogarnet in the same proportion 
as in the starting materials. The final value of the unit 
cell parameter was 12.419 Ä; a value that agrees closely 
with value usually found in cement pastes (8).

Paste Hydration of Mixtures of Alite, C3S and C4AF, 
with and without Gypsum

The hydration of mixtures of alite, C3A and C4AF 
should be as good a model for cement hydration as 
it is possible to get by mixing pure phases. It is encour
aging that a study of this model by Chatterji and Jeffery 
(79) produced results that are consistent with the 
results on simpler systems. In the absence of gypsum 
thin foils and small hexagonal plates formed on par
ticles in the mixture. Neither gave electron diffraction 
patterns. After 3 hours the hexagonal plates gave 
hexagonal electron diffraction patterns with = 
5.7 Ä showing that they were calcium aluminate 
hydrates. At 24 hours the paste had set. The foils 
appeared to have transformed to splines that look 
very much like the splines of C-S-H gel observed in 

hydrated cement at 4-6 hours (80) and observed in 
C-S-H gel after exposure to C4AH13 in a slurry, see 
Fig. 16. It may be that substitution of alumina for 
silica in C-S-H gel causes the change in morphology.

Weak X-ray lines at 8.1 Ä and 7.6 Ä showed the 
presence of calcium carboaluminate hydrate and 
a-C4AH13, which contains essential CO2 (81). At 14 
days the cubic aluminate phase had formed; the X-ray 
pattern showed a smaller unit cell size, which indicates 
that silica had replaced some water in the crystallites. 
At 3 months the alite had reacted completely, but 
C3A and C4AF were still present. There was essen
tially no change in the hydration product. In another 
set of experiments 0.1 N NaOH was used to mix the 
pastes. The only difference noted was a slight delay 
in the formation of hexagonal phases.

Pastes made with gypsum were more fluid when 
mixed and setting occurred during the first day. Ettrin
gite and foils of C-S-H gel were present after 4 
minutes. Splines of C-S-H gel appeared at 3 hours. 
At 14 days the monosulfate and tetracalcium aluminate 
hydrate with a little ettringite were present as well as 
another unidentified hexagonal phase with aH = 
6.3 Ä. At 3 months the ettringite had disappeared; 
only a trace of alite was present along with C3A and 
C4AF. The presence of 0.1 N NaOH had little effect 
on the hydration characteristics except that the splines 
of C-S-H gel appeared within 4 minutes.

Early Reactions in Portland Cement Pastes

Reaction Sequence

In a normally regulated cement the SOY ion will 
be depleted in about 24 hours; this then is the length 
of the Stage I period for hydration of the aluminates, 
and the early cement reactions are completed during 
this time. The hydration characteristics of pure C3S, 
C3A, and Fss phases provide a basis for understanding 
the early hydration reactions of cement. These reac
tions start immediately upon contact of the cement 
and water. Schwiete, Ludwig and Niel (82, 83) 
showed that hydration products formed on the sur
face of cement particles within 30 seconds after con
tact of the cement with water. Bar-shaped crystals, 
hexagonal plates, and gel could be delineated in 
electron micrographs. After 20 minutes ettringite 
was identified; larger hexagonal plates and hydro
garnets were also observed. The hexagonal plates 
could be either the monosulfate phase or the dispropor 
tionation products of C3A, i.e., C2AH8 andC4AHI9.

The fact that hydrogarnet was also found implies 
that the SO4_ concentration was low and that con
sequently the hexagonal plates were the dispropor
tionation products. It is possible that some of the gel 
first observed was amorphous Fe2O3 from hydrolysis 
of Fss. Chatterji and Jeffery (84) identified ettringite 
as a product of hydration of cement after 4 minutes. 
They followed the hydration reactions through 
3 months time, and found trisulfate, monosulfate, 
and carboaluminate in all samples after 24 hours. 
Carbonation at concentrations as low as is provided 
by calcite will react with the monosulfate phase to 
form the trisulfate phase and the hemicarboaluminate 
(a-C4AH13), or carboaluminate, depending upon 
the amount of available monosulfate phase (85).

The free lime in the clinker and the hydrolysis of 
alite furnish the lime to retard the hydrolysis of the 
calcium aluminate and FS3 phases. Because the hydra
tion of the calcium silicates in cement also starts 
immediately upon contact with water (82, 84) so 



shortly after the introduction of water both calcium 
hydroxide and sulfate ion are available to retard the 
hydration of the alumina-bearing phases and to 
accelerate the hydration of alite if the proper amount 
ofSOJ- is present. Several investigators (see for 
example (32, 48, 49, 86, 87)) have shown that the 
solution phase in contact with clinker, portland 
cement, or C3S quickly becomes supersaturated with 
respect to Ca(OH)2. Among these workers, Lawrence 
found that the silica concentration in the solution 
phase quickly exceeded the saturation value with 
respect to the system C-S-S-A, then remained 
practically constant during the early hydration period. 
Kawada and Nemoto found that the solution in 
contact with C3S'and gypsum never became super
saturated with gypsum, but remained saturated for 
about nine hours. Rio, Celani and Collepardi obser
ved that the first crystalline calcium hydroxide began 
to precipitate at about 4 hours; this is about the same 
time as the rate of heat liberation from the hydration 
of alite begins to increase. The Ca2+ ion concentration 
of the solution phase continued to increase after the 
first appearance of crystalline Ca(OH)2, and passed 
through a maximum during the time interval in which 
rapid hydration of alite is normally observed.

These observations and the interpretations offered 
by the various research teams suggest a mechanism 
for setting of cement pastes. In a freshly mixed paste 
hydrolysis of all phases starts immediately. Before 
the SO4- concentration can be built up the alumina 
bearing phases should produce C2AH8, C4AH19, 
hydrous Fe2O3, and sometimes hydrogarnet. The 
hydrolysis of alite soon supersaturates the liquid phase 
with respect to calcium hydroxide and produces a 
high concentration of silicate ions, simultaneously 
leaving the surfaces of alite coated with a metastable 
product, probably with high C/S and low H/S ratios 
(12, 48).

The gypsum dissolves rapidly to produce a saturated 
solution (in some instances the solution must become 
supersaturated with respect to gypsum, depending 
upon the form of CaSO4 in the cement). The high 
concentrations of Ca(OH)2 and CaSO4 soon_ trans
form the aluminate hydrates to C6(Ä, F)S3H32- 
Evidence from X-ray diffraction, DTA, and electron 
microscopy indicates that all this happens within 30 
seconds to 4 minutes. The hydration of the alumina 
bearing phases to produce the trisulfate proceeds 
slowly simultaneously with the hydrolysis of alite 
which increases the concentration of Ca(OH)2 in 
solution and produces a thicker layer of the metast
able product. Eventually nuclei for crystallization 
of Ca(OH)2 appear throughout the system, and cryst

alline Ca(OH)2 appears. At about the same time 
nucleation of the stable C-S-H gel starts. When this 
nucleation occurs the unstable gel that coats alite 
surfaces dissolves to precipitate on nuclei, some of 
which may appear within the coating itself; as the 
alite surface becomes cleaner the hydration of alite 
accelerates and the supersaturation of Ca2+ increases. 
As the alite surfaces again become coated (with the 
stable gel this time) the rate of hydration increases 
less rapidly and passes through a maximum. The 
concentration of Ca2+ ion also passes through a 
maximum at about the same time. During the period 
of rapid hydration of alite the stable C-S-H gel 
forms in laths protruding from the clinker grains and 
starts to precipitate upon calcium hydroxide surfaces 
as well. The gel soon forms a continuous network 
throughout the paste and setting occurs.

The intergrowth of gel and Ca(OH)2 has been 
observed microscopically using time-lapse photo
graphy by Erlin and Greening (88). Evidence of it is 
sometimes found in surface replicas of hardened 
pastes. One method of preparing these is to slice the 
paste with a fine-grit diamond saw using water as a 
lubricant (52). Calcium hydroxide crystals in the cut 
surface are dissolved away during this process. The 
voids remaining frequently show that C-S-H gel 
had intergrown with the Ca(OH)2 in a preferred ori
entation, see Fig. 30. H. F. W. Taylor (89, 90) has 
pointed out that the octahedral arrangement of OH- 
around each Ca2+ in the Ca(OH)2 crystal has a spacing 
such that an SiOJ- tetrahedron can share an edge of 
the octahedron with only a little distortion. This 
ability of the tetrahedra to share edges of octahedra 
could well lead to epitaxial growth of gel on crystal 
surfaces. It also suggests that the nuclei for formation 
of crystalline Ca(OH)2 may be similar to those that 
form stable C-S-H gel; that the two kinds of nuclei 
form under similar conditions.

Stages II and III of the aluminate reactions may be 
prolonged in hardened portland cement pastes. An 
example of the transformation of the trisulfate phase 
to the monosulfate phase in a portland cement paste 
is shown in Fig. 31. The portland cement had a 
potential C3A content of 14.3 percent with 3 percent 
SO3 added as gypsum. The paste, w0/c = 0.45, had 
been stored continuously moist for 14 days. Rods of 
the trisulfate phase and hexagonal plates of the mono
sulfate phase are both present. Some of the rods seem 
to pierce the plates of the monosulfate phase. -

Optimum Gypsum

Lerch’s work (69) on the influence of gypsum upon



Fig. 30. Stereo pair of electron micrographs of surface replicas 
of hardened portland cement paste, Wo(c = 0.7. Depressions in 
surface resulted from dissolution of Ca(OH)2 crystals during 
preparation of the slice of paste. The dentate growths of gel 
in the “saddle” between the depressions probably resulted from 
intergrowth of gel and calcium hydroxide during hydration. 
Mark represents Ip.

Fig. 31. Stage II of hydration of C3 A in portland cement paste. 
This stereo pair of electron micrographs shows hexagonal plates 
of Ci(A, F)SHi4 and rods of CeCA, FjSsHaa present after 
14 days of hydration. Some of the rods appear to pierce the 
hexagonal plates. Mark represents Ip.

hydration of cement was undertaken to examine the 
basis for specifications on SO3 content of cements. 
As a result of the work he found that there was a 
quantity of gypsum for each cement that would produce 
a maximum strength and a minimum drying shrinkage 
in mortars. In only a few instances did cements with 
optimum gypsum show larger expansions than were 
found with the maximum permissible SO3 content 
(ASTM Specifications). This quantity of gypsum he 
called the optimum gypsum content. Its magnitude 
depends upon the composition and fineness of the 
cement. In addition to the properties of the cement, 
the conditions of use of the cement must be also con
sidered, for example, the optimum gypsum content 
for cement used for making concrete at 4°C is lower

than for cement ground from the same clinker and 
used for making concrete at 20°C. Lerch found that 
the optimum gypsum content was that quantity that 
would be completely reacted in 18 to 24 hours. From 
the preceding discussion it is clear that optimum 
physical properties of hardened pastes and concretes 
will be attained when Stage I of the hydration of the 
alumina containing phases is extended through the 
period of setting and into the period of hardening 
of the paste. .

The sequence of early hydration reactions provides 
some insight into why an optimum gypsum content 
exists. Too much gypsum extends the Stage I hydra
tion for too long a time; SO4" ion will be present to 
produce the trisulfate phase long after setting, causing 



a continuous expansion of the paste structure that 
inhibits the development of strength. If too little gyp
sum is used Stage I hydration ends before the harden
ing of the paste is well enough advanced; the reaction 
transforming the trisulfate to the monosulfate pro
ceeds very rapidly; and this reaction is followed by 
the formation of the solid solution between the monc- 

sulfate and C4(A, Fill,», which reduces the high 
concentration of Ca(OH)2. The decreased Ca(OH)2 
concentration permits further hydrolysis of C3S to 
the metastable product, delays the nucleation of the 
stable gel, and consequently retards the develop
ment of the C-S-H gel structure, as described in the 
previous section.
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Written Discussion

J. G. M. de Jong, Hans N. Stein and J. M. Stevels

In the survey on the early hydration of C3S, given 
by Dr. Copeland and Dr. Kantro, one point is only 
shortly mentioned that may be of some other than 
trivial nature: the accelerated, “autocatalytic” charac
ter of the hydration of C3S during the first day.

The phenomenon has been known from calori
metric measurements as early as 1940 (1). It has been 
confirmed by later calorimetric experiments (2, 3), 
and its interpretation of indicating accelerated con
version of C3S has been corroborated by X-ray 
measurements (4, 5).

The accelerated character of the hydration of C3S 
has been ascribed (2, 6, 7) to the conversion of a 
first, strongly retarding hydrate (F. H.) into a second, 
less retarding one (S. H.) under the action of nuclei 
of the second hydrate. F. H. was assumed, following 
Kantro, Brunauer and Weise (8), to have the com
position C3SHn; S. H. resembles C-S-H-I samples 
as regards electron microscope habit, and may there
fore be supposed to have a much lower CaO/SiO2 
molar ratio.

The following facts are consistent with this mech
anism:

a. The hydration of C3S can be accelerated by arti
ficially lowering the Ca2+ and OH- concentrations 
during the first minutes by the addition of amor
phous silica. Indeed, the formation rate of S. H. 
nuclei from F. H. is expected to be accelerated by 
the lowering of calcium and hydroxyl ion concen
trations.

b. The hydration of C3S can be retarded by the addi
tion of CaO or Ca(OH)2 (9). This equally can be 
explained by the mechanism mentioned: the 
formation of S. H. nuclei from F. H. is expected 
to be retarded by an initial excess of calcium and 
hydroxyl ions in the water phase.

c. The hydration of C3S is retarded by the addition 

of aluminate ions, either as A1(OH)3 (10) or as 
C3A (11), when the aluminate ion concentration 
surpasses a certain limit. This is explianed through 
incorporation of aluminium ions into F. H., 
retarding its conversion, as found by Kalousek 
(12) for the case of the conversion of tobermorite 
into xonotlite.

Some results reported by Copeland and Kantro 
(Fig. 8 of their paper) appear to indicate an increase 
rather than a decrease of the hydration rate of C3S 
by the presence of aluminium ions. However, their 
first data were obtained after 1 day’s hydration. 
Indeed we found calorimetrically that the total heat 
evolved during the C3S hydration peak is increased by 
aluminate ions; by means of quantitative X-ray 
analysis, it was found that after 96 hours more C3S 
had been converted in the presence of A1(OH)3 than 
in its absence (10).

As regards C3 A hydration in the presence of CaSO4 • 
2H2O, Copeland and Kantro remark that the ettringite 
layer first formed on the C3A surface is supposed to 
be removed by a “scaling off” mechanism. This 
indeed was the view supported in 1962 by one of the 
present authors (13). However, later (14) some results 
were obtained indicating a chemical rather than a 
mechanical destruction of this layer. This interpre
tation had been, as appears now, anticipated by 
Seligmann and Greening (15), and has been con
firmed recently by Mori and Minegishi (16). There 
rests the difficulty of explaining the persistent coexi
stence of ettringite and monosulfate or C4AH19 
crystals in hardening cement pastes, as mentioned by 
Copeland and Kantro (Fig. 31). Most probably a 
rapid conversion of ettringite demands high values 
of calcium and aluminate ion concentrations as are 
found in a hardening cement paste locally only, in 
the direct vicinity of a C3A surface.
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Authors’ Closure

L. E. Copeland and D. L. Kantro

Oral Discussion

John H. Taplin

In a Written Discussion of paper II-4 by Kondo and 
Ueda I have made a plea that where researchers do 
not have closely sized materials, they should measure 
the particle size distribution.

This request is perhaps even more relevant here. 
Copeland and Kantro have quoted a great deal of 
kinetic data but much of the kinetic significance has 
been lost because of a lack of particle size information 
about the anhydrous cement materials.

Mr. Taplin is correct in the sense that little of the 
data presented in our paper gives information about 
the effects of particle size upon the kinetics of hydra
tion. Nevertheless, something has been learned about 
the effects of factors other than fineness (or particle 
size), and there is much more to be learned. The effects 
of temperature, water/cement ratio, and chemical 
composition can be studied individually by working 
with cements ground by the same procedures to a 
constant fineness. The conclusions reached in this 
type of study may have to be modified if there is a 
strong interaction between fineness and one or more 
of the other factors.

The results of hydration studies by independent 
teams of workers are fairly consistent with each other 
and suggests that interactions between fineness and 
other factors are probably not strong over the range 
of finenesses usually encountered in cements.



Supplementary Paper II-2 Contribution of Calcium Thiosulphate to the Acceleration 
of the Hydration of Portland Cement and Comparison 

with Other Soluble Inorganic Salts

Keiichi Murakami and Hirobumi Tanaka*

Synopsis

In this paper, the accelerating ability of calcium thiosulphate which was newly discovered 
by the authors is investigated by means of various methods, in comparison with other 
soluble inorganic salts, such as calcium chloride, calcium nitrate etc.

The accelerating action of calcium thiosulphate on the setting of portland cement is 
approximately similar to that of calcium chloride. The early development of strength of 
portland cement gradually increases as the quantity of calcium thiosulphate in portland 
cement increases. Especially, the early strength of mortar of portland blast furnace slag 
cements (consisting of granulated blast furnace slag 65 and portland cement 35), when 
calcium thiosulphate is used at concentration of 3 % to the cement, is developed near that 
of ordinary portland cement.

The result of corrosion test showed that the test pieces of mild steel buried in mortar 
containing respectively 3 % and 6 % calcium thiosulphate weres carcely corroded after the 
mortar was exposed under the atmosphere for 6 months. Under the same condition, the 
test piece of mild steel buried in the mortar containing 2 % calcium chloride was markedly 
corroded after only one month.

The acceleration of hydration of portland cement by inorganic salts results from the 
acceleration of hydration of alite phase. The order of effectiveness of anions and cations as 
the accelerators of hydration of portland cement is Cl->S2Oj->SO4 _>NOj, Cl_>Br_>U and 
Ca /Mg )>Na~. The anion in salt is closely related to the tangent of the ascending portion 
in the heat liberation curve of the hydration of alite. The cation is closely related to the 
beginning time of the second peak in the heat liberation curves of the hydration of portland 
cement.

The hydration products of C3S at later stage of hydration are generally CSH(Il) when 
calcium chloride was used, are CSH(I) when no additives was used and can not be evidently 
detected when calcium thiosulphate is present.

At early stage of the hydration without gypsum, the hydration products of C3A which 
are obtained in the presence of calcium chloride and calcium thiosulphate are gel-like sub
stance, however, when calcium nitrate is present, the hydration products are polygonal 
crystalline particles and hexagonal plate-like crystals.

Introduction

Calcium chloride is now well known as an excel
lent accelerator of the hydration of portland cement. 
However, the chloride attack to the steel in reinforced 
concrete is hardly ignored from the viewpoint of the 
maintenance of concrete constructions. Furthermore, 
a troublesome problem connected with the chloride 
attack is being brought about by the use of beach
sand that resulted from the lack of fine aggregates 
in making concrete in large cities in Japan. Therefore, 
it is very favorable if the chloride ion remaining in 
concrete can be turned into the very difficult soluble
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compound and so be inactivated. But it may be now 
very difficult.

In the present study, the accelerating action of 
calcium thiosulphate discovered by the authors is 
investigated and is compared with other soluble 
inorganic salts, such as calcium chloride, calcium 
nitrate, calcium sulphate etc. Because, it is suggested 
that calcium thiosulphate does not probably give any 
corrosion to the steel in concrete.

A number of studies have been undertaken to 
clarify the accelerating actions of various salts and, 
especially, the effect is brought about by the addition 
of calcium chloride to portland cement.



Shinohara and Naritomi (1), Nagai (2), Narahashi, 
Amamiya and Nakajima (3) examined the influences 
of various salts on the setting and hardening of port
land cement. Their results showed that calcium chlo
ride and barium chloride have a most effective acce
lerating action among various salts used. The heat 
liberation process of the hydration of portland cement 
containing the accelerators was studied by Bogue 
(4), Stein (5), Edwards and Angstadt (6), Angstadt 
and Hurley (7), Zimonyi and Balazs (8), etc. by the 
use of conduction calorimeter. They obtained an 
identical conclusion, in which the accelerators do not 
promote the hydration of C3A, but predominantly 
accelerate the hydration of C3S phase of portland 
cement. Edwards and Angstadt (6) reported that both 
cations and anions are ranked according to their 
general effectiveness as accelerators of the hydration 
of the C3S phase: Ca++)Mg++)>Li+)>Na+^H2O)>Zn++ 
and 0H->Cl >Br->NO3->SOj->H2O>CH3COO-. It 
was reported by Bogue (9) and Jones (10) that, although 
calcium chloride does not accelerate the hydration of 
C3A, such complex salts as C3A-CaCl2- 10H2O and 
C3A-3CaCl2-30H2O are produced by the reaction be
tween calcium chloride and C3A. The reaction with C3A 
and CaSO4-2H2O was found by Rosenberg(l 1) to occur 
rapidly than the reaction with C3A and CaCI2, when 
C3A was added to the aq.solution containing CaCl2 
and CaSO4-2H2O. Calcium chloraluminate complex 
salts are produced after gypsum was depleted. Andreeva 

and Segalova (12) reported that the concentration of 
Cl" in the liquid phase of C3S paste containing CaCl2 
does not vary with time. Therefore, it was suggested 
that the accelerating action of calcium chloride on 
the hydration of C3S may be catalytic. Moreover, 
Johnston (13) confirmed that the concentration of 
Ca++ in the liquid phase of portland cement paste 
is increased by the addition of calcium chloride. It 
was shown by Libermann and Kireev (14) that some 
calcium salts, as CaCl2, MgCl2, etc., however, may 
so reduce the OH" concentration of aq. solution, 
even though saturated with lime. Recently, Kawada 
and Nemoto (15) have reported that the addition of 
calcium chloride at a optimum concentration on the 
acceleration brings about an increase of the quantity 
of lime and silicate which are saturated in liquid phase 
and therefore, that the early strength development of 
portland cement is given by the great precipitation of 
resultant hydration products. Another study sug
gested that the coagulation of CSH may be strength
ened by the ionic strength which was increased by the 
addition of calcium chloride. The morphologie of 
CSH produced in the presence of calcium chloride 
were studied by Richartz and Locher (16) by electron 
microscopic observation. They stated that the high 
strength obtained by the addition of calcium chloride 
may resulted from the cross-linking of the long fibrous 
crystals of CSH.

Experimental

Materials

In this study, each of commercial portland cement, 
commercial portland blast furnace slag cement and 
commercial early strength portland cement was 
employed. Tricalcium aluminate, tricalcium silicate 
and alite as clinker mineral of portland cement were 
synthesized and were also employed.

Crystals of calcium thiosulphate can be prepared 
(17) by making a 3/4 saturated solution of CaCl2- 
6H2O, adjusting the pH of 8-9 with CaO, and adding 
pure Na2S2O3-5H2O excluding air and CO2 with a 
stream of N2. After 4 hours, at 40°C, the solution is 
freed of precipitated salt by filtration, and two corps 
of calcium thiosulphate are obtained, one at 0°C and 
a second at — 20°C. In order that the crystals are 
completely freed from Cl-, subsequently, a series of 
such operations as dissolution, crystallization and 
washing with water is twice repeated. The resultant 
crystals were very pure.

Calcium thiosulphate has a molecular equation as 
CaS2O3-6H2O and a large solubility in water. Since 
the vapor tension of crystal water is very high, some 
portions of crystal water are easily lost and simul
taneously sulphur and calcium sulphite is produced 
as decomposed compounds, when the crystal is kept 
standing in dry atmosphere. Therefore, calcium thio
sulphate must be stored in a vessel with saturated 
humidity, however, it is stable for long period in the 
aqueous solution.

Fig. 1 shows the DTA curve of calcium thio
sulphate crystal and its thermal balance curve. The 
curves indicate the loss of crystal water (50°C), the 
dehydration of the calcium sulphite crystal (100°C), 
the combustion of the sulphur (300°C) and the oxida
tion of the calcium sulphite (600°C).

Procedures

In order to investigate the accelerating action of
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calcium thiosulphate and other soluble inorganic 
salts, various methods are used, namely, setting and 
strength development test, measurement of the heat 
liberation on the hydration of portland cement, 
quantitative and qualitative X-ray analysis, differential 
thermal analysis, thermal balance, electron micro
scopic observation, measurement of free lime, cor
rosion test and measurement of specific surface area.

Fig. 1. DTA of calcium thiosulphate crystal.
Heating rate: 5°C]min., Standard substance: a-AhOa., 
Sample holder: Pt, Thermocouple: Pt-PtRh 13 %. 
Solid curve: DTA, Broken curve: Thermal balance.

Results and Discussion

The time of set of paste made from portland cement 
containing CaCl2, CaS2O3 and Ca(NO3)2 is shown in 
Table 1. When 1 % of calcium chloride was added to 
the portland cement, the setting time is reduced to half 
that of portland cement with only gypsum. Calcium 
nitrate accelerates the set at concentration of 0.5% to 
the cement, but it acts as a retarder beyond its concen
tration. Calcium thiosulphate is very effective as an 
accelerator to the setting of ordinary portland cement, 
portland blast furnace slag cement and early strength 
portland cement. The results are shown in Tables 2

Table 1. Effects of calcium chloride, calcium nitrate and calcium 
thiosulphate on the setting time of portland cement

CaClg

CaCl2,''portland cement (%)

0 0.5 1.0 3.0 6.0

Initial set (hr.-min.)
Final set (hr.-nun.)

2—50
4—20

1—58
3—15

1— 18
2— 02

0—45
1—20

0—05
0—11

CatNO^g

Ca(NO3)2/portland cement (%)

0 0.5 1.0 3.0 6.0

Initial set (hr.-min.)
Final set (hr.-nun.)

2—28
4—10

1— 52
2— 12

1— 35
2- ^0

1—40
3—30

3—05
5—55

CaSgOg

CaSgOg/portland cement ( %)

0 1.2 1.8 2.9

Initial set (hr.-min.)
Final set (hr.-min.)

2— 44
3— 56

1—21
1—54

1—04
1—39

0—23
0—40

and 3. The strength development of mortar made 
from portland cement containing CaCl2, CaS2O3 and 
Ca(NO3)2 is shown in Table 4. The accelerating effect 
of calcium chloride on the strength development at 
early stage of the hydration of portland cement is 
largest among them. However, there is a tendency 
that the strength development of the 28 day of port
land cement with calcium chloride is relatively less 
than that of portland cement without calcium chlo
ride. From this result, it is suggested that an optimum 
amount of calcium chloride for the acceleration of 
portland cement hydration may be 2%. Calcium 
nitrate does not reveal the accelerating action on the 
strength development of portland cement mortar.

Composition of portland blastfurnace slag cement: Granulated blast furnace 
slag (65) + portland cement (35).

Table 2. Effect of calcium thiosulphate on the setting time of 
portland blastfurnace cement

CaS2O3/portland blastfurnace cement (%)

0 1.0 2.0 3.0

Initial set (hr.-min.)
Final set (hr.-min.)

4—14
6—24

1^18
2—30

1— 16
2- 01

0—32
0—57

Table 3. Effect of calcium thiosulphate on the setting time of 
early strength portland cement

CaSgOg/early strength portland cement (%)

0 1.0

Initial set (hr.-min.) 2—13 1—16
Final set (hr.-mm.) 3—25 1-41



Table 4. Effects of calcium chloride, calcium nitrate and calcium 
thiosulphate on the strength development of portland cement 
mortar

1 day 3 days 7 days 28 days

% B C B C B C B C

0 15.8 39.0 34.3 120 52.8 221 79.0 379

CaCl2 1.0 20.8 69.5 40.0 150 54.9 291 76.1 381
2.0 24.2 82.5 46.9 172 51.5 243 77.1 352
3.0 26.7 85.3 45.5 177 55.5 265 74.9 364

Ca(NO3)2 2.0 7 18,7 34,2 113 47.3 193 74.6 316
5.0 15.1 42.3 41.0 173 63.1 261 77.3 351

CaS^Og 1.0 17.1 44.7 34.6 117 51.9 210 73.6 341
2.0 18.1 46.7 35.6 127 53.2 203 76.2 328
3.0 18.8 55.8 37.8 130 53.1 237 75.2 366
5.0 20.1 59.3 40.6 150 55.7 205 66.1 310
6.5 21.1 69.3 37.6 143 50.9 207 63.4 268

B: Bending strength, C: Compressive strength, unit of strength: kg,'cm2.

The accelerating action of calcium thiosulphate, which 
is relatively less than that of calcium chloride, however, 
is gradually strengthened in proportion to the amount 
of calcium thiosulphate added to the cement. Con
sequently, a high strength is obtained at the one and 
three days, but the strength development at the 28 
days is less, as in the case of calcium chloride, than that 
of portland cement with only gypsum.

An interesting example in the acceleration of 
strength development by the addition of calcium thio
sulphate is shown in Table 5. The early strength de
velopment of portland blast furnace slag cement con
taining a large quantity of granulated blast furnace slag 
is generally poor, according to the delayed hydration 
of blast furnace slag, on the other hand, the strength 
development at later stage of the hydration is very 
high. When calcium thiosulphate was added at con
centration of 3% to the blast furnace slag cement, 
not only the early strength development can be ap
proached to the value near that of ordinary portland 
cement, but also a higher value can be kept at later 
stage without such adverse reduction that is fre
quently observed when the accelerators were used, 
because the quantity of portland cement clinker is 
only 35 % of the blast furnace slag cement, in which 
the influence of portland cement on the strength 
development of the blast furnace slag cement will be 
small at later stage. Therefore, it can be suggested 
that the hydration mechanism of granulated blast 
furnace slag is markedly different from that of port
land cement and the accelerating action of calcium 
thiosulphate is scarcely related to the hydration of 
slag.

It is evident that calcium thiosulphate is effective 
as an accelerator on the 15 hour strength develop
ment of early strength portland cement, however, it

Table 5. Effect of calcium thiosulphate on the strength develop
ment of portland blast furnace slag cement

1 day 3 days 7 days 28 days

7. B C B C B C B C

0 8.4 17.9 25.4 65.8 46.8 161 63.9 318
1.0 11.6 26.8 30.0 81.8 54.4 173 73.7 335

CaS2O3 2.0 13.6 28.8 33.7 93.1 61.2 175 75.5 339
3.0 13.2 33.0 43.2 122 70.4 179 82.0 350

Composition of portland blast furnace slag cement: Granulated blastfurnace 
slag (65) + portland cement (35). Unit of strength: kg/cm2.

Table 6. Effect of calcium thiosulphate on the strength develop
ment of early strength portland cement

1 day 3 days 15 hrs

% B C B C % B C

0 26.7 78.8 67.5 273 0 14.2 43.2
3.0 26.8 81.6 71.7 263 6.5 21.7 74.5

Unit of strength: kg/cm2.

Hot curing was undertaken in hot water.

Table 7. Effect of calcium thiosulphate and hot curing on the 
strength development of portland cement

CaS2O3(%) Curing method B C (kg/cm2)

6.5 5 hrs at 20DC 1.2 7.1
6.5 8 hrs at 20cC 3.1 12.1
6.5 5 hrs at 20°C 4- 4 hrs at 60°C 27.3 78.8
6.5 5 hrs at 20°C + 8 hrs at 60°C 35.1 126

has not an available action on the one and three day 
strength development (Table 6). On the manufacture 
of ready-made concrete products, if the high early 
strength can be developed by the addition of calcium 
thiosulphate, consequently, the rate of production 
will be accelerated and the economical production 
will be accomplished. As an example of this attempt, 
Table 7 shows the strength development of portland 
cement mortar containing calcium thiosulphate after 
5 and 8 hour curing in air at 20°C and, in addition, 
subsequently after 6 hour hot curing in hot water. 
From this result, it may be suggested that the removing 
of concrete products from frame can be accelerated 
by the use of calcium thiosulphate.

Corrosion Test

In order to compare with the corrosive character of 
CaCl2, CaS2O3 and Ca(NO3)2, the test pieces made of 
mild steel were buried in portland cement mortar 
containing a definite quantity of each salt. Then, 
the mortars was kept standing for a definite period 
in outdoors. The occurrence of corrosion was observed 
on the surface of all the test pieces buried in the mor



tar with 2% and 5 % additions of CaCl2 after only one 
month. On the contrary, the corrosion on the surface 
of test pieces buried in the mortar containing calcium 
thiosulphate and calcium nitrate was scarcely observed 
after 6 months, even when both salts were respectively 
used at concentration of 5%. Consequently, calcium 
thiosulphate has been confirmed to be an accelerator 
without the corrosive action.

Effect of Accelerators on the Heat Liberation 
Process of the Hydration of Portland Cement 

and Clinker Minerals

An adiabatic calorimeter, of which the detailed 
operating procedure and construction were described 
in the previous paper (18), was used. The composi
tions of cement samples charged in the calorimeter 
are shown in each figure. From Fig. 2 to 9, the heat 
liberation caused by the hydration of sample in the 
calorimeter is plotted as “Temperature rising" (Ther
mal electromotive force by thermocouple) versus 
hydration time. This device uses such paste that 
contains a large water- content and is not entirely

Fig. 2. Heat liberation curves of the hydration of portland 
cement pastes containing CaCh and Nad

Compositions of pastes:
(1) Portland cement(8g) + a-A12O3(16g) + H2O(13ml).
(2) Portland cement(8g) + a-AhOjfieg) + 2%CaC12 aq. 

solution(l 3ml).
(3) Portland cement(8g) + a-AhOaflßg) + 4%NaClaq. 

solution(13ml).
(4) Portland cement(8g) + a-AhOjtlög) + 2%NaClaq.

solution(13ml).
Hydration temperature: 25°C.

Fig. 3. Heat liberation curves on the hydration of portland 
cement pastes containing CaCl2, CaBrz and Cal2

Compositions of pastes:
Portland cement(8g) + a-AhOjflög) + 2%CaCl2 aq. 

solutionfl 3ml).
Portland cement(8g) + a-AhOjflög) + 2%CaBr2 aq. 

solutionfl 3ml).
Portland cementfSg) + a-AUOaflög) + 2%CaI2 aq. 

solutionfl3ml).
Hydration temperature: 25°C.

--------------------- >■
Fig. 4. Heat liberation curves on the hydration of portland 
cement pastes containing CaCli, MgCh, AlCh and CafNOslt

Compositions of pastes:
Portland cementfSg) + a-AhOaflög) + 4%MgCl2 aq.

solution(13ml).
Portland cementfSg) + a-AlzOaflfig) + 4%A1C13 aq.

solutionfl 3ml). '
Portland cementfSg) + a-Al2O3(16g) + 4%Ca(NO3)2 aq.

solutionfl 3ml).
Hydration temperature: 25°C.
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Fig. 7. Effect of calcium thiosidphate on the heat liberation 
of the hydration of alite

Compositions of pastes:
Alite(3g) + Gypsum(0.5g) + e-AbO3(20.5g) + 0.45%

CaS2O3 aq. solution(13ml).
Alite(3g) + Gypsum(0.5g) + a-Al2O3(20.5g) + 1.15%

CaS2O3 aq. solutionfl 3ml).
Alite(3g) + Gypsum(0.5g) — a-AI2O3(20.5g) + 2.30% ,

CaSzOj aq. solution(13ml).
Hydration temperature: SS'C.

Fig. 5. Heat liberation curves on the hydration of portland 
cement pastes containing CaCh and CaSjOj

Gimpositions of pastes:
(1) Portland cement(8g) + a-A12O3(16g) + 4%CaS2O3 aq.

solution(13ml).
(2) Portland cement(8g) + a-Al2O3(l6g) + 2%CaS2O3 aq.

solution(13ml).
Hydration temperature: 25"C

Fig. 6. Effect of calcium chloride on the heat liberation of the 
hydration of alite ,

Compositions of pastes:
Alite(3g) + Gypsum(0.5g) + a-Al2O3 (20.5g) + H2O(13mI).
AUte(3g) T- Gypsum(0.5g) + a-Al2O3(20.5g) + 0.46%

CaCh aq. solution(13ml).
Alite(3g) -r Gypsum(0.5g) + a-Al2O3(20.5g) + 1.15%

CaCl2 aq. solution(13ml).
Hydration temperature: 35°C and 55°C.

Time (Hour) ,

Fig. 8. Effect of calcium nitrate on the heat liberation of the 
hydration of alite

Compositions of pastes:
(1) Alite(3g) + Gypsum(0.5g) + oc-Al203(20.5g)

+ 0.45 %Ca(NO3)2 aq. solution(13ml).
(2) Alite(3g) + Gypsum(0.5g) + a-A12O3(20.5g)

+ 1.15%Ca(NO3)2 aq. solution(13ml).
(3) Alite(3g) + Gypsum(0.5g) + a-Al2O3(20.5g)

+ 2.30%Ca(NO3)2 aq. solutionfl3ml).
Hydration temperature: 35°C.

agitated. The heat liberation of hydration immediately 
after portland cement contacted into with water can 
be measured by this device, on the other hand, it is 

impossible with the conventional conduction calori
meter. Furthermore, when the heat liberation of hydra-
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Fig. 9. Effects of CaCk, CaSjCh, Ca(NO3)2 and CaSC^FkO 
on the heat liberation of the hydration of C3S 

Compositions of pastes:
(1) C3S(8g) + a-Al2O3(16g) + H2O(13ml).
(2) C3S(8g) + a-A12O3(16g) + 2%Ca(NO3)2 aq. solution 

(13ml).
(3) C3S(8g) + a-Al2O3(16g) + CaSO4-2H2O(0.27g) + 

H2O(13ml).
(4) C3S(8g) + a-Al2O3(16g) + 2%CaS2O3 aq. solution 

(13ml).
(5) C3S(8g) + a-Al2O3(16g) + 2%CaCl2 aq. solution 

(13ml).

tion of portland cement containing accelerators is 
measured by conduction calorimeter, generally, there 
is a tendency that the analysis of accelerating action 
becomes very difficult by overlapping of both the 
first and second cycle in the heat liberation curve, 
because the hydration of alite phase corresponding 
to the second cycle is considerably accelerated by the 
agitation. The separation between the both cycles is 
approximately possible in the heat liberation curve 
given by the use of this device.

Fig. 2 shows the accelerating actions of acidic salt 
CaCl2 and neutral salt NaCl. They accelerate the set 
and hardening of portland cement by accelerating the 
hydration of alite phase, namely, by accelerating the 
occurrence of the second cycle. Besides, it is suggested 
that the anion of salts is closely related to the tangent 
of ascending portion of the second cycle, and that the 
cation, to the beginning time of second cycle. When 
the both salts are used at the same concentration, the 
beginning time is more shortened by calcium chloride 
than by sodium chloride. When sodium chloride is 
used at a concentration of 6 %, the beginning time is 
slightly shortened than that in the case of 3 % sodium 
chloride, however, it is still longer than that in the case 

of 3 % calcium chloride.
. The effects of some salts consisted of a common 
cation Ca++ and different anions of halogens Cl’, 
Br~ and I’ on the hydration of portland cement 
are shown in Fig. 3. From this result, it is found that 
the stronger the non-metallic character of anions, the 
larger the tangent of ascending portion of the second 
peak. The addition of salt containing anion with a 
strong metallic character causes the second peak to be 
less intense.

Fig. 4 shows the accelerating action of some chlo
rides with different cation and calcium nitrate on the 
hydration of portland cement. CaCl2 and MgCl2 
have a similar accelerating effect on the hydration 
of alite. On the other hand, the heat liberation 
curves of the hydration of portland cement with 
A1C13 3% and Ca(NO3)2 3% are anomalous. In 
the case of the former, especially, there is a con
siderable increase, which can be caused by the flash 
set of alumina-gel which is most likely produced by 
the reaction with an acidic salt AIC13 and lime in 
liquid phase or aluminate phase, in the initial heat 
evolution. The produced gel will coat the cement 
grains and will hinder the hydration of cement, 
therefore, the second peak may not be consequently 
developed in spite of the presence of chloride ion. 
Calcium nitrate shows an abnormal curve as if it not 
only indicates the absence of accelerating action, but 
also may obstructs the hydration of alite phase. From 
this fact, it will be considered that the hydration 
behaviors of calcium aluminate in the presence of 
accelerators must be also studied for understanding 
the acceleration of hydration of portland cement.

The second peak of the hydration of portland cem
ent accelerated by 3 % CaCl2 has an intensity which is 
twice larger than that accelerated by calcium thiosul
phate at the same concentration as shown in Fig. 5. 
Namely, the tangent of ascending portion of the second 
peak with 3 % CaCl2 is also twice that of the case of 
3 % CaS2O3. When the concentration of CaS2O3 was 
increased from 3 % to 6 %, the second peak in the heat 
liberation curve is slightly accelerated and also is 
leveled up with the original profile. Although calcium 
thiosulphate accelerates the occurrence of the second 
peak in the heat liberation of portland cement hydra
tion, it does not relate to the increase in tangent of 
ascending portion of the second peak. A considerable 
increase in the initial heat evolution, in the case of 
6% CaS2O3, is supposed apparently to be caused by 
the interaction between CaS2O3 and C3A or calcium 
aluminoferrites. '

In order to confirm the accelerating action on the 
hydration of only alite, the effect of calcium chloride 



on the hydration of synthetic alite was studied at both 
temperatures of 35°C and 55°C. The result is shown 
in Fig. 6. The accelerating action of calcium chloride 
is apparent by the facts that the beginning time of 
heat liberation is gradually shortened and the inten
sity of heat liberation is rapidly strengthened in pro
portion to the increasing amount of calcium chloride. 
However, the effect of temperature is so great that the 
hydration at 55°C corresponds to that with the addi
tion of 10% CaCl2.

Fig. 7 shows the accelerating action of calcium thio
sulphate on the hydration of synthetic alite. The prin
cipal effect is a shifting of the peak of maximum heat 
liberation to an earlier age. Of course, an increase 
in the heat liberation during the first ten hours is 
larger than that of the case without calcium thiosul
phate, however, the liberated heat is not increased 
as the addition of calcium thiosulphate increases. It 
seems a tendency in the accelerating action of calcium 
thiosulphate.

Although the accelerating action of calcium nitrate 
has not been observed in Fig. 4 and Tables 1 and 4, 
the hydration of alite is slightly accelerated as shown 
in Fig. 8. But, a shifting of the peak is less than that 
with CaCl2 or CaS2O3, in spite of the increasing addi
tions. Fig. 9 shows the effect of representative accele
rators used in this experiment on the hydration of 
synthetic tricalcium silicate. The general order of 
effectiveness as accelerator is Cl_)>S2Oj^/SO .̂ 
But, only the order of the last two obtained in this 
experiment is contrary to that shown by Edwards and 
Angstadt (6).

pH of Liquid Phase of Paste Containing 
Accelerators

Libermann and Kireev (14) already stated that pH 
of liquid phase of portland cement is lowered when 
the accelerator was added. Table 8 shows the pH in 
liquid phase of portland cement paste immediately 
after the paste was prepared. Although the lowering 
of pH by the addition of possible accelerators is evi
dently observed, it is not always true that all the salts 
which lower the pH of liquid phase are accelerators.

Hydration Products of C3S Paste Containing 
CaCl2 CaS2O} and Ca(NO3)2

Various phenomena in the hydration process are 
affected not only by the addition of accelerators, but 
also by the different morphologic and different physico
chemical properties of the hydration products which 
were formed in the hydration process. Fig. 10 shows 
the DTA curves of the 7 hour hydration products of 
C3S pastes containing such CaCl2, CaSO4-2H2O, 
CaS2O3 and Ca(NO3)2. The intensity of endothermic 
peaks near 100°C and 500°C shows approximately 
the rate of hydration. A shoulder of peak at 500°C 
indicates the presence of amorphous calcium hydro
xide. The two endothermic peaks at temperature of 
over 900°C show the two inversions of C3S, namely,

. . 923°C . 980°C .
triclinic --------*■  monoclinic -------- * trigonal. The
defference between CaCl2 and CaS2O3 is apparently 
demonstrated by the continued two exothermic peaks 
occurred at a temperature range from 600°C to 
700°C. The DTA and thermal balance curves of the 
24 hour hydration products, which are shown in Fig. 
11, indicate evidently the differences mentioned above. 
In the case of CaCl2, since the exothermic peak at 
650°C does not brings about any changes in weight,

Fig. 10. DTA curves of the hydration products (.After 7 hour 
hydration) of C3S in the presence of various salts.
Water-C3S ratio: 40%, Hydration temperature: 20°C, The 
quantity of each salt added to C3S is 3%. Heating rate:
5 'C/min. Thermocouple: Pt PtRh 13%.

Table 8. pH of liquid phase in portland cement paste containing various salts

Salt Alcig CaBr2 Na2S04 CaCl2 CatNOji, NaCl CaS2O3 MgS2O3 MgClg Nil

pH 6.78 11,90 12.74 11.63 ' 11.87 12.18 12.27 11.81 11.11 12.88

Composition of paste:
Portland cement(lOOg) + 6% Each salt aq. solution(50g).
Agitation of paste: 1 min.. Filtration was undertaken immediately after 
Hydration temperature: 2O-23°C.

minute agitation of paste. Time of filtration is 1-5 minutes.
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Fig. 11. DTA and TB curves of the 24 hour hydration products 

of C3S in the presence of CaCh and CaSzOj. Preparation 
of paste and operating condition of DTA and TB are similar 
to the cases of Fig. 10
Solid curves: DTA, Broken curves: Thermal balance.

it is seen as the heat evolution due to the crystalliza
tion of CSH. In the case of CaS2O3, the first heat 
evolution without the change in weight and the second 
heat evolution with some increments in weight are 
observed. Therefore, it is suggested that the second 
heat evolution shows the oxidation reaction of cal
cium sulphite as the decomposed compound of calcium 
thiosulphate. Assuming that the first heat evolution is 
due to the combustion of sulphur as the decomposed 
product of calcium thiosulphate, the weight loss in 
thermal balance curve should be observed naturally. 
But, it is not observed in Fig. 11. This reason is not 
yet clarified.

In general, it has been well known that the hydra
tion products of C3S or portland cement at room 
temperature are mainly CSH(I) and CSH(II), of 
which the occurrence is controlled by the lime con
centrations of liquid phase. These CSH are poor in 
crystallinity at early stage of the hydration of C3S 
or portland cement, therefore, it can be scarcely 
detected by X-ray diffraction. The X-ray diffraction 
patterns of the 100 day hydration products of C3S 
paste showed CSH(II) when calcium chloride was 
added, did not evidently indicate either CSH(l) or 
(II) when calcium thiosulphate was added and showed 
CSH(I) when any additives were not added.

According to the fact that CSH(II) is converted by 
heating, the production of CSH(II) in the hydration 
of C3S in the presence of calcium chloride has been 
confirmed by the formation of jS-C2S in the 24 hour 
hydration products by heating at 650°C. Kalousek 
(19) reported, using DTA, that synthetic CSH(II) is

Rate of hydration (^)

Fig. 12-1. Specific surface area, of the 100 day hydration 
products 0/C3S in the presence of various salts 

Hydration temperature: 20°C, Adsorbent: Water-vapor, 
Solid curve: Kantro’s results. Hydration temperature: 25°C.

converted into jS-C2S by heating at temperature of 
over 900°C. The principal cause may be that, in the 
hydration products of C3S, the large amounts of fine 
grain calcium hydroxide which are present near 
CSH(II) will promote the inversion to j?-C2S, how
ever, in the case of synthetic CSH(II), any calcium 
hydroxide is not present near it.

One of the main characteristics of CSH is a large 
specific surface area. It has been suggested that the 
measurement of specific surface area of CSH will be 
an available method for detecting the effect of acce
lerators on the properties of CSH. Therefore, the 
specific surface area of CSH in the hydration products 
of C3S produced in the presence of CaCl2, CaS2O3 
and Ca(NO3)2 were measured by following various 
methods; the measurement of specific surface area of 
the hydration products of C3S by BET with water
vapor, the X-ray quantitative analysis of the remaining 
unhydrated C3S in hydration products and the quan
titative analysis of the produced calcium hydroxide 
by new Franke method (20).

Fig. 12-1 shows the change of specific surface area 
of CSH in the hydration products of C3S. The CSH in 
the hydration products of C3S hydrated in the pre
sence of CaCl2 has a considerable large surface area 
at earlier age, however, this high value of surface 
area reduces gradually in proportion to curing age and, 
consequently, it approaches to the value of CSH in 
the hydration products without any accelerators at 
later age. In the case of the addition of calcium thio
sulphate, on the contrary, the surface area of CSH is 
small, but it increases with curing age as if it ap
proaches to the value of CSH in the hydration pro
ducts without any accelerators.



Fig. 12-2. CaO/SiC>2 molar ratio of CSH in the 100 day 
hydration products of C3S in the presence of various salts 
Hydration temperature: 20°C, Solid curve: Kantro’s result.

Fig. 12-2 shows CaO/SiO2 ratio of CSH in the hydra
tion products. Comparing with Kantro and others 
results (21), the CaO/SiO2 ratio of CSH in low rate 
period of hydration is near 1.60 when any accelerators 
are not used, is 1.70 when calcium chloride is used and 
is 2.72 at 8 % hydration when calcium thiosulphate is 
used. These values gradually approach to that of the 
case without any accelerators as the degree of hydra
tion increases. The principal cause of the irregularity 
of CaO/SiO2 ratio of CSH at early stage of the hydra
tion may be explained by the hypothesis that CSH 
is produced from aq. solution in the state of non
equilibrium, in which the formation of CSH is initiated 
before the aq.solution is saturated with lime and 
silicate ions.

In another experiment, the CSH with CaO/SiO2 
ratio 0.8 was prepared, using CaO and SiO2 gel, at 
50°C for 7 hours in the presence of such various salts 

as calcium chloride, calcium thiosulphate and cal
cium nitrate. These specific surface areas showed an 
identical value; 328 m2/g when any accelerators were 
not used, 339 m2/g when calcium chloride was added 
and 323 m2/g when calcium thiosulphate was added. 
From this result, it can be considered that the pre
sence of accelerators in the hydration process of C3S 
markedly affects the hydration process and the physico
chemical properties of produced CSH, however, that 
the presence in the synthetic process of CSH is not 
closely related to the properties of resulted CSH.

Electron Microscopic Observation of the 
Hydration Products of C3S

CSH, having a large specific surface area, is gene
rally regarded as a gel-like substance, therefore, it 
can not be confirmed evidently by X-ray diffraction. 
The application of electron microscope is very signi
ficant to observe the morphologic of CSH.

Photo 1 shows the hydration products of C3S 
pastes with H2O/C3S 0.5 at 35°C. In the C3S-CaSO4- 
2H2O system, the fibrous hydration products are 
produced, but it does not markedly grow. In the 
C3S-CaCl2 system, the hydration products, regarding 
as calcium hydroxide from Grudemo’s study (22), 
grow as if it likely forms the cross-linked net work. 
When gypsum was added to the system, the net work 
structure is progressively developed and, simultane
ously, the cigarette type CSH which has been known 
as CSH(II) is produced.

The presence of CSH(II) in the hydration products 
of C3S paste with calcium chloride not only was 
already confirmed by X-ray diffraction, but also is 
found by electron microscope. The considerable 
development of strength of portland cement by the

C3S-H2O
After 5 hour hydration.

C3S-CaSO4-2H2O-H2O 
After 10 hour hydration.(Photo 1.)



C3S-CaCl 2-H2O 
After 8 hour hydration.

CjS-CaSOi-lHzO-CaClz-HiO
After 8 hour hydration

C3S-Ca(NO3)2-H2O 
After 3 hour hydration.

C3S-CaSO4-2H2O-Ca(NO3)2-H2O 
After 3 hour hydration.

CsS-CaSiOs-HzO 
After 8 hour hydration.

C3S-CaS04-2H20-CaS203-H20 
After 8 hour hydration.

Photo I. Electron micrographs of hydration products of C3S 
. in the presence of each salt

Hydration temperature: 35°C, Water- C3S ratio of paste: 
50%, Magnification: x25,000.



addition of calcium chloride may be caused by the co
operative effect of both the progress of hydration 
and the three dimensional development of net-work 
structure mentioned above. When calcium nitrate 
was added, the thin plate-like products are predomi
nantly produced after 3 hours hydration. When 
calcium thiosulphate was used, the large amounts of 
the fibrous and hexagonal-plate like products are 
produced. Especially, only the latter is identified with 
calcium hydroxide. The relationship between the mor
phologic of these products and the strength develop
ment is not yet sufficiently studied.

Effect of Accelerators on the Hydration of C3A

Figs. 13 and 14 show the X-ray diffraction patterns 
and the DTA curves of the hydration products of C3A 
which hydrated in the presence of CaCl2, CaS2O3 and

CaSgOg

Ca(KO,)2

CaCXg

CaS20.

hydration

After 10 minutes hydration.

Fig. 13. X-ray diffraction patterns of the hydration products of 
C3A in the presence of CaClz, CaSzOj and Ca(NO3)z

Temperature of hydration: 20°C, HzO/CsA: 50%. The 
quantity of each salt is 3% to C3A. Cu-Ka 30KV, 15mA.

Ca(NO3)2 Photo 2. is the electron micrographs of the 
hydration products. These results, which were obtain
ed from the C3A-Accelerator-H2O system without 
gypsum, may not be appropriate for understanding 
the effects of accelerators on the hydration of portland 
cement. However, it will be useful as one of possible 
feature in the hydration of portland cement in the 
presence of accelerators.

A large and broad diffraction pattern in the range of 
from 5° of 29 to 10°, when calcium chloride and cal
cium thiosulphate were added, is observed in the hy
dration products after 10 minutes hydration. This 
diffraction pattern probably demonstrates that many 
kinds of hydration products, which are small in quan-

Temperaiure,

■------------>-
Fig 14. DTA of the hydration products of C3 A in the presence 

' o/CaCh, CaS2O3 and Ca(NO3)2
Temperature of hydration: 20°C., TI2O/C3A: 50%., The 
quantity of each salt is 3% to ’C3A., Rate of heating: 
5°C/min., Thermocouple; Pt-PtRh 13%., Standard sub
stance: a-AkOs.



CaA-CaClz
After 10 minute hydration.

CsA-CaCli 
After 2 hour hydration.

Cs A—CaSiOs 
After 10 minute hydration.

Cs A—CaSjOs 
After 2 hour hydration.

C3A-Ca(NO3)2 
After 10 minute hydration.

CsA—Ca(NOs)2 
After 2 hour hydration.

Photo 2. Electron micrographs of the hydration products of 
Cs A in the presence of CaCl2, CaS2Os and Ca(NO3)2 

Temperature of hydration: 20°C, H2O/C3A: 50%. The 
quantity of each salt is 3% to C3A. X 6,000.



tity and poor in crystallinity, with the lattice constants 
corresponding to the above diffracted range are pro
duced. On the other hand, when calcium nitrate was 
added, the two relatively sharp diffractions at 8°- 
9° and 10° of 29 are observed. Such diffractions are 
not observed evidently in the hydration products with 
calcium chloride and calcium thiosulphate. In the 
DTA curves, a few of endothermic peak are observed 
near 100°C, 200°C and 300°C. Above all, the endo
thermic peak at 300°C is most sharp when calcium 
nitrate was added. Furthermore, Photo 2 shows that 
the gel-like hydrates are product in plenty when cal
cium chloride and calcium thiosulphate were added, 
on the contrary, that the polygonal small particles 
and plate-like hydrates are markedly produced when 
calcium nitrate was added.

All the X-ray diffraction lines of the hydration 
products after 2 hour hydration are considerably 
developed. Both the diffraction lines with calcium 
nitrate at 8°-9° and 10° of 29 are most sharply stren
gthened. Also, all the endothermic peaks in DTA 
curves are remarkably developed. The two endother
mic peaks near 100°C and 200°C which likely belongs 
to an identical hydration product are more strength
ened together in the hydration products after 2 hour 
hydration than that after 10 minute hydration.

The electron micrographs of the hydration products 
show an unchangeable feature also at 2 hour hydration 
as well as at 10 minute hydration, when calcium chlo
ride and calcium thiosulphate were added. Only in the 
case of calcium nitrate, the different products from the 
two formers are observed.

It has been already reported, by Heller and Ben— 
Yair (23), that a synthetic C3A-CaCl2 XH2O as the 
complex salt between C3A and CaCl2 shows the 
basal spacing at 7.9 Ä of d and has a sharp endother
mic peak at 215°C and four kinds of weak endothermic 

peaks at 110°C, 256°C, 33O°C and 55O°C. The X-ray 
diffraction patterns of the hydration products at the 
two curing ages show the diffraction lines indicating 
that the product corresponded to calcium chloro
aluminate by Hellerand Ben-Yair(23). Simultaneously, 
the formation of C3A Ca(OH)2- 18H2O and C2A- 
8H2O is also observed, therefore, it is suggested that 
the formation of solid solution between C3A-CaCl2- 
XH2O and C3A-Ca(OH)2-XH2O are likely possible. 
In the cases of calcium thiosulphate and calcium 
nitrate, although the detailed information about the 
complex salts containing S2Oj- and NO3 has not 
been reported, the products substituting these anions 
for some portions of OH in the structure of C3A- 
Ca(OH)2-XH2O may be produced.

In the cases of calcium chloride and calcium thio
sulphate, it is thought that the endothermic peaks at 
100°C and 280°C in DTA curves show the dehydration 
of C2 A • 8H2O and that the endothermic peaks at 200°C 
and 300°C show the dehydration either of C3A-Ca- 
(OH)2 • XH2O or of products substituting Cl- or S2O3 _ 
for OH- in the structure. The formation of C3A- 6H2O 
is not detected by X-ray diffraction. The polygonal 
small particles in the hydration products of C3 A which 
hydrated in the presence of calcium nitrate are con
firmed as C3A -6H2O by X-ray diffraction, therefore, 
the endothermic peak at 300°C in DTA curve shows 
the dehydration of C3A-6H2O.

When the weak accelerating action of calcium nitrate 
is connected with the fact that the hydration reaction 
of C3 A with calcium nitrate is very different from that 
with calcium chloride or calcium thiosulphate, it 
should be naturally considered that, for understanding 
the accelerating action on the hydration of portland 
cement, the effect of accelerators on the hydration of 
C3A must be studied together with that on the hydra
tion of C3S.

Conclusion

Although calcium chloride is being used as an 
excellent accelerator on the hydration of portland 
cement, the corrosive action of Cl-, remaining in 
concrete, to steel is considerable and can be scarcely 
avoided. It will be most favorable if an appropriate 
accelerator without corrosive character is found and 
used.

The accelerating action of calcium thiosulphate 
studied in the present paper is slightly lower than that 
of calcium chloride. However, it seems that calcium 
thiosulphate is available as an accelerator without the 
corrosive character to the steel in reinforced concrete.

The accelerating action of calcium thiosulphate 
increases in proportion to the amount of addition to 
cement. However, the effect on the strength develop
ment of mortar is not available beyond the three day 
age. The use of a large amount of accelerator will cost 
one dear.

When calcium thiosulphate is added to portland 
blast furnace slag cement which consists of, for exam
ple, the granulated blast furnace slag 65 % and portland 
cement 35 %, the accelerating action is predominan
tly given for the hydration of portland cement. There
fore, if the same quantity of calcium thiosulphate is 



respectively added to the two cements, the hydration 
of portland cement in the blast furnace slag cement 
will be doubly affected by the calcium thiosulphate. 
The initial strength development, comparing with that 
of the blast furnace slag cement without calcium 
thiosulphate, is considerably promoted.

Besides, since the slag hydrates independently of 

whether the accelerators are present or not, namely, 
the hydration mechanism of the slag greatly differs 
from that of portland cement, the high strength deve
lopment at later stage can be kept, without any fall 
in the strength development, by the hydration of 
slag.
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Alkali Contents of Cement
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**The numbers in brackets refer to list of references appended 
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Synopsis

The portion of the alkalis in the clinker that are water soluble depends on the form the 
alkalis are in, which in turn depends on the chemical composition of the raw mix and the 
conditions during the burning operation. It was found that the amount of the alkalis that 
are water soluble can vary from less than 10% to over 60% of the total alkali content. In 
some cases a better correlation was obtained between the soluble alkali content and the 
amount of alkali-aggregate expansion than between the total alkali content and the amount 
of expansion. Soluble alkalis were found to have a significant effect on the rate of hydration 
but not on the pH of the aqueous extract from cement pastes. Even after hydration at room 
temperature for 1 year a considerable portion of the alkalis in cement may not be water 
soluble.

Introduction

The subject of alkalis, namely, sodium oxide (Na2O) 
and potassium oxide (K2O) in cement and the various 
aspects of the alkali-aggregate reaction has been the 
subject of numerous papers and symposia during the 
past 25 years. The interest in alkalis and the concern 
with the alkali-aggregate problem has steadily increas
ed since 1940 when P. H. Bates, Chief, Clay & Silicate 
Production, National Bureau of Standards (and 
Chairman ASTM Committee C-l on Cement), invited 
cement company representatives to attend a con
ference at the Bureau where they were advised of the 
findings of T. E. Stanton (1**)  that excessive expan
sion of concrete could be caused by chemical actions 
between cements of relatively high alkali content and 
certain aggregates. Since that time most of the inve
stigations concerning alkalis in cement have been in 
connection with the alkali-aggregate reaction. Practi
cally all of these studies refer to the total alkali con

tent, and this is especially true of the many investiga
tions of the relationship between alkali content and 
the amount of expansion. Alkali specifications for 
cement are based on total alkali content calculated 
as Na2O equivalent. Test data have been obtained 
which indicate that in some cases there is a better 
correlation between the soluble alkali content and the 
amount of expansion than between the total alkali 
content and the amount of expansion. To complicate 
the situation, tests on a large number of various ce
ments have shown that the amount of alkalis that are 
water soluble within the first hour of hydration can 
vary from 10 to 60% of the total alkali content.

Since the findings of our study includes other impor
tant aspects of the alkali content of cement besides 
that associated with the alkaliaggregate reaction, it 
seems appropriate to review some background infor
mation regarding the alkali component of cement.

Background

Alkalis, namely, Na2O and K2O occur in varying 
amounts in cement raw materials, and coal ash with 
the natural silicate or clay mineral components of the 
raw mix usually being the principal sources. In the 

burning of the clinker a portion of the alkali is volati
lized when the natural alkali containing silicates 
react with the lime in or near the clinkering zone in 
the kiln. The amount of the alkalis volatilized can 
depend on a number of factors such as:

(a) Whether alkalis are present principally as 
potassium or sodium compounds since a survey 
of 73 cement plants showed that on the average 



no Na2O is volatilized until about 30% of the 
K2O is volatilized, and above the 30% mark 
the additional volatilization of the K2O will 
be 50% greater than the amount of Na2O that 
is volatilized (2).

(b) Temperature of burning zone in the kiln which 
in turn is somewhat limited by the composi
tion of the raw mix.

(c) The amount of sulfur compounds in the raw 
mix or fuel since sulfate in the clinker and SO3 
in the combustion gases tend to retain the 
alkalis.

(d) With other conditions being similar, higher
- alkali volatilization is obtained with gas and 

with oil than with coal as a fuel (3).
(e) Chloride, if added to the kiln feed, is effective 

in volatilizing K2O.
If we had to pick a figure for the average amount of 

alkali volatilized during the burning operation, it 
would be of the order of 40-50 % of that present in 
the kiln feed. If stack dust is collected and returned 
to the kiln, the amount volatilized could be signi
ficantly less.

Alkali Compounds in Portland Cement Clinker

The alkalis in portland cement clinker occur in 
many different forms depending upon the composi
tion of the kiln feed, conditions of burning and rate 
of cooling (4). In most cases the alkalis combine with 
the available SO3 during the burning operation to 
form an alkali phase that contains both K2O and 
Na2O with the K2O predominating. The amount of 
sulfate present is usually sufficient to combine with 
only part of the alkalis and the remaining portion is 
combined with the aluminates and silicates with Na2O 
principally in the aluminates and the K2O in the 
silicates. According to Kryzhanovskaya and Mira- 
kyan (5), the principal compounds formed in this 
case are NC8A3 which is a solid solution of Na2O in

C3A and KC23S12 which represents a solid solution 
of K2O in C2S. KC23S12 which is formed by this reac
tion of K2O and C2S is a stable compound, and is not 
converted to C3S during the burning operation even 
in the presence of excessive free lime. It is possible for 
a clinker with less than 1 % K2O to have all the poten
tial C2S in the form of KC23S12. If there is more than 
enough K2O to convert all the C2S to KC23S12, then 
some of the C3S in the clinker may be decomposed 
by the K2O to form additional amounts of KC23S12 
and free lime. Burnability test data in a paper by Yu 
M. Butt, V. V. Myshlyaeva and T. A. Osokina (6) 
clearly show that the presence of alkalis in the raw mix 
slows down the clinkering reactions.
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When cement is mixed with water, the alkali sul
fates dissolve immediately, and the concentration of 
K2O in solution is usually greater than Na2O at very 
early ages. The Na2O phases tend to dissolve more 
rapidly than the other K2O phases since the alumi
nates hydrate more rapidly than the silicates. In view 
of the foregoing, the portion of the alkalis that are 

water soluble after any given period of hydration can 
vary considerably depending on the clinker. This 
variation in the portion of the alkalis that are water 
soluble is illustrated by Figs. 1, 2 and 3 which show 
both the total and water soluble alkali contents for a 
number of Type I, II and III cements respectively. 
The total and water soluble alkalis were determined by
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ASTM Method C 114-65. Figs. 1-3 illustrate that the 
amount of alkali in a cement that is water soluble 
varies from less than 10% to over 60% of the total 
alkali present.

A high water soluble K2O content as determined by 
ASTM Method C 114-65 will frequently indicate that 
the cement clinker contained appreciable quantities 
of K2SO4 in which case it would not be unusual for 
the cement to have satisfactory or high strengths at 1 
and 3 days but a relatively poor strength gain be
tween 3 and 28 days. This is illustrated by the ASTM 
Method C 109 mortar cube strengths given in Table 
1 which were obtained for the cement with the highest 
and lowest soluble K2O as illustrated in Fig. 1. These 
two Type I cements had similar potential C3S, C3A 
and fineness characteristics.

Alkalis in cement are usually thought of as serving 
no useful purpose, and the lower the amount of alkali 
the better. To obtain information on this subject, we 
prepared some portland cement clinker in the labora
tory that contained no alkalis, and compared the 
strength characteristic of portland cement from that 
clinker with a cement prepared from similar clinker 
except for a nominal amount of alkalis. These two clin
kers were prepared from a lot of commercially burned 
Type I clinker which was divided into two portions. 
One lot was reburned in a laboratory kiln with no 
additions, and had an alkali content of .57 % Na2O 
equivalent most of which was potassium. The other 
portion was similarly reburned except for a quantity 
of ammonium chloride (NH4C1) which was added to 
effect a volatilization of the alkali during the reburn
ing, and this reburned clinker had no alkali. NH4C1 
was used to remove the alkali since all this material 
would be volatilized, along with the alkali, so that the 

Table 1, Compressive strength of mortar cubes containing 
cements with high and low soluble KzO contents

Cement No, 9381-8 
soluble K2O = .03%

Cement No. 9293-1 
soluble K2O = .61%

1 day 1220 1420
3 day 2550 2660
7 day 4020 3540

28 day 6540 4700

only change in the chemical composition of the clin
ker was the loss of the alkali.

Both clinkers were ground with gypsum to the same 
fineness and ASTM C 109 mortar cubes were fabri
cated from each of the two cements, and the compres
sive strength determined at 1, 3, 7 and 28 days. A 
similar set of mortar cubes was also made with the 
zero alkali cement to which potassium hydroxide 
(KOH) was added equivalent to .4% Na2O on the 
basis of the cement content. These data as given in 
Table 2 indicate that the alkali component has an 
appreciable beneficial effect on the early strength deve
lopment. Further tests showed that small additional 
quantities of alkali in excess of the .4% had no 
significant effect on early strength development 
unless they were added in another form such as car
bonate, sulfate or chloride which is an entirely dif
ferent situation because of the effect of the anion.

A series of tests was made to determine what effect 
the quantity of alkali in a cement would have on the 
pH of an aqueous extract from a cement paste after 
1/2 hr. hydration with water-cement ratios of 0.5 
and 2.0 and after 24 hr. with a water-cement ratio of 
2.0. In the 24 hr. test series the samples were con
tinuously agitated. The data obtained are given in 
Table 3, and show that the quantity of alkali has very 
little effect on the pH of the aqueous phase. The 
extracts of the cements which had alkali contents 
ranging from .03 % to 1.19 % Na2O equivalent all had 
a pH in the range of 12.3 to 12.7 even after the 24 hr. 
extraction period.

Studies of the significance of total and water soluble 
alkali with regard to the amount of expansion obtained 
with reactive aggregates in ASTM C 227 mortar bar 
tests have not shown a uniform relationship. In some 
cases such as with Bishop and Saticoy sands from

Table 2. Compressive strength, psi; Effect of the absence 
of alkali

Cement sample 1 day 3 day 7 day 28 day

Type I (alkali = .57%) 660 1750 2670 4250
Type I (no alkali) 160 300 2150 3650
Type I (no alkali + KOH) 540 1410 2410 3830

Table 3. Effect of alkali content on pH of aqueous extracts from neat pastes

Cement Na2O equiv.

Water soluble alkalis pH

W/C = 2; 24hrs. W/C = 0.5 W/C = 2 W/C = 2

KgO g/liter Na2O g/liter 1/2 hr. 1/2 hr. 24 hr.

7305-4 .03 .03 .06 12,3 ' 12.3 12.3
8517 .29 .64 .31 12.2 12.3 12.3
8661-8 .42 .87 .35 12.4 12.4 12.4
8046-7 1.19 3.6 1.4 12.6 12.5 12.7



California, the amount of expansion correlated better 
with the total alkali content than with the amount of 
soluble alkali. However, this was not true in the tests 
with reactive dolomite obtained by H. H. Newlon 
and W. C. Sherwood (7) who have pointed out that 
certain types of carbonate rock are alkali reactive, and 
that the reaction differs from the well known alkali
silica type. Mortar bar tests with a reactive sand from 
Watertown, South Dakota described in U. S. Army 
Engineer Waterways Experiment Station Paper No. 
6 530 (8) shows better correlation between the amount 
of expansion and the soluble alkali content than with 
the total alkali content. Both the reactive dolomite 
and the Watertown sand were tested for expansion 
characteristics by ASTM C 227 mortar bar procedure 
with three portland cements which had the same total 
alkali content and soluble alkali contents of .48%, 
.32% and .14% respectively. The expansion data are 
given in Table 4.

Some additional C 227 expansion tests were made 
with the reactive dolomite and three portland cements 
which had the same approximate soluble alkali con
tent but different total alkali contents. A similar 
series of tests were made on a sample of Republican 
River aggregate. The results obtained on this series 
of tests which are given in Table 5 also show a better 
correlation between the amount of expansion and the 
soluble alkali content than with the total alkali 
content.

J. L. Gilliland and T. R. Bartley (9) have pointed 
out that “water-soluble alkali” in portland cement is 
a relative quantity, which depends upon the length 
of time that the cement has hydrated as well as the 
testing technique. He reported that for cements hy
drating at 100°F substantially all of the alkalis are 
rendered water-soluble within 90 days, sodium becom
ing soluble somewhat faster than potassium does. 
Apparently Gilliland used a high water cement ratio 
in making up the specimens used in his tests since he 
explains the procedure as follows: “Ten grams of 
cement are placed in a small vial. The vial is filled 
with distilled water and the mixture thoroughly stirred. 
The vial is then sealed and stored in an over at 100°F.”

Tests were made on a series of neat cement bars 
similar to those used in ASTM Method C 151 to 
determine what effect hydration of cement with a 
“normal consistency” water-cement ratio at 23°C 
(73.4°F) would have on increasing the relative amount 
of alkalis in a cement that are water soluble. The 
specimens were stored in a moist closet with a relative 
humidity in excess of 90 percent. After storage, the 
hydrated bars were crushed, dried and ground to the 
same approximate fineness as the cement was origi-

Table 4. Expansion of ASTM C 227 mortar bars; 
Water soluble Vs. total alkali

Cement

% Na2O equiv. % Expansion

total
water-

1 mo. 3 mo. 6 mo. lyr.

Reactive dolomite (Virginia)
8658-1 .83 .48 .026 .040 .054 .068
8660-3 .83 .32 .024 .037 .049 .062
8664-8 .84 .14 .018 .028 .034 .048

Watertown sand (So. Dakota)
8658-1 .83 .48 .013 .022 .028 .036
8660-3 .83 .32 .008 .014 .015 .022
8664-8 .84 .14 .002 .005 .005 .010

% Na2O equiv. % Expansion

Table 5. Expansion of ASTM C 227 mortar bars; 
water soluble Vs. total alkali

Cement
total

water-
1 mo. 3 mo. 6 mo. lyr.

Reactive dolomite (Virginia)
8664-8 .84 .14 .018 .028 .034 .048
8658-5 .62 .19 .024 .042 .052 .064
8670-10 .45 .19 .020 .034 .042 .056

Republican river (Nebraska)
8664-8 .84 .14 .060 .156 .212 .306
8658-5 .62 .19 .031 .138 .186 .204
8670-10 .45 .19 .012 .102 .175 .234

Table 6. Effect of hydration on the relative solubility of alkalis

Cement 8658-1 8664-3 9293-1

Unhydrated
Total K2O, % 1.1 .56 .74
Total Na2O, % .13 .26 .25
Total alkali, % 1.23 .82 .99
Water-soluble K2O, % .68 .10 .57
Water-soluble Na2O, % .03 .02 .11
Water-soluble alkali, % .71 .12 .68
% of alkali, water soluble 58 15 68

Hydrated 1 year
Water soluble K2O, % .71 .22 .45
Water soluble Na2O, % .08 .16 .15
Water soluble alkali, % .79 .38 .60
% of alkali, water soluble 64 46 60

nally. The soluble alkalis were determined on the 
finely ground hydrated samples with appropriate 
corrections being made for the water of hydration. 
The results are given in Table 6 and clearly show that, 
even after hydration for one year under the condition 
described, a considerable portion of the alkalis are 
still insoluble in water.



Conclusions

1. The presence of alkalis in the raw mix can slow 
down the clinkering reactions.

2. The amount of alkali in a cement that is water 
soluble can vary from less than 10% to over 60% of 
the total alkali present.

3. A relatively high water soluble K2O content 
frequently indicates the cement clinker contained 
appreciable quantities of K2SO4 in which case a rela
tively poor strength gain is sometimes obtained be
tween 3 and 28 days.

4. If a cement has no alkali the early strength can 

be abnormally low.
5. The amount of total or water soluble alkali in a 

cement has very little effect on the pH of the aqueous 
extract from cement pastes.

6. With some reactive aggregates a better corre
lation was obtained between the amount of expansion 
and the soluble alkali content than with the total 
alkali content.

7. Even after hydration at room temperature for 1 
year, a considerable portion of the alkalis in cement 
may not be water soluble.
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Oral Discussion

Arthur W. Brown

I would comment that with respect to soluble alkali 
sulphates, the results in Table 6 would plot well on 
Fig. 3 of our paper on “The distribution of alkalis in 
portland cement clinker”. However our work shows 
that the idea of the soda not as sulphate migrating to 
C3A and the potash not as sulphate going preferen
tially to C2S is an oversimplification. It also suggests 
that the restriction of combination by the stabilisa
tion of belite with potash is not generally as serious 
a risk as the paper appears to suggest, although that it 
does occur as a real problem is illustrated by photo 5 
from our paper which shows alkali stabilized belite 
coexisting in contact with free lime and demonstrat

ing this restriction of combination. Finally I would 
like to take this opportunity of congratulating the 
authors, more especially for illustrating the import
ance of the nature of the alkalis as distinct from their 
quantity in the context of alkali-aggregate reactions.

Oral Discussion

Heinz G. Smolczyk

Concerning the very interesting paper II-4 of W. J. 
McCoy and O. L. Eshenour, I want to make a con
tribution to a widely interesting problem:

The authors found that in most of the cases not 
the amount of total alkali but the amount of water 



soluble alkali shows the better relation to the expan
sion through alkali-aggregate reaction. This better 
relation is confirmed even more clearly if not only 
portland cements but also other types of cement 
e.g. pozzolanic cements and blastfurnace slag cements 
are included in this kind of studies. These cements 
often have a higher content of total alkali but only 
a very small amount of water soluble alkali.

This is one reason for the wellknown favourable 
effect of blastfurnace slag or pozzolanas on the elimi
nation of alkali reaction which is also mentioned once 
again by O. Valenta in his Principal Paper III-2 
“Durability of Concrete". And this is a very serious 
point for all countries with a greater amount of mixed 
cements because the wellknown American recommen
dation of 0.6 % total alkali is based on tests with port
land cements only.

As we have been asked about this problem, some
times even in Germany, we were forced to develop 
an approximate but safe formula which takes into 
consideration the amount of granulated slag. On the 
basis of leaching experiments with well-hydrated and 

afterwards finely ground cement mortars we got the 
following safe alkali limit for slag cements:

Alkali % 0.60 + 0.075 slag %

Soon after we had found this (April 1967) we 
received the results of the very precise studies of P. 
Klieger and A. W. Isberner (PCA) on this same prob
lem. A graphical comparison of their expansion-test 
values with our approximate formula proved a nearly 
complete accordance (see Fig. Z).

On account of all the wellknown experiences and 
the new facts I think it would be a good idea to extend 
the American recommendation of 0.6% total alkali 
to a more characteristic limit, which should take into 
consideration the far more characteristic amount of 
water soluble alkali or the special composition of the 
cement, and which then would possibly be valid for 
all the other types of cements, too.

We are working hard on this problem and we will 
be grateful for any help or advice of the colleagues 
with special experience in this difficult field.
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Supplementary Paper 11-22 The Influence of Lead and Zinc Compounds 
on the Hydration of Portland Cement

Werner Lieber*

* Portland-Zementwerke Heidelberg A. G., Heidelberg, West 
Germany.

Synopsis

Small amounts of lead oxide PbO and zinc oxide ZnO of less than 0.1 % cause a retarda
tion of the setting time of portland cement. Equivalent other simple lead and zinc com
pounds show the same influence. The retardation effect of definite amounts of the retarding 
agents depends on the specific surface area and on the C3S content of a cement. PbO and 
ZnO have an influence on the C3S only, which will be retarded. The strengths of cements 
will be increased after 28 days by these admixtures.

X-ray diffraction studies revealed that the portland cements do not hydrate and that 
no Ca(OH)2 is formed during the retardation period, while the initial reaction of the alumi
nate and ferrite phases with the gypsum takes place as usual.

During the retardation period another zinc compound, calcium-trihydroxo-aquo- 
zincate, Ca[Zn(OH)3H2O]2, is formed.

Adding the complex zincate instead of simple zinc compounds to a cement, the retarda
tion period will be very short, but even the early strengths after one day will be increased up 
to 20% and more. The formation of the silicate hydrates tends into the range of fibrous 
phases.

Introduction

Thirty years ago L. Forsen (1) reported on the effect 
of admixtures on ground portland cement clinker. A 
certain group of admixtures was defined by him as 
“cement destroying", as they may considerably reduce 
the strength of the cement clinker and even prevent its 
hardening.

To this group belong, for instance, lead and zinc 

compounds. Even small quantities of less than 0.1% 
of lead oxide or zinc oxide retard the setting time by 
many hours. Other authors (2, 3), too, reported on 
the retarding effect of lead and zinc compounds.

This paper describes the influence of lead and zinc 
compounds on the setting and hardening of portland 
cement.

The Effect of Lead Compounds

Among the oxides PbO, PbO2, Pb3O4 and the hy
droxide Pb(OH)2, the PbO2 is practically inert, while 
the Pb3O4 has a rather insignificant retarding effect. 
The lead (ll)oxide and the lead hydroxide retard the 
setting and hardening of portland cements very much. 
Equivalent quantities show approximately the same 
effect. Water soluble lead salts, for instance, lead 
nitrate, have practically the same strong retarding 
effect, because in the cement paste the formation of 
lead hydroxide takes place immediately.

The experiments described here, therefore, deal 
exclusively with the action of PbO.

Setting Time

The determination of the setting time, according to 
Vicat, leads to less exact results particularly when the 
setting is very much retarded. A more exact method 
is the measurement of the temperature evolution of 
cement pastes in relation to time. For that purpose 
resistance thermometers are imbedded into pastes of 
500 grams of cement and 175 grams of water. The 
temperature is registered continuously. The initial



Fig. 1. Set-retarding effect of lead oxide, represented by the 
temperature evolution of pure cement pastes (wjc = 0.35)

set starts at approximately the same time as the 
marked rise in temperature.

Fig. 1 shows the time-temperature curves of cement 
pastes with lead oxide. It can be seen that equal quan
tities of PbO cause, in different cements, different 
retardations. It can also be observed, however, that 
the retarded cements-even after an interval of 100 
hours-continue to show completely normal reactions 
as soon as the retardation period has been finished. 
There was no loss of quality. In many cases it can even 
be observed that the maximum temperature rises with 
PbO, which indicates a more intensive reaction as 
compared with the blank test. Fig. 2 shows the initial 
setting time as a function of the lead oxide content.

When cements of different degrees of fineness are 
ground from the same kind of clinker and the action 
of lead oxide on them is studied, it results that the 
retardation period is inversely proportional to the 
specific surface area of the cements (Fig. 3).

Strength

The path of the time-temperature curves permitted 
the conclusion that the cements are in no way damaged 
by means of lead oxide, but when the retardation 
period has been finished, they harden as well as ce
ments not containing lead oxide and attain even better 
final strengths.

Specific Influence

W. Koenne (3) has reported that gypsum slag cement 
is not retarded by PbO. As a result of experiments 
carried out in our laboratories, it has been found that 
all types of portland cement and all slag containing 
cements are retarded by PbO, and that, however, the 
specific surface is not the exclusive criterion for the 
intensity of the retardation. From systematic research 
with pure phases of clinker prepared in the laboratory 
it resulted that the PbO has exclusively an influence 
on C3S. The other phases of clinker, C2S, C3A and 
C4AF are not retarded.

By means of X-ray diffraction studies with pastes 
consisting of C3S with and without PbO, it could be 
demonstrated that no formation of calcium hydroxide 
takes place during the retardation period which may 
last for many hours or even several days, depending 
on the quantity of PbO. Thermogravimetric studies

Table 1. Compressive strength of portland cements 
IDIN 1164) without and with lead oxide

Days
0

%PbO
0.1 0.3

%PbO %PbO '
0 0.2 0 0.4

1 95 104 72 132 118 77 60
3 242 249 259 258 292 228 260
7 340 337 353 350 386 348 377

28 457 466 498 431 491 425 507



Fig. 2. Initial setting time of pure cement pastes with lead oxide 
(wjc = 0.35)

Fig. 3. Relation between initial setting time, lead oxide admix
ture and specific surface

showed that practically no water is bound. Immedi
ately after the termination of the retardation period, 
however, a very rapid hydration and hydrolysis of 
C3S takes place.

It seems that a cement retarded by lead oxide shows 

no reaction at all during the retardation period. It is 
true, however, that the typical reaction between 
gypsum and aluminates and ferrites in the first minutes 
after mixing a cement with water is not delayed.

The amount of water-soluble sulfate, still unbound 



and consequently extractible, which is present in an 
unretarded cement normally decreases, within the 
first hour, from approximately 3% to about 1.5%. 
The sulfate is then bound rather slowly and decreases 
continuously and, after a period of 24 hours, water
soluble sulfate is no longer detectable. The first period 
of rapid sulfate binding to form the ettringite is not 
delayed by lead oxide, respective retardation concerns 
exclusively the subsequent binding process. As soon 
as the retardation period has been finished, the con
centration of the water-soluble sulfate decreases 
rapidly (Fig. 13).

At present no satisfactory explanation of the surpris
ing effect of PbO exists. There will be no doubt as to 
a blocking up of the surface of C3S. The relation be
tween retardation time end specific surface area is 
rather apparent. It is still unclear, however, which 
factor causes the hydration to start. The initial period 
of the hydration is accompanied by a simultaneous 
marked decrease in intensity of the X-ray interferences 
of the PbO which finally disappear completely. On 
the other hand, no new peaks from any lead compound 
can be detected.

The Effect of Zinc Compounds

Several authors, including H. Kühl (2, 4), W. 
Koenne (3), F. Keil (5) and F. Spalovsky (6) reported 
on the retarding effect of simple zinc compounds, 
particularly of zinc oxide. Some of these authors 
stated that zinc compounds would “destroy” the ce
ment.

Several experiments have shown (7) that the effects 
of zinc oxide are practically the same as those of lead 
oxide. Equivalent quantities of other simple zinc 
compounds as, for instance, Zn(OH)2, Zn(NO3)2, 
ZnSO4 etc. have the same effect as ZnO itself.

The Effect of ZnO

It can be seen from Fig. 4 that small quantities of 
ZnO have a marked retarding effect on the setting 
process, without causing any damage to the cement. 
Equal quantities of ZnO cause retardation periods of 
different duration in different cements (Fig. 5).

Experiments carried out with pure clinker phases 
which have been prepared in the laboratory showed 
that ZnO has a specific retarding influence only on the 
C3S. The retarding action of a defined quantity of ZnO 
is inversely proportional to the fineness and the C3S 
content of the cements. The early strengths of the 
cements are, of course, in many cases, reduced by the 
retarding action of the ZnO; however, equal strengths 
can be observed after seven days, and after 28 days 
great strengths are principally attained as compared 
with cements which do not contain ZnO.

Reactions during the Retarding Period

Numerous experiments with pure C3S and different 
Portland cements show that practically no hydration 
and hydrolysis of the C3S takes place during the 

retarding period. The characteristic reaction of the 
sulfate with the aluminates and ferrites which takes 
place during the first minutes after mixing the cement 
with water is, however, not delayed by zinc oxide 
which acts only on the subsequent binding of the sul
fate (Fig. 13).

X-ray diffraction studies have shown that during the 
retardation period practically no formation of cal
cium hydroxide takes place. The intensity of the ZnO 
reflexes decreased continuously, whereas the charac
teristic lines (Fig. 7) of a calcium-hydroxo-zincate 
appeared which will be described later. The ZnO was 
completely transformed into the complex zincate, and 
then a very rapid hydrolysis of the C3S and the forma
tion of Ca(OH)2 could be observed. Simultaneously 
the zincate also disappeared.

Formation of Calcium-Hydroxo-Zincate

It is known that, due to their amphoteric character, 
zinc oxide and zinc hydroxide have the tendency to 
form alkali zincates. Also a calcium-hydroxo-zincate 
has long since been known (8, 9, 10), but it became 
known as such only some 30 years ago. Its formula is 
Ca[Zn(OH)3H2O]2. The zincate contains 18.1% 
CaO, 52.7 % ZnO and 29.2 % H2O.

Notwithstanding its low solubility, the formation 
of this compound takes place within a few hours, for 
instance, by precipitation of zinc salts with a solution 
of calcium hydroxide or by a reaction of an alkali 
zincate solution with calcium hydroxide. Fig. 6 shows 
some crystals of calcium zincate. Fig. 7 shows the X- 
ray diffraction diagram of the compound.

By means of X-ray diffraction studies it has been 
possible to demonstrate that the synthetically pro-
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Fig. 4. Set-retarding effect of zinc oxide, represented by the 
temperature evolution of pure cement pastes

0,075 admixtures

Fig. 5. Initial setting time of pure cement pastes with zinc oxide 
(wjc = 0.35)

duced calcium-hydroxo-zincate is identical with the 
zincate which is formed in pastes of C3S or portland 
cement with ZnO. Consequently, the formation takes 
place without difficulty according to the equation:

2ZnO + Ca(OH)2 + 4H2O — Ca[Zn(OH)3H2O]2

Reactions of C3S Pastes Containing Calcium 
Zincate

Tests carried out with zinc oxide showed that the 
formation of calcium-hydroxo-zincate takes place 



during the very long retardation period, and that the 
hydration starts at about the same time when the 
zincate begins to disappear. Due to this fact, experi
ments were made in order to study the reactions taking 
place when calcium zincate instead of ZnO is mixed 
to the C3S. For that purpose pastes were prepared of 
pure C3S with and without 2% calcium zincate and 
tightly closed up in glass tubes. The heat of hydration, 
the loss on ignition and the formation of Ca(OH)2 
has been determined at different time intervals.

Figs. 8 and 9 show that 2% zincate (which are 
equivalent to 1 % ZnO) cause only a very slight retar-

Fig. 6. Calciumtrihydroxo-aquo-zincate crystals. Crossed nicols

dation of the hydration and the hydrolysis of the 
C3S.

X-ray diffraction studies in several test series with 
different contents of zincate showed that during the 
short retardation period the intensity of the calcium 
zincate is reduced by leaps and bounds. Only then the 
hydrolysis of C3S and the formation of Ca(OH)2 
begins. The zincate is no longer detectable by X-ray 
diffraction.

When C3S reacts in an aqueous suspension with a 
small quantity of calcium zincate, intensive corrosion 
(see Fig. 10) can be observed as soon as 24 hours 
later on the originally sharp developed zincate crystals. 
Most of the small crystals disappeared after 3 days, 
while the big crystals showed corrosion phenomena 
particularly on sharp-developed corners and edges. 
In spite of its remarkable low solubility, the zincate 
does react. It is supposed that during this process an 
even more stable compound is formed. But, as there 
is no new zinc compound detectable, the zinc must 
have been entered the crystal lattice of the calcium 
silicate hydrates.

Influence of Calcium Zincate on Portland Cement

According to the described results, it was to be 
supposed that also mortars made from portland ce
ments will be only slightly retarded by calcium zin
cate, and that, however, the strength could be in-

50 40 ' 30 20

Fig. 7. X-ray diffraction pattern of calciumtrihydroxo-aquo- 
zincate Cu k„



Fig. 9. Heat of hydration of C3S, containing zinc compounds

creased. Fig. 11 shows some time-temperature curves 
of hydrating pure cement pastes with and without 
calcium zincate.

It results that the retardation period in the presence 
of calcium zincate is extremely shorter than with an 
equivalent quantity of ZnO.

Fig. 12 shows that for any cement a definite optimal 
quantity of calcium zincate admixture can be deter
mined. This optimal quantity depends substantially 
on the specific surface area and the C3S content. For 
obtaining optimal strengths a very fine cement con
taining much C3S can be mixed with a larger quantity



Fig. 10. Corroded calcium zincate crystal in a CsS-suspension

of zincate than a coarse cement with a low C3S con
tent. Even larger quantities added cause no harm.

The chemical reaction between sulphate (of the 
gypsum contained in the cement) and the aluminates 
and ferrites is represented in Fig. 13. The cement 
containing no admixture shows the well-known 
decrease of the water-soluble SO3. With 1 % of CaCl2 
somewhat less sulphate is bound during the first hour. 
After a period of 8 hours the quantity of sulphate 
bound in the cement which contains no admixtures is 
somewhat larger than the quantity of sulphate bound 
in the cement containing calcium zincate. The total 
quantity of sulphate is bound after a period of 24 to 48 
hours. Lead and zinc oxide, however, cause marked 
retardations so that all of the sulphate is bound after 
4 days only.

Fig. 11. Influence of calcium zincate on the setting time of pure 
cement pastes (w(c = 0.35)

Table 2. Compressive strength (DIN 1164) of cements with calcium zincate admixtures

Probe % zincate
PC 375 Bl ' PZ475B1 PC 375 Bu PZ 375 Lf PZ 3 

0
75 W 

0.80 0.7 0 1.0 0 0.8 0 0.8

setting time 
inital 4:20 9:25 2:25 5:15 1:45 4:15 3:00 6:10 2:10 4:50
final 5:30 10:45 4:00 7:35 4:00 7:35 4:00 7:30 2:55 5: 45
compressive strength 
kg/cmz

77 100 160 237 140 170 120 142 128 148 „
3 fiays 265 342 332 435 300 360 310 375 290 315
7 395 472 470 580 415 475 437 508 400 440

28 520 ' 602 575 623 578 645 535 600 525 575
56 545 620 630 692 650 720 560 620 555 605
90 650 632 705 700 755 ' 570 635 560 620

180 690 630 705 725 780 570 635 580 630
360 617 700 660 715 737 783 570 635 580 63U



Although the setting time of the cements is slightly 
retarded by the admixture of calcium zincates, a 
remarkable increase in the strengths was demon
strated after only 24 hours, as is shown in Tables 2 
and 3. This increase was observed over the entire 
hardening period. In many cases it was even higher.

It was also of particular interest to know whether 
the zinc which did evidently enter the crystal lattice 
of the calcium silicate hydrates, influences their chem
istry and their morphology as compared with the sili
cate hydrates containing no admixtures. In some 
experiments hydrates have been found exhibiting a

5,0% Ca-Zincate

40 - 40 -

30 - 30 -

20 - 20 -

PC 375 Ln. PC 475 Bu.io - io -

10 10

Fig. 12. Effect of various zincate admixtures
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temperature
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temperature

°C 
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Fig. 13. Reaction of the sulfate with clinker in the presence of 
lead and zinc compounds



Table 3. Compressive strength {DIN 1164) of cements 
with calcium zincate admixtures

Probe 
% zincate

White
PC

Swedish 
PC-Li

Swedish 
PC-He

Japanese 
PC-N0 1.0 0 0.75 0 0.75 0 0.9

compressive
strength
kg/cm2

1 day 82 75 108 109 106 137 151 1723 days 221 309 288 300 239 308 387 465
7 296 421 350 432 338 378 524 63128 503 576 465 525 428 488 645 75056 525 595 458 501 673 77090 679 774

ratio CaO:SiO2 of approximately 2.0, whereas this 
ratio was approximately 1.5 without calcium zincate.

Electron micrographs carried out by W. Richartz 
(11) showed that the C3S with 2% calcium zincate 
and 1 % ZnO (Figs. 8 and 9) preferably forms long- 
fibered silicate hydrates, while the other one contain
ing no admixture preferably exhibits foil-shaped 
hydrates. Fig. 14 shows hydrated C3S with 2% 
calcium zincate after seven days of hydration. It can 
be seen that long fibres cover the pore.

Calcium hydroxozincate is an admixture which, in

Fig. 14. Electron micrograph of CaSCw/c = 0.44) 
after seven days

spite of its slight retarding effect, influences the hydrat
ing process in a very favorable way by forming long- 
fibered silicate hydrates, thus increasing remarkably 
even the strengths in early stages and the long time 
strengths, too.
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Oral Discussion

Giichi Sudoh

I have listened with profound interest to Dr. 
Lieber’s presentation of his research findings, and 
I want to ask a few questions.

He has stated that the remarkable retardation 

effect of ZnO on the setting time is due to a blocking- 
up of the surface of C3S particles, and may I consider 
here that the blocking-up compound is zincate? 
If this compound be zincate, what is the reason 
the sharp hydrolysis of C3S starts at the same time 
that all of the ZnO has been transformed into the 
zincate ?

Also he has stated that Zn is dissolved into calcium 



silicate hydrate, and interesting is the phenomenon 
of the C/S mol ratio of calcium silicate hydrate 
rising as a result of the dissolution. In this case, 
what is the form of dissolution ? Also what is approxi
mately the maximum amount of dissolution?

Oral Discussion

John H. Taplin

Dr. Lieber is to be congratulated on his research. 
He may like to comment on the following idea which 
has occured to me since I discussed the action of 
retarders in the 1960 Symposium. In the early stages 
alite reacts slowly due to the formation of an imper
meable coating of products or because of the pres
ence of a stable surface. With the nucleation of a 
stable C-S-H phase the reaction accelerates. Because 
many organic and inorganic retarders have such 
similar effects, I suggest that all retarders may act 
by delaying the nucleation of a stable C-S-H phase 
and thereby extending the normal dormant period. 
Retarding action may therefore be independent 
of any adsorption on anhydrous minerals.

Author’s Closure

Werner Lieber

The retardation effect of both PbO and ZnO as 
well is due to a blocking-up of the surface of C3S. 

The ZnO is transformed into the calcium zincate, while 
a related lead compound could not be detected yet. 
In the case of retardation by zinc oxide, the rapid 
hydrolysis of C3S starts at about the same time, at 
which all of the ZnO has been transformed into the 
zincate. Although a similar transformation of lead 
oxide into a plumbate is not to be observed, the retar
dation with PbO is about as long as that with ZnO. 
So I don’t think that the rapid hydrolysis of C3S is 
the result of a rapid dissolution of the zincate.

It can be seen from the Figs. 8 and 13 that the zin
cate has only a small influence on the speed of the 
hydration, the more it has an influence on the mor
phology of the CSH-phase (Fig. 14). With help of 
electron microscopy we were able to show that only a 
very small amount of C3S reacts with water and forms 
extremely long-fibered hydrates. This process goes on 
during the dormant period. I agree with Mr. Taplin 
that many retarders act by delaying the nucleation of 
the CSH-phase. The hydration and hydrolysis of the 
C3S is significant for the setting and hardening of the 
portland cements, at least those of usual composi
tion. The aluminate and ferrite phases do not play such 
an important role as usually mentioned in the litera
ture.

Mr. Sudoh’s question is an interesting one. We have 
examined many samples of hydrates C3S-pastes by 
electron microprobe and found that about 3% zinc 
oxide enter the CSH-phase, when we hydrated mixtures 
of 90% C3S and 10% calcium zincate. But, 3% seem 
not to be the maximum amount. The amount of 
entering zinc is variable and depends on the quantity 
of calcium zincate mixed to the C3S before starting 
the hydration. I suppose the zinc will enter the lattice 
of the CSH-phases as Zn(OH)2 interlayer material.



Supplementary Paper 11-47 Some Observations upon the Determination 
of Heat of Hydration of Slag and Portland Cements 

by the Method of Differential Heat of Solution
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Synopsis ■

rhe determination of heat of hydration of cements by the method of differential heat 
of solution is at present studied in many countries in order to establish a classification 
according to this very important property. So, the C.E.T.I.C. Chemical Commission and 
a Cembureau Sub-Committee have for many years been working upon this problem. On 
the other hand, the R.I.L.E.M. has recently proposed a classification of cements based on 
the value of heat of hydration after conservation during three days at +5°C.

With a view to promotion of concerting in winter, a complete study of the Belgian 
cements was done in collaboration by several laboratories. This study involved specially 
the measure of heat of hydration by the solution method.

The base procedure was this one proposed by Santarelli and Goggi, inspired from the 
old A.S.T.M. method. However, several modifications were made at this original procedure: 
standard dimensions for the tubes for the conservation of the hydrated cement pastes, 
conservation in a thermostatic water-bath, mechanical grinding of the hydrated cement 
under alcohol in a special mill, introduction of the loss on ignition’s value in the calculations 
for the slag and supersulphated cements.

From the numerous determinations that were carried out, it appears clearly that it is 
absolutely necessary to normalise the following conditions in order to obtain good, com
parable and reproducible results: preparation of hydrated cement samples (temperature, 
tubes), conservation, grinding of the hydrated cement (time, fineness, liquid), drying of the 
ground sample (time, temperature), determination of heat capacity (preparation, quality 
and quantity of the ZnO), loss on ignition determination. Of these conditions the drying 
process seems to be the most important.

Numerous examples give an idea of the errors that can be made in case of variation of 
the above-mentioned conditions.

Introduction

The determination of the heat of hydration of 
cements has long formed the subject of many rese
arches. As it is not possible to mention them all, we 
shall quote here three types of methods put forward, 
that is adiabatic (1), (2), (3), thermometric or semi- 
adiabatic (4), (5), (6), (7), (8), and solution (9), (10), 
(11), (12), (13), (14).

Notwithstanding the existence of these three me
thods, however, the choice of such and such a cement 
was based more on the chemical composition than on 
the direct determination of the heat of hydration 
and its development speed in terms of time, and 
mortar and concrete preservation conditions. The 
standards issued by the different countries did not, 
as a matter of fact, make any express provision as 

regards this cement property.
Now, an evolution of the tendencies in this field 

has been observed in the last few years. Some research 
work in order to promote cold weather concreting 
depends on the determination of the heat of hydra
tion; making rapid progress, the R.I.L.E.M. pro
posed, besides, to classify cements in terms of their 
heat of hydration at 3 days and ±5°C determined by 
the solution method.

Some countries intend, moreover, to introduce 
in their standards characteristics other than mechani
cal strengths and, more particularly, the value of the 
heat of hydration. This is, for example, the case with 
the new German standards issued in 1967 (15).

Such an evolution obviously calls forth an impor
tant problem of methodology. It must be added that 
many international organizations are anxious to co



ordinate their efforts and investigations in order to 
attain a method valid both from a national and an 
international point of view. In this regard we will, 
more particularly, quote the work achieved by the 
Chemical Commission of the C.E.T.I.C. (8), (16), 
(17) and by the Cembureau Sub-committee “Testing 
of cement and concrete".

Within the limits of this problem of methodology 
we think it advisable to inform you about the results 
and observations achieved by our laboratory during 
a lot of series of tests made by the solution method. 
In order to promote winter concreting in Belgium an 
extensive programme of research work is being car
ried on. This programme consists, more particularly, 
of an attempt to classify all Belgian cement types in 
terms of the above mentioned R.I.L.E.M. criterion.

A first attempt of classification using the original 
A.S.T.M. method failed; this was due to possible 
cement class overlappings (see Table 1, 1st column). 
The problem was then studied on new bases using the 
modified solution method by Santarelli and Goggi 
(13), (18) with, however, a few adjustments.

The results achieved by various laboratories showed 
an excellent concordance (see Table 1, 2nd column) 
and allowed a classification of Belgian cements into 
6 classes spaced from 5 to 10 calories (see Table 1, 
third column).

During a second series of tests intended for the 
selection of 6 cements for concrete testing, however, 

important differences, some of them amounting to 
15 and even 20 calories per gram appeared between 
these laboratories. This led to a revision of the initial 
cement classification and, what is more, of the validity 
of the solution method as a calculation method.

Now, a checking of these differences showed that 
some laboratories had modified the mode of proce
dure initially put forward. This ascertainment led the 
laboratory of the S. A. Ciments d’Obourg to start a 
series of additional researches in order to determine 
the possible causes of error and to emphasize the 
problems set with a view to subsequent standardi
zation.

Table Ibis. Influence of the value of the heat capacity determined
with different quantities of ZnO on the value of the heat of
hydration

’9c for anhydrous cement: 4.2383 
9C for hydrated cement: 4.104

100 - PFi
100 - PFa = 0.8865

Basic data ■

Quantity of 
ZnO used 

for the 
stamping

Heat 
capacity 

M

Dispersion 
constant 

K

Heat of 
solution 
of the 

anhydrous 
cement 
in cal/g

Heat of 
solution 
of the 

hydrated 
cement 
in cal/g

Heat of 
hydration 
in cal/g

14 814.08* 0.02165 575.05 538.39 36.66
12.5 815.97* 0.0238 576.38 539.64 36.74

*Each of these values is the mean of a minimum of six simple determinations.

PN = normal portland PHR = high strength portland PDR = rapid hardening portland
HFN = normal slag cement HFHR = high strength slag cement HFDR = rapid hardening slag cement 
PMN = “permetallurgique” slag cement SHR = high strength supersulphated cement.

Table 1. Comparison between the values of heat of hydration of various cements, measured according to the prescriptions 
of the original A.S.T.M. method and the modified A.S.T.M. method.

Cement type
Heat of hydration measured 

according to the original 
A.S.T.M. method in cal/g

Heat of hydration Q measured 
according to the modified 
A.S.T.M. method in cal/g

Proposed classification after 
the value of Q measured 
after conservation 3 days 

at +5°C in cal/g

PN 35.48-35.05-38.45 33.O5-32.52-33.74-36.84-36.5O-36.3 35 ± 5

PHR 41.52-35.52-32.73 42.89-39.89-41.65-35.72—47.30 45 ± 5

PDR 63.54-57.61 49.85-59.12-64.39-64.55-52.07-56.6 55 ± 5

HFN 23.45-33.93-37.82 25.89-23.60-21.80 25 ± 5

HFHR 20.14-17.70-27.87-30.76 30.20-32.40-28.00 30 ± 5

HFDR 49.38-44.46 52.54-46.10-48.30 50 ± 5

PMN 21.08 19.63 —

SHR 29.72 17.00 —

Description of the Equipment Used

—The calorimeter used here is described in the publi cation by Santarelli, Piselli and Covarelli (13), (16)



Photo 1. Calorimeter Photo 3. Laboratory swinging disk grinder

Photo 2. Ultrathermostat

Photo 4. Nitrogen forced circulation laboratory kiln

(19) (see photo 1.)
Although other calorimeters of the same design 

can yield excellent results, we recommend the use 
of a funnel for introducing samples into the acid 
bath. The use of this funnel, as a matter of fact, 
allows an uniform and rapid introduction. Besides, 
any risk of carbonation of the sample is avoided 
and the temperature of the substance to be solved



can be risen to the same temperature as the acid 
solution before starting the measurements. The 
use of this funnel also make it possible to work in 
a room with a steady and regular temperature.

—An ultrathermostat allowing the preservation of the 
cement pastes with an accuracy of i0.01°C (photo 
2).

—Small laboratory swinging disk grinder to grind 
hydrated cement samples (photo 3),

—Nitrogen forced circulation laboratory kiln for 
measuring the loss on ignition in a nitrogen atmo
sphere of metallurgic cements (photo 4).

—Vacuum pump.

Method for the Determination of the Heat of Hydration

The method used here has been described in a lot 
of publications issued by Dr. Goggi (16), (19). Never
theless, three important modifications were intro
duced : .

Sample Preservation

The preservation in the air of cement pastes could 
not be guaranteed with accuracy for a temperature of 
5°C ± 0.1 °C. We chosed, therefore, a preservation in 
water, the temperature of the bath being kept at 
±0.01°C by means of an ultrathermostat.

The cement pastes are preserved in polyethylene 
tubes of standardized dimensions (height 68 mm, 
diameter 26 mm). They are sealed with paraffin and 
horizontally set in the body of the ultrathermostat 
to avoid any segregation in the hydrated cement 
paste.

No matter how high the preservation temperature 
may be, we propose that the sample preservation in 
water be generalized.

Grinding of Hydrated Cement Samples

When cement pastes are preserved for three days 
at +5°C, the hardened pastes to be ground are 
still relatively humid. A dry grinding as prescribed by 
the original A.S.T.M. method is thus impossible. 
Besides, it is important to avoid any further reaction 
of the water still free with the particles of anhydrous 
cement.

The grinding by hand in alcohol and a nitrogenic 
atmosphere, which is long, difficult and not free from 
carbonation hazard, has been replaced by a grinding 
in alcohol in a swinging disk grinder. This allows a 
reduction of the grinding time which is now comprised 
between 1 and 4 minutes, a more even fineness of 
grinding and the cancellation of any contamination 
hazard by air CO2, the cap of the grinder being herme

tically closed.

Determination of the Heat of Solution 
of Hydrated Cement

The formula put forward for the determination of 
the heat of solution for metallurgic cements read as 
follows (16):

ß- = 6c + o,4(T3o - To) + 0.3(T30 - 20°) 
P X caui

CäÖä (1)
It thus appeals to the CaO content value of anhy

drous and hydrated cement samples. Now, a quick 
determination of CaO by complexometry is accurate 
at ±0.5% only. This corresponds to a possible error 
of 7 cal/g on the heat of solution of hydrated cement 
and, consequently, on the heat of hydration.

A CaO quantity determination could be devised 
using wet chemical analysis. In the case of metallurgic 
cements, however, the quantity of MnO and Mn2O3 
which are always to be found in slags should be de
termined, too, and the necessary corrections be made 
as regards the CaO value. This, consequently, would 
seriously lengthen and complicate the solution method.

That is the reason why we replaced the quantity 
determination of CaO by the determination of the 
loss on ignition in nitrogen with an accuracy of ±0.1 %• 
In this case the heat of solution of hydrated cement 
is determined, as for portlands, by means of the 
following formula:

Q- - p 'ioo^pfr + 0'4(T>«" T'>
100 - PFa

± 0.3(T30 - T20) (2)

After having described the equipment and the 
method of determination used here, we can now ex
amine such parameters as may influence the measures,, 
studied in the course of our additional tests.



Description and Results of Additional Tests

Calibration of the Calorimeter with ZnO

In the course of collective tests it is important that 
the zinc oxide used for the calibration of the calori
meter should have an even quality. To avoid gross 
impurities, we recommend the use of ZnO p.a.

In addition, the ZnO preparation has to be stan
dardized as regards the calcination temperature and 
the fineness of grinding.

Our experience led us to put forward the following 
preparation: J100 g. ZnO p.a. are calcined for an 
hour in a ALO2 alloy dish at a temperature of 95O°C. 
It is then slowly cooled down in a dessicator at 100
110°C, then ground in a china mortar till the whole 
mass can pass a 295 micron sieve. A finer grinding 
should be avoided. Some laboratories stipulate a 
fineness lower than 160 p and even 148 p. In this case, 
the ZnO powder tends to form clots by the imperfect 
dissolution, which in the acid mixture can make the 
calibration erroneous. The ground ZnO is carefully 
preserved in a hermetically closed flask.

As regards the quantity of ZnO to be used for cali
bration, it should be such that the thermal jump be of 
the same range as the one attained when proceeding 
with either 6 g. anhydrous cement or 7 g. hydrated 
cement. The ideal quantity of ZnO is thus 14 grams.

As a rule the ratio acid/ZnO is thus equal to 60. 
Should a greater ratio be adopted, for ex. 68, viz. a 
calibration with 12.5 g. ZnO, one can see from Table 
1 bis that in spite of the variation of the calorific 
capacity M, the values of the heat of hydration re
main unchanged.

However, to avoid greater errors, we think that the 
quantity of ZnO should not show a difference greater 
than 14 grams.

When it is not possible to perform a calibration with 
help of an electric method, it is then of great interest 
to accurately standardize the calibration by a ther

mochemical proceeding in order to attain, at least, 
anhydrous cement measures which can be compared 
between different laboratories.

Acid Mixture Composition

Our experiments compared with those of other 
laboratories showed that the composition of the acid 
mixture does not practically influence the heat of 
solution either of ZnO or of anhydrous or hydrated 
cements.

In order, however, to avoid the introduction of a 
cause of additional error, a standard mixture consisting 
of HNO3 2N+0.05N and of HF 38 to 40% shall be 
used, preferably, in such a proportion that one has 
10 ml HF per 425 grams acid mixture.

Mixing Conditions for Tests on Hydrated 
Cement

When measuring the heat of hydration after a 7 
days preservation at +20°C, it should be noted that a 
mixing of the paste at the laboratory ambient tempera
ture does not lead to any error.

On the contrary, when the mixing is followed by a 
preservation at +5°C, the question may be whether it 
may not be necessary or not that water and mixing 
temperature should amount to +5°C too.

To answer this question, we performed tests on two 
very different types of cement. The results are shown 
on Table 2.

This table shows that the mixing conditions do not 
influence—or very slightly influence—the results 
attained for metallurgic cements. In the case of rapid
hardening portland cements (i.e. the most unfavour
able case), on the contrary, differences amounting to 
2 calories per gram are possible.

With a view to attain an increased accuracy, it is 

Table 2. Influence of the mixing conditions of the cement paste on the heat of hydration after conservation during 3 days at -V5 C

Cement type

Heat of solution and of hydration after 
mixing of the cement paste at +20°C

Heat of solution and of hydration after 
mixing of the cement paste at 4-5°C

Heat of solution 
of the anhydrous 

cement

Heat of solution 
of the hydrated 

cement

Heat of 
hydration 
in cal/g

Heat of solution 
of the anhydrous 

cement

Heat of solution 
of the hydrated 

cement

Heat of 
hydration 
in cal/g

PDR 596.0) 527.7 529.8)
(Rapid hardening J 595.9 527.6 527.8 68.1 595.9 1529.7 66.2
Portland cement) 595.7 J 528.1

hfhr 582.9) 549.0 548.9)
(Slag cement) 1582.8 549.0 33.7 582.8 1549.2 33.5

___
582.7 J 549.0



therefore recommended to rise the temperature of 
mixing water to that of the subsequent paste preser
vation.

Influence of the Determination of the Loss 
on Ignition for Metallurgic Cements

As said above, the determination of the heat of 
hydration of metallurgic cements should be made by 
substituting the loss on ignition in nitrogen to the 
CaO calibration. This, however, supposes the deter
mination of this loss on ignition at ±0.1 % under ac
curately settled operating conditions.

We undertook some experiments with a view to 
attain accurate values for these. The results thereof 
are shown on Tables 3 to 5. These tables show every 
test series corresponding to 5 measures made from 5 
crucibles introduced simultaneously in the nitrogen 
laboratory kiln and thus submitted to similar operat
ing conditions. Owing to the large dimensions of the 
laboratory kiln, however, there are slight differences 
between the temperature recorded by the sheathed

Table 3. Loss on ignition unter nitrogen—Influence of the exit 
temperature of the sample from the laboratory kiln 

Trial conditions: samples ignited 1/2 h. at l,000°C

Exit temperature 
of the sample 

from the 
laboratory kiln

Loss on ignition in %

value
Mean without 
extreme values

1 2 3 4 5

a) Anhydrous slag cement
140 5.19 5.26 5.30 5.43 5.59 5.39 5.33
300 5.32 5.34 5.41 5.54 5.55 5.43 5.43
400 5.26 5.39 5.43 5.56 5.59 5.44 5.46
500 5.20 5.23 5.30 5.38 5.46 5.31 5.30

b) Hydrated slag cement
140 9.84 9.91 9.94 9.98 10.00 9.93 9.94
200 9.89 9.97 10.01 10.05 10.06 9.99 10.01
300 9.85 9.88 9.90 9.92 9.89 9.89 9.90
400 9.73 9.85 9.88 9.93 9.97 9.87 9.89
500 9.68 9.70 9.83 9.85 9.87 9.78 9.79
600 9.58 9.59 9.60 9.68 9.73 9.63 9.62

*The determination of the CO2 content of the anhydrous cement has given 
2.85%. The difference between the losses of ignition at 800°C and l,000°C 
corresponds practically to some quantity of CO2 not released.

Table 4. Loss on ignition unter nitrogen—Influence of the 
maximum temperature of ignition

Trial conditions:—sample maintained 1/2 h at the choosen 
temperature

—exit temperature of the sample: 140°C

Maximum 
ignition 

temperature 
in °C

Loss on ignition in %
Mean 
value

Mean without 
extreme values

1 2 3 4 5

800 2.58 2.81 2.86 2.94 2.98 2.83 2.87*
850 2.99 3.44 3.53 3.60 3.65 3.44 3.56
930 3.94 4.00 4.08 4.19 4.71 4.18 4.09
950 4.19 4.43 4.74 4.95 4.97 4.65 4.71

1,000 5.02 5.24 5.26 5.27 5.44 5.24 5,26

pyrometer and that of each sample. With a view to 
discussing our results we shall, therefore, consider the 
means attained, not taking extreme values into ac
count.

The loss on ignition of the cement used for the tests 
amounts to 5.37% under the optimal testing condi
tions defined hereafter. Quoting this value, an exami
nation of Tables 3 to 5 allows the following conclu
sions:

1. the calcination temperature of the sample should 
amount to at least 1,000°C. At lower tempera
tures an incomplete decarbonation leads to errors 
on the low side comprised between 0.5 and 2.5 % 
(see Table 4).

2. the calcination time will be of 60 minutes. Less 
time will yield errors on the low side of ±0.3% 
and more time does not give any important 
variation provided on proceeds with at least 
l,000°C (see Table 5).

3. the samples should not be taken out of the 
nitrogen laboratory kiln at a temperature higher 
than 300°C. This is particularly important in 
calcinating the hydrated cements (see Table 3).

When these three conditions are fulfilled, our experi
ments show that an excellent accuracy and a very 
good reproducibility can be attained.

In order to better emphasize the importance of an 
accurate determination of the loss on ignition in 
nitrogen, Table 6 shows two examples with measures

Table 5. Loss on ignition unter nitrogen—Influence of the 
ignition time at l,OOOaC

Ignition time 
in minutes

Loss on ignition in % Mean 
value

Mean without 
extreme values

1 2 3 4 5

30 5.19 5.26 5.30 5.43 5.59 5.39 5.33
60 5.32 5.42 5.56 5.58 5.63 5.50 5.32

Table 6. Influence of the value of the loss on ignition for a slag 
cement on the calculated head of solution of the same cement 
hydrated during 3 days at +5°C

Corrected 
6e 

in cal/g

Head 
capacity 
in cal/g

Loss on 
ignition 

of the an
hydrous 
cement 

in %

Loss on 
ignition 
of the 

hydrated 
cement 
in %

Heat of 
solution 

of the 
hydrated 
cement 
in cal 'g

Example 1:
Slag cement HFHR
Laboratory A
Laboratory B

3.6425 813.06 4,47
2.17

21.78
19.82

516.71
516.27

Example 2:
Slag cement HFN
Laboratory A
Laboratory B

4.020 813.06 5.33
1.57

14.88
9.97

519.30
510.50



performed in two different laboratories. These exam
ples show that differences in the values of the loss on 
ignition used for the determination can lead either to 
differences which can be overlooked (example 1) or 
to differences amounting to 10 calories per gram for 
the heats of solution of hydrated cements (example 2).

An accurate standardization of the operating pro
cedure is therefore quite justified.

Conditions for the Preparation of Hydrated 
Cement Samples

Mixing and drying hydrated cement samples are, 
in our opinion, the two delicates operations of the 
solution method. Owing to the numerous fests made 
in Belgium it appeared absolutely necessary to lay 
down with accuracy the conditions under which both 
operations should be carried out.

Samples are being preserved for a very short time 
(3 days at +5°C). Besides, it is important to take care 
to avoid any action of the atmosphere CO2 which 
might alter subsequent measures. The grinding of 
hydrated cement is thus carried out in a liquid in 
order to avoid any contamination and prevent from 
hydration. As far as grinding is concerned, different 
finenesses of grinding can be attained.

Then the last traces of the liquid used must be re
moved by means of an ether rinsing and a more or less 
prolonged drying.

Carrying out all these operations showed some 

differences between Belgian laboratories, some of 
them amounting to 15 cal/g for the heat of hydration 
of the same cement type.

This prompted us to carry out a serie of tests to 
study the influence of the following parameters on 
the value measured for the heat of hydration:

1. Nature of the liquid used for grinding. Two types 
of liquid—which are the most commonly used—were 
used here; they are: ethyl alcohol and acetone.

2. Fineness of grinding of hydrated cements. Two 
finenesses of grinding were adopted: less than 147 
microns and less than 297 microns.

3. Drying time and drying temperature of the ground 
sample. Four types of drying were considered:
—a vacuum drying for 45 minutes under ambient 
temperature conditions as initially put forward by 
Dr. Goggi (16). Conventionally, we will agree to 
consider the respective heats of hydration as values 
of reference.
—a vacuum drying for 1 hour at 35 °C.
—a vacuum drying for 40 minutes at 30°C.
—a vacuum drying for 1^ hour at 30°C.

Two cement types were used for these tests: a rapid 
hardening portland cement (PDR) and a rapid har
dening blast-furnace cement (HFDR).

After mixing the cement pastes were preserved for 
three days at +5 °C under above-defined conditions. 
At the time of settlment for testing the hydrated ce
ments were ground and dried under various conditions. 
Then we measured their heat of solution. The heats 

Table 7. Determination of heat of hydration of PDR hydrated cement samples, crushed and dried in various conditions 
Basic data:—heat capacity M: 836.17 cal/g—heat of solution of the anhydrous cement PDR: 591.59 cal/g—loss on ignition of 
the anhydrous cement: 1.58%—grinding fineness: < 147p

Sample Treatment of the hydrated cement after
No. conservation 3 days at +5°C

Heat of solution Heat of Loss on ignition of
0C measured of the hydrated hydration the hydrated cement

cement in cal/g in cal/g in %

13 crushed with ethyl alcohol, washed with ether and 
dried under vacuum at room temperature for 45 min.

3.570 533.66 „ „„ 20.80
3.571 533.79 57-88 20.77

crushed with ethyl alcohol, washed with ether and 
dried under vacuum at 35JC for 1 hour.

3.768 542.66 17.85
3.768 542.64 ’ 17.70

crushed with ethyl alcohol, dried under vacuum at 3.617 533.85 58.09 19.80
30°C for 40 min. -• 3.613 533.16 19.70

16 crushed with ethyl alcohol, dried under vacuum at 
30°C for 1 1/2 h.

3.730
3.730

540.45
540.34 51.21 18.20

18.30

17 crushed with acetone, then dried under vaccum at 
room temp, for 45 min.

3,733
3.739

537.99 r
538.79 53.21 17.85

17.78

18 crushed with acetone and dried under vacuum at 
35°C for 1 hour.

3.762
3.771

541.07
542.36 49.89 17.71

17.60 '

19 crushed with acetone, then dried under vacuum at 
SCTC for 40 min.

3.595
3.584

536.01
534.02 56.44 20.61

20.55

20 crushed with acetone, then dried under vacuum at 
30°C for 1 1/2 h.

3,623
3.632

535.28
536.57 55.67 19.80

19.90



of hydration were determined after some additional 
measures of the heat of solution of anhydrous cement 
and of the losses on ignition of anhydrous and hydrat
ed cements had been made.

Table 7 is a summary of the results attained for a 
PDR cement and Table 8 shows those attained for a 
HFDR cement, both to them being ground with a 
fineness lower than 147 microns, while Table 9 shows 

the results attained for cement pastes with a fineness 
lower than 297 microns.

In order to further investigate an eventual drying 
action of the grinding liquid and of the drying process 
on the mineralogic structure of hydrated cement, a 
certain number of ground and dried samples under
went some physical examination: X-ray diffraction, 
thermogravimetry and differential thermal analysis 

Table 8. Determination of heat of hydration of HFDR hydrated cement samples, crushed and dried in various conditions 
Basic data:—heat capacity M: 836.17 cal/g—heat of solution of the anhydrous cement HFDR: 573.66 cal/g—loss on ignition, 
unter nitrogen, of the anhydrous cement: 5.62%—grinding fineness < 147p,

Sample 
No.

Treatment of the hydrated cement after 
conservation 3 days at 4-5°C measured

Heat of solution 
of the hydrated 
cement in cal/g

Heat of 
hydration 

in cal/g

Loss on ignition of 
the hydrated cement 
in %(unter nitrogen)

1 crushed with ethyl alcohol» washed with ether and 
dried under vacuum at room temperature for 45 min.

3.469
3.477 517.98 55.68 23.83

2 crushed with ethyl alcohol with ether and dried 
under vacuum at 35°C for 1 hour.

3.780
3.769 534.18 39.48 16.1

3 crushed with ethyl alcohol, dried under vacuum at 
30°C for 40 min.

3.473
3.482 514.74 58.92 23.22

4 crushed with ethyl alcohol, dried under vacuum at 
30°Cfor 1 1/2 h.

3.868
3.869 539.07 34.59 18.41

5 crushed with acetone, then dried under vacuum at 
room temp, for 45 min.

3.814
3.822 535.04 38.62 18.89

6 crushed with acetone and dried under vacuum at 
35°C four 1 hour.

3.853
3.855 535.11 38.55 18.11

7 crushed with acetone, then dried under vacuum at 
30°C for 40 min.

3.833
3.832 534.02 39.64 18.40

8 crushed with acetone, then dried under vacuum at 
30°Cfor 1 1/2 h.

3.851
3.852 531,70 41.96 17.61

Table 9. Determination of heat of hydration of PDR and HFDR hydrated cement samples, crushed and dried in various conditions 
Basic data:—heat capacity M: 836.17 cal/g—heat of solution of the anhydrous PDR: 591.59 cal/g—heat of solution of the anhydrous 
HFDR: 573.66 cal/g—loss on ignition of the anhydrous PDR: 1.58%—loss on ignition, unter nitrogen, of the anhydrous HFDR; 
5.62%—grinding fineness: < 297p

Cement type Sample 
No.

Treatment of the hydrated cement after 
conservation 3 days at +5°C

0C measured 
in cal/g

Heat of solution 
of the hydrated 
cement in cal/g

Heat of 
hydration 
in cal/g

Loss on 
ignition 
in %

9 crushed with ethyl alcohol, dried under 
vacuum at room temperature for 45 min.

3.614
3.629 521.31 52.35 21.03

HFDR
(Rapid hardening 
slag cement)

10 crushed with ethyl alcohol, dried under 
vacuum at 35°C for 1 hour.

3.889
3.891 - 538.26 35.40 17.86

11 crushed with ethyl alcohol, dried under 
vacuum at 30°C for 40 minutes

3.677
3.676 523.77 49.89 20.22

12 crushed with ethyl alcohol, dried under 
vacuum at 30°C for 1 1 /2 h

3.946
3.953 541.62 32.04 17.12

21 crushed with ethyl alcohol, dried under 
vacuum at room temperature for 45 min.

3.464
3.471

525.09
527.03 65.09 22.10

22.05

PDR
(Rapid hardening 
portland cement)

22 crushed with ethyl alcohol, dried under 
vacuum at 35°C for 1 hour.

3.627
3.632

534.58
535.34 56.64 19.70

19.60

23 crushed with ethyl alcohol, dried under 
vacuum at 30°C for 40 minutes

3.510
3.516

533.30
534.26 - 57.82 22.02

22.09

24 crushed with ethyl alcohol, dried under 
vacuum at 30°C for 11/2 h.

3.622
3.622

535.65
535.63 55.97 19.90

19.95



The essential features of the results of this examination 
are shown on Tables 10 and 11. The thermograms and 
diagrams obtained by DTA are also shown on Figs. 1 
to 7.

A careful examination of above-mentioned docu
ments leads to the following conclusions:

PDR Cement (Samples 13 to 24)

Table 10. Investigation on differently treated PDR and HFDR 
cement by X-ray diffraction and differential thermal analysis

Cement type Sample 
No.

X-ray 
difiraction

Differential 
thermal analysis

Ca(OH)2 
X-ray

Ettringite 
X-ray Peak height in mm

in mm
reflex 
in mm

between 
80°and 
150°C

between 
400° and 

600°C

1 19 67 212 49
2 17 53 176 62
3 20 51 — —

HFDR 4 13 49 — —
(slag cement) 5 19 58 — —

7 20 85 — —
8 17 50 — —
9 18 62 — —

13 42 55 226 168
PDR 14 36 64 208 200
(Rapid hardening 15 32 50 — —
portland cement 16 50 49 — , —

21 40 40 — —

Influence of the Fineness of Grinding
•- We must compare measure series 13 to 16 and 21

Table 11. Percentage weight loss from TGA in temperature 
ranges 80o-150°C and 400°-500°C

Cement type Sample No.
Weight loss in 

% between 
80 & 150°C

Weight loss in 
% between 

400 & 500°C

1 7.30 0.80
2 6.20 1.12
3 7.50 0.76

HFDR 4 6.16 0.80
(slag cement) 5 6.64 1.00

7 6.96 1.00
8 6.30 0.88
9 5.70 0.70

13 6.90 2.20
PDR 14 6.70 2.35
(Rapid hardening 15 6.80 2.16
portland cement 16 7.20 2.40

21 6.80 2.30

Fig. 2. DTA graphs of hydrated cement samples



Fig. 3. DTA graphs of hydrated cement samples

to 24. Logically, a coarser sample grinding should 
eliminate alcohol-ether more easily. Now it is just the 
opposite with a PDR cement, as in this case, the losses 
on ignition of samples ground more coarsely are al
ways higher by 1 to 2 %. This is a systematic fact which 
is always recorded, whatever the drying process adopted 
after grinding may be.

The occurrence of some residual ethyl alcohol 
cannot, in our opinion, explain the recorded differ
ences, some of which amount to 8 or 9 calories (see 
Tables 7 and 9). As it is not possible to find a logical 
explanation, we think that this parameter should be 
studied once again using portland cements of a 
lower fineness.

Influence of the Liquid used for Grinding
For a given drying process, the differences between 

the values of series 13 to 16 and 17 to 20 are comprised 
between 1 and 4 cal/g. Compared with ethyl alcohol, 
the differences attained when using acetone are some
times on the higher, sometimes on the lower side.

It seems that the type of liquid does not play a 

fundamental part as far as portland cements are 
concerned. The differences recorded seem to be expl
ainable through the occurrence of a certain quantity 
of residual alcohol or acetone.

Influence of the Drying Temperature and 
of the Drying Time

After treating samples 13 to 16 with ethyl alcohol, 
the following statements can be made:
—for a limited drying period, the values attained for 

the heat of hydration are almost identical, whether 
the drying be carried out at the ambient tempera
ture or at 30°C.

—should the drying time be prolonged or the tempera
ture risen to 35°C, important differences should be 

recorded, more particularly, when drying is being 
carried out for 1 hour at 35°C.

A reading on the thermograms does not allow to 
state that there is a loss of combination labile water 
of the hydration constituents.

The difference recorded in comparison with the 
value of reference 13, however, cannot be explained 
through a more complete alcohol elimination. And 
the 3 % loss on ignition shows that a hydration water 
loss is probable.

It should thus be remembered that when using 
ethyl alcohol one should have a maximum tempera
ture of 30°C and a drying time not exceeding 40 
minutes.

The differences, when these two conditions are not 
complied with, are more important when proceeding 
with a high fineness of grinding.

When using acetone, it should be noted that: 
—the effects of a drying period exceeding 1 hour are 

less important when using ethyl alcohol.
—the combination of a prolonged drying with a tem

perature of 35°C leads once more to a very impor
tant drop of the heat of hydration.

Conclusions

Owing to this series of tests, it can be stated that 
the values attained for the heat of hydration are com
prised between 51 and 58 cal/g., i.e. a dispersion of 7 
cal/g. This dispersion can sometimes be explained by 
an incomplete elimination of the grinding liquid, and 
also by a reduced elimination of combination labile 
water when the period of drying exceeds 40 minutes. 
This conclusion is valid whatever the liquid used and 
the adopted fineness of grinding may be.

On the contrary, it is clear that a drying at 35°C 
automatically leads to a more or less important 
destruction of the hydrated structure with a loss of 
labile water which is not to be overlooked. The dif-



Sample 1 Sample

Weight loss ’weighed portion 
in % for analysis 250 ®ig

Fig. 4. TO A graphs ef hydrated cement sampks

ferences versus the value of reference may then amount 
to at least 8 and 9 cal/g.

HFDR Cement (samples 1 to 12)

Influence of the Fineness of Grinding

Lets us now compare measure series 1 to 4 and 9 to 
12. It is found that samples ground more coarsely give 
less important values for the heat of hydration. As 
their loss on ignition is much lower, it appears that 

the ethyl alcohol elimination was more complete than 
for finely ground pastes. It is evident that in this case 
we are isolating the fineness parameter and that only 
two samples which underwent the same drying pro
cess can be compared with one another.

Influence of the Liquid used for Grinding

When comparing two by two the values of series 1 
to 4 and 5 to 8, it clearly appears that the values 5 
to 8 are very well grouped together within a mean



Sample 7Sample 5

Sample 8 ' Sample

Weight loss Weighed portion Weight loss Weighed portion 
in % for analysis 250mg in % for analysis 250 mg

Fig. 5. TGA graphs of hydrated cement samples

range of 39 cal/g. Drying conditions seem, therefore, 
to have very little influence in the value of the heat 
of hydration when using acetone.

This clearly shows that the use of acetone under 
drying conditions similar to those used with ethyl 
alcohol leads to an exaggerated desiccation of the 
ground paste with an important labile water loss of 
the hydrated constituents. This loss is more parti
cularly characterized by the thermogram features and 
the differences recorded as regards weight losses be

tween 80°Cand 150°C.

Influence of the Drying Temperature and of the 
Drying Time

For samples 1 to 4 which underwent an ethyl alco
hol treatment, it appears that a non-prolonged drying 
period (with a maximum of 40 minutes) at a lower 
temperature than or equal to 30°C leaves very similar 
values for the heats of hydration measured.

Too long a drying or a temperature of 35°C only
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Fig. 6. TGA graphs of hydrated cement samples

leads to an indisputable degradation of the hydrated 
constituents of the paste.

When acetone is used there is always a degradation 
of the hydrated structure whatever the drying condi
tions may be.

When ethyl alcohol is used a coarser grinding 
allows a more complete elimination of this liquid. 
For a given fineness the value dispersion is of 2 to 3 
cal/g. provided that moderate drying conditions be 
adopted.

When drying takes place under drastic conditions, 
however, there is an important degradation of the 
hydrated constituents of the paste and the values 
measured mean nothing any more.

The same thing occurs when using acetone what
ever the adopted method of drying may be. The use of 
this liquid should thus be prohibited.

i

Conclusions

Above-mentioned tests dealt with two cement types 
only. The conclusions drawn, therefore, should not 
be considered as definitive ones, but rather as indica
tions allowing a limitation of the problems set and an 
orientation with a view to subsequent researches. 
They may be summarized as follows:

a. The fineness of grinding of hydrated cement 
pastes should not be too high and a fineness lower 
than 300 microns should represent an adequate 
minimum. The elimination of the grinding liquid 
and of the rinsing ether will consequently be 
more complete. This conclusion, however, should 
be confirmed by subsequent testing on anhydrous 
cements of a lower fineness.

b. The use of acetone as a grinding liquid leads to 
the destruction of the structure of the cement 
paste whatever the subsequent drying conditions 
may'be. Used of this liquid should thus be strictly 
prohibited.

c. l When using ethyl alcohol drastic drying condi
tions should be avoided as these cause a more 
or less important loss of the combination labile 
water of hydrated components. The effect of an 
exaggerate drying is particularly bad in the case 
of blast-furnace cements.

In the present state of our research work we recom
mend a high vacuum drying for a maximum of 40 
minutes, at a temperature not exceeding 30°C.

Subsequent research work should allow an incre
ased accuracy of the limits thus determined.

It may also be questioned whether the combined 
action of alcohol and rinsing ether does not cause a 
substantial etching of residual hydrated and anhy
drous constituents of the cement paste, this etching 
being characterized by the flowing of a certain quanti
ty of soluble matter into the filtrate. . G;
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To answer this question two types to tests were 
performed:

a) Chemical analysis of filtrates derived from the 

washing of hydrated cement samples with alcohol
ether.

The following results expressed in % of the quantity



of dry cement initially mixed were attained:
Sample 1 Sample 2

SiO2 % 0.0016 % 0.0009
R2O3 0.0022 0.0005
CaO 0.0008 0.0006
Ca(OH)2 solved 0.0008 0.0009

b) Compared analysis of anhydrous, hydrated but 
not washed with alcohol-ether, hydrated then washed 
with alcohol-ether cement.

The following table shows analysis results deter
mined with a null loss on ignition.

The above-mentioned results clearly show that an 
usual grinding in ethyl alcohol followed by an ether

PDR hydrated cement, PDR hydrated 
unwashed cement then

 -   washed with 
1st test 2nd test Mean-alcohol-ether

PDR 
anhydrous 

cement

% Zo 0/ % %
S1O2 20.60 20.79 20.22 20.50 20.45
A12O3 7.34 6.83 6.73 6.78 6.98
Fe2O3 3.27 3.26 3.26 3.26 3.26
CaO 65.96 65.33 65.05 65.19 65.14
MgO 0.82 — 0.74 0.74 0.74

rinsing will not modify in the least the chemical 
composition of the hydrated cement by matter flowing 
into the filtrate. The cause of the differences recorded 
should thus be searched elsewhere.

Conclusions

Very important differences, some of them amount
ing to 15 calories per gram were recorded between 
different laboratories when measuring the heat of 
hydration of the same cement type using the solution 
method.

A certain number of factors capable of explaining 
these differences have been studied in this record.

The calibration of the calorimeter will be carried 
out with 14 grams zinc oxide with an even but not too 
high fineness of grinding. The heat capacity M will 
be the mean of at least 6 determinations. If all these 
conditions are complied with, any cause of error due 
to a faulty calibration is eliminated.

Though it does not seem to have any influence on 
the values of the heats of solution measured, the com
position of the acid mixture will be standardized, 
too.

The mixing of the cement will be carried out, if 
possible, with water having the subsequent paste 
preserving temperature. Errors of ±2 calories per 
gram are possible when water is at the laboratory 
temperature whereas heating is being carried on at a 
low temperature.

The loss on ignition of anhydrous and hydrated 
cements interferes in the determination of the heat of 
solution of hydrated cement and has, consequently, 
an influence on the value of the heat of hydration. 
These losses on ignition will be determined by calcinat
ing samples for an hour at l,050°C ± 50°C. For 
blast-furnace cements this determination will be car
ried out in a laboratory kiln with a neutral atmosphere 
(nitrogen, argon). The procedure should be accurately 
described and strictly complied with. Should this not 
be done, differences of 10 calories per gram could be 
recorded between some laboratories.

It should be noted, however, that the standardiza
tion of above-mentioned operations allows the can
cellation of practically any cause of systematic error. 
Such ideal operating conditions are, in our opinion, 
very well settled now and an agreement between 
laboratories on these various points is susceptible of 
being reached within a short time.

The delicate point of the solution method remains, 
therefore, the determination of the conditions for the 
preparation of hydrated cement samples. The tests 
which were carried out in our laboratories dealt with 
a limited number of cements and it is not possible, as 
a matter of fact, to draw now definite conclusions in 
this regard. In our opinion, however, these tests 
allowed a recording of some interesting facts which 
could be the base of new tests dealing with a greater 
number of cements having a different fineness and a 
different nature.

The following points should eseentially be recor
ded:
1. When heating of cement pastes occurs at a low 

temperature and for a very short time, it is abso
lutely necessary to use a liquid for grinding hydra
ted cement. Otherwise the carrying on of hydra
tion and carbonation would cause errors which 
could only be estimated with much difficulty.
Nevertheless for heatings of a longer period at a 
temperature of +20°C, the question remains 
whether it is advisable to use a liquid of which the 
subsequent elimination cannot be easily performed.

2. The liquid used should not modify the composi
tion of the hydrated cement sample by matter 
flowing into solution. With ethyl alcohol this 
possibility does not practically exist. ■

3. The liquid used should be totally eliminated; if 



not, the values of the losses on ignition and that of 
the heat of hydration determined could be altered. 
The fineness of grinding of hydrated cement should 
not be too high. We propose to limit it to a size 
non-remaining on a 297-micron sieve.
Besides, the elimination of this liquid by ether 
rinsing and vacuum drying should be performed 
under such conditions that the structure of some 
hydrated constituents should not be modified. 
More particularly, a loss of combination labile 
water of some hydrates should be avoided at all 
costs.
Owing to our experiments, we think that, provided 
a high vacuum drying (till 1 Torr) be performed, 
a drying period of a maximum 40 minutes at a 
temperature not exceeding 30°C is quite enough 
to eliminate totally a liquid like ethyl alcohol. 
On the contrary, the adoption of the same drying 
conditions in acetone leads most of the time to a 
high degradation of the hydrated paste structure. 
The use of such a liquid should, therefore, be 
prohibited.
Besides, we would like to emphasize that the above
recommended drying conditions were determined 
after a testing on rapid-hardening cements of which 
the Blaine specific surface is of about 5,000 sq. cm/g. 
It is thus quite clear that these conditions may be 

slightly modified for cements with a lower fineness, 
and that the period of drying may be further short
ened. The temperature, however, should in no case 
exceed 30°C and it is, in our opinion, even prefer
able to proceed at the ambient laboratory tempera
ture that is about 20°C.
It appears therefore absolutely necessary to carry 
out for the shortest possible time numerous tests 
enabling us to make a definite determination of the 
conditions for the preparation of hydrated cement 
samples allowing thus the accuracy and reproduci
bility of the measures performed.
As long as these optimal conditions remain indeter
minate any attempt of a cement classification in 
which the differences between classes would not 
exceed 5 calories per gram appears to us as illu
sory and premature.
An important work of methodology remains to 
be done, as far as the solution method is con
cerned. Besides, it will be extremely interesting to 
compare the results attained with those concerned 
with other methods such as the predetermined dis
persion method (6) and the isothermal calorimeter 
method (22).
We wish the work described here could contribute 
to some progress of this problem of methodology.
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Synopsis

The setting and the strength-development of mortars of portland cements and blast 
furnace slag cements is affected by the presence of alkali-carbonate.

It has been noticed for all these cements that the setting time is retarded at first in 
proportion to the alkali-carbonate content (at about 0.2% K2CO3), and gets gradually 
shorter so that at about 2 % K2CO3 a flash setting occurs.

At a further increase of the alkali-carbonate content this flash setting effect continues 
to occur, until at about 15 % K2CO3 setting times of about 20 minutes show up again.

Also the strength-development of prisms of mortar shows clearly that alkali-carbonates 
exert an influence.

By following the hydration closely, an insight is gained in the reactions, to which the 
above mentioned phenomenons can be related.

For this examination chiefly use has been made of chemical analyses and semi-quantita
tive measurements with the help of X-ray diffraction and infrared measurements.

Introduction

Literature (1, 2, 3) chiefly mentions two cases in 
which the hydration process is influenced by alkali
carbonate, viz. when alkali-carbonate is added to 
cement in mortars, and in case of false set which 
occurs after long-stored cements are used.

The addition of alkali-carbonate in cement mortars 
either serves to accelerate set at a normal temperature 
or enables to use mortar at temperatures below 
0°C.

However, the presence of alkali-carbonate in mortar 
causes several properties of this mortar to change 
during the stiffening an hardening process. This har
dened mortar reacts differently from the usual 
mortar.

The investigations and tests have established that 
by addition of alkali-carbonate the following irregula
rities occur by the use of portland cement and blast 

furnace cement:
1) deviations in setting and workability
2) increase compressive strength and flexural 

strength
3) rise of the temperature of mortar
When moist air can penetrate the storage yard 

where cement is kept, hydration-reactions will occur 
on the cement particles. In these reactions the alkalies 
bound in the clinker can be liberated which react with 
carbon-dioxide from the air to form alkali-carbonate.

By some authors (1) this alkali-carbonate is held 
responsible for above mentioned irregularities.

In this contribution we have tried to find an expla
nation for these irregularities by investigating the 
hydration process as well as we could with the means 
available and by applying the results of this investi
gation to the above mentioned deviations.

Physical Tests

Paste Tests

The respective rheological behaviour and the har
dening characteristics of the mortar to which alkali

carbonate has been added, result from the hydration
reactions in the cement paste.

To get an insight about the effect of the different 
alkali-carbonate proportions, tests have been carried 
out with cement pastes. After it appeared from orien
tation tests that sodium-carbonate had a similar activ-



ity as K2CO3, only potassium-carbonate was used 
for the rest of the series to be tested.

To start with a series of determinations of the setting 
time was carried out at five portland- and blast furnace 
slag cements with addition of K2CO3. They were 
carried out, according to the German specification 
DIN 1164, presuming that the temperature at pre
paring and preserving amounted to 4°C for one series 
and 20°C for the other series.

Potassium-carbonate was dissolved in the gauging 
water. The proportioning of this salt was calculated 
in the percentage of weight of the cement. The results 
of these series have been reproduced by means of 
examples on the Figs. 1 and 2.

The curve representing the relation between initial, 
final setting and the percentage of potassium-carbona
te at a fixed temperature is practically the same 
for all cements, which means:
—at very small proportionings (0.2%) a considerable 

delay of the setting (especially at low tempera
tures)

—at proportionings of 2 to 10% a considerable 

Fig. 1. The initial and final setting time of portland cement 
at various additions of K2CO3

shortening of the setting time, so that the cement 
paste can hardly be worked

—at large proportionings over 10% potassium
carbonate a less considerable shortening of the 
setting time.
Although sufficient data about the reduction of the 

setting time can be found in literature (3), the indi
cations about the retarding effect are lacking. This 
effect however is such that it is worth while to pay 
attention. At 20°C the retardation amounts to 1 hour 
and 25 minutes; at 4°C to 22 hours (slag-cement).

The tests have been carried out with the laboratory 
portland cement “M”.

With this, cement pastes have been made with 
gauging water containing potassium-carbonate. The 
above-mentioned characteristics changes in the 
setting time at 23°C proved to be most striking for the 
following K2CO3-proportionings: 0, 0.25, 2.5 and 
20% (see Fig. 3).

In all the following tests and in the hydration 
examination, these mixing ratios were used.

The second part of the paste-tests aimed at obta

Fig. 2. The initial and final setting time of slag cement at
■ various additions of K2CO3



ining more data about the behaviour of the pastes 
after the mixture was completed.

To that end determinations were carried out with 
the penetrometer according to Francardi (4, 5), with 
which the setting of the pastes can be watched con
tinuously. Simultaneously, temperature measure
ments in the pastes were carried out. With the pene
trometer, according to Francardi, a so-called con
sistency curve may be drawn up, which reproduces 
the course of setting.

In Fig. 4a the consistency curves of the 4 pastes 
have been reproduced. From these it can be read how 
the setting is accelerated when potassium-carbonate 
is present. ,

Moreover, it is clearly to be seen that, at a propor
tioning of 0.25 % K2CO3, in the initial setting after 
slightly more than half an hour, K2CO3 changes 
into a retarder. This initial setting may be regarded 
as a flash setting. The degree of flash set is larger in 
proportion as more K2CO3 is added. The temperature 
measurements were carried out by inserting a ther
mocouple in the paste, with which a paste-container 
of the penetrometer had been filled.

The results of these measurements are shown in 
Fig. 4b. They were carried out simultaneously with 
the consistency-measurements with the penetrometer, 
and they show the change of temperature at the inside 
of the paste.

The retarding in the setting at 0.25% K2CO3 is 
accompanied by a retarded start of the temperature 
rise whereas the increase in temperature is less than 

in the reference sample. In the initial period after 
preparing the paste containing 0.25% K2CO3, a 
temperature rise occurs which however decreases 
after about half an hour. Linked with this is the early 
setting, which after this half an hour does not con
tinue in a setting-course.

In the larger amounts, the steep change in con
sistency is in accordance with the violent increase of 
temperature shortly after preparation. About 2 hours 
after preparation the temperature rises to a second 
maximum.

Mortar Tests

The examination made of setting phenomena 
showed that when potassium-carbonate is added 
flash setting may occur. This may influence the work
ability of fresh concrete. Workability was measured 
by the slump method. With fresh concrete conta
ining aggregates, graduated according to the Fuller
curve, and with 350 kg/m3 normal portland cement, 
at a water/cement ratio of 0.5 a slump of 10 cm was 
obtained. In Table 1 the changes caused by the 
addition of potassium-carbonate (calculated on ce
ment) are shown. At small percentages the work
ability is lessened; in proportionings of over 5% the 
slump is again increased.

To get an idea of the influence of the potassium
carbonate on the strength development of mortars 
(according to Cembureau specifications) compres-

Fig. 3. The initial and final setting time ofportland cement “M” 
. at various additions of K2CO3 (20°C)



time after mixing is completed -------- *-

Fig. 4a. Change in consistency of a portland cement paste in 
the course of hydration

4b. Development of temperature in the portland cement 
paste

Fig. 5. The development of early strength on mortar prisms 
of portland cement



sive and bending/tensile strengths have been deter
mined about hardened mortars, which originally were 
composed of sand, cement “M” and gauging water, 
in which 0-2.5 and 20% potassium-carbonate was 
dissolved. The results of these tests after 12 hours, 
1-3-7 and 28 days of hardening, are shown in Table 
2.

It may be concluded that at 12 hours after prepara 
tion, with a high proportioning of K2CO3 (20%) the 
strengths are already considerable. The increase of 
strength after these 12 hours is however relatively 
slight.

The lower proportionings showed this in a lesser 
degree, whereas 0.25% K2CO3 caused a decrease of 
the strengths after 12 hours in comparison with the 
reference sample.

In view of the considerable differences in strength 
after 12 hours of the various mortars a series of mortar 
prisms was prepared. Every hour after preparation 
prisms were tested; until the moment of testing they 
were left in the mould. In this way the development of 
strength in the initial period of the hydration could 
be observed. -

Unfortunately, we had to use a clinker of a slightly 
different quality, owing to which the curves in Fig. 4 
cannot be simply compared with the results in Table 
2.

However, the same tendency may be observed,

Table 1. The workability of concrete mortar. The influence of 
the addition of potassium-carbonate to cement “M".

KsCO3 [%] slump-test [cm] temperature [°C]

0 10 23
0.25 2 21
2.5 0.5 23
5 10 22

20 23 29.5

k2co3

0% 0.25% 1.5% 2.5% 20%

Table 2. The strength of portland cement “M". Influence of the 
potassium-carbonate on the development of strength

compressive 
strength 
in kg/cm2

0.5
1
2
3
7

28

92
214
327
426
546
620

74
211
346
426
542
627

106 
212 
323 
372 
412 
501

142
266
304
298
316
451

259
271
295
316
370
446

0.5 20 16 18 30 57
bending/tensile 1

2
38
54

34
50

33
49

n.d. 58
53strength 3 60 62 51 55in kg/cm2 7 67 66 54 49 45

28 75 71 66 61 50

viz., the pastes with 20-2.5-0 and 0.25% start the 
hardening in this sequence and also reach in this 
sequence the highest strengths in the initial 12 hours.

Hydration-Reactions of Portland Cement with K2CO3

As pointed out in the foregoing 4th Symposium on 
Chemistry of Cement, the reactions which occur in 
the hydration of a portland cement are known for the 
greater part. The progress of the hydration of each of 
the clinker components has been examined by analys
ing pastes and suspensions of C3S, C2S, C3A and the 
“ferrite phase”.

In the last few years this examination has been 
extended to the more complex course of hydration 
in cement pastes (6, 7).

In this study the hydration-reactions which occur 
when K2CO3 is added to portland cement “M”, 
have been observed.

Procedure

To get an idea of the reactions, which occur during 
the hydration process, the following procedure was 
adopted:

A paste is made from cement “M” with water 
(W/C 0.3), in which potassium-carbonate in the 

required percentages has been dissolved; this paste is 
put into a plastic bottle and stored in a water-bath 
of 23°C (dzl°).

At definite times a small sample of paste was taken 
and the hydration was stopped immediately with 
isopropyl-alcohol. For the hardened paste it was 
necessary to pulverize the small sample prior to vibrat
ing ultrasonic with excess of water-free isopropyl
alcohol. After that the samples were ground in an 
agate grinder to achieve a constant fineness. This 
constant fineness is necessary to achieve compar
able measurements. This technique to put a stop to 
the hydration-reactions has been applied successfully 
in earlier studies (8, 9).

By suspending in excess of water-free isopropyl
alcohol the components, are precipitated practically 
completely and the so-called free water is eliminated 
from the particles, which- has been confirmed ab 
origine by the infrared spectra. Practically no increase 
in the water peak at wave number 1650 cm-1 is per
ceptible.



Finally the alcoholic suspensions were filtered off 
by millipore filters (0 max. = 0.45 /z) and then the 
remaining residues of alcohol were removed in a 
drying-oven at 40° C and 60 mm Hg.

Then the small samples were examined, viz.:
a) by determining the loss on ignition
b) by X-ray diffraction
c) by infrared spectrography
Before discussing the results of the determinations, 

an elucidation to the methods of the examination is 
given.
a) loss on ignition

The loss on ignition was determined by heating at 
1060°C for 10 minutes of the water-free sample.
b) X-ray diffraction

The X-ray diffraction recordings were carried out 
with the Philips diffractometer 1010/1050/1051/4082/.

The further details are:

X-ray tube: Cu-anode + Ni-filter 
(96 KV + 26 mA)

divergence slit: 1°
receiving slit: 0.2 mm
scatter slit: 1°
counter: proportional counter

(1700 V)
goniometer-speed: U/min.
paper-speed: 800 mm/h

Amplitude 25.5 V; channel width 20 V; discrimi
nator: attenuation 4.

The sample was rotated during the measurement.
The following interferences were measured from 

the various components:

component value
c3s + C2S 2.18 A
c3s 1.765 A
c3a 2.69 Ä
“C4AF” 2.64 Ä
Ca(OH)2 or CH . 4.92 A
C3A-Ca(OH)2.12H2O or C4AHI3 8.2 A
C3A.CaCO3-llH2O or C4ACHn 7.56 A
C3A.3CaSO4-31H2O or C6AS3H31 9.7 A
C3A-CaSO4-12H2O or C4ASH12 8.9 A
3K2CO3.2CaCO3-6H2O 2.07 A
CaCO3 2.49 A
CaSO4-2H2O 7.56 A
k2so4 ■ 4.17 A

c) infrared spectrography
For the infrared measurements the Perkin-Elmer 

infrared spectrophotometer 337, speed 94 cm/min.- 
slit 3 was used. Sample: KBr-tablet.

Quantitative measurements were carried out. The

contents could not be given in percentages, because 
not all the calibration lines are available; therefore, 
extinction values have been mentioned in the graphs.

The following components were measured quantita
tively at the specific wave numbers mentioned behind:

Ca(OH)2
K2SO4
CaSO4-2H2O
K2SO4.CaSO4.R2O
OH (total)

at 3650 cm-1
at 623 cm-1
at 670 cm-1
at 660 cm-1
at 3400-3600 cm-

Data about Cement “M”

The cement was obtained by grinding 95 parts by 
weight of clinker with 5 parts of gypsum in a labora
tory ball mill.

During this process of grinding gypsum did not 
decompose into semihydrate. The specific surface 
amounts to 5600 cm2/g, according to Blaine. Under 
the microscope the mineralogical composition has 
been studied. The clinker minerals proved to be 
practically completely crystallized, with the exception 
of the ferrite phase, which is mainly glassy. The poten
tial mineral composition of clinker calculated accord
ing to Bogue and the complementary data have been 
collected in Table 3.

Table 3. Chemical composition and potential mineral composi
tion of portland cement “M” according to Bogue

Chemical composition of the cement

loss on ignition 
SO3 
K2o 
insoluble

Potential mineral composition according to Bogue

lime saturation formula

free lime

94.1

0.64

For the tests distilled water was used.
The added potassium-carbonate was a mixture of equal parts KgCOj and 

K2CO3.1£H2O.

Interpretation of Measurements

Before proceeding to the discussion of the hydra
tion-reactions, it may be observed that these measure
ments cannot give a complete picture of the hydration
reactions. The X-ray diffraction only allows to detect 
sufficiently crystallized compounds, which give suffici
ently strong intensities, and the peaks of which do not 
coincide with those of other components. For these 
reasons it was not possible to measure C2S at a sepa
rate peak but only as total C2S + C3S, and the fer-



rite phase was only partly perceptible. The important 
hydration products of the tobermorite phase were not 
or hardly measurable, whereas it is only possible to 
measure sufficiently clearly the monosulphate (C4- 
ASH12) after longer periods (> 1 month) of hydration.

Also K2CO3 in hydrated cement is also hard to 
measure. With infrared the carbonates have strongly 
developed peaks, but from these the K2CO3-peak 
could be selected with difficulty. Due to such effects 
it may be possible that, when certain reaction products 
appear, they can only be observed at a somewhat 
later time. For the measurements for infrared as well 
as for X-ray diffraction, care has been taken so that 
they are carried out 3 times at least. The averages can 
be found back in the graph 6 as measuring-points.

In all the following graphs these measuring-points 
have been omitted to make the presentation more 
clearly.

The measurements are shown as intensities or as 
extinctions (infrared), because the X-ray diffraction 

and, to some extent, also the infrared measuring 
technique are not yet apt to carry out quantitative 
mineralogical analysis in weight percentages.

Since the measuring circumstances do not vary 
from measuring-point to measuring-point and each 
sample undergoes a similar particle-preparation, the 
variables which hamper a quantitative interpretation 
of measuring results are minimized. Since the measure
ments of the decrease of the intensities of the clinker 
minerals are least affected by crystal effect, they are 
reproduced separately in the graphs. Due to the 
hydration-reactions the weight of “solid material” 
increases. The values of the clinker minerals are only 
corrected with the losses on ignition. Some of these 
measurements have been repeated with an internal 
standard. After addition of 10% CdS to the probe, 
the mixture is homogenized by gently milling a sus
pension in cryclohexane. The clinker interference 
was measured at 2.18 Ä (C3S + C2S). Also the de
gree of hydration of the calcium silicates was esti-

Time ---- ►
Fig. 6. Hydration of portland cement “M"; WjC-ratio 0.3 

X-ray measurements; indication of the average measuring
points



mated at 60 minutes, and 7 days, being 3.5% and 
63 %. These results are in accordance with the degree 
of hydration which can be derived from the data in 
graph 6 by comparing the XR-intensities at these 
times with those of the unhydrated portland cement 
“M”. ,

Discussion of the Results

The results of the measurements are shown in the 
graphs 6-13. Because a relation should be established 

between the reactions in the paste on the one hand, 
and the workability of the paste, the development of 
strength initially and after longer periods on the other 
hand, a classification in 3 periods with 3 different time 
scales has been made, viz., 1 hour, 1 day and 28 days. 
The first graph shows the averages of the measure
ments, the divergence and the times of the measure
ments.

In Table 4 the data regarding the measurements 
after 2 and 3 months have been recorded.

Fig. 7. Hydration of portland cement “M”; WjC-ratio 0.3 
Infrared extinctions at different times

Table 4. X-ray intensity and infrared extinction measurements on cement paste (. VVjC-ratio 0.3) 
Measuring values after a longer period of hydration

Component ■
Portland cement “M” Portland cement “M° 

+0.25%K2CO3
Portland cement “M” 

+2.5%K2CO3
Portland cement “M" 

+20%K2CO3

1 1 
month

2 
montl

3 
is months

1 
day

1 
month i

2 
months i

3 
months

1 1 
month

2 
months

3 
months

1 
day

1 
month

2 
months

3 
1 months

measured by: 
X-ray diffr.
c3s + C2S 88 52 36 7 96 42 32 9 91 62 40 9 93 70 46 14
C3s 57 27 16 4 70 28 20 7 68 47 32 8 68 50 24 9
c3a 16 — __ — 26 4 — — 15 14 8 — 10 — —
c4ah13 25 __ 22 8 — — — — — — — — __ —
C4ACHn to __ __ — — — — — 39 38 32 34 71 69 46 92
CgASsHgi 19 — — — 26 10
C^AyHig — — 52 24 — — 26 18 — — — — • — — — —

3K2CQ3.2cac03.6H20 — — — — — — — — — — — — * — 14 10

measured by: 
Infrared
Ca(OH)2 240 310 300 350 200 260 268 310 200 232 280 240 82 190 215 230

15 15 17 14 14 2 14 8 40 30 30 15 48 43 42 47
(OH) ' 206 290 280 315 320 240 290 300 190 250 250 271 n.d. n.d. n.d. n.d.

*In the period preceeding to this measurement the component has been present.
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Time —►
Fig. 8. Hydration of portland cement '‘M” with 0.25 %KzCO3 

X-ray measurements at different times

Fig. 9. Hydration of portland cement “M" with 0.25%K2CO3 
Infrared extinctions at different times
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Fig. 10. Hydration of portland cement “M” with 2.5%K2COj 
X-ray measurements at different times
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Fig. 12. Hydration of portland cement “M” with 20%K.2CO3 
X-ray measurements at different times

Infrared extinctions at different times



Reactions in the Initial Period and Setting

The reactions of the portland cement “M" (see 
Figs. 6 and 7) correspond with the observations in the 
literature (10). G. Yamaguchi, K. Takemoto, H. 
Uchikawa and S. Takagi (7) ascertained that in the 
first 3 minutes slight hydration-reactions of the cal
cium-silicates and violent reactions of the aluminate- 
containing phases are to be expected. H. Schwiete 
and E. Niel (8) could follow by infrared measurements 
the reactions in which the sulphates are involved in 
the first minutes of the hydration. They came to the 
conclusion that in particular C3A reacts in the first 
minutes, and that the reactions of the ferrite phase are 
of some importance only after about 15 minutes.

The calcium-hydroxide which is liberated during 
hydration can be measured by both analysing methods. 
Contrary to the X-ray measurements the hydrate 
could be established already in the first hour with 
infrared. The greater part of this calcium-hydroxide, 
however, was already present in the portland cement 
as free lime. Generally the amount of free calcium
hydroxide during hydration can be measured in a 
more sensible way with infrared. The little amount of 
syngenite, which has been formed in the first minutes 
of hydration reacts together with gypsum and the 
aluminate-containing phases. In Fig. 7 the measuring 
of the infrared absorption at 3400-3600 cm-1 is 
shown. In this absorption-band, many hydration 
products are represented. As there are uncertainties 
in the interpretations their diagram will not be fur
ther discussed.

Although not all the reaction products among which 
the important tobermorite phase could be measured, 
it is evident that the hydration-reactions of portland 
cement “M” are influenced by the presence of K2CO3. 
The larger is the amount of K2CO3. the larger is the 
share of the clinker phases and of gypsum in the reac
tions in the initial minutes. These reactions are promo
ted by the conversion of K2CO3 and gypsum, owing 
to which the regulating influence of the gypsum on the 
hydration-reactions decreases. This explains the effect 
of flash setting in the cement paste (high temperatures 
and early stiffening). '

As a result of these conversions, the following salts 
appear at the various amounts of addition:

0.25% K2CO3—syngenite (CaSO4-K2SO4-H2O), 
little K2SO4 and CaCO3

2.5% K2CO3—K2SO4 and CaCO3
20% K2SO4-K2SO4 + 3K2CO3-2CaCO3-6H20

(in addition to non-converted K2CO3)
The aluminate phase and the ferrite phase react 

within a few minutes with the above-mentioned cal

cium salts. This is shown by the detection by means 
of X-ray diffraction of ettringite after 3 minutes (at 
0% K2CO3), of ettringite immediately after gauging 
(at 0.25% K2CO3), of ettringite followed immedia
tely by carbo-aluminate (at 2.5 % K2CO3) and of only 
carbo-aluminate (at 20% K2CO3).

The formation of carbo-aluminate confirms the 
observations of K. T. Greene (10), who found peaks 
in the D. T. A.-curve of alkali carbonate-containing 
cement after 24 hours of hydration (W/C ratio 0.35) 
at room-temperature. These peaks bore a marked 
resemblance to the curve for the mono-carbo-alumi- 
nate given by Turriziani and Schippa. R. F. Feldmann, 
V. S. Ramachandran and P. J. Sereda (11) found that 
the hydration-reaction of C3A is suppressed by 
CaCO3-additions.

This is due primarily to the formation of the low 
form of calcium carbo-aluminate on the surface of the 
C3A. The important addition of 20% K2CO3 does 
raise the temperature of the cement paste. Ä. Grudemo 
(12) mentioned that the carboaluminate is not stable 
at a higher temperature. This is also visible in the 
course of the C4ACHh-curve given in Fig. 12. The 
initial formed carboaluminate is not stable after a few 
minutes of hydration. Mono-sulphate and other 
aluminate-hydrates could not be proved on account 
of difficulties at the measurements.

In the initial period reactions causing the stiffening 
occur in the cement paste. In the cements containing 
potassium-carbonate, this stiffening is a direct result 
of the hydration-reactions, not controlled enough by 
Ca++-ions. Obviously the stiffening starts by reactions 
of the aluminate-containing phases, as is established 
at the cement “M”. At an addition of 0.25 % K2CO3 
the stiffening starts, under the influence of reactions 
of the ferrite phase. The stiffening will no doubt be 
supported by the formation of poor soluble calcium 
salts such as CaCO3, 3K2CO3-2CaCO3-6H2O and 
CaSO4-K2SO4.H2O (1). ,

After the rather important conversions in the initial 
minutes, C3S and C2S hardly react in the first hour of 
the hydration process. In this period the loss on igni
tion also hardly changes. Although rather important 
reactions occur, in which the aluminate-containing 
compounds are involved, the amount of fixed water 
hardly increases during the first hour. This may be 
an indication that the hydration products react 
mutually with the aluminate, ferrite phase or with 
one of the salts.

Period of Strength Development

In the first hours of this period the reactions, which 



Conclusion

The hydration of portland cement “M” was clearly 
influenced by the presence of potassium-carbonate. 
After correction on the loss on ignition, the consump
tion of clinker components during the hydration of 

portland cement “M” could be followed clearly by 
X-ray measurements.

These reactions are in accordance with the observa
tions at the tests on stiffening and strength develop- 

H. N. Stein (13) already mentioned that the heat 
development in this period of hydration is increased 
by the addition of alkali-carbonate to the portland 
cement. This heat development increases the paste 
temperature (see Fig. 4b). This will be the reason for 
the rather strange behaviour of the Ca(OH)2-curve in 
the first hours of hydration.

In this period ettringite is fully disintegrated, the 
amount of carbo-aluminate increases, as well as the 
amount of free lime, of this increase something is 
retracted by reactions, in which besides Ca(OH)2, 
also K2SO4 is involved (probably formation of mono
sulphate). The increase of the loss on ignition and free 
lime after 12 hours of hydration is very slight. Also 
the decrease of the clinker components is slight; only 
a temporary, weak revival of C3A at about 14 hours 
simultaneously with an increase of carbo-aluminate 
may be ascertained. At an addition of 20% K2CO3 
the initial strength can be measured already after 
well over half an hour. In this period the temperature 
in the paste has also highly increased. The very strong 
development of strength, which follows hereupon, 
stops at about 5 hours. The basis for this course is al
ready formed by the reactions during gauging. For any 
paste the decrease of the aluminate-containing phases 
and of calcium silicates is very important. The lime 
which is formed by the hydration-reactions of C3S 
and C2S in the environment rich in potassium-carbo
nate, is absorbed by the aluminate-containing phases 
in the form of carbo-aluminate. Lime is still formed, 
but for a few minutes no longer absorbed by C3A. The 
decrease of C3A, which is measured, shows that it still 
takes part in the hydration-reactions after the initial 
period. This is weak till 4 hours of hydration, but it is 
strong between 4 and 6 hours. The first hour after the 
initial reactions, the carbo-aluminate decreases, be
cause it is not resistant to the high temperature, which 
has developed in the meantime, as well as the Ca(OH)2 
and increases then strongly between 4 and 6 hours in 
content, also again in the same order as in the initial 
phases. At the end of the first day, after 16 hours of 
hydration, C3 A is again remarkable active. The double
salt 3K2CO3-2CaCO3-6H2O is then disinte grated, 
CaCO3 is formed, which partly combines with C3A 
to carbo-aluminate.

initiate the increase in the strength, start. The develop
ment of strength, such as measured at the mortar 
prisms, follows for portland cement practically a 
straight line, from the moment of the strength of 
10 kg/cm2 was measured till the strength at 24 hours 
of hydration. Also for portland cement “M” with an 
addition of 0.25 %K2CO3, the development of strength 
follows practically a straight line. The consumption 
of clinker components during the reactions in this 
period is in accordance with this representation. In 
the period that the hardening is initiated, rather impor
tant reactions take place, which are accompanied with 
the decrease of the amount of clinker components 
and a considerable increase of water, fixed during the 
hydration, as may be concluded from the determina
tions of the loss on ignition.

As far as the increase of the hydration products at 
portland cement “M” can be observed, C3A reacts 
first with gypsum or with CaSO4 from syngenite, 
probably to form mono-sulphate to react then with 
Ca(OH)2, which is released at the hydration of lime 
and calcium silicates, under the formation of C4AH13. 
Although this product disappears partly within 2 
hours of hydration, from 10 to 24 hours of hydration, 
a steady decrease of C3A and an increase of calcium 
aluminate may be observed. This is accompanied with 
a slight decrease in ettringite. The K2SO4 which shows 
up after 8 hours of hydration may be formed as a 
result.

During the hydration of portland cement “M” 
with 0.25% K2CO3 approximately the same pattern 
is shown. Again an increase of the loss on ignition, 
which is stronger till 9 hours of hydration than after
wards. C3A reacts at about 6 hours of hydration less 
strongly than in the cement free from carbonate. After 
16 hours C3A reacts, however, while forming C4AH13. 
For the cements containing alkali-carbonatc (2.5 and 
20%) the course of hardening differs from the port- 
land’cement “M”. After obtaining measurable mortar 
strength this increase is at about 11 respectively 6 
hours proportional, to change then into a less steep 
increase of strength. With 2.5% K2CO3 the reactions 
develop most intensely in the first hours after hydra
tion. The steep decrease of calcium silicates and C3A 
is in accordance with the great development of heat. 



ment of the same cement. Less complete is the repre
sentation of the hydration products. Partly they are 
not apparent in this mixture of components or only 
measurable after they are either present in larger 
amounts or crystallized sufficiently. A particular case 
is the Ca(OH)2-measurement with infrared spectro
graphy or with X-ray diffraction. Although the large 
changes are observed with both methods, the infrared 
measurement is somewhat more sensitive, especially 
in the first hour and the last phase of the hydration. 
The following reactions and phenomena have been 
observed more in detail.

Setting

The gypsum present in cement, is converted during 
the period of gauging fully or partly by the potassium
carbonate into K2SO4, CaCO3 or in the double-salts 
3K2CO3-2CaCO3.6H2O and K2SO4-CaSO4-H2O. 
Owing to this gypsum and even a part of the calcium- 
ions (Ca++ —> CaCO3) can no longer act as setting 
regulators. In this environment in which the concentra
tion of the K+-ions has been increased, the aluminate- 
containing phases react violently.

Dependent on the added amount of K2CO3 other 
reactions occur. Although not all the hydration 
products can be detected, the impression exists that, 
when 0.25% K2CO3 is added, the initial reactions are 
activated. Since sufficient gypsum is available for the 
formation of ettringite, the aluminate phase reacts 
faster and to a larger extent, while forming more 
ettringite than in samples without addition from al- 
kali-carbonate. Owing to this, a better retarding enve
lopment is formed on the clinker particles, resulting 
in the absence of reactions of C3A for a relatively long 
period. At the consistency measurements in the paste, 
this is reflected in a retardation period in the stiffening 
process. At a higher K2CO3-percentage (2.5%) all 
the gypsum starts reactions already during the gaug
ing period. An amount of gypsum equivalent to the 
K2CO3-content converts into K2SO4 and CaCO3, 
whereas the rest of gypsum and a part of the calcium
carbonate reacts spontaneously with C3A.

Since the heat development starts initially and the 
stiffening in the cement-paste still goes on for a while, 
it may be concluded that the protective activity of the 
combination of carbo-aluminate and ettringite is 
inferior. Due to this C3A continues to react still very 
strongly in the first hour, and incites the C3S and C2S 
to a rather violent activity.

When gauging the mixture consisting of cement with 
20% K2CO3, the C3A as well as “C4AF” react violen
tly. These violent reactions are controlled for a few 
minutes by the initially formed carbo-aluminate. This 
is, however, at the temporary high temperature of the 
paste not stable enough so that under breakdown of 
this hydrate, the stiffening process may go on.

The consequence of the temporary retardation of 
the hydration is that the setting times of cement with 
20% K2CO3 are somewhat longer (about 10 minutes) 
than at the lower percentages (about 3 minutes).

Also the calcium-silicates in the clinker reacts 
differently due to the presence of potash. However, 
the initial reactions in portland cement “M” are small, 
the amount of C3S which reacts in the cement-pastes 
rich in K2CO3 is considerable. Especially the splitting 
off of calcium-hydroxide, which is due to this reaction, 
will be sufficient for formation of CaCO3. The crystal
lization of poor soluble calcium salts like CaCO3, 
3K2CO3.3CaCO3-6H2O and CaSO4-K2SO4-H2O 
will support the early stiffening of the alkali-carbonate- 
containing cement-pastes.

Strength

After 5 hours of hydration an initial strength in 
mortars has been measured, this strength increases 
gradually till 24 hours. Mortars containing much 
potassium-carbonate do not react in the same way. 
The increase of strength till 12 hours after gauging is 
greater than from 12 to 24 hours. The hydration 
mechanism will be responsible for this. In the paste 
containing hardly any alkali-carbonate the course of 
hydration-reactions during the first day is such that a 
continuous decrease of the clinker phases can be 
recorded. At higher percentages of alkali-carbonate 
these reactions are rather important during the first 
few hours, after which at 8-11 hours a period of rela
tive rest sets in, which goes on till the end of the first 
day. This decrease in strength development is expli
cable with the reactions of the fresh C3A to carbo
aluminate, owing to which the clinker particles are 
well enclosed again. .

The writer wishes to express his appreciation to the 
co-workers of the ENCI-Research Department for 
their assistance in the preparation of this paper. He 
is indebted to Mr. S. Brouns for his assistance in 
carrying out the X-ray measurements and to Mr. V. 
Vaessens for the infrared measurements.
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Synopsis

Data which can be used as a basis for determining whether the aqeuous phase in a cement 
paste at any particular early age is undersaturated, saturated, or supersaturated with respect 
to gypsum and calcium hydroxide are useful in studies of cement hydration, and are pertinent 
to various theories which have been proposed to explain early stiffening phenomena. This 
paper presents such data for pastes containing calcium chloride in concentrations equiva
lent to those commonly used in concrete.

Concentrations of Ca++, OH-, and SOj- are reported for solutions in equilibrium with 
both CaSO4-2H2O and Ca(OH)z at 25°C, and which contain potassium from 0 to 0.20 
mole per liter expressed as (K+)2 and chloride from 0 to 0.27 mole per liter expressed as 
(Cl")2.

Extracts from actual cement pastes containing calcium chloride were analyzed and 
concentrations of the various ions compared with the determined equilibrium values. The 
data indicated that marked supersaturation with either Ca(OH)2 or CaSO4-2H2O or both 
may exist in such pastes during the first few minutes after mixing. .

Introduction

Freshly mixed portland cement pastes or slurries 
are not in equilibrium with respect to the ions in solu
tion, and a knowledge of conditions of unsaturation, 
saturation, or supersaturation is useful in studies of 
early hydration reactions and early stiffening pheno
mena. The aqueous phase in a paste without admixture 
is predominantly a solution of the following ions: 
Na*  and K+, Ca++, OH- and SO,-. Some COj- 
ions are invariably present as a result of carbonates 
in the cement or from atmospheric carbonation of the 
solution after mixing. COj- ions often can be neglec
ted, but an estimation of COj- concentration is 
desirable to insure that carbonation has not been 
excessive.

Silica, alumina, iron and minor elements are also 
present in some form in the solution, but their con
centrations are very much lower than those of the 
ions mentioned above. They may affect the properties 
of fresh cement pastes to a greater extent than now 
realized, but they can scarcely have any major effect 
on the solubility relationships of gypsum and calcium 
hydroxide, which many cement chemists regard as 
highly pertinent to early stiffening problems.

Hansen and Pressler (1) determined the composition 

of solutions containing varying concentrations of 
alkalies which were saturated with both gypsum and 
calcium hydroxide at 25°C and 30°C. Their data dem
onstrated that at a given temperature, the equilibrium 
or saturation concentrations of Ca++, SO;- and OH- 
ions, as determined by analysis, are fixed by the total 
concentrations of Na+ and K*.  They provided a basis 
for determining whether the aqueous phase in a cement 
paste at any particular early age is unsaturated, satu
rated, or supersaturated with gypsum and calcium 
hydroxide.

Calcium chloride, a common admixture, is added 
to concrete to accelerate setting and hardening, par
ticularly in cold weather. The presence of chloride 
ions in the aqueous phase of the cement paste alters 
the equilibrium concentrations of Ca**,  SO;- and 
OH- ions in contact with gypsum and calcium hydro
xide so that the Hansen and Pressler data cannot be 
used. The work reported in this paper was done to 
provide information similar to that of Hansen and 
Pressler for the aqueous phase of concrete containing 
chloride ion, since such data could not be found in the ' 
literature.

Hansen and Pressler showed that the effects of so
dium and potassium were essentially equivalent and 
that mixtures of the alkalies gave very nearly the same 



results as the individual elements when converted to a 
molar basis. For this reason, potassium was used in the 
present study, except for two experiments using so
dium. The following table shows the results obtained 
with two solutions of NaCl compared to two solutions 
of KC1 of equal molarity.

(Moles per liter)
Alkalies Ca++ SO;- (OH")2 COj-

0.100(NaCl)2 0.0454 0.0208 0.0226 0.0013
.100(KCl)2 .0462 .0216 .215 .0018
.200(NaCl)2 .0501 .0263 .236 .0016
.200(KCl)2 .0536 .0292 .0248 —

We report here the concentrations of Ca++, SO»- 
and OH" in equilibrium with gypsum and calcium 
hydroxide at 25°C for solutions containing potassium 
from 0 to 0.20 mole per liter expressed as (K+)2 and 
chloride from 0 to 0.27 mole per liter expressed as 
(Cl-)2. This latter level of chloride is approximately 
equivalent to the initial concentration in the aqueous 
phase of concrete of W/C = 0.50 to which 2 percent 
of CaCl2-2H2O by weight of cement has been added. 
This is usually the recommended upper limit of cal
cium chloride addition.

In the absence of chloride, the aqueous phase is a 
four-component system (considering mixed alkalies 
as one component) with three compositional de
grees of freedom. If we stipulate that the two solid 
phases, gypsum and calcium hydroxide, must both be 
present in excess, we reduce the compositional degrees 
of freedom to one. If in addition we fix the level of 

alkali concentration and perform the experiment at a 
constant temperature and at one atmosphere pressure, 
the system becomes invariant, which means that the 
concentrations of Ca++, SO»- and OH" are also fixed. 
With chloride present, the compositional degrees of 
freedom increase by one and we must fix the chloride 
concentration as well as the alkali concentration in 
order to have an invariant system.

From the above relationship it follows that, if we 
know the total concentrations of alkalies and of chlo
ride in any given cement extract, we can then deter
mine the concentrations of Ca++, SO»- and OH" 
which represent the saturation conditions for CaSO» • 
2H2O and Ca(OH)2 in that particular extract at the 
temperature in question.

When the solution is saturated with CaSO»-2H2O, 
the ion product (Ca++)(SO»-) will be equal to a fixed 
value determined by the concentrations of alkalies 
and chloride. Likewise, at saturation with Ca(OH)2 
the ion product (Ca++)(OH')2 will be fixed. These 
equilibrium or saturation products can be estimated 
from the data reported in this paper. By calculating 
the ion products in actual analyzed cement extracts 
and comparing them with the equilibrium or satura
tion products, we can determine whether the solu
tions are saturated, undersaturated, or supersaturated 
with respect to these phases and the approximate 
degree of supersaturation or undersaturation. An 
analytically determined product greater than the 
equilibrium product indicates supersaturation, while 
an analytical product smaller than the equilibrium 
product indicates undersaturation.

Materials and Methods

The solutions were made up from analytical reagent 
chemicals and distilled water which had been freshly 
boiled and cooled to room temperature to remove 
dissolved carbon dioxide. Starting solutions whose 
K :C1 molar ratio was less than 1 were prepared with 
mixtures of KC1 and a standard solution of CaCl2. 
Solutions with a K:C1 ratio greater than 1 were made 
with mixtures of KC1 and K2SO». One hundred ml. 
of each solution was prepared in a volumetric flask, 
then transferred to a 250-ml. conical flask. Sufficient 
solid CaSO» -2H2O and Ca(OH)2 were added to satu
rate the solutions and leave a definite excess. The 
flasks were stoppered, and stored (with occasional 
shaking) for several days at approximately 25°C. 
Preliminary tests indicated that equilibrium was 

reached rather rapidly and that one week was more 
than sufficient.

Before filtering, the flasks were placed in a water 
bath at 25° ± 1°C for several hours. The solutions 
were filtered rapidly and aliquots taken for analysis.

We analyzed for Ca++, SO»" and Cl" by standard 
gravimetric or volumetric procedures. Hydroxide 
was determined by titration with dilute HC1 or HNO3. 
Carbonate was estimated in several of the solutions 
by titration to a pH of 8.5 to indicate the OH" plus 
approximately one-half of the COj", followed by fur
ther titration to a pH of 3.9, which gave the OH" 
plus essentially all the CO3 ~.

Concentrations were calculated with the aid of the 
following formulas:



For hydroxide: 2P — M
For carbonate: 2(M — P)
Where P = volume of standard acid

to reach pH 8.5
M = volume of standard acid

to reach pH 3.9
Potassium (K+) concentrations were not determined 

analytically in the equilibrium experiments, but were 

taken to be those of the original solutions. We disre
garded the very small change in K+ and CF con
centrations caused by the solution of the CaSO4- 
2H2O and Ca(OH)2. In experiments to be described 
later, in which actual cement extracts were analyzed, 
alkalies were determined by the flame photometer 
method.

Results

Solubility Studies

The compositions of the various solutions in equi
librium with solid CaSO4 • 2H2O and Ca(OH)2 at 25°C 
are presented in Table 1. Since concentrations are 
expressed as moles per liter of (K+)2, (Cl“)2, Ca++, 
SO4", (OH")2 and CO3-, all ions are on an equivalent 
basis and can be compared to one another without 
regard to valence. Four groups of data from Hansen 
and Pressler (1) for chloride-free mixes are included 
in the table.

It will be noted that about half of the (Cl")2 values 
were determined by analysis, whereas the others were 
calculated by difference, i.e. the difference between the 
sum of the cations and the sum of the other anions. 
This is justified by the principle of electrical neutra
lity and the absence of appreciable quantities of other 
ions. In all cases where all the ions were determined 
analytically, the sums of the cations were in satisfac
tory agreement with the sums of the anions.

The data in Table 1 are shown graphically in Figs. 
1, 2 and 3, in which the concentrations of Ca++, 
SO4~ and (OH~)2 are plotted against (Cl_)2 content 
at five levels of (K+)2 concentration.

Cement Extracts

To illustrate the application of the data, we studied 
several commercial cements by analyzing solutions 
extracted a few minutes after mixing. The water-ce

ment ratio was 0.50 by weight in all cases, and calcium 
chloride was added to the mix water at the rate of 
either 1 % or 2 % CaCl2 • 2H2O by weight of cement. 
The data are presented in Table 2.

(Moles per liter)

♦Calculated by difference.
* *Not determined.

Table 1. Compositions of solutions saturated with CaSOi'ZHjO 
and Ca(OH)2 at 25°C

No. (K+)ä (Cl-)2 Ca++ so4— (OH-)2 co- Remarks

22 none 0.0007 0.0322 0.0119 0.0190 0.0007
10a none .1363* .1603 .0084 .0156 N.D.**
8a none .2723* .2952 .0086 .0143 N.D.

21 0.0250 .0251 .0369 .0153 .0214 N.D.
Interpolated

.0501 — .0197 .0358 .0344 —
H. & P.(D

23 .0500 .0160 .0252 .0291 .0258 .0010
17b .0500 .0505 .0382 .0171 .0201 .0007
Ila .0500 .1325* .1093 .0111 .0157 N.D.
6a .0500 .2735* .2469 .0090 .0144 N.D.

.1002 — .0161 .0722 .0444 __ H. &P.fD
24 .1000 .0338 ,0200 .0536 .0319 .0010
18 .1000 .1001 .0462 .0216 .0215 .0018
J 2a .1000 .1367* .0695 .0156 .0172 N.D.
5a .1000 .2716* .1969 .0105 .0148 N.D.

Interpolated
.1503 .0163 .1142 .0510 —

H. &P.(D
15a .1500 .0506 .0185 .0770 .0368 .0008
13 .1500 .1343* .0397 .0302 .0252 N.D.
19 .1500 .1497 .0498 .0258 .0223 .0012
7a .1500 .2720* .1502 .0137 .0145 N.D.

.2005 __ .0165 .1562 .0582 — H.Ö&P.(1)
16 .2000 .0499* .0185 .1210 .0476 N.D.
25 .2000 .0673 .0186 .1110 .0397 .0012
14 .2000 .1339* .0262 .0594 .0329 N.D.
20 .2000 .1977 .0536 .0292 .0248 N.D.
9a .2000 .2716* .1043 .0163 .0164 N.D.

Table 2. Compositions of solutions extracted from cement pastes containing calcium chloride

Extract 
No.

Cement alkalies (%)
W/C CaCIs.2H2O 

added
Approximate 

time after 
H2O contact

Solution composition (moles per liter)

KaO Na2O (K+)2 (Na+)2 (Cl-)2 Ca++ so4— (OH-)S CO3-

1 0.91 0.25 0.50 2®/ 7-10 Min. 0.129 0.011 0.285 0.184 0.013 0.023 0.003
2 .22 .11 .50 7-10 Min. .009 .002 .137 .166 .012 .022 ' .003
3a .52 .07 .50 7-15 Min. .049 .005 .126 .115 .014 , .019 ■ .005- "
3b .52 .07 .50 2% 7-15 Min. .049 .005 .265 .241 .012 .017 . .005
4a .03 .52 .50 1% 7-15 Min. .001 .016 .126 .145 .012 .020 : .002
4b .03 .52 .50 2% 7-15 Min. .001 .016 .265 .275 .011 .020 .003



Fig. 1. Concentration of Ca++ in solutions saturated with 
CaSO4-2H2O and Ca(OH)2 at 25°C

Fig. 3. Concentration of (OH~)2 in solutions saturated with 
CaSO4-2H2O and Ca(OH)2 at 25°C

Fig. 2. Concentration of SO4 in solutions saturated with 
CaSO4-2H2O and Ca(OH)2 at 25°C

The equilibrium concentrations of Ca++, SO;- 
and (OH")2 in the cement extracts at the determined 
total alkali and chloride concentrations were esti
mated by interpolation from Figs. 1, 2 and 3. We then 
calculated the equilibrium ion products and compared 
them to the products calculated from the analytically 
determined concentrations of the ions so that satura
tion conditions could be determined. Table 3 shows 
these comparisons and the conclusions which were 
drawn.

Discussion

■ The data in Table 3 suggests that in cement pastes 
containing calcium chloride, some supersaturation with 
gypsum commonly exists up to approximately 15 min
utes after mixing. Supersaturation with calcium hydro
xide also appears to be common during this period and 
may sometimes be quite strong, giving ion products 

over twice the equilibrium value. The study of extracts 
as it applies to the hydration reactions and physical 
behavior of fresh cement pastes containing calcium 
chloride admixture would appear to be a fruitful area 
of research.



Table 3. Comparison of equilibrium and analytical ion products in cement extracts

Extract
No.

Total
(K*) 2 +
(Na*),  

moles/liter

(Cl-)2 
moles/liter

Estimated equilibrium 
concentrations 

moles/liter (Ca++)(SO4-)
Equilibrium

(Ca++)(SO4-)
Analytical

(Ca++)(OH")2 
Equilibrium

(Ca++)(OH")2 
Analytical Conclusions

Ca++ so4— (OH-)2

1 0.140 0.285 0.180 0.013 0.014 234 x 10-5 239 x 10-5 141 x 10-6 389 x 10'6 Approximately saturated 
with CaSO4»2H2O. 
Highly supersaturated 
with Ca(OH)2.

2 .011 .137 .152 .009 .016 137 X 10-5 199 x 10-5 156 X 10-6 321 x 10-6 Moderately supersaturated 
with CaSO4« 2H2O. 
Highly supersaturated 
with Ca(OH)2.

3a .054 .126 .096 .012 .016 115 X 10-5 161 x 10-5 98 x 10-6 166 x 10-8 Somewhat supersaturated 
with CaSOr2H2O. 
Moderately supersaturated 
with Ca(OH)2.

3b .054 .265 .236 .009 .014 212 X 10-5 289 x 10-5 185 X 10-6 279 X 10-6 Somewhat supersaturated 
with CaSO4«2H2O. 
Moderately supersaturated 
with Ca(OH)2.

4a .017 .126 .132 .009 .016 119 X 10-5 174 x 10-5 135 x 10-6 232 X 10-6 Moderately supersaturated 
with CaSO4*2H 2O.
Moderately supersaturated 
with Ca(OH)2.

4b .017 .265 .272 .009 .014 245 X 10-5 303 X 10-5 213 x 10-6 440 x 10-6 Somewhat supersaturated 
with CaSO4«2H2O. 
Highly supersaturated 
with Ca(OH)2.
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Synopsis

The effect of tricalcium aluminate, present in portland cement in variable percentages, 
on the hydration kinetics of tricalcium silicate and development of mechanical strengths at 
early and later ages has been investigated.

To this aim, by means of physical-chemical measurements, the hydration of cements 
containing various percentages of tricalcium aluminate, with or without gypsum and with or 
without calcium chloride additions has been followed in the time.

The experimental results altoghther show the positive effect of tricalcium aluminate 
contents increasing up to an optimum value on the hydraulic properties of portland cement, 
and permit us to formulate some interesting hypothesis on the nature of hydration processes.

Introduction

In recent years several investigators have devoted 
themselves to study the reactions of hydration of 
cement and its compounds, with or without additions. 
These researches not only aimed at explaining the 
complex chemical-physical processes occurring by 
cement hydration, but tended often to state the best 
conditions to be realized for controlling setting and 
hardening processes in order to meet the latest require
ments of the modern building technology. The prob
lem of the first rank is how to obtain a sharp increase 
of mechanical strengths, especially at the early ages. 
Gypsum and calcium chloride have resulted to be 
the most affective additions in this regard, acting the 
former principally as a regulator of the setting pheno
mena and the latter by accelerating the hydration 
process of the most hydraulic compounds of cement 
(1,2,3).

Whilst it was studied hard for the hydration of the 
single cement compounds, C3S, beta-C2S, aluminates 
and ferrite phase, as well for the effects of addition 
compounds, such as gypsum and calcium chloride, little 
or nothing was done, on the other hand, to know how 
the compounds themselves influence each other, dur
ing hydration, when that structure develops which all 
they contribute to form.

In the group of cement compounds, C3A is often 
regarded as useless, or deleterious because of the 
troubles it brings about by its rapid setting; its hydrau- 

lie properties are questioned and its action seems to 
be limited to make possible the clinker burning at no 
very high temperature (4). Actually, when pure tri
calcium aluminate undergoes hydration the product 
obtained after quick set, under an intensive heat evo
lution, shows very low strengths, which scarcely in
crease with the time.

Nevertheless, some decades ago, many investiga
tors (5, 6) noted, from their sometimes also contra
dictory results, that mixtures prepared by adding even 
appreciable C3A amounts (19 and 15 per cent) to the 
other more sharply hydraulic compounds of cement, 
like C3S and beta-C2S, show strengths higher than 
those expected from additivity, or even higher than the 
strengths of pure C3S, beta-C2S or their mixtures at 
the same ages. The phenomenon occurs, sometimes 
emphasized, also when gypsum is added to the mix
ture. '

It is evident that the significance of such results must 
have been undervaluated; indeed, since then on, the 
literature does not report any research thereon.

This feeling of a possitive effect of C3A on the 
strength development may be indirectly confirmed by 
some data, deducible from W. Lerch’s work (7), 
which refer to the influence of gypsum on portland 
cement hydration. Comparison between the mechani
cal strengths of cements containing different C3A 
and equal.alkalies shows that such strengths generally 
increase with the C3A content, this effect being more 
remarkable at the early ages.

We have often noted this phenomenon by con



trolling the strength development of cements, with 
different C3A amounts, produced in several factories.

A systematic research was, therefore, undertaken to 
investigate the influence of the tricalcium aluminate 
present in various proportions in portland cement on 

the hydration of cement compounds, specifically C3S, 
as well on the strength development at the early and 
later ages.

The hitherto obtained results and the possible 
deductions are the subject of the present paper.

Experimental

According to the considerations and purposes 
previously spoken of, a series of preliminary tests was 
carried out for determining the influence of C3A on 
the hydration and strengths of portland cement. The 
tests were done on mixtures of C3S and C3 A, prepared 
with pure compounds. The percentage of C3S was 
kept constant, whereas that of the C3A was variable. 
The mixture was completed with CaCO3. Each mixture 
was added with 5 per cent of gypsum and the compres
sive strength at 1, 7 and 28 days was determined on 4 
cm cubes of I.S.O. mortar 1:3, wjc ratio 0.50. The 
results are given in Table 1.

These results indicated that the highest strength 
is found with C3A content ranging from 2 to 5 per 
cent, and that there was a very remarkable difference 
of behaviour between the addition of C3 A and that of 
the only carbonate of equal fineness.

Other preliminary tests for compressive strengths 
at 1, 3, 7 and 28 days were performed on specimens 
similar to the above, but made up with clinkers of 
different industrial source. These were corrected with 
an addition of pure compounds for obtaining an equal 
percentage of C3S, thereafter they were reburnt and 
ground with 5 per cent of gypsum to the same fineness.

Table 1. Compressive strengths of mixtures of pure compounds

C3S 80 80 80 80
Compounds c3a — 2 5 10

' /O ■ • CaCO3 15 13 10 5
CaSO4.2H2O 5 5 5 5

Compressive 1 day 70 90 82 60
strengths 7 days 144 208 184 178
kg/cm2 28 days 250 345 325 288

The positive effect of C3A on the strengths appears 
clearly also from this series of measurements which 
besides confirms the presence of an optimum amount 
of C3A ranging, in this series, from 5 to 8 per cent.

At this point, four clinkers were prepared by burn
ing mixtures of pure CaCO3, SiO2, A12O3 and Fe2O3 
for 4 hours at 1450°C in order to prosecute the tests on 
materials of homogeneous chemical and physical 
properties. The mixtures were so proportioned to give 
burned products with constant C3S and C2S content 
(nearly 50 and 25 per cent respectively) and variable 
C3A content (nearly 3, 5,10,15 per cent), the remain
ing being the ferrite phase.

After burning, the clinkers were cooled in air, 
ground in porcelain mills, analyzed by chemical 
analysis and submitted to successive burnings with 
the same procedure as before, till the complete disap
pearance of free lime. The final analysis of the four 
clinkers and the mineralogical compositions, calculat
ed according to Bogue, are reported in Table 3.

The mineralogical composition of the four clinkers 
was also examined experimentally by reflected light 
microscope. The micrographs obtained are given in 
Fig. 1. The examination resulted to be in good aggree- 
ment with the mineralogical compositions calculated 
as above.

The clinkers were ground to an equal fineness cor
responding to a residue of 15 per cent on the 40 micron 
sieve and to a Blaine specific surface of 3500 cm2/g. 
They were then utilized partly so as they were, partly 
with gypsum added.

The gypsum addition had been calculated in order

The results are given in Table 2 wherein all strength 
values are the average of two determinations.

Table 2. Compressive strengths of industrial cements with 
the same C3S percent

C3S 58.14 61.02 58.79
Mineralogical C2S 22.24 15.65 20.22
composition CqA 3.41 5.10 8.77

% C^AF 12.29 13.81 9.12
1 day 138 194 142

Compressive . 3 days 330 452 374
strengths 7 days 391 502 459
kg/cm2 28 days 560 680 618

Table 3. Chemical analysis and mineralogical composition 
of clinkers

Clinker No. 1 ' 2 3 4

CaO 65.47 62.11 66.70 67.58
SiO2 22.95 22.40 22.14 21.65
ALO, 4.96 5.65 6.62 7.60
Fe2O5 6.04 5.55 4.20 2.74
free CaO 0.30 0.20 0.30 0.40
C3S 49.00 52.10 51.50 53.97
C.,S 29.12 25.22 24.92 21.65
CSA 2.93 5.59 10.44 15.51
C4AF 18.38 16.89 . 12.78 8.44



Clinker I Clinker II

Fig. 1. Micrographs of the four clinkers 
(x 1200—Etched with alcoholic HC1)

to obtain a constant C3A/CaSO4 ratio for all four 
cements. It was roughly corresponding to the opti
mum gypsum content, as derived from W. Lerch’s 
data (7) and a control was once more made on it by the 
chemical method of extraction with water and deter
mination of SO3 soluble, as proposed by the same 
author (A.S.T.M. C265-58T).

By this way it was tried that each cement had the 
best SO 3 concentration for developing strengths and 
an equal ratio during hydration between the C3 A com
bined as sulphoaluminate and the C3A available, in 
order that the effect of the latter may be better isolated. 
The mineralogical compositions of the cements after 
addition of gypsum are reported in Table 4.

In connection with previous studies (3) of the influ
ence of gypsum on the hydration process, tests were 
carried out by adding a constant amount of CaCl2, 
corresponding to 2 per cent by weight of cement, 
dissolved in the mixing water.

With the cements prepared as described, a number 
of researches was made for studying the influence of 
different amounts of C3A on the course of hydration 
of the tested cements using the following parameters:

—Mechanical strengths
—Hydration rate and extent of hydrolysis
—Development of the specific surface of hydrated 

pastes.

Table 4. Mineralogical composition of cements 
with gypsum added

Cement N. 1 2 3 4

CsS 48.02 50.01 47.90 48.57
C2S , 28.54 24.21" 23.18 19.49
c3a 2.87 5.37 9.71 13.64
c4af 18.01 16.21 11.89 7.60
CaSO4 1.58 3.16 5.53 7.90
CjA/CaSO^ 1.82 1.70 1.76 1.73
Loss on ignition 0.67 1.11 1.61 2.31



Mechanical Strengths

The various cements were used to prepare 4 cm 
cubes of I. S. O. mortar 1: 3, mixed with a constant 
water amount, corresponding to a w/c ratio of 0.5, 
although the consistency, measured according to the 
A.S.T.M. C 230-61 method, resulted clearly tending 
to increase with higher C3 A contents.

The compressive strengths were determined at 1, 
3, 7, 28 days. The obtained values are given in Table 
5.

The development of the strengths in the time may be 
seen on the graphs in Fig. 2.

From the results, the following considerations can 
be made:

—The compressive strengths at various ages show a 
maximum in correspondance of one of the four 
cements, or better, of a determined percentage of 
C3A.

—For the same cement, the strengths are sharply 
higher for addition of gypsum and moreover of

calcium chloride. The overall course is yet the same 
in the three series, therefore the addition of gypsum 
and calcium chloride does not alterate the effect of 
the different proportion of C3A.

—The position of the maximum strength shifts from 
high C3A contents at the early ages to low C3A 
contents at the subsequent ages. Indeed, while at 
3 days the maximum of strengths is found between 
cement III and IV, it has passed at 28 days between 
cement I and II.

To have also a quantitative indication on the de
velopment of the phenomenon, the strengths at a given 
age have been assumed as varying with the C3A con
tent according to a function of parabolic type and the 
maximum of such a function was calculated thereafter 
analytically. The obtained values for the C3A content 
in correspondance to the maxima are gathered in 
Table 6.

Rate of Hydration and Extent of Hydrolysis

As we have done in earlier studies of hydration 
processes (1, 2, 3), we based our investigation on 
determination of hydrolysis lime and on analysis of 
the contact solution with cement paste.

Furthermore, for studying the rate of hydration of 
cements, we used the determination of the non-evapo- 
rable water content. Finally we have carried out

Compressive strengths Kg/cm2

Table 5. Compressive strengths of 4 cm cubes 
in ISO mortar 1: 3

1 day 3 days 7 days 28 days

Cement without gypsum:
N. 1 16 168 337 521
N. 2 18 175 381 599
N. 3 21 246 375 462
N. 4 25 212 312 364

Cement with gypsum:
N. 1 37 187 356 628
N. 2 78 237 428 653
N. 3 137 325 409 572
N. 4 112 265 334 403

Cement with gypsum and CaCl2:
N. 1 150 278 424 653
N. 2 187 359 497 681
N. 3 253 406 537 618
N. 4 203 312 403 525

Table 6. Optimum C3A percent for compressive strengths 
at different ages

1 day 3 days 7 days 28 days

Cement without gypsum — 10.8 8.1 6.5
Cement with gypsum 11.1 10.5 7.6 5.9
Cement with gypsum and CaCl2 10 4 9.3 8.8 6.2



measurements of the specific surface to investigate 
the variations of this parameter with time, relating it 
to the course of hydration and to the development of 
strengths.

The determination of the free lime content in cement 
pastes was also used by other investigators (8) as an 
indirect method for studying the rate of hydration of 
the C3S and C2S in cement.

Furthermore, we found it useful to take into ac
count also the measurement of the lime supersatura
tion of the contact solution. Indeed, it is known that 
the contact solution with portland cement pastes 
presents supersaturation phenomena at the early ages 
since the rate of passing into solution of the hydrolysis 
lime is greater than that of precipitation of the lime 
itself from the solution, according to the equilibrium

Ca(OH)2 Solution Ca(OH)2 Solid

This brings about a progressive accumulating of lime 
in the contact solution beyond the supersaturation 
value, which continues till the rate of precipitation of 
the lime becomes higher than the rate of its going into 
solution. At this moment, a maximum of the super
saturation is reached, and subsequently this decreases 
more or less rapidly.

Since the rate of hydrolysis of C2S is negligible, the 
supersaturation of the contact solution may be con
sidered as resulting from an equilibrium between the 
rate of hydration of the C3S alone and the rate of 
precipitation of the lime, whereas the variation with 
the time of the free lime content of the solid phase will 
be influenced also by the hydrolysis of C2S.

The content of non-evaporable water at the various 
ages, determined under equal conditions for all samples 
was assumed by a number of investigators (9) as index 
of the fixed water amount in the hydration products 
and therefore as a criterion for the measurement of 
the extent and rate of the cement hydration.

Finally, in many studies (10) the development of the 
specific surface of hydrated pastes in the time has 
been related to the extent and the rate of hydration 
of cement and its components. Furthermore, it is 
evident that there is a correlation between specific 
surface and mechanical strengths of a cement during 
hydration.

In the first series of test for studying the rate of 
hydration of C3S at the early ages, all samples were 
hydrated with a wjc ratio = 5, in order to have a 
sufficient quantity of solution to analyze, and kept in 
a thermostat at 40°C till ages of 1, 2, 4, 8,16, 24,28, 
72, 120 hours. At the end of the curing, the suspension 
was filtered rapidly in a CO2 free atmosphere, while 
the solid phase was ground in a mortar with alcohol 

to interrupt the hydration, filtered again in the same a 
CO2 free conditions, washed with ether and oven- 
dried for 2 hours at 105°C, in stream of CO2 free 
air.

On the dried solid the free lime was determined, 
according to the T. V. M. method (11), by extraction 
in boiling by the solvent mixture isobutyl alcohol 
(87%)—acetoacetic ester (13%) and subsequent 
titration of the extract with isobutylic perchloric acid, 
thymol blue as indicator.

On the dried solid the ignition loss at 950°C was 
also determined. The alkalinity of the filtered solution 
was determined by titration with HC1, using methyl 
orange as indicator, and the CaO concentration was 
determined by complessometric titration with EDTA, 
using calconcarbonic acid as indicator.

The SO 3 concentration of the contact solutions 
with the cement samples with gypsum was determined 
by nephelometry. Finally, for the series to which also 
calcium chloride was added, the Cl- ion concentration 
was determined by titration with AgNO3 according 
to the method of Fayans, with fluorescein as indica
tor.

For cements without gypsum addition, the CaO 
concentrations at the equilibrium were calculated by 
means of the lime-alkali isotherm at 40°C (12). In the 
case of cements with gypsum addition it was neces
sary to examinate the more complex equilibrium CaO- 
SO3-alkali (13,1). Finally, for the series with calcium 
chloride also the CaO amount corresponding to the 
Cl" ion concentration was considered.

The extent of the lime supersaturation of each 
solution is derived from the difference between the 
value of the CaO concentration found and the CaO 
concentration at the equilibrium.

The course of the CaO supersaturation of the three 
series of samples is reported as function of the time on 
the graphs in Figs. 3-4-5. On the side of each figure 
appears, enlarged, the evolution of free lime at the 
early stages of hydration.

The following observations can be done:
—The rate of hydrolysis of the C3S increases with the 

C3A content without a maximum being evident, 
at least in the field of the compositions examined. On 
the other side, it may be noted that the differences 
between the maximum supersaturations are not 
proportional to the differences between the C3A 
contents, therefore a maximum should be neverthe
less present for the rate of hydration of C3S at the 
early ages, in correspondence to a given C3A 
content.

—The accelerating effect of gypsum and calcium



Fig. 3. Development of CaO of hydrolysis at early ages and
supersaturation of contact solution with cement pastes.

Fig. 4. Development of CaO of hydrolysis at early ages and 
supersaturation of contact solution with cement pastes 

B) Cements with gypsum

chloride on the hydration is also evident; indeed 
the maxima of supersaturation of the three series 
are about in a ratio of 1:1,4:3.
In the series with calcium chloride the maxima of 

supersaturation are very close to each other because 
the marked accelerating action of this salt conceals 
the differences due to the different C3 A content.

Within the earliest hours the free lime amount in
creases with increasing C3A, without maxima being 
present, but already within the twelfth and the six
teenth hour a maximum free lime amount appears in 
correspondence of cement III. This observation agrees 
both with the results from the supersaturation and 
with the progressive shifting of the maximum of



Fig. 5. Development of CaO of hydrolysis at early ages and 
supersaturation of contact solution with cement pastes

C) Cements with gypsum and CaCIz

strengths towards lower C3A contents which was 
observed during the course of hydration.

It is important to remark that the free lime amount 
in the solid phase, after the earliest hours, is clearly 
free from contributions due to the C3A hydration 
which, by means of a mechanism “through solution” 
(14), could affect the supersaturation degree of con
tact solution. Therefore, from the differences found 
for the free lime amounts, the influence of C3A on the 
rate of hydration of silicates appears evident.

In a second series of tests, all samples have been 
submitted to hydration as a paste with w)c ratio = 
0.5. The pastes were kept in thermostat at 25°C till 
fixed ages of 1, 3, 5, 7, 14, 28, 60, 90 days. At the end 
of the curing the hydrated paste was treated with the 
same procedures as used for determinating the super
saturation. On the dried solid the free lime content 
and the loss on ignition at 95O°C were determined.

From the free lime amount, the extent of hydroly
sis was calculated, defined as the ratio between the 
amount of lime developed by hydrolysis at a given 
age and the amount of lime developed at the end of 
the hydration. To calculate the latter value, it was 
assumed that the stoichiometry of the hydration of 
the C3S and beta-C2S in the paste form be represented 
by the equations [1] and [2] (15).

2C3S + 6H2O = C3S2 - 3H2O + 3Ca(OH)2 [1]

2C2S + 4H2O = C3S2 • 3H2O + Ca(OH)2 [2]
From the loss on ignition at 950°C the content of 

the non-evaporable water was derived.

The results obtained for free lime and hydrolysis 
extent of the three series of samples; cement without 
gypsum, cements with gypsum, cements with gypsum 
and calcium chloride, are reported in Table 7. All 
values are referred to as percentage of the original 
anhydrous material.
—The course in the time of the hydrolysis extent of 
silicates (Fig. 6) agrees essentially with the develop
ment of the strengths. The presence of a maximum 
shifting for all series with the time, from high to low 
C3A contents, appears clearly at each age.

To confirm the results from the strength tests, the 
proportions of C3S corresponding to the maximum 
extent of hydrolysis of silicates at the ages of 1, 3, 7, 
28 days were calculated, also in this case, analytically. 
The results are given in Table 8.

As may be seen, the accordance is very satisfactory. 
—On comparing the results of the three series of 
tests with each other, the favourable effect of gypsum 
and also of calcium chloride on the rate of hydration 
of silicates is as yet remarkable.

It may be controlled that for the same cement, at 
the early ages, the addition of gypsum brings about an 
increment of nearly 150 per cent, and a further addi
tion of calcium chloride brings about an increment of 
nearly 250 per cent for the extent of hydrolysis. Never
theless, the action of these additions ends at the early 
ages. In fact the hydration rate becomes almost iden
tical for all samples already after 5 days, and the initial 
difference of the extent of hydrolysis tend to disap
pear.



Table 7. Hydrolysis extent of cement pastes

1 
day

3 5 7 14 28 60 90 complete 
hydration

Cements without gypsum:
N. 1 free CaO % 1.33 8.21 12,22 13.77 15.07 16,64 17.46 18.96 22.78

hydrolysis % 5.80 36.00 53.70 60.50 66.20 73.10 76.70 83.30N. 2 free CaO % 3.65 11.38 14.02 14.20 16.60 16.97 19.59 21.51 23.28
hydrolysis % 15.70 48.90 60.30 61.00 71.30 72.90 - 84.60 92.50 _

N. 3 free CaO % 4.70 13.23 15.92 15.97 16.40 17.09 17.40 20.48 23.01
hydrolysis % 20.40 57.50 69.20 69.40 71.30 74.30 75.60 89.00 _

N. 4 free CaO % 4.52 13.71 14.75 14.85 16.31 16.53 17.31 19.97 23,39
hydrolysis % 19.30 58.60 63.10 63.90 69.80 70.70 74.70 85.40 —

Cements with gypsum:
N. 1 ‘ free CaO % 4.89 9.35 12.20 13.86 14.92 16.45 ' 17.59 18.21 22.32

hydrolysis % 21.90 41.90 54.70 62.10 67.80 73.70 78.80 81.60 _
N. 2 free CaO % 5.68 9.61 10.80 13.87 14.38 15.37 17.82 18.61 22.35

hydrolysis % 25.40 42.90 48.20 62.00 64.30 68.70 79.60 82.30 _
N. 3 free CaO % 6.26 10.47 12.31 14.03 14.21 15.67 17.20 17.61 21.41

hydrolysis % 29.20 48.90 57.50 65.50 66.40 73.10 80.30 - 82.30 _
N. 4 free CaO % 6.51 9.80 10.35 13.03 13.96 14.69 15.19 15.57 21.05

hydrolysis % 30.90 46.50 49.20 61.90 66.40 69.80 72.10 74.00 —
Cements with gypsum and CaCl2:

N. 1 free CaO % 9.78 11.75 12.29 12.94 14.02 14.36 14.63 15.63 22.32
hydrolysis % 43.80 52.70 55.00 58.00 62.80 64.40 65.50 70.10 —

N. 2 free CaO % 10.42 13.69 14.10 14.35 14.93 15.30 15.61 16.58 22.35
hydrolysis % 46.60 61.20 63.10 64.20 66.80 68.40 69.90 74.30 —

N. 3 free CaO % 10.73 13.91 14.06 14.12 15.05 15.67 15.73 16.35 21.41
hydrolysis % 50.10 65.00 65.70 66.00 70.30 73.10 73.40 76.30 —

N. 4 free CaO % 8.98 12.66 12.84 13.09 13.29 14.93 15.05 15.70 21.05
hydrolysis % 42.70 60.20 61.00 62.10 63.10 71.00 71.70 74.70 —

Table 8. Optimum C3A percent for hydrolysis extent of 
silicates at different ages

1 day 3 days 7 days 28 days

Cements without gypsum 10.9 10.3 9.6 7.2
Cements with gypsum — 10.2 9.2 5.8
Cements with gypsum and CaCl2 , 9.7 8.5 8.2 6.2

In Table 9 there are reported the content of non- 
evaporable water of the hydrated pastes at various 
ages and the amount of the fixed water in the hydra
tion products. This is calculated by subtracting the 
amount of the combined water in Ca(OH)2 from the 
amount of the non-evaporable water.

The course of the non-evaporable water is affected 
both by the rate of hydrolysis of the silicates according 
to the above considered course and by the variable 
amount of the aluminates present. Generally it is 
noted that the amount of combined water increases 
within the same series with the tricalcium aluminate 
content. On passing from a series to another, the 
reactions of hydration to take into consideration be
come too much complex for an easy comparison.

Development of the Specific Surface of 
the Hydrated Pastes

The hydrated pastes of the cements with gypsum 
added, at ages of 1, 7, 28 days were tested for specific 
surface. The measurement was carried out by adsor-



Table 9. Non-evaporable and fixed water of htdration of cement pastes

1 day 3 days 5 days 7 days 14 days 28 days 60 days 90 days

Cements without gypsum:
N. 1 non-evaporable water % 3,46 9.19 12.28 14.94 17.44 19.56 20.10 22.30

fixed water % 3.03 6.55 8.35 10.51 12.59 14.21 14.49 16.20
N. 2 > non-evaporable water % 5.22 10.63 15.00 17.14 17.95 20.02 20.18 22.37

fixed water % 4.05 6.97 10.49 12.57 12.62 14.56 13.85 15.45
N. 3 non-evaporable water % 6.25 11.66 16.32 18.30 19.82 20.84 21.40 22.85

fixed water % 4.74 7.41 11.20 13.16 14.55 15.35 15.81 16.26
N. 4 non-evaporable water % 5.79 12.88 17.58 20.19 21.95 22.42 23.49 23.87

fixed water % 4.34 8.47 12.84 15.38 16.70 17.10 17.92 17.45
Cements with gypsum:

N. 1 non-evaporable water % 5.39 10.69 12.24 12.88 16.16 17.64 20.60 20.92
fixed water % 3.83 7.68 8.42 8.42 11.36 12.36 14.95 15.06

N. 2 non-evaporable water % 7.40 11.65 14.44 15.01 17.57 19.63 21.10 21.22
fixed water % 5.57 8.56 11.10 10.55 12.95 14.69 15.37 15.24

N. 3 non-evaporable water % 7.96 14.44 15.22 16.84 19.08 19.13 21.26 22.44
fixed water % 5.94 11.08 11.26 12.32 14.51 14.09 15.73 16.78

N. 4 non-evaporable water % 8.37 12.30 15.71 18.11 20.77 20.97 21.75 24.62
fixed water % 6.28 9.14 12.38 13.92 16.28 16.25 16.87 19.61

Cements with gypsum and CaCl2:
N. 1 non-evaporable water % 11.75 15.29 16.28 17.27 19.47 20.95 21.30 21.78

fixed water % 8.61 11.51 12.33 13.11 14.96 16.34 16.62 16,78
N. 2 non-evaporable water % 13.00 15.49 17.81 18.32 21.33 21.46 21,82 22.02

fixed water % 9.65 11.09 13.28 13.71 16.53 16.54 16.82 16.70
N. 3 non-evaporable water % 11.05 14.28 16.24 17.32 19.47 20.71 21.23 21.94

fixed water % 7.60 9.81 11.72 12.78 14.64 15.68 16.19 16.71
N. 4 non-evaporable water % 10.98 12.20 14.55 15.26 20.21 20.44 21.12 21.82

fixed water % 8.09 8.13 10.53 11.06 15.94 15.64 16.30 16.79

Specific surface m./g

Table 10. Specific surfaces of hydrated pastes of cements with 
gypsum added

1 day 3 days 7 days 28 days

Cement N. 1 13.61 34.82 41.05 71.39
» N. 2 17.12 38.51 49.47 101.48
// N. 3 23.56 45.05 48.28 51.43
» N. 4 31.05 42.31 48.16 48.76

Table 11. Optimum C3 A percent for specific surface of hydrated 
pastes of cements with gypsum added at different ages

1 day 3 days 7 days 28 days

— 10,7 7.4 5.8

ption of nitrogen from mixtures nitrogen-helium 
after the B.E.T. method (16) by means of a Perkin- 
Elmer Sorpmeter mod. 212-D. Before being tested, 
the sample were degased for two hours at 150°C 
in helium stream.

The results are reported in Table 10, whereas the 
development of specific surface of the various samples 
is plotted in Fig. 7 as a function of the time.

On comparing this development with those of

Fig. 7. Specific surface vs. time. Cements with gypsum added.

strengths and hydrolysis extent obtained for the same 
series (Figs. 2b and 6b), a good agreement is ob
served. This is also confirmed by the values, given in 
Table 11, which refer to the calculation of the per
centage of C3A corresponding to the maximum 
specific surface at the various ages (see Tables 7 and 9). 

Discussion of the Results

The experimental results may be summarized, on The presence of increasing C3A contents in a port- 
the whole, as follows: land cement has a sharply positive action on the devel-



opment of the strengths, particularly at the early 
ages. Such influence tends to become less appreci
able, or even deleterious, if C3A is present in too high 
amounts, at the most advanced ages. This is at least 
the results at the conditions of at our test.

The presence of increasing C3A contents affects 
catalytically the hydration of C3S; the rate of the lime 
supersaturation of the contact solution with the ce
ment pastes increases and earlier appear appreciable 
amounts of free lime in the solid phase.

The hydrolysis extent of silicates rises with the C3A 
content, especially at the early ages. Afterwards, the 
influence of C3A becomes less appreciable, or even 
if high amounts of C3A are present, its effect is nega
tive for the progressing of the hydration.

In the first stage of hydration, the specific surface 
of the hydrated pastes rises sharply with the C3A 
content. At the subsequent hydration stages the ce
ments of high C3A present a very slow development of 
their specific surface.

The results from the measurements of compressive 
strengths, hydrolysis extent of silicates, and specific 
surface of the hydrated pastes are concordant in 
indicating the presence of an optimum C3A amount 
for these quantities, which ranges from 10-11 per 
cent at the early ages to 6-7 per cent at more ad
vanced ages.

We intend to extend our investigation to other 
cement series by varying the C3S content for the vari
ous series, but keeping it constant, as we have already 
done, for each series.

Furthermore, gypsum and calcium chloride pro
duce an accelerating effect on the cement hydration, 
acting particularly on the C3S. However they do not 
appreciably alterate the influence of the C3A and the 
optimum values of this constituent at the different 
ages.

Most of our experimental results seem to agree with 
the theories of W. Foster (14) and P. Rehbinder (17), 
as well with the recent views of A. Joisel (18) on the 
hydration mechanism of tricalcium aluminate in 
portland cement.

In the presence of water, tricalcium aluminate goes 
into solution and dissociates into its constituents to 
give, among other things, calcium ions. Lime and 
alumina in solution then recombine as tricalcium 
aluminate hydrate, or, if gypsum is present too, as 
calcium sulpho-aluminate. These compounds preci
pitate from the supersaturated interstitial solution in 
the colloidal form at first giving hydrophil products 
of high specific surface which adsorb other ions and 
large amounts of water. The contribution of such 
compounds to strengths is negligible. Later the col

loidal hydrates crystallize as local agglomerates which 
assemble and grow to give greater crystals of well 
defined structure and chemical composition.

It seems to us that the interpretation of the influence 
of the aluminates on the calcium silicates during 
hydration, as given by Bogue and Lerch (6), be inac- 
ceptable. According to these authors, the increase of 
strengths at early ages would be due to a lowering of 
water amount available to silicates, that is, a kind of 
local reduction of the wjc ratio caused by the rapid 
hydration of aluminates.

It is known that cement pastes, after a rapid surface 
reaction, prosecute to hydrate very slowly because of 
the difficulty met by the water in penetrating into the 
internal structure.

Therefore, the effect of C3 A could be that of promot
ing, with the rapid hydration and the originary for
mation of highly hydrophil colloidal products the 
penetration of water to the interior, so that greater 
amounts of this become available for the hydration 
of silicates which is anticipated and its rate is increased.

For this reason, higher C3A contents at the early 
ages would not only give products of high specific 
surface, but also produce an accelerating effect on 
the hydration of silicates and consequently on the 
passing into solution of hydrolysis lime as well on the 
strength development.

Successively, however, the aluminate crystallize 
with formation of crystalline products which by them
selves give a negligible contribution to the specific 
surface of hydrated pastes and to the strengths. 
Moreover, they would hinder the progress of hydration 
of silicates with their occupying the intergranular 
space, and would bring about a solution of continuity 
in the gels of hydrated silicates. In the presence of 
high C3A amounts that would negatively effect the 
development of specific surface, hydrolysis lime and 
strengths at later ages. It would, thereafter, establish 
a balance between a sharply positive initial action of 
the increasing C3A content and a subsequent negli
gible or even deleterious one. That would result in 
the appearance of an optimum amount of this com
pound ranging from high contents, at the early ages, 
to lower values, at the more advanced ages.

The value of such an optimum per cent of C3A will 
be, of course, dependent on the amount of the more 
sharply hydraulic products, such as C3S, in the cement. 
A systematic study of the C3A action in cement also 
at other levels of C3S amounts shall be therefore 
interesting.

Gypsum and calcium chloride accelerate the hydrat
ing of C3S appreciably (3). Their effect on the hydra
tion of tricalcium aluminate has not yet been investi



gated thoroughly (18, 19). It seems us, however, it 
is lower than that on C3S and the mechanism of 
hydration is not essentially modified by it. Indeed, the 
phenomena due to different C3A contents keep 
their particular course in the presence of gypsum and 
calcium as well. The accelerating effect of these salts 

on the C3S hydration has the only result of making the 
hydration of C3A less noticeable at the early ages, 
which gives account for the slightly lower optimum 
values of C3A for the extent of hydrolysis of silicates 
and for the mechanical strengths at different ages.

Conclusions

The results of our investigation demonstrate that 
tricalcium aluminate influences positively the rate of 
hydration of the other constituents of cement, par
ticularly the tricalcium silicate, and the development 
of mechanical strengths, principally at the early ages.

This is of great practical importance for the pro
duction of rapid hardening cements without having to 

resort to the addition of substances, which, as cal
cium chloride, may have secondary negative effects 
under certain conditions.

The significance of the obtained results shows 
clearly the need of prosecuting a thoroughly study on 
the mutual influence of the cement compounds during 
hydration.
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Oral Discussion

Shigeru Yamane

I will make a brief discussion of the interesting 
paper of Dr. Celani and coworkers. ,

1. The authors stated that C3A acts catalytically 
on C3S. What is the mechanism of this catalytic 
action ?

2. In order to clarify the effect of C3A, I think it is 
necessary and important that not only the alkalinity 
and C2O, SO3, Cl- but also A12O3 and SiO2 in the 
liquid phase have to be investigated. What is your 
opinion on this point?

3. The addition of calcium chloride certainly pro
motes the hydration of C3A and C3S. According to 
my experimental results, the addition of CaCl2 in
creases rapidly the amounts of A12O3 and SiO2 in the 
liquid phase in early stage of hydration of cement. 
With much A12O3 in the liquid phase, the concentra
tion of SO3 decreases rapidly due to the formation of 
ettringite type hydration product. Namely, there is the 
interrelation between the concentrations of SO3 and 
A12O3 in the liquid phase. These facts can be useful 
keys for the clarification of the above problem.

Oral Discussion

Hans N. Stein

There is an apparent contrast between the results 
obtained by Celani, Moggi and Rio (especially as 
regards data on CaO of hydrolysis at very early ages) 
and those reported by de Jong, Stein and Stevels 
(see Supplementary Paper 11-35): whereas Celani 
c.s. report an acceleration of C3S hydration by small 
amounts of C3A, de Jong c.s. find a retardation.

However, it should be kept in mind that Celani c.s. 
investigated systems at 40°C, at which temperature 
the recrystallization of hexagonal hydrates to C3AH6 
is quite different from that at 25°C. A second com
plicating factor may be that Celani c.s. investigated

systems of a much more complex character than 
de Jong c.s. '

Authors’ Closure

Adriano Celani, Pietro A. Moggi and Arturo Rio

Reply to S. Yamane

1) The positive influence of C3A on the hydration 
of C3S at early stages and of alite in portland cement 
has been shown by the authors, according to L. E. 
Copeland and D. L. Kantro, Principal Paper “Hydra
tion of Portland Cement” Part II—Session 5.

About the reaction’s mechanism, the authors tried 
to give in their paper a reasonable explanation. The 
subject is still a matter of investigation and the authors 
will give to Mr. Yamane all the eventual information.

2) In order to explain 1) the authors emphasize 
the opportunity to determine the A12O3 and SiO2 
in the liquid phase.

3) Authors think there is no correlation between the 
accelerating action of CaCl2 on C3S and on alite in 
portalnd cement and the possible increase of the inter
action between A12O3 and SO3 as reported by Mr. 
Yamane.

Reply to H. N. Stein

1) The positive influence of C3A on the hydration 
of C3S at early stages and of alite in portland cement 
has been shown by the authors, according to L. E. 
Copeland and D. L. Kantro, Principal Paper “Hydra
tion of Portland Cement” Part II—Session 5.

About the reaction’s mechanism, the authors tried 
to give in their paper a reasonable explanation. The 
subject is still a matter of investigation and the authors 
will give to Mr. Stein all the eventual information.

2) Authors agree that the investigated systems have 
a much more complex character than de Jong c.s. 
They, however, think the recrystallization of hexa
gonal hydrates to C3AHS cannot explain the apparent 
contrast between the results. .
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Explanatory Notes

Abbreviations.
The following symbols, which have been universally 
recognized by cement chemists for formulating 
more complex compounds, are used interchangeab
ly with the respective oxide formulas throughout 
this book :

C = CaO, S = SiO2, A = A12O3, F = Fe2O3,
M = MgO, N = Na2O, K = K2O, H = H2O, 

Less common abbreviations of this type are defined 
as they occur.

Commonly used abbreviations of more general 
nature are as follows:

DTA = differential thermal analysis
EPMA = electron probe micro analysis

IR = infrared
NMR = nuclear magnetic resonace 
psi (or p.s.i.) = pounds per square inch 
rh (or RH) = relative humidity 
w/c (or W/C) = water — cement ratio 
XRD = X-ray diffraction

Identification Number of Supplementary Papers
Example: Supplementary Paper III—50, III is 

session III and 50 is the arrival number of con
tribution. This number coincides with the number 
used in the preprint of papers distributed in advance 
of the symposium.
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Principal Paper Structures and Physical Properties of Cement Paste

George J. Verbeck and Richard H. Helmuth*

Synopsis

Pseudomorphs of the original cement grains in hardened pastes result from differences 
in hydration products deposited within and between the original grain boundaries. Structures 
of the various hydration products, as seen in the electron microscope are described. Pore size 
distributions for cement pastes obtained by a variety of methods are consistent. Surface 
area values measured by nitrogen adsorption decrease with the water-cement ratio. The 
distinctions between capillary, gel, and non-evaporable water are reviewed. The gel water 
resembles interlayer water in clays.

Strength depends primarily on the capillary porosity. The uniformity of distribution of 
the hydration products explains the effects of gypsum content and temperature.

Initial drying shrinkage is relatively independent of clinker composition at “optimum” 
gypsum content. The dependence of this shrinkage on water loss suggests independent effects 
from different classes of water in the paste. The dependence of this shrinkage on water-cement 
ratio and duration both of curing and of subsequent drying is discussed. Carbonation 
shrinkage varies with the ambient relative humidity. Releases of equal amounts of water by 
carbonation or drying result in equal shrinkages. Cycles of wetting and drying reveal that 
volume changes have reversible and irreversible components.

Thermal expansivity depends on moisture content, rate of temperature change, and 
the nature of the solid phases. Thermal conductivity changes little with water-cement ratio 
or temperature.

The elastic properties are primarily related to capillary porosity. Inelastic properties 
are discussed. The relationship between permeability and capillary porosity applies even to 
bleeding fresh pastes. Available data on moisture diffusion are sufficiently consistent to 
permit determination of the activation energy. The importance of osmotic and electrokinetic 
effects in studies of liquid flow is discussed.

Introduction

This paper is a selected review of the state of know
ledge of the structure and physical properties of ce
ment pastes. We have not attempted to repeat detailed 
review of each of the topics treated in the correspond
ing paper of the Fourth Symposium (1). Apart from 
space limitations this is because little information can 
be added to some of the topics treated in the 1960
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review. On the other hand, we have included much new 
material, particularly on strength and shrinkage, and 
have included some properties not previously included.

In addition, some differences from previous points 
of view are presented. We have tended more to include 
primary data concerning the actual behavior of the 
pastes under different conditions, and less theoretical 
interpretation. We have, however, presented new 
interpretations of physical properties in terms of 
features of the structure wherever desirable.



A second difference in point of view concerns the 
state of the water in hardened pastes. This has deve
loped because it has become increasingly clear that 
much of the evaporable water is in a more highly 
organized state than previously supposed. Although 
it is not yet possible to make quantitative classifica
tions different from those based on the concepts of 
gel water and capillary water, there is considerable 
evidence that some of the evaporable water in har
dened pastes exists in distinct states similar either to 
the interlayer water in swelling clays or water of 

crystallization. Such water is therefore a component 
of the structure of the paste. Changes in water content 
therefore have important effects on the physical 
properties and dimensional stability of the structure.

The morphology of the hydration products as 
revealed by electron microscopy was covered in detail 
in the Fourth Symposium (2). We have therefore given 
only a brief summary of such work, and combined such 
results with newer methods of investigation of the 
paste structure, as given in the next section.

Structures of Hardened Pastes

In regard to the structure of hardened paste we will 
first consider the morphology or microstructure of the 
solid components of the hardened paste, then the 
microstructure of the pore system of the paste, and 
finally discuss the nature of the state of the water 
component of paste.

Microstructure of Hardened Paste

The microstructure of hardened paste has been 
studied by direct optical methods and by the electron 
microscope observing both the fragmented dispersed 
hydrated particles and replicas of sawed or fractured 
surfaces.

Optical Studies

Although optical examination of portland cement 
paste reveals little about its detailed structure, by 
such examination it can be directly observed that the 
space between clinker grains, initially water filled, 
soon becomes filled with hydration products formed 
by dissolution of portions of the clinker grains. Por
tions of the larger clinker grains hydrate and form 
hydration products in the space within the original 
grain boundary created by the prior solution process. 
These hydration products have optical properties whi
ch are somewhat different from those of the products 
precipitated in the water-filled space (3, 4) and thus 
remain visible as pseudomorphs of the original clin
ker particles. Under such conditions the original clin
ker structure appears to be preserved in the pseudo
morph; outlines of the silicate phases are preserved. 
Portions of the larger clinker grains may remain 
unhydrated within the paste depending upon clinker 
grain size, the original water-cement ratio (w/c), 
of the paste, and the duration of exposure to water.

Crystals of calcium hydroxide can be seen to form 
in the waterfilled space between clinker grains about

4 hours after mixing. These crystals grow around any 
impediment, e.g., there is a continuous intergrowth 
of calcium hydroxide and gel; in mortars, grains of 
sand frequently appear to be engulfed in calcium 
hydroxide. ■

The hydration products other than calcium hydro
xide are so finely divided that they cannot be resolved 
with an optical microscope, but the electron micro
scope has revealed information about the morpho
logy of the hydration products as well as structure of 
the hardened paste. Information about morphology 
of hydration products is obtained by direct study of 
powdered and dispersed pastes; information about 
paste structure is obtained by electron microscopic 
examination of surface replicas of hardened pastes.

Electron Microscopic Studies

Direct electron microscopic examination of the 
individual products of hydration of cement pastes 
requires dispersion of the paste particles. Studies in 
which dispersion has been used have followed the 
course of hydration of cement, and also of the pure 
silicates, from the time of mixing of the paste through 
several days of hydration after which time the paste 
can no longer be properly dispersed. These studies 
have shown that hydration starts immediately upon 
contact of the cement with water. Ettringite is one of 
the first products that can be identified in cement 
pastes. It forms primarily as stubby hexagonal prisms 
on C3A faces, but can also form as long hexagonal 
prisms away from cement particles in water-filled 
space. After about 2 hours thin acicular particles of 
calcium silicate hydrate are observed protruding 
from the surfaces of unhydrated grains of cement. 
These particles grow longer and broader to form thin 
laths which are striated along their length. At the time 
of final set they appear to be long enough and numer
ous enough to form an interlooking network through



out the paste. By 24 hours the paste is somewhat dif
ficult to disperse, but thin, striated sheets of calcium 
silicate hydrate are observed. The edges of the undis
persed masses also show sufficient detail to confirm 
that these masses are aggregations of the thin sheets 
which sometimes occlude crystallites of calcium 
hydroxide (5, 6, 7).

The calcium silicate “gel” formed by hydration of 
pure calcium silicate is poorly crystalline. However a 
significant fraction of the gel comprises particles, 
which appear to be rolled sheets, that are sufficiently 
well crystallized to give single-crystal electron diffrac
tion patterns. Occasionally the X-ray diffraction pat
terns of a wet, hardened paste of C3S will show a 
layer spacing (8).

In comparison with the gel formed by hydration of 
pure calcium silicates the gel formed by hydration of 
cement is not nearly so well crystallized. Indeed, 
single-crystal electron diffraction patterns of gel 
particles have not been obtained. Since isomorphous 
substitution of aluminum and sulfur for silicon is 
possible in the calcium silicate hydrate “gel” (9), and 
since these substitutions are accompanied by changes 
in the morphology of the gel, it is likely that such 
substitution is the cause of the more nearly amorphous 
character of the gel formed from cement as compared 
to that formed from pure calcium silicate. Cement 
pastes stored under water for up to 10 years do not 
show any marked increase in crystallinity of its hydra
tion products.

Electron microscopic examination of carbon re
plicas gives information about the arrangement of 
hydration products within hardened paste. Different 
techniques of preparing surfaces for replication 
emphasize different aspects of the structure of pastes. 
Two types of surfaces have been examined: (1) sur
faces prepared by cutting a slice of paste with a dia
mond saw on a sectioning machine, using water as 
the saw lubricant, and (2) surfaces prepared by frac
turing pastes.

Flushing the paste surface with water during the 
cutting dissolves calcium hydroxide crystallites in the 
surface region but reveals aggregations of calcium 
silicate hydrate “gel” and the crystallites of the hydra
tion products of the alumina bearing phases. Details 
of the techniques used and several examples of repli
cas prepared from sawed surfaces can be seen in paper 
II-5 (Figs. 19, 22, 30, and 31) of this symposium. 
Comparison of the form of the calcium silicate 
hydrate seen in these replicas with that found by direct 
electron microscopic examination suggests that the 
particles seen in replicas are indeed aggregations of 
thin sheets. Pores both within and between these 

aggregations are too small to be revolved by the 
replica.

The aggregations of calcium silicate hydrate “gel” 
are not so prominent in replicas of fractured surfaces. 
Apparently the fracture passes through the aggrega
tions instead of along boundaries between them. 
However cavities that may be several microns across 
are frequently seen; these contain acicular particles 
which implies that they grew in initially water-filled 
free space. Most frequently the particles in the cavi
ties appear to be fibrous—these are calcium silicate 
hydrate—but sometimes crystallites of ettringite can 
be recognized protruding from the walls.

Fig. 1 is an example of a fractured surface of 
moist-cured hardened portland cement paste. The 
lower part of the field shows fractures approximately 
perpendicular to the cleavage plane of calcium hydro
xide. It is likely that the striations in the crystal result 
from the manner in which gel and calcium hydroxide 
grow together which is illustrated at left in the field. 
In the upper part of the field, to the right of center, 
there is a cavity, approximately 6/z long, partially 
filled with a network of gel laths and a few prisms of 
ettringite (10).

Pore Size Distributions

General Considerations -

The water-filled spaces between the cement parti
cles in the fresh cement paste may be regarded as an 
interconnected capillary system. As hydration pro

Fig. 1. Photomicrograph of a carbon replica of a fractured 
hardened cement paste surface



ceeds these spaces become partly filled with gel and 
microcrystalline hydrate particles. However, the 
manner of filling of the original water-filled spaces 
with hydration products depends upon the particle 
size distribution of the cement, upon the water-cement 
ratio, and upon the availability of water during hydra
tion. If partial drying occurs during hydration, large 
pores empty and precipitation from solution cannot 
then occur in such spaces. We may thus expect dif
ferences in the pore size distributions depending upon 
whether the paste was kept saturated, kept sealed and 
hence allowed to self-desiccate, or allowed dry by 
direct loss of water.

Pore size distributions can be calculated from either 
of two different kinds of experimental results: 1, 
porosimetry, in which the volume of mercury that is 
forced into a porous system is measured as a function 
of the applied pressure, and 2, capillary condensation 
of vapors from either the adsorption or desorption 
isotherm of the porous system. In both techniques the 
Kelvin equation is used with an assumption that must 
be made about the shapes of pores. The assumption 
of a pore shape influences the calculated pore size 
distribution because the pressure at which a pore 
fills depends upon the curvature of a meniscus and 
therefore upon the shape of a pore. Most commonly 
the pores sizes are calculated as if they were either a 
system of cylindrical capillaries, or a system of paral
lel plates. Recently a method of calculating the pore 
size distribution without a model for the shapes of the 
pores has been proposed and it utilizes the “hydraulic 
radius” (pore volume/pore wall area), as a measure of 
pore size (11).

Fig. 2 shows results of pore size distributions 

Mercury Porosimetry

Fig. 2. Pore size distributions of cement pastes, moist cured for 
II years, obtained with a high pressure mercury porosimeter.

obtained with a high pressure (50,000 psi) mercury 
porosimeter (12). Results for 11 year moist-cured 
cement pastes at three water-cement ratios, 0.35, 
0.65 and 0.80, are shown. The results span more than 
three orders of magnitude, from about 9 X 104 to 
about 40 Ä. A logarithmic abscissa is used. The curves 
has been normalized. Each curve shows two clearly 
defined maxima. For the 0.35 paste maxima occur at 
pore diameters of 45 and 550 A; for the 0.65 paste 
maxima occur at 105 and 2100 A; for the 0.80 paste 
maxima occur at 110 and 3500 A.

The large diameter maxima are in substantial agree
ment with those of another study (13) showing that 
they represented a class of pores that depended upon 
water-cement ratio, cement fineness, and curing. 
These are usually denoted by the term “capillary” 
pore (14). The small diameter maxima occurred at 
somewhat larger diameters than in Fig. 2, possibly 
because of differences in curing times. In addition to 
these maxima each distribution includes measure
able pore volumes of intermediate sizes as well as very 
large pores with diameters exceeding 104 A.

The main features of these pore size distributions 
are supported by two other kinds of experimental 
evidence: 1, as discussed above, large cavities or pores, 
are observed by electron microscopic examination 
of surface replicas of hardened pastes, and 2, the stu
dies of ice propagation in freezing experiments (15) 
gave evidence of a bimodal distribution of pores that 
are completely compatible with the mercury porosi
meter results. This agreement is of special importance 
because the freezing experiments were performed with 
pastes that had never been dried and the porosimetry 
and adsorption measurements are made on dried pas
tes. Since drying is known to product irreversible 
changes of structure it is possible that the indicated 
pore structures would be different. These results, 
however, do not indicate any great changes in the pore 
structure during drying.

The sizes of pores given by both the mercury poro
simetry and the freezing propagation studies are not 
necessarily the sizes of the pores filled, but only the 
sizes of the entry ways.

Pore Structure from Adsorption Isotherms

Pore size distributions have been calculated from 
measurements of nitrogen adsorptions, Fig. 3 (16), 
and cyclohexane adsorption. Fig. 4, on a series of 
hardened pastes made with water-cement ratios in the 
range from 0.35 to 0.70 (17). The distribution curves 
calculated from the cyclohexane isotherms are not 
strictly comparable to those calculated from nitrogen



Fig. 3. Pore size distributions of mature cement pastes obtained 
<rom nitrogen absorption

Fig. 4. Pore size distributions of mature cement paste obtained 
from cyclohexane adsorption

isotherms because the desorption branch was used for 
cyclohexane while the adsorption branch was used for 
nitrogen. All these distributions have a well defined 
mode; with cyclohexane the mode is at 45 A for two 
pastes, one with w0/c = 0.35, the other with w0/c = 
0.70; with nitrogen, the modes for these same two 
pastes were at 22 A and 32 A respectively. One cannot 
be certain whether the smaller diameters obtained 
from nitrogen resulted from its smaller molecular size 
or from using the adsorption branch of the isotherm. 
The effect of difference in size of the molecules is 
shown by the fact that the surface area and total pore 
volume calculated from cyclohexane isotherms were 
smaller than those calculated from nitrogen isotherms.

Fig. 5. Nitrogen adsorption on cement pastes decreases with 
water-cement ratio

The largest pore diameters that can be calculated 
from sorption isotherm is limited to about 300 A, 
consequently none of the these distributions reached 
a pore size large enough for the second mode shown 
in the porosimeter distribution curve.

The two methods agree in one respect; neither 
account for all the space occupied by evaporable water 
in hardened paste. About 70 percent of the pore volu
me is accounted for by the porosimeter and nitrogen 
in the more porous paste, cyclohexane fills less than 
50 per cent of the space. A part of the effect is the 
result of molecular sizes. The inability of the porosi
meter to fill all the space may be caused by the limited 
pressure than can be attained, but may also be caused 
by the inability of the non-polar molecule to enter 
some spaces that water can occupy.

It is well known that the “specific surface”, (surface 
area per gram of cement gel), calculated from water
sorption data is a constant, approximately 200 square 
meters per gram, that is independent of w/c of the 
paste and its degree of hydration. Such is not the case 
for the specific surface as determined by nitrogen. 
The “nitrogen surface” is always smaller than the 
“water surface" and decreases with decreasing water/ 
cement ratio of pastes (18). Recently a study of nitro
gen surface areas of hardened pastes of tricalcium 
silicate with water-cement ratios as low as 0.2 was 
made (19). The results of this investigation agreed 
very well with results of other investigations using 
portland cement pastes. The lowest nitrogen area 
attained was 3.5 square meters per gram of gel on 
pastes with w0/C3S = 0.2 cured 14 months. The 
trend of the results, shown in Fig. 5, suggests that the 



nitrogen area will become zero at a water-cement 
ratio slightly below 0.2.

The State of the Water in Hardened Paste

The state of the water in the pore system is impor
tant because any difference between the state of the 
water in the pores from that of liquid water implies 
the existence of forces on the water and reaction forces 
on the solid. This has important implications with 
respect to volume change and structural change phe
nomena.

Water in cement pastes may be arbitrarily classified 
into “evaporable water” and “non-evaporable water" 
(water not removed under a standard drying condition). 
The best defined drying condition for this purpose 
is drying in vacuum over ice at the dry-ice (solid CO2) 
temperature, —79°C, sometimes called “D-drying” 
(20). The non-evaporable water determination is 
intended to remove nearly all of the “physically 
adsorbed” water and leave only “chemically bound” 
water. It is believed that this is accomplished, but there 
is uncertainty concerning the degree to which loss of 
the evaporable water represents loss of water of hydra
tion.

The evaporable water in cement pastes may also 
be arbitrarily classified into “gel” water and “capil
lary" water (14). This is based upon the conception 
that the cement gel has a certain minimum porosity, 
which may be arbitrarily defined from measurements 
of water contents of saturated, well hydrated, low 
water-cement ratio pastes. In such pastes it is found 
that cement hydration virtually ceases before all the ce
ment is hydrated. Such pastes are assumed to contain 
only gel water. Capillary water is defined as the dif
ference between the total evaporable water of a paste 
and its gel water content.

The distinction between “capillary" water and “gel" 
water is useful in the discussion of the porosity of the 
paste for the following reason. By variation of water
cement ratio and curing time the capillary water 
content can be varied from zero to nearly the entire 
volume of the hydrated part of the paste. Hence it 
was possible to shown (21) by standard thermody
namic methods that the partial specific volume of the 
capillary water was constant at about 1.0. That is, 
capillary water in saturated pastes has near normal 
density. The gel water content, however, cannot be 
arbitrarily varied. Hence the partial specific volume 
of the gel water cannot be similarly determined, and 
various attempts have been made to estimate its 
volume by other methods (1).

The main problem then centers on the state of the 

gel water. This has two aspects: how much of the gel 
water is hydrate water, and what is the nature of that 
part of gel and capillary water not combined as hydra
te water.

Evidence concerning the state of the water in pastes 
has been obtained from NMR (nuclear magnetic 
resonance) studies of some calcium silicate hydrates. 
The results have been summarized and compared 
with results obtained with ettringite, silica gel, and 
montmorillonite clays of different water contents 
(22). In NMR techniques one of the parameters 
measured is the transverse or spin-spin relaxation 
time, T2. This quantity is a measure of the magnitude 
of local fields surrounding the protons. In strong local 
fields T2 is very short because the resonating protons 
react quickly (spins flip over) to the local forces. In 
weak local fields T2 is long. T2 is thus a measure of 
how “tightly” the proton is bound. More correctly, 
T2 is a measure of mobility of the magnetic moment 
of the proton rather than a thermodynamic property, 
such as bond energy. In liquid water T2 is about 2.5 
sec. In ice it is only 7 microseconds, indicating that the 
water molecules in ice have a strongly fixed “orienta
tion”.

Results of pulsed NMR measurements on some 
calcium silicate hydrates and other materials are given 
in Table 1. In an alite paste at 16 per cent RH values 
of T2 ranged from 300-500 microseconds, in agree
ment with values for montmorillonite clay, 250 
microseconds, and various other calcium silicate 
hydrate preparations at relative humidities ranging 
from 3 x 10-3 to 70 per cent. These results indicate 
that the water molecules in these systems were under 
the influence of local forces which caused relatively 
rapid reorientation after the pulsed radiation was cut 
off. A further indication of the strength of the local 
fields was given by the absence of spin echoes. Spin 
echoes are detected when the protons are in liquid 
water and water adsorbed on silica gel, but not in the 
calcium silicate hydrates, except at high water con-

Table 1. Results of pulsed NMR measurements

Equilibrium Total 
relative water

Sample humidity, content, T«
num er Composition % °/o Echoes microseconds 

1 70
2 C1.28SH2io8 50
3 Alite 16
4 c3s 3 x 10-3
5 c3s + c3a 3 X 10-3
6 Ettringite ca. 50
7 Ettringite < 1
8 Silica gel 36
9 Montmorillonite - 20

10 Montmorillonite 80

23.15 absent 300-500
21.96 absent 300-500
21.31 absent 300-500
16.62 absent ca. 200
17.70 absent ca. 200
46 absent 300-500
13 absent 3CO-50O
21 present ca.2300
18.02 absent ca.250
24.00 absent ca. 320



tents.
The first five samples shown in Table 1 are samples 

in which no capillary water was present. The first 
two were synthesized from calcium hydroxide and 
silica gel; neither had capillary pores. The third was 
an alite paste that had been dried sufficiently to empty 
the capillaries. The fourth and fifth samples had only 
non-evaporable water. The T3 values obtained for 
these materials are of the same order of magnitude as 
those calculated from wide-line NMR measurements 
on hardened cement pastes (23). Thus the evaporable 
water present in the first three samples can be assumed 
to be in the same state as gel water in hardened cement 
pastes; the results show that gel water is probably 
interlayer water and suggest that NMR may provide a 
good measure of capillary porosity in saturated sam

ples.
Similarity of the calcium silicate hydrates to swell

ing clays is not fimited to the spin-spin relaxation times. 
In addition, we may note that: 1) The montmoril
lonites and zeolites lose water continuously as do 
cement pastes even though the lattice spacing changes 
in discreet (1, 2, etc.) monomolecular layer steps. 2) 
The swelling of pastes is limited, as in the zeolites, 
rather than unlimited, as in the montmorillonites. 
3) The irreversible loss of water and shrinkage during 
D-drying is very like the irreversible collapse of struc
ture of the swelling clays observed during strong dry
ing. 4) Much of the evaporable water in cement pastes 
seems to be part of the solid structure because of the 
decrease of the elastic moduli caused by drying.

Physical Properties of Hardened Pastes

Strength

The strength of hydrated porlland cement paste, as 
with other porous materials, depends primarily upon 
its capillary porosity or its degree of space filling. In 
addition, the strength of hydrated paste depends upon 
the uniformity of distribution of the hydration pro
duct within the microstructure of the paste.

The “classical” concept of the relationship between 
the strength of hydrated cement paste and “gel-space 
ratio” is shown in Fig. 6. This concept has proven most 
useful in connection with many interpretations re
garding the strength properties of hydrated cement 
paste but perhaps has been somewhat misleading re
garding the strength producting qualities of “tober- 
morite gel” per se. In addition, it has not been sati
sfactory in providing an understanding of certain 
other factors that can significantly affect the strength 
of cement paste, such as the SO3 content of the cement 
or the hydration temperature. The information pre
sent in Fig. 6 regarding the relationship between the 
compressive strength and gel-space ratio (24, 14) 
can be used to provide the corresponding relation
ship between the strength and the “capillary porosity” 
of these pastes. Such information is shown in Fig. 7. 
Here we see that within the limits of the concept of 
“capillary porosity" or “calillary water”, as previously 
discussed, there is a close relationship between the 
amount of this relatively less strongly bound water 
and strength. In this particular comparison the rela
tionship appears almost linear but must be curvi
linear because there is obviously no strength at ‘TOO 
per cent capillary porosity”.

Fig. 7 contains three datum points that are 
specifically identified and which represent the compres
sive strengths and capillary porosities measured of 
fully autoclaved cement pastes made at the indicated 
water-cement ratios. These pastes contained essenti
ally no “gel” as measured by the normal water vapor 
adsorption techniques. It can be seen that when the 
strengths of these autoclaved pastes containing no 
gel are compared with those of pastes containing

Fig. 6. Cement paste strength depends on “gel-space ratio”



Fig. 7. Cement paste strength depends on capillary porosity Fig. 8. Aggregates strength depends on capillary porosity

“gel” they demonstrated essentially the strength that 
would be anticipated on a capillary porosity basis. 
The point intended to be made here is that the low 
strength shown by autoclaved pastes (without added 
silica), which is quite low at water-cement ratios sub
stantially above those of “normal consistency”, is 
simply a result of the relatively low volume contribu
tions of the hydration product produced under auto
claving conditions. Under normal curing conditions 
a product is obtained that has a volume approxima
tely 2-fold that of the volume of the original cement. 
This is in large part due to the fact that the volume of 
this product is increased because the amount of water 
that it contained (interlayer water such as in a clay, 
zeolitic water, or water of crystallization) increases 
the volume of the hydration product and hence decre
ases the capillary porosity of the system. In essence 
it is more a matter of the degree of filling of the space 
rather than what the space is filled with.

Similar information can be obtained for other 
types of materials.

Fig. 8 shows the general relationship between the 
average compressive strengths and the average poro
sities of approximately 100 aggregates (25), the indi
vidual points representing the averages of groups 
of aggregates, ground on the basis of porosity range. 
It can be noted that the same general type of relation
ship is obtained.

Fig. 9. General relationship between capillary porosity and 
average strength of the various materials

Fig. 9 compares all the data contained in Figs. 
7 and 8. This represents data for normally cured paste 
containing “tobermorite gel" of normal curing, for
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Fig. 10. The initial rate of cement hydration increases 
with temperature

the crystalline non-gel-like material obtained by 
autoclaving, and for a wide variety of aggregates. 
This figure is taken to indicate that there is nothing 
greatly unusual about the strength properties of 
hydrated cement paste or of “tobermorite gel”, but 
rather that in the case of any of these materials the 
primary factor influencing strength is the degree of 
space filling or, conversely, the capillary porosity of 
the system.

However, almost needless to say, it is well recogni
zed that there are other factors that influence the 
strength of the various materials. There was consider
able variation among the strengths of the aggregates 
within each group that were averaged to produce the 
relationship shown in Fig. 8. This variation certainly 
involves factors such as the size and distribution of 
the individual mineral constituents, the orientation 
of the bedding place during test and the elasticity of 
the material. Likewise, for normally hydrated cement 
paste, it is known that the strength that is developed 
by a hydrated paste is influenced by many factors other 
than its capillary porosity; these factors include the 
effect of “optimum” gypsum content and an apparen
tly somewhat anomalous effect of hydration tem-
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Fig. 11. One day strength increases with increasing curing 

temperature but 28 day strength decreases with increasing 
curing temperature

perature, both effects will be shown below to be inter
pretable in terms of the early rate of cement hydration. 
However, it is also known that the SO3 in a hydrating 
portland cement participates in the formation of the 
calcium silicate hydration product and thus may to 
some degree affect the inherent physical strength pro
perties of the silicates.

The reaction between cement and water is like other 
chemical reactions in that the rate at which the reac
tion occurs increase with increasing temperature. 
Fig. 10 shows the relationship between the initial 
rate of hydration of cement, as measured by the rate 
at which heat is evolved by the chemical hydration 
reactions, and the temperature of the hydrating cement 
paste. The data cover the range from 40 to 230°F. 
The rapid increase of the initial rate of hydration of 
cement with hydration temperature would lead one to 
expect that at a given early age the strength of the 
concrete also would be higher, at a higher hydration 
temperature. That this expectation is true is shown in 
the lower curve of Fig. 11 which compares the com
pressive strengths of concretes after one day of moist 
curing at temperatures within the range 55 to 120°F. 
Thus, at 1 day, in the temperature range shown, the 
higher the curing temperature, the higher the compres
sive strength. One might expect that the same effect 



would be true at later ages. However, the temperature 
variation of the strengths of these same concrete for 
a curing period of 28 days at these same temperatures 
is exactly opposite to that of the 1 day curve, as is 
shown in the upper curve of Fig. 11.

In the search for an explanation for these apparently 
anomalous results, the inherent nature of the hydration 
products obtained at different temperatures has been 
studied to see if it significantly changes with hydration 
temperature. The chemical nature of the hydration 
product can be evaluated to some degree from the 
relationship between the amount of water chemically 
combined and the heat evolved during the process of 
hydration. Fig. 12 shows immediately that the chemi
cal nature of the hydration product, as measured by 
the ratio of the non-evaporable water to the heat evol
ved, does not vary with cement hydration temperature 
in the range from 40 to 230°F.

The Physical nature of the hydration product— 
that is, the degree to which the product is “colloidal”— 
can be evaluated from the amount of water vapor 
adsorbed by the product—its “surface area”—in 
relation to the amount of product formed, as mea
sured by the heat evolved during hydration. Fig. 13 
which contains such information, shows a measure of 
“surface area” per unit of hydration product (percent 
water vapor adsorbed at 36 per cent relative humidity 
per calorie of heat evolved) in relation to hydration 
temperature. Obviously the physical nature of the 
product of hydration is independent of the tempera
tures of hydration. Therefore the explanation of the 
variation of strength with temperature at later ages 
cannot involve either chemical or physical differences 
in the nature of the hydration product.

The explanation of the beneficial effect of high 
hydration temperatures on early strength and their 
detrimental effect on later age strength is believed. 

primarily, to involve two opposing factors. One factor 
is that an increased hydration temperature increases 
the initial rate of hydration and hence is beneficial to 
early hydration and to early strength. The opposing 
factor is that this same initial reaction, because of its 
rapidity, is detrimental to ultimate strength because 
it both retards subsequent hydration, as is indicated 
below, and because it produces a non-uniform distri
bution of hydration product within the paste micro
structure. The non-uniformity of distribution within 
the microstructure of hydrated paste cannot be easily 
revealed by the classical methods for characterizing 
the hydration product, such as adsorption techniques.

One line of evidence for such an argument comes 
from the early hydration reactions of cement, as 
revealed by the conduction calorimeter. The heat 
evolution peak that occurs at about 6 to 8 hours at 
normal temperatures appears to have particular 
significance. During this period the cement is under
going very rapid reaction at normal temperatures; 
perhaps 20 per cent of the cement hydrates a period 
of 2 or 3 hours. At elevated curing temperatures, these 
reactions are accelerated; at 105°F as much as 30 to 
40 per cent of the cement may hydrate in a 2-hour 
period. At steam curing temperatures, perhaps 50 
per cent or more of the cement hydrates in an hour or 
less. The rate in any instance depends upon cement 
composition and fineness, hydration and tempera
ture. These very high rates of reaction can have a 
significant physical effect. The low solubility and low 
diffusibility of the cement hydration products make it 
appear doubtful that these products could diffuse to 
any significant distance from the surface of the hydrat
ing cement grains within the time of the observed rapid 
hydration. In other words, when the cement hydrates 
at a low temperature, and therefore hydrates slowly, 
there is ample time for the hydration product to dif

Fig. 12. Evidence for temperature independence of the chemical 
nature of cement hydration products



fuse and precipitate relatively uniformly throughout 
the interstitial space among the cement grains. However 
if the hydration is accelerated, as by increased curing 
temperature, the high rate of reaction does not allow 
time for such diffusion and therefore a high concen
tration of hydration product must be built up in the 
zone immediately surrounding the hydrating cement 
grain. If, in fact, this highly concentrated, dense and 
encapsulating layer does develop as postulated, then 
its presence should influence at least two properties 
of the paste. First, this relatively impermeable rim ar
ound the cement grain should retard subsequent 
hydration. That the rate of hydration of cement is 
significantly affected by the gel-space ratio of the paste 
has been demonstrated from such heat of hydration 
studies (26) as shown in Fig. 14. In addition, entirely 
independent studies have shown that the ultimate 
degree of hydration of C3S (and also C2S), as measured 
by X-ray diffraction techniques, is actually retarded 
by increased temperature during the early stages of 
hydration (27). This is demonstrated in Fig. 15 for 
C3S pastes. This figure shows the degrees of hydra
tion of C3S at ages varying from 1 day to 5 years for 
C3S pastes hydrated at different initial temperatures. 
It is seen that at 1 day the degree of hydration incre
ases with the hydration temperature, as would be 
expected. However, at later ages a reversal is obser
ved. It is believed that the dense zone of hydration 
product around the hydrating grain created by the 
rapid early hydration significantly reduces the ulti
mate degree of hydration of these silicate phases,

Fig. 14. The denser the coating of hydration product the lower 
the rate of cement hydration

even after 5 years of moist curing. Therefore, a high 
initial hydration temperature is detrimental to later 
age strength development because it, per se, reduces 
the degree of hydration of the cement at later ages.

The formation of the densified layer encapsulating 
the hydrating cement grain should cause a reduction 
in strength even if the same overall degree of cement 
hydration were attained. In Fig. 16 is shown the usu
ally observed relationship between strength of mortars 
cured at “normal’’ temperature (solid line) and the 
concentration of the hydration product (measured as 
the “gel-space” ratio). As already discussed, this 
concentration is a function of original water-cement 
ratio and degree of cement hydration. The more 
concentrated the hydration product, the greater the 
observed strength. A paste having an overall gel-space 
ratio of, for example, 0.7 and a uniformly distributed 
hydration product would attain then a strength of 
about 12,000 psi as shown. However, at this same 
average gel-space ratio a non-uniform distribution of 
the hydration product could significantly influence the 
observed strength. For example, if one assumes a 
high concentration of 0.8 around the cement grain 
residues and 0.6 in the interstitial space, then a mini
mum strength of less than 8,000 psi would be antici-

HYDRATION TEMPERATURE - °F
Fig. 15. At later ages, degree of C3S hydration was less for 

pastes initially cured at higher temperature



Fig. 16. Uniform distribution of gel provides optimum strength.
For the same average gel-space ratio but with non-uniform 
distribution the strength is reduced to that corresponding to 
the lower gel-space ratio

Fig. 17. Finer grinding of C3S produces increased strength at 
same degree of hydration because of greater uniformity of 
distribution of hydration product

show the products at any particular degree of hydra
tion to be essentially identical, since the CaO/SiO2 
ratio was observed to be independent of the fineness 
of the C2S. It is anticipated that, using recently deve
loped techniques, future studies of the pore size distri
bution in pastes of different SO3 contents, cured at 
various temperatures, will be of considerable value in 
further elucidating the role of these factors in strength 
development.

pated since the weaker portion of the paste must limit 
the strength attained (dashed lines). Both the retarded 
subsequent hydration and primarily the nonuniform 
distribution of the hydration product are presently 
considered to be the major causes of the detrimental 
effect of elevated curing temperatures. The role of 
gypsum at “optimum” gypsum content could be 
largely due to an optimization of the rate of early 
reactions in the sense of minimizing the development 
of such an encapsulating, retarding layer, thus per
mitting formation of a hydration product of more 
uniform density distribution and hence of higher 
inherent strength. This concept is also borne out by 
recent studies concerning of strength development 
(28) in pastes made with C2S of different finenesses 
at various degrees of hydration, as is shown in Fig. 17. 
Here it may be noted that at comparable degrees of 
hydration, higher strengths were attained as the fine
ness of the C2S increased. It can reasonably be ex
pected that a more uniform, less disproportionated, 
hydration product should be obtained for a cement 
of higher fineness and hence that a greater strength 
therefore should be attained. Chemical studies of the 
hydration product obtained in these latter studies

Drying and Carbonation Shrinkage

The shrinkage of hydrated cement paste is influ
enced by many factors. These include the composition 
and fineness of the cement, the water-cement ratio, 
the degree of hydration, the degree of drying, and the 
conditions and degree of carbonation. The shrinkage 
of paste on first drying may or may not be reversible 
during subsequent rewetting and redrying cycles, 
depending upon details of the process of drying. We 
will consider first those factors that affect the shrink
age of paste on initial drying, a process that causes the 
largest shrinkage, except for effects associated with 
continued hydration or carbonation.

Cement

In regard to the effects of cement characteristics on 
shrinkage some previous investigators have concluded 
that the tricalcium aluminate and alkali contents of 
cement and its fineness, have large effects on shrin
kage. At the time such observations were made they 
appeared correct from the data then available, but 
actually they have been found to be somewhat mislead
ing. Most of these investigations were conducted



CEMENT NUMBER
Fig. 18. Drying shrinkage of mortars is relatively independent 

of clinker composition at “optimum” gypsum content

years ago during the period when it was thought that 
the primary effect of gypsum addition was to control 
the setting time of cement. The general practice throu
ghout the cement industry was to use a relatively small 
and uniform amount of gypsum with little regard for 
the chemical composition of the clinker or the fineness 
of grinding. Subsequently it has been learned that if 
the gypsum content of cement is properly adjusted to 
an “optimum” level dependent upon the cement, the 
presumed detrimental effects of C3A, alkalies, and 
fineness can be largely avoided and the differences 
among cements significantly reduced (29). This is 
demonstrated in Fig. 18 which compared the drying 
shrinkages of comparable mortars made with a group 
of cements varying in C3A content from 2.4 to 14.3 
per cent and in alkali content, expressed as Na2O 
equivalent, ranging from 0.17 to 1.48 per cent. As 
shown in the lower curve, the cements have been 
arranged in order of increasing shrinkage as observed 
when a constant SO3 content of 1.9 per cent was used 
with each clinker composition. From the least to the 
greatest shrinkage, there is approximately a 2-1/2 
fold difference. From the upper curve it can be seen 
that the range of drying shrinkages of these mortars is 
considerably reduced when the SO3 contents of the 
various cements were adjusted to “optimum”. An 
increase in the C3A content or the alkali content of a 
clinker increases the “optimum” SO3 content require
ments of the cement. Similar effects are found when the 
fineness of the cement is increased; with increasing 
fineness the amount of SO3 required to minimize 
shrinkage and to maximize strength, under normal 
conditions of test, is also increased.

The “optimum” SO3 content of a cement is not 
clearly definable even when tested under standard 
laboratory conditions. This “optimum” depends upon

S03 CONTENT OF CEMENT-%
Fig. 19. The “optimum" gypsum for minimum drying shrinkage 

changes with temperature of early hydration

whether maximum strength or minimum shrinkage 
is required, and upon the age such qualities are 
required. In addition, it depends significantly upon 
the early hydration temperature of the cement. This 
effect is shown in Fig. 19. The effect of temperature 
on strength previously discussed, indicates that the 
SO3 content that is optimum for minimum shrinkage 
increases as the early hydration temperature of the 
cement is increased. From Fig. 19, an SO3 content of 
4.0 per cent, which appears optimum for shrinkage 
when tested at 73°F, is almost 1 per cent low for 
minimum shrinkage if the early hydration reactions 
are at 105°F, and 1 per cent too high to prevent 
abnormal expansion during early moist curing at 
40°F.

In addition to these influences on shrinkage, it has 
been shown that some chemical admixtures can 
increase the shrinkage characteristics of cement, 
perhaps by altering the SO3 content required for 
“optimum” which had already been adjusted during 
manufacture of the cement. It is also possible that the 
size of the concrete section in which the cement is 
used (a temperature effect), and the duration of con
crete mixing or agitation, might have important effects 
on the “optimum” SO3 content of cement.



Water Content
At present the relationship between the water loss 

of a cement paste to its shrinkage can be expressed 
only in semi-quantitative terms. Certainly, in most of 
the investigations of this matter during the past 
several decades, pertinent details regarding either the 
nature of the materials used, or the environment to 
which the specimens were actually exposed, have been 
omitted from the published reports. Therefore, the 
present authors will draw largely upon their own 
studies that are believed to have taken into considera
tion at least most of the important factors. Of course, 
data from other sources will be incorporated where 
appropriate.

Realization of the complexity of this matter has 
increased in recent decades. Whereas the purpose of 
early investigators was to find means to reduce the 
shrinkage of field-placed concrete, current interest 
has broadened so that a major purpose of more recent 
investigators has been to develop an understanding of 
the phenomena of shrinkage itself, with the ultimate 
hope of minimizing or eliminating volume change 
property of the paste component itself.

As indicated in the discussion relative to the role of 
cement properties, there are many traditional con
cepts that may not have adequate technical support. 
The information to be presented here is believed to 
satisfactorily reveal at least the semi-quantitative 
influence of the various factors involved in the shrink
age of neat cement paste.

The over-all relationship between loss of water of a 
neat cement paste and the resulting change in length 
or volume, in an atmosphere free of even the low 
concentration of CO2 present in normal air, is shown 
in Fig. 20. The data in this figure, as in the case of all 
data shown in Fig. 20 through Fig. 28, represent the 
shrinkages obtained during the first drying of indivi
dual neat cement paste or mortar specimens, each to a 
single “equilibrium” humidity (as contrasted to pro
gressive step-by-step drying to “equilibrium” of single 
specimens, which produces irreversible structural 
effects within the pastes). The paste specimens now to 
be discussed were 1/4 x 1/4-inch in cross section, 
and the mortar specimens were 1/4 x 1/2-inch in 
cross section.

The data in Fig. 20 shows the relationship between 
shrinkage and water loss on “drying”, in a CO2-free 
atmosphere, from 100 per cent relative humidity RH, 
to 0 per cent RH (defined as “D-drying”) and then 
with further dehydration accomplished by progressive 
heating to temperatures as high as 525°C.

There are several features of Fig. 20 that are of 
considerable significance. Six separate specimens are

Fig. 20. The variation of the first shrinkage of moist cured 
cement paste with water removed by drying in air and de
hydration at elevated temperatures

represented, each of which was dried to apparent 
length and weight “equilibrium" at a single relative 
humidity. The open circles represent these specimens 
equilibrated at the relative humidities shown. The 
closed dots represent non-equilibrium transient mea
surements made during drying of the specimen being 
equilibrated at 0 per cent RH. It can be noted that 
these non-equilibrium measurements fall consistently 
on the straight line segment representing data for 
equilibria from 100 to approximately 30 per cent 
RH, and similarly on the straight line segment extend
ing from about 30 to about 1 per cent RH. A further 
change in relationship begins at about 1 per cent RH 
and extends to 0 per cent RH and beyond. In this 
experiment further increments of water were removed 
by heating the specimen to progressively higher 
temperatures; after each heating, the specimen was 
cooled to 23°C and its length and weight determined. 
It may be noted that this third segment extends to 
water removals attained by heating to about 210°C. 
The fourth segment extends from 210°C to approxi
mately 525°C, a temperature at which the specimen 
showed physical disruption. In other experiments 
that involved various water-cement ratios and various 
degrees of hydration there has frequently been obser
ved an initial horizontal segment representing satura



ted pastes from which substantial water losses, per
haps approaching 10 per cent, could be sustained 
before there was any evidence of shrinkage.

The observed linearity of the segments and the 
abruptness of change between them suggests that the 
transitions mark stages of drying where the water is 
being removed from the different types of hydrated 
compounds or from sites within the calcium silicate 
hydrate and other hydrated phases. A belief that 
shrinkage is not due to loss of “adsorbed” water of the 
type found on a finely divided material such as silica 
gel is fully supported by recent studies using nuclear 
magnetic resonance techniques (22). These studies 
clearly show that all the water held below 80 per cent 
RH by paste or by hydrated calcium silicates is not 
“adsorbed” in that sense but rather in a state similar 
to that of interlayer water (such as in clays), zeolitic 
water, or hydrate water of crystallization (such as in 
ettringite, C3A-3CaSO4-32H2O).

Quantitative data on the shrinkage-weight loss 
relationships of the different linear segments, shown in 
Table 2, provides several interesting features. The 1:1 
concordance between over-all loss of volume of the 
paste and loss of volume of water in the high tempera
ture range, segment 4, would appear most unusual. This 
effect would appear to have considerable significance 
regarding the structure of the paste and the distribu
tion of the residual water in the paste, and will be the 
subject of further study.

The relations among the AVP/AVW of segments 1,
2 and 3 are particularly interesting and suggestive of 
the nature of the mechanism of shrinkage. These three 
segments can be interpreted to represent the loss of 
only two types of water, that represented by the rela
tionship of segment 1 and that of segment 3. Indeed, 
as can be seen in Fig. 20 an extrapolation of segment
3 intercepts the axis of zero shrinkgae at almost 
exactly the weight loss and relative humidity at which 
the junction between segments 1 and 2 occurred. In 
addition, the AVP/AVW factor of segment 2 is almost 
exactly the average of those for segments 1 and 3. 
This strongly suggests that segment 2 is simply a com
bined relation of simultaneous loss of water by the

Table 2. Ratio of volume change of paste, AVP, to volume 
of water removed, AVW, during drying in air

Segement Range
AVp/AVv 

(cc/cc)

1 100% RH—30% RH 0.025
2 30% RH— 1%RH 0,22
3 1 % RH—200°C 0.40
4 200°C—525°C L00

phenomena represented by segments 1 and 3. Upon 
drying of a saturated specimen, the segment 1 mech
anism is joined by the segment 3 mechanism to pro
duce segment 2, with the segment 1 mechanism 
participating from 100 per cent RH to about 1-3 
per cent RH and the segment 3 mechanism partici
pating from about 30 per cent RH to an extended 
drying condition represented by heating to approxi
mately 210°C. The observation that the AV^/AV^ 
for segment 2 is the mean of those for segments 1 and 
3 may be coincidental, or may indicate that in the range 
of 30 to 1-3 per cent RH equal numbers of water mole
cules are simultaneously released by both the segment 
1 and 3 mechanisms, and hence the observed AVP/ 
AV„ has the mean value of segments 1 and 3, or that 
in this range the loss of a water molecule results in two 
different shrinkage mechanisms. Special tests using a 
SO3-free cement show a similarly abrupt change in 
relationship at about 30 per cent RH, thus establishing 
that the segment 2 or 3 mechanisms do not involve 
dehydration of the highly hydrated calcium sulfoalu
minates.

Subsequent discussion of shrinkage and dehydra
tion phenomena will be limited to those that occur in 
the more usual range of 100 to 0 per cent RH.

Water-Cement Ratio and Duration of Curing

The relationships obtained between shrinkage and 
water loss for pastes of 0.3, 0.5 and 0.7 water-cement 
ratio, when dried in a CO2-free atmosphere after 
periods of prior moist curing of 1, 7, 28, 90 and 365 
days, are shown in Fig. 21. The points shown are 
“equilibrium” data obtained with duplicate paste 
specimens after drying to 85, 65, 55,45, 7, or 0 percent 
RH. First it should be noted that the segmented type 
of shrinkage-water loss relationship previously shown 
in Fig. 20 is invariably obtained in this type of experi
mental procedure. The minor deviations from strict 
consistency of the data are attributable to small 
differences in the initial weights of the individual 
specimens. For the segment 1 portion of the relation
ships, from 10 to approximately 30 per cent RH, 
the shrinkage to water loss becomes greater the greater 
the duration of prior curing. It should also be noted 
that the water loss corresponding to the junction of the 
segment 1 and the segment 2 relationships decreases 
with duration of prior curing as might be expected. 
In general the slopes of the segment 2 relationship, 
at least for that data representing a single water
cement ratio, appears relatively independent of dura
tion of hydration. For each of these general observa
tions it may be noted that the greatest shift occurs 
between those specimens cured 1 day and those cured
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Fig. 21. Drying shrinkage of cement pastes at various ages 

and ■water-cement ratios

for 7 days, as also might be expected since this period 
probably reflectes the greatest change in degree of 
hydration of the cement. A clearer understanding of 
the effect of duration of initial moist curing (degree 
of hydration of the paste) prior to CO2-free drying is 
shown in Fig. 22. These data are again equilibrium 
data attained on exposure of the specimens, after the 
indicated periods of moist curing, to drying at 55 
percent RH, As will be discussed later, some differences 
occurred in the total drying time of these individual 
specimens before “equilibrium” was attained, but it 
may be noted that at 0.30 water-cement ratio the 
shrinkage observed on drying to 55 per cent RH 
was little affected by curing for periods ranging

INITIAL MOIST CURING-DAYS
Fig. 22. Dependence of first drying shrinkage on duration of 

moist curing and water-cement ratio

from 1 to 365 days, and, if anything, the shrinkage 
at 365 days was slightly less than that at 1 or 7 days. 
However, at 0.7 water-cement ratio the longer the 
period of moist curing before drying the greater the 
subsequent shrinkage due to drying. This would be the 
normal expectation from “theoretical" considerations: 
the longer the period of hydration the greater the 
amount of the “shrinking gel” produced and the less 
the amount of “restraining" unhydrated clinker 
particles. The relationships obtained, particularly that 
at 0.5 water-cement ratio, suggest that for any initial 
water-cement ratio there may be a duration of initial 
moist curing that produces within the paste a concen
tration of hydration product that has maximum shrin
kage potential. It should be noted that the shrinkages 
of the paste of 0.3, 0.5 and 0.7 water-cement ratio 
were essentially identical when the pastes were initially 
moist cured only 1 day.

Effect of Duration of Drying

In the previous discussion of shrinkage, the shrin
kage values that have been reported were considered 
to be “equilibrium" values. However it has been ob
served in the conduct of these various tests that, 
whereas “equilibrium” was established relatively 
rapidly at intermediate humidities, decreases in length 
and weight of the specimens occurred very slowly at



YEARS OF DRYING - 0% RH

Fig. 23. Drying shrinkage at 0 percent RH of a cement paste 
cured moist for I year

very low humidities. Data for a neat cement paste of 
0.5 water-cement ratio and initially cured 365 days 
prior to drying is shown in Fig. 23. Here it may be 
noted that an expansion of approximately 0.1 per cent 
occurred during the first 365 days of initial curing. 
Subsequent exposure of this specimen to “D-drying” 
condition (0.5// water vapor pressure in a vacuum, 
CO2-free, atmosphere) gave rise to a progressive 
shrinkage of the specimen during a period of 8-1/2 
years of drying in this condition. This prolonged period 
for approach to equilibrium is not caused by drift of 
the measuring instrument because these changes in 
length were accompanied throughout this whole period 
by a corresponding, and constant, shrinkage-weight 
loss relationship. Furthermore, the times of drying 
are far too great to permit interpretation in terms of 
water release without corresponding changes in the 
solid phases. Thus, these data indicate that, under 
certain drying conditions at least, structural changes 
can occur within the cement paste over very extended 
periods of time.

This observation is of particular importance in 
connection with the interpretation of Fig. 21. In the 
tests shown in Fig. 21, it was found that those speci
mens receiving a preliminary curing of 90 or 365 days 
before drying at 0 per cent humidity required or were 
allowed significantly longer times to reach “equili
brium” than those cured 1, 7, or 28 days. It is of inter
est to examine the “terminal" shrinkages of the speci
mens at 0 per cent RH at a time that all of the speci
mens had been subjected to essentially equal durations 
of drying. Such information is shown in Fig. 24. 
Fig. 24 compares the average shrinkages to 0 per

VOLUME ORIGINAL WATER/VOLUME PASTE

ORIGINAL WATER/CEMENT RATIO

Fig. 24. Drying shrinkages of cement pastes at 0 percent RH 
is a function of porosity of the original pastes. Pastes dried 
approximately 2 months

cent RH of those specimens initially cured 1, 7, 28, 
90 or 365 days and having an original water-cement 
ratio of 0.3. 0.5 and 0.7. In Fig. 24 the data are pre
sented both on an original water-cement ratio basis 
and an initial volume of water per volume of paste 
basis. In addition to the aforementioned data there 
is also shown a point representing the shrinkage of a 
similar paste of 0.18 water-cement ratio cured only 
4.5 hours (set time). It may be seen that there is no 
consistent effect of duration of moist curing among the 
data and that the over-all shrinkage of a paste from 
100 per cent to 0 per cent RH is essentially a linear 
function of original water porosity of the paste rather 
than its degree of hydration.

The observation that the total shrinkage of paste 
between 100 and 0 per cent RH is essentially indep
endent of degree of hydration, at least for the type of 
specimen and drying used in this study, is paralleled 
by similar observations of the heat of adsorption of 
hydrated pastes (26). Fig. 25 shows that the total heat 
of adsorption from 0 per cent RH to saturation is 
essentially identical for two pastes hydrated to dif
ferent degrees as reflected by their different non- 
evaporable water contents (0.156 and 0.204 g/g ign. 
wt.). The heat of adsorption-water content relation
ships are observed to consist of two essentially linear 
segments similar to the previously observed shrin
kage-water content relationships. However, it is dif
ficult to believe that the observed segments theore-
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Fig. 25. Variation of heat of water adsorption of paste follows 
a pattern similar to that of drying shrinkage with water 
content

tically can be absolutely linear and that each incre
ment of water between 100 per cent and 30 per cent 
RH has an equal energy of binding because the adsorp
tion isotherm is continuous and not a step function. 
It would therefore appear that the energy increments 
that result in the different amounts of water that are 
adsorbed over this range in relative humidity are 
relatively small.

Carbonation Shrinkage

It has been long established that cement paste, 
mortar, or concrete is also susceptible to that shrin
kage caused by reaction with the CO2, even at the low 
concentration present in normal air. That this reac
tion is very dependent upon the relative humidity of 
the environment in which the exposure to carbon 
dioxide occurs, is shown in Fig. 26. This figure shows 
the shrinkages of mortar bars exposed first to CO2- 
free drying at relative humidities varying from 100 to 
0 per cent and subsequently to atmospheres main
tained at these same relative humidities but contain
ing carbon dioxide. The shrinkage due to carbon dio
xide is seen to be strongly dependent on humidity; 
although some carbonation did occur at 100 per cent 
RH, no shrinkage was found and at humidities below 
about 25 per cent no reaction or shrinkage resulted 
from exposure to CO2. A maximum shrinkage due to 
chemical reaction with CO2 was observed at approxi
mately 55 per cent RH. It can be observed that the 
shrinkage at 55 per cent RH due to carbonation was

Fig. 26. Contributions of drying and carbonation to total mortar 
shrinkages at various relative humidities

greater than that due to drying alone at this same 
humidity. Carbonation in cement paste, mortar, or 
concrete extends to a much greater depth than is 
ordinarily assumed on the basis of the phenolphtha
lein indicator color test, which essentially indicates 
the depth to which the degree of carbonation is al
most complete. It has been shown that the carbon 
dioxide can carbonate not only the calcium hydroxide 
liberated by the hydration reactions of the cement but 
can react with 85 per cent or perhaps more of all the 
solid components within the cement paste—the cal
cium hydroxide, the hydrated calcium silicates, the 
hydrated calcium aluminates, and the magnesium 
hydroxide. There has been some conjecture as to the 
mechanism of carbonation shrinkage, and it is believed 
that this matter can be now somewhat clarified.

In Fig. 27 is shown another typical drying shrink
age versus water loss relationship. The points repre
sented are all “equilibrium” values. After reaching 
equilibrium in air at the indicated relative humidities



Fig. 27. Drying shrinkages vs water removed relationship for 
paste specimens

the specimens then were exposed to air, at the same 
indicated humidity, but containing relatively low 
concentrations of CO2. Under these conditions, one 
mole of H2O is released for each mole of CO2 that 
reacts and from the gain in weight of a specimen, the 
loss in water that the specimen has sustained can be 
calculated. A typical shrinkage water loss due to 
carbonation relationship sustained by the same speci
mens of Fig. 27 is shown in Fig. 28 along with a dashed 
line representing the relationship for water loss due 
to drying alone, previously shown in Fig. 27. In Fig. 
28 it may be noted that the specimen maintained at 
85 per cent RH lost water due to reaction with CO2 
but that its shrinkage water loss relationship was iden
tical with the relationship that had been previously 
established in Fig. 27 where the water loss resulted 
from the reduction in relative humidity alone. Similar 
concordance was observed for the specimen main
tained at 55 per cent RH which lost water due to car
bonation and it can be seen in Fig. 28 that the speci
men! underwent the transition from segment 1 to 
segment 2 in a manner strikingly similar to that which 
would have been expected had the specimen been 
subjected to reductions in relative humidity in the 
absence of CO2. A portion of the relationship attained 
at 45 per cent RH is also indicated. The data shown in 
Fig. 28 are typical of those obtained during the car
bonation of other specimens of this group at different 

Fig. 28. Effect of subsequent carbonation on the specimens 
used for the data in Fig. 27 on shrinkage as water removed 
relationship

water-cement ratios and subjected to different prior 
curing periods. This information can only indicate 
that the shrinkage-water loss relationship of a cement 
paste is similar whether the water loss results from 
evaporation due to a reduction in relative humidity 
of the specimen or from displacement during reaction 
with CO2. It must be admitted at this state of our 
knowledge that the exact structural significance of 
these observations is not clearly interpretable. It is 
intended that these matters will be dealt with in much 
more quantitative detail in a subsequent paper dealing 
specifically with this subject.

As had been previously noted the discussion to this 
point has been limited essentially to the shrinkage 
properties of cement paste on first drying. The reac
tion of the cement paste on rewetting and the degree 
to which the length changes of the paste are reversible 
will now be considered.

Irreversibility and Stabilization by Drying

The experimental information presented in the 
following discussion of shrinkage of paste was ob
tained using thin paste slabs approximately 15 by 
80 millimeters and varying in thickness from 0.5 to 
3.0 millimeters in thickness (30). As previously dis
cussed the shrinkage of a moist-cured cement paste 
during its first drying is always greater than the swel
ling that occurs upon rewetting. However, if the ce- 



ment is completely hydrated and protected from car
bonation during drying at a relative humidity not 
below 11 per cent then the swelling and shrinkage 
cycles that occur on subsequent rewetting and drying 
are reversible. Typical results are shown in Fig. 29. 
This particular paste specimen that had received 8 
months of initial moist curing was subjected to 3 cycles 
of drying and rewetting at relative humidities between 
11 and 100 per cent. The specimen was held at each 
of the humidity exposures for periods of about 5 to 
8 weeks during which time the thin specimens closely 
approached equilibrium. The 3 cycles of rewetting 
and redrying following the first drying of the speci
men differed somewhat in detail, as can be ascertained 
from the data points, which are numbered in chrono
logical order. After the first drying to 11 per cent RH 
the data show good reproducibility within the range of 
11 to 100 per cent RH and it is considered that the 
paste was essentially stabilized by the first drying. The 
difference between the length of a saturated specimen 
prior to first drying and the length attained at 100% 
RH on subsequent cycles of drying and wetting is the 
irreversible shrinkage component, and is accompanied 
by a corresponding irreversible loss of water content.

The first drying shrinkage of a cement paste to 
equilibrium at intermediate humidity has been shown 
in Fig. 21 to depend upon the water-cement ratio of 
the paste and the degree of hydration of the cement. 
Not all investigators have observed the linear and 
segmented relationships such as are shown in Fig. 
21. The data in Fig. 21 was obtained in this instance 
by subjecting companion initially-saturated speci
mens directly to drying at the final humidity desired. 
In other studies a single specimen has been equili-

Fig. 29. Reversibility of volume changes of pastes with relative 
humidity after first drying

RELATIVE HUMIDITY-%

brated at progressively lower relative humidities and 
it is believed that the irreversible changes that deve
lop in a paste at each of the equilibrium levels could 
be the cause for the non-linearity of the relationships 
obtained. In other words, as the paste was moved 
progressively from “equilibrium” at a higher humidity 
to a lower humidity the inherent nature of the paste 
had been altered by its prior drying and hence the 
individual data points do not represent equivalent 
paste structures.

For paste dried to intermediate relative humidities, 
it has been observed that the irreversible component 
is strongly dependent upon the porosity of the paste 
whereas the reversible swelling-shrinking component 
that arises on subsequent cycling is independent of 
porosity. As an example, the results for portland ce
ment paste moist-cured for approximately 6 to 7 
months prior to drying at 46 per cent RH are shown 
in Fig. 30 (30). The lower line shows the first shrin
kage of these pastes, which had initial water-cement 
ratios between 0.40 and 0.60. It may be seen that this 
first shrinkage varied linearly with the “total porosity” 
of the paste. The swelling of the paste upon rewetting 
to 100 per cent RH is practically independent of poro
sity, as indicated by the fact that the irreversible shrin
kage line is essentially parallel to that for the first 
shrinkage. Drying to humidities lower than 47 per 
cent increases both the reversible shrinkage component 
and the irreversible shrinkage component of the paste. 
The first shrinkage of a saturated paste to 47 per cent

total "gel*and ‘capillary" porosity

Fig. 30. Dependence of reversible and irreversible components 
of drying shrinkage on paste porosity



RH is found to depend somewhat upon the length of 
time that the specimen was held at the intermediate 
relative humidities. If the thin slabs were dried at 84 
per cent RH for 5 weeks before drying at 47 per cent 
RH the effect was slight. However, if the pastes were 
dried in smaller steps at 92, 84, 75, 67 and 58 per cent 
RH, during a total of 31 weeks, before drying at 47 
per cent RH, the first shrinkage was reduced by about 
20 per cent below that by drying directly to 47 per 
cent RH.

The preceding results show that there can be a pro
nounced difference between the first drying shrinkage 
and the subsequent swelling and shrinkage behavior 
of a hydrated paste. The shrinkage-water content 
relationship during first drying and redrying appeared 
to depend significantly upon the length of time the 
specimen was held in the “dried” condition. Such 
information is shown in Fig. 31. These particular paste 
specimens were cured for 19 months, hence were 
essentially completely hydrated. Each of the 4 speci
mens was held at 47 per cent RH for different periods 
of time during first drying as indicated in Fig. 31. 
Very little irreversible shrinkage or irreversible water 
loss resulted from drying for only 0.1 days; the redry
ing curve agreed well with the first drying curve. Paste 
dried for 1 day or more showed considerable irrever
sible shrinkage and water loss. Although the loss of 
water during each redrying cycle is nearly as great as 
that during the first drying cycle, the swelling and 
redrying shrinkages are progressively reduced.

Progressive Changes and “Equilibrium” Values

In studies of the mechanism of shrinkage of paste 
it has often been presumed that the system itself does 
not undergo changes in structural properties between

SH
RI

NK
AG

E 
-

Fig. 31. Effect of drying at 47 percent RH for periods indicated 
on length recovery on resaturation and on shrinkage vs water 
loss relationship of second drying

one “equilibrium" state and another. However, the 
above results clearly show that hardened cement 
pastes are subject to progressive irreversible changes 
during drying.

From the foregoing it seems obvious that there are 
numerous factors influencing and obscuring any 
direct quantitative or thermodynamic analysis of 
shrinkage phenomena. However, it is believed that 
studies of the nature herein described, supplemented 
by studies of a much more exploratory nature, may 
develop concepts and techniques capable either of the 
reduction in the inherent shrinkage potential of cement 
paste, or an understanding of those factors that create 
irreversibility during the first drying shrinkage of paste, 
so that a stabilizing mechanism can be brought about 
during the normal hydration process of cement paste.

Thermal Properties

The thermal properties of hardened cement paste 
have considerable practical importance. Since concrete 
structures are subjected to temperature changes and 
gradients a knowledge of their potential behavior 
under such conditions may be needed.

It is necessary to consider the relationship of each 
of these properties to cement paste porosity (initial 
water-cement ratio and degree of hydration), to moi
sture content, and to temperature.

Temperature: Effect on Paste Volume

Of the various thermal properties to be discussed 
here, the dimensional changes accompanying varia
tions in temperature are the most complex.

Wet pastes. For an understanding of the effects of 
temperature on cement pastes hydrated under normal 
conditions and containing evaporable water, it is 
necessary to consider the effect of temperature on 
degree of saturation. The capacity of a paste for water, 
at a given vapor pressure, increases as the paste is 
cooled. This means that a paste not having access to 
water is effectively “dried” during cooling, and there
fore should shrink simply because of this desicca
tion.

In addition to such a change in overall degree of 
saturation, distribution of moisture within the paste 
may occur. This effect, found with nearly saturated 
pastes (31), is illustrated in Fig. 32. It can be seen here 
that during rapid cooling (under conditions where 
there is a negligible temperature lag) the initial con
traction coefficient is quite large, 29 x 10"6/degree 
C. When cooling was stopped, the specimen began 
expanding (called “thermal swelling”). The expansion



Fig. 32. Effect of redistribution of moisture on paste volume
- after rapid temperature changes

followed an exponential decay curve until finally 
attaininig constant length. Warming caused the pro
cess to be reversed, and faster rates of cooling or 
warming caused greater lags of the length changes. 
Obviously a contraction (or an expansion) thus depends 
upon rate of temperature variation, being much lower 
at slower rates or when calculated from the end points 
obtained at “equilibrium”. Note in Fig. 32 that the 
“equilibrium” thermal coefficient for this paste was 
13.7 X 10*6/degree C. If the specimen is immersed in 
water during the experiment, the moisture movement 
should be affected, and indeed additional swelling 
can occur after cooling (that is, less overall contrac
tion results).

Dry pastes. Hardened cement pastes that have been 
completely dried show no time-dependent cooling or 
heating effects (32). The volume changes that do 
accompany temperature variations are reversible, 
except, in certain instances, for the first heating. 
Thermal coefficients ranging from 10.5-12.4 x 
10~*/degree C have been obtained (32, 33). The higher 
value represents a more highly hydrated paste; i.e., 
less restraining unhydrated cement particles.

Autoclaved pastes. The thermal behavior of an 
autoclaved paste appears independent of moisture 
content and the thermal expansion coefficient is about 
that of a dry paste (34).

Temperature: Discussion of “Coefficient of 
Thermal Expansion”

“Coefficient of thermal expansion” cannot be uni

quely defined for a cement paste. The coefficient de
pends upon the moisture content of the paste and upon 
the rate of change of temperature. Three types of 
thermal coefficient have been usefully employed.

One coefficient, a;, can be termed the “instanta
neous” coefficient. It is used to measure a process too 
rapid to permit an appreciable redistribution of moi
sture within the specimen.

A different coefficient, a„, measures a process that 
is slow enough for continuous redistribution of 
moisture to occur but without change in total moi
sture content.

For a process in which equilibrium is maintained 
in a paste that is saturated and has access to water, 
a coefficient, asat, is used. Several measurements of 
this coefficient are shown in Table 3. The last item in 
Table 3 may represent data for the only fully hydrated 
paste that has been studied.

Since a value of 6.1 x 10-6/°C has been obtained 
(36) for a specimen that can be assumed to be clinker 
alone, the coefficient for the hydrated product appears 
to be about double that for unhydrated material.

Values of aw depend greatly upon humidity. They 
are much highest at intermediate relative humidities 
than at either water-saturation or at extreme dryness 
(32, 33, 34, 35). Typical results are shown in Fig. 33. 
Similar results were obtained with pastes of higher 
water-cement ratio, but these experiments showed that 
as hydration proceeds the maximum coefficient decre
ases while at the same time the values at the extremes 
remain unchanged (34, 35).

Partial drying of hardened cement pastes can cause 
the recovery effect (that is, the swelling and contrac-



•average of values for pastes made from 4 different portland cements.
baverage of values for pastes made from 12 different portland cements.

Table 3. Thermal expansion coefficients, 
water-saturated hardened cement pastes

w/c
Moist cure 

period
Temperature 
range (°C)

x 106 
(-0-1 Reference

0.22-0.40 14-17 years 21 to 49 9.6 ± 0.3" (34)
0.25-0.35 7-13 days -9 to 21 10.9 ± 1.8h (33)

0.26 197 days 20 to 60 10.0 ± 1 (35)
0.55 27 mos. Oto 25 11.6 ± 0.6 (31)

Table 4. Specific heat of cement paste 
calories per gram per degree C

Temperature 
°C

Water-cement ratio

0.25 0.60

21 0.265 0.380
34 0.277 0.408
43 0.303 0.455
54 0.340 0.505
65 0.400 0.580

tions at constant temperature) to disappear completely. 
This results in a large increase in a„, a value as high as 
25 X 10’6/°C has been obtained (31). This is nearly 
as high as the initial rates for rapid cooling shown in 
Fig. 32, and considerably higher than those of Fig. 
33. Approximately similar results have been reported 
elsewhere (35).

Thermal Conductivity

Measurements under carefully controlled conditions 
(37) suggest that paste porosity and temperature have 
little effect on the thermal conductivity of saturated 
pastes. The values obtained, 7.3-9.3 BTU/(hr) (sq ft) 
(°F/in), are, however, about twice that calculated for 
oven-dried pastes.

Specific Heat

The specific heat of hardened cement paste has 
apparently not been measured under conditions where 
all the variables were known or controlled. For ex
ample, data (38) published for a single cement at two 
water-cement ratios and at a number of temperatures, 
although the pastes were described as well hydrated, 
no information was given on the degree of saturation 
The values, shown in Table 4, indicate strong depen
dence upon porosity and temperature.

Fig. 34. Dependence of elastic moduli of paste on 
“capillary” porosity

Elastic Properties of Hardened Paste

We will now consider the elastic properties of 
hardened paste: Young’s modulus, shear modulus, 
and Poisson’s ratio, and the effects of porosity, tem
perature and drying on these properties.

Effect of Porosity

Elastic moduli have been determined for nearly 
fully hydrated portland cement pastes and tricalcium 
silicate pastes of various porosities (39). The Young’s 
modulus, E, was found to depend upon the capillary 
porosity, ec, according to:

E = Eg(l - sc)3 (1)

where Eg is Young’s modulus of the gel at “zero 
capillary porosity". A similar equation was found to 
hold for the shear modulus, G. Data for water-satu
rated portland cement pastes are shown in Fig. 34. It 
was also found that good conformance to Eq. (1) is 
obtained if the “total porosity” (“gel" and “capillary" 
porosity) is used as shown in Fig. 35 for the same set 
of results. The value of E when the “total porosity”



Fig. 35. Dependence of elastic moduli of paste on 
“total” porosity

Table 5. Elastic moduli for hardened pastes of 
zero porosity (by extrapolation)

Gel phases Solid phases

Material

Ea 
x 10-e 
(psi)

G.
1 X 10-6

(psi)

K, 
x IO-« 
(psi) V.

E,
X 10-6 
(psi)

G.
X 10-6 
(psi)

K,
X 10-6 
(psi) Vs

Tricalcium 
silicate 6.8 2.7 4.4 0.25 13.8 5.6 8.8 0.23

Portland 
cement 4.5 1.75 3.4 0.28 10.8 4.3 7.9 0.27

in the fresh paste fill with hydration products and the 
cement grains are progressively transformed into 
hydrated pseudomorphs. The moduli of all fresh 
pastes are zero, but during curing increase to values 
corresponding to the straight lines shown in Figs. 
34 and 35 for mature pastes. Pastes at an early age 
or incompletely hydrated pastes may be regarded as a 
two phase system consisting of unhydrated cement 
particles embedded in a matrix of hydration products; 
the moduli in these instances may be approximated 
from equations for the elastic moduli of heterogenesis 
systems (40).

Effect of Temperature

The elastic moduli of concrete decrease with increas
ing temperature (41) but the information available is 
not sufficient for quantitative detailed analysis. With 
mortars of 0.35 water-cement ratio, with a 50 per 
cent volume of cement paste, that were cured 2 
months in water at 20°C, it was found the dynamic 
Young’s moduli varied according to (42):

E(105 psi) = 5.11 - 0.016 T°C (2)

The effect of temperature on the Young’s moduli 
of neat pastes (0.35 water-cement ratio, cured at 
97°C) has been determined over the range 0-100°C 
(43). For one such paste the temperature coefficient 
was only 0.0045 X 106 psi/°C, about one-fourth that 
for the room temperature cured mortar specimens of 
Eq. (2). Perhaps the difference is related to the effect 
of curing temperature on the nature of the hydration 
products, such as the degree of hydration and uni
formity of hydration product as previously discussed 
in connection with the effect of temperature on stren
gth.

is zero, E„ represents the average Young’s modulus 
of the solid phases within the gel and the unhydrated 
cement particles. The bulk modulus, K, and Poisson’s 
ratio, v, were also calculated from the Young’s and 
shear moduli. The limiting values on both the zero 
“capillary” and “total porosity” basis of all of these 
quantities are given in Table 5 for pastes made from 
pure tricalcium silicate and a portland cement, cured, 
saturated, and measured at 25°C. The data for Eg, 
Gg, etc. are of greater accuracy than the corresponding 
values for E„ Gs, etc. because of the minimal extra
polation involved.

Effect of Curing

During curing, the originally water-fillled spaces 

Effect of Drying

Fig. 36 shows the effect of drying on the bulk moduli 
calculated from the resonance frequencies of thin 
slabs of hardened cement pastes. The wet (water- 
saturated) pastes have higher moduli than those dried 
to 47 to 7 per cent relative humidity. Also, rewetting 
causes a partial, but not complete, recovery. This 
result is taken to indicate that an irreversible change 
occurs in the structure of the paste during drying, 
in agreement with shrinkage and surface area measure
ments (30, 44).

Fig. 36 shows one other difference between water- 
saturated pastes and dried pastes. The data for the 
dried pastes fall on a straight line through the origin, 
just as found for the Young’s and shear moduli data. 
The line for the rewet specimens and the line for the



Fig. 36. Dependence of the bulk modulus of paste on capillary 
porosity at different moisture conditions

Table 6. Changes of poisson’s ratio with drying and rewetting

Moisture condition Poisson’s ratio

Saturated
Dried to 47% RH
Rewetted
Dried to 7 % RH

saturated pastes, however, show a finite intercept of 
about 0.2 x 106 psi, in approximate agreement with 
the bulk modulus of water, 0.3 x 10e psi.

Poisson’s Ratio

Drying of nearly fully hydrated paste decreases 
Poisson’s ratio (39) and the magnitude of the changes 
in the ratio appears to be independent of porosity of 
the paste within the precision of these measurements. 
Table 6 compares the average Poisson’s ratio of satu
rated pastes, and the effects of drying to 47 per cent 
RH, rewetting (vacuum saturation),' and redrying to 
7 per cent RH. The pastes ranged in capillary porosity 
from about 0.1 to 0.3. The results are similar to those 
for the bulk moduli in indicating that irreversible 
changes are caused by drying.

Compressibility of the Hydrates

The compressibilities of an unhydrated portland 

cement and of “D-dried” solids in hydrated cement 
pastes have been measured at pressures up to 10,000 
atmospheres (45). The compressibility of the unhy
drated cement was found to vary with pressure range, 
being (0.21 ± 0.01) and (0.12 ± 0.01) X 10-6/psi 
in pressure ranges of 0 to 4000 and 4000 to 10,000 
atmospheres respectively. Compressibilities of the 
dried solids in hardened pastes cured for periods 
ranging from 1 to 32 weeks varied considerably but no 
correlation with curing time or initial water-cement 
ratio (0.3 to 0.7) could be developed. The mean value 
for ten such pastes was (0.22 ± 0.03) x 10"6/psi. 
The mean value for compressibilities of the hydrates 
in these pastes (the paste compressibility corrected 
for the compression of the volume fraction of unhy
drated cement) is calculated as (0.24 ± 0.08) X 
10-6/psi. Since the compressibility of dried calcium 
hydroxide (46), (0.25 x 10"6/psi) is very close to the 
value for dried pastes, the compressibilities of calcium 
hydroxide and “tobermorite” gel in the hardened paste 
cannot be very different.

The compressibilities of dried hydrates that were 
determined by application of hydraulic pressure (a 
light petroleum distillate) to the sample are about 
twice as great as the compressibilities determined by 
direct physical compression, or conversely, the bulk 
modulus of elasticity obtained by direct compression 
is only about half as great as that obtained by the 
hydraulic pressure technique. This discrepancy may 
indicate that the petroleum distillate did not penetrate 
all of the “gel" pores in the hardened paste even at 
10,000 atmospheres pressure. Use of the (1 — ec)3 
relationship of Eq. (1) indicates that the lower bulk 
modulus corresponds to a porosity of about 24 per 
cent for the dried hydrates which agrees closely 
with the 26 per cent porosity generally assigned to the 
“gel" substance itself, Hence the discrepancies in 
compressibilities and bulk moduli can be explained 
if very little if any of the “gel” porosity was penetrated 
by the fluid during the compression measurements.

Inelastic Properties of Hardened Paste

Somewhat analogous to our knowledge concerning 
the shrinkage of pastes, the information available on 
the inelastic properties of pastes, mortars or concretes 
appears insufficient for quantitative description. 
The large number of papers on creep of concrete are 
somewhat conflicting and in many instances either the 
necessary details as to the exact nature of the material 
studied or an adequate description of the methods 
employed and precautions taken are lacking. However, 



the discussion to follow is believed to represent, at 
least semi-quantitatively, some of the factors involved.

Creep

When hardened cement pastes are subjected to 
externally applied loads both instantaneous and time
dependent deformations occur. The instantaneous 
portion may include both a truly elastic deformation 
and a “permanent set”. The time-dependent portions 
resulting from the applied stress is called “creep”. 
The creep of cement, mortar, and concrete is generally 
regarded to result mainly from the creep of the cement 
paste fraction. At moderate stress level (below 30 to 
40 per cent of the ultimate strength of the material) 
the creep deformation is proportional to the applied 
stress at equal times after loading (47, 48). The total 
creep deformation may be divided into two parts, one 
of which is reversible, and the other irreversible (49). 
Creep which occurs under constant humidity has 
been called “basic creep” (50). During drying while 
under load the total deformation is larger than can be 
accounted for by the drying shrinkage. The increase in 
the deformation may be called the “drying creep” 
(47).

A typical creep curve is shown in Fig. 37 (51). This 
curve shows compressive strain per unit stress (at 
3500 psi) of a cement paste cylinder of 0.30 water
cement ratio. The specimen, a thin-walled (2.5 mm) 
hollow cylinder, was tested in water to insure water
saturation throughout the test. Three separate creep 
zones were identified as shown in the figure. The test 
was continued for 1300 hours, and although constant 
length had not yet been reached, the total strain was 
more than twice the instantaneous strain.

Flexural deflections of small, sealed, hardened 
cement paste beams of 0.32 water-cement ratio have
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Fig. 37. Creep of thin-walled cement paste cylinder 
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been found to continue for about 500 days, attaining 
apparently constant values about four times as great 
as the instantaneous deflections (48).

Effect of Water-Cement Ratio and Curing on Creep

Although the creep of mortar and concrete can be 
approximately calculated from the volume fractions 
of cement gel and unhydrated cement in the cement 
paste fraction (41) (47) few detailed studies of this 
kind have been reported for cement pastes. The creep 
is known to increase with water-cement ratio and to 
decrease with curing time before loading. The effect 
of water-cement ratio on the creep is shown in Table 
7 for water-saturated portland cement pastes cured for 
29 days before loading (51).

Effect of Drying on Creep

If concrete or mortar is loaded at the same time that 
it is dried for the first time the total deformation can 
be several times as great as the sum of the shrinkage 
and the creep measured separately (52) (53). The effect 
is observed in shear as well as in compression and 
flexure (54). The effect was not observed during sub
sequent drying after rewetting (55). This fact indicates 
that the effect may be associated with an irreversible 
change of structure of the paste during first drying. 
To what extent this effect may depend upon reaction 
with atmospheric carbon dioxide is not known. How
ever, as already discussed, it is known that irreversible 
changes of the shrinkage behavior occur during the 
first drying in the absence of carbon dioxide (30). 
It therefore seems likely that the irreversibility seen 
in the creep during first drying is not totally depen
dent upon carbonation. The phenomenological 
similarities and certain theoretical considerations 
indicate that drying shrinkage and creep may have a 
common origin (56).

Creep is practically eliminated if the paste is oven 
dried at 110°C before loading and kept dry while 
under load. Upon rewetting the paste may again 
creep under stress, but at a lower rate than before 
drying (51).

Table 7. Effect of water-cement ratio on creep of 
water-saturated pastes

Duration
Load* of load Specific instantaneous Specific creep 
(psi) (hours) strum strain

0.47 x 10-a/psi 
0.41 x 10-6/psi 
0.30 x 10“6/psi 
0.26 x 10“6/psi

3370 800
4300 875
5825 875
6000 800

0.68
0.56
0.45
0.35

10-B/psi 
10-6/psi 
10~6/pSl 
10-6/psi

•Approximately 33 to 40 percent of compressive strength of specimens.



Effect of Temperature on Creep

Creep of moist mortars and concretes increases with 
temperature above 10°C, but shows irregular varia
tions with temperature near 0°C. Results (55) reported 
for measurements on sealed, moist cured mortars of 
59 per cent cement paste, 0.35 water-cement ratio, 
cured 6 months at 3 5 °C before loading in flexure are 
given in Fig. 38. Also shown are results obtained by in 
similar tests (57) of for moist concretes moist cured 
41 days before loading to compression. The relative 
creep, the ratio of the creep at each temperature to that 
at 20°C is given as a function of the temperature. The 
creep values were those determined after 24 days 
under load at about 30 per cent of the ultimate load. 
The agreement between the two sets of data is excel
lent. The relative creep for sealed, but not water- 
saturated, specimens of hardened portland cement 
paste beams of 0.32 water-cement ratio did not in
crease with temperature as much as indicated by the 
data of Fig. 38 (58). The higher creep at temperatures 
near 0°C is considered to be an artifact attributable to 
cyclic freeze-thaw action associated with the tempera
ture control. Much larger deflections are observed when 
the specimen is subjected to temperature variations 
while loaded than when loaded at any constant 
temperature within the range (57, 42).

Internal Friction

The mechanical processes of creep under static 
loads have relatively long relaxation times. In addi
tion, there are mechanical relaxation processes of much 
shorter duration which produce internal friction and 
damping when cement pastes are dynamically loaded. 
The “vibration damping” at very low frequencies may

Fig, 38. Variation of creep of sealed mortars with temperature

be a result of some of the same relaxation processes 
that control creep. Measurements of the logarithmic 
decrement, 5, at low frequencies show a marked in
crease in internal friction at frequencies below 2.5 
cycles per sec., Hz (59). Portland cement pastes of 
0.33 water-cement ratio, cured at 95 per cent RH 
for at least 2 weeks and dried in air until 2 months 
old showed a value of <5 of 0.026 above 2.5 Hz, but 5 
increased to 0.036 at 0.5 Hz, the lowest frequency 
employed. The results suggest even greater damping 
at lower frequencies.

At higher frequencies it is sometimes more con
venient to measure “tan <5” by measuring the width 
of a resonance peak, rather than the logarithmic 
decrement directly.

In a preliminary study of the temperature depen
dence of tan <5 of cement pastes results were reported 
(43) for values of tan 6 ranging from 0.005 for a par
tially dried cement paste cured at 27°C to peak values 
as high as 0.04 for water-saturated pastes that had 
been cured at 97°C (0.35 water-cement ratio). Five 
internal friction peaks were identified in the water- 
saturated pastes in the frequency range 500 to 3000 
Hz between —30 and 100°C. The temperature depen
dence pattern indicated one peak to be a relaxation 
process associated with the flow of water of nearly 
normal viscosity. In the one partly dried paste no 
internal friction peaks were observed, but the value of 
tan 5 was high enough to indicate the existence of 
relaxation processes differing widely in their relaxa
tion times.

Permeability to Water

Saturated Flow

The rate of flow of water through hardened cement 
pastes under the action of a hydraulic gradient, as 
given by D’Arcy’s law, depends upon the paste struc
ture and the viscosity of the fluid. The viscosity of the 
liquid phase may depend upon dissolved impurities, 
such as the alkalies present in most portland cements. 
Gradients in the concentration of dissolved alkalies 
may also cause “osmotic pressure” effects that cause 
apparent deviations from D’Arcy’s law. When such 
“osmotic” effects occur a plot of the observed flow 
rate versus the applied hydraulic pressure is linear, 
but an intercept on the pressure axis is observed. 
The intercept on the pressure axis may be taken as the 
“osmotic” pressure, and the slope of the relationship 
used to calculate the permeability coefficient (60).

The relationships between permeability and other 
properties, such as porosity and “specific surface



area” are not simple. In a freshly mixed cement paste 
“bleeding” or “settlement” is observed. From bleed
ing measurements the permeability coefficient of 
fresh pastes can be calculated (1, 61). The total water 
content of the paste can be considered to be capil
lary" space. Even after the paste has set, in the early 
stages of hydration, the originally water-filled spaces 
between the cement grains form a continuous system 
of capillaries; thus, the resistance afforded by the 
cement particles and hydration product is not great 
and the permeability remains high. As hydration pro
ceeds these capillaries are partially filled by the hydra
tion products, the permeability decreases, and, for well 
hydrated paste of intermediate water-cement ratio, 
becomes very low. ,

For sufficiently hydrated pastes the relationship 
between permeability and “total” porosity (gel and 
capillary porosity) was found to satisfy the following 
equation (62):

(3)

in which Kj is the permeability coefficient, r/(T) is 
the viscosity of water in poises at temperature T(°K), 
and e is the “total porosity”.

This equation has been previously applied to flow 
through both the “gel” and “capillary" pores, or the 
“total porosity”, of the paste. However, in keeping 
with the prior discussions, if the “gel” water is con
sidered to be part of the “solid” phase of the hydrated 
paste, and if the “total” porosity, s, is replaced by only 
the “capillary” porosity, ec, then the equation applies 
over the whole range, from fresh, bleeding and plastic 
pastes, to mature pastes as is shown in Fig. 39.

This figure obtained for pastes of C3S show accep
table conformance with Eq. (3) for fresh, bleeding 
pastes (61) and for hardened pastes after 4 to 242 days 
of hydration without any suggestion of major change 
in the permeated system, i.e., such as “continuous" 
versus “discontinuous” capillaries. It has been noted 
that pastes made of cements of normal fineness but 
at high water-cement ratio, 0.70 by wt., do not quan
titatively conform to Eq. (3) until relatively well 
hydrated. Specimens prepared without special pre
cautions at such water-cement ratios may contain 
“bleeding channels" that can produce misleadingly 
high experimental results.

Diffusion of Moisture in Unsaturated Pastes

Moisture may diffuse through an unsaturated paste

Fig. 39. The functional relationship between permeability and 
capillary porosity is linear over the porosity range from fresh 
pastes (bleeding) to essentially fully hydrated pastes (242 days 
moist cured)

because of concentration of dissolved material, humi
dity and temperature gradients. A general treatment 
for capillary porous systems, including both mass 
and heat transport, has been given (63). For isother
mal, uniaxial flow, mass transport is proportional to 
the concentration gradient. In hardened cement 
pastes the diffusion coefficient is found to increase 
with paste porosity, moisture content and tempera
ture, and to decrease with curing time (64, 65, 66, 67).

Most determinations of the water diffusion coeffici
ents are based on transient measurements of water 
contents during drying rather than steady state con
ditions. In many instances, the drying rate then is not 
controlled by diffusion through the material, because 
of retardation by slow drying at the surface of the 
specimen. Unless a particular effort is taken to main
tain humidity and temperature control at the speci
men’s surface the initial rate of drying will not be the 
diffusion controlled rate. When, in later stages of dry
ing the rate becomes diffusion controlled, there is 
a marked change in the rate. Values of the “diffusion 
coefficient” may then be calculated from the drying 
curves.

Data on diffusion coefficients shown in Fig. 40 
pertain to determinations on moist cured hardened 
cement pastes (67).
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Fig. 40. Moisture diffusion in paste varies with temperature

The results agree with values obtained by other 
investigations (66) at the higher temperatures.

The temperature dependence of the diffusion coef
ficients may be used to calculate the activation energy 
for moisture diffusion through the paste; 6.5 ± 3 
kcal/mole for 0.5 w/c and 7.5 ± 3 kcal/mole for 
0.28 wjc. These values were derived from pastes from 
which more than half the evaporable water had been 
removed. Lower values would be expected at higher 
water contents. '

Ionic Mobility and Electrokinetic Effects

The effects of “ionic mobility” and of “electrokinetic 
phenomena” in cement paste, although discussed only 
briefly in this paper, are believed to be of considerable 
importance in connection with various aspects of 
paste, mortar, and concrete properties. Because of 

their complexity these matters will be dealt with in 
necessary detail in a subsequent paper.

Ionic Mobility
The inherent mobility of the particular ionic species 

influences the relative ease with which they can be 
leached from paste and hence also presumably the 
relative ease with which they can penetrate the paste. 
For example, the hydrated lithium ion because of its 
relatively low ionic mobility (conductance) is leached 
less rapidly than the hydrated sodium ion which has 
an intermediate ionic mobility. The hydrated potas
sium ion, which has a mobility higher than sodium 
ion, is leached more rapidly.

There is also evidence that the relative ionic mobili
ties influence not only the distribution among ionic 
species during simultaneous leaching but also the 
overall rate of leaching of all ions. The addition of a 
lithium salt to cement containing soda and potash 
reduces the rate of leaching of all alkalies. Apparen
tly the ion of lowest mobility present has a significant 
effect on the total leaching rate of all alkalies.

In addition to their influence on movement of ions 
within the paste, the mobilities of the ions can have 
considerable effect upon certain chemical reactions. 
For example, it has been shown (68) that at essentially 
equal thermodynamic activities, the rate of attack of 
the alkali hydroxides on siliceous aggregates is direc
tly related to ionic mobility, i.e., lithium hydroxide is 
least aggressive, sodium hydroxide is moderately 
aggressive, and potassium hydroxide is the most 
aggressive. In other tests it has been shown that tetra
methyl ammonium hydroxide is less aggressive than 
lithium hydroxide and that the tetramethyl ammonium 
ion has a correspondingly lower mobility than lithium 
ion.

We have found that consideration of ionic mobili
ties also successfully explains the effects of various 
chemical inhibitors of the alkali aggregate reaction 
(69).

Electrokinetic Effects

Cement paste behaves as a reasonably efficient 
semi-permeable membrane as indicated by observa
tions of osmotic flow when differences exist in the 
thermodynamic activities of the water component of 
contact aqueous solutions.

In addition, cement paste appears to be a perm
selective, electronegative membrane and show phe
nomena associated with this type of membrane. 
Streaming potentials or electroosmosis results when 



an electrolyte is forced through the paste or an elec
trical potential gradient applied. Also, since the paste 
membrane shows greater transference for cations, 
“anamalous osmosis” develops if gradients in activity 

of cations exist. A suitable description of the pheno
mena and the experimental results obtained are be
yond the scope of this paper.
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Written Discussion

Sidney Diamond

Synopsis

New data on mercury intrusion into portland cement pastes are presented, and are 
interpreted as indicating a continuous distribution of pore sizes from an upper limit of the 
order of 0.1 to 1 microns, depending on water-cement ratio and maturity. Attention is 
drawn to the potential utility of the scanning electron microscope in elucidating the details 
of portland cement paste microstructure.

The microstructure of so complex a material as 
portland cement paste is far from perfectly under
stood, despite the very extensive assemblage of 
evidence of various kinds presented by Verbeck 
and Helmuth. The present discussion is aimed at 
adding several additional items of evidence in the 
specific areas of pore size distribution and of electron 
optical observation of microstructure.

Mercury Porosimetry of Cement Pastes

The pore size distributions of a number of cement 
pastes of various water-cement ratios and degrees 
of maturity have been examined by D. N. Winslow 
in the writer’s laboratory, using slightly-modified 
commercial mercury intrusion equipment capable 
of intruding cylindrical pores down to an effective



diameter of slightly greater than 100 Ä. These pastes 
were mixed under vacuum and hydrated in sealed 
containers for 24 hours, stripped and hydrated under 
lime-water for their remaining hydration period, 
then oven-dried. Representative pore size distribution 
curves are shown in Fig. 1 for young (3-day) and 
mature (320-day) pastes of 0.4 and 0.6 initial water
cement ratios. A wetting angle of 130° has been 
assumed.

In contrast to the curves discussed by Verbeck 
and Helmuth, these results are presented as cumu
lative distribution curves rather than as differential 
distribution curves. In point of fact the mercury 
intrusion data are obtained in precisely this fashion, 
that is, in terms of cumulative intrusion following 
stepwise increments of increasing pressure. For 
many interpretive purposes, especially those involving 
estimation of relative volumes of pore space existing 
between arbitrary size bounds, this form of presen
tation was found to be much more satisfactory than 
the differential functions.

Examination of the data suggests the following:
1. Cement pastes prepared in this manner show 

only a negligible content of “large” pores that 
is, those larger than one micron in diameter.

2. In each of the curves there is a pronounced 
inflection point at a pressure corresponding 

to that required to intrude pores of a size range 
somewhere between 1 micron and 0.1 micron, 
depending on water-cement ratio and degree 
of maturity.

3. For pressures higher than that corresponding 
to the inflection point, an increase in pressure 
always brings about a significant increase in 
mercury intrusion; i.e. from this point down 
the cumulative pore size distribution curve 
shows a continuous distribution of sizes down 
to pores (or interstices) corresponding to the 
limit of pressuring capacity of the instrument. 
There are no gaps corresponding to size regions 
where pores capable of being penetrated by 
mercury are lacking.

The curves obtained generally resemble those 
of Edelman, Sominskii and Kopchikova (1), for 
comparable water cement ratios and ages, but 
differ from them in that the latter show significant 
contents of pores larger than 1 micron. The difference 
is apparently due to the mode of hydration, the 
samples of Edelman et al. being hydrated at atmos
pheric humidity rather than under water. Presumably 
water was lost from some large capillary spaces early 
in the hydration process and these pores remained 
incompletely filled with hydration product even 
after prolonged periods.

Fig. 1. Pore size distribution curves for cement pastes



It is entirely possible to plot such data in differen
tial form and draw inferences about the number 
and extent of “modes" of pore sizes that seem to 
be present. It seems more to the point to the writer 
to emphasize the fact for sizes below the order of 
a significant fraction of a micron and above about 
100 Ä. a continuous distribution of pore sizes is 
indicated by mercury intrusion.

In all cases the volume of “space” potentially 
available in the paste (in terms of volume formerly 
occupied by water lost on drying) is substantially 
greater than the volume of mercury intruded. Thus 
the evidence cited here does not preclude the possi
bility of a significant gap in the pore size distribution 
between the roughly 100 Ä lower limit explored and 
some hypothetical upper limit of a special category 
of “gel” pores, with the remaining volume of porosity 
concentrated in some narrow “gel" size range. How
ever, the evidence of the nitrogen pore size distribu
tion curves cited by Verbeck and Helmuth suggest 
that this is not the case; rather, that the continu
ous distribution of pore sizes also seems to exist 
between 100 Ä (or more) and the lower limit of pore 
sizes. The significance of the apparent continuity 
in the cumulative pore size distribution curve is 
debatable. The writer, however, is led to the sup
position that the distinction between “gel” pores 
and ordinary pores in cement paste may be largely 
conventional. '

Application of Scanning Electron Microscopy

Another aspect of the microstructure of cement 
paste that is of current concern in a number of labo
ratories involves the application of the scanning 
electron microscope to the problem of delineating 
the significant details of the morphology and topo
graphic arrangement of the particles and of the pore 
spaces between them. This instrument has several 
significant advantages over transmission electron 
microscopy for this purpose. In particular, one can 
examine a fracture surface directly, without the neces
sity of preparing replicas. Not only is the possibility 
of replication artifacts or imperfect reproduction 
of the surface avoided, but the entire surface of a 
relatively large sample may be scanned systemati
cally and quickly; hence, much greater assurance 
is forthcoming that the small areas photographed 
are representative of the entire sample. The depth of 
field is extremely great, and the curved path taken by 
the secondary electrons which form the image permit 
visualization of details of microstructure within 
cavities and interstices between particles.

Fig. 2. Scanning electron micrographs of cement pastes showing 
extremes of'variation in localiy-dominant particle morphology

Details of the theory and practical aspects of image 
formation and interpretation have been authori
tatively reviewed (2) and the proceedings of a re
cent conference (3) illustrated the wide range of 
applications possible. |a direct comparison of the 
utility of scanning electron microscopy relative to 
that of examination of replicas of fracture surfaces



(A) (B)

(C) (D)

Fig. 3. Scanning electron micrographs of a portion of the 
fracture surface of dried cement paste taken at progressively 
increasing magnification

by transmission electron microscopy has recently 
been carried out (4) and examinations of the surface 
topography of ceramics and other materials related 
to cement paste have been published (5,6).

A preliminary examination of the three-dimensional 
arrangement of hydration products in set cement 
paste was reported by Chatterji and Jeffery (7) and in 
a subsequent paper (8) the same authors proposed 
a hypothesis of strength development based in part 
on their scanning electron microscope observations. 
In interpreting their observations of portland cement 

paste, these authors place major emphasis on their 
observation that the large elongated particles of 
ettringite and in particular the smaller needle-shaped 
particles of calcium silicate hydrate form an entan
gled mass in three dimensions.

Some very preliminary observations by the present 
writer illustrate that the cement paste morphology 
problem is much more intricate than this. In addi
tion to areas where only entangled elongated particles 
are visible (Fig. 2A) we have observed areas com
prising only more or less equant “gel bodies” (Fig. 



2B) and areas where both particle morphologies 
occur in locally uniform mixtures.

Some indication of the potential of this instrument 
in delineating topographic relationships in cement 
pastes may be seen in Fig. 3 which represents several 
steps in a series of plates taken at the same spot on a 
fracture surface of a dried cement paste at progres
sively increasing magnifications. The sizes indicated 
are approximate; the ellipse indicates that the mag
nification indicated for the vertical direction is less 
than that indicated for the “horizontal” direction 
because of the tilt of the sample holder. The relation 
of Fig. 3B to Fig. 3A is obvious. Fig. 3C may be 
related to Fig. 3B by reference to the curved crack 
in the upper left hand portion which in Fig. 3B is 
found near the center of the figure. The advantage 
of the very large depth of field of the scanning micro
scope is apparent. Further, the complexity of the 
topographical features would seem to make success
ful replication of areas like this exceedingly difficult. 
Fig. 3D resolves individual particles sticking out of 
the ground mass. This figure illustrates one of the 
difficulties of scanning microscopy for viewing very 

small particles emerging from a base elevation; the 
excessive brightness observed in such cases is one 
of the characteristics of secondary emission and 
tends to obscure fine details of structure. This feature, 
and the limited present resolution of the scanning 
electron microscope (150-200 A) makes it somewhat 
less satisfactory than the transmission microscope 
for viewing details of the finest ultimate particles 
of cement pastes, but its potential utility in elucidating 
details of microstructure on higher levels of organiza
tion appears to be very promising.
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Written Discussion

Rolf F. Feldman and Peter J. Sereda

It is appreciated that the authors faced a formidable 
task in writing on the broad subject of the structure 
and physical properties of cement pastes, and in this 
regard they are to be complimented. It must be noted, 

however, that the authors omitted an appreciable 
body of published information (1, 6, 8, 9, 10, 11, 16) 
and, having accepted a new concept for the “state” 
of the water in cement gel, did not attempt to reas



sess the significance of this on much of the previously 
published information.

It is readily accepted and the authors adequately 
support the idea that in hydrated cement paste the 
physical and mechanical properties are intimately 
dependent and profoundly affected by the “adsorbed" 
water. This being the case, it has long been recognized 
that one of the key questions in the understanding of 
this system was the “state” of the water. In this regard 
two schools of thought have existed: one proposing 
that the “gel” water was physically adsorbed, and the 
other that at least part of this water was interlayer. 
The existence of these two divergent ideas in this field 
of science has not been documented by the authors.

The importance of these concepts pertaining to 
the state of the water cannot be overemphasized be
cause they served as the basis for a model to explain 
the physical and mechanical properties. Most of the 
literature deals with these properties of hydrated 
cement on the basis that the “gel” water was physically 
adsorbed. The proposal that part of the “gel” water 
was interlayer water was first made by Kalousek and 
substantiated by extensive research at the Division of 
Building Research of the National Research Council 
of Canada.

It is gratifying to note that the authors of the princi
pal paper under discussion are now supporting the 
idea that much of the “gel" water is interlayer based 
on the results from nuclear magnetic resonance (N. 
M. R.) measurements by Seligmann. The authors, 
however, have not discussed the profound implication 
of this fact on the understanding of the whole nature 
of hydrated portland cement and its properties. 
A reassessment of much previous work is certainly 
necessary. The work at the Division of Building Re
search of the National Research Council of Canada, 
dating from 1963, makes available a body of infor
mation and discussion on this vital question, culminat
ing in a proposal of a new model for hydrated port
land cement. The publications containing the results 
of these studies have not been cited as references by 
the authors of this principal paper, although we realize 
that they may not have had access to our most recent 
papers (12,14,17). This discussion, therefore, attempts 
to summarize the information that has been omitted 
from the paper under review.

We fully recognized the complex nature of cement 
paste and the simplified model proposed is merely 
another step in the development of the understanding 
of this system. Much has yet to be done to provide full 
understanding.

The development of the present model of hydrated 
portland cement has been largely based on surface 

chemical considerations; this involved the establish
ment of criteria to distinguish between chemically- 
combined and physically adsorbed water. The deter
mination of the stoichiometry of the tobermorite gel, 
its water surface area, and its porosity were based on 
the above criteria.

Water adsorption experiments have been used to 
measure the porosity and surface area of hydrated 
portland cement; results of the latter have yielded 
values in excess of 200 m2/g. This value was of great 
importance and was used to estimate the number of 
layers in the tobermorite gel “crystallites”; it also 
provided the basis for calculating other physical 
parameters.

Kalousek (1) observed that the surface area using 
N2 as adsorbate yielded very low values compared 
with those of water; the N2 value was shown by Mik
hail et al (2) to decrease with the water-to-cement 
ratio to values below 30m2/g, and, as reported by 
the authors, by Kantro to values below 1 m2/g. 
Similar results were obtained when organic vapours 
such as CH3 • OH were used as adsorbates (3).

The determination of surface area by adsorption 
of N2, together with a calculation based on the B. E. T. 
equation, has become a standard method in the realm 
of surface chemistry. Carbons with very high surface 
areas and very small pores have yielded nitrogen sur
face areas that approach 1000 m2/g. Yet in the case 
of hydrated portland cement, the “water area” has 
been the one generally held “true and valid.” It was 
considered that the N2 molecule could not enter small 
pores and be adsorbed on the whole surface because of 
its large size (2). The diameters of the water, nitrogen, 
and methanol molecules are approximately 3.25, 
4.05 and 4.4 Ä respectively; it seems difficult to accept 
the situation where over 90 per cent of the area is 
excluded to N2 because of the small difference in 
diameters. If the holes were part of the cyrstal struc
ture as in certain “molecular sieves” that are cage
like molecules with small entrances, it would be 
realistic, but hydrated cement is not of this nature.

Several years ago, in the laboratories of the Divi
sion of Building Research of the National Research 
Council of Canada, it was decided to undertake a 
careful study of the water-hydrated portland cement 
sorption system. This study included measurement of 
both length change and weight change with changing 
relative humidity. The measurements were done 
simultaneously in carefully controlled conditions and 
in a high-vacuum apparatus. We believe, therefore, 
that we are correct in stating that the Division of 
Building Research of the NRC of Canada was the first 
laboratory to carry out this type of study on hydrated 



portland cement.
In light of this, it is indeed surprising that the 

authors of this principal paper state, . in most 
of the investigations of this matter during the past 
several decades, pertinent details regarding either the 
nature of the materials used, or the environment to 
which the specimens were actually exposed, have been 
omitted from the published reports, Therefore, the 
present authors will draw largely upon their own 
studies that are believed to have taken into conside
ration at least most of the important factors.” This 
would seem to confine unduly the scope of the dis
cussion presented in this principal paper.

Before these experiments could be started, it was 
necessary to understand the adsorption and length
change process. The project began, therefore, with 
studies of the adsorption of water on materials less 
complicated than hydrated portland cement, but 
related to it in some way. These materials included an 
alumino-silicate (molecular sieves), calcium sulphate 
hemihydrate, precipitated calcium carbonate, finely 
divided silica, porous glass and calcium hydroxide. A 
series of papers were published on this work (4 to 8).

The results of the early experiments on bottle- 
hydrated cement showed that it was possible to detect 
characteristic differences in the type of water that was 
being removed on drying (9). These characteristics 
provided the base for a hypothesis on the expansion 
and contraction of hydrated portland cement on 
sorption and desorption of water (10, 11). It must be 
emphasized that this hypothesis did not relate to the 
phenomena that operate during first drying. The hy
pothesis emphasized the role of the Gibbs and Bang
ham equations in the intermediate pressure regions 

and it was concluded that the expansion on sorption 
was initiated by the decrease in surface energy of the 
solid. It was not necessary to introduce the concept 
that individual crystallites could move back and forth 
with respect to each other. As will be shown later, 
other evidence also disproves this concept.

From the length change and weight change charac
teristics and the sorption isotherm (10, 11) it was 
recognized that the exit and entry of the interlayer 
water between the sheets of the tobermorite gel played 
an important role in expansion and contraction. At 
this stage no real quantitative estimate could be made 
as we have now been able to do.

The effect of interlayer water rehydration on water 
sorption properties may be easily illustrated. First, 
however, a brief discussion of some cases of sorption 
hysteresis will clarify the point.

Fig. 1 illustrates three forms of hysteresis that 
have been observed on various materials. A loop of 
type I is formed over a limited range of pressures and 
is generally considered to be associated with the for
mation of a meniscus. Scanning of the loop may be 
performed by desorbing after reaching X on the 
ascending boundary curve; thus, one reaches Y on 
the descending curve and may return to X by readsorp
tion. Type II hysteresis, where the loop extends over 
the whole pressure range, has been observed for water 
on cellulose or protein fibres and also for polar adsorb
ates on montmorillonite. In type III, which combines 
the characteristics of the other types, the ascending and 
descending branches only join at very low or zero 
pressure. The dotted lines show the pattern followed if 
adsorption recommences at X. Type III loops are 
found with some graphites, clay minerals and, as has 



been shown (10), with hydrated portland cement.
This low-pressure hysteresis phenomenon is usually 

attributed to irreversible intercalation of adsorbate 
within the structure of the solid. Quite often the solids 
have a layer structure and a change in the spacing 
of these layers has been observed. Unfortunately, 
because of the nature of the tobermorite gel with 
regard to the c axis, it has not been possible to con
firm the interlamellar penetration by X-ray methods. 
It is clear, however, that somewhere along the ascend
ing branch of the isotherm water is sorbed irreversibly. 
This would affect the over-all mechanism for the 
sorption-expansion phenomena, and the use of the 
ascending curve for B. E. T. calculations if interlayer 
water re-enters in the 0 to 35 per cent relative humidity 
range.

The importance of these results was realized at an 
early stage in our laboratories. Both the classification 
and role of the various forms of water became a prime 
objective of our activities; it was suspected that the 
entry of interlayer water might affect many mechan
ical properties. The effect of physically-adsorbed 
water on the bond between crystallites (and the nature 
of this bond) was also considered to be of critical 
importance. As a result, further work in our labora
tories was planned to re-examine some areas in greater 
detail and to extend it in other areas.

Experiments at DBR/NRC can be divided into two 
categories:

i) measurement of the variation of adsorbed water, 
length, Young’s modulus, flexural strength, and 
microhardness with relative humidity;

ii) measurement of the variation of Young’s mo
dulus, flexural strength, microhardness at constant 
conditions of relative humidity as a function of poros
ity, and method of fabrication.

The methods of fabrication involved were as follows:
(a) compaction of hydrated portland cement 

powder at different pressures to form rigid 
bodies of different porosity;

(b) cast samples at different water-cement ratios;
(c) recompacted cast samples to lower effective 

porosites than (b) above.
All these samples were made with small dimensions 

(=30 mm diameter and 1 mm thick) to avoid stresses 
due to moisture gradients and to facilitate equili
brium.

These experiments were also performed on porous 
glass and some other materials of which more is known 
with regard to their properties and behaviour. The 
results from these were used to aid interpretation.

A discussion follows of the results of the various 
experiments.

Length and Sorption Isotherms and Scanning Loops

Some of this work has been presented in paper No. 
111-23 (12) of this Symposium and only those conclu
sions that contribute to this discussion will be restated. 
We would like to draw attention to Fig. 1 to 4 of the 
above paper. It was concluded that interlayer water 
was entering simultaneously as adsorption occurs up 
the isotherm.

From the scanning loops and from some assump
tions that later provided to be justified, we were 
able to separate quantitatively the interlayer and 
physically adsorbed water and construct isotherms for 
both [Fig. 5 and 6 of paper No. III-23 (12)]. From these 
calculations we were able to make the following 
conclusions that completely supported this approach.

1. Surface areas from N2 and H2O adsorption are 
very similar.

2. The total interlayer water found by calculation 
from the scanning isotherms was equal to the differ
ence between the total water sorbed and the total 
nitrogen or methanol sorbed for many samples. 
This had previously been ascribed to small pores that 
prevented nitrogen but not water from entering.

3. A plot of length change versus weight change for 
the reversible isotherms produced a linear plot up to 
a relative humidity of about 45 per cent. This type of 
linear plot has been observed for water adsorption 
on many relatively inert materials.

4. A plot of length change versus the surface-free 
energy change was constructed, using the Gibbs and 
Bangham equations:

f p
AL/L cc AF = RT/<t ndpjp

J o

where AL/L is the length change, AF is the surface- 
free energy change, a is the surface area (cm2/g), 
n is the number of moles adsorbed per unit weight of 
material. This plot produced a straight line through 
zero, and thus the equations were obeyed (see Fig. 5, 
paper No. III-23).

5. From these calculations, Young’s modulus for 
the solid material was calculated to be 4.35 X 106 
lb/in2. Helmuth and Turk (13) extrapolated from 
porosity E plots to get E of “gel phase” as 4.5 and of 
the “solid phase” as 10.8 lb/in2. This latter value was 
similar to the extrapolation of Soroka and Sereda 
(14) (paper No. III-34 of this Symposium). Both these 
values suffer from including as porosity the interlayer 
water removed during “(/-drying”. Considering the 
assumptions, the value found for the modulus of the 
solid phases is very good and is considered as further 
evidence of the validity of this approach.



6. Further calculations from the scanning isotherms 
showed that less than 20 per cent of the total expan
sion along the isotherm was due to physically adsorb
ed water. On the desorption branch of the curve at 
29 per cent R. H. only 15 per cent of the evaporable 
water is physically adsorbed.

This is consistent qualitatively with recent N. M. R. 
work (15) which suggests that no physically adsorbed 
water is present at 70 per cent R. H. and that the water 
is similar to the interlayer water in montmorillonite. 
It is difficult to agree with the authors’ statement 
however, that no physically adsorbed water is present 
since nitrogen adsorption measurements do show a 
fairly significant surface area even at a water-to- 
cement ratio of 0.25.

Sorption and the Variation of Young’s Modulus

In measuring Young’s modulus as a function of 
relative humidity two types of responses have been 
observed for surface active materials:

(a) no change for rigid porous bodies (this has been 
observed with porous glass);

(b) a continuous decrease (this has been observed 
largely with cellulosic materials (see Fig. 2).

Hydrated portland cement gave results which partly 
conformed with the first type but in addition presented

Fig. 2. Effect of various gases on Young’s modulus of acetate 
silk; 1-methyl alcohol, 2-ethyl alcohol, 3-butyl alcohol 4- 
acetone, 5-water ’

certain features which at first we could not explain. 
These results were published in 1966 (16) and at that 
time were explained generally by interlayer dehydra
tion and rehydration. Fig. 3 is a representative sketch 
of some of the results.

As is shown, there was very little change in Young’s 
modulus from 100 per cent R. H. to low humidites 
on drying and then on “tZ-drying” a large decrease in 
E. On sorption an increase in E took place just above 
50 per cent R. H.

In the irreversible isotherms presented as Fig. 6 
of paper No. III-23, for AL/L and AW/W versus 
relative humidity, it will be noted that there is a simi
larity between them and the E versus relative humidity 
plot. The hysteresis and effects beyond 50 per cent 
R. H. are the same, and the AL/L versus AW/W plot 
shows a sharp break just above 50 per cent R. H.

We were able to incorporate these results in a simple 
model which can explain most of the properties de
scribed. This model has already been described (17) 
and is referred to briefly in paper No. 111-23.

The main points are that interlayer water re-enters 
between the layers from the outer edges, causing 
expansion by some opening of the layers (see Fig. 7 
in paper No. III-23); the water acts as webs or cross
links ; there will be no real increase in E until the middle 
starts to fill, similar to sandwich-type construction; 
when this filling takes place, E goes up markedly. The 
length-to-weight change results indicate a rapid in
crease of interlayer water with a not so great length 
change beyond 50 per cent R. H. The model shows that 
most of the expansion has already taken place from the 
edges. Emptying now starts from the edges but only 
at low pressures; this explains the hysteresis shown in 
these plots. “E” does not decrease until the water has 
left the middle of the layers, and this occurs only at

Fig. 3. Modulus of elasticity as a function of relative humidity



very low vapour pressures. In addition, since desorp
tion starts from the edges when the middle is still full, 
the AL/L versus AW/W characteristics will be changed 
and a hysteresis must be expected in this plot also.

We must emphasize that this model is simplified and 
much work remains to be done to confirm it. The role 
of the hydrate water from the aluminates and sulpho
aluminates will have to be taken into account.

Flexural Strength and Microhardness as a 
Function of Relative Humidity

On Fig. 4 is shown, relative to 0 relative humidity, 
the variation of strength or microhardness of porous 
silica glass, hydrated portland cement paste, and 
fused quartz. It will be noted that there is a great 
similarity. The results for hydrated portland cement 
were published in 1966 (16). In contrast, results for 
cellulosic products show a linear decrease with the 
amount sorbed, similar to Fig. 2 which shows results 
for the variation of E with amount sorbed.

These results are important; the decrease in flexural 
strength of cellulosic materials has been shown (8) 
to be due to the attenuation of hydrogen bonds be
tween fibres by adsorbed water. These hydrogen bonds 
hold individual fibres together. A previous model for 
swelling of hydrated portland cement which visualizes 
a separation of individual crystallite units (18) is 
similar to the model for cellulosic materials and would 
require similar “E” and flexural strength variations with 
change in R. H. As this is not borne out, because of 
this and other evidence the old model for swelling and 
shrinking must be discarded.

The similarity in behaviour of hydrated cement and 

glass can be fully explained (8). Strained -Si-O-Si- 
i I 

bonds at the apex of cracks yield at lower stresses in 
the presence of water vapour; this results in the forma
tion of (-OH) groups. This process is regarded as a 
form of stress corrosion. Thus the change in flexural 
strength is due to the change in environment rather 
than a change in structure of the material.

The experiments under category ii) variation of 
mechanical properties as a function of porosity and 
method of fabrication, will now be discussed.

Interrelation of Hardness, Modulus 
of Elasticity and Porosity in Various 

Gypsum Systems

Generally, for otherwise identical conditions, me
chanical properties such as strength and modulus 
of elasticity are related to porosity. The relation usually 
takes the form of an exponential expression

S = Soe'tlP or E = E0e"62i’

where S and E are the strength and modulus of elasti
city of the specimen respectively, So and Eo are these 
parameters at zero porosity; and p is the porosity (8). 
This type of equation was found to hold for various 
gypsum systems (19).

Study of the gypsum systems which are distinctly 
crystalline and in which intergrowth of crystals during 
hydration is a possibility was considered useful for 
comparison with the cement systems.

Results may be summarized by Figs. 5 and 6 where 
“E” and hardness versus porosity are plotted for the 
several systems.

1. Hardness and modulus of elasticity are related 
to porosity. This relation can be described by the

Fig. 4. Effect of humidity on microhardness and strength Fig. 5. Modulus of elasticity vs porosity for the gypsum systems
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Fig. 6. Hardness vs porosity for the gypsum systems

exponential expression already discussed.
2. Intergrowth and interlocking of crystals formed 

during hydration significantly affect mechanical 
properties. Depending on the porosity, hardness values 
were as much as four times higher and modulus of 
elasticity up to ten times higher than corresponding 
values in otherwise identical systems in which crystal 
intergrowth is not very likely to occur. These latter 
systems were type V (Figs. 5 and 6), which had been 
prepared by compaction of bottle-hydrated plaster, 
and type II, which was in situ hydrated and recompact
ed.

Variation of Microhardness, Strength 
and Modulus of Elasticity of Hydrated 

Portland Cement

A detailed study of the above is presented to this 
Symposium (paper No. 111-34); this study was insti
gated, however, by results obtained some time ago 
and published in 1966 (16). These results showed 
the then surprising fact that bottle-hydrated cement 
compacts showed almost identical porosity vs flexural 
strength and porosity vs E characteristics.

The results presented in paper No. III-34 to this 
Symposium have expanded this work and the following 
conclusions could be made:

1. The results for both hardness and modulus of 
elasticity could be plotted according to the following 
equations:

E = Eoe"i”,’ 
H = Hoe-^

- 2. The values for the modulus of the compacts of 

bottle-hydrated cement fit very closely to those of the 
paste and compacted paste when plotted against 
porosity (Fig. 2, paper No. III-34).

3. The results of micro-hardness versus porosity 
lead to the same conclusions as the result for modulus 
(Fig. 3, paper No. III-34).

These results enabled the conclusion to be made that 
pressure produced either by compaction or hydration 
would yield the same type of solid-solid bonds be
tween crystallites. This is, of course, in sharp contrast 
to the effect observed from the gypsum systems studied. 
In the gypsum system, the intergrowth of crystals seems 
to occur during hydration and forms “chemical” 
bonds which produce greater strength than do the 
bonds formed during compaction. Similarly, some 
recent work involving compacts of Ca(OH)2 during 
ageing (20) and during carbonation (21) shows how 
these interparticle bonds can be increased because of 
recrystallization of the material or because of new 
products formed as the result of the reaction.

The further contrasting results between the gypsum 
systems and the hydrated cement system produces 
convincing evidence for the nature of the interparti
cle bond in hydrated cement. The experiments where 
hydrated cement paste was compacted to lower poros
ities involving a reduction of porosity varying from as 
little as 5 per cent to as much as 45 per cent showed 
that in all cases the modulus values fitted the same 
relation as for the hydrated paste samples. If a “chemi
cal" bond were to be formed during hydration, such 
a bond would be broken during subsequent compac
tion and would not be remade, resulting in a lower 
modulus for compacted paste. This was not the case, 
which is evidence of the absence of “chemical" bonds 
and leads to the conclusion (mentioned previously) 
that the interparticle bonds are solid-to-solid which 
are responsible for the stable structure of cement 
paste after first drying. These bonds appear to be of 
such a nature that they can be broken and remade 
without suffering permanent decrease in modulus.

Before discussing some of the features of the inter
particle bonds in hydrated cement, perhaps a more 
general discussion of interparticle bonds may be 
made by way of definition.

It is recognized that the terms “chemical” or “pri
mary" and “secondary” bonds have been used in 
describing the structure of hydrated cement systems 
without a strict definition of their meaning. This has 
led to considerable midunderstanding. It is believed 
that what was meant by the “chemical" bond between 
the particles was a solid-to-solid contact similar to 
that of a grain boundary in a polycrystalline material 
where some atoms approach the spacing and arrange- 



ment in the crystal. Such “chemical" bonds could be 
formed during a crystallization process accompany
ing a chemical reaction where the mobility of atoms 
allows for a regular arrangement resulting in an inter
growth of crystals. It follows that these bonds would 
be stong and when broken would not be remade in 
normal circumstances.

It is believed that the term “secondary” bonds as 
applied to the hydrated cement system arose from the 
assumption that physically adsorbed water was a 
constituent part of the interparticle bond; thus, the 
general term of van der Waals forces was considered 
appropriate. It is suggested, therefore, that a different 
interparticle bond be postulated which would involve 
a solid-to-solid contact resulting from the bringing 
together of surfaces (by pressure externally or inter
nally generated by the hydration reaction) forming a 
particle boundary having little or no regular atomic 
arrangement or spacing. Atoms at such a boundary 
would engage a varying proportion of the long-range 
and short-range forces depending on the degree of 
disorder and the average spacing. It can be visualized 
that this interparticle bond can be broken and sub
sequently remade under appropriate loading condi
tions. This type of bond differs from the “chemical” 
bond just defined, which has a more regular atomic 
arrangement and the spacing of more of the atoms may 
approach that of the lattice spacing in the crystal. If 
water is involved in such a bond (it will be either 
chemisorbed, hydrated or interlayer), it is considered 
a constituent part of the crystal.

A - 1nter par t i cIe Bonds
X - Interlayer Hydrate Water
B - Tobermorite Sheets
° - Physically Adsorbed Water

Fig. 7. Simplified model for hydrated portland cement

Of all the various experiments leading to the under
standing of hydrated portland cement, and the bond
ing system involved in the structure, perhaps the most 
conclusive in support of the idea that interparticle 
bonds do not have adsorbed water at the boundary 
comes from the measurements of elastic modulus and 
strength at different conditions of relative humidity 
(16). If the adsorbed water were entering the inter
particle bond area, the net result should be a decrease 
in modulus or strength as occurs in the case of cellulosic 
materials (8).

A very simplified and tentative model for the struc
ture of hydrated portland cement is presented as Fig. 
7 which shows the layerd structure of hydrated port
land cement. The role of the types of water and possible 
bonding between sheets is shown. The irreversible 
shrinkage during first drying might involve formation 
of more solid-to-solid bonds or further aggregation 
of layers. First drying would involve great energy 
changes, and the structure may be subject to forces 
which demand new positions of stability.

Creep Phenomena

The establishment of a new model for hydrated 
cement enables a fresh approach in understanding 
some of its properties. A discussion of some possibil
ities with regard to creep follows:

1. The importance of interlayer water in hydrated 
portland cement is now recognized, and this interlayer 
water may be removed at low relative humidities. 
Under higher stress levels creep may be associated with 
a slow decomposition of the interlayer hydrates. This 
effect is influenced by relative humidity and may result 
in both reversible and irreversible creep.

2. The nature of the interparticle bonds which show 
the capacity for breaking and remaking may be in
volved in irreversible creep.

3. A large part of creep, when measured before 
first drying, might be related to the irreversible shrink
age phenomena.

Concluding Statement

It is hoped that the interpretation of experimental 
work described in this discussion, and the model 
evolved, may lead to further understanding and sub
sequently a more advanced model for hydrated port
land cement.
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Synopsis

The work on the determination of specific surface of cement stone is a part of the 
investigation in the field of hydration and structure formation and it attracts attention of 
many researchers. We can cite works of Brunauer, Greenberg, Kantro, Weise (4, 7), Copel
and, Hayes (5) Khodakov, EdeFman, Kornienko (9) Hunt, Tomes, Blaine (6,24), Krasil’nikov 
(10, 11), Mikhail, Selim (16, 17), Powers, Brownyard (18,19), Stupachenko (22) and many 
others.

Naturally, the list does not cover all works, because such a review is not the task of the 
authors.

Two main reasons may explain the interest to this problem. Firstly, a developed enough 
surface of hydrosilicate component of cement stone determines to a great extent its strength, 
deformative properties and durability. Secondly, the data on paste surface development 
kinetics may essentially supply available information on hydration and structure formation 
kinetics, and the value of specific surface of cement stone is connected with the rate of cement 
hydration.

Among the methods of investigation mentioned, particularly, in reviews of Reitlinger, 
Chekhovski (20) and in ours (15), the BET method is employed. It is based on wellknown 
works of Brunauer, Emmett and Teller (1, 3). The BET method calls for preliminary sample 
preparation and for a long time experiment. That is why we were looking for a suitable 
method to study the kinetics surface development.

The following points are examined in this paper as a continuation of our previously 
published work (25): -

1. The development of cement stone specific surface at room temperature.
2. The change of silicate gel specific surface.
3. The influence of water-cement ratio on the value of specific surface.
4. The influence of high temperature on the specific surface.
5. The influence of low temperature on specific surface.
6. The effect of chemical additives on the development and value of specific surface of 

cement stone.

Method

The experimental investigations have been carried 
out by means of the thermographic method elaborated 
by Kazanski (8). While choosing the method, we 
considered the peculiarity of hardening cement stone 
as an object of the investigation. The rate and charac
ter of the reactions taking place in cement stone are 
defined to a great extent by hydrothermal conditions 
of the medium. '

The method is based on regularity of water desorp
tion from a thin (1-2 mm) layer of dispersive body at 
the constant medium temperature.

While experimenting the sample temperature chang

ing in coordinates “time-temperature difference of 
the sample and medium” (the desorption thermogram) 
and the kinetic curve of sample weight changing were 
registered (Fig. 1).

The singular points are defined on the thermogram 
which correspond according to Kazanski (8), to the 
following forms of bond of water:

1. Free water on the surface of the cement stone 
granules and between them.

2. Capillary water of macropores r > IO"5 cm.
3. Capillary water of micropores r < 10"5 cm. 

Such a classification of macro- and micropores, sug
gested by Rehbinder, is given in Lykov’s book (12).

4. Water of polymolecular adsorption.
5. Water of monomolecular adsorption (Vm).



Fig. 1. The desorption thermogram (/) and gravimetric curve 
UI\ Monomolecuiar layer water amount determination by 
singular point 5

We are now interested only in decoding of the value 
of singular point 5. By projecting point 5 on the gravi
metric curve, we get the value Vm (Fig. 1). Counting 
begins from weight of the sample obtained by D-

drying. In our point of view it is very important for 
maximum water content corresponding to point 5 to be 
defined under conditions close to normal (at tempera
tures less then 60°C and at air rarefaction up to resi
dual pressure of 5 mm Hg.). ,

The sample soaked with water is placed into a 
vacuum thermostat in a cell suspended from the 
automatic photoelectric balance.

The sensitivity of weight recording is up to 0.4 mg 
for 1 mm of the scale of the self-recording potentio
meter. The thermogram is recorded by a copper 
resistance thermometer.

The approximate temperature of the medium is 
maintained by thermistor relay and accurate control 
within ±0.01°C is achieved with the help of propor
tional regulator.

The size of sample granules was made as 0.25
0.50 mm to prevent from appearing high temperature 
gradients in a single granule which makes thermogram 
recording difficult.

The value of specific surface of cement stone has 
been calculated by Vm in conformity with the BET 
theory (1), <oH2O was assumed to be equal to 11.4Ä2 
according to Brunauer, Kantro and Copeland (2).

Object of Investigation

3 types of portland cement, with different phase 
composition and specific surfaces were investigated 
(Table 1).

The samples prepared of type 2 cement were kindly 
presented for the investigation during our joint work 
by Dr.-Eng. Werner Reichel from the Leipzig Building 
Institute.

Table 1.

Type
Specific 
surface, 
cm2/g

Phase composition, %

C3S C2S c3a 2 CaSOj

1 2870 51.2 26.9 6.6 10.5 1.6
2 3100 41.0 25.6 6.1 15.4 3.1
3 4912 67.6 8.7 7.6 12.5 2.5

Experimental

Normal Temperature

The samples were prepared of types 1 and 2 cement 
with water-cement ratio-0.24 in metal forms of 
2 X 2 X 2 cm and being vibrated with vibration 
frequency of 3000 + 200 per minute and average 
amplitude of 0.35 mm for 30 seconds. Samples were 
kept at 20 ± 2°C and at 100% relative air humidity. 
The demoulding of the samples from the forms were 
made in a day after their preparation.

The type 1 cement stone underwent investigations 
each day for 28 days, the type 2 at 1, 3, 7, 14 and 28 
days of hardening. About 2 g of cement stone were 

taken for one experiment. The results are given in 
Fig. 2.

The intensive increasing of specific surface is observ
ed for both types of cements (and also for type 3, 
Fig. 5) up to 7-10 days, and then the perceptible 
stabilization takes place. Unfortunately, our method 
does not make it possible to investigate changing of 
the specific surface of cement paste at the beginning 
of hardening (for the first day) as the testing time 
becomes commeasurable with the sample age.

The data on absolute values of specific surface are 
in good conformity with the data of the authors listed 
by us in the synopsis. If we take into consideration



Fig. 2. Hardening cement stone specific surface changing U-type 
1 cement, 2-type 2) and gel specific surface changing (3-type 
1, 4-type 2)

Fig. 3. Specific surface of cement stone at the different water
cement ratios (type 2 cement') I-lst, 2-3rd, 3-7th, 4-28th day 
of hardening

that the main volume of hydrated cement, approxi
mately 80% according to Brunauer and Greenberg’s 
data (4), consists of tobermorite-like calcium hydro
silicates, then Fig. 2 will reflect the kinetics of silicate 
hardening.

Specific Surface of Gel

According to our data, the specific surface of gel 
of both types of cement are in the range of 275-240 
m2/g in different time of hardening, the gel having a 
clear tendency to “aging” due to recrystallization 
of hydrosilicates and formation of structure with more 
rough dispersity. Volzhenski (26) pays much atten
tion to this phenomenon as the strength of cement 
stone along with the rate of hydration is determined 
by dispersity of gel particles.

The additional investigations made by us have 
shown that with increasing water cement ratio this gel 
tendency to “aging” increases to some extent.

Water-Cement Ratio

The samples of 2 type-cement were prepared for 
water-cement ratios of 0.24; 0.32; 0.40. To prevent 
from bleeding at large wjc for first two hours, the 
forms were turned over each 5 minutes.

The specific surface was determined at the 1, 3, 7, 
28 days of hardening. The results of the experiments 
are given in Fig. 3.

The diminishing of the specific surface of cement 
stone with rising of w]c is observed during all investi
gated stages of hardening. This is explained, in gen

eral, by lower specific volume of silicate gel at larger wjc 
and, only to some extent, by more intensive “aging” 
of gel during later stages of hardening.

High Temperature

The samples prepared of type 1 cement with water
cement ratio of 0.24 in accordance with above
mentioned technique had been kept for 1 hour at 
20 ± 2°C and at 100% relative humidity, and then 
they were undergone steam curing with the following 
parameters:

the rate of rising temperature—40°C per hour;
the temperatures of isothermal heating—40, 60 

and 90°C;
the time of isothermal heating—1-9 hours.

The samples were heated in closed forms. During 
steam curing after each hour of isothermal heating 
the samples were taken out of the chamber and placed 
into the exsiccators (desiccators) at 20 + 2°C and 
100% relative air humidity, and they were kept there 
for 28 days and then investigated. In this way we tried 
to gain a certain comparison of the data obtained at 
normal and high temperatures of hardening.

The results obtained (Fig. 4) enable us to make the 
following conclusions:
The specific surface of the steam-cured cement stone 
is much less than the paste hardening under normal 
conditions.

The increasing of the temperature of isothermal 
heating leads to the decreasing of the specific surface.

It should be noted that the sample heated at 40°C



for more than 3 hours, at 60°C for more than 5 hours 
and at 90°C for more than 6 hours did not appear to 
cause any perceptible changes in the specific surface. 
In general, the specific surface decreases until this 
time.

The influence of temperature on cement hardening 
processes is connected with the regularities of proceed
ing the process in the diffusion area, described by 
Einstein. With temperature increase by 1°C, the 
hydration rate at the liquid/solid phases boundary 
is increased by 3-10 times.

Thus the rate ratio of heterogeneous processes is 
equal to 1, 2 and depends on the process duration 
as the thickness and density of diffusion layer changes 
from instant to instant.

However, in practice, the hydration processes at 
higher temperatures do not proceed quite satisfactorily 
Firstly, from the point of view of thermodynamics 
the heating contributes to proceeding the endothermal 
processes of hydrolysis and solution, but the hydration 
processes going with the decreasing of free energy 
proceed under unfavorable conditions.

Secondly, steam curing causes the formation of 
dense hydrate films on cement particles, thus retarding 
diffusion process of water and new formations.

All these results in formation of more rough 
dispersive structure of gel and in decrease of its 
specific volume in cement stone. Volzhenski (26) 
reports that the samples of cement paste with wjc = 
0.30 after 8 hours of steam-curing at 90°C have speci
fic surface of gel equal to 133 m2/g, and at hardening 
at normal temperature on the 28th day-186m2/g. 
Thus, more rough gel dispersity was obtained. How
ever, it is difficult to explain whether rough dispersity 

of gel or smaller rate of hydration cause the decrease 
of specific surface.

Low Temperature

The cement paste prepared from type 3 cement 
according to above-mentioned technique (wjc = 
0.29) was immediately placed into a freezing chamber 
at —20 + 1°C for one day. The further hardening 
took place up to the 28th day at +20°C and 100% 
relative humidity.

The specific surface was measured at 1, 3, 7, 14 
and 28 days of hardening (Fig. 5).

The specific surface development of cement paste 
cooled in such a way proceeds more intensively than 
that of controlled samples.

This discrepancy decreases considerably with 
time, but it is still large enough at the 28th day.

From the thermodynamic and kinetic points of 
view, more favourable conditions for crystal structure 
formation are observed in this case. The temperature 
decreasing retards clinker mineral hydration, but the 
probability of high basic calcium hydrosilicate for
mation rises.

There is no doubt that at low temperatures the 
degree of solution of silicate clinker phase decreases 
and the probability of the appearing of a new phase 
reduces to a greater extent.

The decreasing of growth of hydrate crystal in 
comparison with the rate of initial phase solution 
causes the increasing of solution concentration (ac
cording to CaO). It creates favourable conditions for 
high basic tobermorite formation. The favourable 
conditions created at the primary cooling influence 



greatly on further cement paste hardening at normal 
temperature.

Chemical Additives

Mchedlov-Petrosyan and Filatov (14) have sug
gested a compounded additive elaborated in con
formity with so called “principle of compensated 
expansion”. The additive consists of reaction accele
rators (calcium chloride, aluminium sulphate), 
expander (aluminium powder) and retarder (sulphite
cellulose liquor).

The porous structure of such a cement stone was 
studied by Ugincius, Mchedlov-Petrosyan, Lutsyk 
and Kazanski (25). The combined introduction of 
these additives proved to provide higher density, 
strength of cement stone and to reduce its permea
bility.

The results of studying the influence of both the 
compounded additive and its components on the 
development of specific surface of cement stone (type 
1 cement) are given in this paper; w/c was 0.24. 
The amount of components (in % to cement weight) 
was taken in accordance with the suggestion of the 
authors (14):

Aluminium powder (specific surface is 15000 
cm7g)—0.01 %

Aluminium sulphate (pure)—2%
Calcium chloride (pure)—2 %
Sulphite-cellulose liquor (commercial)—0.15%

According to technological requirements aluminium 
sulphate solution and suspension of aluminium 
powder, calcum chloride and sulphite-cellulose liquor 
were poured together in the moment of paste mixing.

In the rest the technique of preparation, curing 
and testing of samples was the same.

Aluminium powder and aluminium sulphate did 
not greatly effect the value and changing of the speci
fic surface.

The controlled samples and samples with compoun
ded additive were tested at 1, 2, 3, 4, 5, 7, 9, 13, 14, 21 
and 28 days of hardening, the samples with additives 
of calcium chloride and of sulphite-sellulose liquor at 
1, 2, 3, 7, 14 and 28 days. The compounded additive 
appeared to increase greatly the specific surface, the

Fig. 6. Influence of chemical additives on cement stone specific 
surface changing.; 1-control samples (type 1 cement-), 2-2% 
CaCh + 2% AlafSCUb + 0.15% sulphite-cellulose liquor 
+0.01% aluminium powder, 3-2%CaC12, 4-0.15% sulphite
cellulose liquor

process of its development taking place up to the 13th 
or the 14th day of hardening (control sample—up 
to the 7th or 8th day) (Fig. 6).

We assumed that this compounded additive had 
a component causing a great effect on calcium sili
cate hydration processes. In fact, only silicate har
dening products may affect the value of cement stone 
specific surface.

Calcium chloride proved to be such a component. 
It accelerates processes of silicate hardening and 
provides their plenitude for a long time (Fig. 6). 
The problem of mechanism that calcium chloride 
effect on silicate hardening processes is elaborated by 
Tamas (23). We think that results of great interest 
are obtained while investigating samples with sul
phite-cellulose liquor known as plasticizer (21). The 
major component of this additive is calcium lignosul
phonate, while adsorbing on cement particles retards 
silicate hardening processes.

However, the retarding of calcium hydrosilicate 
crystal growth under the influence of adsorption 
layers causes their dispergation (modification pheno
menon). This phenomenon leads to some increasing 
of specific surface of cement stone.

Conclusion

The investigations have shown that various tech
nological factors (water-cement ratio, temperature 
changing, chemical additives) influence on the value 

of specific surface of cement stone and on its chang
ing.

It should be taken into account that the value of 



specific surface is connected with such an important 
factor as strength of cement stone. Indeed, Powers 
and Brownyard (19) have found direct correlation 
between amount of water of monomolecular layer 
(Vm) and amount of “non-evaporable” water (Wn).

The value of Wn may serve as basis of new forma
tion concentration calculation.

The strength of cement stone is in parabolic rela
tionship to the concentration of new formations 
(!8).

The increasing of cement stone specific surface is, 

first of all, the increasing of hydrosilicate gel specific 
volume which, in its term, increases material strength 
and density.

The creation of proper conditions for hardening, 
which change the value of gel specific volume, is one 
of the problems of so called “directed structure for
mation” (13).

The basis of this trend in cement materials tech
nology should be kinetics control and intensification 
of silicate hardening processes.
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Oral Discussion

Rolf F. Feldman

A great deal of research has been directed over 
a period of many years towards establishing criteria 
to distinguish quantitatively between adsorbed and 
hydrate water in hydrated cement paste.

These efforts were largely unsuccessful because 
of the slight differences in energy of attachment 
between the hydrate and adsorbed water.

In the field of surface chemistry it has been impos
sible, more often than not, to make a clear distinction 
between mono-molecular and multi-molecular adsorp
tion even by accurate adiabatic calorimetry; clear 
distinctions between free water, capillary water 
in macropores, and capillary water in micropores, 
etc. as made by the authors (categories 1 to 4) are 
considered as unlikely occurrences. With these 
considerations in mind, it is difficult to explain the 
irregular curve obtained by the authors and surpris
ing to see that the T.G.A. curve shows no change 
in slope at the positions corresponding to positions 
1 to 5.

Another and perhaps more important area of 
discussion in this work is the fact that the authors 
have not included the decomposition of interlayer 
or other hydrates in their listing of the various types 
of water given off and it is suggested here that part 
of the water assessed as water of mono-molecular 
adsorption is hydrate water; surface areas calculated 
from water sorption and B.E.T. calculations are 
not valid for this reason, and it is unlikely that this 
thermal method is free of the above criticism.

Authors’ Closure

O. P. Mchedlov-Petrosyan and D. A. Ugincius

Mr. Feldman in his paper and oral discussion of 

our paper spoke about a number of interesting pro
blems concerning the sorption investigations of the 
structure of silicate materials; in this connection we 
take an advantage of giving our point of view as to 
this problem.

We think there is no reason to oppose water vapour 
and nitrogen adsorption methods while investigating 
the silicate structure.

We simply define different things: by nitrogen 
adsorption one can determine only external surface of 
hydrates because nitrogen molecules can not penetrate 
into the interlayer structure spaces, especially if we 
take into consideration that these spaces decrease 
as the result of dehydration up to 1 Ä.

The water is adsorbed in interlayer spaces. This 
water is not a part of crystal lattice and its molecules 
have a mobility close to that of free water (7). Thus 
it is not necessary to take this “interlayer hydrate 
water” as a separate class.

This was clearly shown by K. G. Krasil’nikov while 
working with tobermorite (5, 6, 7,) It is he who in 
1962 showed that characteristic vertical section caused 
by withdrawing water which is sorbed by swelling 
structure was seen on the adsorption isotherm of 
tobermorite when Po/P = 0.35 (5).

That is why we may speak about a total surface 
SH,O and an external surface SN1.

The loss of some quantity of crystal water by 
high-basic hydrates can not greatly affect the results 
obtained. We can rather be afraid of compression 
effect of surface forces which was in particular pointed 
out by J. H. de Boer (1). Nevertheless, the results 
obtained by means of water vapour adsorption are 
in good accordance with samll angle X-rays method 
data (L. E. Copeland), which is precise enough and 
quite different.

We consider that at present there is no reason to 
reject the BET-method and to be satisfied with an 
approximate pattern of the cement stone porous 
structure.

The problem of fixing positions 1 to 5 on the desorp
tion thermogram (given schematically in our paper) 



was only mentioned at this Symposium. Therefore we 
should like only to refer to our previous paper (8) 
and particularly to a number of works by M. F. 
Kazansky (2, 3, 4) who suggested this method.

In conclusion we want to thank the V-ISCC Organiz
ing Committee for giving us an opportunity to take 
part in this interesting discussion.
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Supplementary Paper III-23 Sorption and Length-Change Scanning Isotherms 
of Methanol and Water on Hydrated Portland Cement

Rolf F. Feldman*

Synopsis

The purpose of this work was to investigate the nature and the reversibility of the 
CH3OH and H2O isotherms, and to compare their length-change and sorption characteristics. 
These characteristics for water on hydrated portland cement have caused some controversy, 
due to several complicating features in the isotherm, with regard to the surface properties 
and stoichiometry of the compounds, and the length change and creep mechanisms.

Introduction

The development of the present model of hydrated 
portland cement has been largely based on surface 
chemical considerations; this involved establishing 
criteria for distinguishing between chemical and 
physio-sorbed water. The determination of the stoichio
metry of the tobermorite gel, its water surface area, 
and its porosity was based on these criteria, and these 
parameters are among the most important factors 
related to the phenomena of expansion-contraction 
and creep, and the mechanical properties, strength 
and elasticity.

The most important experiments performed using 
the surface chemical approach have been the sorp
tion and length change isotherms but, as no detailed 
investigation of the isotherms has been made, their 
validity and results obtained from them have been 
assumed to be correct. Results of surface area investi
gations, however, differ markedly from those obtained 
from nitrogen adsorption, and this has led to some 
suspicion of the results.

In a series of papers by the author and co-workers, 
(1, 2) a more detailed examination of the isotherms

•Division of Building Research, National Research Council 
of Canada, Ottawa, Canada 

was started, involving both length change and weight 
change as function of the vapour-pressure of water; 
measurements of Young’s modulus and relative 
breaking stress were also made as functions of vapour 
pressure. The results led the authors to conclude that 
the surface area of hydrated portland cement was 
considerably lower than the accepted value (~200 
m2/gm), and that inter-layer hydrate water was playing 
a role in both the length change and sorption isotherms, 
and in the variation of Young’s modulus with rela
tive humidity.

The present work is a further stage in these investi
gations. Detailed cycling and scanning loops were 
obtained for samples dried at three different condi
tions during the determination of precise length change 
and weight change isotherms based on numerous 
data for water and methanol on bottle and paste- 
hydrated cement.

Results qualitatively confirmed the earlier work, 
although some assumptions made previously were 
proved to be not completely correct. The work enabled 
a revised model for portland cement paste to be made, 
however, and allowed further evolution of the theory 
of volume change and suggestions with regard to the 
creep phenomena.



Experimental

Meterials

The cement used in this work was a type I; its 
composition was reported in a previous paper (1). 
The cement was hydrated in two ways; paste hydrated 
for 1 year at a water cement ratio (w/c) of 0.5 and 
bottle hydrated for a period of 4 months at a w(c 
ratio of 5.0. The degree of hydration and other pro
perties are shown in Table 1. The bottle-hydrated 
cement was stored and conditioned in desiccators to 
10 to 15 per cent relative humidity (R. H.) using a 
concentrated NaOH solution. The cast paste cylinders 
were sliced to 0.05 in. (1.27 mm) thickness and were 
approximately 1.25 in. in diameter and then stored 
as above. Compacts were formed at a load of 10,000 lb 
in a mould 1.25 in. (3.175 cm) diameter from the 
bottle-hydrated cement. The procedure for making 
the compacts and the samples has been described 
previously (2).

The methanol used in this work was purified by 
making a magnesium iodine Grignard complex by 
refluxing magnesium turnings and iodine in a large 
excess of 99 per cent pure methanol. After several 
distillations, the methanol was distilled directly into 
the high-vacuum apparatus.

Apparatus

The high-vacuum apparatus used for this work was 
designed to expose 12 samples simultaneously for 
long periods to the same vapour pressure conditions, 
with air excluded. Six of these samples were mounted 
in individual tubes on quartz spirals of the McBain- 
Bakr type and gave values of the weight changes to a 
sensitivity of 3.0 X IO"5 gm. The remaining six samples 
were mounted on modified Tuckerman optical exten

someters and placed in individual cells equipped with 
optical windows (3). This determined the dimensional 
changes to a sensitivity of 4 x 10 6 m./in. A quartz 
Bourdon-type spiral gauge was used to measure the 
vapour pressure to a sensitivity of 1 micron and an 
absolute accuracy of 10 microns at low pressures.

A three-stage oil diffusion pump backed by a rotary 
vacuum pump was used to obtain pressures of 10 6 
mm of mercury. The adsorbate was introduced into 
the system from a bulb immersed in a bath that could 
be controlled at temperatures down to -45°C within 
0.05°C, although most of the pressure readings were 
taken with the Bourdon gauge. The samples were 
maintained at 21.3°C within 0.05°C by immersing 
the lower ends of the tubes and cells containing the 
samples to a depth of 12 in. in a controlled bath. 
Room temperature was controlled at 23°C ± 0.5.

Procedure

Two samples measuring 3 by 1 by 0.127 cm were 
cut from the discs and mounted, one section on the 
extensometer and the other on the quartz spiral. 
Samples were degassed by evacuating simultaneously 
through a manifold. The samples were heated during 
the evacuation. Three samples of bottle hydrated 
cement were used and one each was heated at: 80 C 
for 3 hours, 85°C for 3 hours, and 95°C for 3 hours 
plus 1 hour at 96°C. Two samples of hydrated paste 
were used and one each was heated at: 85°C for 3 
hours, and 95°C for 3 hours plus 1 hour at 96°C. 
Preliminary work using a vacuum electro-balance and 
thermal balance techniques had established that vacu
um degassing at 85°C for 3 hours with these samples 
produced the same result for the non-evaporable 
water as the conventional ‘(/-drying’ procedure. For 

Table 1. Some sorption properties of the hydrated portland cement samples

Non-evaporable water Nitrogen surface area, 
m2/g, 85°C

Methanol Conventional water area

Wn (Wn/25) X 100 Measured (a) ?"or complete 
x ' hydration (b) (a) (b) 80°

(a) 
85° 96° 80°

(b) 
85° 96°

Bottle hydrated 
Paste hydrated

21.5
23.0

86
92

30 35
47 51

37 43 130 142
152

150
147

151 165
165

174
160

(AL/L)/(AW/W) Values for bottle-hydrated cement degassed at 80°C.

On adsorption On desorption Separation of adsorption-desorption

Total Reversible Before datum point After datum point curves at P/Pq of 0.10

Water 0.0770 0.0220 0.040 0.0860 0.0375
Methanol 0.0640 0.0525 (estimate) — — 0.0955



the methanol isotherm, 1 day was generally allowed 
for equilibrium between points; for the water isotherm 
from 1 day to as much as 33 days was allowed. Gene
rally 1 to 3 days was found adequate. It took over 10 
months to determine the whole isotherm. Adsorption 
was effected by allowing the manifold and samples 

to attain the desired vapour pressure by control of 
the temperature of the bath in which the adsorbate 
source was immersed, or by introducing or withdrawing 
adsorbate from the manifold and system and measur
ing the vapour pressure. It was found that equilibrium 
was attained more rapidly with the latter method.

Theory

Adsorption

The isotherm for a given solid gas system should 
be reversible if there is no irreversible change in the 
nature of the solid and/or gas, since there thus can 
be only one equilibrium state at a given vapour pres
sure. This is usually the case at low pressures but at 
high pressures the problem of primary hysteresis 
arises. This is usually related to the pore structure of 
the solid and a change in nature of the adsorbate.

The well-known B. E. T. equation, valid for the 
low pressure region, implicitly assumes reversibility 
and a constant surface area. There is an isotherm, 
however, referred to as Type C, which has the charac
teristic that the ascending and descending branches 
only join at very low or zero pressure(4). Type C loops 
are found with some graphites, clay minerals, and 
hydrated portland cement (1). This low-pressure 
hysteresis phenomenon is usually attributed to irre
versible intercalation of adsorbate within the structure 
of the solid, which usually has a layer structure. 
Changes in the spacing of some of these layers has 
been observed (5) by X-ray methods, but unfortuna
tely, due to the disordered nature of the layers of the 
hydrated silicates in hydrated portland cement, this 
has not been possible for this material.

Length Change due to Adsorption

The Gibbs’ adsorption equation is extremely 
important in length-change adsorption theory (6), 
but it has been applied in different ways by various 
workers and sometimes not justifiably. The equation

AF = -RT[Pn^ ' (1)
Jo

represents the change in free energy of pure adsorbent 
from its initial state under its own vapour pressure 
to its combining state, provided that this integral 
represents a path of thermodynamic reversibility, n 
is the number of moles of adsorbate on a fixed mass 
of absorbent. If it is supposed that the constant solid 

surface area, a m2/g, has undergone a change in 
surface tension, Ay, one can write

AF = <r Ay (2)
thus

A„ RT fp dP ,_x

Ay in fact indicates changes in the state of stress of 
the solid brought about by the interaction of the 
adsorbed molecule with forces on the solid surface; 
these forces have placed the solid in a state of compres
sive stress.

The Bangham equation (7) provides a basis for 
testing Gibbs’ equation on solids

= ^Ay (4)

where AL/L is the length change of an adsorbent 
during the reversible adsorption process. From 
another relation derived by Bangham and co-workers 
(7), the Young’s modulus of the solid material may 
be calculated:

e = (5)

where E is Young’s modulus of the material, and, 
p, in g/cc, is the density. The equation is derived for 
plates, or infinitely long cylinders, where the only 
surface is that of the curved surface of the cylinder or 
the major surface of a thin plate. The latter model 
might approximate hydrated cement paste. As Gibb’s 
equation requires thermodynamic reversibility it 
can only be used at low pressures where normal hy
steresis does not occur. If low pressure hysteresis 
does occur, then this region of the isotherm may be 
also irreversible. As will be shown later, this is true 
for hydrated portland cement, but a way has been 
found to overcome it.

Some authors (8, 9, 10) have used an equation of 
the osmotic pressure type and applied it to the low 
pressure region:

AD RT, P2 AL , RT, P2 ,,,
AP = —77or -T- = —=-f In (6)/>M P, L 2/?M P, v ’ 



where AP is suggested as being the pressure of the 
adsorbed film. This equation can only be valid if the 
water-hydrated cement system is considered to be a 
dilute solution, i.e., a change in concentration of 
water with respect to the adsorbent is not taking place 
during adsorption or desorption, and if the adsorbed 
water is not adsorbed water but bulk water. Both of 
these assumptions are completely untenable in this 
region.

In the reversible high-pressure region of the isotherm 
where capillary condensation has occurred and menisci 
exist, one might assume that a change in concentra
tion is not taking place, if one defines capillary water 
as being remote from the surface forces; thus the capil

lary water in this assumption will also be ‘bulk’. The 
capillary water maintains equilibrium with different 
vapour pressures by changing the radius of its meni
scus. The water within the range of surface forces, 
however, will still effect a change in surface free energy 
with a change in vapour pressure of the system even 
if one defines it as being constant at two molecular 
layers. This must be taken into account as in the 
equations for the capillary region:

and

A RT fPs dP

(7)

Results and Discussion

Water Adsorption

The sorption and Length Change Isotherms

The sorption and length change isotherms for the 
bottle-hydrated cement degassed at 80°C and 96°C are 
shown in Figs. 1 and 2 respectively. Results for a

£<100

Fig. 1. Weight change isotherms for bottle-hydrated portland 
cement compacts: I—degassed at 80°C; II—degassed at 96°C 
Vscanning loops marked 1 to 10).

degassing temperature of 85°C were also obtained, but 
are not presented here. They were of a similar nature, 
but gave a slightly different ‘conventional water sur
face area, as is shown in Table 1. In addition, it was 
observed that the weight of water present (in per 
cent) on the descending boundary curves of the iso
therm at P/Po of 0.14, for the three temperatures 96°, 
85° and 80°C, was 8.51, 8.19 and 7.91 per cent 
respectively. These values were less than 0.5 per cent 
different from the weight lost on degassing. As the 
starting condition was only known approximately

Fig. 2. Length change isotherms for bottle-hydrated portland 
cement compacts: I—degassed at 80°C; II—degassed at 96°C 
(scanning loops marked 1 to IO).



(P/Po of 0.10 to 0.15), it must be assumed that practi
cally all the water lost on degassing was regained after 
the sample had been returned to the starting condi
tion through the P/Po of 0.97. The degassing proce
dure, however, produced an irreversible shrinkage.

A general examination of both length and weight 
change in the two isotherms shows a large low pres
sure hysteresis formed by what will be called the 
adsorption (ascending) and desorption (descending) 
boundary or primary curves. Off the boundary curves 
are scanning loops, which contain descending and 
ascending portions. These loops are numbered on Figs. 
1 and 2 from 1 to 10, and will be referred to as loop 
1,2, etc. It will be observed that the point where the 
scanning loop left the primary curve was always very 
close to, if not exactly at, the point where it rejoined 
the primary curve. This is considered as evidence for 
good equilibrium. The scanning loops determined for 
the two isotherms in Figs. 1 and 2 were not the same 
in all cases; detailed analysis of only the sample 
degassed at 80°C will be made here, however, and 
passing reference to the others included.

All the experimental points obtained for this 
sample are shown in Table 2, in the order in which 

they were obtained. The points with asterisks are 
those which have left the primary curves and are of 
scanning loops, both descending and ascending.

Length and sorption isotherms for one of the paste- 
hydrated samples, the one that was degassed at 85°C, 
are shown on Fig. 3. Again the similarity with the 
other samples is striking, although the extent of the 
low pressure hysteresis is not as great as for the paste 
samples. The general form of the primary curves for 
the paste- and bottle-hydrated samples agrees with 
that obtained from somewhat fewer data obtained by 
the authors and co-workers in a previous study (11), 
but the low-pressure hysteresis here is much larger 
than was obtained in an earlier investigation (1). It 
will be shown that this is due to the more severe drying 
used in the present study. No detailed analysis will be 
made here of the paste samples (Fig. 3), but it was 
again found that all the water lost on degassing was 
regained after the sample had been returned to the 
starting condition through the P/Po of 0.97; the surface 
areas for water and nitrogen are given in Table I. 
The areas, corrected for incomplete hydration, vary 
from 151 to 174m2/g for the water determination, 
and are only a bit lower than usually obtained, but,

Table 2. Length change and weight change isotherms for the sample of 
bottle-hydrated cement degassed at 80°C '

P/Po 
X 100

AW/W 
x 100

al/l
x 100

T. P/Po 
X 100

AW/W
X 100

AL/L
X 100

T, P/Po 
x 100

AW/W
X 100

AL/L 
x 100

T. 
days

Sorption Sorption (Cont’d) Desorption (Cont’d)

0.27 1.27 .0844 6 8.21* 4.25 .3068 2 62.01 13.41 1
0.44 1.42 .0972 2 27.02* 4.94 .3352 2 58.51 13.02 .4940 I
0.59 1.58 .1108 3 38.72* 5.29 .3484 1.5 53.41 12.54 .4860 1
0.79 1.69 .1196 2 44.68 5.54 .3552 2 50.40 12.17 .4788 1
1.06 1.94 .1336 2 47.17 5.64 .3648 2 44.76 11.65 .4692 1
1.49 2.06 .1440 3 49.38 5.75 .3700 2 38.87 11.04 .4572 1
2.22 2.28 .1584 1 52.03 5.93 .3792 3 34.48 9.71 .4612 1
3.08 2.60 .1860 7 55.38 6.21 .3900 3 28.99 8.94 .4540 1
4.37 2.84 .2052 7 48.57* 6.04 .3884 2 26.14 8.77 .4500 1
5.44 3.08 .2220 7 40.46* 5.80 .3836 2 23.93 8.54 .4444 1
7.42 3.24 .2392 8 31.82* 5.58 .3772 1 21.38 8.35 .4396 1

12.31 3.70 .2688 8 27.53* 5.35 .3732 3 18.52 8.21 .4340 1
7.24* 3.44 .2608 11 23.10* 5.24 .3684 1.5 13.94 7.91 .4220 1
2.63* 3.07 .2384 8.5 17.48* 5.06 .3612 1 29.89* 8.51 .4472 1
0.84* 2.65 .2068 7.5 11.05* 4.85 .3484 2 38.35* 8.88 .4588 1
0.36* 2.36 .1780 13 25.91* 5.25 .3668 3 53.23* 9.78 .4740 1
2.42* 2.86 .2152 6 36.75* 5.59 .3780 2 26.37* 8.45 .4476 1

13.92 3.76 .2772 15 54.74* 6.32 .3956 2 16.32* 7.96 .4284 1
17.68 3.96 .2876 2 61.20 6.94 .4088 3 9.47 7.49 .4060 1
23.35 4.26 .3068 6.5 66.20 7.62 .4228 3 6.38 7.24 .3880 1
12.18* 3.85 .2952 6 72.70 8.75 .4452 3 4.43 6.75 .3448 1
5.14* 3.50 .2736 5 56.19* 8.05 .4340 2 3.58 6.49 .3228 1
7.90* 3.56 .2744 33 , 38.07* 7.35 .4180 2 2.32 6.05 ,2880 1

31.00 __ .3240 1 28.66* 6.56 .4100 2 2.21 5.62 .2600 1
38.00 5.23 1 20.44* 6.26 .3972 2 4.17* 5.87 .2780 1
5.92* 3.87 .2760 3 47.29* 7.13 .4248 2 6.48* 6.09 .2896 1

15.30* 4.38 .2972 3.5 72.79 8.73 .4484 2 7.38* 6.14 .2952 1
26.38* 4.73 .3160 2 95.25 16.42 .4884 3 , 11.15* 6.41 .3116 1
29.95* 4.87 .3228 1 96.98 19.31 .5276 1 19.64* 6.92 .3392 1
32.80* 4.98 .3284 2 Desorption 9.66* 6.41 .3180 1
36.80* 5.18 .3356 2 84.01 — .5340 2 1.89 5.36 .2396 1
38,00* 5.20 .3428 2 82.03 15.51 — 2 0.93 4.59 .1900 1
41.45 5.38 .3480 2 70.86 14.16 .5156 1 0.42 3.45 .0648 1
26.88* 4.95 .3404 2 67.33 — .5096 1 0.005 0.07 -0.420 2

•Points on scanning curve



Fig. 3. Weight change (Z) and length change (JF) isotherms of 
hydrated portland cement paste (waterlcement ratio — 0.5). 
Scanning loops marked.

as will be shown, a water area determination cannot 
be considered as a valid procedure. The nitrogen 
areas are, for these samples, 1/3 to 1/5 of the water 
areas, as has been observed by other workers (12).

Detailed examination of the isotherms, and especi
ally the loops (Figs. 1 and 2), reveal the following:

(a) The isotherm is irreversible even at as low a 
P/Pq value as 0.05 as is shown by loop 1; much of the 
irreversibly sorbed water, contributing to the low- 
pressure hysteresis, is sorbed below a P/Po of 0.35. 
(This irreversibly sorbed water, as will be shown, is 
interlayer hydrate water and will also be referred to as 
‘irreversible water.’)

(b) All descending portions of loops 3 to 9 are 
essentially parallel and are much less steep than the 
primary curve. Thus means of course that a large part 
of the water sorbed on the primary adsorption curve 
is irreversible.

(c) In loops 7 and 8, where the descending curve 
has not gone below a P/Po of 0.11, the loops, although 
very close to, are not quite reversible.

(d) Both loops 7 and 8 exhibit a small primary 
hysteresis. This is to be expected since these loops 
leave the primary curve at P/Po values of 0.56 and 
0.73 respectively. The desorption of the capillary water 
takes place between P/Po values of 0.38 and 0.29. 
This is lower than has been reported (8), but is con
firmation of what was found previously (1).

(e) The primary desorption curve shows a large 

primary hysteresis. This primary hysteresis disappears 
between P/P, values of 0.39 and 0.29. The length 
change isotherm shows a small expansion in this 
region.

(f) The primary desorption curve below a P/Po 
of 0.29 shows that the low pressure hysteresis has 
increased markedly since the last loop, 8; the length 
change isotherm shows large changes between earlier 
loops, but does not show a further change in this 
region in the same relation to the irreverible water 
added.

(g) Fig. 3 shows the AL/L vs. AW/W plots for 
the sample degassed at 80°C; loops are numbered. 
Curve I contains most of the loops, curve II is a magni
fied version of I, and curve III shows only the primary 
ascending and descending curves. The AL/L vs. 
AW/W characteristics for the primary curve and the 
loops are completely different; the slope of the primary 
curve is much steeper and only if the loop goes below 
a P/Po value of 0.10 or thereabout does it become 
steep. This implies that the mean location of the water 
sorbed on the primary loop is different from that 
desorbed. The water sorbed on the primary curve is 
composed of a reversible and irreversible component 
and the AL/L vs. AW/W slope of this water is much 
greater in the low pressure range than the reversible 
component, most of which comes off separately if 
the loop is not carried to too low a pressure. It now 
seems clear that this ‘irreversible water’ is interlayer 
hydrate water. Sorption and length change theory 
(13) (see also earlier part of this paper) allows for 
length change due to physical adsorption by a decrease 
in surface energy of the solid. If a “crystal” is aniso
tropic, this may lead to the development of shear 
forces. In the case of hydrated cement, the hydrated 
silicate which has lost most of its intelayer hydrate 
water will accept physically adsorbed water (some
times referred to as “reversible water”) on its external 
surface, most of which is perpendicular to the c-axis. 
The resulting expansion on top of the layer should 
cause some warp at the edges, allowing some inter
layer hydrate water to enter. This process will con
tinue up the isotherm. (More will be said later about 
how this interlayer water enters and leaves and how 
it affects AL/L and Young’s modulus.)

(h) The primary desorption curve below P/Po of 
0.29, (Figs. 1 and 2) is surprisingly much steeper than 
all the desorption curves of the scanning loops. Loop 
9 shows that ‘irreversible water’ was being desorbed 
in this region; the AL/L vs. AW/W slope (Fig. 4) for 
the primary desorption loop is much lower than in 
the primary adsorption region. Loop 9, however, is 
still steeper than loop 7, and it appears that some



Fig. 4. AL/L vs. AW/W plot for water sorbed on bottle-hydrated 
sample degassed at 80°C: I—containing all loops; II—enlarged 
portion of I; III—only showing primary sorption and desorp
tion curves (scanning loops marked 1 to 10).

interlayer hydration may be taking place along the 
adsorption curve of loop 9.

(i) ABC on Figs. 1, 2 and 4 mark the area where 
two regions of distinctly different slope of the AL/L 
vs. AW/W curve occurs on the primary desorption 
curve (2). As will be seen later, this probably repre
sents a change in the response of length change due to 
unit weight loss of interlayer water. The assumption 
made previously (2) that this characteristic is constant 
now appears to be incorrect.

(j) The line BC marks the region where a conside
rable hysteresis in the AL/L vs. AW/W plot is formed 
(Fig. 4). (How this may illustrate the difference be
tween entry and exit of interlayer water will be dic- 
cussed later.) Below BC, the curve first gradually 
returns towards the zero point but then turns away, 
resulting in a large contraction below the zero point 
at zero AW/W.

(k) Loop 10 illustrates how a smaller low pressure 
hysteresis may be obtained in the isotherm when the 
sample has not been degassed as much as the initial 
degassing. Along the adsorption curve of the loop, a 
change in slope again occurs at about a P/Po of 
0.10.

(l) Sorption and desorption measurements were 
taken at very low pressures (Table 2). On sorption 
the lowest P/Po value was 0.0027 and 0.0044 gave a 
AW/W x 100 value of 1.42. On desorption, the value 
was 3.45 at a P/Po value of 0.0042. This shows that 
there is large hysteresis in the sorption isotherm even 
at the lowest pressures. The length change isotherm 
shows a hysteresis in the other direction. At P/Po 
below 0.0093, a very large shrinkage occurs (0.420 
per cent below the original zero). The pressure at zero 

was less than 1 micron of Hg (10-3 torr).

Construction of a Reversible Isotherm

The following conclusions can be derived from the 
previous discussion.

(a) The water isotherm for the several degrees of 
drying investigated is irreversible at all primary 
regions and, as such, cannot be used for B. E. T. 
calculations.

(b) As a large but unknown portion of the ‘sorbed’ 
water in the low pressure region is interlayer hydration, 
the surface area must be considerably lower than the 
original value calculated for water. The surface area 
obtained from N2 will be considered here as the more 
reliable figure.

It still seems possible to separate, to some extent, 
the interlayer and physically adsorbed water from the 
isotherm. This can be done with the help of the scann
ing loops. If the desorption part of each loop up to the 
point where it overlaps with the inception of the 
previous loop (at a lower pressure)is regarded as rever
sible and involving only physically held water, one 
would be able to calculate for the pressure region over 
which the loop extended, the amounts of ‘irreversible’ 
and ‘reversible’ water sorbed along the primary adsorp
tion curve. Since loops 7 and 8 exhibited primary 
hysteresis, the adsorption curve was used in these 
instances. For the estimate between P/Po of 0.727 and 
0.97, it was assumed that no ‘irreversible water’ was 
desorbed between P/Po of 0.97 and 0.289; then the 
separation between this point on the primary desorp
tion curve and loop 8, represented the water irre
versibly sorbed between P/Po of 0.727 and 0.97. This 
procedure was also performed for the length change 
isotherm.

Fig. 5 shows the reversible length change and 
sorption isotherms. The desorption curve between 
P/Po of 0.97 and 0.289 was fitted on this curve. From 
the length change isotherm it is clear that too much 
contraction took place in this region to fit properly 
onto the adsorption curve. It is suspected that some 
‘irreversible water’ was lost between at least P/Po 
of 0.345 and 0.289. Calculation of the reversible 
desorption between P/Po of 0.289 and 0.139 using 
loop 9 was not satisfactory since the validity of the 
assumption that the adsorption curve of the loop 
only involves physical water is suspect.

A plot of AL/L vs. AW/W (Fig. 5), shows a sharp 
deviation from the linear part of the curve at a P/Po 
of 0.10. This linear plot has been observed for the 
adsorption of water on porous glass, finely divided 
silica, precipitated calcium carbonate, calcium sul
phate hemihydrate and Ca(OH)2 and goes through



Fig. 5. Constructed reversible water isotherm and computations: 
I— AL/L x 100 vs. P/Po x 100; II— AW/W X 100 vs. P/Po 
x 100; III— AL/L x 100 vs. AW/W X 100; ZK—AL/L vs.
Ay.

zero (14-17). Thus it is concluded that a larger amount 
of ‘irreversible water’ is removed below P/Po of 0.10, 
and so the physically held water cannot be estimated 
in this region using loops 1 or 2. An alternative pro
cedure was used to achieve this. The N2 surface area 
of 30m2/g (Table 1) was assumed to be approxi
mately correct. Then, using the B.E.T. equation and 
adding different amounts of reversible water to repre
sent that adsorbed below a P/Po of 0.10, calculations 
were made allowing the assumed surface area to vary 
slightly, until the monolayer capacity fell on a P/Po 
of 0.15 to 0.20. Using the area of the water molecule 
as 10.8 mz/g, the water area obtained was 40.8 m2/g; 
0.70 per cent for AW/W X 100 was used for the 
‘reversible water’ between P/Po of 0 to 0.10. From the 
B. E. T., a AW/W value for P/Po of 0.05 was obtained, 
and all other points below this were made by extrapo
lation of the curve. No significance was attributed to 
values below P/Po of 0.05 for ‘reversible water.’ Similar 
values for AL/L could be obtained by extrapolation 

of the AL/L vs. AW/W plot to the zero obtained for 
AW/W.

All these results are included in Table 3 together 
with the results for the ‘irreversible water,’ which will 
be discussed together in more detail later.

Application of Gibbs’ Equation and the Estimation 
of Young’s Modulus from the Reversible Isotherm

An integration over the adsorption branch of the 
reversible isotherm was made between P/Po values of 
0.05 (to avoid the extrapolated area and errors in 
integration as the pressure approaches zero) and 0.60, 
according to Gibbs’ equation (Eqs. (1) and (3)). The 
change in state of stress of the solid Ay, is plotted 
against AL/L according to Eq. (4). As shown on Fig. 
5, this plot yields a very good straight line, and it 
appears that the whole procedure in constructing the 
reversible isotherm is justified. The slope of this line, 
kt, from Eq. (4) is 3.90 x 10-s cm/dyne.



Table 3. Computed values for the reversible and irreversible isotherms

P/Po range Sorbed Reversibly desorbed Irreversibly Sorbed % Irr.*  of 
Total sorbed

% Rev.**  of 
Total sorbed

AW/W
X 100

AL/L 
x 100

AW/W
X 100 Total AL/L 

x 100 Total AW/W 
x 100 Total AL/L

X 100 Total AW/W AL/L AW/W al/l

0 ->0.003 1.27 0.084 __ — — — __ __ __ __
0.003 ->0,03 1.25 0.098 0.71 — 0.063 __ 0.54 — 0.035 — — _ _ __ __
0.03 ->0.052 0.56 0.040 0.20 — 0.012 — 0.36 — 0.028 — — __ __
0.052 ->0.08 0.26 0.022 0.19 — 0.009 — 0.07 —. 0.013 __ — __ — —
0.08 ->0.10 0.18 0.013 0.11 — 0.004 __ 0.07 — 0.009 — — — — __
0 ->0.10 3.52 0.257 0.70 0.70 0.016 0.016 2.82 2.82 0.241 0.241 80.1 93.8 19.9 6.2
0.10 ->0.123 0.16 0.011 0.10 0.80 0.002 0.018 0.06 2.88 0.009 0.250 78.3 93.3 21.7 6.7
0.123 ->0,15 0.16 0.010 0.11 0.91 0.002 0.020 0.05 2.93 0.008 0.258 76.4 92.8 23.6 7.2
0.15 ->0.18 0.15 0.009 0.11 1.02 0.002 0.022 0.04 2.97 0.007 0.265 74.4 92.3 25.6 7.7
0.18 ->0.234 0.28 0.017 0.18 1.20 0.004 0.026 0.10 3.07 0.013 0.278 71.9 91.4 28.1 8.6
0.234 ->0.27 0.22 0.009 0.10 1.30 0.004 0.030 0.12 3.19 0.005 0.283 71.0 90.4 29.0 9.6
0.27 ->0.30 0.18 0.008 0.09 1.39 0.002 0.032 0.09 3.28 0.006 0.289 70.2 90.0 29.8 10.0
0.30 ->0.33 0.20 0.009 0.08 1.47 0.001 0.033 0.12 3.40 0.008 0.297 69.5 90.0 30.5 10.0
0.33 ->0.36 0.20 0.007 0.09 1.56 0.002 0.035 0.11 3.51 0.005 0.302 69.2 89.6 30.8 10.4
0.36 ->0.414 0.30 0.013 0.16 1.72 0.002 0.037 0,14 3.65 0.011 0.313 68.0 89.4 32.0 10.6
0.414 ->0.44 0.13 0.006 0.12 1.84 0.002 0.039 0.02 3.67 0.004 0.317 66.6 89.1 33.4 10.9
0.44 ->0.47 0.15 0.010 0.05 1.89 0.001 0.040 0.10 3.77 0.009 0.326 66.6 89.1 33.4 10.9
0.47 ->0.50 0.17 0.008 0.12 2.01 0.001 0.041 0.05 3.82 0.007 0.333 65.5 89.1 34.5 10.9
0.50 -> 0.52 0.14 0.005 0.05 2.06 0.001 0.042 0,09 3.91 0.004 0.337 65.5 88.9 34.5 11.1
0.52 ->0.55 0.28 0.013 0.12 2.18 0.001 0.043 0.16 4.07 0.012 0.349 65.1 89.1 34.9 10.9
0.55 -> 0.60 0.52 0.014 0.26 2.44 0.004 0.047 0.26 4.33 0.010 0.359 64.0 88.4 36.0 11.6
0.60 -> 0.65 0.65 0.015 0.32 2.72 0.005 0.052 0.33 4.66 0.010 0.369 63.2 87.7 36.8 12.3
0.65 -> 0.70 0.82 0.017 0.41 3.13 0.005 0.057 0.41 5.07 0.012 0.381 61.8 87.0 38.2 13.0
0.70 -> 0.727 0.53 0.009 0.29 3.42 0.001 0.058 0.24 5.31 0.008 0.389 60.8 87.0 39.2 13.0
0.727 ->0.97 10.58 0.082 8.32 11.74 0.035 0.093 2.26 7.57 0.047 0.436 39.2 82.4 60.8 17.6

P/Pq range Desorbed Reversibly sorbed Irreversibly desorbed Comments

0.97 -> 0.29 10.37 0.073 10.37 1.37 0.073 0.020 __ 7.57 0.436 Assumed no interlayer water lost
0.29 -> 0.25 0.27 0.006 0.15 1.22 0.005 0.015 0.12 7.45 0.001 0.435 —
0.25 ->0.20 0.39 0.011 0.19 1.03 0.008 0.007 0.20 7.25 0.003 0.432 —
0.20 ->0.16 0.24 0.009 0.15 0.88 0.007 0.000 0.09 7.16 0.002 0.430 —
0.16 ->0.14 0.13 0.006 0.07 0.81 0.003 __ 0.06 7.10 0.003 0.427 —
0.14 ->0.05 0.96 0.060 0.35 0.46 0.007 __ 0.61 6.49 0.053 0.374 Calculated from B. E. T.
0.05 -> 0.044 0.20 0.017 0.03 0.43 0.001 — 0.17 6.32 0.017 0.357 Estimated values of reversible water
0.044 ->0.036 0.26 0.022 0,05 0.38 0.001 __ 0.21 6.11 0.021 0.336 2/
0.036 ->0.023 0.44 0.035 0.07 0.31 0.002 — 0.37 5.74 0.033 0.303 ff
0.023 ->0.022 0.43 0.028 __ — __ — 0.43 5.31 0.028 0.275
0.022 ->0.0093 1.03 0.070 0.10 0.21 — —— 0.93 4.38 0.070 0.205 ff
0.0093 -> 0.0042 1.14 0.125 0.21 0.00 __ 0.93 3.45 0.125 0.085 n
0.0042->0 3.38 0.485 — — — 3.38 0.07 0.485 -0.400 Actual value is -0.4200

* Total irreversible sorbed
**Total reversibly desorbed

Using a value of 2.86 g/cc for Ca3Si2O7-2H2O
(18) since at a P/Po of 0.30 only about 40 per cent of 
the irreversible water has re-entered and since most 
of the adsorption is taking place on this “crystal” 
which constitutes most of the area, and using 40.8 
m2/g for the surface area, the value of ‘E’ from 
Eq. (5) is 2.99 X 1011 dyne/cm2 or 4.35 X 106 lb/in.2. 
This value is about 8 times as large as that measured 
for the equivalent compact (19), or of the equivalent 
water to cement ratio paste (20). This calculated value, 
however, represents ‘E’ for the solid material, not the 
porous body. Helmuth and Turk (20) extrapolated 
from porosity-E plots to get ‘E’ of ‘gel phase’ as 4.5, 
and of ‘solid phase’ 10.8 (lb/in.2). This latter value 
was similar to the extrapolation of Soroka and Sereda
(19) . Both these values suffer from the difficulty of 
measuring the correct porosity; however, since a large 
part of the water removed during ‘d-drying’ is inter
layer water which returns on sorption. Thus, the water 

porosity (determined by water) would be much lower 
than anticipated, making the extrapolated value much 
too high. Considering these assumptions, the value 
found for the modulus of the solid phases is very good 
and is considered as further evidence of the validity of 
this approach.

The Irreversible Isotherm

The method outlined in the previous section (con
struction of a reversible isotherm) also enables one to 
obtain the irreversible isotherm (Fig. 6 and Table 
3). The large hysteresis in both length and weight 
change isotherms is evident. As already described, this 
hysteresis exists even to vapour pressures of only a 
few microns. The ‘irreversible water’ is sorbed at all 
pressures along the primary adsorption isotherm, 
and this explains why the time to attain equilibrium 
was always longer on this curve. Values below P/Po



Fig. 6. Constructed irreversible water isotherm: I—AL/L x 100 
vs. P/Po x 100; II— AW/W x 100 vs. P/Po x 100; III— 
AL/L x 100 vs. AW/W x 100.

of 0.05 were extrapolated for ‘reversible water’, but 
since this became small compared with the ‘irrever
sible water’, any error would be negligible.

The plot of the AL/L vs. AW/W shows the impor
tant change in slope on the sorption curve at P/Po 
of 0.54. This is precisely the point where the value of 
the modulus of elasticity (11) starts to increase, when 
measured as a function of relative pressure. In addi
tion, the hysteresis of this curve shows that the with
drawal of interlayer water follows a completely dif
ferent path from its entry. Again this might be implied 
from the results of the modulus measurements (11). 
As the desorption continued, it appeared as if the loop 
might gradually close, but below P/Po of 0.009 it diver
ged yielding a large irreversible shrinkage below the 
original zero by 0.420 per cent, although the zero for 
AW/W was the same.

This irreversible effect also occurred on the first 
degassing, but did not occur when degassing took 
place after a methanol cycle. Thus it must be asso
ciated with the effect of water. Solution effects of water 
on calcium hydroxide (14) are ruled out because the 

effect is considered too large; the explanation favoured 
is that when the final interlayer water is expelled, a 
reorientation of the layers occurs, resulting in an 
irreversible contraction. More work is needed in this 
area. Nevertheless, a plausible model can be suggested 
to explain most of the general behaviour of the 
entrance and exit of interlayer water and the variation 
of AL/L and modulus of elasticity with P/Po.

Fig. 7 illustrates in model form the process of 
exit and entry of interlayer water: initially drying will 
take place from the edges with little contraction 
((a) to (b)); drying to state (c) will provide some 
collapse and large contraction; drying at the edges 
probably occurs below P/Po of 0.30 and stronger 
drying (state (c)), below P/Po of 0.07; the final removal 
of the water in the middle will not take place above 
P/Po of 0.009. It is considered that this water in the 
centre provides the main bracing for a higher rigidity 
and, when it is removed, the modulus decreases as 
experiments show. This state of drying (d) also in
volves possible reorientation of the plates to produce 
an irreversible contraction. Resorption now occurs
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Fig. 7. Simplified model for exit and entry of water between 
layers of tobermorite gel

at the edges (states (e) and (f)), being initiated by 
physical adsorption and resultant surface free energy 
change on the external surfaces. Here, the pressure 
vs. AL/L or AW/W hysteresis is apparent, since inter
layer water cannot enter until some external move
ment occurs. Further sorption will continue inward 
from the edges, causing large expansions. As the 
layers are filled towards the middle (states (f) to (g)), 
it is apparent that the modulus will start to increase 
due to “bracing" of the layers by the water molecules; 
the resultant AL/L will not be as large because most 
of the expansion occurred from the edges.

Further implications of the interlayer water can 
be observed from Table 3:

(a) Total interlayer water for this sample is 7.54 
per cent, although it may be somewhat higher, as 
discussed above. This means that the difference be
tween pore volumes obtained by water, on the one 
hand, and nitrogen and methanol, on the other, 
would be in the order of 0.08 ml/g. This explains 
the discrepancies in pore volume obtained by Mikhail 
and Selim (21) for pastes with a w]c of 0.35 to 0.57. 
It is postulated here that, since the interlayer penetra
tion by nitrogen is very small, this gas would give the 
best pore volume for mechanical property extrapola
tions.

(b) Less than 20 per cent of the total expansion 
along the isotherm is due to physically adsorbed water. 
The percentages of physical and ‘irreversible’ water, 
and their concomitant length changes for the different 
pressure ranges are shown in Table 3.

The only remaining evidence to support the pre

£,100

Fig. 9. Length change isotherms of methanol on bottle-hydrated 
portland cement compacts degassed at 80°C.

vious model of hydrated portland cement is the den
sity measurements of Brunauer, Kantro, and Cope
land (18). It is clear, however, that when the density is 
measured with a water solution, the interlayer water 
has already re-entered. The slow decrease in density 
obtained by these authors for some less severely 
dried samples is probably associated with some 
slow recovery of the irreversible shrinkage observed 
by Helmuth and Turk (22), or as observed here below 
P/Po of 0.009. Density measurements should be 
perhaps obtained with nitrogen.

Methanol Adsorption

Methanol sorption was measured on the same 
compacted sample degassed at 80°C.

The sorption results (Fig. 8) are very similar to 
those obtained by Mikhail (21) inasmuch as a surface 
area of similar magnitude was obtained (area of 
molecule taken as 18.1 Ä2, see Table 1), and the low 
pressure hysteresis is of the same magnitude (inter
mediate between water and nitrogen). Several cycles 
were performed, however, and length change measure
ments, (Fig. 9) were made during these cycles. Signi
ficant features of these results are the following:

(a) After significant sorption at very low pressures, 
the isotherm is very flat; for cycle 2 to P/Po of 0.75 
the desorption is even flatter. This may be explained by 
the concept of autophobicity of alcohol adsorption 
(23), where the isotherms exhibit strong monolayer
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Fig. 8. Sorption isotherms of methanol on bottle-hydrated 
portland cement compacts degassed at 80°C.

Fig. 10. AL/L vs. AW/W plots for methanol sorbed on bottle- 
hydrated portland cement compact degassed at 80°C (P/Po 
values are x lOO)

binding with little tendency toward multilayer forma
tion; multilayer formation occurred almost asymp
totically at high vapour pressures. The autophobicity 
is due to strongly oriented adsorption in the first 
adsorbate layer which would permit multilayer forma
tion at a distance remote from the initial interface so 
that its influence is lost. The result would approxi
mate to a Langmuir isotherm, but for methanol, 
whose hydrocarbon chain is not so long, this approxi

mation is not completely attained.
(b) Cycles 2, 7 and 8 show that the hysteresis, like 

that for water, is cumulative, significant low pressure 
hysteresis occurring even after sorption to only P/Po 
of 0.17. Cycle 3 rejoins precisely where cycle 2 stopped 
on the adsorption curve, but for cycles 7 and 8, the 
rejoining is not so exact. Cycle 4 shows that some of 
the irreversibly sorbed methanol may be withdrawn 
at about P/Po of 0.01; cycle 5 shows that the isotherm 



is close to reversible between P/Po of 0.12 and 0.77 
on the descending branch, and cycle 6, that some 
irreversible sorbed methanol is added when this cycle 
goes to a higher pressure than did cycles 4 and 5.

(c) The length results show the same result as far 
as irreversibility is concerned. The ascending ‘sorp
tion’ curves, however, cycles 1, 2, 3, show a significant 
length change at the beginning and all the way up 
the isotherm, contrary to the assumption of Mikhail 
and Selim (21). Despite the large desorption, there is 
very little contraction on the desorption curve. This 
length change plot looks very similar to the construc
ted irreversible plot for water. The explanation is 
clear: along the sorption curve, both physical adsorp
tion (of a strong nature at low P/Po), and interlayer 
penetration are taking place. The penetration is less 
than that of water because of the respective sizes of 
the molecules; on the desorption curve only weakly 
held methanol is coming off. At P/Po of 0.10, the slope 
(AL/L)/(AW/W)for the hysteresis is taken to represent 
that for interlayer methanol (see Table 1); the value 

0.0955 is more than that for water (0.0860) which is 
reasonable since the methanol molecule is bigger 
than water. Curve I in Fig. 10 shows the AL/L vs. 
AW/W plot. The points below P/Po of 0.01 show signs 
of specific interaction, but the adsorbed methanol 
cannot be separated from the interlayer methanol. If 
the average slope is taken and the surface area is as
sumed to be 30 m1 2/g (nitrogen value), the physically 
adsorbed methanol will have a (AL/L)/(AW/W) of 
0.0525, over twice that for water. This is consistent 
with Gibbs’ equation if, as assumed, a larger propor
tion of the methanol is adsorbed at low pressures. 
There would be reason to expect that the specific 
adsorption for methanol would be different from the 
one for water if the surface contains many hydroxyl 
groups (13). Details of this will not be included here, 
but it is apparent that the methanol isotherm is more 
complicated than previous interpretations (21), and 
that it is consistent in every way with the results 
obtained from water sorption.

1- R. F. Feldman and P. J. Sereda, “Sorption of water on
bottle-hydrated cement I,” J. Appl. Chem., 14, 
87-93 (1964).

Conclusions

1. Exposure of dried (below approximately 10 
per cent R. H.) hydrated portland cement paste to 
water vapour at any pressure results in the entry 
of interlayer hydrate water simultaneously with phy
sically adsorbed water.

2. Surface areas are much lower than was believed, 
the nitrogen area probably being the most reliable 
figure.

3. Less than 18 per cent of the expansion along the 
isotherm is due to physically adsorbed water.

4. Porosity values obtained from water sorption 
are too high. Nitrogen would give more reliable 
figures.

5. Gibbs’ equation is obeyed for the constructed 
reversible isotherm, and a calculation of the modulus 
of elasticity of the solid material gives a reasonable 
value.

6. A model for the entry and exit of interlayer water 
is given which explains the effect of vapour pressure 
on the modulus of elasticity. This model suggests 
that the entry and exit of interlayer hydrate water 
plays an important part in creep phenomena.

7. Results from methanol sorption, which also 
involves interlayer penetration, are consistent with 
those of water.
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Synopsis

The relation between hardness, modulus of elasticity and porosity was investigated in 
three different systems prepared from normal Type I portland cement. This study was under
taken to obtain some data on the structure of cement-stone, particularly with regard to the 
nature of the interparticle bonds and their effect on mechanical properties. The study also 
enabled the evaluation of the possible use of compacts in cement research.

The three cement systems, designated as I, II, and III, cement pastes (I) in which porosity 
varied from 40% to 70% and the degree of hydration from 73% to 98% (w/c ratio 0.40 to 
1.20), compacted cement pastes (II) in which porosity varied within the range of 25% to 
60%, and compacts of bottle hydrated cement (III) in which the porosity varied from 20% 
to 55 % and the degree of hydration from 0 % to 90 % (i.e., unhydrated cement compacts were 
included).

Test results generally supported the concept that the strength of the cement-stone is 
mainly derived from a particular type of interparticle bond. It is concluded that this bond 
is a solid to solid contact resulting from the bringing together of surfaces, and that it is 
essentially the same in compacts as in cement paste.

The close agreement between values for mechanical properties of compacts as compared 
to paste suggests that compacts, used as a model of the cement-stone, are a promising and 
a reliable tool in cement research.

Introduction

It is generally accepted that the structure of cement
stone***  is rather complex, and there are still quite a 
few aspects concerning its nature awaiting clarification. 
Although extensive data exist to indicate that the 
hydration products are essentially comprised of col
loidal-sized particles having a great variety of micro
structure, as shown by Grudemo (1), little is known 
about the nature of the bonds between these colloidal 
particles to account for the strength of the cement
stone. Philleo in his review (2) discussed the various 
types of bonds and pointed out that limited swelling 
of the cement-stone in water has been considered as 
evidence for the existence of some chemical (pri
mary) bonds between the gel particles but that the 
secondary bonds accounted for most of the strength 
of the cement paste. This conclusion was made on the 
grounds that adsorbed water was a constituent part

of the bond, in order to account for some of the unu
sual physical and mechanical behaviour. Recent 
work at DBR (3-6), however, contradicts the above 
hypothesis. - .

It is recognized that the terms “chemical” and 
“secondary” bonds have been used in describing the 
structure of hydrated cement system without a strict 
definition of their meaning. This has led to consider
able misunderstanding. It is believed that what was 
meant by the “chemical” bond between the particles 
was a solid to solid contact similar to that of a grain 
boundary in a polycrystalline material where some 
atoms approach the spacing and arrangement in the 
crystal. Such “chemical" bonds could be formed 
during a crystallization process accompanying a 
chemical reaction where the mobility of atoms allows 
for a regular arrangement resulting in an intergrowth 
of crystals. It follows that these bonds would be 
strong and, when broken, would not be remade in 
normal circumstances.

It is believed that the term “secondary” bonds as 
applied to the hydrated cement system arose out of 
the assumption that adsorbed water was a constitu



ent part of the interparticle bond; hence the general 
term of van der Waals forces was considered appro
priate.

Previous work in this laboratory has indicated that 
neither of these definitions would fit adequately the 
interparticle bonds in the hydrated cement system. 
It is suggested, therefore, that a different interparti
cle bond be postulated which would involve a solid 
to solid contact resulting from the bringing together 
of surfaces (by pressure or accommodation) forming 
a particle boundary having no regular atomic arrange
ment or spacing. Atoms at such a boundary would 
engage a varying proportion of the long range and 
the short range forces depending on the degree of 
disorder and the average spacing. It can be visualized 
that this interparticle bond can be broken and sub
sequently remade under appropriate loading condi
tions. This type of bond differs from the “chemical” 
bond defined above, which has a more regular atomic 
arrangement, and in which the spacing of the atoms 
may approach that of the lattice spacing in the 
crystal.

The vital question of the structural model for hy

drated cement, therefore, has yet to be resolved, 
especially in regard to the nature of the particular 
interparticle bonds for which there is considerable 
evidence from the work at DBR involving compacts 
of hydrated cement. The present work was designed 
to shed some further light on the above questions of 
the structure of portland cement-stone.

In the first stage of the study, some mechanical 
properties of compacts and pastes were compared in 
a gypsum system, which is distinctly crystalline and 
where intergrowing of crystals is a distinct possibility. 
The results of this stage of the work were reported 
elsewhere (7), but the essential part is reproduced here 
to enable direct comparison of the gypsum system 
with the cement system.

In the second series of experiments reported here, 
essentially the same tests were carried out with Type 
I normal portland cement instead of gypsum. It was 
hoped that the comparison of results for the two 
systems (distinctly different in the degree of crystal
linity) would reveal information about the nature of 
the bonds.

Experimental

In the tests described, the hardness and modulus 
of elasticity of portland cement pastes and of compacts 
with a wide range of porosities were compared. All 
specimens involved were flat, round plates 1.25 in. 
(approximately 32 mm) in diameter and 0.050 in. 
(approximately 1.25 mm) thick. Specimens of three 
different systems were prepared, all from the same 
brand of Type I normal portland cement.

Preparation of Specimens

System I—Cement Paste

The cement was mixed in vacuum with boiled distill
ed water to give cylinders measuring 1.25 in. in diam
eter and approximately 5 in. high. (For the chemi
cal composition of the cement see reference (3), and 
for further details of mixing procedure see reference 
(8)). The water/cement ratio in the specimens varied 
from 0.40 to 1.20 resulting in pastes of seven different 
porosities ranging from approximately 40% to 70% 
(Table 1). °

Specimens were demoulded after 48 hours and, to 
avoid carbonation, were wet-cured in tightly closed 
rubber bags. At the age of approximately 3 months 
the cylinders were taken out and sliced to give speci

mens having the required thickness of0.050 in. Condi
tioning of specimens involved two stages; they were 
first allowed to dry at 30% R. H. and 22°C (saturated 
solution of CaCl2), and then placed over a NaOH 
solution to reach equilibrium at 50% R. H. and 22°C 
both in a CO2-free atmosphere.

The porosity of the samples was calculated from the 
weight, volume, and degree of hydration, taking the 
density of the unhydrated cement to be 3.15 g/cc and 
that of the hydration products to be 2.60 g/cc.

System II—Compacted Cement Paste

Some of the cement paste specimens (system I),

' Table 1. Summary of test data 
System I—Portland cement pastes and compacts

Designation w/c 
ratio Porosity, 

%

Hardness, 
kg per 
sq mm

Modulus of 
elasticity x 
10 kg per 

sq cm

Degree of 
hydration,

15 0.40 39.6 32.0 14.71 73.3
0.50 45.6 20.6 10.86 80.9
0.60 51.8 10.7 7.92 80.2
0.70 55.6 8.2 6.95 86.825 0.80 59.3 5.9 5.63 88.631 LOO 65.5 3.3 3.80 91.737 1.20 69.9 — 2.57 98.5



after being cured and sliced, were subjected to a com
pacting pressure in a closely fitting mould (0.003 in. 
nominal clearance). In each case the thickness of the 
sliced specimens was adjusted to yield the nominal 
thickness of 0.050 in. after compaction. Porosity was 
controlled by the amount of the applied pressure and 
ranged from approximately 25 % to 60 % (Table 2). 
When the initial porosity was known, porosity after 
compaction was determined simply from the change in 
the dimension of the specimens involved.

Compaction was affected when the paste specimens 
reached equilibrium at 30% R. H.; however, testing 
was carried out after they were conditioned at 50 % 
R. H.

System III—Compacts of Bottle Hydrated 
Portland Cement

The hydrated cement was prepared by mixing 1:5

Table 2. Summary of test data 
System II—Compacted portland cement pastes and compacts

Designation
Compacting 

pressure, 
kg per sq cm

Porosity, Hardness, 
kg per 
sq mm

Modulus of 
elasticity x 10-4, 

kg per sq cm

15 1,430 39.1 41.6 4.90
2,860 36.6 51.2 14.76
5,730 30.0 69.9 22.41

11,460 24.9 85.6 26.84
16 1.140 45.1 25.4 9.28

2,290 40.4 41.4 12.36
4.580 33.3 __ 19.78
5,730 30.3 63.2 22.10

11,460 24.8 87.1 26.90
19 1,140 49.4 23.9 7.89

2,290 41.5 38.7 14.79
4,300 34.0 20.57
5,730 31.1 64.9 23.36

11,460 25.8 80.4 24.34
23 1,140 50.2 8.92

1,430 47.3 26.0 10.82
1,720 46.8 __ 11.24
2,290 40.4 — 14.20
2,860 37.3 46.0 15.98
5,730 29.1 67.6 23.49

11,460 24.6 85.8 27.94
25 860 53.5 15.3 7.67

1,140 51.0 7.42
1,430 49.0 — 9.72
1,720 47.7 10.40
2,000 44.5 30.3 12.08
2,290 43.3 — 13.59
4,300 33.5 56.6 20.08
5,730 29.8 — 23.83
6,870 28.2 69.3 25.90

11,460 25.7 83.7 27.31
31 860 56.7 10.8 5.20

1,140 53.3 — 6.99
1,720 49.0 9.56
2,290 44.1 32.1 11.75
2,860 39.8 — - 16.29
5,730 30.8 62.0 17.66

11,460 25.6 79.5 25.92
37 570 59.4 — 4.72

740 57.6 10.4 5.08
860 54.7 — 6.67

1,140 51.0 — 8.11
1,430 48.9 20.8 9.20
1,720 46.7 —. 9.92
3,440 37.9 45.9 16.35
4,300 33.9 — 20.58
5,730 31.0 66.9 27.24

10,020 25.9 — 27.03
11,460 25.2 77.9 26.99

mixtures of cement and water in tightly closed bottles 
which were mounted on a rotating disc. The mixing 
period varied between 24 hours and 28 months, re
sulting in products of different degrees of hydration 
within the range of approximately 35% to 90% 
(Table 3).

When mixing was completed, the hydrated cement 
was filtered, dried at 30% R. H. over CaCl2, and then 
screened through a 100-mesh sieve. The remaining 
fraction (mostly Ca(OH)2 crystals) was ground and 
recombined with the sieved material. At this stage 
the powdered hydrated cement was used to produce 
the compacts by the method described elsewhere 
(3-5). Altogether, compacts of 5 different degrees of 
hydration were prepared within the porosity range 
of approximately 20% to 55% (Table 3). To com
plete the picture and to provide data for “zero” 
degree of hydration, compacts of unhydrated cement 
were also prepared in the porosity range of 18% to 
31 % (system Illa-Table 4). As in system I (cement 
pastes) porosity was determined from the weight, 
volume and degree of hydration and using the density 
values mentioned previously. To conform with the

Table3. Summary of test data
System III—Compacts of bottle hydrated portland cement

Designation Mixing

Degree 
of 

hydra
tion.

pacting 
pressure, 

kg per 
sq cm

Porosity,
Hard
ness, 

kg per 
sqmm

Modulus 
of 

elasticity
X 10-4, 
kg per 
sqcm

Bl 1 day 34.1 860 45.7 10.4 5.80
2,860 34.0 37.2 15.16
5,730 26.7 62.6 22.38

11,460 19.9 92.8 29.46
B3 3 days 49.8 860 48.9 13.0 6.14

2,860 36.8 38.9 15.20
5,730 28.3 69.1 23.17

11,460 21.3 99.0 30.84
B7 7 days 63.8 860 47.9 16.0 6.73

2,860 35.5 40.4 16.31
5,730 30.6 50.1 20.50

11,460 28.7 51.4 21.15
B28 28 days 75.5 860 49.7 16.0 7.84

2,860 37.3 35.5 16.95
5,730 34.5 43.8 19.06

11,460 33.9 —. ——
BM 28 months 90.7 860 54.8 9.1 4.08

2,860 41.0 30.8 11.57
5,730 31.5 52.4 19.22
8,020 26.6 70.5 25.75

11,460 23.2 81.7 27.16

Table 4.
System Illa—Compacts of unhydrated portland cement

Compacting pressure, 
kg per sq cm

Porosity, Hardness, 
kg per sq mm

1,430 31.1 19.6
2,860 26.8 28.3
5,730 22.4 50.8

11,460 18.1 81.6



Fig. 1. General view of testing layout

other systems, testing was carried out after specimens 
reached equilibrium at 50% R. H. and 22OC.

Testing Methods

All tests were carried out in a gloved box which 
was conditioned at 50% by means of a NaOH solution 
(Fig. 1). The following tests were conducted.

Hardness

Vickers hardness was determined with a Leitz 
Miniload hardness tester; the load was adjusted in 
each case to give indentation to a depth of 35 to 50/z. 
For each specimen tested, the hardness was taken as 
the average of 10 tests carried out along an arbitrary 
diameter at 0.1-in. spacing.

Young’s modulus of elasticity was determined with 
an apparatus described elsewhere (5). Essentially the 
procedure involves the measuring of the deflection 
of a specimen when it is loaded at its centre and sup
ported at three points located at the circumference of 
a circle 1 in. in diameter. Under such conditions, 
Young’s modulus is related to centre-deflection as 
follows (9):

Def = ^

where P = the applied load
a = radius of circle of support
E = Young’s modulus of elasticity

h = specimen thickness
ß = parameter related to Poisson’s ratio (//), 

number of supports (m) and the ratio (r) 
between the radius of circle of supports (yi) 
and radius of specimen (c).

To determine the value of ß in the above formula, 
it was assumed that the modulus of elasticity in com
pression is equal to the value determined from the 
deflection test. In turn, the modulus of elasticity in 
compression was determined on cylinders 1.25 in. 
X 2 in. which were, in fact, the companion specimens 
of the cylinders used for preparing systems I and II.

The average of five tests was considered as Young’s 
modulus for any given set of conditions.

Degree of hydration was determined by means of 
a thermo-balance test (TGA). The weight of the sam
ple in a “dry state” was taken as the value recorded 
when no weight loss was observed (readings to the 
nearest milligram) with the oven temperature kept 
constant at 120°C. The amount of water required for 
complete hydration was considered to be 25.4% of 
the unhydrated cement weight. For each set of condi
tions, the degree of hydration was taken as the average 
of three or four such tests.

It is realized that the accuracy and reproducibility 
of the results of the above procedure are questionable 
to some extent. This, in fact, is somewhat indicated in 
the results reported in Tables 1 and 3. It can be seen 
that, contrary to what could have been expected, the 
degree of hydration in the paste with a w/c ratio of 
1.20 was found to be higher than that observed in 
the cement which was bottle-hydrated for 28 months. 
It should be kept in mind, however, that for the pur
pose in hand, where the degree of hydration is used 
to calculate porosity, the use of a better established 
value is less critical than it perhaps would be under 
different conditions. Using, for instance, the formula 
suggested by Powers (10) it can be shown that a dif
ference of 10% in the degree of hydration is asso
ciated only with approximately 3 % variation in the 
porosity of denser pastes (w/c = 0.40) and 1 % 
variation in high-porosity pastes (w/c = 1.20). It is, 
therefore, considered that possible errors of such 
order are not liable to affect materially the results 
and the use of the above procedure in no way limits 
the following conclusions.

Results and Discussion

In Fies. 2 and 3 respcctivdy, hardness and modulus ot elasticity are plotted against porosity, together



Fig. 2. Modulus of elasticity vs. porosity for the cement systems

with the corresponding regression line. These lines 
were calculated to fit test data employing the least 
squares method and assuming a semi-logarithmic 
relation between the factors involved. It can be seen 
that for each of the systems prepared, (excluding the 
higher end of the porosity range), such an assumption 
resulted in fairly good agreement with the experimental 
data. It should be realized, however, that the exponen
tial expression used here, although suggested and used 
by others (11, 12), is purely empirical and therefore 
does not necessarily represent the “true” relation 
between the factors involved. Moreover, it is possible 
to devise other expressions to fit the very same data. 
In the present study, however, where the main object 
is the comparative evaluation of the different cement 
systems, this aspect becomes of secondary importance. 
In fact, for the present purpose, any other expression 
which can be shown to represent the experimental 
data may be used with more or less the same degree 
of success.

The most significant result, as shown in Fig. 2, 
is that the modulus versus porosity relation was the 
same for the compacted cement paste as for the cement 
paste despite the fact that paste samples, having an 
original porosity in the range of 40 to 70% were 
compacted to porosities in the range of 25 to 60 %. 
This is strong evidence for the absence of “chemical" 
bonds because it is unlikely that these would not be 
broken (if they were present) when the pore volume is 
reduced by one half during compaction. The fact that 
the values for the modulus of the compacts of bottle 
hydrated cement fit so closely to that of the paste and 
compacted paste lends further support to the idea that 
this system has none or very few “chemical” bonds.

The above results are in striking contrast with the 
results for the gypsum systems presented in Fig. 4 
(reproduced from reference (7)) where “chemical”
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Fig. 4. Modulus of elasticity vs. porosity for the gypsum systems

bonds can be identified. In this case the modulus for 
the in-situ hydrated gypsum was an order of magnitude 
greater than for the compacts at the same porosity.

The results of microhardness versus porosity pre
sented in Fig. 3 lead to the same conclusions as the 
results for modulus; the “chemical” bonds, if present 
in the paste, play an insignificant role because paste 
and compacts give the same relation with porosity. 
It is surprising, however, that the compacted paste 
samples give higher values for hardness. This may be 
related to a surface effect in the case of these samples.

It is also evident from the data in Figs. 2 and 3 that 
the degree of hydration is a significant factor only 
when its value is below 50 % as represented by system 
III (Bl). All series of cement compacts (system III) 
made from material in which the degree of hydration 
exceeded 50% (B3, B7, B28 and BM-Table 3) are 



represented by a single line. This point is further 
demonstrated from the data related to systems I and 
II (Fig. 2). Here, although the degree of hydration 
varied in the various series (Tables 1 and 2), in all 
cases it exceeded 50% and the results from both 
systems are represented by a single line. A similar result 
was obtained by Sereda et al. (5) for cement pastes in 
which the degree of hydration exceeded 58 %.

The above result suggests that, when cement is 
hydrated in excess of 50%, it is possible to obtain 
bonds between the hydrated and the unhydrated 
particles in the paste and in the compacts that are 
as strong as between hydrated particles themselves.

A case has been made for the absence in cement 
paste of “chemical” bonds which would fit the strict 
definition given and which seem to be present in other 
crystalline hydrates such as gypsum. This conclusion 
directs attention to the type of interparticle bonds in 
all the systems of hydrated cement prepared for this 
study. The nature of these bonds can now be de
duced. -

Any analysis of experimental results to be used in 
the deduction of the nature of the interparticle bond 
in cement must take into account the high total poro
sity of the system and, correspondingly, the fact that 
the bond area is small relative to the apparent cross
sectional area. This means that the bond area must 
always experience high stress concentrations relative to 
what the particle itself experiences. It is reasonable to 
postulate, therefore, that some of these bonds can be 
broken and remade for any loading condition because 
the system of particles is poorly organized and non
isotropic.

The interparticle bonds are undoubtedly solid to 
solid contacts which are responsible for the limited 
swelling. These bonds are obviously made by bringing 
the surfaces together with the appropriate pressure 
resulting from the chemical reaction or from the 
externally applied load. This being the case, increasing 
the pressure as in compaction increased strength or 
modulus in proportion to the reduction of the void 

. volume. The increased modulus reflects either an 
increased area of contact or increased bond strength 
due to closer and more regular spacing of the atoms, 
but is probably due to both.

This concept of the nature of the interparticle bonds 
in cement paste allows for the possibility of one par
ticle breaking its bond with one neighbouring par

ticle and remaking a similar bond with another neigh
bour. The result would be permanent deformation 
but no net loss of strength, when the system is subjected 
to sustained load. These concepts of the structural 
model are further discussed by Feldman and Sereda
(13) .

These bonds may approach the character of the 
“chemical" bonds when the porosity approaches zero. 
In fact, the extrapolated regression lines for modulus 
of gypsum systems in Fig. 4 virtually intersect at 
zero porosity. This result from the study with the 
gypsum systems suggests that the extrapolated values 
of modulus for the cement systems have a definite 
meaning. It follows, therefore, that the modulus of 
elasticity of the systems at zero porosity is actually the 
modulus of elasticity of the solid phase of the cement 
gel. Under test conditions this extrapolated value was 
found to be 88 X 104 and 92 X 104 kg per sq cm, for 
systems I and II, and system III, respectively. It is of 
interest to note that the above values agree surprisingly 
well with the data reported by Helmuth and Turk
(14) . Although quite a different method was employed 
(resonance frequency), the reported values for the 
two cements tested were 76 X 104 and 81 X 104 kg 
per sq cm.

The above conclusions, regarding the bonds in the 
structure of hydrated portland cement paste, are 
applicable to the interparticle connections and not 
necessarily to the bond system operating within the 
postulated layered structure of the tobermorite gel 
particle. A suitable model for the particle itself, 
proposed by Feldman and Sereda (13) to explain its 
physical and mechanical behaviour, has been based 
on detailed analyses of sorption isotherms. In the 
proposed model for the gel particle, water molecules 
do act as structural components, but this water has 
not the characteristics of adsorbed water, in con
trast to what was suggested by Powers (15).

It is hoped that the proposed structural model for 
hydrated cement paste will assist in resolving the phy
sical and mechanical behaviour of this material.

The implication that compacts of bottle hydrated 
cement can serve as models of the cement-stone has 
been demonstrated by the present data, by data re
ported elsewhere (3-5), and by the experience gained 
at DBR. It is believed, therefore, that the compact is 
a reliable tool in cement research.
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Supplementary Paper III-46 Molecular Sieve Effect in Concrete

Ronald H. MiHs*

* Department of Civil Engineering, The University of Calgary, 
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Synopsis ,

Certain polar and non-polar fluids and gases including nitrogen are incapable of pene
trating the finest pores in hydrated cement. Water is capable of greater, though incomplete 
penetration. The difference between the volumes of water and large-molecular fluid which 
can be accommodated in hydrated cement paste is a measure of cohesive forces which give 
concrete its strength and also of the extent to which such forces and dimensions of the gross 
structure may be modified by swelling or disjoining pressure.

Taking the volume of pore space occupied by water = Vw and that occupied by a 
fluid with large molecules = Vz, then the ratio: k = (Vw - Vz)/Vw is shown to be a function 
of the rate and extent of hydration and of the CaO:SiOz ratio C/S. For a particular value of 
this ratio, strength <7 is a linear function of k and the slope dajdk increases with increase in 
C/5. On the other hand the relationship between strength a and the volume concentration 
of hydrate C does not appear subject to variations in C/5.

Volume changes due to creep and shrinkage appeared to increase with increase in k 
but values of kVw after shrinkage and creep had taken place were less than at the start of the 
test. This suggested a collapse of structure in the cement hydrate. The volume kVw was found 
to represent between 1 and 3 monolayers capacity of water and corresponded to the water 
held at relative humidities of between 0 and 28 per cent. Shrinkage varied linearly with weight 
of water gained or lost within this range of relative humidities.

Introduction

Since publication of the classic studies of Powers 
and Brownyard in which it was apparent that gases 
such as nitrogen, hydrogen and helium and fluids with 
large molecules such as acetone, carbon tetrachloride 
and toluene (1) were excluded from sites accessible 
to water, other evidence (e.g. 2, 3, 4, 5) supported 
the view that cement hydrate acted as a molecular 
sieve.

More recently Copeland, Mikhail et al were able to 
make deductions regarding the pore structure of cement 
paste through study of sorption characteristics of 
various organic fluids. Of particular significance was 
their conclusion that large-molecular fluids such as 
cyclohexane could be accommodated only in capillary 
pores (6, 7).

Comparatively little attention seems to have been 
paid to the correlation of these phenomena with engi

neering properties such as strength and dimensional 
stability until Hrennikoff noted the almost total 
absence of swelling which accompanied saturation with 
kerosene, methyl alcohol and mineral oil (8). A year 
later Mills discussed the “wedging” action of water 
in relation to diminution of strength accompanying 
adsorption and postulated that absence of this effect 
when concrete was saturated with kerosene and carbon 
tetrachloride could be attributed to lack of penetra
tion of these fluids into the gel structure (9).

A geometrical model based simply on exclusion of 
large molecules from narrow spaces admittedly neglects 
factors such as hydrogen-bonding and packing of mole
cules (10); but it is probably accurate enough for the 
present purpose. Contemporary models of the struc
ture and behaviour of hardened cement paste assign 
great importance to the interaction of water and solid 
in zones of restricted adsorption (11, 12) and the 
molecular sieve effect provides a ready means of esta
blishing the volume proportion of this class of pore 
water.



The Model

When cement reacts with water the products of 
hydration grow outward from the unhydrated nucleus 
into space originally occupied by the mixing water. 
This is illustrated in the electron micrographs of Figs. 
1 and 2 which show calcium silicate hydrate flowers 
growing on a cement grain. The absolute volume of 
the hydrate is greater than that of the original cement 
but less than the sum of the volumes of the reacting 
components. In order to maintain saturation of pores 
an increment of water has to be supplied from an 
external source. This increment of water, Aiv, is 
proportional to the non-evaporable water which has 
become part of the solid. For reasons discussed else
where (13) the characteristic ratio of )v„:Aw must be 
determined in a separate experiment by hydrating 
cement with water rcement ratio iv0 of 6 or more in a 
pycnometer bottle. Equations for the volume propor
tions of solid and water in cement paste may be set 
forth as follows:

volume concentration of unhydrated cement

V = a
“hc gw0 + 1

volume concentration of hydrated cement,

«11 +^w”(l -
V = 1_______ Wn/I

hC gwo 4- 1

(1) ;

(2) ;

volume concentration of evaporable water,

wog-agw”(l -^)
y _ ____________\_____ WK /

" gWo + 1 (3);

the volume concentration of hydrate in space
available to accommodate it.

C = 'ht
1 - V„ÄC

(4);

where 1/g = the specific volume of the unhydrated 
cement cc/gm; w0 = the original water: cement 
ratio; w® = the non evaporable water gm/gm of fully 
hydrated cement; Aw is the reduction in specific 
volume resulting from the complete reaction of w° 
and 1 gram of cement and a is the degree of hydration.

If the concrete is dried to equilibrium weight at 
110°C and then vacuum saturated with a fluid having 
large molecules, the ratio:

4 = ^ (5);

represents the fraction of water which has access to 
space which excludes the fluid. To a first approxima
tion, KV„ is a measure of pore water strongly adsorbed 
in the micro-cellular structure of the cement hydrate.

The kVw fraction is, in terms of the model, that 
portion of the pore water which is active in the sense 

?ig. 1. Growth of calcium silicate hydrate from the surface 
of a cement grain (X 6,500)

Fig. 2. Cluster of calcium silicate hydrate fibres ( X 13,500)



of applying swelling or disjoining pressure tending to 
separate primary particles of cement hydrate. It is 
under pressure at the time hydration products are 
laid down and this pressure is equilibrated in part by 
surface forces which tend to draw primary particles 
of solid together. As concrete drys, and meniscus 
forces become active, pressure is reduced and partial 
closure of spaces between primary particles results. 
At the same time, meniscus forces react on assemblies 
of primary particles (such as petals') and produce 
volume contraction of the gross structure. Both these 
effects would result in isotropic contraction of the 
paste.

The spaces separating primary particles are unlikely 
to have parallel sides and judging from Figs. 1 and 2 
may be described as wedge-shaped with the sharp end 
of the wedge pointing in random directions. In terms 
of this model water is excluded from the apex of the 
wedge where inter-particle cohesion is provided by 
primary bonds. In drying concrete, increase in the 
magnitude of meniscus forces, or decrease in relative 
humidity in the pores would result in migration 
of water towards the wide part of the wedge. Retreat 
of water from sites on the surface would result in 
increase of surface energy residing in the solid surface 
and, in addition, closure of the gap between surfaces. 
As before this would give rise to isotropic strain in 
an unloaded specimen. In a specimen subjected to 
uniaxial load this effect would be supplemented by 

migration of water molecules out of spaces tending to 
be closed by the load and into spaces tending to be 
opened by the load. Thus creep may be viewed as one 
component of adjustment following variation of other 
components contributing to equilibrium of kVw water 
whether or not drying occurs at the same time.

If the model is realistic, both creep and shrinkage 
should be accompanied by permanent exclusion of 
water from zones near the apex of the wedge in a 
process analogous to sintering. At first sight it is not 
easy to judge whether this would result in increase 
or decrease of the k factor: increase in k would imply 
that the walls of wedges had rotated about a point 
near the sharp end; and reduction of k would imply 
rotation in the opposite sense. In reality the platey 
structures of primary particles would probably 
buckle in a rather complicated fashion. In general the 
variation of k would not be the same for both loaded 
and unloaded specimens since both rotations and buck
ling would be of opposite sense parallel to and trans
verse to the load while drying shrinkage would have 
the same effect in all directions. This model is consist
ent with results appearing in recent reports (14, 15, 
16) and the characteristics of models recently pro
posed by Powers (11,12) and Ishai (17). Perhaps the 
only significant difference lies in the present emphasis 
on initial stress in pore water and the possibility of 
internal seepage even in saturated pastes.

Experimental

The data described herein was obtained during the 
course of other investigations in which the observa
tion of k factors was not the primary objective. Al
though a considerable quantity of data has been ac
cumulated over the past 10 years or so it is only 
recently that there has been sufficient incentive to 
process the observations, The data presented herein 
is typical but incomplete, particularly insofar as creep 
tests are concerned. More work is being prepared 
for publieation.

Five series of experiments are described:

Series I

Two groups of mixes containing cement having 
CIS = 2, §2 and 1,70 respectively were made with 
water: cement ratios of approximately 0.25, 0.50 and 
0,80. Specimens were exposed to drying atmospheres 

after water curing for 7, 28 and 56 days. Linear 
shrinkage and moisture loss were ** determined for 
various values., of the relative humidity pjps on both 
desorption and asörption cycles. Specimens were 
ovendried then vacuum saturated with methyl alcohol, 
ethyl alcohol, propyl alcohol, benzol and kerosene 
and then re-saturated with water. Values of k, mean 
Vw and Vz were observed.,/' -

Series II

Four mixes having C/S ratio 2.82 and water: 
cement ratios 0.25, 0.45, 0.65 and 0.85 were oven- 
dried at 28 days; shrinkage, e, moisture loss, Vw 
and k were observed as outlined in Series II above. 
Fluids used were methyl alcohol, ethyl alcohol, 
propyl alcohol, benzol, carbon tetrachloride and 
cyclo-hexane.



Series HI

Various combinations of normal, and rapid harden
ing portland cement and blastfurnace slag were used 
to give variation of the C/S ratio in 12 mixes having 
tv0 = 0.50. Cubes were tested at various ages up to 
112 days and observations of cube strength a, w„, 
Aw, and k from kerosene absorption were made at 
each age.

Series IV

k values using kerosene were observed before and 
after creep and shrinkage were recorded for mixes 
having w0 =0.6 and aggregate: cement ratio =6, 
the period of testing being approximately 1200 days. 
A preliminary report of these tests appeared in 1958 
(18) and the final report is due to be published in the 
same journal.

Series V

Concrete and mortar prisms were oven-dried and 
re-saturated in water and kerosene, methyl alcohol 
and benzol. The mean coefficient of expansion over 
the temperature range 10 to 45°C and the static and 
dynamic moduli determined at room temperature.

In all these tests it was found necessary to isolate 
specimens and fluids from contamination by atmo
spheric moisture. The specimens were, except for very 
brief periods, isolated in evacuated drums. The 
end-point of weighings was taken as that correspond
ing to disappearance of the surface sheen on saturated 
specimens. Irregularly shaped specimens were avoided 
as far as possible in k tests by using unbroken cubes. 
In Series IV, however, all the specimens subjected to k 
tests were end pyramids chosen from the debris of 
equivalent cube tests.

Chemical compositions of cements are recorded in 
Table 1 and constants obtained from bottle-hydrated 
cements in Table 2. Other details of mixes are given in 
Table 3.

CjS ratio weight of CaO/weight of SiO2

Table 1. Chemical analysis of cements

Series Mix SiO2 Fe2O3 A13O3 CaO MgO so3 C/S ratio

I 1, 2&3 22.6 2.6 5.2 63.9 2.5 1.8 2.82
4,5 &6 27.8 1.6 10.7 47.2 11.3 0.9 1.70

H 1,2, 3&4 22.6 2.6 5.2 63.9 2.5 1.8 2.82
III 1 22.6 2.6 5.2 63.9 2.5 1.8 2.82

2 26.5 2.0 9.5 51.0 7.8 1.9 1.92
3 27.7 1.6 10.8 48.2 10.7 0.8 1.74
4 27.8 1.6 10.7 47.2 11.3 0.9 1.70
5 22.1 2.8 4.9 64.1 1.7 1.8 2.90
6 30.4 1.2 13.4 39.0 15.6 0.4 1.28
7 30.2 1.2 13.3 39.1 15.4 0.5 1.29
8 25.1 2.1 7.9 55.6 6.9 1.4 2.22
9 29.1 1.4 12.0 43.0 13.4 0.7 1.48

10 28.9 1.5 11.9 43.2 13.1 0.7 1.49
11 26.5 1.9 9.3 51.4 9.1 1.1 1.94

- 12 26.2 2.0 9.3 51.6 8.6 1.1 1.97

Table 2. Constants obtained by ball-milling cements 
in pycnometer bottles

Series Mixes g w„" w„°/Aw

I 1,2,3
3.22 1.253 3.87

IT 1,2,3,4
III 1,5

III 8 3.16 0.255 3.42
11,12 3.13 0.258 3.27
2,3,4 3.09 0.261 3.10
9,10 3.06 0.263 2.90
6,7 3.03 0.264 2.70

g — specific gravity of cement gm/cc
w° — non-evaporable water per unit weight of cement gm/gm

Aw = water taken up from external source to compensate reduction in 
specific volume accompanying hydration process—gm/gm hydrated 
cement.

Note: Mixes I, 4,5,6 and III, 2,3,4 used the same cement.

Table 3. Mix proportions of pastes, mortars and concrete

Series Mix
Water: cement

wo

Agreegate: cement

A/C

I 1,4 0.25 0
2,5 0.50 1.0
3.6 0.80 2.2

II 1 0.25 0
2 0.45 1.09
3 0.65 2.13
4 0.85 3.09

III 1 to 12 0.50 1.91

IV 1 to 7 0.60 6.0

V 1 0.45 4.5
2 0.60 6.0
3 0.35 1.0

Results and Discussion

Volume occupied by Various Fluids

The results of these tests are recorded in Tables 4 
and 5. Typical curves are shown in Fig. 4 together with 
results taken from Mikhail and Selim (7). Although 

the ratio of molecular weight to density represents 
only a first approximation to molecular volume, 
the curves show a progressive reduction in Vy/V„ 
with increase in M//> except for saturation with cyclo
hexane. Discussion of packing density of molecules



M/p

ccfmoleFluid
Age 
days

Table 4. Ratio of void space occupied by fluid to that occupied 
by water Vyj V«

2 3 4 5 6

7 Methyl alcohol CH3OH 
Ethyl alcohol C2H5OH 
Propyl alcohol 
Benzol C6Hg
Kerosene —

Series I mix number

.59 .82 .90 .55 .68 .77

.58 .78 .87 .46 .63 .74

.57 .76 .83 .44 .59 .69

.46 .65 .72 .37 .53 .62

.66 .79 .86 .51 .67 .76

40.25
58.37
74.70
88.86

28 Methyl alcohol CH3OH 40.25 .64 .76 .86 .51 .66 .77
Ethyl alcohol C2H5OH 58.37 .60 .74 .84 .45 .63 .73
Propyl alcohol c,h7oh 74.70 .60 .70 .81 .45 .58 .71
Benzol cK 88.86 .51 .60 .65 .36 .52 .61
Kerosene *— .64 .71 .84 .52 .66 .75

56 Kerosene — — .63 .78 .82 .51 .64 .74

M = molar wieght p = density gm/cc M/p = nominal volume cc/mole.

M = molar weight p = density gm/cc M/p = nominal volume cc/mole

Table 5. Ratio of void space occupied by fluid to that occupied 
by water for mixes of Series II at 28 days

Fluid

M/p 

cc/mole

Mix

1 2 3 4

Methyl alcohol ch3oh ' 40.25 .63 .81 .98 .99
Ethyl alcohol c2h5oh 58.37 .61 .79 .97 .98
Propyl alcohol c3h7oh 74.70 .55 .76 .90 .95
Benzol C„H„ 88.86 .51 .73 .88 .93
Carbon-tetrachloride CCL 96.45 .53 .73 .85 .90
Cyclo-hexane C6H12 108.04 .58 .77 .92 .97

and the possible effects of hydrogen bonding is beyond 
the scope of this paper. It is sufficient for the present 
to note that substantial and apparently systematic 
differences exist between the volume occupied by water 
and other fluids. It may be noted from Table 4 that the 
shape of gel spaces varies with C/S. As CjS is reduced, 
the taper of the wedge apparently becomes more acute. 
Further, the acutance of the angle would seem to 
depend upon the water: cement ratio. This is, to some 
extent, verified by comparison of the size of flowers 
shown in Fig. 3 taken from a specimen having w0 = 
0.4 and Figs. 1 and 2 in which the water: cement ratio 
was effectively 1.0 (19).

Relationship between k Obtained by 
Kerosene Absorption and Various 

Parameters

Table 6 records the relationship between hydration 
factor a, volume of unhydrated cement Nuhc, volume 
of hydrated cement VAc, V„ the volume of free water, 
C the volume concentration of hydrate in space avail-

Fig. 3. Calcium silicate hydrate cluster in cement paste having 
water: cement ratio = 0.4 (X 104,000)

able to accommodate it and kV„ the volume of water 
in zones of restricted adsorption. It is seen that increase 
in k'Vw is associated with decrease in Nuhc and V„ 
and increase in a, strength a, VAc and C. In other 
words increases with increase in the volume of new 
solids produced by hydration. Not shown but reported 
elsewhere (20) is the systematic increase of Vw with a 
implicit in equations 2, 3 and 4.

Fig. 5 shows that the relationship between strength 
a and C in this series is substantially independent 
of C/S. Fig. 6 on the other hand shows that the



Fig. 5. Cube strength vs volume concentration of cement hydrate 
C for mixes of Series HI. For key to symbols see Table 4

Age—days

Table 6. Hydration factor (a), volume proportions of un
hydrated cement (Nusf) hydrated cement (Vftc) and free water 
(V„,) in paste. Volume concentration of hydrate in space 
available to accommodate it (C), volume of water in space 
inaccessible to kerosene kNw ratio and cube strength
8—-p.s.i. at various ages in days

Mix Parameter 3 7 14 28 56 112

1 a .587 .676 .743 .826 .852 .883
.147 .115 .091 .062 .053 .042
.335 .386 .424 .472 .486 .504

A V«. .518 .499 .484 .466 .461 .454
c .393 .436 .466 .503 .513 .526
kVw .0363 .0464 .0503 .0526 .0742 .0754
kVM/V6c .108 .120 .119 .112 .153 .1495
<T 2670 3930 ' 4730 5380 5800 6430

2 a .508 .628 .705 .749 .799 .852
Vate .180 .136 .108 .092 .073 .054
V1.C .287 .355 .398 .423 .451 .481

o VW .534 .510 .495 .486 .476 .465
c .350 .411 .446 .466 - .486 .508
kv„ .0662 .0842 .0861 .0953 .119 .124
kVw/VM .231 .237 .216 .255 .265 .258

2630 3470 4630 5750 6500 6290

3 oc .490 .676 .701 .741 .770 .801
.186 .118 .109 .095 .084 .073

v»= .277 .382 .396 .419 .435 .453
0 vw .537 .500 .496 .488 .482 .476

c .340 .433 .444 .463 .526 .513
kVa, .072 .097 .123 .124 .157 .146

.259 .254 .311 .296 .360 .321
2590 4300 5890 6320 6600 7050 Symbols used in Figs. 5 and 6 are shown below number of each mix.

Mix Parameter

Age—days

3 7 14 28 56 112

4 a .443 .609 .690 .696 .753 .816
ho .203 .143 .113 .111 .090 .067

.250 .344 .390 . .393 .425 .461
o V„ .547 .514 .498 .497 .485 .473 -

c .314 .401 .440 .442 .467 .494
kV„ .058 .081 .095 .102 .138 .139
kv„/vac .232 .236 .244 .259 .324 .301
<7 1880 3450 4350 5400 6000 6940

5 Ct .680 .767 .806 .830 .881 .881
bo .123 .089 .074 .065 .046 .046

V», .418 .472 .496 .510 .542 .542
V V„ .459 .439 .430 .425 .413 .413

c .477 .518 .536 .545 .568 .568
kVw .053 .061 .070 .071 .072 .076
kv„/v6. .127 .129 .141 .139 .134 .141
O' 5170 6300 7200 7590 8560 8200

6 tx .364 .451 .481 .506 .588 .566
Ac .253 .219 .207 .197 .164 .173

.218 .270 .287 .302 .352 .338
o V„ .529 .511 .506 .501 .484 .489c .292 .346 .362 .376 .421 .409

kVto .069 .104 .117 .131 .135 .153
kV^/V^ .318 .385 .409 .434 .383 .451

1580 2740 3140 3960 3950 4280

7 a .494 .502 .566 .532 .606 .585
.201 .198 .173 .186 .157 .165
.295 .300 .338 .318 .362 .350

□ .503 .502 .489 .496 .481 .485
c .369 .374 .409 .391 .429 .419
kV„ .085 .124 .137 .157 .158 .178
kvto/vAc .286 .415 .406 .494 .437 .507
(7 2010 3160 3810 4250 4680 5050

8 a .533 .645 .714 .747 .816 .816
.182 .138 •111 .098 .071 .071

V»c .325 .393 .435 .455 .497 .497
0 V„ .494 .469 .454 .477 .432 .432

c .397 .456 .489 .504 .535 .535
kv„ .040 .068 .066 .075 .072 .078
kVwIVte .123 .173 .151 .164 .145 .157
a 2770 4140 4770 5600 5723 6810

9 a .433 .535 .581 .614 .651 .666
it Ac .224 .184 .166 .152 .138 .132

.262 .323 .351 .371 .393 .402
X Vw .515 .493 .484 .477 .470 .466c .337 .396 .421 .438 .456 .463

kVw .057 .092 .120 .127 .124 .144
kvw/vto .218 .284 .343 .343 .315 .358
(7 2010 3530 4570 4880 5180 5510

10 a .473 .568 .618 .660 .692 .706
^^7/ A <7 .208 .171 .151 .134 .122 .116

.286 .343 .373 .399 .418 .426
+ V„ .506 .487 .476 .468 .461 .458

c .361 .414 .439 .461 .476 .482
kv„ .068 .107 .135 .153 .149 .159
kV»/VM .239 .312 .361 .384 .356 .373
a 2320 4070 5030 5400 6270 6620

11 a — .621 .703 .766 .787 .805
.148 .116 .091 .083 .076
.378 .427 .466 .478 .489

❖ vw .485 .457 .443 .438 .435
c .444 .483 .512 .521 .529
kV„ .069 .085 • .093 .086 .096
kv„/v„c .182 .200 .200 .180 .195
(7 4470 5350 5790 5970 7250

12 a " — .736 .818 .796 .835
^flbo .103 .071 .080 .064

.447 .497 .484 .508
Vw .450 .432 .436 .428
c .498 .535 .526 .543
kVa, .088 .093 .097 .100
kVto/Vte .198 .187 .201 .197
<7 5910 6590 7160 8170



Fig. 6. Cube strength versus volume of water in zones of res
tricted adsorption for mixes of Series III. For key to symbols 
see Table 6.

Fig. 7. Slope of strength vs k factor as a function of the weight 
ratio of CaO to SiC>2

relationship between kNw and a varies according to 
the C/S ratio. The slope of these curves dajdk appears 
to vary systematically with C/S as shown in Fig. 7. 
The ratio k’VJV^, the volume of water in zones of 
restricted adsorption to the absolute volume of hy
drate is seen from results plotted in Fig. 8 to increase 
with decrease in CjS.

It has been shown (21) that decrease in C/S favours 
the formation of 2 rather than 3 layer tobermorite. 
Thus, although the variation of strength with volume 
proportion of solids may indeed be independent of 
C/S, the surface area and morphology of hydration 
products are, on the other hand, profoundly influen-

Fig. 8. Variation of fraction of adsorbed water per unit volume 
of hydrated cement with the CaOiSiOi ratio. Broken line 
indicates one standard deviation. For key to symbols see 
Table 6

Table 7.

Age 
days Liquid

Ratio of volume of water in zones 
of restricted adsorption to 

monolayer capacity for mixes 
Vw-V-

Vml

1 2 3 4 5 6

7 Methyl alcohol CHjOH 1.54 1.22 1.49 1.73 2.55 3.15
Ethyl alcohol CaH5OH 1.54 1.50 1.94 2.07 . 2.95 3.56
Propyl alcohol C3H7OH 1.62 1.63 2.54 2.15 3.27 4.25
Benzol c6h6 2.03 2.38 4.19 2.41 3.75 5.20
Kerosene 1.65 1.43 2.09 1.88 2.64 3.29

28 Methyl alcohol CHjjOH 1.20 1,54 1.95 1.75 1.72 2.85
Ethyl alcohol c2h5oh 1.33 1.67 2.22 1.96 1.87 3.34
Propyl alcohol c3h7oh 1.33 1.92 2.64 1.96 2.13 3.56
Benzol 1.62 2.56 4.86 2.29 2.44 4.81
Kerosene 1.20 1.86 2.25 1.71 1.72 3.10

56 Kerosene 1.03 1.31 2.32 1.27 2.14 2.92

Table 8. Values of relative humidity plps corresponding to the 
adsorption of a quantity of water =(1 — k)Vw for specimens 
of Series I cured for 56 days. P/Ps was determined by an 
isopiestic method with H2SO4 solutions and k was determined 
from kerosene absorption

Mix kVw P/P,%

1 0.103 21.0
2 0.299 21.5
3 0.540 20.0

4 0.083 23.0
5 0.246 26.0
6 0.495 28.0



ced by this ratio. This deduction is in agreement with 
observed behaviour of portland-blastfurnace cement 
pastes which are know to creep and shrink more 
than comparable portland cement pastes (13, 16).

Relationship between k and Monolayer 
Capacity

The ratio of kNw to monolayer capacity, VmZ, as 
determined from kerosene absorption and B. E. T. 
surface area determinations are recorded in Table
7. It is seen that kVJNmI increases with w0 and C/S. 
This is interpreted as meaning that products of hydra
tion form in a different way according to the space 
available to accommodate cement hydrate. Low C]S 
and high values of w0 produce long narrow petals 
and hence long narrow wedges.

kVw in Relation to Water Adsorbed 
at Various Relative Humidities

Table 8 shows the relation between kV„ expressed 
as a quantity of water taken up from bare surface 

condition and the corresponding value of p]ps as 
determined by an isopiestic method (15).

k'Vw is seen to correspond with the quantity of water 
held at values of pjp, lying between 20 % and 28 %, 
pjps increasing both with H’o and C/5.

Shrinkage and the Value of k

As discussed in previous paragraphs kNw as 
measure by kerosene absorption corresponds to the 
volume of water held by cement pastes at low rela
tive humidities. Figs. 9 and 10 show the location of 
kNw on curves of swelling of dried pastes and mortars 
of Series I versus gain in moisture and variation of 
p[p,. Evidently sorption of water from the surface dry 
condition to kVw results in expansion varying linearly 
with weight gain in moisture. Reverse curvature of the 
expansion-moisture gain plots probably results from 
the effect of surface tension following formation of 
menisci in about this region. This is to be expected from 
corresponding values of kNjNml and pip, which mark 
a transition zone between molecular adsorption in gel 
pores and condensation of liquid water in capil-

Fig. 9. Relationship between kVw, Aw, pip, and e, for Series I. 
Large black symbols represent pore volume which can accom
modate water but which excludes kerosene

Fig. 10. Relationship between kV„, Aw, p/p, and e, for Series I. 
Large black symbols represent pore volume which can accom
modate water but which excludes kerosene



lanes.
Since kV„ increases with the hydration factor a 

and, consequently the surface area, it is to be expected 
that shrinkage would increase with kNw or decrease 
with V//V,. This was found to be the case with oven- 
dried shrinkages of Series II as shown in Fig. 11. 

kage and creep specimens. Generally, strains asso
ciated with change in kN, were greater for creep and 
shrinkage than for shrinkage alone.

This would be consistent with opening of wedge 
shaped spaces having their axes parallel, and closure 
of those transverse, to the load.

Collapse of Structure in Creep Experiments

In the case of creep and shrinkage experiments of 
Series IV as reported elsewhere (16), kNw values ob
tained at the start of the tests and after 1200 days 
sustained loading were observed, with the results 
shown in Fig. 12. It appeared that kNw reduced with 
both kinds of volumetric strain but that changes in 
kNw over the test period were not the same for shrin-

Fig. 11. Variation of oven-dry shrinkage with fraction of pore 
volume filled by large-molecular fluids

K PERCENT

Load-Bearing Water

The results of static elastic modulus, measured in 
uniaxial compression, and dynamic modulus as 
measured in Series V are recorded in Table 9. In many 
static modulus tests performed by the author there 
has been no convincing evidence of change in elastic 
modulus with moisture content. This was probably 
because drying was never taken far enough to remove 
water from areas of restricted adsorption. In the 
present tests the concrete was first oven-dried and then 
allowed to take up moisture and various liquids. It is 
clear from these tests that water capable of penetrating 
to sites of restricted adsorption in the gel is capable 
of bearing load and contributing to stiffness of the 
concrete. Other fluids which do not penetrate these 
areas do not make this contribution. It would be 
reasonable to assume therefore that strongly adsorbed 
water is capable of resisting shear stress while that

Fig. 12. Relationship between plastic strain and reduction in 
volume of water in zones of restricted adsorption



condensed in comparatively coarse capillaries is 
incapable of making this contribution.

Static and dynamic elastic moduli 106 p.s.i.
Serjes when saturated with

Table 9. Elastic moduli of concrete and mortar 
saturated with various fluids

V Water Kerosene Methyl alcohol Benzol

Static modulus

1 5.35 4.25 3.45 3.75
2 4.93 3.45 3.25 3.60
3 4.90 4.10 4.10 4.25

, Dynamic modulus

1 4.66 3.96 4.21 3.62
2 4.30 3.65 3.58 3.52
3 4.15 3.47 3.52 3.36

Temperature Coefficient of Expansion

The temperature coefficients of expansion recorded 
in Table 10 clearly indicate that concrete containing 
even small quantities of water is subject to greater 
volume changes than dry concrete or concrete saturated 

in large molecular fluids which do not penetrate the 
gel structure. It would appear, though, that even 
large molecular fluids may contribute to the overall 
volume changes accompanying rise or fall of tempera
ture. The lowest coefficients of expansion were recor
ded for concrete in the oven-dry condition.

By far the predominating influence, however, ap
peared to be due to thermal agitation of small quanti
ties of water in areas of restricted adsorption.

Thermal coefficient 10-6 per °C 
Series V mix number

Table 10. Thermal coefficient of expansion of concrete and 
mortar containing various quantities of water and saturated 
with various liquids . .

Liquid in pores 1 2 3

H2O saturated 11.20 11.45 11.95
1 % by weight 15.60 15.40 15.75
2% by weight 15.50 15.79 15.55
4 % by weight 13.50 13.21 13.98

Kerosene 9.61 9.78 10.01
Methyl alcohol 12.70 11.50 11.00
Benzol 10.00 11.49 11.90
Oven-dry 9.40 9.60 9.90

Conclusions

1. The detection of differences in the volumes of 
water and large molecular fluids taken up by dry con
crete affords a convenient method of estimating the 
volume of pore water held in zones of restricted 
adsorption. Ordinary kerosene is a convenient fluid 
to use for comparison with water. The parameter 
k = (V„ — V;)/Vw is related to degree of hydration, 
surface area and strength. Further research may show 
close dependance of creep and shrinkage characteri
stics on this parameter.

2. Strongly adsorped water is capable of support
ing mechanical load in short term tests. Any agency 
such as depression of external relative humidity or 

mechanical loading which disturbs the equilibrium 
state of water in areas of restricted adsorption will 
result in the time-dependant volume changes known 
as creep and shrinkage.

3. The shape of spaces separating the surfaces of 
colloidal particles in cement gel varies with water: 
cement ratio and the weight ratio CaO:SiO1. This 
property may well depend upon the distance between 
nucleation sites from which calcium silicate hydrate 
flowers grow. The distance of separation would 
increase with increase in water: cement ratio and with 
decrease in CaO:SiO2 ratio: this would tend to form 
attenuated petals and longer, narrower gel spaces.
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Oral Discussion

Rolf F. Feldman

It has been known for some time that hydrated 
portland cement that has been “d-dried” can “sorb” 
a greater volume of water than nitrogen, methanol, 
cyclo-hexane and several other sorbates (1, 2); it was 
clear that with large molecules such as cyclohexane, 
isopropanol, etc, some pores might exist that are too 
small to allow their entrance. For nitrogen, helium 

and methanol, however, this reasoning is not as clear; 
the determination of surface area by adsorption of N2, 
together with a calculation based on the B.E.T. equa
tion, has become a standard method in surface chem
istry. Carbons with very high surface areas and very 
small pores have yielded nitrogen surface areas that 
approach 1000 m2/gm. Yet, in the case of hydrated 
portland cement, the “water area” has been the one 
generally held “true and valid”, and it was considered 
that the N2 molecule could not enter pores and adsorb 
on the whole surface. The diameters of the water, 
nitrogen and methanol molecules are such as 3.25,



4.05 and 4.4 Ä respectively; it seems difficult to allow 
for the situation where in some cases more than 99 
per cent of the area is excluded to N2.

Results have now shown clearly that the differences 
between surface areas, porosities and densities ob
tained by water on the one hand and nitrogen on the 
other, can be quantitatively accounted for when it is 
recognized that d-dried hydrated cement rehydrates 
as it is exposed to increasing humidities.

The importance of the hydrate of interlayer water 
must be emphasized; it is part of the crystal structure 
contributing to the mechanical properties of the solid. 
The removal of the water which may have specific 
sites for bonding, results in a collapse of the layers 
and causes a reduction in the modulus of elasticity 
of the material. It is clear that the role of interlayer 
water and the spaces between the layers are quite 
different from adsorbed water and pores, and the 
entrance or exit of interlayer water involves different 

forces and energy terms which should be included 
in accounting for total free energy changes during 
sorption.

A relation between the parameter Vw — VP of the 
author and the cohesive forces of hydrated cement is 
difficult to conceive; certainly the more hydrated 
silicate present in the porous body, the stronger the 
body will become because there will be a decrease in 
the porosity of this body and with this, a greater 
area of contact between crystallites; likewise, as the 
quantity of hydrated silicate increases, the amount of 
interlayer water will increase, i.e., Vw — VF. This 
same reasoning also applies to the expansion observed 
on sorption of water; more than 80 per cent of the 
expansion observed on exposing “d-dried” hydrated 
cement to 100 per cent R.H. is due to interlayer 
rehydration. Thus, as the degree of hydration in
creases, more interlayer hydration sites exist and the 
expansion on rehydration will be greater.



Supplementary Paper III-50 A Statistical Study of the Effects 
of Trace Elements on the Properties of Portland Cement

Raymond L. Blaine*

Synopsis

A digital computer was used to find and evaluate significant relationships between 
the properties of a large number of portland cements and various independent variables 
which included chemical compounds, minor constituents, and trace elements. This article 
presents a review of the probable effects of minor constituents and trace elements on various 
properties including heat hydration, sulfate expansion, compressive strength with different 
curing conditions, shrinkage, and durability. On the basis of the statistical study, Na2O or 
K2O were associated with most of the properties measured but not always to the same degree. 
Very few of the individual trace elements had a highly significant relationship to the various 
properties measured, but when used in equations in addition to other commonly determined 
variables, there was usually a highly significant reduction in variance. The coefficients for 
Ba, Cu, SrO, P and Li were significant at the 0.01 probability level in some tests and at the 
0.05 probability level in other tests. The coefficients for Cr, Ni, Rb, Ti, V, and Zr were signif
icant at the 0.05 probability level in equations for some of the tests. The effects of the alkalies 
and trace elements were generally small compared to the effects of major constituents and 
other independent variables. ,

Introduction

During the past 50 years there have been four,—■ 
now five, international symposia on the chemistry 
of cement. Information on the many aspects of the 
nature of hydraulic cements and the hydration prod
ucts which are formed have been published in the 
proceedings of these symposia. We have, as a result, 
a much better understanding of these complex mate
rials, and the major compounds and reactions which 
are involved. There still appear to be some unsolved 
questions with respect to possible or probable 
modifications of the properties of cements by minor 
constituents and trace elements. Exploratory work 
was conducted at the National Bureau of Standards 

to determine the quantities of trace elements that 
occur in commercial portland cements, as well as 
their probable effects on properties of neat cements, 
mortars, and concretes. Most of this information 
has been published or is in process of analysis and 
publication (1, 2, 3, 4). These publications have dealt 
with the effects on various properties of both the 
major and minor constituents. The present article 
will summarize and review some of the results of these 
studies of the contributions of minor constituents 
and trace elements in non-air-entraining cements to 
the various properties that were determined.

Materials

The tests were made on 199 commercial portland 
cements, most of which were obtained from different 
manufacturing plants within the U.S.A., but a few 
were obtained from other countries. Of these cements,

’National Bureau of Standards, Washington, D.C., U.S.A. 

185 were, according to our tests, non-air-entraining 
cements. These included 82 type I, 68 type II, 20 
type III, 3 type IV, and 12 type V cements as clas
sified on the basis of chemical and physical properties. 
There was, in most instances, a fairly broad but nor
mal distribution of values for the chemical and phys
ical properties.



Tests

The tests made on the cements included fineness, 
and the usual chemical analyses, plus flame photo
metric determinations of Na2O, K2O and SrO. 
Semiquantitative spectrochemical determinations were 
made on most of the cements for all the other trace 
elements which could be detected.

Other tests included heat of hydration at 7 days, 
28 days, and 1 year, autoclave expansion, potential 
sulfate expansion, compressive strength of 1:2.75 
(cement to sand) mortars at 1, 3, 7, 28 days, 1, 5 
and 10 years, as well as compressive strength of mor
tars cured with steam at atmospheric pressure, and at 
10 atmospheres steam pressure. Nonrestrained and 
restrained shrinkage tests were made on neat cements 
which had been cured in moist air for 24 hours.

Two series of concretes were made with each ce
ment,—the one with a water/cement ratio of 0.635, 
and the other with the water adjusted to give a con
crete with a 5 ± 1 inch slump. The cement content 
was 5 1/2 bags per cubic yard or about 300 kg/m3. 
Tests made on the concretes included shrinkage in 

air after 14 days moist curing and subsequent expan
sion when air-dried specimens were placed in water 
for 28 days. The weight loss and weight gain was 
determined as well as the dynamic Young’s modulus 
of elasticity after the various curing conditions. 
Freeze-thaw durability tests were made on air-dried 
specimens; studies were made of the regain of strength 
of specimens after the freeze-thaw tests.

The details of the test methods and the results of 
the tests have previously been reported and, except 
for the range of values for the minor constituents and 
trace elements, will not be repeated in this article.

The semiquantitative spectrochemical values for 
the trace elements ranged from zero up to 1.0 per 
cent for Ti and Mn, to 0.5 per cent for P and Zr, 
to 0.2 per cent for Ba and Zn, to 0.1 per cent for V, 
to 0.05 per cent for Cu, Mo, and Pb, to 0.02 per cent 
for Cr, Li and Ni, and to 0.01 per cent for Co and 
Rb. The flame photometric values for Na2O ranged 
from zero up to 0.75 per cent, for K2O to 1.1 per 
cent, and for SrO to 0.4 per cent.

Statistical Treatment of Data

A digital computer was used to find and evaluate 
significant relationships between the results of tests 
(the dependent variables) and various independent 
variables which included chemical composition, 
minor constituents, and trace elements. Multivariable 
regression equations were calculated by a least-squares 
method using only commonly determined variables 
(including Na2O and K2O) and these variables to
gether with trace elements. Numerous trial equations 
were required to determine which of the independent 
variables were significantly related to the dependent 
variable, and the combination of variables which 
resulted in the lowest estimated standard deviation 
for the equation.

Up to 13 independent variables could be accom
modated in an equation with the computer program 
used. The output of the computer included the esti
mated coefficient of each of the independent variables 
used in the multivariable equation, as well as the esti
mates of the standard deviation of each of the coef
ficients. An independent variable was retained in an 
equation if the ratio of the estimated coefficient to 
its estimated standard deviation (coef./s.d.) was 
greater than 1.0. Although this represents a very low 
probability of significance, such independent vari

ables were retained in an equation primarily because 
these studies were exploratory. Values between 1.0 
and 2.0 for the coef./s.d., ratio may also be considered 
of doubtful significance, and further studies of the 
effects of such independent variables would be de
sirable. Values of 2.0 or greater for the coef./s.d. ratio 
would occur by chance with a probability of 0.05, 
and therefore independent variables having values of 
the coef./s.d. ratio between 2 and 3 will be referred to 
as probably having a significant relationship to the 
dependent variable. A coef./s.d. ratio of 3 or greater 
would occur by chance with a probability of less than 
0.01, and therefore it can be assumed that the inde
pendent variable has a significant effect on the depen
dent variable. The probable significance of contribu
tions of Na2O and K2O (when used in multivariable 
equations) to the independent variables were evaluated 
solely on the basis of the coef./s.d. ratios.

Various techniques were used to determine which 
of the trace elements were associated with the depen
dent variables when used in equations with commonly 
determined variables having coef./s.d. ratios greater 
than 1. The magnitude of the coef./s.d. ratio was also 
used in evaluating the significance of the individual 
trace elements. With the additional use of the trace 



elements in an equation with commonly determined 
variables, there was usually a further reduction of 
variance,—that is, the mean square of differences 
between the observed values and the values computed 
from the equation. This offered another statistical 

means for evaluating the significance of contributions 
of the trace elements as critical values for significance 
at the 0.01 and 0.05 probability levels of Fisher’s 
ratio of variances for different degrees of freedom are 
given in most mathematical textbooks.

Results of the Statistical Evaluation

The Effects of Na2O and K2O

When used as independent variables in multivari
able equations, the coefficients for Na20 and K2O 
were, in some tests, highly significant and in other 
tests, variations in one or both of the alkalies had no 
apparent effect on the property measured. A summary 
of some of the results is presented in Table 1. In this 
table the sign of the coefficient (+ or —) is presented 
together with an index of significance in parentheses. 
The coef./s.d. ratio is here labeled “index of signif
icance” for convenience, but this is not standard 
statistical terminology. A (0) indicates that when 
tried in an equation, the coef./s.d. ratio was less than 
1.0; a (1) indicates that the coef./s.d. ratio was be
tween 1.0 and 2.0; a (2) indicates the ratio was between 
2.0 and 3.0; a (3) that the coef./s.d. ratio was 3.0 or 
greater. The first three lines of the table may be inter
preted as follows:—an increase in the K2O content 
was significantly associated (0.01 probability level) 
with an increase in the heat of hydration at 7 days 
but not at 28 days or 1 year. Also, an increase in the 
Na2O content was probably associated (0.05 proba
bility level) with a decrease in the heat of hydration 
at 1 year but not at 7 or 28 days. It may be noted 
also, that at 28 days, variations in the quantities of 
neither of the alkalies had a significant effect on the 
heat of hydration values.

As indicated in Table 1, higher K2O contents were 
associated, or probably associated with higher 7 day 
heat of hydration, with higher sulfate expansion, 
with higher compressive strength of mortars at early 
ages, and with higher compressive strength of low- 
pressure-steam-cured mortars. Higher K2O contents 
were also associated with higher shrinkage of neat 
cement pastes, with higher dynamic modulus of elastic
ity of concretes moist cured for 14 days, but with 
lower weight loss and gain of concretes in drying and 
wetting tests, with lower freeze-thaw durability. 
Higher Na2O contents were associated, or probably 
associated, with lower heat of hydration at one year, 
with lower compressive strengths of mortars at 1 to 
10 years, with higher shrinkage of neat cements at 
7 days to 7 months and with higher dynamic modulus 

of elasticity of concrete at 14 days. Higher Na2O 
contents were also associated with lower compressive

Sign and index of
Test significance (see text)* Reference**

*»oeersecti°n on RcsuUs of the Statistical Evaluation.
e erences are to individual equations in “Interrelations between Cement 

an oncrete Properties” as published or as proposed for publication.

Table 1. Sign and index of significance of coefficients for Na2O 
and K2O when used in multivariable equations together with 
other independent variables, as calculated for a number of 
properties of portland cements.

Na2O k2o

Heat of hydration 
at 7 days (0) + (3) Eq 6 Table 5-2
at 28 days (0) (0) Eq 6 Table 5-6
at 1 year -(2) (0) Eq 6 Table 5-10

Sulfate expansion 
0-9 % C3A cements 

at 14 days (0) + (3) Eq 12 Table 4-4
at 28 days (0) + (2) Eq 25 Table 4-6
at 84 days (0) +(2) Eq 19 Table 4-8

Autoclave expansion 
neat cements +(2) + (2) Eq 3 Table 6-3

Compressive strength
1 :2.75 mortar cubes, 
water stored.

at 1 day (0) + (3) Eq 2 Table 7-3
at 3 days (0) + (2) Eq 2 Table 7-7
at 7 days (0) +(2) Eq 3 Table 7-11
at 28 days (0) (0) Eq 4 Table 7-15
at 1 year -(3) (0) Eq 4 Table 7-19
at 5 years -(3) (0) Eq 3 Table 7-31
at 10 years -(3) (0) Eq 5 Table 7-35

Compressive strength mortar cubes 
Low-pressure-steam cured.

Cure start at 5 hours, 
tested dry (0) + (2) Eq 2 Table 8-14

Cure start at 24 hours, 
tested wet (0) +(3) Eq 2 Table 8-18

High pressure steam cured.
Cure start at 5 hours, 

tested dry -(3) (0) Eq 2 Table 8-22
Cure start at 24 hours, 

tested dry -(3) -(3) Eq 3 Table 8-26
Dynamic modulus of elasticity 

concrete with constant 
water-cement ratio 

at 14 days, moist + (3) +(3) unpublished data
after 8 weeks in lab air (0) +(1) ip
after 4 weeks resoaking (0) (0) n

Shrinkage neat cement paste 
at 24 hours +(1) +(3) Eq 3 Table 9-3
at 7 days +(2) +(3) Eq 4 Table 9-7
at 28 days +(3) +(3) Eq 3 Table 9-11
at 6 months +(3) +(3) Eq 2 Table 9-15

Shimkage constant w/c concrete
8 weeks in lab air -(3) (0) Eq 3 Table 10-5

Expansion after resoaking 
4 weeks +(3) (0) Eq 4 Table 10-9

Weight loss of concrete in 
air drying 8 weeks

Weight gain of concrete after
-(3) -(3) unpublished

reasoaking 4 weeks —(3) —(3)Freeze-thaw durability -(1) -(3)



strength of high-pressure-steam-cured mortars, with 
lower shrinkage of air-dried concretes, lower weight 
gain on rewetting, but with higher expansion when the 
air-dried specimens were resoaked.

Although there were many instances in these equa
tions where the coefficients for Na2O and K2O were 
significant at the 0.01 probability level, the probable 
effects on the various properties were generally small 
compared with the effect of some of the major con
stituents or some of the other variables. Reference 
should be made to the complete equations in the 
published articles (1).

The Effect of Other Trace Elements

In Table 2 are presented the trace elements (and 
SrO) which were found to have coef./s.d. ratios greater 
than one when used in multivariable regression equa
tions containing the commonly determined indepen

dent variables. The sign of each coefficient (+ or —) 
is presented as well as the coef./s.d. ratio. The signif
icance of the numbers in parentheses are the same 
as for Na2O and K2O of the previous table. Also 
presented is the level of significance of the reduction 
in variance as a result of including the added indepen
dent variables,—the trace elements.

It may be noted that although the coefficients of 
most of the individual trace elements were not highly 
significant, the use in an equation of all having a coef./ 
s.d. ratio greater than one resulted in a reduction 
of variance, significant at the 0.01 probability level 
in the equations for most of the properties measured. 
The reduction in variance was significant at the 0.05 
probability level in a few equations and was less 
than that in equations for two of the properties.

SrO and the elements Ba, Cu, Rb and Zr appeared 
most often in Table 2. Zn, V, P and Cr were next in 
frequency, and Co, Ni, Mn, Li, Pb and Ti, appeared

Table 2. Trace elements, their signs, and index of significance as well as the probability level of the reduction of variance 
when the trace elements were used in multivariable equations together with commonly determined independent variables

Test Trace elements sign and index of significance 
(see text)*

Level of significance 
of reduction of variance References**

Heat of hydration
at 7 days +Cr(2), -Cu(2), -P(2), +Zr(2) 0.01 Eq 6 Table 5-2
at 28 days -Co(l), -Cu(3), -P(2), -SrO(2), +Zr(l) 0.01 Eq 6 Table 5-6
at 1 year 

Sulfate expansion
0-9% C3A cements

—Ba(2), —Cu(3), -P(2), +V(2) 0.01 Eq 6 Table 5-10

at 14 days -Cu(2), +SrO(I), +V(2), +Zn(l) 0.01 Eq 12 Table 4-4
at 28 days -Cu(l), +Ni(2), +SrO(l) 0.05 Eq 25 Table 4-6
at 84 days -Cu(l), +Ni(2), +SrO(l) 0.01 Eq 19 Table 4-8

Autoclave expansion 
Compressive strength 

1:2.75 mortar cubes

-Cr(l), +SrO(3), +V(3) 0.01 Eq 3 Table 6-3

at 1 day +Ni(l), -P(2), -SrO(2) 0 01 Eq 2 Table 7-3
at 3 days 4 Cr(l), —Mn(2), -SrO(2), +V(1) 0.01 Eq 2 Table 7-7
at 7 days -SrO(l) not at 0.05 level Eq 3 Table 7-11
at 28 days -Co(2), -Cr(2), -SrO(l), +Zr(l) 0.01 Eq 4 Table 7-15
at 1 year -Co(l), -Mn(l), -Rb(2), +Zr(2) 0.01 Eq 4 Table 7-19
at 5 years +Ni(l), -Rb(2), +Zn(l), +Zr(l) 0.05 Eq 3 Table 7-31
at 10 years 

Compressive strength, 
Low-pressure steam cured.

+Cr(l), -SrO(l), +Zn(l), +Zr(2) 0.01 Eq 5 Table 7-35

Cure started at 5 hours, tested dry -Ba(3), -Cu(l), -P(3) 0.01 Eq 2 Table 8-14
Cure started at 24 hours, tested wet 

Compressive strength. 
High pressure steam cured.

-Ba(2), -Cu(2), +Li(2) 0.01 Eq 2 Table 8-18

Cure started at 5 hours, tested dry -Ba(2), +Cr(2), -Cu(3), +Li(3), -V(l) 0.01 Eq 2 Table 8-22
Cure started at 24 hours, tested dry 

Dynamic modulus of elasticity con
crete with constant water-cement ratio

-Ba(l), -Rb(2), -SrO(2), -V(l) 0.01 Eq 3 Table 8-26

at 14 days, moist — Mn(l), +Rb(l), +Zr(l) unpublished unpublished
after 8 weeks in lab air -V(l) // y
after 4 weeks resoaking 

Shrinkage neat cement paste
—Ba(2), -Cu(2), +Zr(2) »

at 24 hours +Ba(l), +Cr(2), +P(1), -Zn(l) 0.01 Eq 3 Table 9-33
at 7 days + Ba(2), +P(1), +Rb(2) 0.01 Eq 4 Table 9-7
at 28 days -t Ba(3), +P(2), +Rb(2), -Zn(l) 0.01 Eq 2Table9-15
at 6 months

Shrinkage constant w/c concrete.
+Ba(3>, +Ni(2), +Rb(2) 0.01 Eq 2 Table 9-15

14 days moist, 8 weeks in lab air + SrO(2), -Zn(2), +Zr(l) 0.01 Eq 3 Table 10-5
Expansion after resoaking 4 weeks + P(1), -Pb(l), +Rb(2), -SrO(l), -Zn(l) 0.01 Eq 4 Table 10-9
Weight loss in air-drying 8 weeks + Ba(l), -Rb(l), —Zr(l) unpublished unpublished
Weight gain after resoaking 4 weeks + Ba(l), +Cu(l), -Rb(l), -Zr(l) y y
Freeze-thaw durability -Ba(l), -Cu(2), -Pb(l), -Rb(l), -Ti(2)

* See section on Results of the Statistical Evaluation.
••References are to individual equations in “Interrelations between Cement and Concrete Properties” as published, or as proposed for publication.



least frequently. Mo, one of the trace elements detect
ed in a few cements did not appear in any of the 
equations.

Of the four trace elements that appeared most 
frequently in the equations, higher Ba contents were 
probably associated with lower heat of hydration at 
one year, with lower compressive strength of both 
low- and high-pressure steam cured mortars, lower 
dynamic modulus of concrete, and higher shrinkage 
of neat cements,—especially at the later ages. Higher 
Cu contents were probably associated with lower heat 
of hydration, lower sulfate expansion, lower compres
sive strengths of steam cured and autoclaved mortars, 
and lower dynamic modulus of concrete after rewet
ting. Higher Rb contents were probably associated 
with lower compressive strength of mortars at 1 and 
5 years, and lower compressive strength of high- 
pressure-steam-cured mortars when steam curing was 
started at 24 hours, and also with higher shrinkage of 
neat cements, and higher expansion of concretes when 
rewetted. Higher Zr contents were probably associ
ated with higher heat of hydration at 7 days, higher 

compressive strengths at 1 and 10 years, and with 
higher dynamic modulus of elasticity of concretes 
after rewetting.

Of the other trace elements only Li, P and SrO 
had coefficients significant at the 0.01 probability 
level in any of the equations for the various properties. 
Increased SrO was associated with increased autoclave 
expansion, and probably with lower heat of hydration 
at 28 days, lower compressive strength of mortars at 
1 and 3 days, lower compressive strength of mortars 
autoclaved at 24 hours. Higher SrO contents were 
probably associated with higher sulfate expansion 
and higher shrinkage of concrete when air dried. 
Increased Li was associated with higher compressive 
strength of autocalved mortars when curing was start
ed at 5 hours. ■

As was found with the alkalies, Na2O and K2O, 
the probable effects of the other trace elements were 
generally small compared with the effects of some of 
the major constituents or some of the other variables. 
The combined effect was in most instances highly 
significant.

Discussion

In any statistical studies of this nature, the empirical 
equations derived are dependent on the adequacy of 
sampling of all possible portland cements. Some
what different coefficients would be obtained with a 
different group of cements, with different methods of 
making the physical tests, and with different treatment 
of the data.

These tests were made with commercial portland 
cements and no information was available of the 
temperature at which the clinker was burned nor the 
rate of cooling. These factors may have contributed to 
an increased variance of the equations. Another 
contributing factor, especially with some tests, is the 
normal variation of the testing procedures and test
results. Relatively small quantities of cement are used 
in concrete, and the effect of the cement may be 
masked because of variations of the aggregates. The 

trace elements other than Na2O, K2O and SrO 
were reported to the closest value of a series such as 
1,2, 5, 10, 20 etc. More accurate means of analyses 
and values for the trace elements would be desirable.

Cements with a trace element value less than the 
minimum reported value, were assigned a value of 
zero for the element. All of these factors may have 
masked not only the actual effect of the trace elements 
which were indicated as probably having a significant 
relationship but may possibly have eliminated other 
elements as not having a significant relationship. The 
results of these statistical studies explain in part, 
however, some of the reasons why different cements 
may have somewhat different properties. Further 
work is necessary to determine the role that the trace 
elements may have in the hydration and hydration 
products of portland cements.

Summary and Conclusions

On the basis of the statistical evaluation, Na2O 
and K2O were associated with most of the properties 
of portland cement pastes, mortars, and concretes. 
The two alkalies sometimes have the same effect in 
some tests, but with other tests one may have a signif

icant effect and the other not. Of the other trace 
elements, very few had a highly significant relation
ship to the various properties measured. However, 
by use of the trace elements in equations in addition 
to commonly determined variables, there was usually 



a highly significant reduction in variance. Ba, Cu, 
Rb, SrO and Zr appeared most often in the equations 
for the various properties.

The probable effects of variations of Na2O, K2O 
as well as those of the other trace elements on the 
properties measured were small compared with the 

effects of variations of some of the major constitutents 
or some of the other independent variables. However, 
the contributions of the minor constituents and trace 
elements, although small, were in many instances, 
significant, and help to explain some of the differences 
in properties of portland cements.
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Synopsis

The paper presents paste shrinkage, hydration and Young’s modulus data for sixteen 
cements with various chemical compositions. These cements fall into two categories, based 
on high or low shrinkage characteristics. Of the eight cements in the high shrinkage group, 
three showed definite evidence of the diagnostic triple peak heat of hydration phenomenon 
described by Lerch. The effects of chemical composition and fineness of the unhydrated 
cement are considered, and the paper stresses the relationships between shrinkage charac
teristics and other physical properties of the paste; namely the degree of hydration and the 
Young’s modulus. .

For individual cements, data over a wide range of water: cement ratios fit an equation 
of the form:

= a - 6(W„)

where ÄL is the paste shrinkage, W„ is the non-evaporable water and a and b are constants.
When shrinkage data for the various cements are compared, the effect of the paste 

modulus and its interaction with the hydration must be considered. For all the data, highly 
significant correlations are observed between the shrinkage and hydration and Young’s 
modulus. It is concluded that different pastes, with the same hydration and Young’s modulus 
values, will undergo equal shrinkage irrespective of the chemical composition or fineness 
of the cement.

The paper compares briefly the paste shrinkage with concrete shrinkage at an equivalent 
water :cement ratio. Concrete shrinkage up to drying periods of at least one year can be 
satisfactorily predicted using paste shrinkage data. The importance of early shrinkage rates 
of the various concretes is noted.

Introduction

The stringent demands made by engineers who aim 
to decrease or eliminate cracking associated with the 
restraint of forces induced by concrete shrinkage, 
have stimulated research into the factors which in
fluence paste shrinkage. The work of Lerch (1) and 
Pickett (2) demonstrated the role of C3A and proved 
the importance of optimum gypsum contents in 
reducing shrinkage. More recent developments have 
been the presentation, by Fulton (3) and Hansen 
and Nielsen (4), of formulae which relate the shrinkage 

of concrete to the volume changes and elastic constants 
of paste and aggregate. Such formulae are fully appli
cable only if it is assumed that tests on neat paste 
reflect shrinkages in larger concrete specimens; this 
assumption has been criticized by Swayze (5, 6), 
but defended by Tremper (7).

The work described in this paper is a study of the 
relative magnitude of shrinkages of pastes under 
controlled conditions, and the comparison of these 
values with those of concrete shrinkages. Factors 
which influence the paste shrinkage and the condi
tions under which paste shrinkage becomes particu
larly important are considered.



Materials and Techniques

The investigation was limited to sixteen cements, 
which represented a random sample of Type A 
ordinary portland cements (in accord with the rele
vant Australian Standard (8)) produced in thirteen 
different plants during November 1965. Composi
tional and fineness data are given in Table 1 for these 
cements, which are arranged in increasing C3A con
tent.

Cement specimens 3 x X inch were cast at 
water: cement ratios ranging from 0.2 to 0.6, stripped 
at 24 hours and cured at 21°C under water for various 
periods of time. The cured length was taken as datum 
and the specimens were dried in desiccators at 20° i 
2°C and 50% relative humidity over a saturated salt 
solution and at a pressure of 460 mm of mercury. 
After 7 days drying the length was recorded to 0.0001 
inch and the shrinkage calculated as a percentage 
decrease. This period of time allowed the cement 
pastes to closely approach equilibrium conditions. 
After completion of the shrinkage measurements the 
paste specimens were crushed and their non-evapora- 
ble water was determined by the method of Copeland 
and Hayes (9).

For Young’s modulus determinations 2 inch diam
eter by 4 inch cylinders were case at different 
water: cement ratios, stripped at 24 hours and cured 
under water for 28 days. The specimens were brought 
to equilibrium in a 50% RH atmosphere before being 
loaded to their ultimate compressive strength. Strain 
measurements were recorded using resistance wire 
strain gauges attached on opposite sides of the speci
mens. The chord modulus was measured between the 
values of 1,500 and 3,500 lb/sq.in.; this value closely 
approximated the tangent modulus of the paste.

Table 1. Composition and. fineness of cements

Cement C3S C2S c3a c4af so3 CaO Na2O k2o
Fineness 

Sq cm/gm 
Blaine

A 54.2 24.0 1.8 13,2 1.95 1.04 0.19 0.53 2930
B 47.7 28.0 3.5 12.3 2.35 0.83 0.65 0.06 2820
C 49.0 29.1 3.7 11.3 2.25 1.14 0.13 0.40 2830
D 36.7 39.5 3.8 10.2 3.10 1.58 0.14 0.41 2890
E 60.0 12.4 4.6 15.3 2.60 0.40 0.36 0.37 3340
F 49.5 24.1 4.6 10.5 2.40 2.86 0.21 0.21 4020
o 43.8 29.0 6.2 11.7 2.50 1.58 0.42 0.34 3450
H 48.3 27.8 6.5 10.6 1.70 0.53 0.09 0.74 2820
I 54.9 19.3 7.0 10.8 1.80 1.37 0.60 0.61 3090
J 50.4 26.0 8.4 9.0 1.60 0.44 0.48 0.32 3510
K 39.5 33.5 9.8 10.5 0.90 2.14 0.43 0.51 3290
L 50.0 21.4 10.3 9.4 2.00 1.94 0.06 0.86 3650
M 52.2 18.9 10.6 10.5 1.90 1.55 0.07 0.60 2620
N 34.1 38.4 10.9 9.3 1.90 0.69 0.06 0.87 3600
O 50.4 21.1 11.3 9.3 2.25 1.82 0.07 0.77 3400
P 56.0 16.4 11.8 10.0 1.70 0.88 0.06 0.30 3100

The coarse aggregate generally used in the concrete 
investigations was a river gravel. This aggregate yields 
concretes of relatively low shrinkage. In comparing 
concretes made with aggregates which affect the 
shrinkage characteristics, this river gravel was con
trasted with a basic igneous rock known to produce 
higher shrinkage in concrete. The same quartz sand 
was used in both series of mixes.

Concrete shrinkages were measured to 0.0001 inch 
on 8 X 3 X 3 inch specimens having anvils set verti
cally to provide a 6 inch gause length. Specimens were 
demoulded at the age of 24 hours during which period 
they were cured at 100% relative humidity. For the 
subsequent 6 days they were cured under water at 
23° ± 2°C, after which time the zero reading was 
recorded. Drying occurred in laboratory air at 23° ± 
2°C and a relative humidity of 50 ± 4 %.

Cement Paste Shrinkage

- Paste Shrinkage Data

Data for two typical cements using the paste shrink
age test procedure described, and a range of curing 
periods from 3 to 90 days are shown in Figs. 1 and 2. 
For the longer curing periods the shrinkages for the 
high water: cement ratio pastes in Fig. 1 are approxi
mately twice those of pastes in Fig. 2; however, at 
low water: cement ratios and short curing periods 
differences betweeen the cements are small.

Similar data were obtained for the same curing 
periods for the sixteen cements having compositions 
as given in Table 1. However, since cracking was 
suspected to occur during the drying of some speci
mens having short curing periods, all paste data 
presented in this paper will henceforth refer to under
water curing for 28 days. Paste shrinkage data for 
this curing period, using the 16 cements, are given in 
Table 2.



Table 2. Shrinkage, L(%); Non-evaporable water , W„ igm;gm ignited cement) 
and Young’s modulus, E (IO-6 Ibfsq in) Data for cement pastes

Cement

Water: Cement ratio

AL
.250 
wn E AL

.275 
wn E

.300
AL Wn AL

.325 
w„ E

.350 
AL Wn

.400
AL WB E

.450 .500
AL Wn E

.600
AL w„ AL W„

A .174 .144 4.58 .176 .148 3.78 .198 .156 .204 .159 2.61 .214 .160 .218 .158 2.17 .216 .158 .220 .158 1.70 .220 .158
B .188 .175 4.20 .196 .182 3.65 .228 .186 .236 .189 2.92 .241 .189 .252 .191 2.17 .266 .191 .264 .195 1.76 .270 .197
C .170 .159 4.57 .186 .164 4.41 .210 .170 .212 .173 3.44 .210 .175 .214 .176 2.70 .224 .173 .228 .176 1.42 .228 .175
D .220 .134 4.03 .230 .144 3.82 .238 .153 .238 .154 3.19 .244 .162 .250 .161 2.24 .252 .164 .256 .161 1.86 .260 .165
E .208 .152 4.44 .220 .164 3.96 .244 .171 .248 .179 3.36 .278 .183 .270 .185 2.59 .276 .187 .286 .187 1.71 .282 .190
F .210 .177 3.83 .220 .179 3.90 .240 .182 .240 .196 2.78 .252 .197 .274 .205 2.15 .278 .206 .288 .209 1.42 .292 .212
G .192 .162 4.50 .206 .175 4.07 .216 .183 .226 .195 3.09 .246 .197 .258 .205 2.59 .260 .208 .282 .209 2.08 .292 .229
H .188 .158 4.08 .204 .165 4.01 .212 .174 .234 .180 2.63 .232 .183 .260 .185 2.48 .256 .182 .252 .188 1.57 .258 .188
I .196 .164 4.14 .228 .180 3.52 .266 .186 .282 .196 3.22 .358 .213 .432 .221 2.32 .446 .222 .460 .226 1.88 .440 .229
J .186 .188 4.69 .222 .205 4.06 .252 .205 .316 .223 3.64 .338 .228 .452 .243 2.51 .572 .252 .660 .254 2.13 .768 .250
K .222 .171 4.03 .258 .186 3.39 .294 .193 .348 .205 2.39 .396 .206 .486 .215 2.40 .560 .213 .658 .222 1.73 .848 .217
L .172 .161 4.15 .234 .182 3.98 .258 .193 .300 .202 3.28 .326 .200 .384 .218 2.56 .474 .226 .534 .229 1.92 .624 .232
M .162 .155 4.53 .198 .171 4.12 .236 .181 .272 .190 3.04 .302 .197 .370 .206 2.53 .434 -.211 .496 .214 1.90 .520 .211
N .232 .167 3.75 .261 .174 3.55 .294 .181 .332 .199 3.15 .380 .200 .468 .210 2.31 .608 .213 .716 .222 1.40 .800 .227
O .182 .172 4.20 .200 .184 4.07 .234 .191 284 .205 3.60 .298 .212 .380 .220 2.41 .440 .226 .460 .215 1.87 .540 .225
P .168 .179 4.12 .194 .188 4.09 .224 .201 .272 .215 3.55 .302 .220 .376 .237 2.39 .412 .242 .462 .245 1.69 .498 .251

Fig. 1. Paste shrinkage as a function of water: cement ratio 
and curing period for a cement exhibiting high shrinkage 
characteristics.

WATER:CEMENT RATIO

Fig. 2. Paste shrinkage as a function of water: cement ratio 
and curing period for a cement exhibiting low shrinkage 
characteristics.

Concrete Shrinkage

Relationships between Cement Composition 
and Paste Shrinkage

Linear regression analyses using various forms of 

equations relating paste shrinkage at constant water: 
cement ratio to cement composition, were calculated 
from the relevant data in Tables 1 and 2. Using an 
equation of the form:



AL = fl(C3S) + 6(C2S) + c(C3A)

+ J(C4AF) + e(S03), 

the only regression coefficient which was consistently 
significant was that of C3A.

Comparisons of results of various equations indi
cated that the most significant one for the prediction 
of shrinkage is of the form:

The statistical data obtained using this equation for 
various water: cement ratios are given in Table 3. 
The constant term remains the same for all water: 
cement ratios, whereas the coefficient g changes 
systematically. All the correlation coefficients in the 
table are significant at the 0.1% significance level for 
14 degrees of freedom; up to 80% of the variance of 
the paste shrinkage is explicable by the variation in 
C3A. The addition of terms relating to the other 
components of the cement and to the fineness im
proved the fit insignificantly.

It was concluded from the results of all these ana
lyses that the role of C3A was dominant in explaining 
the variance in shrinkage of the cements, provided 
that the water: cement ratios equalled or exceeded 
0.325. Increases in shrinkage which relate to C3A 
may be affected in three ways, viz. greater shrinkage 
of the C3A hydration products per se; depletion of 
SO3, resulting in modified hydration rates and pro
ducts; and increase in the hydration rates of the 
silicates by the presence of C3A in solid solution or 
as discrete inclusions within the silicate clinker grains. 
It is probable that all three factors play a part in the 
outcome.

A noteworthy fact is that the cements used in this 
investigation show a negative linear association, 
significant at the 5% level, between C3A and SO3. 
This relationship is the opposite to what would be 
expected, however, the practical problems associated 
with establishing and maintaining an optimum gyp
sum content are complex and certain clinkers pro

*r = Correlation coefficient for 14 degree of freedom. An r* value greater 
than 0.742 indicates a significant relationship at the 0.001 level.

Table 3. Statistical data for least squares fit 
for C3 A and shrinkage

Water:
Cement 

ratio

Constant
(f)

Standard 
error

Coefficient 
of 

c3a (g)
Standard 

error

Correlation 
coefficient 

(r*)

0.325 4.928 0.222 -0.149 0.028 0.816
0.350 4.782 0.284 -0.166 0.036 0.775
0.400 4.905 0.291 -0.234 0.037 0.861
0.450 5.001 0.319 -0.276 0.041 0.878
0.500 5.019 0.330 -0.299 0.042 0.888
0.600 5.082 0.335 -0.325 0.043 0.901

duced throughout the world have gypsum demands 
which exceed the SO3 limits in cement specifications. 
The relatively high alkali contents of the tested ce
ments tend to increase their gypsum demands. A 
further complicating factor is that some SO3 derived 
from kiln fuels may be present in the clinker; up to 
0.75 % has been detected in the clinker of cement E. 
Such SO3 in clinker minerals is not necessarily avail
able for reaction in the same way as that derived from 
added gypsum, yet it is not considered as a different 
entity when SO3 limits are imposed. High sulfate 
contents which satisfy the optimum requirements 
may lead to false set, thus solving one problem but 
creating another.

An unpublished investigation undertaken by the 
author and J. H. Taplin indicated that three of the 
cements viz. K, L and O showed the typical diagnostic 
triple peak heat of hydration phenomena described 
by Lerch (I), indicating gypsum deficiency. Cement 
M showed a slight plateau on its second peak, but it 
was not sufficiently pronounced to demonstrate 
conclusively that the gypsum content was less than 
optimum. For the other cements no indications of 
more than two peaks were observed.

Despite the heat of hydration data it is noted that 
the shrinkage characteristics of cements A to H differ 
significantly from those of cements I to P providing 
the water: cement ratio exceeds 0.325. Those of the 
first group give shrinkage curves of the same type as 
those in Fig. 2, where Fig. 1 is typical of the higher 
shrinkage cements. In order to confirm the fact that 
a cement may have no sulphate deficiency by its hy
dration curve yet give relatively high shrinkage, 
cement P was selected for further study.

Clinker was ground to the fineness of the com
parable cement, and gypsum, again of comparable 
fineness, was added to give a range from 0 to 5% 
SO3. Paste bars with a water: cement ratio of 0.5 
were cast from these blends and tested in the usual 
manner. The curve for paste shrinkage versus SO3 
% is given in Fig. 3. Two commercial cements, from 
the same plant but with different SO3 levels were 
tested for shrinkage, and the data were plotted on the 
figure. It appears that, for the shrinkage measured by 
this technique, even at 5% SO3, optimum gypsum 
content had not been reached. The results of gypsum 
addition in the laboratory closely approximate those 
obtained for the commercially ground products.

As further confirmation that the sulphate levels 
were low for certain of the cements, the effects of 
replacing small amounts of cement by a 1:1 mixture 
by weight of ground limestone and anhydrite were 
studied. Pastes having water: cement ratios of 0.45



were cast, using cements as received. Similar pastes 
were cast with 2, 3, 4 and 5 % replacement by weight 
of the ground limestone and anhydrite. The specimens 
were cured, measured and dried in the usual manner. 
It was found that, although there was virtually no 
observable effect in the case of the low shrinkage ce
ments, all the cements of the higher shrinkage group 
showed decreases in shrinkage of up to 35%. As 
expected, only some of these cements displayed an 
optimum SO3 content within the replacement range. 
Although the use of such additions in concrete could 
overcome the rigid sulphate limits imposed by the 
cement specifications, the long term effects could be 
as detrimental to the concrete as the presence of SO3 
in the usual form.

Relationships between Non-Evaporable 
Water, Young’s Modulus 

and Shrinkage of Cement Paste

It was considered that the effects of differences in 
hydration rates of the various cements were influencing 

the shrinkage results significantly and the non-evapo- 
rable water contents of the various pastes were 
measured as described. As was expected, the cements 
with high C3A contents generally gave higher non- 
evaporable water contents at equal ages and at water: 
cement ratios within the range considered important 
for this investigation. The hydration rate of some of 
the high C3A cements was very rapid, and for these 
very little change was noted between values measured 
at-28 days and 3 months. Such cements gave excellent 
28 day concrete strengths. However, they cannot be 
considered ideal materials when design criteria de
pend on continued strength gain long after the first 
month of the life of a structure and when shrinkage 
cracking may be promoted by both the hygric dimen
sional change of the concrete and thermal dimen
sional changes accentuated by high heats of hydration 
at early ages.

In order to study relationships between paste shrink
age and hydration an empirical approach to the prob
lem was adopted. Using the data given in Table 2 
for the paste shrinkage and non-evaporable water, 
the following equation was found to apply for each 
individual cement:

where AL is the paste shrinkage expressed as a per
centage, Wn is the non-evaporable water and a and b 
are constants.

The interpretation of “a" in physical terms is that 
it represents the reciprocal of the percentage shrin
kage which an unhydrated cement compact would 
undergo from a saturated state to the experimental 
drying conditions, always provided that the lines may 
be extrapolated. From the values of “a” it appears 
that such a compact could exhibit between 0.05 and 
0.14% shrinkage under these conditions.

Plots of this equation for results on cements M and 
G for 28 days curing are given in Fig. 4. The conclu
sion, always allowing for the fact that direct causal 
relation may be through a third factor, is that, for a 
particular cement cured for the same period of time, 
the reciprocal of the paste shrinkage is a linear func
tion of the hydration at the time of test.

When the 144 results of the cements are treated as 
a series of independent values, the following equation 
results:

= 10.844 - 37.O35W«

with a correlation coefficient of 0.835 for 142 degrees 
of freedom and with standard errors of 0.397 and



NON-EVAPORABLE WATER, gm H2O:gm dry cement

Fig. 4. Relationship between the reciprocal of paste shrinkage 
and non-evaporable water.

2.048 for the constant term and the coefficient of the 
variable respectively. Using this equation 70% of the 
variance in shrinkage of all cements is explicable by 
the nonevaporable water contents of the hydrated 
pastes.

In order to improve the fit of the equation, the in
clusion of a term representing the compressibility of 
the paste was desirable. The Young’s modulus of the 
material was selected rather than the compressibility 
since the measurement of the Poisson’s ratio is tedious 
and relatively inaccurate. The technique of the modu
lus measurement has been described, and the results 
for the various cements are given in Table 2. Only 
eighty observations were available for computation. 
The resulting equation was:

-1- = 7.620 - 27.301W„ + 0.485E
AL ”

with a multiple correlation coefficient of 0.890 for 77 
degrees of freedom and with standard errors of 0.689, 
2.808 and 0.076 for the three terms in that order. 
Statistical tests indicate that the inclusion of the 
Young’s modulus term is advantageous and now 80% 
of the variance is explicable by these two variables. 
The only other attempt to improve the fit of the equa
tion was to substitute the relative hydration, i.e., 
the ratio of non-evaporable water content to the non
evaporable water content at complete hydration, for 
the W„ term. This led to no improvement in the results.

It appears from the above results that different 
pastes with the same non-evaporable water content 
and equal Young’s modulus values will undergo simi
lar shrinkages, irrespective of the chemical composi
tion or fineness of the cement. In practice, however, 
compositions which increase early strength generally

lead to higher measured paste shrinkage due to the 
higher rate of hydration. Similarly, finer cements of 
identical chemical composition show an increase in 
shrinkage when tested after equal periods of curing 
simply due to the hydration effect. '

In contrast, some low heat cements tend to give 
high shrinkage values when tested by the procedure 
used for the present series of cements. Since the 
hydration of these cements is relatively low at 28 days, 
a possible conclusion is that the effect of increased 
compressibility becomes dominant. Such a conclu
sion should be made with care since it is based on an 
empirical rather than a physical model.

Relationships between Cement Paste 
Shrinkage and Concrete Shrinkage

The study of this relationship has a two fold pure- 
pose, firstly, for the empirical prediction of concrete 
shrinkage from paste shrinkage data, and secondly, 
for the assessment of the accuracy of theoretical for
mulae which relate vairous physical properties of 
aggregate and paste to concrete shrinkage.

In order to establish whether a significant relation
ship exists between paste and concrete shrinkages, 
regression analyses were conducted on data from 15 
of the Australian type A cements referred to in Tables 
1 and 2. Paste shrinkage data for 28 days curing and 
a water: cement ratio of 0.50 were used. The compara
tive shrinkage data for concretes having maximum 
3/8 inch aggregate and mix proportions of 3.0:2.4: 
1.0:0.5, gravel aggregate: quartz sand: cement: water, 
were provided by 8 x 3 x 3 inch specimens which 
were cured, measured and dried as previously described. 
The results are summarized in Table 4.

The concrete shrinkages after 7, 28, 90 and 365 
days drying are recorded together with the correlation 
coefficient from linear regression analyses which 
relate paste shrinkage after 7 days drying to the con
crete shrinkage at the various ages. It is concluded 
that highly significant correlation exists between 
the paste and concrete shrinkages even for drying 
periods up to 1 year.

Following the method used by Ross (10), final 
shrinkage values were calculated for each concrete 
from the test data by assuming that the shrinkage
time curves can be represented by a hyperbolic equa
tion of the form:

AT ALoo-r 
iL=N-+T

where AL is the concrete shrinkage at time t.



Concrete shrinkage Prriod to
per cent reach half

r* = Correlation coefficient for 13 degrees of freedom. An r* value greater 
than 0.760 indicates a significant relationship at the 0.001 level.

Table 4. Paste and concrete shrinkage data 
Water: Cement ratio = 0.5

Cement
shrinkage 
per cent 7 day 

drying
28 day 
dyring

90 day 
dyring

1 year 
drying

Calculated 
final 

shrinkage

final 
shrinkage 

day

A .220 .012 .032 .048 .067 .075 37.3
C .228 .015 .035 .052 .068 .075 29.5
H .252 .018 .042 .063 .080 .090 29.1
B .264 .015 .037 .055 .072 .079 30.8
E .280 .017 .038 .057 .075 .082 29.1
G .282 .015 .035 .050 .068 .075 29.6
F .288 .017 .037 .052 .068 .074 24.8
1 .460 .023 .053 .070 .085 .091 19.5
O .460 .022 .048 .062 .075 .080 17.7
P .462 .025 .053 .068 .085 .091 19.4
M .496 .025 .052 .065 .078 .083 16.8
L .534 .022 .050 .063 .075 .083 18.1
K .658 .028 .058 .070 .083 .088 15.1
J .660 .028 .062 .077 .090 .095 15.2
N .716 .032 .065 .080 .093 .099 14.9

r* .962 .966 .886 .841 .755

ALoo is the final shrinkage and
N is a constant equal to the time at which the 

shrinkage strain becomes half the final value.
By calculating //AL as a linear function of / and 

fitting straight lines by least squares, ALoo and N 
are easily obtained. Fig. 5 illustrates the type of data 
obtained from the concrete shrinkage measurements, 
and the linear form of this data for cement O. It should 
be noted that the relationship between the paste 
shrinkages and calculated final shrinkages no longer 
holds at the 0.1 % significance level but does so at the 
1 % level.

Dependence of Concrete Shrinkage 
Rates on Cement

A result considered to be of more practical impor
tance than the determination of the final shrinkage 
value, is that the shrinkage rates, particularly early 
in the shrinkage period, are significantly different for 
concretes cast with different cements.

In Table 4, values of N, the period in days required 
to reach half the ultimate shrinkage, are given for the 
concretes. Although the final concrete shrinkages 
differ at maximum by only 30 % of the mean value, the 
period required to attain half of this final shrinkage 
varies by about 100% of the mean. At this laboratory, 
crack tendency tests, using embedded reinforcing 
rods to produce restraint to concrete shrinkage, have 
indicated that early shrinkage rates have a major 
influence on crack development. The longer the

Fig. 5. Observed and linearized relationships between shrinkage.

elapsed period of drying without the formation of a 
crack, the less the possibility that cracking will occur. 
This fact is due to creep, which reduces the rate of 
tensile stress increment, and to the continued increase 
in tensile strength.

Three important warnings should be noted. Firstly, 
the size effect and drying conditions of concretes in 
the field will naturally modify the laboratory findings, 
but so far the crack tendency tests appear to corre
late well with field observations. Secondaly, this rate 
effect is most important only when unsightly cracking 
occurs; indeed, from some other viewpoints, the more 
rapidly shrinkage reaches an asymptotic value, the 
better. Thirdly, under normal concreting conditions 
all the cements so far studied may give equally satis
factory results; however, in adverse circumstances, 
either in combination with other materials or due to 
extreme drying conditions, the likelihood of cracking 
is increased by cements with high early shrinkage 
rates.

Interaction Effects between Cement 
and Aggregate Shrinkages

The use of high shrinkage cements is of greatest 



consequence when combined with aggregates which 
themselves exhibit dimensional changes due to adsorp
tion and desorption of water. The interaction effects 
of various factors on the relative shrinkage value have 
been described (11); however, the effects on rate of 
shrinkage are again considered to be of prime impor
tance in crack development.

Fig. 6 shows the shrinkage-drying time curves 
for three commercial concrete mixes which were 
designed to give equivalent strengths at 28 days using 
constant water contents. The difference in shrinkage 
behaviour using cement O and the two different 
aggregates is large, and the early shrinkage rates 
should be compared. When cement H was used with 
the dimensionally unstable aggregate, both the a
mount of shrinkage after 90 days drying and the rate 
of shrinkage was reduced relative to the companion 
specimen using cement O. For the first 18 days drying, 
a critical period for the development of strength and 
crack propagation, shrinkage rates of the concretes 
made with cements O and H and with the two aggre
gate materials were quite similar. This result suggests 
that when aggregates of doubtful quality must be

Fig. 6. Shrinkage as a function of time for different cement 
and aggregate combinations.

used due to economic necessity, particuar attention 
should be paid to the cement-aggregate interactions 
and effects on both rates and absolute values of shrink
age.

Conclusion

From the results presented in this paper it is con
cluded that, when satisfactory procedures are adopted, 
shrinkage tests on neat paste can be related to concrete 
shrinkage and chemical properties of the cement. 
Shrinkage should be considered as a rate process 

rather than in absolute terms when its effect on con
crete cracking is studied. Future research should be 
oriented towards combinations of materials which 
effect early shrinkage rates, thereby influencing crack
ing tendency.
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Supplementary Paper HI-115 On Some Main Aspects of Theory of Solidification 
and Strength Formation of Cement Stone and Concrete

Ivan Petrowitsch Vyrodov*

Synopsis

The present work deals mainly with a few aspects of the theory of hardening of mineral 
binding materials. It includes, for example such problems as the applicability of the main 
principles of molecular physics and thermodynamics to the study of the character and trends 
of conversion (Chapter 1). In this Chapter the most important principles were determined, 
that is, the connection between thermodynamic parameters and kinetic parameters of the 
system: between energy and thermodynamic potential of the process of activation.

In Chapter 2 some works are analyzed, which support the view that the process of 
hardening of binding materials takes place in a kinetic range. As a result of the analysis of 
some theoretical and experimental works it is considered that the hardening of binders is a 
complex process and it takes place (macroscopically) in the diffusional range. Further, it is 
confirmed that it is impossible to judge from the form of the principal kinetic equation 
whether the main process takes place in the diffusional, or in the kinetic range. The hardening 
process is much more complicated, than it could be imagined, judging by these two mutually 
eliminating conceptions.

In Chapter 3 the existing conceptions on the main aspects of the structure formation 
theory are critically analysed, and equations for strength of cement stone and concrete are 
introduced. They are more versatile in comparison with the ones in common use. The concep
tion of ripeness of concrete is specified in connection with changes in strength properties of 
cement stone and concrete.

Concluding, the present work deals with the prospects of development of general 
problems of structure formation, that is, with the coagulation processes and with coalescence
cohesion processes. The author works out a cohesion-coalescence mechanism of structure 
formation resulting in a quantitative theory of hardening of mineral binding substances.

Introduction

The hardening of mineral binders is a very complex 
process. It takes place in a heterogeneous interaction 
of original substances and products of interaction. 
So in working out the quantitative theory of hardening 
of mineral binders, the use of laws formulated for 
homogeneous systems results in inadequate quantita
tive ratios.

Owing to limited space in this work, only a few 
principles of molecular physics and thermodynamics 
the most often used by scientists in their studies of 
heterogeneous systems are pointed out.
There is one peculiarity more, which we should like to 
point out and to which much attention is paid in this 
work because of its importance.

As distinct from the theory of coagulation structure 
formation, the mechanism of which is qualitatively 
investigated by P. A. Rehbinder and E. E. Segalova, a

♦Krasnodar Polytechnical Institute, Krasnodar, U.S.S.R. 

cohesion-coalescence mechanism of structure forma
tion is presented in this work.

The main motivation for elaboration of this mecha
nism was as follows:

First, during the crystallisation of the resulting 
products from the oversaturated solution two pro
cesses are quite inevitable: the “distillation” process 
(coalescence), and the process of direct fluctuative 
formation of particles of the final product on the 
bases and inside the volume of solution.

Second, during the crystallising growth of the par
ticles, the cohesive linkage of crystals is also inevita
ble. In highly oversaturated solutions cohesion results 
in a formation of so called true contacts, the strength 
of which, if we do not consider the marginal effects 
resulting in defective contacts, is similar to the strength 
of crystals in general.

Third, in highly oversaturated solutions the coagula
tion as a process of agglutination of particles in 



dispersion systems, taking place under the effect of 
molecular (van-der-Waals) forces, is quite out of 
question. The coagulation process may occur in sys
tems which allow a very low solubility, where the pro
cess of coalescence, of “distillation” of the substrate 
through the solution does not take place. In the here 
investigated systems, characterized by a cohesive- 
coalescent mechanism of hardening, the coagulation 
as an ante-crystallisation period, is not necessary. It 
may be supposed that after the disappearance of the 
coalescent mechanism of crystallisation the coagula
tion of non-agglutinative crystals will begin to take 
place. Such supposition is hardly probable as in the 
formed cage the mobility of these crystals is hardly 
sufficient for the coagulation mechanism of increase of 
these particles to take place. But if these effects were 
present in the final step of the process, their role 
would be quite negligible in comparison with the prin
cipal process of crystallisation, with coalescence.

Taking into consideration the cohesive-coalescent 
mechanism of hardening of mineral binders, the author 
elaborates the quantitative theory of appearance of 
tixotropically irreversible properties of hardening 

cement pastes, which, unfortunately, is not reflected 
in the present work.

The present work deals with the actual problems 
of the theory of hardening and strength formation of 
cement stone (brick) and concrete, and the groundless
ness of some conceptions is proved, which deny the 
limiting role of diffusion processes in hardening of 
mineral binders. It is proved, that to elaborate a 
valuable theory of strength of cement stone and con
crete, it is necessary to operate with asymptotic func
tions of distribution of particles according to their size.

The modern theory of hardening of mineral binders 
according to the physical-chemical standpoint of
P. A. Rehbinder and his co-workers is briefly reviewed 
and critically analysed in the present work.

Presenting of new formulas of strength of cement 
stone and concrete, the introduction of the conception 
of concrete ripeness qualitatively, and of a cohesive- 
coalescent scheme of hardening of mineral binders, 
all the above mentioned is to contribute to the develop
ment of the modern quantitative physical-chemical 
theory of hardening of mineral binders.

Chapter 1
On the Possibility of Applying the Main Principles of Molecular Physics 

and Thermodynamics to the Study of Character of Changes of Mineral Binders

Limitations for Applying the Common Phenomenological Thermodynamics to the Theory 
of Hardening of Mineral Binders

As it is known, in the fifties of the last century 
Berthelau formulated the principle, in accordance to 
which only exothermic reactions take place spontane
ously, that is, the reactions which are followed with a 
decrease of the enthalpy value (thermal content) of the 
system H. In general case this principle is not adequete. 
For example some reactions are known where a nega
tive thermal effect takes place (dissolving of salts, 
etc.). Later it was stated that the thermodynamic 
potential may be measure of chemical affinity, more 
exactly, it change. As the thermodynamic (isobaric- 
isothermic) potential is connected with the enthalpy 
and entropy S by a known equation (having P and T 
constant).

AZ = AH - TAS, (1.1)
at low temperatures and low values of AS it follows 
from AZ AH and the Berthelau principle takes 
place. At high temperatures and high values of AS 
this approximated equation is not adequate.

Mathematical calculations of changes of the thermo
dynamic potential of the system for different types of 
reactions very often result in negative values of AZ. 
From the standpoint of chemical thermodynamics all 
these reactions are possible and it appears to some 
degree that it is possible to consider the reactions 
having a more negative value AZ to be more prefer
able. However, from the point of view of common 
thermodynamics it is impossible to predict in this case 
what variant will be realised. Intuitive assumptions on 
preferability of reactions with a more pronounced 
negative value of AZ, as it is shown later on, have the 
same basis as the Berthelau’s principle.

The change of the thermodynamic potential for a 
standard state looks as follows:

AZ° =-RT In K,,, (1.2)
where Kp = kilk1, k£ are constants of velocities of 
chemical (direct and inverse) reactions, k, — A,, exp 
[—E,/RT] we have: '



Ej =E2 + RTln(A1/A2), (1.3)

where E, and E2 are energies of activation of endo- 
themic processes respectively. In the works of Polyani, 
Evans and Semenov it is shown that for many exother
mic reactions (radical ones) the following expression 
is true: E2 = A — BQ, where A and B are some con
stants, and Q is a thermal effect of the chemical reac
tion. Generally the values are: B st 0.25 A = 11.5. 
Substituting for E2 in the above mentioned equation 
for E, and neglecting the entropic item RTln(A1/A2), 
we will have E, ~ C + AZ°, where C is some new 
constant which changes within negligible limits. In 
these cases it is quite true, the reaction with a more 
negative value of AZ° is more preferable. In other 
words, preferable reactions take place more rapidly in 
comparison with other reactions.

Let us make one very short, but strict and consistent 
conclusion, which links the thermodynamic potential 
of activation with the change of the thermodynamic 
potential of the system. For this purpose we shall put 
down in accordance with the theory of transient state, 
the interaction between the constant of the chemical 
equilibrium Kp and the constant of equilibrium of the 
complex K^:

Kp = Ka (2?rm^T)1/.2 (1.4)

Then, taking into consideration, that the constants 
of the equilibrium of the complex are valid for this 
equation, we shall put down the similar equation for 
the constant of the chemical equilibrium: 

AZa= -RT In Kt (1-5)

and we shall get following formula, which links the 
thermodynamic potential of the activation system AZa 
with the change of the thermodynamic potential of the 
system AZ:

AZa = AZ — RT
' Ila, Ila.fc"
ln^_ - In«—Ha, najt

- U1 (V) J
+ RT ln j~(2gy^T)V2]

(1-6)

From the equation (1.6) for the standard change of 
the thermodynamic potential of the activation system 
we shall obtain the following equation:

AZ£ = AZ0 + RT In [(27™^T)1/2j (1

The thermodynamic potential of the activation 
system represents a kinetic character of the system: the 
more is AZ^ the less intensively does the reaction take 
place, as the constant of the velocity of the chemical 
reaction is determined by a known equation: 

K = x^Ie-AZA/RT 
h

(1.8)

which follows from the theory of the transient state. 
It follows from the equation (1.7) that AZa is fully de
termined by the change of the standard value of the 
thermodynamic potential of the system if the second, 
or, if the first item is much more than the second item. 
In this case we consider much more preferable those 
reactions which have the change of the thermody
namic potential the most negative from possible 
values of AZ0. Thus the range of application of the 
principle of preferability of reactions is settled.

To illustrate the formula (1.7) we shall give below 
some calculations with AZa for some hydration 
reactions and the total data are given in a table:

Original 
compound

AZ» 298 
ccal/M Final compound AZ§ 298 

ccal/M
298 

ccal/M

CaO 144.40 Ca(OH)2 214.33 14.86
MgO 136.13 Mg(OH)2 199.27 21.84
CaSO40.5H2O 342.78 CaSO4.2H2O 429.19 27.12
H2O 56,69 — 56.69 __
C2S 25.86
C2S 9.60
c3a jtCjAH.g) + i(AH3) 20.04

The given data are confirmed experimentally. It must 
be noted that the formation of C4AH19 takes place 
without the energy of activation. In this case we do not 
take into consideration some peculiarities connected 
with the presence of the chemical potential gradient, 
which are favourable for the topochemical process. 
We must mention among these peculiarities, for 
example, the surface of the chemical reaction, which 
leads to the reduction of the surface tention according 
to the formula

Act = MA/i (1.9)

where Act is a change of the surface tention, A/< is the 
change of the chemical potential and M is the value 
of the surface transfer of the component.

Thus, the symbol AZ shows the possibility for the 
process to take place, and the numerical value of it 
gives the possibility to state the preferability of reac
tions (3).



On Applying the Basic Laws of Thermodynamics of Non-Equilibrium Processes 
To the Theory of Hardening of Mineral Binders.

From the above written it follows that the character 
of the change of the thermodynamic potential cannot 
serve as satisfying measure of chemical affinity. For a 
full description of the process we had a consideration 
of parameters determining the kinetics of the process. 
Such parameter which determines the chemical 
activity of the given transformation is the energy of 
activation, or, more exactly, the thermodynamic 
potential of activation: AZa. The calculation of these 
values in quantum mechanics is followed with con
siderable mathematical difficulties and the obtained 
data are not of high accuracy. Generally, the error of 
determination of energy of activation is about 20-25 %. 
Consequently, it is quite natural from the part of the 
scientists in physics and in physical chemistry to try 
to obtain the correlaton between the energy of activa
tion and the thermodynamic parameters, which reflect 
the change of state of the systems, what is calculated 
with much more accuracy than is indicated above.

Before pointing out this correlation it would be 
necessary to note the time scantiness of methods of 
phenomenological non-equilibrium thermodynamics, 
which follows from its linear phenomenological laws.

Its main disadvantage is that it describes the pro
cesses only in the neighborhood of their equilibrium 
state. However, despite of this very strict limitation 
in some cases we can obtain very valuable information 
on the process rate “in toto”. These are the cases when 
linear approximations appear to be true with slight 
errors during the whole process of transformation, 
that is, when the law of acting masses is taken into 
consideration.

It may be supposed that the elaboration of methods 
of non-linear thermodynamics of irreversible processes 
will considerably enlarge the possibilities of thermo
dynamics in solving the most important problems of 
the chemical kinetics. First of all we must verbalize the 
conditions necessary to solve our problem and then we 
shall analyze the obtained results.

Let us consider the most simple case of the chemical 
transformation I —> II, which takes place in a diffu- 
sional region and draw a relation for the activation 
energy process EA (an experimental value), and also 
for the thermodynamic potential of the activation 
process AZa. As further on for transfer processes we 
shall use linear phenomenological laws of thermody
namics of irreversible processes, so for the difference of 
thermodynamic potentials of different states of the 
system AZ in the given case we have an inequality: 

AZ <C RT, so we shall use the equality AZ 0. For 
sake of simplicity we shall consider only such systems 
which have the difference of the standard values of 
thermodynamic potentials of the original and final 
products AZ° >> RT, and the flow of substance is 
stationary in relation to some internal coordinate of 
the system y.

Taking into consideration all the above mentioned 
we may take as an example the case of transformation 
of highly dispersed substance, which leads for EA to the 
relation, similar to the known rule of Polyani- 
Semenov.

Let us present the chemical potential for a mass 
unit of the system //(y) as follows:

Zz(L) = ^ln2(y) + (1.10)

where m is the mass of the particle, y is some internal 
parmeter of the system, 2(y) is the activity of the 
substance, is a standard (true or hypothetic) value 
of the chemical potential of the substance. The true 
value of the chemical potential /z° is necessary to take 
for substances which allow a non-limited solubility, 
and hypothetic values of p, must be taken for such 
substances which allow only a limited solubility in 
some ambience where the chemical reaction occurs 
(transformation).

For the chemical reaction rate /(y) which is propor
tional to the value of the flow j„(y) we shall write a 
phenomenological equation

V(J,)=-L^ÜO 
ay

Then we shall get from (1.10 )and (1.11):

ztvt = - LÄ:T
Ky) ml(y) dy

(l.H)

(1-12)

Introducing the “mobility”« = L/2 and the “diffusion” 
coefficient D = kTulm according to some internal 
coordinate y we shall obtain: 

■( x n^2(y) y(y) = -D-A^ (1.13)

writing it beforehand (3) in the following form:

V(J,) = dj[e",;W] 1 ™ (M4)
and multiplying the result by m/LD-llnAM, after in
tegration by y, we shall get: 

j= a[l - e-(A-A-)/RT] (1.15)



where chemical affinities A and A0 are equal to a 
difference of thermodynamic potentials: A = Zx — Z2 
= -AZ, A° = Z° - Z° = -AZ°

e(Z,-Z,")/RT

and a = -------------

Now we shall draw out the relation for the chemical 
reaction rate. This reaction occurs in the diffusional 
region, judging by kinetic considerations.

Let us consider the interaction of the spherical part 
of the radius S(, having the mass m,. = |7tS/</0 where dQ 
is the density of the substance of the particle, with a 
gas ous or liquid medium. The quantity of the sub
stance dm, which diffused into solusion during the time 
dt is so formulated after the first law of Fick:
From that

(1.17)

(1-19)

(1.20)

(1.21)

(1.22)dt

—km (1.23)

d0

From the evident equation 

dm, 
m, 

we shall get:

dp,= DdCI
dt d0 dr I r = p,

The concentration change rate in the near-to-surface 
layer is

f = ,(K,.,Cn) + D^|r = A (1.18) 

After some time the concentration C reached some 
ultimate value Cn in the near-to-surface layer. Let the 
process occur at C(r = p,.) = Cn. Then from (1.18) 
we get:

dm, 
dt

Introducing some approximated value of the reaction
rate constant 

d2C I 
=-9>(K,,Cn) dr2 I r = p, TX 1 u -

From this by integration we get:

0^ = ^,^,

Ar as at p£ = 0 also 2— = 0 
dp:

Substituting (1.20) into (1.17) we shall obtain:

dp,_ KK.,Cn) 
dt ~ 7, P< 

_ 3 A. = _ j^(l^^ Cn)
Pi dtt

k = we jhall get:

dm 
dt —km.

(1-24)

where m is the mass of the substance for a unit of the 
volume of the system.

Thus the reactions controlled by the diffusion are 
the reactions of the first order. According to this 
scheme the oxychloride gypsum and other mineral 
binders are hardening.

For these systems the time necessary to reach the 
critical concentration on the surface of hard bodies is 
about a few seconds.

To describe the character of the system it is neces
sary to choose the inner coordinate of the system. 
For this we must choose such a parameter which will 
reflect rather fully the state of the system and will 
lead to a single value of the chemical potential ju(y). 
If the surface of the particle was determined by a single 
value of the mass of the reacting substance, we could 
choose as an inner coordinate a value proportional 
to the mass of the reagent m or to the surfaces of its 
particles Sn. However, it is necessary to take into 
consideration that during the process of chemical 
interaction as a result of an invasion of the adsorption 
active medium into the micropores of the particles, 
the process of chemical dispersion of the substance 
occurs too. As a result of two parallel processes we 
cannot indicate a single value correspondance between 
m and Sn. Moreover, opening of new surfaces of the 
reaction leads to an occurence of an excessive free 
surface energy, which contributes in addition to the 
chemical (or thermodynamic) potential of the system. 
Further, when we have a known m we can determine 
the quantity of the substance in the solution. Thus, the 
parameters m and Sn rather fully describe the state 
of the system but on the other hand they somewhat 
synonymously determine the chemical potential of the 
system. Considering the measure ofy, y = Sn/Am should 
be taken. This choice of the inner coordinate, as it will 
be shown below, does not contrdaict the conditions in 
which the laws of linear phenomenological thermody
namics of irreversible processes are valid.

Let us choose tome mean value o' D and thus 
suppose that D = const(y). Then ,

(1.25)

In accordance with (1.24) we get:

k = -d- = ^^-gfZi-Zi’J/RT (J ___ ^aZ-AZiJ/RT)

(1.26)

In accordance with data of the theory of transient 
state we write the constant of the reaction rate in the 
following form:



K = X — £>"ZAn/RT = x^eASA/Re-EA/RT = ße-EA/RT 

h h
(1.27) 

where x is the transmission coefficient, x = 1. K is the 
Boltsman’s constant, S is the entropy of activation. 
Considering (1.27) we get the following:

efcTASn/1_(EA+Z|_Z1o_TSA)/RT _  1 „(AZ-AZ'J/RT

Dh
(1.28) 

or, as ZA = EA — TASa:

p(AZ-AZ")/RT Fl eÄ:TASn -(aZa-AZ-AZ’-Zi-Zj’VRtI   1
L DA J

(1.29)
Introducing the identifications:

ZS-Z2=AZ2 ZJ-Z^AZj, (1.30)

AZ-AZ°=AZ12, (1.31)

instead of (1.29) we obtain:

„azh/rtZi eA:TASn -(aza-az^/rt
V DA .

For a state near to a balanced Z the last equation 
must be re-written as -

A 7 DTI F cATASn eAZ2/RT "I AZA = RTln^------ j _ e_AZ,/RTJ (1.33)

Taking into consideration the second equation 
formulated by us |AZ°| RT, we get the following:

Ea = AZ° + RT In [^|IT<?AZ3/RTj (1-34)

Taking for the reactions of the same type the expres
sion AZ2 + TASa = aAZ°, where a is some factor, 
a constant item for the reactions of the same type, 

and supposing that y = 1 + a we may write the fol
lowing:

Ea = yAZ° + RT In"2^^^, (1.35)

which is valid for the end of the process, when AZ2 «= 
0. In the above equation Sn = nd2, n is the number of 
reacting particles, d is their mean size, and D, = \jd is 
the dispersion of the substance. This equation links the 
energy of the activation of the process with the heat 
of the phase conversion, and with the change of the 
standard values of thermodynamic potentials. This 
may be easily seen from the following example. The con
ditions for the reacting substance are: | In ASnT/D | 
I In ek]h | and the reaction proceeds at temperature of 
T = 300°K. Then from (1.35) we get:

EA = yAZ° + 13.8 (1.36)

In the case of limited solubility of at least one of 
substances of the system instead of the Z° it is neces
sary to take Z = Z° + G where G is some constant. 
Then AZ2 + TASa = AZ£ - Z2 + TASa = aAZ° 
— G and from the equation (1.34) we again get 
(1. 35 and 1. 36). Lastly it is necessary to note that 
for systems in which proceed the chemical reactions, 
linear phenomenological interrelations are carried 
out near to balanced states, or in conditions where 
the molecules of reacting substances during the reac
tion do not alter the Maxwell’s distribution by velo
cities*. (* = It is evident, that as in the theory of 
transient state, this condition is not necessary). Thus, 
the obtained values of AZa characterize the rate of the 
system approximation to the final equilibrium state 
or to a state, characterised by an induction period.

On a Directed Change of Properties of Hardening Mineral Binders under the Effect of Surfactants

The directed change of properties of hardening 
mineral binders with the help of surfactants is one of 
the main and most difficult tasks of the chemical tech
nology of building materials and concretes. Theoretical 
investigations here are far behind the actual require
ments and successes of the practical branch of this 
science. Some attempts for creating the prerequisites 
explaining (but not predicting) the mode of action of 
surfactants were made by Academician P. A. Rehbinder 
(see, for example, the last work 4). As in the above 
mentioned work (4), in the preceding works the central 
item of the theory is the use of e-theorem of Boltzman 
for surfactants distributed by volume of liquid and on 
the surface of the solid.

But, as it was shown in the work (5), the utilization 

of Boltzman’s e-theorem is rather limited. Particularly, 
it is not applied to heterogenous systems. Aside from 
the mathematical proof of its inapplicability to these 
systems which may be found in the thesis, it should be 
noted that the said inapplicability follows from the 
physical sense of Boltzman’s e-theorem, obtained for 
gaseous states. The following conditions are necessary. 
First of all, the equation of state of ideal gas is utilised 
in deduction of the theorem. Uniformity and stability 
of temperature for the system are supposed, and uni
formity of vector field in which the particles of the 
ideal system are. If at least one of these conditions is 
not present we do not obtain e-theorem. Thus it 
may be seen how complex is the problem for real 
heterogenous systems where vector fields act being 



different in the whole volume of the system and not 
being a single value function of space coordinates.

Even in the most simple case, in the system “solid
liquid" the vector field on the surface of the solid 
differs from the vector field inside the liquid. Parti
cularly this phenomenon is one of the main objections 
to the utilisation of e-theorem.

Under the effect of the internal field of isolated 
liquid and of the external field of gravity the Holtz
man’s distribution of particles by height really takes 
place. However, as the solution comes into contact 
with the adsorption-active medium this distribution is 
changed as a result of non-equilibrium process leading 
to the adsorption of the substance from the solution 
containing a surfactant. Similarly, as the trasforma- 
tion of mineral binders takes place, the continued 
alteration of sequence of settling (but not settled) 
distributions not only inside the volume of the solu
tion but near the surface of the transformated sbu- 
stance takes place. The character of the distribution of 
surfactants determines the rate of substance conver
sion. On the other hand the surfactants influence the 
rate of increase of particles of the new phase. The 
correlation between the dispersion of particles D, 
and the rate of change of surface tension <7, and of 
particle size l$ is established in the work (5):

dff, 54 = _ D (1 J7)
dt dt ' z v ’

A very important conclusion thus follows. The sur
factant action itself is not single-valued. When eval
uating the action of surfactant it is necessary to con
sider kinetic particularities of converting substances 
and the temperature of the system too.

The study of influence of surfactants on dispersi
bility of forming particles leads to very interesting 
conclusions.

The relative concentration of additive surfactant 
Cg to achieve extreme dispercibility value D, in the 
field of small D,3, depends upon chemical potential 
of the additive surfactant:

C, relative = (1.38)
6 A;

where y,, = constant. It follows that the greater is 
the chemical potential of the substance of the additive, 
the less is portion necessary to obtain the same effect.

In the field of high values D,3 we have:

Cg = ^> (139)

where

y,-o = = XT) (1.40)

Thus, in the field of high values of Di3 the role of 
individual properties of surfactants is limited to a 
character of change of edge tensions determining the 
effectiveness of surfactant action and it is not depen
dant on the chemical potential of the additive. Here 
is the limit of utilisation of main thermodynamic 
parameters in high-dispersibility phases. The same is 
for Gibbs-Curie-Wolf principle stating the depend
ance of the process of crystals growth upon the surface 
tension of edges. By these parameters, that is, by rates 
of changes of edge tension and by particle bond 
energy the extreme strength of hardened binders is 
determined.

Chapter 2 
Role of Diffusion Kinetics of Reactions in the Process 

of Hardening of Mineral Binders

Some Critique on Studies Denying the Diffusion Mechanism in the Process of Hardening 
of Mineral Binders

Some works based on the study (6), state that the 
diffusion kinetics does not limit the process of hard
ening of the mineral binders.

The conclusions of Shiller (6) are based on compar
ing two approximately evaluated items: the length of 
diffusion D path, and the coefficient of diffusion I. 
They are values of one order of smallness. The approx
imations are made with the exactitude of smallness or
der equal to 1. Consequently, the comparison of values 
of the same order of smallness, which are estimated 

with the same exactitude—one order of smallness—is 
absolutely senseless.

Moreover, it should be noted that K. Shiller uses 
the equation which reflects the effect of free diffusion, 
that is, the self-diffusion of Brown particles, as in real
ity in this system we see just another diffusion, of 
another origin, which takes place in the presence of 
concentration gradient. K. Shiller does not notice 
this, he substitutes diffusion by the selfdiffusion.

It should also be noted that Einstein’s formula is



valid only for some mean value I — I (that would be 
sufficient for non-applicability of the said formula in 
solving the present problem) and for rather great 
values of time t. Having these conditions let us consider 
t = At and I = Ax. Then the relation At = Ax2/2D 
is a criterion (a condition) of stability in solving the 
equation of diffusion in final-differential approxima
tion. In this case particularly ihe Einstein’s equation 
gets a definite interpretation with a diffusion con
ditioned by a presence of concentration gradients.

The above mentioned is sufficient to prove the
K. Shiller’s conclusions to be highly unconvincing.

Let us consider another study, which has something 
common with the conclusion of K. Shiller. This is the 
work of A. F. Polak (7), where the evaluation of 
character of the process is based on the Bertrand’s 
formula (2. 75):

4 - drD<c- - c>- <23>

which is valid in “mixed” kinetics and is obtained by 
excluding the concentration of the substance Cz near 
the surface of the binder from two relations. One of 
them describes the kinetic field, the other the diffusion 
field of “dissolving”.

Then, this relation is used for recording the Peckle’s 
value:

pe = Al___ ________ , (7 71
re D/5 - D(C„ - C) -

from which supposedly follows that with Pe 1 the 
process is a diffusion one, and with Pe <C 1 the process 
takes place in the kinetic field. Presenting the evalua
tion data for this formula A. F. Polak comes to the 
conclusion that at small oversaturations the process 
proceeds according to the “mixed" kinetics, and at 
high oversaturations it goes in the kinetic field. We 

consider these conclusions to be highly doubtful for 
following reasons.

Polak’s intention to use Peckle’s value to solve the 
above mentioned problem is reasonable. However, in 
the formula (2.2) the value of rate of loss of the mole
cule of the binder into the boundary layer:

4 = - Cz) (2.3)

and the value of rate of diffusion transport of particles 
from the boundary layer into the volume of solution:

= °(C2 - C). (2.4)

should be used.
Then the Peckle’s value would have the form:

pe_  Sk_  kx (C„ CT) ...
re-?D”-D/5 (C2-C)

Particularly this correct formula should be used for 
estimations rather than the formula (2.2). Using the 
formula (2.2) the author essentially can not overstep 
the limits of mixed kinetics as there is one condition 
in it: £D = ^K.

On the other hand, excluding the (C„ — CZ)/(CX — C) 
(2.5) see formula (2.2), Polak records the wrong value 
for Peckle’s number from the very beginning. By force 
of this second reason it is possible to get very con- 
troversing conclusion from the formula (2.2), what is 
actually characteristic for the work (7).

It is rather important to note the difference between 
the work (6) and (7). In considering the whole process 
the work (6) deals only with the stage of crystallisation 
of new formations, while the work (7) deals with the 
meachanism of “dissolving” of the binder. It is evident 
that these one-sided investigations can not be used as 
criteria in considering what is the scheme of the pro
cess.

Substantiation of Diffusion Mechanism of Solidification of Mineral Binders

A rather full substantiation of the diffusion mecha
nism of solidification of binders is the subject of the 
works of Ratinov V. B. and his co-workers. Diffusion 
coefficients and diffusion flows were experimentally 
obtained in these works. The comparison of diffusion 
flows with rates of solidification of binders is the 
first proof for a diffusion mechanism of solidification 
of binders. My thesis was confirmed with the works of 
V. B. Ratinov using experiments establishing the 
dependance of rates of solidification on intensity of 
blending cement dough and by solving corresponding 
equations of diffusion as well.

It should be specially noted that the works on 
diffusion from a mobile boundary gave as a result of 
using the computers URALS-1 the functions of change 
of size of particles depending on time. The obtained 
functions are near to linear. These results are very 
valuable as they show the limit of utilization of a 
highly utilized formula:

S = (Dr)1-2 (2.6)

to determine the coordinate p of the moving boundary 
of the phase conversion limited by diffusion. In our 
solved marginal problem the exponent at t is near to 1.



On Critcriflm of Applicability of Molecular Diffusion Equations to Solve More Complicated 
Problems of Turbulent Diffusion

LetlheniolmilardiffiiisioncoefficieiiitbeDm ~ vmIm, 
where v„ is the diffusing: particle velocity, /„ is the 
length of free path of molecule, A similar relation 
may be written for turbulent diffusion coefficient 
Dt ~ Vt/t having in mind that proportional coeffici
ents Dm and DT are taken into consideration between 
diffusion flows / and gradients of concentration of 
substances. vT is here the mean value of turbulent 
fluctuation of velocity, being the measur of intensity 
of turbulence, /T is the turbulence scale, a value similar 
to the length of free path, or after Prantle—the path 
of blending. Molecules moving along the distances 
1 < /T are statistically bound with each other. If the 
turbulence scale /T is very small in comparison with 
the region inside which the diffusion takes place, 
this turbulent diffusion is called a small scale diffusion. 

or a gradient diffusion, and its description is similar to 
that of the molecular diffusion, as in this case it is pos
sible to carry out the condition of proportionality 
between the flows and concentration gradients of 
substances, and the processes of diffusion are described 
apparantly similar differential equations. When there 
is no continued blending of solidifying cement dough, 
a molecular diffusion proceeds, in the presence of 
distributed temperature gradients a turbulent small 
scale diffusion proceeds too.

But also in the case large scale turbulent diffusion, 
that is, in the presence of large turbulences the form of 
differential equations will not change. Only the inter
pretation of desired functions a parameter of equa
tions will change in this case.

On the Main Kinetic Equation of Solidification of Mineral Binders

As it was already noted, there are two tendencies 
in our and foreign literature representing the base
ments for a quantitative theory of solidification of 
mineral binders.

The first tendency establishes the diffusion mecha
nism of solidification of mineral binders. According to 
the second tendency the process of solidification of 
binders proceeds in the kinetic region. Although the 
principle difference between the said tendencies is 
quite evident, it is quite stated in the work (8) that 
both tendencies are just and valid, as “... the process 
rate undergoes the general laws of chemical reactions 
kinetics.Naturally, if the process of solidifica
tion of binders proceeded in the diffusion region, the 
consideration of kinetics of chemical reactions from 
the general positions of physical chemistry would 
necessarily lead to the differential equation of diffu
sion. In this sense only it is possible to consider any 
process whether it proceeds in kinetic or in diffusion 
region, from general positions of chemical reactions. 
However, the experimental basements of any mecha
nism make easy drawing the conclusion of the main 
kinetic equation of the process of solidification of 
binders.

Some works may be found sometimes which con
firm the second tendency basing on a check of 
“apriori” kinetic equation of the first order. But it is 
not difficult to demonstrate that the processes oc- 
curing in diffusion region are also described by equa

tions of the first order. Thus and because of this the 
good confirmation between the theoretical formula 
and the experiment can not serve as a confirmation 
of any scheme of solidification of binders.

It is also necessary to note that the works (7) are 
characterised by numerous constants of the process. It 
should be borne in mind that the more constants we 
have the more arbitrariness in the choice of kinetic 
law, and the more incorrect is the conclusion about 
the mechanism of solidification of binders.

The process of solidification of binders is a very 
complicated one. Although in general the process of 
solidification of binders proceeds in diffusion region 
(5), some local processes are possible. They proceed in 
kinetic region. In these cases in some limits the local 
processes can be descirbed by the law of acting masses.

Before establishing the main kinetic equation ac
cording to this law we will consider the change of 
different forms of water which is present in solidifying 
binders. ’

According to our point of view all waters in solidi
fying concrete may by divided into three categories.

To the first category belongs the chemically bound 
water, B^. This is the water of the product of reaction. 
It includes zeolitic, structural and non-structural 
water.

The second category includes the sorption-bound 
water. This is the water adsorbed by the surface of the 
aggregate B3 (physical sorption), by the surface of 



cement grains B„5 (chemisorbed water corresponding 
to pre-reactional period), and also water contained in 
the capillaries and micropores of product of hardening 
and of aggregate BA n.

The third category includes the free water into 
which come the dissociation products of new forma
tions: Bc.

Such distribution is based on the principle of con
sideration of binding forces of water with solids con
tained in concrete mixtures, as the rate of activity 
of water to trasformations occuring in concrete de
pends on these bonds.

To put down the relation for the chemical reaction 
rate it is necessary to consider that in accordance with 
the law of acting masses the rate of change of the reac
tion product depends on the quantity of collisions of 
active molecules having the possibility to interact. 
Such molecules are the molecules of water Bu and the 
cement grain molecules on the surface of the grains, 
that is the active moecules of cement L(e. It may be seen 
that the reaction rate will not depend on Bc, even 
though how large this value would have been changed. 
Although Bc is not included into the law of acting 
masses it should be borne in mind that during the 
transport of reaction products inside the free water 
the rate of transport will depend on volume of this 
water. If the process is purely topochemical and the 
reaction products are left on the surface of the grains 
the water Bc does not affect the transformation rate. 
The principal mistake of the author of the work (8) is 
that while establishing the main kinetic equation 
is included in the active water.

Thus in accordance with the law of acting masses we 
have:

y = (2.7)

where m is the mass of reaction product.

m = Bz + aBx = (1 + a)Bz (2.8) 

Here a is stechiometric coefficient equal to the relation 
of mass of waterless part of reaction product to the 
mass of in it contained chemically bound water.

From equations (2.7) and (2.8) we have:

<2'9>

This equation essentially differs from that obtained in 
the work(8), representing the main equation in the 
theory of heat emission of concrete.

The values Bu and U,A are proportional to the 
specific surface of the binder S, so we have:

B^Ua = j6Sm+" (2.10)

Carrying out the integration in (2.9) with a con

sideration of (2.10) we get:

B* = r^lcJ/(0Sm+W< (2.H)

It is possible to make the final integration of (2.11) 
only if we know the position in time of “constant” of 
chemical reaction rate fc(t) and S(t). The introduction 
of system model is necessary at this stage.

In the work (5) is shown, that if the process is 
limited by diffusion, then having a rather large quan
tity of particles in a unit of volume their size will 
decrease linearly with the time. In this case

s = US, = U47rR? = 47r(R0 - yie)2 (2.12)
When the quantity of particles in the unit of volume 
is not high:

S = 47c(R0 - y2t) (2-13)

For a general case we may write:

S=S0(l-yty (2.14)

where p, may be any number.
Substituting (2.14) into (2.11) and taking into 

consideration that the process is almost isothermic 
we will get:

B. = f (1 - 7t)'‘(m+") dt = ^[1 - (1 - 701, 
1 -f- 0C J o •

(2.15)

where

n _ BkS0 (2.16)7(1 +7)’

r = p(m + «) + 1 (2.17)

As at the end of the process

to 11
 to
 

to 1 to B II 
'«

IO (2.18)

instead of (2.15) we get

B„ = Bxfc[l - (1 - 701 (2-19)

As B^ ~ m, this equation represent not only the 
equation of hydration but also the main kinetic 
equation reflecting the transformation rate in general.

If we took, that the process took place not in the 
diffusion region, we would get another equation for 
specific surface of substance, and, consequently, 
another kinetic equation.

Let us suppose now, that in the process of transfor
mation of original substance some part of its surface is 
permanently screened by products of reaction. If the 
constant of screening is not changed with time the 
kinetic equation will not change either. If the constant 
of screening changes with time the kinetic equation 
will change too.



It is necessary to note, that the form of kinetic 
equation is influenced not only by time dependance of 
specific surface of original binder, but also by time 
dependance of “constant” of reaction rate. In case of 
limiting role of diffusion this constant includes directly 
the diffusion coefficient and the degree of influence of 
volume of solving water Bc. As in case of diffusion 
mechanism the consideration of screening is quite 
necessary in the kinetic region. In both cases the con
sideration of sc eening does not influence the charac
ter of transformation, that is, the process being in 
diffusion region does transfer into kinetic region with 
the change of screening constant. On the other hand, 
the introduction of different constants(8) representing 
the physical sense of the character of the process does 
not give the possibility to reveal the nature of any of 
the processes. (This must be more detailed. The 
formation of solid surface films surely prevents the 
transportation and later on the chemical interaction 
of reagents. From this point of view the process 
macroscopically must be transferred from kinetic into 
the diffusion region. So, if the films representing the 
products of new formations are semi-permeable, the 
process can take place macroscopically in diffusion 
region or in the region of mixed kinetics. The character 
of interaction of original substances “in pure state” 
/“in nascent state”/is not changed.)

We may finish here the evaluation of the main 
kinetic equation. Finally, the most natural is the 
supposition that the “acting" surface (that is, not 
screened part of the surface) is proportional to whole 
surface. Thus it should be considered that the form of 
the principal kinetic equation (2.19) is not changed 
even if considering the screening effect. (We mean the 
case of practically impermeable films).

Let us now consider the case when the solidification 
of concrete is limited within the kinetic region. In this 
case S = /(BJ. In fact:

4
-y7r(R3,-R,3)=A:Bz (2.20)

It is not difficult to obtain the following equation 
from the above equation for sherical particles:

S,= S0i(l-5«y (2.21)
X Dkxi/

For a poly-disperse substance and for a particle of 
random shape we get:

S = SO(1-^), (2.22)
\ Dkx/

where v is so far an uncertain number.

Considering (2.9) (2.10) we get:

<?BI= B^\N, (2.23)
W 1 + a \ BfcJ

where N = (1 + n)v. After integration of this equa
tion with a constant K we get:

(1 - 5^yN+‘ = 1 + ^s§o_(N - l)B^t
\ Bj 1 1 + a

(2.24) 

or

Bx = Btx[l - (1 + 7301/<N-n) (2.25)

Using the denominations B^(N - l)y2 = y3 and 
N — 1 = q we get the principal kinetic equation in the 
following form:

B, = Bt,[l - (1 + 73r)-«-1] (2.26)

The form of this equation is similar to the one of 
(2.19). Moreover at N < 1 and r > 0 these equations 
are analogous in the sense of their application to the 
description of the given process. We got this at first 
glance paradox conclusion because at the diffusion and 
“kinetic” mechanism of solidification of concrete the 
hydration rate is directly proportional to the specific 
surface SN of the binding substance. In the first case 
the diffusion meehanism influences the character of 
dependance S(t), and the value of N. Just the same we 
have in the case of the process occuring in the kinetic 
region.

The equations (2.19) and (2.26) can be used to 
study heat emission regularities. Taking into con
sideration that heat emission of concrete is ruled by the 
hydration process (not bearing in mind other trans
formations) we get:

Q == a0Bx, (2.27)

where a0 is a coefficient.
The equations (2.19) and (2.26) can be used to 

determine the hydration degree Kr after the formula

Kr = J^. (2.28)

The constants (parameters) of equations (2.19) and 
(2.26) are determined after the kinetic curves.



Chapter 3
On Some Principal Aspects of the Theory of Solidification 

and Strength Formation of Cement Stone And Concrete

Establishing of the Formula of Strength of Solidifying Pastes

In accordance with the data obtained in (21), the 
strength of the solidifying paste may be expressed in 
the following way:

R = (3.1)

where fllc are forces of bonds between i-and £-ions of 
two different particles, nik is the density of saturating 
valence bonds determined by the structure of the sub
stance, d is the mean size of the particles. With a 
rather good accuracy we may write:

"b ®uu)> (3.2)
where Au are forces generated by atoms of cement and 
An are forces of bonds appearing as the result of 
interaction of molecules of water with the atoms 
of cement.

As 7?uu and n„u are proportional to the mass of 
reacted substance m:

m = — e-fc‘) (3.3)

where k is the constant of rate of transformation, is 
the mass of solidified product. Then the quantity of 
contacts and the quantity of bonds are proportional 

to the following item:

«uu ~ mI42; natx ~ mBLJ. (3.4) 

where B and U correspond to the total quantities of 
masses of water and cement respectively. Taking also 
into consideration the interval of concentrations, for 
which d ~ B, we get:

R ~ 4^2"^X1 - e-^)(U2 + ocBU), (3.5)

R = A(1 - e-^)® (a + (3.6)

Thus we got a very important formula, which connects 
the strength of solidifying cement paste with the water
cement ratio, constant of transformation rate and the 
time of solidification. In the limit of a rather large 
time (for examble, after the Standard, for 28 days) the 
exponential member appears to be very small and we 
obtain the formula 31 in the work (21).

The obtained formula gives some perspectives to 
consider the dependance of strength of solidifying 
pastes on reduction effects, (shrinkage effects).

On Some Factors Influencing the Strength of Cement Stone and Concrete

On the preceding pages we considered the depend
ance of strength of solidifying cement stone and 
concrete R on time and water-cement ratio. This 
dependance is obtained by us in the form (3.6) where 

a=rJ(^) r«+(S)ir (3-7) 
IXB/tL XB/tJJ

Here the item “k” at B and U/B corresponds to the 
final values.

If in the process of concrete solidification (or 
cement) the ratio U/B is constant, that is, if U/B = 
(U/B)^, the strength of concrete is expressed by a 
simple equation: , '

R = Rt(l - e-A!) (3.8)

From here for difference Rfc — R = AR we get:

AR = R^-*8 (3.9)

In accordance with existing standards R^ = R23 
If in the process of solidification the warer-cement 
ratio changes, then for AR a simple exponential 

dependance of type (3.9) will not be obtained.
In fact, if we denominate U/B = x, we shall get 

utilising (3.6) and (3.7) the following equation:

R = Rt (1 _ e-«) (3.10)
kxk(.a + xt) 7 v 7

From here

From this relation we can establish the connection 
between x0 and z0 corresponding to relative extremes: 
on the strength curve R(r). The knowledge of this con
nection is very important as with its help we can deter
mine beforehand the moment in time during which it is 
necessary to introduce the corresponding intensifica
tion of the process (vibration, ultrasonic processing of 
concrete mixtures and so on) to eliminate the time 
loss of strength of concrete. We shall analyse the 
presence of the said connection only for a simpliest 
case.



Let us take the variation JR = 0 for variables x and 
t. Utilising (3.10) we get:

(a + 2jc0)(1 — +
kx0(a + x^e^St = 0 (3.12)

From here
5x kx0(a + x0)( 1 \ /3 13X
Tt” a + 2jr0 \l-e*‘"/ 1 ’

As by time the surface of the binder for a range of 
concrete mixtures increases linearly, so supposing we 
get:

_ kxn(a + Xq) ( 1 \ (3 , 4x
a + 2x0 U - ek*") )

From here

(3J5>
Considering that /r= — = ^= — we re-write this 

, t 10 tjc
expression in the form:

1 .
?- = Tln

ktjah.+xfc(^.y
L Ik______ \ tfc/

a + 2xk^-
tk -1

(3-16)

Thus we have got a transcendent equation to deter
mine t0. If the curve of increase of strength is mono
tonous, that is, does not include relative extremes, 
then t0 = tk and the expression (3.16) can be utilised 
to determine the constant a:

«- 4+(3J7)

At tfc^oo from (3.16) we obtain the following 
expression to determine t0:

kt0 = In (1 — kto) (3.18)

The solution of this equation (besides the above 
given) is the only one: t0 == 0. From here follows, 
that at a linear change x the curve R(r) increases mono
tonously. The change on monotonous character is 
thus determined by a change of x from linear inter
relation x = y,t, or from the interrelation x = xk.

To find t0 in a case of more complicated dependance 
x(t) it is necessary to analyse the original products 
in the process of solidification of concrete.

This analysis can be done with the help of X-ray 
study of the solidifying dough.

The Concrete Age

With the help of the formula (3.8) it is possible to 
introduce the necessary notion of concrete age in the 
theory and practice of binders technology. In 
accordance with (30, 31) the concrete age is determined 
by a number equal to product of age by the tempera
ture of solidification. If we consider the concrete age 
from the point of view of its approaching to a certain 
utmost state, then the most convenient property to 
determine the concrete age is the value AR. Let 
AR<n and AR( correspond some standard deviation 
and current deviation of strength. Generally AR -> 0 
at t -> 00. However the state of AR = 0 as a result of 
inevitable errors of measuring and smallness of AR 
will appear far more early. So we can consider the end 
of the process as some moment of time rn, and the 
value corresponding to AR(n we may consider as a 
standard value for the given type of binder and con
crete. Then taking the concrete age in the form:

we see, that the age of concrete is evaluated in parts of 
1 and can not exceed it: 0 < 2 < 1. From the last 
expression it is possible to calculate beforehand the 
time left to concrete to reach the full ripeness, if we 
have beforehand the admissible value of age 2Eg:

Atg=—l-ln^g. (3.20)
8 k

In case if the solidification of concrete occurs at differ
ent temperature conditions the value k will be variable 
and to determine the concrete age (ripeness) it is 
necessary to use statistical methods.

Let k be the mean value of the “constant” of the 
process of solidification of concrete. Then the age may 
be introduced for each period of time within the limits 
of which kt is constant according to the formula:

3fi = ARen = e-tt„+w). (3.21)

From here we may get the age of concrete as an arith
metic mean from the values of ripeness for each 
period:

__ I n z>--ktn n
= = = —vr«* (3.22)

n 1^1 n 1-1

Using this expression it is possible to obtain the ex
pression for some mean value of time left to reach the 
total ripeness at some mean value of ripeness given 
beforehand:

' ^,^^,;Af, = -^ln^,



important

(7)

theoretical 
and their

such utilization either. It is evident that the function 
of distribution of the defects by their danger for 
strength must correlate with the function of pores 
distribution or of cracks by sizes. In fact if some sam
ples are made which have certain definite sizes of pores 
(or cracks), it is quite evident that the sample having 
more defects will be less strong.

The utilization of asymptotic functions of distribu
tion of particles (or pores) by size, formed as a result 
of a continued diffusion breakdown of oversaturated 
solutions gives the possibility to base the choice of 
function of danger. Besides, the utilisation of asymp
totic distributions of particles by sizes gives the 
possibility to elaborate a theory of strength having a 
sufficient basing its main positions.

The problem of considering the functions of dis
tribution of particles by size must be a central item 
of scientific technology of cements and concretes.

There are only a few works on this subject so far, 
as the finding of functions of distribution is connected 
with considerable mathematical difficulties (34).

It was proposed in the work (35) to establish the 
functions of distribution of particles by size with the 
help of data of X-ray small angle method. This is 
more detailed in work (2).

where n is the mean number of defects in the unit of 
the volume of the sample, V is the acting volume 
of the sample, P(F) is the function of distribution of 
defects by their danger in the sense of strength. In 
their works Kontorova and Frenkel used the normal 
law of distribution for the function of danger. This 
leads to some false conclusions from the theory in 
general. Chechulin (33) used the function of distribu
tion of Pearson of the third type as the function of 
danger, although there is no physical basement for 

where x,(r) is known function for the given type of 
concrete. Finally, it should be said that we have 
calculated the approximated value of a Zxj. in the 
given work, and have noted the uncertainties for the 
expression (3.9), and also the reasons for temporary 
loss of strength of concrete. We have proposed uni
versal expressions for determination of concrete age.

Diffusion Mechanism to Determine the Functions of Distribution of Particles by Size and 
the Solution of the Main Problem of the Theory of Strength.

As it is known the statistical theories of strength 
of Veibull, Kontorova and Frenkel give the possibility 
to explain the difference between the 
strengths of crystal grids of substances 
technical strengths.

However these theories have some 
disadvantages, namely that they use some original 
formulae without serious physical basements.

Thus, in accordance with the most strictly phyisical- 
based physically theory of Kontorova and Frenkel 
(32) the mean value of strength F^p is calculated from 
the expression:

dP(F,p) _ nV[P(Fxp)]2. 
r p(F)<zf 

-1 F»

In comparison with in (30, 31) introduced term 
of age (ripeness), the term age, given by us, is some
what absolute (28) and includes a certain physical 
sense. Using (3.2) it is possible to write the following 
generalised expression for concrete age:

= l-kt„y____________ 1____________
_ x,(a + x,.)f] _ (3.23)

1 xK(a + x„)u e j 

Conclusions

The analysis of modern physical and chemical 
views on the theory of solidification of mineral binders, 
showed that the attempts to ignore the main physical 
and chemical properties of binders and the attempts to 
elaborate a modern theory of solidification of mineral 
binders only on the basement of qualitative non
single interpretations of some experimental curves 
having a very limited information lead to false impres
sion about the modernisation of actual views in the 
theory of solidification of mineral binders, and in the 

theory of obtaining the strength of cement concrete.
Directed changes of the processes of solidification of 

concretes unfortunately have not so far scientifically 
basement. However, they can be explained (not 
solely, or hypothetically) only after some experimental 
statements. -

It would be unreasonable to wish more on a present 
state of knowledge of these very complex phenomena. 
However, according to modern state of sciences, of 
physics, chemistry, mathematics and engineering 



there are some possibilities to elaborate such theory. 
After all, there is a possibility to review the informa
tion contained in text books on some monomineral 
binders, for example, as manganese binders, the 
solidification processes of which are studied rather 
thoroughly (36).

It is also necessary that specialists of different 
branches of science collaborate for sake of establish
ment of this theory.

The critical analysis of main positions of modern 
physical and chemical theory of solidification of min
eral binders of P. A. Rehbinder and his co-workers 
was necessary not because we consider their view not 
correct and new scientific and more adequate views 
must be confronted with theirs, but also because of 
following considerations.

Although the author published some critical 
remarks on main positions of the said modern physical 
and chemical theory of solidification of mineral 
binders, some foreign authors (37-39) consider these 
main positions to be theoretical basements of the 
“Russian scientific school", disregarding the fact that 
they are supported mainly by P. A. Rehbinder and his 
co-workers, (see work 38 at page 289). Proceeding with 
the critical analysis of the main experimental works 
of P. A. Rehbinder and his co-workers which are 
the basements of their theoretical views the said foreign 
authors (9, 38) give as examples contradictory experi
mental results, not those given and obtained by P. A. 
Rehbinder and his co-workers. For example, such is 
the position with experimental data on the change of 
the specific surface of the original mineral binder in 
the process of its solidification, and so on.

Thus the second task with which the author is con
fronted is to clear up the situation, which characterises 
the false views abroad concerning the achievements of 
the Soviet science and which lower the Russian 
scientific thought to the views of P. A. Rehbinder and 
his co-workers.

Some foreign and Soviet scientists share the false 
impression that P. A. Rehbinder and his co-workers 
continue the main hypothesis of Baikov (37) in their 
theory of solidification of mineral binders. It is a 
false impression and it could be easily clarified only 
with a single sentence from the second column of the 
main theoretical work of E. E. Segalova and P. A. 
Rehbinder (10), directed against the topochemical 
scheme of A. A. Baikov. This could be understood, as 
theoretical positions of P. A. Rehbinder and his co
workers are based on the “through-solution" mecha
nism of solidification of mineral binders.

In accordance with the through-solution mecha
nism of Le Chatellier the crystallisation of new forma

tions occurs only from the solution.
A. A. Baikov divided the process into three periods:
1. Dissolving of the original mineral binder with the 

formation of an oversaturated solution as a result of 
that.

2. Colloidation, that is the formation by the 
chemical reaction on the surface of the binder of 
smallest particles of the final product sponsoring the 
formation of high oversaturations;

3. Crystallisation of amorphous gels.
These conceptions are seemed to be established in 

Soviet and foreign scientists. Very often the arguments 
for any of the conceptions are purely qualitative, while 
the main positions of the theory of solidification of 
mineral binders after A. A. Baikov (39), which are not 
very well known among foreign scientists, are falsely 
interpretated. Evidently, this happened because of 
publications where the Baikov’s theory was denomi
nated as a result of synthesis based on main positions 
of Le Chatellier and Michaelis. Such denomination is 
not correct, because the most valuable in the theory of 
A. A. Baikov is that view, in which it differs from the 
views of Le Chatellier and Michaelis on the scheme of 
solidification of mineral binders. The Baikov’s theory 
continues the idea of Baikov about the permanent 
topochemical process occuring in solidification of 
mineral binders. This point differs it from the point of 
view of Le Chatellier and Michaelis.

The supporters of Le Chatellier’s conception include 
D. Bernal (40) and other foreign scientists. In the 
work (40) it is stated that “the mechanism of solidifica
tion of silicates... confirms with the present know
ledge on gypsum solutions..’’ which are obtained 
“.. by dissolving a highly more soluble semi-hydrate 
CaSO4 -0.5H2O ..”. If this really occurs in this way, 
the author would like to see the experimental and 
theoretical basements of these conceptions made by 
D. Bernal and his colleagues.

We consider that the reference to the mechanism of 
solidification of gypsum is not valid, as the works of 
the author showed (17) that the crystals of dihydrate 
gypsum are formed in the system in the period before 
the maximum of oversaturation of the solution. 
In such cases, when the original substance chemically 
interacts with the liquid medium it is quite senseless to 
speak about the solubility of the substance.

Brunauer and Grinberg (9) point out that the 
mechanism of dissolving of the original mineral 
binder is not the single possible, but the topochemical 
process is possible too. As it was shown in the works 
(9, 41), the reactions on the surface are possible in the 
absence of the liquid phase, they occur as a result of 
interaction of the binder with the vapour of this phase. 



Describing the “through-solution” mechanism, the 
authors (9) use some rather primitive standpoints. For 
example, at page 153 of the Russian translation of the 
works of the 4th International Congress on the chemi
stry of cement they write that the invaded into the 
liquid medium ions form the molecules, “the mole
cules form embryos, which grow up to colloidal sizes, 
the colloidal particles are sedimented from the solu
tion and coagulate”.

Here are the main objections to the above men
tioned.

1. All the authors do not worry about the proofs 
of the mechanism of dissolving of original binder 
from the positions of thermodynamics and kinetics.

2. In the presence of oversaturated solutions do not 
all embryos grow. Part of them breaks down as a 
result of the mechanism of coalescence (after-critical 
particles “eat out” the pre-critical particles) during the 
permanently changing critical size of the particles. 
Thus the selection of regions of the fast formation of 
embryos and of crystals growth is rather artificial. 
The growth of crystals from dispersions occurs in the 
whole interval of concentrations over that one of 
saturation. Establishing the quantitative theory of i ae 
processes of solidification of cements without this 
character of the mechanism of solidification is quite 
impossible.

3. The coagulation process of particles is not typ
ical at crystallisation from oversaturated solutions. 
Crystallisation at the presence of coalescence process 
leads to cohesion. This cohesive process of formation 
of the network of solidifying dough is well pronounced, 
and the more it is pronounced when the oversatura
tion of the solution and the time of oversaturation 
state of the system are larger. The mechanism of co
agulation structure formation is possible only in the 
cases when the substances are low soluble and do not 
create visible oversaturations. In that case the rate of 
growth of crystals is very little and the diffusion colli
sion of colloidal particles may lead to a formation of 
coagulation-van-der-Waals’ bonds.

An illustration of the effect of van der Waals’ bonds 
were the experiments of Chernin (43), who proved that 
the mixture of 100 g of well ground quartz sand (up 
to the specific surface 2 sq. meters) and of 20 g of water 
can withstand a load (when formed) up to 10 kg. This 
case is typical for low soluble substances.

If in slightly oversaturated solutions van der Waals* 
bonds are formed, then later, due to introduction of 
ions into the near-contact region in the oversaturated 
solution, there happens a lack of contacts originally 
possessing the van der Waals’ bonds. Our electron- 
microscopic studies (44) proved that the character of 

this lack of contacts is determined by properties of 
the surfactant additives intoduced into the system. 
The more intensive this process of lack of contacts 
is, the more is the oversaturated solution. The typical 
binder for these conditions is the semi-hydrate gypsum.

The described mechanism of occurence of cohesion 
(chemical) bonds shows the methods for considering 
van der Waals and cohesion bonds from the quantita
tive point of view. These considerations are rather 
important. They admit the possibility of counter 
opposition of two different conceptions on the nature 
of bonds and about their role in the process of 
solidification of the binder at different steps of solidifi
cation of binders.

From the standpoint of cohesion-coalescence 
scheme of which the present author is a supporter, the 
effects of tixotropy are explained by a small quantity 
of cohesion bonds in the systems admitting the high 
solubility of reaction products and semi-products.

There is one consideration more in the work (38). 
“It is possible that the earliest reactions occur by means 
of dissolving and sedimentation, while the later 
hydration is controlled by diffusion and is near to the 
processes of solid phase type" (p. 290).

This statement contradicts the elegant experiments 
conducted in the work (45). They show that the pro
ducts of the topochemical reaction on the grain 
surface of elyte cement were formed in the first minutes 
o' interaction of the binder with water (t = 5 min).

As topochemical processes are thermodynamically 
more profitable in comparison with the processes of 
dissolving (as from the data of the work 46), we may 
consider that the local processes of dissolving in the 
systems may occur only in the presence of activating 
effect of heat emitted at topochemical reactions. This 
effect is the main process, the acting force of the 
mechanism of interaction of the binder with the liquid 
medium. Particularly by these by-effects and by dis
solving of the products and semi-products it is possi
ble to explain the crystallisation of new formed pro
ducts beyond the limits of particles of the original 
binder. The alternative solution of the problem—what 
is the mechanism of solidification of binders—is possi
ble only from the positions of adequate quantitative 
theory.

In accordance with our views based on experimental 
and theoretical data of the scheme of A. A. Baikov, 
the main, principal item is correct and it represents the 
motivating force of the process—that is the presence 
of topochemical reactions. And concerning the content 
of the stages, the periods of solidification, they are 
radically reviewed in our scheme.

Taking into consideration the material presented in 



the D. Ch.’s Thesis (5) and in the paragraph I of the 
chapter III of the present communication it is possible 
to divide the mechanism of solidification of binders 
into three main processes:

1. Dissolving of hydrates of the products and semi
products of chemical interaction of binder with the 
liquid active medium.

2. Formation of crystalline products and semi
products on the surface of the binder in the period 
after settling of the concentration of the system, 
and of the utmost level of saturation, corresponding 
to the mean sizes of particles of new formations.

3. Process of crystallisation of new formations.
All the three above mentioned process may occur at 

the same periods of time.
We must detail the 3rd item of our scheme. It should 

be borne in mind that the process of crystallisation 
occurs at the expence of coalescence (distillation). 
The crystallisation occurs at the expence of direct 
intergrowth of formed crystals of new formations on 
the surface of original binder and the inner volume of 
solution. These both processes are interconnected. 
Mainly, at the crystallisation there happens the 
selection (thermodynamically) of more resistant, 
stable in the given conditions crystals of the final 
product as a result of dissolving of less stable particles 
of semi-products. As a result of this some surfaces are 
freed and serve as suppliers of new particles capable 
to intergrow to a distillation depending on defect 
degree and on the size. Crystallisation occurs due to a 
fluctuation formation of new particles on the surface of 
old particles containing the centers of embryo-forma
tion. The rate of appearance of these particles is deter
mined by the oversaturation rate of the solution and 
surface state of embryo-forming centers.

A. A. Baikov considered that the third period occur- 
ing in the solid phase represents the re-crystallisation 
of the amorphous jelly. Our X-rays graphic studies of 
the products of solidification of Cl-and sulphate
manganese cement, gypsum and other binders showed 
that the crystalline products are formed from the very 
beginning of interaction of the binder with the liquid 
medium. We stated also that at certain conditions 
which are not common to the processes of solidifica
tion in the products of solidification of some binders 
some amorphous phases can appear.

In accordance with the above presented scheme of 
solidification of mineral binders the main points of 
theory are determined. They include the compiling and 
solving of the equations which describe the kinetics of 
interaction between the liquid medium and the binder, 
and of equations which describe the presented mecha
nisms of crystallisation; coalescence, cohesion and 

fluctuation. The detailed study of the coalescence 
process makes possible to establish the distribution of 
particles of new formations by size at the moment of 
loss of flowing capacity of the mass, that is, by the 
moment of appearance of tixotrophically irreversible 
structures. While deducing the functions of distribu
tion it is necessary to introduce corresponding cor
rections for fluctuation and cohesion mechanisms of 
particles growth. It is quite clear, that from the 
practical point of view very important moment of loss 
of tixotrophic reversible properties will be determined 
as by means of the total quantity of particles, as by 
the form of function of distribution of particles by 
sizes. The more shifted the maximum of this function 
is towards the smaller particles, the more uniformly 
will the particles be distributed for cohesion interac
tion and consequently, the more percentage of cohe
sion bonds will form in the unit of the volume of mass 
at the given moment of time.

The process of interaction of mineral binders leads 
to the formation of lyophilic dispersoidal systems, 
where the coagulation properties are pronouncedly 
weak, and we cannot use the rule of Schultz-Hardy in 
connection with them. Having such a low specific 
weight, we see that coagulation is governed by pro
cesses which correspond to the third item of our 
scheme of solidification of mineral binders. The study 
of these problems will contribute to the possibility of 
controlling the processes of solidification of mineral 
binders to obtain the desired properties of the pro
ducts of their solidification. To these questions, to 
the main points of the theory of solidification of 
mineral binders predicting some prospective dis
coveries in the future is dedicated the D. Ch.’s thesis of 
the author (5).

In the present paper some details are considered. 
They include the cohesion-coalescence mechanism of 
solidification of mineral binders proposed by the 
author (5). Thus we see that our approach to the 
development of the theory of strength of concrete, 
being substantially semi-phenomenological, leads us 
to theoretical basement of well known empirical 
equations, which connect the strength of concrete 
with the water-cement ratio. As a result of our theoret
ical studies it became possible to clear up the physical 
sense of the parameters, which are part of these 
equations, and to establish the limits of utilization of 
the said equations. We consider that the establishment 
of the theory of solidification and of strength is an 
infinite process. But we show the way and we consider 
it right as it conforms to the experiment and has no 
controversies in itself.
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Supplementary Paper JII-125 Electron Microscopic Investigations about the 
Relations between Structure and Strength of Hardened Cement

Wermer Richartz*

Synopsis

Electron microscopic investigations show that the hardening of cement may be classified 
in three stages.

Calcium hydroxide and ettringite are formed a short time after the addition of water. 
The first stage of hydration is finished after nearly one hour, as to that moment it is firstly 
possible to indicate that the calcium silicate hydrates are decisive to the development of 
strength.

The second stage of hydration takes about 24 hours. During this time the calcium 
silicate hydrates and the ettringite formed to relative long fibres or needles, may grow into the 
big pores of the labile basic structure. In the second stage of hydration it is established a 
structure which is decisive to the further development of the strength.

In the third stage of hydration the pores, still existing, will be filled up by the arising 
products of hydration and the structure will be consequently more compact. If the cement 
hardens at low temperature or under the influence of a retarder, in the second stage of hy
dration the calcium silicate hydrates may grow to longer fibres. Consequently the final 
strength can increase for 20 %.

If the hydration is accelerated, less long fibrous calcium silicate hydrates are formed. In 
this case the final strength is lower than at normal hardening.

Calcium silicate hydrates have a small characteristic strength because of their high 
structural disorder. But still, they are the principal strength forming phases of the hardened 
cement. Foreign fibres of inorganic or organic materials may only increase the strength of 
the hardened cement, if the adherence to the hydration products is ensured.

Introduction

The structure of the hardened cement formed by 
hydration consists mainly of 4 crystalline phases. 
The calcium silicate hydrates are the most important 
constituents. They are formed by hydration of alite 
and j?-C2S and mainly consist of fibrous crystals 
which have a very small degree of structural order. 
The length of the fibrous crystals is about 1 ftm, 
the diameter of the fibre varies between 50 Ä and 
1000 Ä (0.005 and 0.1 jUm).

The ettringite crystallizes in long acicular crystals 
as a product of the reaction of C3A and C4AF with 
gypsum. Ettringite and calcium hydroxide are the 
first hydration products which are formed imme
diately after the addition of the mixing'water. Later 
on the ettringite can convert into monosulfate and 
calcium sulfate during the advanced hardening 
process. It is doubtful whether this phase with its 
low stability can give a significant contribution to

♦Forschungsinstitut der Zementindustrie, Düsseldorf, West 
Germany.

a stable structure of the hardened cement.
Calcium hydroxide and calcium aluminate hydrate 

both crystallize in hexagonal-tabular form. Their 
contribution to the total strength of the hardened 
cement is quite small; therefore, they are no longer 
discussed.

The pores are also a quite important fact in the 
structure of hardened cement. The structural com
position and the process of hardening can also be 
understood as an alteration of the pore space. The 
strength mainly depends on how the pores are bridged; 
according to this the investigations about the structure 
of the hardened cement has to be concentrated on 
the pores.

For the electron microscopic investigation the 
cement paste was filled into a glass- or plastic-tube. 
The water cement ratio was in the range between 
0.40 and 0.45. The tube then was hermetically sealed. 
After a hydration time of at least 1 day, the tube 
was broken. From the very plain boudary surface 
of the hardened cement, carbon replicas were taken 



which reproduce fine details of the structure in the 
pores. Here the hydration took place undisturbed, 
and hence the walls of the pores reproduce the real 
structure of the hardened paste.

Most of the investigations were made with pastes 
of C3S to facilitate the identification of the constitu
ents of the structure.

Structure Development of Hardened Paste

Fig. 1 shows a pore of hydrated C3S-paste, into 
which fibrous crystals of calcium silicate hydrate 
grow from all directions. Several parts of the pore 
are already bridged by long firbous calcium silicate 
hydrates. Inside the pore most of the calcium silicate 
hydrates can grow unhindered, because there is still 
enough space. The upper and the lower edge of the 
pore are connected by a few calcium silicate hydrate 
fibres only. That means, inside the pore the develop
ment of the structure is in an early stage. But in the 
lower part of the figure the structure consists of closely 
packed calcium silicate hydrates and has already 
reached the final stage of hydration.
' Fig. 2 shows an originally larger pore in a 3-days- 
hydrated C3S-paste. The pore is filled with interlock
ing fibrous crystals of calcium silicate hydrate. Several 
long fibres bridge the whole pore space, in the remain

ing very small pores grow short crystals only. Hence 
it follows that hydration starts with the crystallization 
of long fibres, which bridge the big pores originally 
filled out by mixing water. Consequently the big 
pores become subdivided into several smaller pores 
and the total pore volume has decreased. The smaller 
the pores, the shorter the calcium silicate hydrate 
fibres crystallizing during the further steps of hy
dration. This results in a condensing of the paste 
structure.

Fig. 3 shows the stage of C3S-hydration after 
90 days. It reveals a highly condensed structure, 
which consists of fine pores and short-fibrous calcium 
silicate hydrates only. The long fibres were covered 
during the hardening by the fine granular hydration 
products, and thus they cannot be detected.

The electron micrographs (Figs. 1-3) show the

Fig. 1. Electron micrograph of a C3S-paste hardened 3 days 
w/c = 0.44 (carbon replica) Fig. 2. Electron micrograph of a CjS-paste hardened 3 days 

w/c = 0.44 (carbon replica)



Fig. 3. Electron micrograph of a CjS-paste hardened 90 days 
w/c = 0.44 (carbon replica)

forming of a 
basic structure

condensation 
of the structure

Fig. 4. Formation of the hydrate phases and constitution of the 
structure during the hardening of the cement

relations between the development of structure and 
strength of hardened cement. Simplifying this, they 
reveal the structural composition of a paste which 
consists of calcium silicate hydrates only. During 
hydration of cement, however, other hydration 
products,i.e., ettringite, monosulfate and tetracalcium 
aluminate hydrate are formed, not simultaneously 
but successively. Consequently, the whole process 
of hydration can be classified in 3 stages (Fig. 4). 
The first stage of hydration is designated by the 
formation of Ca(OH)2 and ettringite, which can 
already be detected by electron microscope after 
3 to 5 minutes. Ettringite grows on the surface of the 
cement grains, and calcium hydroxide crystallizes 
from the solution as thin plates. The second stage 
of hydration starts after about 1 hour. At this time 
the first formation of calcium silicate hydrates in 
at first very fine crystals can be identified. By this 
moment the volumes of the cement particles have 
not distinctly decreased, because only a thin surface 
layer has reacted. The interspace between the cement 
grains has still nearly the same size as at the beginning 

of the hydration. Consequently the calcium silicate 
hydrates grow to be long interlocking fibres. After 
the complete hydration such long fibres will act 
as a microreinforcement of the structure of hardened 
cement and will increase the ultimate strength. At 
the end of the second stage of hydration after about 
24 hours, the formation of ettringite is finished as 
all gypsum has reacted. At this moment the structure 
mainly consists of long interlocked fibrous calcium 
silicate hydrates which bridge a condiderable part 
of the originally water filled space.

During the third stage of hydration from about 
24 hours up to the end of the reaction the still remain
ing pores are filled out by new hydration products 
as described above. During this stage of hydration 
tetracalcium aluminate ferrite hydrate C4(A, F)H13 
is formed instead of ettringite, and the ettringite 
can be converted into monosulfate. Therefore, its 
contribution to the total strength is doubtful but, 
in any case, it influences the setting of cement and the 
early strength.



Influences on the Structure of Hardened Paste

Retarded Hardening

K. Walz and J. Bonzel (1) report that the process 
of hardening is distinctly retarded at low temperatures 
of hydration, and that nearly always a higher ulitmate 
strength is reached. This can be explained in the 
following way:

Because of the reduced rate of reaction the different 
stages of hydration, especially, the second stage 
are extended. Consequently, in the second stage of 
hydration, more long-fibrous calcium silicate hydrates 
are formed. This influence of the temperature on the 
morphology of the calcium silicate hydrates was 
already reported in an earlier publication (2).

The hydration being retarded by chemical additions 
the structual constitution is influenced in the same 
way as afore mentioned. Fig. 5 shows an electron 
micrograph of C3S-paste, which hardened 7 days 
efficaciously retarded. Fibres of calcium silicate 
hydrate are formed 10/mi long, several fibres have 
lengths up to 30 jum. ■

According to this distinctly changed structual 
constitution which -is developed by the influence of a 

retarder, the final strengths were up to 20% higher 
than those of normally hardened cement paste. These 
investigations confirm and explain the results of 
measurements of K. Walz and H. Mathieu (3) who 
found that by addition of retarders always signifi
cantly higher final strengths result although the 
early strength is decreased.

The reaction inhibiting effect of retarders remains 
still today incompletely settled. A logical assumption 
is that the surface of the cement grains are blocked 
up by the retarding additions and so the cement 
reacts slower.

■ Accelerated Hardening

An accelerating of the reaction can be caused 
either by a higher fineness, higher temperature or 
addition of an accelerator. If an accelerator is added, 
the surface of the cement grains obviously is activated, 
so that the solution in the pores is always supersatu
rated. Hence the conditions for spontaneous nucleus 
formation and increased crystal growth are given. So 

Fig. 5. Electron micrograph of a C3S-paste hardened 7 days 
with addition of a retarder w/c = 0.44 {carbon replica) Fig. 6. Electron micrograph of a C3S-paste hardened 7 days 

with addition of an accelerator w/c = 0.44 {carbon replica)



only a few crystals can grow to be long fibres also in 
the second stage of hydration, although at this time 
there were space enough for the formation of long 
fibrous crystals. So, by the influence of an accelerator 
a structure with more short fibrous crystals is formed 
than by hydration under normal or retarding condi
tions as shown in Fig. 6.

The strength of the hardened paste after one 
day is distinctly higher as compared with a paste 
without accelerator because a higher degree of hydra
tion is reached. Also, after a 7-days-hardening 
only a few calcium silicate hydrate crystals with a 
fibre length of more than 1 /zm are formed.

The strength development of a cement without 
addition, with an accelerator and with a retarder 
is given in Fig. 7. The accelerated cement yields the 
highest initial strength because of the higher degree 
of hydration. After about 28 days the final strength 
is reached. The normally hardened cement shows 
a significant lower initial strength, but after 28 days 
it reaches approximately the strength of the accel
erated cement and exceeds it during the further 
hardening. '

The retarded cement gets a low initial strength. 
But after 28 days it reaches and after 90 days it exceeds 
the strengths of normal and accelerated cements.

Fig. 7. Development of strength of a normal, a retarded and 
an accelerated hardening

These results show that a strict relationship 
exists between the development of the structure and 
of the strength. High initial strength is caused by a 
high degree of reaction, high final strength by a close 
packing and a significant part of fairly long calcium 
silicate hydrate fibres.

High Initial and Final Strength

If it is possible to get quickly a larger quantity 
of long fibrous crystals in the early stages of hydration, 
even a cement with a usual fineness can reach as 
well high initial as final strengths. A mixture of 75% 
C3S and 25 % tricalcium germanate (C3G) is a model 
cement according to this condition. After one day 
the C3G portion has nearly completely reacted. 
This is characteristic for an accelerated hardening. 
In spite of the high rate of reaction, the hydration 
products are long-fibrous interlocking crystals of 
calcium germanate hydrate (2). So, the conditions 
for a high final strength are satisfied. The subsequent 
hydration of C3S supplies the mass of short-fibrous 
calcium silicate hydrates which fills out the space 
between the calcium germanate hydrate crystals 

forming the basic structure. Fig. 8 concerning a 
micrograph of the hardened paste of this germanate 
cement shows the long-fibrous crystals after one day 
of hydration.

The strength development of this mixture and 
of pure C3S is given in Fig. 9. Special attention is 
called to the fact that strength of . the mixture C3S- 
C3G after 1 day of hardening is about the same as 
the strength of pure C3S after 28 days. After 28 
days the strength of the mixture is still 20% higher 
than the corresponding strength of pure C3S.

The example shows that the formation of long 
fibrous crystals during the second stage of hydration 
significantly raises the final strength, and that a 
high hydration activity increases the initial strength.



Fig. 8. Electron micrograph
1 day w/c = 0.50 (carbon 
manat e = SCaO-GeOi

of a C^S-C^G-paste hardened 
replied) CjG = tricalcium ger-

Fig. 9. Development of strength of C3S and of a mixture of 
C3S-C3G, C3G = tricalcium germanate = SCaO-GeCh

Reinforcing of Paste by Fibres

The favorable effect of long fibres on the strength 
suggests to examine the effect of fibres added to the 
cement as a micro reinforcement. Nylon threads 
with a diameter of 0.25 mm and 0.6 mm and a length 
between 5 and 10 mm were used as fibres. They were 
mixed with a portland cement in a quantity of 1 % 
3% and 5% by weight. The measured strengths 
are given in Fig. 10. It reveals that additions from 
1 to 3% results in a higher strength at all ages. 
Additions of 5% on the other hand diminish the 
strength probably because of the difficulty to get 
a homogenous' mixture with higher contents of 
fibres. The increase of the strength by addition of 
1 and 3% of nylon threads was fairly small and 
did not fulfil the expectations. ,

The small effect of reinforcement of the paste 
by nylon threads is attributed to the poor adherence 
to the paste. But also with alkali resistant borosilicate

Fig. 10. Compressive strength of cement mortar with various 
additions of nylon threads ‘



Adherence of Hydration Products in the Hardened Paste

Calcium silicate hydrates formed by cement hydra
tion have a high degree of structural disorder. So, 
a single calcium silicate hydrate crystal has a compara
tively low characteristic strength. On the other hand, 
the adherence of the calcium silicate hydrates with 
each other and with other hydrate phases is very 
strong. This is demonstrated by the electron micro
graphs of Fig. 11-13. They show replicas of C3S 
and cement pastes, prepared with retarders and 
hardened 7 or 28 days. Fig. 11 shows a network
like arrangement of calcium silicate hydrates. All 
the fibres bridging the pore are connected with each 
other. The shadow of all fibres in the background 
indicates that the represented object is not a defect 
of the foil. Similarly the micrographs of Fig. 12 
and 13 show the bridging effect and the adherence 
of the calcium silicate hydrate fibres. The fibres are 
strongly branched and form new cross connections 
between the bigger fibres and the walls of the pores. 
Besides it is probable that the joint between the 
fibres is improved by bristly calcium silicate hydrate 
crystals which are grown in similar orientation on 
the surfaces of the bigger crystals.

Fig. 11. Electron micrograph of a CyS-paste hardened 7 days 
with addition of a retarder w/c = 0. 44 (carbon replied)

Fig. 12. Electron micrograph of a CsS-paste hardened 28 days 
with addition of a retarder w/c = 0.44](carbon replied)

Fig. 13. Electron micrograph ofa blast furnace slag cement paste 
hardened 28 days w/c = 0.45 (carbon replied)



Flexibility of Calcium Silicate Hydrate Fibres

Calcium silicate hydrates do not crystallize in 
form of rigid needles, they rather show the character 
of threads and a high flexibility. Fig. 14 shows 
calcium silicate hydrates formed by hydration of 
C3S in presence of excessive water. The fibres are 
highly flexible. But during the microscopic investiga
tion the calcium silicate hydrate fibres are exposed in 
this case to the alternating effect of the electron beam 
in contrast to the investigation mentioned before. 
For that reason it is not sure whether a more or less 
destruction of the structure has effected a deformation 
of the. calcium silicate hydrates and simulates a 
flexibility. But the electron micrographs taken with 

the replica method indicate the same flexibility 
(Figs. 15-17).

When the hardened paste is broken, the calcium 
silicate hydrate fibres tear up. In the zone near the 
fracture the fibres orient themselves into the direction 
of the breaking stress owing to their flexibility. This 
is shown by the Figs. 18 and 19 which represent 
micrographs of the fracture surfaces of hardened 
cement paste. It is to be recognized that the ends of 
the torn calcium silicate hydrate fibres protrude out 
of the surface of the paste and have about the same 
orientation.

Fig. 15. Electron micrograph of a blastfurnace slag cement paste 
hardened 28 days w/c — 0.45 {carbon replica-)

Fig. 14. Electron micrograph of calcium silicate hydrates 
originated by complete hydration of C3S in water of 5OC ’



Fig. 16. Electron micrograph of a blastfurnace slag cement paste 
hardened 28 days w/c = 0.45 (carbon replied)

Fig. 17. Electron micrograph of a CjS-paste hardened 7 days 
w/c = 0.44 (carbon replied)

Fig. 18. Electron micrograph of the fracture surface of a 
portland cement mortar hardened 28 days w/c = 0.40 (carbon 
replied)

Fig. 19. Electron micrograph of the fracture surface of a 
portland cement mortar hardened 4 months w/c = 0.35 
(carbon replied)
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(B) Papers regarding Application

Supplementary Paper III-l Comparison of Various Measurements Concerning 
the Kinetics of Hydration of Portland Cements

Sandor Popovics*

Synopsis

The use of a simple cement model for the description of the kinetics of hydration of 
portland cement is the subject of this paper.

Following the general description of the proposed model, its application for the strength 
development is shown. Then, the kinetics of the developments of non-evaporable water 
content and vapor sorption of the hardening portland cement paste are investigated by 
using the cement model again. Calculated values are compared to pertinent experimental 
data. The similarities and dissimilarities of the kinetics of various hydration characteristics 
are also discussed. Finally, the model is applied to demonstrate the effect of temperature on 
the strength development of portland cement concretes.

Introduction

A simple model was recommended recently for the 
descritption of the hardening of portland cement 
paste, mortar, or concrete in terms of the compound 
composition of the cement and the age of the strength 
specimen (1). Strength values provided by that model 
were shown to be in a reasonable agreement with 
experimental data. In this paper, an attempt is made to 
develop similar models for two other characteristics 
of the hydration process, namely, the vapor sorption 
and non-evaporable water content of the hardened 
cement pastes. These models can be used conveniently 

for the comparison of strength, sorption, and other 
measurements connected with the kinetics of hydra
tion of portland cements. It will also be shown that 
the model is suitable for the description of the effect of 
temperature on the hardening process.

A pertinent speculation of Philleo will conclude this 
introduction. He says, it can be shown from purely 
geometric considerations that for a given degree of 
hydration the standard deviation of hydration rate at 
various points is approximately proportional to the 
hydration rate (2).

General Description of the Model

The mathematical form of the model developed 
for strength is [1]:

f   inn 1 Pe ait (1 P^e °2' rnjrel wu1 _pe-28ai _ _/,)e-2 s« L J

where

/reI = relative strength of portland cement 
paste, mortar or concrete, that is, the 
ratio of the strength at a certain t age 
and the 28-day strength, percent.

’Department of Civil Engineering, Auburn University, 
Alabama, U.S.A.

t = age of the strength specimen, day, 
p = computed C3S content of the portland 

cement, percent/100, and
a, and a2 = parameters which are independent 

of the strength and age, but may be a 
' function of the fineness and composi- 

_ tion of the cement, curing and testing
• methods, etc.

This cement model satisfies the following condi
tions:

1. It consists of only two hardening components. 
The first component is the C3S, the second component 
is a mixture of the other cement ingredients.



2. These two components hydrate simultaneously 
with differing rates but without any interaction. Thus, 
their resulting strengths can be superimposed.

3. The final strength of C3S is the same as the final 
strength of the second component.

4. The decelerations of the hardening of both the 
C3S and the second component are proportional at a 
given age to the remaining strength development at 
that time, but the two proportionality factors are 
different.

5. The proportionality factors may be functions 
of the C3A content.

Thus, it is apparent that this model is a simplifica
tion of an actual portland cement; that is, in accord
ance with the technical meaning of the term “model” 
(3), it resembles a portland cement in several but not 
in all respects. The a parameters in Equation [1] 
represent the specific rates of hardening, that is, 
(rate of hardening)/(remaining strength at a given age). 
The squares of these parameters represent the specific 
decelerations of hardening. The parameter charac
terizes the early strength development, while the a2 
parameter characterizes the strength development at 
later ages. More specifically, the greater the value of 
Ö!, the higher the early strengths will be as compared
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Fig. 1. Final compressive strengths of 1:2.75 mortars made 

with various portland cements as a function of the compound 
composition. The values are based on data published by 
Gonnerman (9). I 

to the 28-day strength; and the smaller is the value 
of <z2 up to a certain limit, the longer and larger will 
be the relative strength increase after 28 days. Thus, 
these parameters can be used for the description of the 
kinetics of hardening of various portland cements.

Equation [1] is not the first attempt to establish a 
quantitative relationship between compound com
position of cement and strength development. The 
previous attempts are based on the assumption that 
each cement compound contributes strength at a given 
age in proportion to the percentage of that compound 
present [(4) through (9)]. The mathematical form of 
this assumption for the four main compounds is as 
follows:

Strength = ß(C3S) + h(C2S) + c(C3 A) + <Z(C4AF) [2J

CgA Content, %
Fig. 2. Final compressive strengths of 1:2.75 mortars made 

with various portland cements as a function of the compound 
composition. The values are based on data published by 
Gonnerman (9). II. The symbols are the same as in Fig. 1 



where the symbols in parentheses represent the per
centage by weight of the compound, and a, b, c, and d 
are empirical parameters representing the contribu
tion of one percent of the corresponding compound 
to the strength of the hardened mixture at a given age.

Experimental data obtained by Gonnerman with 
Ottawa-sand mortars (9) showed reasonably satisfac
tory agreement with Equation [2]. Nevertheless, the 
linear model is objectionable for several reasons. 
First, the number of the empirical parameters is high, 
four for each age group. Another reason is that 
variations in burning and cooling condition, as well as 
differences in the mineralogical composition of the 

raw materials used in cement making, may affect the 
hardening process of cement (10). Therefore, without 
the consideration of these factors, one cannot expect a 
good correlation between the compound composition 
and strength of cement (Figs. 1 and 2). Finally, 
experimental evidence indicates that the hydration 
process of various clinker minerals, especially the 
calcium silicates and aluminum silicate, may interact 
with each other (8, 11, 12, 13). Thus, the simple 
superposition of the compound strengths is objection
able in principle. The cement model represented by 
Equation [1] eliminates some of these objections.

Application of the Model for the Strength Development

It has been demonstrated (1) that experimental 
results obtained by various investigators support 
fairly well the applicability of Equation [1]. By com
puting an average deviation between the calculated 
and experimental values (14), it was found to be less 
than 10 per cent. .

It has also been shown that the values of ax and <z2 
may be functions of the potential C3A content of the 
portland cement (1). For instance, Table 1 presents 
at and a2 values for various cases that were obtained 
from pertinent experimental results (15) by the method

Fig. 3. Effect of the C3A content on the relative compressive 
strength of 1:2.75 mortars at various ages. (7)

of least squares. Fig. 3 illustrates how the model 
reproduces the effect of the C3A content on the rela-

Table 1. Specific rates of hardening for mortars 
and concretes tested by Klieger

Type of test by weight
(approx.)

1/day a2, 1/ day

Tensile strength of mortar 
(ASTM C 190-49) 0.80 0.02C3A

Compressive strength of mortar 
(ASTM C 109-49) 0.20 0.005C3A

Flexural strength of mortar - 0.45 O.OICjA

Compressive strength of 
concrete, 6 bags/cu yd 0.43 0.40 0.002C3A + 0.02

Flexural strength of 
concrete, 6 bags/cu yd 0.43 0.55 0.001C3A + 0.02
Compressive strength of 
concrete, 4^ bags/cu yd 0.54 0.30 Q.OO5C3A
Flexural strength of 
concrete, 4£ bags/cu yd 0.54 0.5 O.OOSCjA
Compressive strength of 
concrete, 3 bags/cu yd 0.80 0.15 0.003C3A
Flexural strength of 
concrete, 3 bags/cu yd 0.80 0.25 0.004C3A

Note: C3A designates the percent of the potential tricalcium silicate con
tent of the portland cement computed according to the Bogue method. (16)

Fig. 4. Comparison of experimental and computed values to 
illustrate the effect of test method on the kinetics of the 
hardening of portland cement in mortars. Experimental values 
are represented by points, computed values by lines. (7)



tive compressive strength of 1:2.75 mortars tested by 
Gonnerman (9) at various ages.

A group of calculated values and experimental 
results is presented in Fig. 4. Here the relative values of 
tensile strength, compressive strength, and flexural 
strength of mortars made with the same cement are 
plotted as a function of age. Points represent the 
experimental values, and lines designate the values 
calculated by Equation [1] with the appropriate values 
of ax and a2 of Table 1 (!)• Itcan be seen that the rate 

of increase in the relative tensile strength of a portland 
cement is much higher than the rate of increase in the 
relative compressive strength, but the deceleration of 
the development of tensile strength is also stronger.

A comparison of the a values for concretes of two 
different cement contents reveals that the develop
ment of relative strength is quicker and the decelera
tion is stronger for higher cement contents and for 
lower water-cement ratios, other factors being equal.

Application of the Model for Non-Evaporable Water Content and Vapor Sorption

The applicability of this model concept to other 
characteristics of the hydration of portland cement 
may be questioned. Two such characteristics will be 
discussed here (as indicated in the title above). 
Investigations concerning a third characteristic, the 
heat of hydration, are in progress.

To answer the question raised above, experimental 
results of such portland cements should be analyzed 
where the compound composition is the sole variable; 
that is, where the fineness and gypsum content of the 
cements, curing and testing methods, etc. are practi
cally identical. Such a test series was performed by 
Verbeck and Foster where the non-evaporable water 
contents and vapor sorptions of various Types I, II, 
IV, and V portland cements were measured up to the 
age of years (17). Their results obtained with 
Type III cements are not applicable here because of 
the differing fineness of these cements.

Several attempts revealed that a better goodness 
of lit can be obtained for the experimental values of 
non-evaporable water content when the third condi
tion of the model is modified. It seems suitable to 
apply the modification that the C3S is capable of 
withholding three times as much non-evaporable 
water as the second component. The mathematical 
form of this modified cement model is the following:

w;el = 100-1+2p - - a -pK0,‘ r31rel 1 + 2p - Spe"28- - (1 - p)e-ie°« L J

where

w?cl = relative non-evaporable water content of 
portland cement paste, percent of the 28-day 
non-evaporable water content.

The other symbols of Equation [3] are the same as 
the symbols of Equation [1],

A stepwise approximation provides the following a 
values for Equation (3) and the experimental values by 
Verbeck and Foster (17):

ax = 0.01C3A + 0.25, 1/day [4]

a2 = 0.0005C3A + 0.010, 1/day [5] 

where C3A is again the percent of the potential trical
cium aluminate content of the portland cement com
puted according to the Bogue method (16).

The thus calculated and measured values are 
summarized in Table 2. The first digit of the cement 
numbers used indicates the standard type of the 
cement. For instance, cement No. 14 is a Type I 
portland cement. It can be seen that the calculated 
values of the non-evaporable water contents for Type I 
and Type II portland cements generally approximate 
the experimental values quite well within the time 
limits of 7 days and 6^- years. The approximation for 
Types IV and V is not as good.

The reasonable goodness of fit shown in Table 2 
appears to indicate that the kinetics of the increase of 
non-evaporable water content differs from the kinetics 
of hardening. The main difference is that the C3S, at 
least in the model, binds more non-evaporable water 
for a given strength than the second component. 
Kantro and Copeland have presented a similar ten
dency (18). That is, in the case of an identical amount 
of non-evaporable water, a portland cement with a 
low C3S content is expected to provide a greater /rel 
relative strength at early ages than a comparable 
cement with a high C3S content. It should be realized, 
however, that regardless of the validity of this mecha
nism of hydration, the model represented by Equation 
[3] seems applicable for the estimation of the amount 
of non-evaporable water at various ages for a large 
group of portland cements.

It may be mentioned that Powers and Brownyard 
(19), and later Kantro and Copeland (18) have pub
lished a linear empirical formula for the non-evapor- 
able water content versus compound composition 
relationship in the form of Equation [2J. Essentially 
the same criticism is valid for this linear model that 



was previously presented concerning the linear strength 
model of Gonnerman.

Less successful is the attempt to apply the presented

model concept to the kinetics of vapor sorption, that 
is, to the kinetics of the development of specific sur
face of hardening cement pastes. The following a 

Table 2. Experimental and calculated relative non-evaporable water contents
The “exp” experimental values were obtained from Verbeck and Foster’s experiments. (17)
The “cal” calculated values were obtained by Eq. 3) with the following parameters:

ai = O.OIC3A + 0.25, 1/day, and ai = O.OOO5C3A + 0.010, 1/day.
“T” designates cements that are comparable to present-day air-entraining cements.

Cement 
No.

C3S CgA
Relative non-evaporable water content at 70T, percent

1-d 28-4/ 3-m l-y 6^-y

exp cal exp cal exp cal exp cal

11 50.0 12.1 87.1 85.7 100 109.2 112.0 116.7 118.9 126.0 119.0
1 IT 51.0 12.2 85.0 86.0 100 104.1 115.5 108.2 118.2 119.6 118.3
12 45.0 12.6 84.4 84.6 100 108.3 114.3 113.6 112.4 125.0 122.5
12T 46.0 12.5 75.4 84.8 100 107.9 113.8 113.0 121.6 122.2 121.7
13 50.0 10.1 77.6 85.0 100 116.9 111.9 125.3 119.5 136.2 119.6
14 42.5 8.2 83.5 82.3 100 103.3 115.4 113.0 126.3 125.2 126.5
15 64.5 12.1 86.1 88.6 100 107.5 106.9 108.5 110.9 120.0 111.0
16 53.5 7.5 86.1 84.6 100 109.1 110.4 113.8 117.9 123.6 118.1
16T 52.5 7.9 89.8 84.6 100 109.7 110.8 118.1 118.4 121.3 118.6
17 52.0 10.4 79.0 85.6 100 107.6 111.1 109.7 118.1 118,2 118.2
18 44.5 13.2 84.4 84.6 100 108.9 114.5 113.0 122.5 116.7 122.6
1ST 44.0 13.2 84.2 84.4 100 104.0 114.8 107.5 122.9 111.0 123.0
21 40.0 6.4 79.3 80.8 100 116.7 116.7 123.2 129.6 133,3 129.9
21T 38.0 6.6 79.5 80.3 100 116.0 118.0 123.9 131.7 135.0 132.1
22 41.5 6.6 78.6 81.4 100 113.4 115.9 123.1 127.9 130.5 128.3
23 51.0 3.7 • 71.5 81.8 100 111.0 123,5 120.7 126.6 121.1
24 41.0 5.4 82.6 80.6 100 116.0 124.0 129.0 133.2 129.4
41 20.0 4.5 84.0 70.9 ' 100 136.3 136.2 167.2 145.5 168.2
42 27.0 3.5 71.5 74.7 100 138.6 126.8 158.0 150.8 166.4 151.8
43 25.0 6.2 87.0 74.6 100 116.5 129.5 133.1 152.4 141.0 153.0
43A 29.0 5.3 77.6 76.4 100 127.1 125.1 147.1 145.4 156.9 146.1
51 41.0 3.7 80.8 79.6 100 122.9 115.8 144.0 129.8 152.2 130.4

Table 3. Experimental and calculated relative vapor sorptions
The “exp" experimental values were obtained from Verbeck and Foster’s experiments. (17)
The “cal” calculated values were obtained by Eq. 1) with the following parameters: 

ai = 0.7, 1/day, and a2 = 0.033, 1/day.
“T” designates cements that are comparable to present-day air-entraining cements.

Cement 
No.

C3S c3a 1-d
Relative sorption at 0.36 r.v.p. and 70°F, percent cement 

28-t/ 3-m 1-y

exp cal exp cal exp cal exp cal

11 50.0 12.1 83.4 74.8 100 115.0 121.6 118.2 124.8 130.0 124.8
11T 51.0 12.2 92.2 75.4 100 109.5 121.0 112,4 124.1 120.3 124.1
12 45.0 12.6 73.1 71.7 100 110.4 124.3 112.0 127.9 120.9 127.9
12T 46.0 12.5 93.8 72.3 too 104.6 123.8 115.3 127.3 121.5 127.3
13 50.0 10.1 78.5 74.8 100 113.7 121.6 133.1 124.8 151.0 124.8
14 42.5 8.2 94.4 70.0 100 118.5 125.8 129.8 129.6 133.1 129.6
15 64.5 12.1 66.7 83.0 100 106.0 114.3 113.6 116.4 119.7 116.4
16 53.5 7.5 68.4 76.9 100 110.6 119.7 116.0 122.6 126.3 122.6
16T 52.5 7.9 63.6 76.3 100 109.0 120,2 138.1 123.2 131.0 123.2
17 52.0 10.4 68.3 76.0 100 112.8 120.5 111.1 123.5 122.2 123.5
18 44.5 13.2 73.8 71.3 100 117.0 124.6 113.9 128.3 117.0 128.3
1ST 44.0 13.2 69.1 71.0 100 113.1 124,9 113.1 128.6 116.1 128.6
21 40.0 6.4 65.5 68.4 100 114.5 127.2 125.2 131.3 114.5 131.3
21T 38.0 6.6 66.1 67.0 100 116.1 128.4 128.5 132.6 135.8 132.6
22 41.5 6.6 57.6 69.4 100 111.9 126.3 106.8 130.2 125.2 130.2
23 51.0 3.7 65.5 75.4 100 121.0 109.1 124.1 123.7 124.1
24 41.0 5.4 79.3 69.0 100 126.6 107.5 130.6 124.5 130.6
25 34.0 4.7 75.0 64.2 100 130.9 109.5 135.5 111.5 135,5
31 56.0 10.8 87.6 100 94.0 107.8
33 60.0 10.4 87.5 100 95.3 106.1
33T 57.0 10.5 90.5 100 100.0 109.5
34 64.0 5.7 82.7 100 92.2 103.0
41 20.0 4.5 72.5 53.3 100 140.5 111.9 146.5 127.2 146.5
42 27.0 3.5 68.8 58.9 100 135.5 129,1 140.8 146.0 140.8
43 25.0 6.2 80.5 57.4 100 132.6 136.9 128.1 142.4 150.0 142.4
43A 29.0 5.3 69.5 60.5 100 139.0 134.2 134.9 139.2 148.0 139.2
51 41.0 3.7 75.9 69.0 100 128.0 126.6 126,0 130.6 142.0 130.6



values appeared to be relatively the best with Equa
tion [1]:

Ö] =0.7 1/day, and <?2 = 0.033 1/day [6]

The values calculated with these parameters along 
with the corresponding values measured by Verbeck 
and Foster (17) are summarized in Table 3. The ce
ments tested were the same as those presented in 
Table 2. It can be seen that the goodness of fit between 
the calculated and measured values is fairly poor. 
It should be pointed out, however, that at least a part 
of the discrepancies result from the uncertainty of the 
sorption measurements. For instance, cement No. 14 
shows an unaccountably high vapor sorption at the 
age of 7 days as compared to cement No. 15, consider
ing that both the C3S and C3A contents of the latter 
are much higher.

Despite this uncertainty, the difference between 
Equation [3] and Equation [1] appears to show that 
perhaps there is no single linear relationship between 
the non-evaporable water content and the correspond
ing vapor sorption (or strength) which is generally 
valid for every portland cement and every age. Certain 
experimental results also support this view (18, 20). 
Therefore, when one talks about the kinetics of hydra
tion of portland cement, the characteristic of the 
hydration used (compressive strength, non-evaporable 

water content, etc.) should always be specified.
It should be reemphasized here that the influence 

of the water-cement ratio on the kinetics of hydration 
may be significant. This is demonstrated for strength 
in Table 1, and in (21). Pertinent data can also be 
found in the technical literautre concerning the non- 
evaporable water content (22), and the specific surface 
of the hardening cement paste (20).

It is also important that Equations [1] and [3] 
indicate the effect of C3 A on the kinetids of hydration 
in the model. Namely, they reveal that the specific 
rate of the hydration process is, in numerous cases, a 
linear function, and consequently, the specific decelera
tion is a quadratic function of the C3A content with a 
reasonable degree of approximation. This relation is 
not restricted to the C3A. It seems also applicable to 
many other factors that influence the hydration of 
portland cement, such as the fineness of cement, the 
curing temperature, etc. If a change in any of these 
factors increases the early strength by increasing the 
specific rate of hydration, then, simultaneously the 
same factor increases the deceleration of the hydra
tion to a higher degree; thus the final strength, or at 
least the final relative strength, will be less. This 
principle is further illustrated in the next paragraph 
by the^effect of temperature on strength.

- Effect of Temperature on the Hardening

It will be shown now that the presented model 
concept is suitable for the demonstration of the effect 
of temperature on the hydration. A natural point of 
departure is the so-called Arrhenius equation:

where
a = Aoe_Q/RT«

a = specific rate of reaction, 
Q = activation energy, 
R = gas constant, 
T„ = temperature, °K, and 
Ao = empirical constant.

One can obtain the following simplified form by 
expanding Equation [7] into a series:

where

U A[B R(27?+T)]

T = temperature of the mixture, °C, and 
A and B = empirical constants.

The other symbols are identical with the symbols 
of Equation [7].

It may be assumed for this demonstration that the 
value of Q is independent of the temperature and is 
about 16,000 cal/g mol. If the usual assumption 
(that the hydration of portland cement ceases when 
the temperature is — 10°C or lower) is also used, then 
the value of 30.4 can be computed for the B constant. 
The value of A is dependent on numerous factors, 
such as the measured characteristic of hydration, the 
hydrating cement component, the composition and 
fineness of the cement, the water-cement ratio, etc. 
As is shown in Table 1, the cements tested by Klieger 
(15), with 0.43 water-cement ratio and 23°C curing 
temperature, provided ax = 0.40 1/day, and u2 = 
0.002C3A + 0.02 1/day values for the compressive 
strength of concrete. Thus, for this case

A* = 30.4 - 8000/296 = °'12 [9]

Similarly,

A2 = O.OOO6C3A + 0.006 [10]
Therefore, the a parameters of Equation [1] can be 
expressed as a function of temperature for this case 



and for 10 percent C3A content as follows:

n 10/m a 8000 \ rillß, = 0.121 30.4 —

and

a2 = 0.012(30.4 - 27830Cpr) [12]

A convenient way to check the extent of support 
given these speculations by experimental results is to 
apply the “maturity rule” to the formulas above. 
As is well known, the maturity rule states that within 
certain limits the effects of curing temperature and age 
on the strength of concrete can be expressed in terms 
of a single parameter given by the product of age and 
temperature where the temperature is reckoned from 
-10 °C (23, 24,25). That is,

M = (T + 10)t [13]

where

M = maturity, °C X day,
T = curing temperature of concrete, °C, and 
t = age of the specimen at testing, days.

If one expresses the a J and parameters defined 
by Equations [11] and [12] in terms of maturity, the 
following is the result:

“'' = 27TTTM 1,41
and

"-' = 27TTTM 1151

It can be seen that the strengths calculated by the 
presented cement model are dependent not only on 
the maturity but also on the curing temperature. 
However, within certain limits (e.g., 0 and 25°C), the 
temperature has little effect on Equations [14] and [15], 
To help illustrate the temperature sensitivity of these 
equations, one can use the following expression for 
the strength development from Equation [1]:

/ =/0[l - pe"01' - (1 - p)e-ait] [16] 

where

/o = compressive strength of concrete after infi
nitely long wet curing, and

/ = compressive strength of the same concrete 
at the age of t. ,

The other symbols are identical with the symbols of

Fig. 5. Compressive strength of concretes cured at differing 
temperatures as a function of maturity.

Equation [1].
By substituting Equations [14] and [15] into 

Equation [16], and introducing the /?el = 10Q/7/0 
relative strength, the following relationship is obtained 
between the compressive strength of the concrete 
discussed and the M maturity:

/r°el= 100[l _^-3.6M/(273+T)
_ _ 7?)e-0.36M/(273+T)J *■ ■*

where the symbols are identical with the symbols of 
Equations [1] and [13].

Values of strength calculated by Equation [17] 
and with 50 percent C3S content are shown in Fig. 5 
for various temperatures. It can be seen that strengths 
related to a given maturity are lower when the curing 
temperature is higher. Experimental results by various 
authors show similar tendency (26, 27). The presented 
discussion of the temperature sensitivity of strength 
is also in accordance with a conclusion of Klieger (27), 
namely, that the relationship between strength and 
maturity is affected by the type of the cement and the 
composition of the concrete as well.

Fig. 5 also shows, with thick line, an empirical 
relationship for the effect of maturity on the relative 
compressive strength of concrete. This relationship 
was estimated from experimental data published by 
Plowman (28). This line also appears to support the 
applicability of the presented cement model for the 
estimation of the effect of temperature on the strength 
development of concrete.

Topics for Further Research

1. The approximation of the model for the hydra
tion of Type IV and Type V portland cements at later 

ages is not entirely satisfactory. It is conceivable that a 
modification of the model would improve the ap-



proximation. For instance, the assumption of a com
position for the C3S different from the one used by 
Bogue, might be such a modification. Thus, further 
research in this direction is desirable.

2. A fundamental topic is the derivation of the 
form of the a parameters as a function of C3A content 
from theoretical considerations.

3. An experimental topic is to determine the effects 

of fineness, temperature, mix proportion, admixtures, 
etc. on the numerical values of the a parameters.

4. An investigation is desirable concerning the 
cause of the differences between the kinetics of the 
various hydration characteristics.

5. It would be interesting to check the applicability 
of the model for high alumina cements.

Conclusions

1. The presented simple model concept seems appli
cable for the kinetics of various characteristics of 
hydration for a large group of portland cements.

2. The kinetics of the various hydration character
istics of a paste, (or mortar or concrete) may differ 
considerably. For instance, the rate and the decelera
tion of the development of tensile strength are much 
more intensive than those of the compressive strength 
of the same mixture. The kinetics of the non-evapor- 
able water content, or that of the specific surface of a 
hardening cement paste seem also different.

3. Therefore, it is not expected that there exists a 

single linear relationship between any two of the 
discussed hydration characteristics which is valid for 
every age and every portland cement.

4. The presented cement model seems also suitable 
for the demonstration of the effect of temperature on 
the hydration process.

5. The goodness of fit between experimental data 
and values calculated by the model is reasonable en
ough to encourage further research for the refinement 
and further application of the presented model con
cept.
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Supplementary Paper III-3 Mechanical Properties of Precompressed 
Cement-Mortar Specimens

Ori Ishai*

Synopsis

Mortar specimens, cured by different procedures, were subjected to creep and shrin
kage tests, and their instantaneous mechanical properties were determined.

Experimental results indicate the superiority of specimens precompressed during the 
setting period (2-4 hours after mixing), to their counterparts subjected to ordinary moisture 
curing. Precompressed specimens were characterized by higher compressive strength, rigidity 
and density, lower creep, shrinkage and smaller thermal expansion. Oven-dried specimens 
showed negligible compressive creep.

The above characteristics are attributable to the reduction in both the voids ratio and 
the evaporable-water content, obtainable by the precompression and drying processes.

Introduction

Cement paste, mortar and concrete are highly- 
porous materials whose mechanical properties are 
strongly influenced by their porosity characteristics.

The porous phase covers a wide range of pore 
sizes, from 20-30 Ä for gel pores to 10,000 Ä for 
capillaries.

At the initial stage of hardening, almost the entire 
pore volume is filled with absorbed and adsorbed 
evaporable water. The role of the pores and the 
pore water on the mechanical properties of cementi
tious products was investigated and discussed exten
sively. It was found that while the voids ratio mainly 
influences time-independent properties such as 
elastic modulus and strength (1, 2, 3), content and dis

tribution of the evaporable water within the micro
structure are the predominant factors in the time
dependent behavior manifested by shrinkage (1,4,5, 6) 
and creep (7, 8, 9, 10).

It was concluded that while a higher voids ratio 
results in low strength and rigidity, a high evaporable- 
water content favors high time-deformation.

The object of the present work was:
a) An appropriate method of reducing both the 

voids ratio and the water content.
b) A study of the mechanical behaviour of the 

more compact and dry cementitious product obtained 
by such methods.

Experimental Prodecure

According to the main object, two extreme methods 
of treatment were chosen:

1) Almost total drying of hardened ordinary moist- 
cured mortar specimens, in order to expel the

♦Technion, Israel Institute of Technology, Haifa, Israel.

evaporable water.
2) Compaction of the fresh mortar mix, in order to 

reduce the voids ratio before hardening.
Compacted dry tubular (Fig. 1) (o.d. 7.5, i.d. 4, 

height 15 cm), compared to orinary moist-cured ones. 
Four mechanical parameters were studied: strength, 
rigidity, shrinkage and creep.



Preparation of Specimens

Fig. 1. Mortar specimens used for testing the compressive 
deformational behavior

Mix proportions were 1.1: 1 Leighton-Buzzard 
sand to portland cement by weight; initial water/ce- 
ment ratio — w/c = 0.33.

Two main groups of specimens were prepared ac
cording to mode of curing and treatment as follows:

Group A: Ordinary Moist-Cured Specimens

Specimens were stored at 90% R.H. and water- 
cured for 6 more days after demolding.

Group B: Precompressed Specimens

The fresh mix was precompressed in the mold by a 
central axial force* *,  exerting an axial pressure of 
about 160kg/cm2 on the material. This pressure, 
transmitted by a prestressing device and counterbal
anced laterally by the mold walls, was maintained for 
3 days in a moist environment.

*This compaction process resulted in immediate squeezing- 
out of water and an average volume contraction of about 10%.

* * Dried specimens were immersed several times in liquid epoxy
resin, which hardened and provided good insulation for at 
least 10 weeks.

At 3 days, after release of the axial compression and 
demolding, the hardened specimens were moist- 
cured for 4 more days.

Procedure

Four series of test were conducted as follows:

Series I: Compressive Strength

The influence of precompression time (1, 2, 3 and 4 
hours) on strength at 7 days, measured on a standard 
testing apparatus.

Series II: Young’s Modulus in Compression

Longitudinal deformations under axial load applied 
at 7 days, measured by means of Steiger-type exten
someters along the generatrices (Accuracy — 10-5 
micro strains).

Series III: Shrinkage

Dry-wetting cycles applied at 7 days:
11 days at 90% R. H., 22°C
11 days at 50% R. H., 22°C
4 days oven-drying, 105°C

150 days at 90% R. H., 22°C
30 days under water, 22°C

Axial deformation measurements were taken daily 
(hourly during the oven-drying period).

Series IV: Creep

Wet specimens of both groups, moist-cured for 
35 days, and insulated**  specimens of group A oven- 
dried at 105°C to almost constant weight were kept 
under axial load in a climate room at 50 % R. H. and 
22°C.

Axial deformations were measured daily up to 130 
days after loading.



Results and Discussion

The influence of precompression was evident in all 
cases. The resulting disruption of the setting process 
seemed to have no adverse effect on strength and other 
properties of the hardened mortar—rather to improve 
them. Expulsion of the evaporable water from the 
hardened mortar reduced appreciably all time
dependent deformations and almost eliminated creep.

Series I

Precompression 1 hour after mixing does not affect 
compressive strength, but when applied 3-4 hours 
after mixing a strength increase up to 100% is ob
tained.

Series II

Precompressed specimens showed modulus values 
higher by about 10%. The same trend is reflected in 
the higher density and lower coefficient of thermal 
expansion characterizing the specimens of group B.

Series III

Both groups exhibit the same general trend: increase 
of shrinkage during exposure to dry environment 
(higher rate at 50% R. H. compared to 90% R. H.), 
and a steeper increase, terminated by stabilization, 
during the oven-drying period. Shrinkage recovery 
during wetting follows the usual course of swelling, 
which becomes pronounced under immersion.

In all stages, precompressed specimens exhibit 
lower shrinkage and swelling characteristics and seem 
to tend to long-term total recovery (Fig. 3).

Series IV

Creep strain vs. time curves show, as expected, a

Table 1. Effect of precompression on mechanical properties

Group

Young’s compres-
Shrinkage 
(10 days) 

at 
50%R.H.

Creep at 
10 weeks 

under 
160 kg/cm2

Density 
gr/cm3

modulus

compres
sion 

kg/cm2

strength 
at 

7 days 
kg/cm2

Coefficient 
of thermal 
expansion

A 
Ordinary 
moist- 2.28 4.0 X 105 280 11.5 x 10-6 43 x 10-5 55 x 10-5

B 
Precom
pressed 
2 hours 
after 
mixing

2.42 4.5 X 105 420 10.8 x 10-6 26 x 10-s 30 x 10-5

(average of at least two specimens, 4 deformation measurements on each).

high time-rate of deformation after loading, and a 
decreasing rate later on (Fig. 4). Precompressed

(hours)
Fig. 2. Influence of time at precompression on compressive 

strength of specimens

Fig. 3. Shrinkage and swelling characteristics of wet specimens 
exposed to drying-wetting cycle

Fig. 4. Compresive creep of specimens with different curing 
and treatment histories



specimens show appreciably lower creep (up to almost 
50%), but long-term slopes seem to be identical for 
both curves.

Dried specimens of group A showed no noticeable 
deformational change during the first 10 weeks after 
loading. Later a slight swelling was recorded (attribu

table to water diffusion through the insulating coating) 
followed by recovery.

In view of their higher voids ratio compared with 
group B, it is concluded that the evaporable-water 
content is the main factor governing the above creep 
behaviour.

Conclusions

1) Precompression of the mix during setting influ
enced appreciably the mechanical properties of the 
hardened product.

2) Precompression 3-4 hours after mixing seems 
to yield optimal results with regard to compressive 
strength.

3) Precompressed specimens are characterized by 
higher compressive strength and rigidity, higher den
sity and lower coefficient of thermal expansion com
pared with their ordinary counterparts.

4) Precompressed specimens exhibit markedly 
lower shrinkage and creep characteristics compared 
with their ordinary counterparts.

5) Insulated oven-dried specimens show negligible 
creep under compressive load.

6) The superior quality of the precompressed and 
dried specimens is attributable to their low porosity 
and low evaporable-water content, believed to be the 
main factors determining the mechanical behavior of 
the hardened cement paste.
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Synopsis

This paper describes and explains, in general terms, various aspects of deformations 
of the concrete system. The subject is introduced by a description of the composite material, 
followed by a breakdown into components, including aggregate, aggregate-paste interface, 
crystals, crystallites, gel, holes of various sizes, water, and air. The various individual com
ponents that are deformed (called Deformees), are discussed one-by-one, as related to 
deformation of the over-all system. Then the stimuli causing deformation (called Deformers) 
are listed and discussed. This is followed by a general discussion of the interactions between 
the Deformees and the Deformers, that result in significant engineering deformations. 
Finally, the paper attempts to show that local, internal deformations and their cumulative 
effects limit the usefulness of concrete, and are directly related to short-term deflection, 
long-term deflection, cracking, and failure.

The paper breaks down the various components of the system, and the various stimuli 
and actions, into individual variables, discusses them item-by-item, then combines them 
into the composite system concrete. Thus, the first portion of the paper is written from the 
point of view of structure of matter and materials science; as the paper proceeds, the empha
sis is shifted toward the point of view of engineering applications.

Local, internal deformations, and their cumulative effects, are considered to be of 
overwhelming importance in determining the stiffness, deflections, and strength of concrete. 
These local deformations initiate cracking and creep; the progress of cracking and creep 
follows the progressive development of local deformations; and fracture or excessive defor
mation is the cumulative effect of local deformations. The proper isolation and study of 
the variables associated with local deformations should be fruitful in leading to a better 
understanding of the performance of concrete, and to its improvement.

Introduction

The purpose of this paper is to describe and 
explain, in general terms, various aspects of the 
deformation of concrete system. Several types of defor
mation as well as how and why they occur, are dis
cussed. The paper is not intended to be a review of 
the literature, but rather to be the authors’ analysis 
of concrete deformations, based on general principles, 
on existing knowledge, and on research carried out 
by the authors over a period of years. Consideration 
is limited to deformations caused by such things 
as loading and unloading, hydration, and changes 
in moisture content; deformations associated with 
such things as thermal changes and freeze-thaw 
action are not considered.

The general subject is introduced by a description 
of the concrete system, including aggregate, aggregate
paste interface, crystals, gel, holes of various sizes, 
water, and air. Deformations, prior to, during, and 
after the time under load, are explained and discussed 
in terms of the reaction of the concrete system and 
its elements to such stimuli as: load, moisture mi
gration, hydration, and recrystallization. The general 
approach is based on consideration of a hetero
geneous internal structure, and on the internal 
forces that hold matter together and govern its 
differential displacement and recovery. The first 
part of the paper is written from the point of view 
of materials science; as the paper proceeds, the 
emphasis is shifted toward the point of view of 
engineering application.

Many papers (only a few of which are referenced 



here) have been written on the internal structure 
of concrete (1, 2, 3)*, on the general elastic and 
inelastic behavior of concrete under the action of 
loads of short duration (4, 5), on the shrinkage 
behavior of concrete (6), and on the time-dependent 

deformation of concrete caused by sustained load 
(7, 8, 9, 10, 11, 12). But very few authors (13) have 
tried to present a coordinated overall picture of 
the deformation of concrete.

Internal Structure of Concrete

A brief statement will be made here of those 
aspects of internal structure which have major 
effects on deformations. A later section of the paper, 
“Deformees—Things that are Deformed,” will discuss 
one-by-one some of the individual components of the 
structure.

Concrete is a multiphase heterogeneous material. 
Its individual components and their interfaces act 
differently from each other, resulting in a very complex 
variation in local deformations throughout the 
material, including both differing magnitudes of 
deformations and differing time-deformation re
sponses, in different parts of the same concrete 
specimen. In the opinion of the authors, local deforma
tion is the item that is directly related to failure (or 
to local separation, fracture, or flow), and stress 
is thus only indirectly related to failure. For a proper 
understanding and explanation of failure of concrete, 
it is likely that approaches based on stress, or based 
on the assumption that “strain" is constant through
out the specimen, are doomed to limited sucess at 
best, and that an approach based on varying local 
deformations is both correct and necessary.

Interactions at the aggregate-past interface play an 
important role in the overall behavior and deforma
tion of concrete (7, 14, 15). A considerable portion of 
the total deformation of concrete is probably usually 
concentrated at these interfaces.

The paste itself is also a multiphase material. It 
can be assumed that paste is made up of crystals, 
and of needles, plates, filaments, and crumpled 
sheets (2) of very small size (crystallites) arranged 
mostly at random in a three-dimensional system to 
form a gel (a colloidal, spongy structure). These 
crystallites that form the gel have surfaces that are 
multipolar, attract each other by secondary electro
static forces, and are strongly hydrophillic. Thus, 
water is strongly attracted to the surfaces of the gel 
and into spaces between closely-spaced gel parti
cles, tending to separate them. The thickness of 
these layers of adsorbed water varies from about one 
to ten molecules. There are also water-filled holes 
(pores, capillaries, and voids) of widely varying size 
in the concrete system. In addition, many of the 
larger holes (voids) hold only air.

Deformees—Things That are Deformed

An attempt will be made to list, as separate vari
ables, the various parts of the concrete system that 
are deformed—that is, generally changed in position 
or shape. The basic consideration is any relative 
movement in space of atoms, ions, or molecules; the 
movement must be relative to other matter in the 
same concrete system. '

Concrete as a Whole

It is customary to measure gross deformation in 
concrete, by use of deformators, compressometers, 

and strain gages. Then, on the assumption that the 
deformations are distributed equally throughout the 
specimen (or the gage length), “strains” are calculated 
to represent the concrete as a whole. Actually, the 
gross deformation measured is the sum total of, or 
the result of, very many small, varying, discreet 
deformations occurring in the various constituents 
and parts of the concrete. Thus highly localized 
deformations or “strains” may be greatly different 
from the average for the concrete as a whole. For 
example, the “strain” across an aggregate-paste 
interface where a crack opens up will probably be an 
order of magnitude greater than for the average of 
the specimen as a whole.

‘Numbers in parenthesis refer to entries in the References 
at the end of this paper.



Aggregate

The mineral aggregates used in concrete are brittle 
under short-time loading. That is, deformations are 
small up to brittle fracture, and are largely elastic. 
Under long-time loading, inelastic deformation may 
take place; although it may be appreciable, espe
cially for some aggregates such as some limestones, 
it is generally very small as compared to deformations 
of other parts of the concrete system. Formation of 
cracks in the aggregate is usually small until the 
moment of catastrophic failure of the concrete; for 
higher water-cement ratios, for younger ages, and 
with rounded aggregate, the total amount of ultimate 
cracking in the aggregate is usually very small-it 
generally increases with lower water-cement ratios, 
with greater ages, and with more angular aggregate. 
The mineral composition and lithologic structure 
influence all deformation and fracture properties. 
Since the deformations of aggregate are small as 
compared to those of paste, their primary significance 
is that of differential deformation at the interfaces, 
often leading to a greater net deformation across 
the interface.

Aggregate-Paste Interface

Ideally, the interface might be considered to be an 
infinitely thin surface, not subject to deformation 
across its surface. However, in this paper the inter
face will be considered to be the region extending 
slithtly into both aggregate and paste, and will still 
be called an aggregate-paste interface (cracked) 
even after a crack has been formed, consisting of a 
void of air or water, and in reality creating two new 
interfaces, aggregate-air (or water) and paste-air 
(or water).

The aggregate-paste interface (or aggregate-mortar 
interface, as it is sometimes called), has been shown 
to be the site of a very large amount of cracking, and 
thus of deformation, under many different conditions 
of loading, hydration, and drying (7, 14, 15, 16). 
The separation may be “clean,” between aggregate 
and paste, or may occur partly within one or the 
other material. For example, soft, porous limestones 
may fail partially within the limestone, leaving some 
thin layers of limestone still adhering to the paste on 
the paste side of the separation. More often, the 
other case, of some failure through paste very close 
to the aggregate surface, is noted. The latter case 
seems to occur more often when the aggregate surface 
is rough, even on a microscopic scale, thus providing 

a greater area of bonding and sometimes forcing 
“brittle shear” to occur through one of the materials.

The interfacial bond should be primarily brittle in 
nature, and primarily elastic in action until actual 
separation. The separation can be more or less per
pendicular to the interface, forming an opened crack
in this case a brittle tensile failure seems to be the 
predominating action. The local displacement can 
also occur as sliding along a compression-shear- 
loaded interface (presumably after an initial brittle 
failure of the bond), in which case friction could 
resist further sliding deformation (17). An inter
facial crack may partially close upon removal of 
load, giving an effect of partial “elastic action.”

In many cases, a crack-like “semi-void,” or appar
ently a thin layer of paste of high water-cement 
ratio, can be seen adjacent to the interface. This 
weak region is presumably caused at the time of 
placement by gravity segregation (particularly at 
interfaces at the bottom surfaces of aggregate par
ticles), and on all surfaces by vibration of aggregate 
particles, thus displacing all material away from the 
surfaces, followed by faster and greater return to the 
depleted region by water as compared to cement.

The deformations occurring at the interfaces have 
been shown to be directly related to, and to be a 
major influence controlling, the shape of the stress
strain curve (14) and to involve a portion of the 
average strain in long-time deformation (7). It is 
probable that a majority of the total short-time, uni
axial compressive deformation in concrete, from 
about 50% to 70% of ultimate load, (and almost all 
the inelastic deformation below 50% of ultimate), 
is contributed by the cumulative effect of interfacial 
deformations, particularly interfacial cracking. Of 
course, the paste phase, which is the continuous phase, 
must be deformed to allow deformation of the con
crete as a whole, but in many or most concretes its 
local deformation is probably appreciably controlled 
and “forced” by deformations at interfaces, at least 
up to about 70 percent of the short-time ultimate 
strength.

Paste

An attempt will be made to divide paste into its basic 
material components, and to discuss each (crystals, 
crystallites, air, free water, capillary water, adsorbed 
water, water of hydration, and miscellaneous struc
tures and effects such as holes, solution, deffusion, 
reprecipitation, and crystal-to-crystal contact) as a 
separate variable. It must be recognized that one 



component may have a profound effect on another, 
and that the actual behavior is caused by interrelated 
properties of the system, rather than by additive 
effects of each part in turn. However, it will be fruit
ful to examine each part, as it exists within the 
system.

Crystals

This section refers primarily to those crystals large 
enough to be seen with the optical microscope. They 
are brittle in nature, both in short-time loading and 
long-time loading-long-time as understood for con
crete (a few years). Their deformations, short of 
fracture, are small and primarily elastic. Rod, needle, 
plate, and sheet crystals should be able to withstand, 
without fracturing, much more deformation in certain 
directions than in others (such as bending of a beam 
as compared to direct compression). Deformations 
associated with fracture are non-recoverable. The 
sum total of deformations contributed by these 
“large” crystals is probably very small, at least until 
the moment of catastrophic fracture of the specimen, 
and perhaps even then. Thus, these deformations are 
relatively unimportant in concrete.

Crystallites

This refers to crystals (often highly imperfect) 
beyond the resolution of the optical microscope. 
Another useful definition (allowing a larger size) 
would be to place them within the colloidal range, 
with at least one dimension less than one-tenth micron. 
These tiny crystals (often needles, plates, filaments, 
and crumpled sheets), arranged more or less at 
random, separated more or less by thin layers of 
water, and containing various-sized spaces filled with 
water and air, constitute cement paste, and compose 
what is often called cement “gel,” particularly when 
the larger spaces or holes are not considered. The 
crystallites can be expected to act much as do the 
larger crystals, but their total mass is so much greater 
that their cumulative deformation must be much 
greater. Their less-perfect crystal structures might 
allow more plastic crystal deformation, but the 
amount should still be small as compared to other 
deformations in concrete. -

Air

Air is very easily deformed and easily compressed. 
Its solubility in water and aqueous solutions is appre
ciably increased by pressure, leading to reduced 
volume. It will readily flow from regions of high to 
lower pressure. Its flow may be inhibited by water 

saturation of all spaces that otherwise could afford 
routes of flow.

Free Water

This refers generally to water at distances greater 
than about 1 mm. from crystal or crystallite surfaces. 
It is present in the larger spaces, holes, and voids. 
Its compressibility is so small that it can be ignored. 
It is very easily deformed, and will tend to flow easily 
and quickly from regions of high to low pressure, if 
unrestricted. Its flow may be restricted by the small
ness of the holes through which it must flow, leading 
to significant time effects. Free water is relatively 
easily removed from the system by evaporation.

Capillary Water

This refers generally to water at distances between 
about 1 mm. and 30 Ä from crystal or crystallite 
surfaces. It is attracted with appreciable, but not 
great, force to those surfaces, which are highly hydro- 
phillic. The attraction to the surfaces (primarily 
polar, secondary forces) will oppose and delay, 
but not prevent, movement of the water away 
from the surfaces. Thus an additional time effect 
is present for deformation (or movement) of this 
water; it will be removed from a surface, or evapo
rated, slower and with more difficulty than free 
water. Otherwise, its characteristics are the same 
as those listed above for free water, with one vitally 
important exception: upon removal of a load (or effect 
causing evaporation) which has removed capillary 
water from an attractive surface, the water will 
tend to return. Since removal of the water caused 
crystal surfaces to move closer together (or vice 
versa), return of the water will cause the crystal 
surfaces to move apart. Thus deformations from 
load or drying, and involving capillary water, can 
be recovered with time. For example, water between 
two crystals could be squeezed out into a relatively 
large air void; upon removal of the load, the water 
would tend to return and spread the space between 
the two crystals to its original distance.

Adsorbed Water

This refers generally to water at distances between 
0 and about 30 A from crystal and crystallite surfaces, 
and represents a layer of water from one to ten 
molecules thick. The attraction of the surface varies 
greatly across this distance, and there is no sharp 
dividing line between adsorbed water and capillary 
water. The adsorbed water is held very tightly by 
the strongly hydrophillic surfaces of the crystals 



and crystallites. It can be moved by load or evapo
ration, but only with great difficulty (large pressure) 
and only slowly. It generally acts very much in the 
manner described above for capillary water, except 
it moves from a surface with more difficulty and 
more slowly. Its removal from a region will result 
in deformation, and it will strongly tend to return 
in time after load (or other driving force) is removed, 
causing a delayed recovery of deformation. The 
first three molecular layers of water are probably 
not much affected through most of the concrete 
system, even at catastrophic failure of the system 
(although they may be, at isolated points of great 
pressure), and the innermost molecular layer is proba
bly deformed or removed little if at all.

Water of Hydration

This term is often used somewhat loosely. It 
should refer to water of crystallization held directly 
in a crystal lattice, in a definite combining ratio 
with the other building blocks of the crystal. It often 
refers to water held tightly in variable hydrates, 
and sometimes apparently even to very tightly bound 
surface water on a crystal. Thus the binding forces 
vary from primary chemical bonds to secondary 
chemical bonds (such as hydrogen bonds) and even 
to very strong secondary physico-chemical bonds 
in adsorbed layers. In all cases, the water is held 
very tightly, and most tightly of all water in the 
system. Some of this water can be moved by elevated 
temperatures, still within expected experience for 
some concrete, by very low external relative humidi
ties, and by high local pressures caused by external 
load. This latter point may be of appreciable im
portance, although deformations involving water 
of hydration should be expected (except possibly 
in cases of extreme temperature leading to disin
tegration) to be relatively small as compared to those 
involving other forms of water.

Holes

Holes are not properly component materials of 
the paste, but perhaps a brief consideration of them 
may be helpful. In general, by holes is meant any 
space not occupied by a solid. Thus holes may be 
filled with air, with water (solutions), or with some 
of each. They vary in size from “huge” spaces in 
honeycombed concrete to tiny spaces between crys
tallites in the gel system, measured in a few angstrom 
units. In general, whenever the fluid (air or water) 
is removed from the hole by some force, the hole 
becomes smaller, and the solid surfaces bounding the 

hole come closer together—both local and gross 
deformations can then be observed. The effect is 
greater for smaller holes. Upon removal of the force 
which caused removal of the fluid, the system will 
attempt to reach a new equilibrium. If the hole 
is small enough that its attraction for water is appre
ciably large, and if water is available to move into 
the hole, water will flow back into the hole, the hole 
will become larger, and both local and gross deforma
tions (of recovery) can be observed. Such recovery 
will be time dependent.

There will be a tendency for all similar solid surfaces 
to be covered by an equal thickness of water film, 
at true equilibrium. This condition will not exist 
for concrete at any time, including before loading. 
As loading re-distributes the water films, the new 
position of some of the water will be expected to be 
nearer true equilibrium conditions, even for non
loaded concrete. Thus some of the water will never 
return to its original position after unloading of 
the concrete, and some of the deformation will be 
non-recoverable.

Crystal-to-Crystal Contact

There may be points of crystal-to-crystal contact, 
without any intervening layers of water, although 
this point is not at all certain. Such contact should 
vary from an intimate relationship in which one 
crystal is part of the system of the other (as in 
twinning) where primary chemical bonds (electro
valent for these mineral systems) are involved, down 
to a touching of neighboring adjacent, but indepen
dent, crystals, which would attract each other by 
multipolar, secondary chemical forces. In either 
case, the bond should be brittle, and should be rela
tively strong, even for the weaker case of independent 
crystals with multipolar forces of attraction. If these 
bonds from crystal-to-crystal contact exist, they may 
be one of the last points of failure or deformation to 
occur just before or at the moment of catastrophic 
failure of the concrete specimen, and may appreciably 
influence the ultimate strength of concrete, in both 
short- and long-time loading.

Solution, Diffusion, and Reprecipitation . :

The solubility of crystals and crystallites increases 
under pressure. The load through concrete must 
be transmitted unevenly through the mass, at least 
on a micro scale. Therefore, at concentrated load
bearing points, some material dissolves, diffuses 
to a region of lower pressure (or where a newly- 
precipitated crystal would be under less pressure), 



and precipitates out (as in a void). This represents 
a permanent deformation, is a time-dependent 
process, and is non-recoverable creep. The effect 
under short-time load should be much smaller than 
under long-time load, but might still result in a small 

amount of non-recoverable deformation even for 
the short-time load. This process must occur, quali
tatively. It probably is of considerable importance 
in autogenous healing of concrete under load.

Deformers—Things That Cause Deformation

We have seen that each part of the concrete 
system, from the largest piece of aggregate to the 
smallest gel crystallite and on to individual water 
molecules, contributes to the overall deformation. 
Deformation is induced in each of the components 
by various influences. The most important of these 
influences are those which alter pressure in, and 
hygral equilibrium of, the system; other influences 
are such things as hydration and carbonation.

Hydration and Carbonation

An autogenous shrinkage' of the paste is caused 
by hydration of cement (in the absence of available 
external free water) because the products of hydration 
occupy a smaller volume than do the reactants. 
If external free water is available and allowed to 
enter the system, a net expansion of the paste occurs, 
as expansion from ingress of water to adhere to 
and spread newly-formed hydrophillic hydrate sur
faces, more than overcomes shrinkage from hydration. 
Carbonation (an acid-base reaction involving carbonic 
acid and the basic paste components) apparently 
involves solution of basic crystals such as calcium 
hydroxide, perhaps under pressure from drying 
shrinkage, and precipitation of resulting carbonates 
in open void spaces.

Change of Average Load or Pressure

The application and the removal of load affects 
the overall pressure causing deformation in various 
parts of the system. Change of load also induces 
localized pressure peaks and troughs because of 
the heterogenity of the system. Change of load, in 
addition, affects hygral equilibrium because of load- 
induced moisture migration.

Change of Local Pressure

The pressure at various local internal places can 
be expected to change greatly as the external load 

is changed; as the volume changes from wetting, 
drying, hydration, and carbonation; and as internal 
redistribution of individual portions of the structure 
forces changes of load-bearing points and areas. 
These localized regions of pressure differential must 
strongly influence diffusion of water, solution of 
solids, diffusion of dissloved material, and positions 
of crystal reprecipitation.

Wetting and Drying

These actions increase or decrease the thickness 
of water films separating the hydrophillic hydrate 
surfaces, forcing them apart upon wetting, or forcing 
them together upon drying as internal pressure falls 
below that of the external environment. These effects 
occur for both adsorbed water and capillary water. 
There is little effect from change in “free” water 
content in the larger voids and honeycomb spaces.

Physical Processes Caused by the Deformers

There is generally an intermediate step between 
application of a Deformer and the physical occurrance 
of deformation. This intermediate step consists 
of physical processes that are caused by the De
formers, and which in turn cause, control, or result 
in deformations. These physical processes that are 
caused by the Deformers include such things as the 
following: Direct deformation and breakage of crys
tals and crystallites, Separation of interfaces. Flow, 
Diffusion, Solution, and Reprecipitation. Any process 
involving diffusion can be expected to be strongly 
time-dependent; therefore, all deformations—either 
primary or of recovery—involving diffusion should 
be strongly time-dependent, and all such deformations 
from load and from drying should be partly re
coverable and partly non-recoverable, depending 
on the relative stability or energy levels before 
and after diffusion, and the possibility of irreversible 
processes following diffusion.



Deformation Behavior

In this section the deformation of concrete as an 
engineering material is discussed in detail. The dis
cussion is divided into the following sections: Defor
mation without Load, Deformation due to Short
Time Load, and Deformation due to Long-Time 
Load. This rather arbitrary separation is not intended 
to imply that the various types of deformation are 
independent. It is recognized that all components of 
deformation can occur ar the same time and are 
highly dependent on each other.

Deformation without Load

Volume changes caused by the hydration process 
and by carbonation are time-dependent and may be 
considered small compared to the deformations caused 
by load.

The deformation caused by the migration of water 
into and out of a specimen is of sufficient magnitude 
to affect the structural performance. In most practical 
cases, the relative humidity of a concrete specimen is 
higher than that of its surroundings. Thus, the matrix 
will lose water in an effort to establish hygral equi
librium with its environment. Moisture is evaporated 
first from the larger pores and capillaries, introducing 
small volume changes, and later from the smaller 
capillary spaces and from the layers of water adsorbed 
to the gel surfaces, introducing relatively large volume 
changes. The resulting deformation is defined as dry
ing shrinkage (normal range = 0.0001 to 0.001 
in/in). If water is returned to the matrix a correspond
ing swelling will take place.

Since drying shrinkage and swelling take place in 
the paste, tensile stresses are introduced at the inter
face between the paste and the relatively rigid aggre
gate particles (15). When the tensile strength of the 
interface is exceeded, microcracks are developed, 
resulting in non-recoverable deformation. Micro
cracks are also developed, to a lesser degree, by the 
volume changes caused by the hydration process and 
by carbonation.

Deformation Due to Short-Time Load

When loads of short duration (10 to 103psi/sec) 
are applied to a concrete specimen, elastic and inelas
tic deformations take place. The stress-strain curve 
of concrete can be divided into three ranges. From 
0 to about 30 % of the ultimate strength, the deforma
tion is elastic and linear. Between 30 and 70 % of the 

ultimate strength, both elastic and inelastic deforma
tions take place, the majority being inelastic. Above 
70% of the ultimate strength, most of the deforma
tion is inelastic. The inelastic and elastic deformation 
caused by loads of short duration are not affected by 
strain rate and, therefore, are not time-dependent.

The general behavior of concrete subjected to 
short-time loads, described above, will now be ana
lyzed in detail by discussing the deformation of each 
component of the matrix.

Aggregate

The deformation of the aggregate particles is small 
compared to the total deformation and may be as
sumed to be linear and elastic.

Paste

The deformation of the paste is also, for the 
most part, linear and elastic. As load is applied, atoms 
(ions) and molecules move. For each crystal and crys
tallite, if this local motion is less than 1/2 of the ionic 
or molecular diameter, the resulting deformation is 
completely recoverable and linear. The gel crystals 
bend, deform, and return to their original configura
tions upon removal of the load. If the load is of 
sufficient magnitude, some of the weaker cyrstals 
will break, introducing non-recoverable deformation.

Aggregate-Paste Interface

Most of the inelastic, nonrecoverable strain exhib
ited by the short-time stress-strain curve of concrete 
is a result of cracking at the aggregate-paste interface 
and through the paste (14). As the load is applied, 
existing cracks do not propagate and new ones do not 
form until the load reaches about 30 % of the ultimate 
strength. Above this load, bond cracks start to in
crease in width, length and number. As the load is 
further increased, some cracked interfaces continue 
to carry, by friction, about the same load that caused 
the initial failure. All additional load is carried by the 
uncracked interfaces and the surrounding paste. 
Local cracks begin to form in the paste, at the tip of 
existing bond cracks, allowing the aggregate particles 
to slide relative to the paste, causing the initial in
elasticity of the short-time stress-strain curve. As the 
load is increased above about 70% of the ultimate 
strength, the local cracks start to bridge between 
adjacent aggregate particles causing additional in
elasticity and internal disruption that ultimately 



leads to failure of the specimen (17).

Water

The water in the system will also move under the 
influence of short-time load introducing a relatively 
small amount of deformation. In contrast, the time
dependent migration of moisture within and to the 
surface of the system has a much more pronounced 
effect on the creep of concrete, and will be discussed 
more fully later in the paper.

Deformation Due to Long-Time Load

If a load is applied, and maintained at a constant 
stress level, or applied at a rate slower than about 
1 psi/sec, a concrete specimen continues to deform 
without any increase in applied stress. This time
dependent deformation is usually 1 to 4 times greater 
than the initial strain from the applied load, for 
specimens on which a load within the working stress 
range is maintained for more than about a month. 
Upon release of the sustained load, part of the total 
strain is immediately recovered, part is slowly recov
ered, and part is never recovered. -

Stress is developed throughout the matrix when 
it is subjected to a sustained load: in the aggregate, 
in the hydrated cement gel, at the aggregate-paste 
interface, and in the various types of water. The long
time, load-induced deformation of concrete consists 
of the response of all of the above to stress: pro
gressive internal microcracking at the aggregate
paste interface, elastic and inelastic deformation of 
the aggregate and of the paste, migration of load
bearing water within and to the surface of the speci
men, solution and recrystallization of gel particles, 
and other stress-induced changes in the gel structure.

Moisture Movement

When load is applied, the pressure and the hygral 
equilibrium within the specimen are altered. In order 
to re-establish equilibrium the water contained in 
the larger holes (pores, capillaries and voids) is forced 
out of its original position, through capillaries and 
between gel surfaces to air voids and to the surface. 
The resulting volume change, which takes place 
rather quickly (probably in a few weeks or less), 
may be considered increased or accelerated shrinkage 
caused by the sustained load. It is non-recoverable, 
unless water is returned to the specimen after the 
sustained load is removed (3).

The water strongly adsorbed to the gel surface 
diffuses from its original position very slowly. As 
this water diffuses from between the gel surfaces to 

larger holes, and eventually to the surface of the 
specimen, the gel particles are forced closer together 
by the load. The resulting deformation (creep) takes 
place very slowly and probably never completely 
reduces the thickness of the adsorbed water layers 
to zero (9).

If there is no change in the internal structure of the 
gel and the amount of water in the specimen remains 
constant, creep should be completey recoverable. 
When load is removed, the hydrophillic gel attracts 
water which deffuses from the larger holes back to 
the closely spaced gel surfaces, tending to force them 
apart. The resulting deformation is creep recovery.

The magnitude of the deformation caused by 
internal moisture migration (creep and creep recovery) 
depends on the properties (such as surface area) of 
the cement gel, on the water content, and on the 
storage conditions at the time of load application 
and during the time under load.

Effect of Adsorbed Water

In most practical mixes the hydration of the cement 
continues for six months or more. During this time 
the surface area of the gel increases and available 
water is attracted to the surfaces between the new 
gel particles, increasing the number of and the total 
thickness of the adsorbed water layers. At some stage 
of hydration the adsorbed layers may begin to decrease 
in average thickness, as the area of the gel increases 
and the amount of available free water is decreased 
through combination with cement and by evaporation. 
Therefore, a specimen sealed prior to and during 
the time under load will exhibit more creep than a 
companion specimen that is allowed to dry prior to 
and during the time under load. The total deformation 
of the unsealed specimen, including increased shrink
age, may or may not be greater than that of the sealed 
specimen, depending on the age and drying at the 
time of loading (9).

Effect of Recrystallization and Changes 
in Internal Structure

The solubility of the gel (of all the solids) is increas
ed by load. Gel and crystals dissolve, in water, at 
regions of high load intensity, diffuse to new locations, 
and reprecipitate as new crystals or on existing crys
tals in areas of lower load intensity. As a result of 
this diffusion, undissolved particles will move closer 
together as material is dissolved away from between 
them. The magnitude of this deformation depends 
on the maturity and stability of the gel at the time of 
load application. If the specimen is loaded early in 
the hydration process, a large amount of recrystalli- 



zation will be introduced by the load. On the other 
hand, if the specimen is loaded when hydration is 
near completion, the gel will be more stable and addi
tional deformation due to recrystallization will be 
small. Since the deformation described above is a 
result of a permanent change in the structure of the 
gel, it is non-recoverable (9).

Non-recoverable deformation is also introduced 
if the sustained load is of sufficient magnitude to break 
some of the gel crystallites and crystals.

Since the deformation resulting from internal 
changes in gel structure is non-recoverable, creep 
cannot, in fact, be completely recoverable. If the 
load is applied and maintained on a young specimen 
for a long period of time, recovery will be small 
compared to creep. On the other hand, if an older 

specimen is loaded for a shorter period of time, 
recovery will be large compared to creep (9).

Microcracking

Sustained load causes the propagation of more 
microcracking than an equal short-time load. If the 
sustained load is below about 70% of the ultimate 
strength, the same amount of bond cracking is 
introduced by time-dependent strain as would be by 
a short-time strain of equal magnitude. However, 
there is no increase in mortar (paste) cracking. For 
loads above 70% of the ultimate strength, mortar 
cracks are introduced by creep strain, and the speci
men will probably fail after some time under a con
stant load. Deformation due to time-dependent 
microcracking is non-recoverable (7).

Relationships between Deformations and Failure or Deflection (19, 20, 21)

Local, internal deformations and their cumulative 
effects limit the usefulness of concrete, and are direct
ly related to short-term deflection, long-term deflec
tion, cracking, and failure. The distance between 
individual building blocks of matter, such as atoms, 
ions, and molecules, governs the attraction and 
repulsion between them, and thus controls the resis
tance to initial or further deformation, strain, or 
separation at any given load or stress. Attraction 
or repulsion is a geometric function of distance.

There should be a limiting deformation at each 
point (really two adjacent points) within concrete, 
that will result in brittle separation, excessive flow, 
or excessive deformation or deflection. It must be 
emphasized that the limiting deformation will vary 
greatly among the various Deformees in the system, 
and that it will be changed by conditions (such as 
rate of deformation) for any given Deformee. 
Therefore, failure should be a deformation-dependent 
phenomenon, with the critical deformation a function 
of various things, such as composition, rate of defor
mation, and environment.

There should be a limiting over-all deformation 
for a concrete specimen, that will result in failure. 
The amount of this limiting deformation should be 
about the same for all specimens of a given concrete, 
under a given set of conditions. However, a different 
concrete, or a different rate of deformation (for 
example), should cause a change in the limiting 
deformation. It seems reasonable that many or most 
concretes, under a variety of general conditions, but 
with a few critical conditions stated or controlled, 

should exhibit limiting deformations within a usable 
reproducible range. The range or general level of limit
ing deformations might then change with such things 
as age, moisture content, and rate of deformation, 
and even with the testing set-up for laboratory speci
mens.

Attempts to relate a maximum strain with failure, 
for complex heterogenous systems such as concrete, 
have generally not been successful, because only 
gross or over-all strain or deformation has been 
considered; consideration must also be given to 
local deformations or to control of those variables 
influencing local deformations and thus ultimately 
influencing gross deformations. If it is true that local 
deformations ultimately control deflection and failure 
of concrete, then it follows that the weaknesses and 
deficiencies of concrete related to deflection and load 
limit, can perhaps profitably be isolated, investigated, 
and alleviated by study of local deformations and 
their interactions.

For example, a concrete showing a large gross 
deformation or strain under a short-time uniaxial 
compressive load will probably contain more internal 
microcracks than a concrete showing a smaller gross 
deformation; in this case, any change (such as 
increase of aggregate-paste interfacial strength) that 
reduces the amount of microcracking at a given load 
will reduce the gross strain and deflection of the 
concrete at that load. Such sorting and isolation of 
variables moves studies for understanding and 
improvement of materials away from empiricism.



Acknowledgement

This paper is connected with work done at Cornell Foundation.
University and sponsored by the National Science

References

Only a few selected references are listed; no attempt 
has been made to present an extensive list from the large 
number of publications related to this general subject. 
An excellent bibliography was prepared by FHermite 
(reference 13 below).

1. T. C. Powers and T. L. Brownyard, “Studies of the
physical properties of hardened portland cement 
paste”, J. Am. Cone. Inst., Proc. 41, 101-132, 249
336, 469-504, 549-602, 669-712, 845-880, 933-992 
(Oct. 1946-Apr. 1947). Reprinted as Research Lab. 
Portland Cement Assoc. Bull. 22 (1948).

2. A. Grudemo, “The microstructure of hardened ce
ment paste”. Proc. Fourth Internat. Symp. on the 
Chemistry of Cement, Washington D. C., Vol. 2, 
615-658 (1960). U. S. Natl. Bur. Stds. Monograph 
43.

3. T. C. Powers, “Physical properties of cement paste”.
Proc. Fourth Internat. Symp. on the Chemistry of 
Cement, Washington D. C., Vol. 2, 577-613 (1960). 
U. S. Natl. Bur. Stds. Monograph 43.

4. T. J. Hirch, “Modulus of elasticity of concrete affected 
by the elastic moduli of cement paste matrix and 
aggregate”, J. Am. Cone. Inst., Proc. 59, 427-451 
(Mar. 1962).

5. T. C. Hansen, “Theories of multi-phase materials
applied to concrete, cement mortar and cement 
paste”, Internat. Conf, on The Structure of Con
crete, Imperial College, London (1965).

6. T. C. Powers, “Mechanisms of shrinkage and rever
sible creep of hardened cement paste,” Internat. 
Conf, on The Structure of Concrete, Imperial 
College, London (1965).

7. B. L. Meyers, F. O. Slate and G. Winter, “Relation
ship between time-dependent deformation and 
micro-cracking of plain concrete”, sumbitted for 
publication to the Am. Cone. Inst, in Aug. 1967.

8. B. L. Meyers and F. O. Slate, “Creep and creep reco
very of plain concrete as influenced by moisture 
conditions and associated variables”, submitted for 
publication to the Am. Cone. Inst, in Aug. 1967.

9. B. L. Meyers and F. O. Slate, “A general hypothesis
for the creep of concrete”, submitted for publica

tion to the Am. Cone. Inst, in Aug. 1967.
10. O. Ishai, “Time-dependent deformational behavior

of cement paste, mortar and concrete”, Internat. 
Conf, on The Structure of Concrete, Imperial Col
lege, London (1965).

11. W. Ruetz, “A hypothesis for the creep of hardened
cement paste and the influence of simultaneous 
shrinkage”, Internat. Conf, on The Structure of 
Concrete, Imperial College, London (1965).

12. C. E. Kesler and I. Ali, “Mechanism of creep”, Am.
Cone. Inst. Special Publn. 9, Symp. on Creep of 
Concrete (1964).

13. R. G. FHermite, “Volume changes of concrete”, Proc.
Fourth Internat. Symp. on the Chemistry of Cement, 
Washington D. C., Vol. 2 659-702 (1960). U. S. 
Natl. Bur. Stds. Monograph 43.

14. T. T. C. Hsu, F. O. Slate, G. M. Sturman and G.
Winter “Microcracking of plain concrete and the 
shape of the stress-strain curve", J. Am. Cone. 
Inst., Proc. 60, 209-224 (Feb. 1963).

15. T. T. C. Hsu, “Mathematical analysis of shrinkage
stresses in a model of hardened concrete”, J. Am. 
Cone. Inst., Proc. 60, 371-390 (Mar. 1963).

16. F. O. Slate and R. E. Matheus, “Volume changes on
setting and curing of cement paste and concrete 
from zero to seven days”, J. Am. Cone. Inst., Proc. 
64, 34-39 (Jan. 1967).

17. S. P. Shah and G. Winter, “Inelastic behavior and
fracture of concrete”, J. Am Cone. Inst., Proc. 63, 
925-930 (Sept. 1966).

18. K. Newman, Complex and Heterophase Materials,
(Elsevier Publishing Co., London, 1965). See chap
ter on “Concrete systems”.

19. O. Ya Berg. “The problem of the strength and plasti
city of concrete", Dokladi Akademii Nauk USSR 
70, No. 4, 617-620 (1950).

20. R. Jones, “Testing of concrete by ultrasonic-pulse
technique”. Highway Research Board, Proc. 32, 
258-275 (1953).

21. M. F. Kaplan, “Strains and stresses of concrete at
initiation of cracking and near failure”, J. Am. 
Cone. Inst., Proc. 60, 853-880 (July 1963).



Supplementary Paper III-72 Correlation of Strength and Hydration 
with Composition of Portland Cement

Kenneth M. Alexander, John H. Taplin and John Wardlaw*

Synopsis

The paper presents the results obtained by multiple regression analysis of strength and 
hydration data from recent surveys of normal portland cement in Australia. Differences 
between the cements are largely attributed to C3A. The effect is thought to be mainly an 
acceleration of the hydration of the cement as a whole. C3A dominates at water/cement 
ratios from 0.35 to 0.80, curing temperatures from 5 to 75°C, and throughout most of the 
period from 1 day to 6 months. Strength is most sensitive to C3A content under conditions 
which are frequently encountered in laboratory test work, namely, water/cement ratio 0.5, age 
28 days, curing temperature 21 °C.

With the present cements there is a smaller, but significant effect, for median particle size, 
whereas the effect of quite appreciable differences in C3S content is of minor importance. The 
influence of other cement characteristics such as minor oxide compositions, surface areas, 
etc., is either non-significent, or can be accounted for as another aspect of the C3A and size 
effects. Possible exceptions are the positive correlations of strength with Mn2O3 at early 
ages, and the negative correlations of strength with free lime at high water/cement ratio 
and later ages. .

Introduction

As a result of recent investigations in these labora
tories, a considerable volume of data on cement 
strength and hydration has been accumulated, both 
as a byproduct and as the main objective of several 
in dependent lines of enquiry. Spanning the full range 
of normal portland cements in Australia, these studies 
cover performance at early and later ages, from near 
freezing to steam curing conditions, and from the 
upper to the lower limits of water/cement ratio en
countered in practice. In this paper, six thousand 
measurements from these studies are assembled and 
analysed for relationships between performance and 

mineral composition, fineness, minor element con
tent, and other characteristics of cement.

Previous studies, for example, by Gonnerman and 
Lerch (1), support the widely held belief that the rate 
of hardening depends on the fineness and the C3S 
content of cement. Gonnerman (2) found the contribu
tion of C3A to strength was important until 28 days, 
but with further curing it declined, to become zero 
or negative after a year or more. The accelerating 
effect of C3A has been supported by authors such as 
Powers (3) and Budnikov and Erschler (4).

Experimental

The various series of experiments which are as
sembled in this paper fall naturally into two groups 
that will be analysed separately. The results in Experi
mental I are by Alexander and Wardlaw, those in 
Experimental II are by Taplin, and the analyses are by 
Alexander and Taplin respectively. Only the one

♦C.S.I.R.O., Department of Civil Engineering, Sydney Uni
versity, Sydney, Australia. 

statement of conclusions is presented, and this is 
based on the findings of both analyses.

Experimental I

The 15 cements used in this section of the investiga
tion were commercial products from 15 different 
plants. All materials complied with the Australian 
Standard Specification A2 for Type A Ordinary



Table 1. Oxide compositions, surface areas and median particle sizes for cements 1 to 15

Cement
No.

Surface

in 
cm2/g

Median 
particle 
diameter 

microns
(%)

Oxide compositions (per cent)

SiO2 AlgOs Fe2O3 CaO MgO so3 Na2O k2o Mr^Os PäO5 TiO2 Free

1 3410 20.0 1.54 20.75 5.05 3.55 64.30 1.35 2.50 0.60 0.68 0.05 0.06 0.19 1.18
2 3890 13.8 0.99 20.90 5.15 3.10 65.60 1.65 1.20 0.04 0.67 0.09 0.05 0.22 1.02
3 3160 19.0 1.14 20.45 6.30 3.35 66.10 0.40 1.90 0.03 0.28 0.07 0.05 0.40 0.26
4 3410 19.0 1.27 21.70 4.65 2.50 63.95 1.55 2.70 0.70 0.06 0.05 0.09 0.42 1.49
5 3130 24.0 0.91 22.85 3.55 4.20 64.80 0.75 2.20 0.19 0.55 0.01 0.08 0.21 1.17
6 3440 19.8 1.52 20.20 6.15 3.00 65.50 0.80 2.40 0.06 0.86 0.11 0.06 0.27 2.44
7 3430 19.8 2.49 21.00 4.45 4.00 62.95 1.50 2.50 0.53 0.56 0.07 0.08 0.31 2.04
8 3540 16.2 0.72 20.20 4.65 5.20 64.50 1.30 2.50 0.36 0.39 0.28 0.12 0.30 0.63
9 4380 15.0 1.84 20.65 4.05 4.90 64.25 1.40 2.25 0.24 0.22 0.03 0.10 0.33 3.47

10 3680 19.0 1.41 19.40 6.40 3.45 64.80 1.60 2.05 0.08 0.57 0.11 0.11 0.34 2.01
11 3190 23.0 0.90 23.35 3.60 3.50 64.20 0.85 2.50 0.10 0.38 0.10 0.07 0.22 0.87
12 3500 18.9 1.62 20.00 6.20 3.20 64.30 1.65 2.00 0.03 0.88 0.11 0.06 0.26 2.55
13 3720 20.6 2.14 21.20 3.55 4.90 63.15 2.00 1.90 0.30 0.32 0.02 0.10 0.33 2.40
14 3460 17.5 1.24 21.25 5.30 3.20 64.75 1.50 1.60 0.36 0.34 0.16 0.08 0.37 1.63
15 3260 22.0 0,95 21.90 4.50 3.55 64.25 1.55 2.30 0.07 0.62 0.13 0.07 0.31 0.62

Portland Cement. The chemical and physical charac
teristics of these cements are given in Table 1, and 
their potential mineral compositions, calculated by 
the method of ASTM Standard C150-64, and cor
rected for free lime, are in Table 2. Surface areas were 
determined by air permeability, in accordance with 
ASTM Standard C204-55. '

In the main series of tests, compressive strengths 
were determined on ^-inch cubes of machine mixed 
paste which had been cured continuously under 
water at 21°C. Strength measurements were made at 
1,3,7,28, 56, 90 and 180 days on pastes with water/ce- 
ment ratios 0.35, 0.50 and 0.80 by weight. The pastes 
with water/cement ratios of 0.80 were stabilized with 
3 %, by weight, of pre-gelled bentonite. A subsidiary 
group of tests was run at water/cement ratio 0.45, 
ages 16 to 56 days, and under water curing at 5, 21 and 
43°C.

The results for the main series (Table 3) are means of 
at least 10 replications per point. Data for this table 
originated in the Organization’s laboratories in 
Sydney and Melbourne. Co-ordination between the 
two laboratories was checked in a series of 600 tests at 
1 to 180 days, using half the present range of cements. 
A coefficient of correlation of 0.993 was obtained.

Data for the subsidiary tests are in Table 8.
The compound compositions of cements 1 to 15 

range from 44.5 to 61.7% for C3S, 11.1 to 33.2% for 
C2S, 1.1 to 11.2% for C3A, and 7.6 to 15.8% for 
C4AF. Surface areas are from 3130 to 4380cm2/g. 
At highest water/ cement ratios and earliest ages the 
highest paste strengths are about 3 times the lowest, 
whilst at the opposite extreme of late age and low 
water/cement ratio, this strength ratio is about 1.5 to 1.

Attention is drawn to the point that in the accom
panying discussion, significance at the 5, 1 and 0.1%

Table 2. Potential mineral compositions for cements 1 to 15

Cement 
No. •

Potential mineral composition 
(per cent)

C3S C2S c3a C,AF

1 53.8 18.8 7.4 10.8
2 60.3 14.3 8.5 9.4
3 60.8 12.7 11.0 10.2
4 47.3 26.3 8.1 7.6
5 50.1 27.5 2.3 12.8
6 51.4 19.0 11.2 9.1
7 46.4 25.0 5.0 12.2
8 61.7 11.1 3.6 15.8
9 50.9 20.5 2.4 14.9

10 55.3 13.6 11.1 10.5
11 44.5 33.2 3.7 10.6
12 48.1 20.9 11.0 9.7
13 51.0 22.1 LI 14.9
14 51.3 22.0 8.7 9.7
15 51.4 23.9 5.9 10.8

levels of probability will be termed significant, 
highly significant, and very highly significant respec
tively.

Experimental II

The fifteen cements, numbers 16 to 30, used in these 
experiments came from the same cement works as 
those quoted in the previous section but were, with 
one exception, completely different samples. The 
potential mineral composition was calculated by the 
method of ASTM C150 after correcting for free lime. 
Table 10 lists the relevant data on chemical composi
tion and median particle size. The minor oxides 
TiO2, P2O5 and Mn2O3 were also included in some 
statistical analyses their mean % values are 0.26, 
0.07 and 0.09 respectively.

The cements, and those quoted in the previous sec
tion were sized by the method of Andreasen using



Table 3. Paste compressive strengths for cements 1 to 15 at water’cement ratios 0.35 to 0.80 and ages 1 to 180 days

Compressive strength in p.s.i. Mean of 10 determinations

Age in days

Cement 
No. 1 3 7 28 56 90 1 3 7 28 56 90 180 1 3 7 28 56 90

Water/Cement ratio 0.35 Water/Cement ratio 0.50 Water/Cement ratio 0.80

1 3400 6850 10200 15960 16460 17940 562 2160 4550 9420 11240 11720 12970 280 771 1330 2520 2860 2820
2 3910 8050 12960 19190 20090 20610 970 2790 5480 10920 11700 12330 13260 274 948 1720 3080 3360 3180
3 2890 5670 10730 17740 20770 19960 956 2300 4140 9010 10870 9400 12600 275 795 1290 2790 2970 2910
4 2450 5660 11140 15740 17380 18880 970 2300 4210 7930 9930 11500 11540 292 737 1080 2350 2900 3060
5 2880 5790 9310 14010 15290 16560 900 2490 3530 5430 8040 9920 10550 184 564 836 1880 2510 2700
6 2990 7300 12810 16570 18660 17950 1260 3470 5420 9290 10440 12460 10790 387 910 1520 2520 2770 2640
7 2640 5160 7360 11720 14230 16450 880 2070 3110 5330 7280 9200 9680 200 668 1040 2070 2440 2680
8 4990 9340 11140 15690 17880 18280 1180 2570 3790 7370 8620 9790 10670 563 1120 1420 2370 2700 2840
9 3460 7170 9620 14940 16690 17340 1010 2380 3650 5850 7380 9220 9820 248 761 1010 1960 2320 2540

10 3830 6960 11260 16030 17080 17390 716 2460 4310 8640 11040 10560 11620 245 736 1220 2570 2380 2500
11 2020 3980 7830 14250 16220 16130 694 1500 2640 5830 8270 10260 10720 240 759 983 2090 2660 2990
12 3080 7130 12510 18900 19030 20330 687 2940 4790 10770 11700 12610 12450 357 984 1700 2820 2550 2400
13 2080 5000 7290 12500 13140 13620 331 1400 2410 5420 6690 7620 8950 208 648 960 2000 2300 2520
14 3100 5090 11010 17250 20420 20760 868 2360 4290 9240 11060 11680 12090 264 845 1240 2870 2950 3120
15 2650 5090 9030 14620 17790 18460 546 2280 3480 6670 8800 10460 11890 375 792 1020 2300 2770 3100

Table 10. Oxide composition, potential mineral composition and median size of cements

Oxidecomposition x 104
P.C.l

Potential minerals x 103 p.

SjO2 A12O3 Fe2O3 CaO MgO SO3 Na2O K2O I.L.2 F.L.3 C3S CgS C3A C4AF Dm

16 2250 410 350 6425
17 2220 445 350 6435
18 2000 395 495 6405
19 2155 350 515 6320
20 2185 500 330 6440
21 2060 440 350 6400
22 2165 455 375 6240
23 2225 345 440 6465
24 2060 590 330 6455
25 2015 485 515 6470
26 2055 590 305 6485
27 2035 595 340 6460
28 2145 495 360 6445
29 2125 520 295 6590
30 2065 620 335 6675

80 260 8 46 104 100
145 200 6 76 78 54
130 245 22 23 187 335
165 200 24 38 129 292
150 165 37 49 94 119
155 245 61 8 123 231
150 280 52 56 155 153
70 195 21 52 106 174
70 230 5 93 148 238

135 215 34 42 92 89
135 195 4 80 164 214
155 195 6 57 145 169
125 210 59 66 162 87
125 175 4 74 133 54
40 190 4 28 111 31

471 288 50 106 23.0
510 250 59 106 23.0
553 154 22 151 14.9
459 269 6 157 21.0
488 257 76 100 21.5
537 184 58 106 20.8
402 316 57 114 21.5
526 239 18 134 22.0
463 240 100 100 19.0
617 109 41 157 18.0
501 209 105 93 20.0
516 192 101 103 19.0
521 221 70 109 20.0
611 147 88 90 17.2
622 121 108 102 19.0

1 portland cement
2 ignition loss
3 free lime

ethanol with 0.01 % calcium chloride. The measure
ments were made at 30, 20, 10, 5 and 3.4 n and gave 
reasonably straight lines when plotted on log pro
bability paper. The median size was obtained by 
interpolation. The cements were also sieved with un
calibrated 30 and 20 p. electro-formed sieves and this 
method indicated a median size 3 p smaller than quoted. 
The correlation between the methods is 0.88.

Stirred Specimens

Tubes about two thirds filled by ten grams of ce
ment and forty mis of water are attached to a slowly 
rotating frame so that they revolve end-over-end about 
four times a minute. At the appropriate time the 
specimen is filtered, dried under vacuum and the 
hydration determined by the method of Taplin (5). 

Hydration, in this paper, means the weight loss defined 
by this method. The curing periods are 5, 9, 16, 24, 30, 
48, 96, 168, 240, 672, 2000 and 4000 hours.

Hardened Specimens

These specimens were |inch diameter, 1.3 inches 
high, paste cylinders and were cured entirely under 
water. The ends were ground parallel, prior to 
testing in compression. These tests were made in 
duplicate and the remains of the cylinders were dried 
and used in hydration determinations. For those 
specimens which were cured entirely at 21 °C the 
curing periods were 9, 16, 24, 72, 168, 240, 672, 2000, 
and 4000 hours. The specimens were made at W/C 
ratios of 0.35 and 0.60 by weight.

Complete sets of strength determinations at 



W/C == 0.35 are available only to ten days. Addi
tional specimens were given simulated steam curing 
after standing for 1, 4 and 7 hours at 21°C. The stand
ard size glass jar containing the specimens under 
water was then placed in an oven at 75°C for twenty 
hours, the specimens were then cooled under running 
water for half an hour, and tested. The temperature 
of the specimens rose 30°C in the first hour in the 
oven. Only for one cement did the specimens show a 
significant increase in strength with the length of 
standing time at 21 °C. The results were averaged over 

standing period giving nine replications to each measu
rement.

The pastes at W/C = 0.60 were stabilized against 
bleeding by the addition of one per cent, by weight 
of the cement, of bentonite. The bentonite was gelled 
by standing overnight in the mixing water. The 4000 
hour results are not yet complete at the time of writing. 
The simulated steam curing procedure was also re
peated at this W/C ratio but this time at 65°C, and an 
extra set of steamed specimens was given an additional 
27 days curing at 21°C.

Discussion I

The Regression of Strength on Composition 
at Ages 7 to 180 Days

In this section, relationships between strength and 
potential mineral content for cements 1 to 15 (Tables 
2 and 3) are studied by the techniques of multiple 
linear regression analysis. Attention is concentrated 
on curing periods from 7 to 180 days, and the discus
sion begins by considering the situation where all 
four major compounds, C3S, C2S, C3A and C4AF are 
included in the analysis.

Table 3 contains 13 sets of strengths for ages 7 to 
180 days and water/cement ratios 0.35 to 0.80. All 
coefficients of multiple correlation for the regressions 
of these strengths on compound composition are 
found to be significant whereas, among the 13 sets of 
4 regression coefficients, only 2 of the 52 individual 

values are significant. At this, the 5 % level of signifi
cance, the observed proportion of significant regres
sion coefficients could readily have occurred by chance.

The fact that the regressions as a whole are signifi
cant, whereas the influence of each individual variable 
is not, can be explained by the observation that the 
mineral contents of the cements do not vary inde
pendently. In this instance, the simple correlation 
coefficients for C3S on C2S and C4AF on C3A are 
both highly significant. A better description of ob
served strength is thus likely to be obtained by a 
regression in which the silicates and aluminates are 
each represented by only one independent variable. 
The analogous situation for heats of hydration has 
been analysed by Hald (6).

The point is illustrated by Fig. 1, where the coeffi
cient of multiple correlation (R) is plotted for suc

(b)
Fig. 1. The regression of strength on potential mineral content; 

multiple correlation coefficients and significance levels for 
successive regression analyses, starting with a constant and 
one independent variable.



cessive analyses in which the independent variables 
are added in the order C3A, C3S, C2S, C4AF, sug
gested by the simple correlations. It will be seen that 
at water/ cement ratios 0.35 and 0.50, the elimination 
of C4AF and C2S from the analysis has only a slight 
adverse effect on the significance of the association of 
strength with mineral composition. At water/cement 
ratio 0.80 these same conclusions apply up to 28 
days, beyond which time the regression of strength 
on C3A becomes non-significant, and the present 
order of analysis is no longer recommended.

Further details of the analysis show that the only 
occasion when the regression on C3A, C3S and C2S 
is significantly better than on C3A, C3S, is at 180 days, 
where the data are, unfortunately, restricted to the 
single water/cement ratio 0.50. This limited evidence 
does however, serve as advance warning that C2S 
should not be excluded at ages of 6 months and 
greater.

Within the range of cement compositions studied 
here, it is profitable to continue the process of elimina
tion beyond the stage where silicates and alumi
nates are each represented by a single variable. It can 
be shown, by intermediate solution of the analyses, 
that with the exception of one borderline case at 7 
days (water/cement ratio 0.80), C3S itself can be 
omitted. In Fig. 1 the general effect of this omission 
is seen as a slight decrease in the coefficient of multiple 
correlation, coupled with an increase in the signifi
cance of the regression.

It is, therefore, concluded that for the present ce
ments, the most significant association between strength 
and compound composition lies in the regression 
involving C3A alone, and not in the more complex 
analyses involving two or more cement minerals. 
Over a wide range of water/cement ratios and ages, 
the significance of the regression on C3A never falls 
below the 1 % level and, in a high proportion of cases, 
exceeds the requirements for significance at the 0.01 % 
level of probability.

In view of the key role indicated for C3A, a further 
set of regressions on strength was calculated, using the 
proportion of C3A determined by X-ray. The correla
tion between X-ray and potential C3A was highly 
significant, but the correlation coefficients for the 
regressions of strength on the X-ray values averaged 
15 % lower than those for potential C3A.

A more detailed examination will now be made of 
the regression of strength on C3A. Consider, for ex
ample, the information in Table 4, where coefficients 
for the regression of strength on C3A are given for 
curing periods from 7 to 90 days, and water/cement 
ratios 0.35 to 0.80. To facilitate comparisons within 

and between experiments the regression coefficients 
in this table are also given as proportions of the 
mean strength for the 15 cements tested under each 
combination of age and water/cement ratio. On first 
inspection it is perhaps tempting to identify patterns 
of behaviour among these transformed relationships. 
However, it can be shown by analysis of variance 
(Table 5) that the differences between the intercepts 
and between the slopes*  of the regression lines are 
not significant (7). Thus, between the ages of 7 and 90 
days, and for most water/cement ratios encountered 
in practice, the behaviour of these cements can be

* Although non-significant at the 5 % level, the variance ratio 
testing the differences between coefficients is sufficiently high 
to warrant further investigation.

Table 4. The regression of paste compressive strength on C3 A

Coefficients for the regression of 
compressive strength on % C3A

. Relative to mean Multiple
W/C jge In p.s.i. strength for normal correlation 
ratio ,n portland cement coefficient Number

days ----------------------------- - ------------------------ (R)
Coeff. Coeff.

Const, for Const. for
C3A c3a

7 7670 389 0.746 0,0378 0.746 1
28 12720 439 0.812 0.0280 0.738 2
56 14410 445 0.828 0.0256 0.720 3
90 15490 381 0.858 0.0211 0.698 4

7 2670 196 0.670 0.0491 0.779 5
28 4680 465 0.600 0.0595 0.841 6
56 6620 434 0.694 0.0455 0.886 7
90 8670 285 0.819 0.0269 0.703 8

7 880 52 0.718 0.0419 0.673 9
28 1850 84 0.745 0.0350 0.814 10
56 2440 38 0.906 0.0140 0.463 11
90 2770 5 0.989 0.0016 0.064 12

Table 5. Analysis of variance (2) for transformed regressions
1 to 10 from Table 4

Variation Degrees of 
freedom

Sums of 
squares

Mean _ 
square

Variance

Observed 5 %

Ascribable to 1 2.435 2.435
regression 

Ascribable to 
differences 
between 9 2.344 x 10-1 2.604 X 10-2 1.91 1.95
regression 
coefficients 

Ascribable to 
distances 
between 9 1.060 X 10-4 1.178 X 10-5 0.00 1.95
regression

Unaccountable 130 1.769 1.361 X 10-2

Total 149 4.438



represented by a single regression:

Y = 0.75 + 0.037x (1)

where
Y is the strength relative to the mean for all 
cements tested at that age and water/cement 
ratio,

and
x is the percentage of C3A.

Since the sum of the silicates in the present cements 
is virtually constant (mean of 73 %, standard deviation 
2.6), one interpretation of the constant term in equa
tion (1) is that, within the limits of the experiment, 
there is a specific strength for silicates.

Although equation (1) seems to imply that the 
strength of a particular cement is the sum of the 
strengths for silicates and C3A, it is likely that some or 
most of the C3A effect could be attributed to this 
component modifying the silicates, or accelerating their 
contribution to strength. One further point is that 
from 7 to 90 days, the relative importance of the 
silicate and C3A effects is independent of age and 
water/cement ratio. Evidence presented later shows 
that this conclusion is unlikely to apply at early ages 
for, at 1 and 3 days, there is no significant relationship 
between strength and C3A. The validity beyond 90 
days too is doubtful, for, in this region, increasing 
age brings increasing departures from linearity in the 
relationships between strength and composition.

Although thus far, C3S and C2S have been treated 
collectively, under the heading of silicates, the present 
data can provide some indication of the relative con
tribution that each of these compounds makes to 
strength. With this object in mind, the analyses were 
repeated, but with the assumption that the regression 
should pass through the origin. Such a model has been 
used by Gonnerman (2), who retained all four major 
cement minerals in the analysis. However, for reasons 

analogous to those stated in developing the standard 
form of the analysis, a regression involving only 
C3S, C2S and C3A is preferred here. Additional justi
fication for omitting C4AF comes from tests on ce
ments containing constant amounts of C3S, C2S and 
C3A, but variable amounts of C4AF, which indicate 
that the latter compound has little or no effect on 
strength (2).

The results, given in Fig. 2, show a number of 
interesting features. For example, in accordance with 
the known properties of the pure compound, C2S 
exhibits only a slow rate of strength development. 
At medium and high water/cement ratios (Figs. 1 (b) 
and (c)) it is about 90 days before the contribution 
made by each 1 % of C2S matches that of a correspond
ing amount of C3S. Lowering the water/cement ratio 
to 0.35 (Fig. 2a) prevents the more slowly reacting 
constituent, C2S, from attaining equality with C3S, 
even at the latest age covered by these experiments.

Regarding C3A ,the influence that this component 
exerts, relative to that of the silicates, rises to a maxi
mum at water/cement ratio 0.50 and between the ages 
of 2 to 10 weeks (Fig. 2b). Under these conditions, 
each 1 % increase in C3A is accompanied by a 400 
p.s.i. increase in compressive strength, thus equalling 
the maximum absolute contribution associated with 
this constituent in the stronger pastes at water/cement 
ratio 0.35. The influence of C3A becomes negligible 
at late ages in the pastes of highest water/cement 
ratio (Fig. 2c). Finally, attention is drawn to the 
close agreement between the regression coefficients 
for C3A in Fig. 2, and those calculated by the alterna
tive form of analysis (Table 4).

Owing to a combination of uncertainties involved 
when the regression is forced through the origin (8), 
and when there are strong associations between the 
independent variables, the implications of the type of 
analysis in Fig. 2 should be viewed with considerable

Fig. 2. Regression coefficients (Z>„), in p.s.i., for the regression: 
Y = Z>i(%C3S) + />2(%C2S) + Z>3(%C3A)



reservation. However, despite these limitations, it 
can be seen that there is an appreciable measure of 
agreement between the behaviour illustrated by this 
diagram, and some of the known properties of the 
cement minerals.

The Effect of Particle Size, Free Lime, 
Potassium, Phosphorous and other Factors, 

on the Strength of Cement

It has been shown that for the cements in Table 1, 
the addition of any major compound, or any combina
tion of major compounds, almost invariably reduces 
the significance of the regression of strength on com
position. However, the regression on C3A never 
accounts for more than 80% of the total sum of 
squares. This raises the question of whether any of the 
other properties measured in this investigation could 
explain a useful proportion of the residual variation.

In order to check this possibility, the simple cor
relations between strength, and the following variables, 
were calculated for all ages and water/cement ratios: 
surface area, median particle size, MgO, SO3, Na2O, 
K,O, MmOq, P2O5, TiO,, free lime, ignition loss. The 
more promising leads were then followed by means of 
multiple regression analyses in which selected variables 
were added to C3 A singly, and in groups. Only particle 
size, free lime and potassium were significantly cor
related with strength, although there were occasional 
borderline cases of significance for phosphorous.

In the case of phosphorous, the evidence suggests 
that the relationship with strength is not causal. 
There is significant positive correlation between the 
P2O3 and Fe2O3 levels in the oxide analyses of the 
cements and, in addition, the pattern of water/cement 
ratios at which significant negative correlations occur 
between strength and phosphorous, conforms to a 
stronger pattern of highly and very highly significant 
negative correlations between strength and iron.

With the alkalis, significant strength correlations are 
found only for potassium, and even then, only at the 
intermediate water/cement ratio of 0.50. These cor
relations are positive, and approach or attain signifi
cance at all ages from 7 to 90 days. Apart from one 
isolated exception there is no suggestion of significance 
at other water/cement ratios.

Turning finally to particle size and free lime, 
analysis shows that compared with phosphorous and 
potassium, the significance levels are higher and, in 
addition, the ages and water/cement ratios at which 
significance occurs, form a wider and more consistent 
pattern of behaviour. The influence of particle size and

free lime is shown in Figs. 3 and 4, in which values of

Fig. 3. Significance of the coefficient (65) for particle size 
in the regression:

Y = 60 + 6i(%C3A) + Z>s((l/D„) x 103) + 66(% free lime) 
where Dm is median particle diameter in microns

Fig. 4. Significance of the coefficient (65) for free lime in the 
regression:
Y = 60 + 6i(0/„C3A) + 65((1/Dm) x 103) + b6^/o free lime) 
where Dm is median particle diameter in microns



Student’s T for the coefficients b2 and b3 in equation (2) 
are plotted against log time:

Y = b0 + b^! + b2x2 + b3x3 (2)
where

Y = compressive strength of cement
paste, in p.s.i.

b0... 3 = regression coefficients
.V] = percentage of C3A
x2 = reciprocal of median particle dia

meter in mm
x3 = percentage of free lime

In these relationships, the reciprocal of particle 
diameter is preferred to the diameter itself, for reasons 
outlined later. Fig. 3 shows that at the water/cement 
ratios 0.35, 0.50 and 0.80, particle size is significant 
at 1 to 90 ,7 to 28, and 3 to 90 days respectively. 
Fig. 4 shows that the negative effect of free lime on 
strength begins to appear at about 7 days, reaching 
significance at about 90 days in pastes of low and 
medium water/cement ratio, and at 28 days in pastes 
of high water/cement ratio. At this latter water/cement 
ratio, free lime exerts a highly significant effect after 
about 6 weeks. '

Coefficients for the regression of strength on C3A 
and other significant factors are given in Table 6.

The Regression of Strength on Composition 
and other Variables at Ages less than 7 Days

of behaviour is more variable than at later ages, and 
significance is found in only a small proportion of 
cases.

Table 7 gives data for major components and other 
variables that are significantly correlated with strength 
at earliest ages. The best combination of two variables 
is also listed, whereas combinations of more than two 
are omitted since they are less significant.

The analysis is particularly unrewarding at water/ 
cement ratio of 0.50 for, with the exception of C3A 
at 3 days, neither major nor minor components, 
nor particle size, nor any combination of these vari
ables gives a significant regression on strength.

At the extreme water/cement ratios C2S is the major 
compound most significantly correlated with strength. 
The slight advantage over C3S probably indicates that, 
at early ages, the proportion of this component, 
rather than the proportion of C3S, is the more effec
tive index of silicate quality. Particle size, as would be 
expected, is significantly correlated with strength on 
several occasions. However, greater interest lies in the 
very highly significant correlation between strength 
and the manganese content of cement at high water/ 
cement ratio, and the analogous, though less striking, 
effect at low water/cement ratio.

Regression of Strength and Hydration 
on Compound Composition at Temperatures 

other than 21 Degrees

The regression of strength on composition at 1 and 
3 days differs markedly from that at 7 days onwards. 
Little will be said on this aspect, however, for there are 
too few results available at the earliest ages, the pattern

Table 6. Coefficients for the regression of strength on % C3A, 
particle size, and % free lime

w/c 
ratio

Age 
in Const. c3a

1 Free Multiple 
correlation 
coefficient

Median 
Size in mm

7 2840 360 94 __ 0.856***
28 7280 407 106 __ 0.847***
56 9930 397 116 -862 0.874***
90 11150 338 107 -683 0,858**

7 580 184 41 0.866***
28 790 442 76 — 0.899***

0.50 56 6620 434 — — 0.886***
90 8670 285 __ __ 0.703**

180 10630 244 — -605 0.824**

7 101 47 15 __ 0.816**

0.80 28 1070 77 19 -113 0.931***
56 2010 30 16 -215 0.850**
90 3110 1 -201 0.706*

* = significant at 5 % level 
** — significant at 1 % level 
**• = significant at 0.1 % level

In a preliminary survey of the effect of temperature 
on the relationships between strength and composi
tion, compressive strengths were measured for 0.45 
water/cement ratio pastes which had been cured for 
56, 28 and 16 days at 5, 21 and 43°C respectively. 
According to the empirical formula used by Saul (9), 
such pastes should be of equivalent maturity. The

Table 7. Simple and multiple correlations for 
1 and 3 day strength

Age
W/C in

Correlation coefficient
Multiple 

correlation 
coefficient

C3S C2S
1 _

C3A Median Mn2O3
c,s 
and 

Mn2O3

♦ = significant at 5% level
** — significant at 1 % level 
*** — significant at 0.1 % level

0.35 1 0.740** -0.780*** 0.158 0.657** 0.613* 0.843***
3 0.652** -0.755** 0.207 0.662* 0.447 0.769**

0.50 1 0.304 -0.307 0.232 0.443 0.344 0.389
3 0.301 -0.446 0.607* 0.346 0.287 0.460

0.80 1 0.432 -0.465 0.181 0.250 0.827*** 0.838***
3 0.498 -0.565* 0.373 0.561* 0.799*** 0.840***



maturity was also assessed by measuring the degree of 
hydration.

Only the regressions on C3A are examined here. 
The results (Table 8) indicate that of the two groups of 
regressions, strength on C3A, and hydration on C3A, 
the latter is the more highly significant at all curing 
temperatures. Both groups attain highest significance 
at 21 °C. The relative coefficients in Table 8 show that 
the greatest effect of temperature occurs with strength, 
and between 21 and 43°C, where there is a consider
able reduction in the influence of C3A.

Regressions in Terms of Transformed 
Variables

During this examination of the regression of 
strength on composition a search was made for im
provements which could be achieved by the trans
formation of variables. Dependent and independent 
variables alike were subjected to transformations. 
The following two types of transformations were 
employed:

(a) Transformations by grouping and processing 
the raw variables into forms which have straightfor
ward chemical or physical significance in the present 
context. Examples are the formation of variables to 
represent the quality of the silicate and aluminate 
phases, and the calculation of regressions for strength 
in terms of oxide analyses rather than compound 
compositions.

(b) Mathematical transformations with no im
mediately obvious physical interpretation.

Neither type of transformation produced consistent 
improvement throughout the range of ages and water/ 
cement ratios used here, although some marginal 
gains could be made for the regression of 180 day

* — significant at 5 % level
** = significant at 1 % level 
**♦ — significant at 0.1 % level

Table 8. Coefficients for the regression of strength 
and hydration on CsA at 5, 21 and 43°C

w/c Age 
in

Curing

°cP' Property

Coefficients expressed 
as proportion of 
mean strength 
for all cements

Correlation 
coefficient

Const. c3a

0.45 56 5 Strength 0.803 0.0292 0.553*
56 5 Hydration 0.839 0.0240 0.741**
28 21 Strength 0.675 0.0484 0.865***
28 21 Hydration 0.740 0.0387 0.912***
16 43 Strength 0.915 0.0127 0.379
16 43 Hydration 0.783 0.0324 0.858***

strength on composition by correcting for departures 
from linearity. On the question of conducting regres
sion analyses for strength directly on the oxide values, 
the procedure showed no general advantage in so far as 
levels of significance were concerned. However, in 
view of the convenience of working with oxide results 
rather than potential mineral contents, a summary of 
results is given in Table 9.

Table 9 shows that the level of significance for the 
regression of strength on alumina is similar to that for 
the regression on C3A, and that the same conclusion 
applies to the comparison between multiple regres
sions on the four major compounds, and those on the 
four major oxides. It is of interest to note that in 
building up the regressions from the 1 to 4 oxide level, 
the best order for introducing the variables is A12O3, 
CaO, Fe2O3, SiO2.

An example of analysis on one of the more useful 
combinations of transformed variables is shown in 
the last column of Table 9, where multiple correla
tion coefficients are given for regressions on the 
calcium/silica and alumina/iron ratios. This set of 
transformations gives improved significance at early 
ages at the expense of some marginal loss of signifi
cance at later age.

Table 9. Simple and multiple correlation coefficients for the 
regression of strength on composition in terms of potential 
minerals and oxides

W/C Age 
in

Correlation coefficient Multiple correlation coefficient

c3a AlaO3

c3a 
c,s 
qs 
c4af

AlqOg 
Cab
Fe9O»
sk52

(CaO/SiO2)
(A12O3 

/Fe2O3)

1 0.158 0.338 0.802* 0.773* 0.743**
3 0.207 0.366 0.784* 0.845** 0.753**
7 0.746** 0.741** 0.819* 0.890** 0.813**

0.35 28 0.738** 0.713** 0.820* 0.854** 0.750**
56 0.720** 0.700** 0.849** 0.862** 0.710*
90 0.698** 0.649 0.771* • 0.752 0.690*

1 0.232 0.274 0.348 0.546 0.337
3 0.607* 0.630* 0.648 0.739 0.679*
7 0.779*** 0.737** 0.848** 0.930*** 0.816**

0.50 28 0.841*** 0.802*** 0.890** 0.887** 0.847***
56 0.885*** 0.812*** 0.921*** 0.907*** 0.863***
90 0.703** 0.546* 0.777* 0.805* 0.743**

180 0.709** 0.603* 0.859** 0.782* 0.675*

1 0.181 0.293 0.486 0.444 0.398
3 0.373 0.464 0.589 0.559 0.536

0.80 7 0.672* * 0.700** 0.773* 0.781* 0.748**
28 0.814*** 0.785*** 0.894** 0.843** 0.802**
56 0.463 0.317 0.916*** 0.783* 0.557
90 0.064 0.108 0.885** 0.670 0.542

• = significant at 5 % level 
** = significant at 1 % level 
*** = significant at 0.1 % level



Discussion II

It is to be expected that the rate at which a cement 
hydrates and hardens will depend on its particle size 
distribution as well as on its composition. The initial 
rate may depend on the specific surface area but, 
since the coarsest half of a cement may contribute as 
little as ten per cent of the surface area and, since the 
after the first day or so, reaction is mainly of these 
coarser particles, it follows that the specific area may 
be a poor indicator of the reaction rate in the later 
stages. A similar objection for the opposite reason 
can be made to the use of a sieve residue involving 
only a few per cent of the cement. In this paper, as a 
simple compromise, the median diameter by weight 
(Dm) is used as a measure of cement fineness.

The rate of hydration and hardening of cements 
16 to 30 is indicated in Figs. 6 and 7; the vertical lines 
at each curing period represent a range of one stan
dard deviation (S. D.) about the mean. The actual

Fig. 5. The hydration of cements 16 to 30. The range at each 
curing condition represented by a standard deviation about 
the mean. Vertical lines: specimens cured entirely at 21°C. 
Rectangles: specimens given a steam-curing treatment on the 
first day

range is greater, but not distributed symmetrically 
about the mean. The experimental design is described 
in “Experimental II.”

The almost traditional method (2) (10) (11) of 
analysing effects in terms of potential mineral com
position is to fit an equation of the form

y = + Z,2(C2S) + Z>3(C3A) + Z>4(C4AF)

This equation seems to assume that the effect of each 
mineral is linear and independent of the cement 
composition. These assumptions may be difficult 
enough to justify near complete hydration but seem 
quite inappropriate at early ages. Fig. 7 shows the 
result of such an analysis of the present data. It will be 
seen that, in each experiment, and for both hydration 
and strength, the initial coefficients for both of the 
silicates are negative. Even in the more mature pastes 
where the silicate coefficients are positive, the analysis 
ascribes the effect disproportionately to the alumi
nates, especially to C3A. Of course C3A does react 
more rapidly and combines more water than do the 
silicates, but this alone can not account for an effect 
as large as shown in Fig. 7. In particular, the high

Fig. 6. Compressive strength of cements 16 to 30. The range 
at each curing condition represented by a standard deviation 
about the mean. Vertical lines: specimens cured entirely at 
21°C. Rectangles: specimens given a steam-curing treatment 
on the first day .
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Fig. 7. Regression coefficients for:

yfy = 61(%C3S) + 62(%C2S) + Z>3(C3A) + 64(%C4AF)
where y is the hydration or strength at a particular curing 
period. The open symbols denote coefficients which are signifi
cantly above or below zero, the solid symbols identify the 
curves only

Table 11. Correlations coefficients (x 703) between potential mineral compositions and median particle size

C2S c3a c4af Dm C3S + CgS C3A4 C4AF c3s/c2s c3a/c4af

C3S -939 153 069 -565 225 357 932 137
CLS 1000 -222 -119 747 123 -540 -950 -192
c3a 1000 -840 -122 -186 747 151 990
c4af 1000 -222 -139 -267 195 -872
Dm 1000 484 -489 -653 -111
C3S + CgS 1000 -500 —003 -148
CgA + C4AF 1000 508 691

Table 12. Correlation coefficients (x 7O3) between various items 
from the cement oxide compositions

SiO2 AI2O3 Fe2O3 Dm WL1 FL2 k2o c3a C2S

CaO -237 579 -386 -334 -213 -519 092 556 -696
SiO2 1000 -502 -150 813 -491 -359 204 -291 726

1000 -627 -298 151 -330 374 949 -390
Fe2O3 1000 -222 -001 441 -460 -840 -119
Dm 1000 -558 -269 126 -122 747
W.L-1 1000 579 090 116 -036
F.L.2 1000 -234 -402 150
K2O 1000 455 290

1. ignition loss
2. free lime

Gonnerman (2), Powers and Brownyard (10) and 
Verbeck (11). The acceleration of cements with higher 
aluminate contents could be due to (i) direct interac
tion between aluminate and silicate phases, (ii) changes 
in the aluminium and iron substitutions in the silicates, 
(iii) finer grinding of cements with higher aluminate 
content, or (iv) a higher C3S content in cements with a 
higher aluminate content.

The Hydration of Stirred Specimens

coefficient for C3A in the strength regressions is 
surprising because of the suggestion of Powers and 
Brownyard (12) that C3A, in excess of that which 
forms sulpho-aluminate, weakens cement paste.

The likely explanation of the results in Fig. 7 is that 
the silicate minerals are hydrating more rapidly in the 
cements with the higher aluminate contents. The 
same explanation accounts for inflated aluminate 
coefficients, especially of C3A, in the equations of 

Tables 11 and 12 show that the cements with a 
higher aluminate (C3A + C4AF) content tend to 
have both a smaller median size and a higher C3S/C2S 
ratio. However, before drawing any conclusions from 
this, we will look at correlation coefficients (r) between 
hydration and various cement characteristics and be
tween these characteristics themselves. Fig. 8 shows r 
between hydration of stirred specimens and various 
quantities associated with the cements, plotted against 



the curing periods for this experiment as listed in 
“Experimental II.” The curve for (C3A + C4AF) 
shows an r which is significant for almost the whole 
period from 5 hours to 6 months. The r for Dm is less 
significant. Correlations for 1/Dm were also evaluated 
because one might expect the hydration rate to de
pend on some power of this reciprocal but the signifi
cance level is little changed by this transformation. 
The negative r for C2S is less significant than that of 
Dm, although more significant than the generally
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Fig. 8. Simple correlations coefficients for stirred specimens, 
between hydration and (1) C3A + C4AF (2) Minus Dm 
(3) C3S + C2S (4) C4AF (5) AI2O3 (6) C3A (7) C2S 
(8) Minus K2O

positive r of C3S (not shown). Because both Dm and 
C3S are highly correlated with C2S, it seems that the 
correlation between hydration and (C3A + C4AF) is 
not explained by particle size or C3S content.

Referring again to Fig. 9, the correlation of (C3A + 
C4AF) with hydration can be compared with those of 
C3A and A12O3, and it will be seen that, although less 
significant at early ages, these two curves are more 
significant than that of C3A beyond 10 and 7 days 
respectively. The r for C4AF on the other hand be
comes significantly negative for these later curing 
periods. It should be noted that total aluminate con
tent has a positive correlation with both C3A and 
alumina but a slightly negatively correlation with 
C4AF. Arguing then from the strength of the cor
relations with hydration and from the inter-correla
tions of the various cement characteristics, it seems 
possible that the correlation between hydration and 
total aluminates is due mainly to an effect of C3A or 
alumina, helped to some extent by the effects of median 
size and C4AF. The C3S/C2S ratio is also in aposition 
to help, but since the silicates are correlated with Dm 
but give a poor correlation with hydration, this pos
sibility must be somewhat discounted. It is risky to 
argue from simple correlations alone, but extensive 
multiple linear regression analysis did not reveal any 
hidden interactions. The multiple regression of hydra
tion on C3A and Dm is significant from 16 hours 
onwards and is more significant over-all than the 
simple regression on total aluminates alone. The

Fig. 9. Correlations for the hydration and hardening of cement 
paste at W/C = 0.35. Coefficients for correlation between 
hydration or strength and (1) C3A + C4AF (2) Dm (3) C3S 
+ C2S (4) A12O3 (5) C3 A (6) Minus Mn2O3. Curing periods 
at 21°C in sequence, followed by 1-day steam-cured specimens 
shown by circles



Fig. 10. Correlations for the hydration and hardening of cement 
paste at W[C = 0.60. Coefficients for correlation between 
hydration or strength and (1) CjA + C4AF (2) Dm (3) C3S 
+ C2S (4) C3A (5) C4AF. Curing periods at 21°C in sequence 
then steam-cured specimens shown by circles

correlation curves in Fig. 8 for total silicates and for 
K2O are at least partly explained by their dependence 
on Dm and C3A respectively.

Hardened Specimens

The correlation coefficients between both hydra
tion and strength and various cement characteristics 
are plotted for W/C = 0.35 in Fig. 9 and for W/C = 
0.6 in Fig. 10. It will be seen that the curves of r versus 
curing period are of the same general shape as the 
corresponding curves of Fig. 9 but the correlation of 
CjA with strength is not as significant as it is for 
hydration. Generally the steam cured specimens show 
the same behaviour as specimens cured entirely at 
21 °C to the same hydration value. Although the 
correlations are not shown, it must be stated that the 
correlation curve of C2S is less significant than that of 
Dm but more significant than that of C3S. A curve 
for the positive correlation of manganese is shown in 
Fig. 9. It reaches higher levels for strength than it 
does for hydration. It is less significant at the higher 
W/C ratio. The correlation between strength and both 
K2O and Na2O is shown in Fig. 11. It has already been 
suggested that the positive r for hydration on K2O 
is partly a reflection of the C3A effect but the possibility 
of a real alkali effect, as suggested by Fig. 11 can not 
be ruled out. However, such an effect is likely to be 
associated with the composition of the clinker minerals 
rather than the effect of alkali in solution because no 
difference was found by Alexander and Davis (13) 
who added both alkalies to the mix water.

Fig. 11. Coefficients for correlation between paste strength and 
(1) Hydration (2) KjO (3) Na2O. Curing periods at 21°C 
in sequence, then steam-cured specimens shown by circles

The correlations of strength with hydration are 
also shown in Fig. 11. It will be seen that this cor
relation holds through all curing periods and is 
generally more significant than correlations shown 
here previously. Multiple regression analysis for 
strength on hydration and various cement character
istics gave no consistent pattern and an improvement 
in significance was found only occasionally for the 
addition of Dm, C2S and TiO2. In the multiple re
gression of strength on hydration and C3A the coeffi
cients for C3A are not significantly different from 
zero. This means that, for these cements and at least 
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until six months, C3A has little effect on the strength 
except that of accelerating the hydration reaction. 
The same conclusion can be stated in terms of A12O3. 

From this study it is not possible to distinguish 
between the effect of C3A itself and the effect of addi
tional alumina on the properties of the other phases.

Conclusions

In this survey of commercial portland cements, 
differences between the strengths and between the 
hydrations are mainly attributed to differences in 
C3A content. This factor dominates at water/cement 
ratios from 0.35 to 0.80, curing temperatures from 
5 to 75°C, and throughout most of the 1-day to 6
month range of curing periods investigated. Strength 
is most sensitive to C3A content under conditions 
which are frequently encountered in laboratory test 
work, namely, water/cement ratio 0.5, age 28 days, 
curing temperature 21 °C.

With the present cements there is a smaller, but 
significant effect, for median particle size, whereas 
the effect of quite appreciable differences in C3S 
content is of minor importance. Earlier work (1), 
which attributes differences in strength between older 
and more recent cements largely to differences in 
C3S and in fineness, is not inconsistent with the 
present study, since the cements in the former investi

gation had a nearly constant level of C3 A.
The influence of other cement characteristics such 

as minor oxide composition, surface area, etc., is 
either non-significant, or can be accounted for as 
another aspect of the C3A and size effects. Possible 
exceptions are the positive correlations of strength 
with Mn2O3 at early ages, and the negative correla
tions of strength with free lime at high water/cement 
ratio and later ages.

The C3A effect is thought to be mainly an accelera
tion of the hydration of the cement as a whole. 
However, in assessing the influence of C3A on the 
quality of cement, it should be borne in mind that the 
rate of strength gain is but one aspect. The possibility 
that, at late ages, C3A may have a negative effect on 
strength must be considered (2), and allowance must 
also be made for any effects on drying shrinkage 
(2) (14), sulphate resistance, and heat of hydration.
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Supplementary Paper IJI-88 Relation between the Hydration of Alumina 
Cement Mortars and Their Strength in the Early Stages

Kiyotaka Mishima*

Synopsis

Mineralogical changes involved in the early stages of the hydration of alumina cement 
mortar have been investigated under various conditions (w/c = 0.4 ~ 0.7, curing temperature 
10 ~ 40°C) in comparison with changes in compressive strength. And setting time of 
neat alumina cement paste has also been measured in different temperatures.

When the mortar specimens were cured at temperatures lower than 30°C, CAH10 and 
C2AH3 were observed and their strengths were higher than those of specimens cured above 
30°C. But above 30°C., the first hydration product was only C2AH8, which was converted 
to C3AHs in later stages. In this temperature region CAH10 was not observed at any stage. 
The compressive strength had increased only for the first 1 to 3 days before lowering and 
their maximum strengths were lower than those cured below 30°C. At approximately 30°C, 
no hydrated product was observed until 12 hrs. of curing, then C2AH8 and CAH10 were 
produced and the strength developed very slowly. But no deterioration of strength was 
found until 7 days of curing. These results corresponded to the fact that setting time was 
extremely long at around 30°C.

There is no obvious relationship between the quantities of hydrates and the strength of 
mortars because the strength seems to be rather greatly influenced by their structure and 
behaviour of amorphous parts. However, distinct relationship is observed between the species 
of hydrates and strength of mortar specimens. That is, it may be said that the strengths of 
mortar specimens containing CAH10 is greater than those containing C2AH8 + AH3 or 
C3AH8 + AH3.

As to the reduction of hydration reaction at temperatures around 30°C, it is likely to be 
considered that two reactions take place at the same time, as follows: .

CA + H —> CAH10 —> C2AH8 + AH3
CA + H —> C2AH8 + AH3

Both hydrates, CAH10 and C2AH8, have their optimum temperatures for crystal 
growth below and above 30°C, respectively. Consequently, the rate of crystal growth seems to 
reach the minimum value about 30°C. which leads to the extremely long setting time.

Introduction

The main phases in anhydrous alumina cement are 
mostly CA, CA2, C]2A7, C2AS, C2S, C2F and C4AF. 
The rapid hardening qualities are attributed to the 
calcium aluminates, especially CA. The several hy
drates are produced on the hydration of alumina 
cement and the most prominent hydrates are CAH10, 
C2AHg, C3 AH6 and AH3 (gibbsite). It is said, however, 
that the only stable hydrates, at ordinary temperature, 
are gibbsite and cubic C3AH6. The metastable hexa
gonal calcium aluminate hydrates, CAH10 and C2AH8, 
are only formed at low temperatures.

♦Research Laboratory, Asahi Glass Co., Ltd., Yokohama, 
Japan.

It was thought that the main hydrate produced 
from alumina cement was C2AH8, but it is now be
lieved that the most important phase of normal 
hydration is CAH]0. Recent work by Percival Buttler 
and Taylor (1) has shown that CAH10 is a persistent 
metastable phase at temperature lower than 21 °C. 
However, Wells and Carlson have indicated that it 
was still main hydrate at 24°C., in paste hydration 
studies. Johns and Roberts (2) concluded that there 
was a transition temperature at 22°C above which 
C2AH8 was stable towards CAH10 in the aqueous 
phase.

It is thought that the metastable hexagonal CAH10 
converts first to C2AH8 and then finally to stable 



C3AH6. And the rate of conversion is known to be 
very slow below about 25°C, but it increases with 
rising temperature. It has also been known that there 
is the loss in strength of alumina cement for a long time 
ageing or at high temperature curing. To explain the 
cause of strength reduction many investigations have 
been done. Wells and Carlson suggested that the loss 
in strength was due to crystallization of AH3 from 
alumina gel. More recent work by Midgley (3) showed 
that the strength reduction was due to change of 
porosity associated with conversion and was affected 
by the rate of conversion. In the opinion of Robson (4) 
change of strength by conversion was mostly influ
enced by initial water cement ratio. But the exact 
causes have not been completely ascertained.

The effect of temperature on the setting time of 
alumina cement has been investigated by many 
workers. It is known that in the temperature range 
1 ~ 30°C the setting time becomes progressively 
longer as the temperature rises and over 30°C, the 

setting time rapidly becomes shorter again.
This phenomenon corresponds to the fact that the 

development of initial strength is retarded the most at 
30°C, and the rate of hydration passes through a 
minimum value at around the same temperature.

The causes of the anomalies at around 30°C have 
not also been known exactly.

In this investigation mineralogical changes involved 
in the early stages of hydration of alumina cement 
mortar have been investigated under various curing 
temperature in comparison with changes in compres
sive strength.

On the basis of this experimental results, the rela
tion between the mineralogical state of hydrates pro
duced in mortar and compressive strength of mortar 
has been discussed. And some observation on the 
hydration reaction has also been carried out, then 
anomalies of hydration has been discussed at about 
30°C.

Experimental Procedures

Preparation of Specimens

The specimens used in strength measurement and 
mineralogical analysis were made from 1: 2 alumina 
cement: sand mortars to bring the test condition close 
to that of concrete. They were made in the form of 
prisms 4 X 4 X 16 cm. The mixed materials for 
prisms were kneaded by hand and tamped into a 
steel mould. The specimens were usually cured in the 
mould up to 6 hrs., then were removed from the mould 
and cured in moist-air until they were subjected to 
test. All these operations were done in the curing 
room which was kept at testing temperature and at a 
relative humidity above 85 %.

The neat alumina cement paste was employed in the 
measurement of setting time which were also carried 
out in that curing room.

The alumina cement used in this investigation was a 
commercial high alumina cement. The chemical 
analysis of the cement is given in Table 1. X-ray

Table 1. Chemical compositions of alumina cement

Weight (%)

A12O3 
CaO 
S1O2 
FeO 
FegOg 
MgO 

40.34
37.15
2.90
3.95

13.28
0.32

examination of the cement showed the following 
minerals to be present: CA, C4AF and CI2A7.

Condition of Hydration and Curing

For the strength measurements and the mineralo
gical analyses, the specimens were made from the 
mortars with four different water cement ratios: 40, 
50, 60 and 70%. To find the effect of temperature of 
hydration and curing on the strength and the miner
alogy, mortar specimens were examined in tempera
tures ranging from 10°C to 40°C with interval of 
5°C. At each testing temperature the specimens were 
stored at a relative humidity above 85 %.

Strength Measurements

The measurements of compressive strength were 
carried out for the specimens cured at various tempera
tures for the following periods: 6 hrs., 12hrs., 24hrs., 
3days and 7 days.

Mineralogical Examinations

The mineralogical analyses were carried out by 
X-ray powder diffraction just after the strength 
measurements were done. The broken pieces of 



specimens obtained in the test of compressive strength 
were used in the mineralogical analyses. The mate
rial from the specimens was roughly ground, then 
it was screened by 170-mesh sieve for separating the 
cement from the sand.

The specimens which did not perfectly harden were 
treated with absolute methanol in order to remove the 
water and separated from the sand by 170 mesh sieve 
in methanol.

The hydrated cements got by the such way were 
subjected to X-ray examination.

The quantitative determinations of unhydrated CA 
and hydrated crystals were tried by X-ray powder 
diffraction method. But the exact determination of 
minerals was not made, because the cement was not 
completely separated from sand, so the quantitative 
analysis by using the internal standard was not carried 
out. Therefore, the quantity of crystals was determined 
in comparison of the intensity of each peak of X-ray 

diffraction patterns.
As the method by means of integral intensities of 

each peak was generally better than by comparison 
of height in each peak, the measurements of area of 
each peak were carried out by fixed-time-method for 
some specimens. However, since the result showed a 
good agreement with that of height measurement, 
the determination by comparison of height in each 
peak was adopted in this investigation.

Measurement of Setting Time

The setting time of the neat alumina cement was 
determined at temperatures ranging from 5°C to 
40°C with interval of 2°C by Vicat needle method. 
The water cement ratios of the specimens were deter
mined by the normal consistency at each testing tem
perature.

Experimental Results

Compressive Strength

Table 2 shows the compressive strengths of mortar

Table 2. Compressive strength of mortar prisms cured 
at various temperatures for various periods

Curing
W/C 6 hrs. 12 hrs. 1 day 3 days 7 days

40 320 402 485 539 593
50 232 425 573 605 676

10 60 186 455 621 634 624
70 166 473 543 523 628

40 229 376 438 503 571
50 237 353 443 539 508
60 156 356 446 491 556
70 123 355 413 449 498

40 277 406 441 488 494
50 284 384 405 481 531
60 292 373 416 490 571
70 170 328 364 433 518

40 164 342 423 441 507
50 204 357 392 502 488
60 175 332 394 454 468
70 132 264 312 369 339

40 198 419 476 508
50 — 257 342 369 , 335
60 211 317 301 266
70 — 164 253 249 219

40 317 387 459 452 465
50 260 315 326 390 378
60 241 289 288 281 277
70 194 234 224 206 237

40 322 391 357 297 300

40 50 273 274 243 201 217
60 241 224 193 185 201
70 186 191 150 152 172

prisms which were made with different water cement 
ratios and cured at various temperatures and for 
various periods. For example, the strength of speci
mens made with a W/C =40% and cured at various 
conditions is given in Fig. 1.

The strength of specimens cured at a temperature 
below 30°C increased steadily with age until 7 days

Fig. 1. Strength of prisms made with alumina cement mortar 
of WjC = 0.4, cured at various temperatures



and, the lower the curing temperature, the strength 
became the higher. At 30°C, the strength did not 
increase in the first 12 hrs., and then increased rapidly, 
the strength at 7days was lower than those found in 
specimens cured for the 7 days at below 30°C. Above 
30°C, the strength increased during 1 to 3 days, 
then decreased gradually and the maximum strength 
was lower than those cured below 30°C.

As for the water cement ratio (Fig. 2, Fig. 3), at 
curing temperature up to 25°C, there was not clear 
correlation between the compressive strength and 
the water cement ratio, but above 25°C, the strength 
decreased with the ratio.

Mineralogical Examination

The results of semi-quantitative analyses by X-ray 
diffraction are given in Fig. 4. In this figure only CA 
of unhydrates is shown for simplification.

The hydrated crystals found in the mortar specimens 
were CAH10, C2AH8, C3AH8, C3AH6 and gibbsite 
(AH3). At low hydration temperatures the main 
phase produced on hydration was CAH10, followed 
by C2AH8. At high temperatures, the primary hydra
tion product was only C2AH8 which was converted to 
C3AH6 in later stages. The higher the temperature, 
the more rapidly this conversion proceeded.

Fig. 2. Strength of mortar prisms cured at 20°C 
for various periods

Fig. 3. Strength of mortar prisms cured at 35°C 
for various periods

Fig. 4. Results of X-ray examination. Quantity of crystals 
observed in specimens made with alumina cement mortar of 
WjC = 0.4, cured at various temperatures for various periods



Fig. 5. Residue of CA in the mortars cured at various 
temperatures for various periods

0 5 10 is 20 2S 30 3S 40

S to rage tempertxture (°C)

The changes of the amounts of CA are given in 
Fig. 5. The results showed that there was no obvious 
relationship between the reaction rate of CA and the 
temperature. There was an increase in remaining 
amounts of CA as the temperature was raised from 
10°C to 30°C, but there was a decrease again at 40°C. 
Consequently, the quantities of hydrates produced 
in the reaction were very little at 30°C, in the early 
stage.

CAH10 was produced at temperatures below 30°C, 
above which it had never been observed. The amounts 

Fig. 6. Setting time of neat cement pastes 
at various temperatures

duced in the early stages. It was formed at the time 
more than 7 days at 30°C, and at 24 hrs. at 40°C 
respectively. The amounts of C3AH6 increased mono
tonically with curing periods.

Gibbsite was usually crystallized at the time of a 
little later than production of C3AH6.

As for the effect of water cement ratio on miner
of CAH10 increased with the fall of temperature and 
the increase of the curing period.

C2AH8 observed always whenever the hydrated 
crystals were formed, and there was an increase in 
quantities as the temperature and curing age increased. 
However, when the hydration temperature was raised 
to 40°C, the amounts of C2AH8 increased up to 12 
hrs. and then decreased and conversely the quantities 
of C3AH6 increased.

C3AH6 was not observed up to 7 days at tempera
tures below 25°C, but at higher temperature it was pro-

alogy, it was observed that the rate of hydration 
increased with a rise of water cement ratio.

Setting Time

The results of setting time measurements are given 
in Fig. 6. In the range from 5°C to 30°C the setting 
time of alumina cement paste became progressively 
longer as the temperature rose and above 30°C 
rapidly shortened again.

The results agree with the results of many workers.

Discussion

Relation between the Hydrates and the Strength

There is no obvious relationship between the quan
tities of crystalline hydrates produced in mortar speci

men and the strength of mortar, because the strength 
seems to be rather greatly influenced by the structure 
of the whole body containing amorphous parts. 
However, supposing that the specimens made with 



same water/cement ratio have the same structure, 
there are following relationships between the hydrates 
and the strength of the specimens with same water/ce
ment ratio;

1. The strength increases with the amounts of 
CAH10.

2. When the both crystals, CAH10 and C2AH8, are 
present simultaneously, the strength increases as the 
ratio of CAH10 to all produced hydrated crystals 
increases.

3. When the hexagonal C2AH8 and cubic C3AH6 
exist together, that is, the conversion reaction pro
ceeds, the strength decreases with the increase of 
C3AHe.

4. Whenever cubic C3AH6 is produced, the strength 
falls.

On the basis of these results, the following relation 
may be considered as existing among the three 
hydrates as to the strength

CAH10 > C2AH8»C3AH6

This relation has not always shown that the 
binding strength of C3AH6 is less than that of CAHl0 
or C2AH8. Rather it has concerned the strength of 
whole body of mortar containing each hydrate, 
irrespectively of whether it is produced by conversion 
or not, that is, the strength of the mortar specimen 
containing CAH10 crystals is greater than that of the 
specimen containing C2AH8 or C3AH6.

The causes of strength reduction at higher tempera
ture are thought as follows;

1. The binding strength of CAH10 is greater than 
C3AH6.

2. The change of structure by conversion of hexa
gonal hydrates to cubic hydrate.

3. The change of behavior of amorphous parts 
like a alumina gel by rising the temperature.
However, in this investigation, it could not be con
firmed which reason is the most effective.

Setting Time and Hydrates

At temperatures around 30°C, the setting time is 
most delayed and final set is about 9 hrs., when no 
hydrated crystal is observed. CA decreases little until 
12 hrs. of curing at this temperature. These results 
correspond to the fact that the strength develops very 
slowly. However, after 12 hrs. the reaction proceeded 
rapidly, so C2AH8 and CAH10 were produced and the 
strength increased rapidly, too.

There is a critical temperature at about 30°C 
above which crystal of CAH10 is not observed by 
X-ray diffraction. And at 30°C., sometimes C2AH8 is 

observed in earlier stage than formation of CAH10.
Generally setting time agrees with the time when 

the hydrates begin to form the hydrate and crystals 
of hydrates grow enough to be found by X-ray diffrac
tion in 2 or 3 hrs. after the final set.

Hydration Reaction at Each 
Curing Temperature

Generally the hydration reaction of CA is con
sidered to proceed as follows;

CA + H —> CAH10 —> C2AH8 + AH3
—> c3ah6 + ah3

At the first stage on hydration of CA metastable 
hexagonal compound CAH10 is produced, then it is 
subsequently converted to hexagonal C2AH8, and at 
ultimate stage C2AH8 is converted to stable cubic 
C3AH6. The rate of conversion of the metastable 
hydrates to the stable cubic hydrate is heavily 
dependent on the temperature. Therefore, at higher 
temperature, it seems apparently that the direct reac
tion from CA to C2AH8 will proceed and CAH10 is 
not observed.

But on the basis of these experimental results, it 
seems reasonable to consider that the following two 
reactions take place at the same time

CA + H —> CAH10 —> C2AH8 + AH3
—* c3AH6 + AH3 (1)

CA + H —> C2AH8 + AH3
-^C3AH6 + AH3 ' (2) 

that is, the reaction (1) is an ordinary way and the 
reaction (2) is direct reaction of CA to C2AH8.

Fig. 4 shows the quantities of CAH10 and C2AH8 
produced at various temperature respectively. These 
figures show that the rate of hydration decreases 
gradually towards 30°C, at which it falls to its lowest, 
and then above 30°C, rapidly increases with the rise 
of temperature. To explain this fact it is favourable to 
consider that two reactions proceed simultaneously. 
And it is also explained smoothly that C2AH8 is pro
duced at earlier stage than CAH10 at 30°C, and is 
observed always when the other hydrates are formed 
at any temperatures. However, at temperatures above 
30°C, it may be considered that the reaction (1) does 
not occur practically.

To explain the reduction of hydration at 30°C, it is 
necessary to confirm the hydration mechanism of CA. 
Although the exact mechanism of the CA-water 
reaction is very difficult to prove conclusively, it seems 
reasonable for the explanation of above results to



consider as follows. When the CA grain gets in contact 
with water, at the first stage thin hydrated amorphous 
layer is formed on the surface of the grain (It may be 
considered that the layer is made from the saturated 
solution of the CA). This product probably retards the 
reaction by restraining the water supply to the CA (or 
by controlling the dissolution of the CA). As the layer 
becomes some thick to some extent, it appears that 
the reaction is not proceeding. At later stage in the 
reaction the crystallization of hexagonal hydrates 
occur in the layer and poorly crystalline hexagonal 
CAH10 and C2AH8 are formed. But in this stage they 
are not yet observed by X-ray diffraction. As the 
crystals of hexagonal hydrates become bigger, the 
water permeability of the layer may increase and the 
reaction progresses again. While from the Fig. 6, it may 
be considered that there is an optimum temperature 
of growth of hexagonal CAH10 crystal in lower tem
peratures, and C2AH8 crystal has an optimum tem
perature to grow in high temperature regions. These 
optimum temperatures are presumed to be below and 
above 30°C, respectively. Therefore in low temperature 
region crystals of CAH10 grow up in the early stage 
(C2AH8 grow little) and the layer becomes porous, 
the reaction proceeds rapidly. At high temperatures, 
too, the reaction accelerates by growth of C2AH8 
crystals. But at approximately 30°C, the rate of 
hydration reaction decreases extremely because it is 
difficult for the crystal of two hexagonal hydrates to 
grow. Consequently, it is observed at temperatures

Curing temperature ( "C )

Fig. 7. Quantity of CAHio and C2AH8 produced at various 
temperatures for 6 hrs. and 1 day

around 30°C that the setting time is very delayed and 
the strength develops very slowly. '

Summary

Mineralogical changes involved in the early stages 
of the hydration of alumina cement mortar have been 
investigated under various curing temperature (10 ~ 
40°C) with different water cement ratios (40 ~ 70%), 
and associated changes in compressive strength have 
been determined. The setting time of neat alumina 
cement paste has also been measured in various tem
peratures (5 ~ 40°C).

On the basis of these experimental results the rela
tion between the mineralogical state of produced 
hydrates and the compressive strength has been dis
cussed. Some observation on the hydration reaction 
has also been carried out.

There was no obvious relationship between the 
quantities of hydrates produced on the hydration and 
the compressive strength of mortar because the 
strength seemed to be rather greatly influenced by its 
structure and behavior of amorphous parts produced 
in mortar specimens. However, distinct relationship 

was observed between species of hydrates produced in 
mortar specimens and mortar strength, as follows;

CAH10 > C2AH8 + AH -» C3AH6 + AH3

This relation shows that the strength of mortar 
containing CAH]0 is greater than that containing 
C2AH8 + AH3 or C3AHs + AH3.

To explain the reduction of hydration reaction at 
temperatures around 30°C, it seems reasonable to 
consider that two reactions take place at the same 
time, as follows;

CA + H —> CAH10 —> C2AH8'—> C3AHs

CA + H —> C2AH8 —> C3AH6

At very early stage of hydration hydrated amor
phous layer is formed around the CA grain. This 
product probably retards the reaction by restraining 
the water supply to the CA. At the next stage the 
hexagonal hydrates (CAH10, C2AH8) crystallize in the 



layer. As the crystals of hydrates grow, the water 
permeability of the layer increases and the reaction 
progresses again. There is an optimum temperature 
of growth of CAH10 crystal in lower temperature, 
on the other hand, C2AH8 crystal has an optimum 
temperature to grow in high temperature regions. 
Therefore, in low temperature regions crystals of 
CAH10 grow up at early stage and reaction proceeds 

rapidly. At high temperature the reaction also ac
celerates by growth of C2AH8 crystal. But at appro
ximately 30°C the rate of hydration reaction decreases 
extremely because it is difficult for the crystals of two 
hexagonal hydrates to grow. Consequently, it is 
observed at temperatures about 30°C that the setting 
time is very delayed and the strength develops very 
slowly.

Acknowledgment

The author is grateful to Dr. S. Koide for helpful data,
discussions and to Mr. K. Omata for collecting the .

References

1. A. Percival, F. G. Buttler and H. F. W. Tayler, “The
precipitation of CaO-Al2O3• 10H2O from super
saturated calcium aluminate solution at 21 °C”, 
Chemistry of Cement Proc. 4th Int. Symp. Wash
ington Vol. I 277-283 (1960).

2. F. E. Jones and M. H. Roberts. “Hydration of calcium
aluminates and ferrites”, Chemistry of Cement 

Proc. 4th Int. Symp. Washington Vol. I 205-242 
(1960).

3. H. G. Midgley, “The mineralogy of set high-alumina
cement”, Trans. Brit. Ceram. Soc. 66(4) 161-187 
(1967).

4. T. D. Robson, “High-alumina cements and concretes”
(1962), Contractors Record Ltd., London.



Supplementary Paper HI-97 Effects of Hydration of Cement on Compressive 
Strength, Modulus of Elasticity and Creep of Concrete

Singo Seki, Kiyoshi Kasahara, Takeo Kuriyama and Makoto Kawasumi*

*Technical Laboratory, Central Research Institute of Electric 
Power Industry, Tokyo, Japan.

Synopsis

Relation between rate of hydration of cement and compressive strength, modulus of 
elasticity, and creep of concrete was examined from data of bound water of cement paste and 
wave velocity in it, and compressive strength and creep tests of concrete.

Introduction

It is natural to consider that the strength, modulus 
of elasticity, creep and many other properties of 
concrete are closely related to the hydration of cement.

We showed in the previous paper that the com
pressive strength of concrete is linearly related, 
regardless of its age to the weight ratio of hydrated 
cement to the mixing water, and derived an empirical 
formula to be used practically. In this paper, are 
summarized only important results of the above study. 
And descriptions are given on the result of some 
attempts to estimate modulus of elasticity of concrete 
at any age when the properties of aggregate are 
known. And the result on the relation between creep 
and progress of hydration of cement will also be 
stated.

The original mix proportion of the concrete of the 

specimens studied are shown in Table 1. And this is 
the one which was used to construct the Kurobe No. 
4 Dam, one of the representative large dams in Japan. 
The concrete specimens, however, were made with the 
concrete wet screened through a sieve with 40 mm 
openings.

Table 1. Mix proportion of full mix concrete

Maximum 
size of 

aggregate
Cement
(kg/m3)

Water
(kg/m3)

Fine 
aggregate 
(kg/m3)

Coarse 
aggregate 

(kg/m3)

Water-cement

w/c (%)

180 180 85 434 1722 47.0

And the type of cement was moderate heat portland 
cement.

Measurement of the Amount of Bound Water in Cement Paste

In order to get the relation between the amount of 
bound water in cement paste and the strength of 
concrete, the amount of bound water in the cement 
paste with water-cement ratios (W/C) of 25, 35, 40 
and 55%, at the ages of 7, 28, 91, 365 days were 
measured. ,

Type of Cement

The type of cement used in experiments was mod
erate heat portland cement and its mineral composi

tion is shown in Table 2.

Table 2. Mineral composition of cement, (%)

c3s C2S c3A c4af CaSO4 Total

46.9 30.9 3.4 13.0 2.0 96.2

Manufacture of Specimens 
and Testing Procedures

Specimens for the measurement of the amount of 
bound water were prepared using the mold of 
4 x 4 x 16 cm, cured in a constant temperature and 



humidity chamber at 24°C and 80% RH for twenty 
hours after casting. Their respective water-cement 
ratios were 25, 35, 40 and 55%. After the mold was 
removed, they were cured in the waterpool with 
21 ±1 °C respectively for 7,28, 91, 365 days.

Measurement of the weight of bound water was 
made with specimens cured in closed glass tubes, 
but as the purpose of the present experiments was to 
investigate the compressive strength of concrete cured 
in water, we particularly examined the amount of 
bound water found in cement cured in water. The 
method we used in testing was as follows:

After the specimens were ground in a steel mortar, 
they were passed through a sieve with 0.15 mm open
ings. About 5 grams of passed sample were dried in 
vacuum-type desiccator under a pressure of 5 mm 
mercury and stored in a silica gel dryer for three days to 
remove free water. Then after being put into a platinum 
melting pot, they were ignited in an electric furnace with 
the temperature of 900-950°C for about three hours. 
In the case of cement-paste with water-cement ratio 
60-65%, the testing was given up as the materials 
were so badly segregated that the preparation of 
specimens became impossible.

The Result of the Measurement

The result of the measurement of the amount of 
bound water of cement-paste with different water-

Fig. 1. Bound water of moderate heat cement paste with different 
water cement ratios at each age (cured in water at 20° C)

cement ratios is shown in Fig. 1.
According to Kondo (1), the amount of bound 

water measured by weight when the cement is per
fectly hydrated is said to account for 35-37 %, of the 
weight of whole cement while Kinji Shinohara (2) 
regarded it as 32-37 %. In consideration of these two 
experimental values, the amount of perfectly bound 
water will be estimated to be 37 %. Or estimating from 
the results of experiments of concrete made by the 
authors, it is proper to consider its value as 37 % in the 
case of moderate heat portland cement.

Rate of Hydration of Cement (RH)

Experimental results on the relation between the 
amount of bound water and water-cement ratio with 
different ages are shown in Fig. 1, and according to it, 
the rate of hydration of cement increases with the 
water-cement ratio and the age. If the percentage of 
bound water to original cement by weight is 37 % as 
described above, when the whole cement is hydrated 
in our experiment, the rate of hydration of moderate 
heat portland cement is calculated as shown in Table 3. 
When cement is cured in water for one year with its 
water-cement ratio of 55%, the rate of hydration is 
35.9/37 = 0.97, that is, 97 % of the cement is sup
posedly hydrated. The ratio of amount of bound water 
in hydrated cement at a specified age to that of bound 
water in its perfectly hydrated cement shows the rate 
of progress of hydration.

Rate of hydration (RH)

_ bound water at the specified age 
bound water in perfectly hydrated cement

This rate of hydration changes with the water
cement ratio and the age of cement paste. The relation 
between them is shown in Fig. 2. From this chart, 
the rate of hydration of cement at any water-cement 
ratio and age, can be obtained.
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Fig. 2. Relation between water-cement ratios and rates of hy
dration at early age (type of cement: moderate heat cement, 
37 % of perfect bound water)

Table 3. Rate of hydration (Rh) calculated from 
the amount of bound water

w/c 
(%)

Amount of bound water Rate of hydration of cement

7

(%)

1 7

(Rh)(%)
Remarks

28 91 28 91 
days

1

25 16.4 19.3 21.6 23.4 44.3 52.2 58.4 63.2 o
30 17.5 21.4 24.6 26.4 47.3 57.8 66.5 71.4

35 18.6 22.8 26.8 28.8 50.3 61.6 72.4 77.8 o
40 19.5 24.2 28.5 31.0 52.7 65.4 77.0 83.8 o
45 20.2 25.4 30.3 33.0 54.6 68.6 81.9 89.2 [J

50 20.8 26.2 31.9 34.6 56.2 70.8 86.2 93.5

55 21.2 26.7 33.3 35.9 57.3 72.2 90.0 97.0 o
60 21.6 27.2 34.2 36.6 58.4 73.5 92.4 98.9

65 22.0 27.8 34.8 36.8 59.5 75.1 94.1 99.5

Note: (1) The amount of perfectly bound water of cement is 37% of the 
total weight of the cement.

(2) Sign O expresses experimental values, and sign  values read 
from figures.

Effective Cement-Water Ratio and the Compressive Strength of Concrete

Compressive strength of concrete is supposedly 
related to the effective cement-water ratio expressed 
in the following formula:
Effective water-cement ratio (CH/W)

cement weight per 1 m3 concrete (kg/m3) X
rate of hydration of cement (RH)

— weight of water per 1 m3 concrete (W) (kg/m3)

weight of original cement that has become
 hydrated per 1 m3 x concrete (CH) (kg/m3) 
weight of water per 1 m3 concrete (W) (kg/m3)

It became clear that the relation between the effective 
cement-water ratio calculated from the rate of hydra
tion of cement and the compressive strength of con

crete are showed almost on the same line at any age. 
Fig. 3 shows especially the relation between com
pressive strength of concrete used for the Kurobe No.
4 Dam and its effective cement water ratio at each 
age.

The mineral composition of this cement is almost 
the same as the one used for the measurement of 
bound water. Fig. 4 shows the plot of 36 values ob
tained from experiments in our laboratory and 28 
experimental values of other dams. -

From the data shown in Fig. 4, the following linear 
regression line was derived by the method of least 
squares,

ac = -281.2 + 413.97 (CH/W) kg/cm2 (3) 

where ac is the compressive strength of concrete. 
A95 % confidence prediction interval for future 
observation about the compressive strength of con-



ratio of the volume of hydrate of cement and void 
contained therein to the amount of water initially used 
(gel-space ratio) (3). Later developments are concisely 
summerized in Powers’ report (4). Here, we derived a

Crete is also shown in Fig. 4.
We must recall that T. C. Powers and T. L. Brown

yard stated in 1947 that the strength of cement-paste 
and mortar is expressed as a linear function of the 



of hydration (Ch/W)

Fig. 4. Relation between compressive strength of concrete and 
the effective cement-water ratio calculated from the rate of 
hydration (with perfect bound water ratio 37%)

practical formula of broader application on the 
strength of concrete in terms of CH/W.

The value CH/W shows the hydrated cement-water 
ratio, and seems to be more suitable in the chemical 

terminology. But it shows the effective amount of 
cement-water ratio contributing to the enhancement of 
compressive strength of concrete, so this value was 
named effective cement-water ratio.



Measurement of Longitudinal Wave Velocity in Cement Paste

Longitudinal wave velocities in cement pastes 
with w/c, 26, 36, 44.5, 52 % at the time of demoulding 
were measured at the ages of 7, 28, 91, 365 days, 
by ordinary direct pulse method using of an oscillos

Table 4. Longitudinal wave velocities in cement pastes 
with different wjc and ages

W/C
(%)

Longitudinal wave velocity (m/sec)

Age (days)

7 28 91 365

26 4,040 4,320 4,420 4,610
36 3,660* 3,870 3,980* 4,240
44.5 3,170 3,700 3,750 3,890
52 3,030 3,410 3,450 3,850

*With two specimens.

cope.
Size of specimens was 05 X 10 cm, and four speci

mens were used for each measurement. The results are 
shown in Table 4.

The densities of specimens at the times of measure
ment are shown, in Table 5.

Table 5. Densities of cement pastes at each age {kglcm3)

W/C
(%)

Age (days)

7 28 91 365

26 2.18 2.21 2.21 2.21
36 2.12 2.15 2.14 2.12
44.5 2.00 2.01 2.01 2.00
52 1.93 1.94 1.94 1.9S

Longitudinal Wave Velocity and Volume of Unhydrated Water in Cement Paste

The problem of longitudinal wave in cement paste 
will be treated from the two stand points,—the one is 
that of the elastic wave propagating through granular 
media and the other that of the wave through porous 
media. And with the former, there are theories de
scribed Takahashi—Y. Sato (5), S. Nagumo (6) and 
T. Momoi (7) and with the latter, by Y. Sato (8) (9).

But here, we try to find the effect of progress of 
hydration of cement on wave velocity experimentally.

In Fig. 5, is shown relation between volume of 
unhydrated water in cement paste and longitudinal 
wave velocity in it.

The volume of unhydrated water in cement paste 
were caluculated by the following formula:

V  y 0.37C;7 y O.37RflC''W-WH— ’W --- - -------- Nw---------------- (4)
Pw Pw

whereVW-WH: volume of unhydrated water in 1 m3 
cement paste [m3/m3]

Nw: volume of water in cement paste at the 
beginning [m3/m3]

C: cement mass in 1 m3 cement paste 
[kg/m3]

CH: hydrated cement mass in 1 m3 cement 
paste [kg/m3]

Rfi: rate of hydration of cement 
pw: density of water = 1000 kg/m3

From this figure, it was shown as a first approxima
tion that the velocity is linearly dependent on the 
volume of unhydrated water as shown by the least

squares solution,

Fig. 5. Relation between volume of unhydrated water in cement 
paste and longitudinal wave velocity



VL = 4,770 - 4,740Vpr_FrH m/sec 

where VL: longitudinal wave velocity [m/sec]

In this calculation the data for those with w/c = 
44.5% were excluded because only estimated values 
of Rff were available for those specimens.

Estimation of Young’s Modulus of Cement Paste

The dynamic Young’s modulus of cement paste by 
pulse method was calculated by the formula, 

E _ „(1 + <7)(1 - 2<t)v2

= crXl - 2<t)(477)000 _ 474)000 Nw_WHy

dyne/cm2 (6)

where EP: dynamic Young’s modulus of elasticity of 
cement paste by pulse method

V£: longitudinal wave velocity [cm/sec]
<t: Poisson’s ratio of cement paste
p; density of cement paste [kg/cm3]

As the dynamic Poisson’s ratio could not be 
measured, a = 0.2 was assumed. Then the above 
formula with engineering units becomes,

EP = 9.184/7s(4,770 - 4,740 NW_WHY X IO’3 

where ps: specific gravity of cement paste.
In Fig. 6, EP[ps vs. volume of unhydrated water in 

cement paste is shown.
To estimate static Young’s modulus of cement paste 

from dynamic modulus, the relation we have obtained 
between static Young’s modulus and dynamic modulus 
of dam concrete by resonance method was used, 
namely,

Efl = 1.369ES (8)

where Ec: dynamic Young’s modulus by resonance 
method

Es: static Young’s modulus
And also Efl = EP was assumed. Experimental 

results between Es and E5 are shown in Fig. 7.
These results are neither about cement paste nor 

by pulse method. But so far as the authors’ other 

( / R CX)2= 9.18414,770 - 4,740 Vy - 0.37^
1 \ Pw ' J

Fig. 6. Relation between dynamic Young’s modulus by specific Young’s modulus by resonance method in dam concrete
gravity and volume of unhydrated water in cement paste (ages, 4-365 days)



experiments are concerned, cement paste seems to 
obey the nearly equal rule. Though the ratio ED/ES 
may change with age, this effect was neglected.

The estimated dynamic and static moduli of cement 
paste with w/c = 47 % by means of the above men
tioned method are shown in Table 6.

Table 6. Estimated dynamic and static elastic moduli 
of cement paste with wjc = 47%

Age 
(days)

Dynamic Young’s 
modulus (kg/cm2)

Static Y oung’s 
modulus (kg/cm2)

7 177,200 129,400
28 213,400 155,900
91 254,900 186,200

365 277,600 202,800

Estimation of Modulus of Elasticity of Concrete

The elastic moduli of the Kurobe No. 4 Dam con
crete cured in water were calculated at each age and 
compared with the experimental results shown in 
Table 7.

The aggregate used is granite, and its properties are 
shown in Table 8.

The static Young’s modulus of the actual aggregate 
which was used for concrete specimens was not 
measured. But the values of the granite taken from the 
quarry were measured by H. Ishigai, K. Kasuya and 
K. Saito in wet condition by means of an Okhuizen 
compressometer (10).

The results are shown in Table 9.
Thus the mean value of static Young’s moduli was 

as follows:

Eo = 284,000 kg/cm2 (9)

This value will be used in the following calcula
tions.

The present aspects of researches on the theory of 
elasticity of random media has been reviewed by 
Z. Hashin (11).

Here, several formulas which have been used by 
other authors for concrete research will be used to 
compute elastic modulus of concrete at each age.

From now on, the following symbols will be 
adopted,

Ec: static Young’s modulus of concrete [kg/cm2] 
E„: static Young’s modulus of aggregate [kg/cm2] 

Em: static Young’s modulus of cement paste matrix 
[kg/cm2]

Va: volume of aggregate in 1 m3 concrete [m3/m3]
Vm: volume of cement paste in 1 m3 concrete 

[m3/m3]
In case of wet screened the Kurobe Dam concrete,

Va = 0.7623, Vm = 0.2377, and
Eo = 284,000 kg/cm2

Em at each age is taken from Table 6.
The formulas are,

Ec = VOEO + VmEm (10)

J. _ y, , 
Ec " E„ + Em (H)

by Dantu, Kaplan, and T. C. Hansen (12)

f - rd - V-)E” + <1 + v")e«1e
E'c L(1 + V„)Em + (1 - VJEj ’ (12)

Table 7. Unit weight, modulus of elasticity, compressive 
strength of the Kurobe No. 4 Dam concrete

Age 
(days)

Unit weight 
(kg/m3)

Static Young’s 
modulus. Es 

(kg/cm2)

Compressive 
strength 
(kg/cm2)

7 2,335 174,000 208
28 2,331 224,000 340
91 2,352 258,000 442

366 2,356 303,000 495

*Five times tests were repeated with sodium sulfate solution.

Table 8. Physical properties of aggregate

Item Fine aggregate Coarse aggregate

Kind of aggregate granite granite

Specific gravity 2.59 2.64

Amount of water 
absorption (%) 0.6 0.7

Weight loss by 
soundness test* (%) 8.0 7.8

Table 9. Properties of granite taken from the quarry 
for the Kurobe No. 4 Dam concrete

Place Specific 
gravity

Water 
absorption 

(%)

Compressive 
strength 
(kg/cm2)

Static Young’s 
modulus in 

wet condition 
(kg/cm‘j)dry wet

Quarry A 2.61 0.45 2,290 2,360 264,000
Quarry A 2.69 0.47 2,800 1,970 335,000
Quarry B 2.63 0.66 2,230 1,520 254,000

Mean 2.64 0.53 2,440 1,950 284,000



which Hansen (12) simplified the results due to 
Hashin (13), assuming Poisson’s ratio of both aggre
gate and cement paste is 0.2,

and, J  1 - Vva J________
Ec Em (I — VVo\g , p 

v-vvTV “

(13)

by Counto (14).
Relation between the calculated static Young’s 

moduli of concrete by the above formulas and the 
estimated static Young’s moduli of cement paste are 
shown in Fig. 8.

Experimental results are also illustrated in the 
same figure.

Judging from these results, the difference % 
between them reaches about 30% at the maximum, 
although the trend of the calculated values coincide 
with the experimental.

These errors are attributable to the inaccuracies of 
elastic moduli of cement paste and aggregates, and 
the lack of sufficient accuracy in the above formulas. 
But it is not clear whether factor is most predominant 
or not.

To solve this problem, further efforts will be needed. 
As an additional remark, it may be worthy of mention 
that the results by Hashin-Hansen and by Counto 
almost coincide with those and other results obtained 
by rather gross assumptions are not so far from the 
results by a theoretical formula.

Static Young's modulus of cement 
paste, Em (xlO5 kg/cm2)

Fig. 8. Static Young's modulus of cement paste vs. static 
Young's modulus of concrete

Hydration of Cement and Creep of Concrete

The following fact has been well recognized that, 
in a creep test about a same kind of concrete, the 
later is the loading age, the smaller is the creep strain. 
This may be due to hardening of cement paste. But the 
definite relation between creep and hydration of 
cement has not been known to the authors.

As the first step of approaching this problem, 
relation between creep factor and volume of unhy
drated water at the age of loading in our creep test is 
investigated and is shown in Fig. 9.

The term creep factor adopted here is defined in the 
following expression used for the analysis of creep 
curves per unit stress, and the factors are proportional 
to creep strains when the age is fixed.

e(() = I- + F(fc)l„(t + 1) (14)

8(t): elastic and creep strain per unit stress 
[1/kg/cm2]

E(: instantaneous elastic modulus [kg/cm2] 
k: age of loading [day]

F(^): creep factor [1/kg/cm2]
t; days after loading [day]

This expression has been used by U.S. Bureau of 
Reclamation to analyse creep of dam concrete.

However, for analysis of the data obtained from 7 
days loading, the fittness at the early ages was not 
good, so the following expression was introduced:

Svt' E,.(2) + \E(oo) E,(2)

tanh Li Fg>~i
’e(^)"EX2)/ .

/ 9 \= 8<2> + (8(oo) - 8[^)(1 - 1 +.^ 1)2i) (15)
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Fig. 10. Creep curves of the Kurobe No. 4 Dam concrete

0 010 0 20 0 30 0 40

Volume of unhydrated water in I m3 cement 
paste at the age of loading , Vw-wh (m’/m3)

Fig. 9. Relation between volume of unhydrated water in concrete 
or cement paste at the age of loading and creep factor

where

E(oo) E,(2)

When In (f + 1) is sufficiently small the above expres
sion tends to

4V + F»;in(t + 1) (16)

And when t is sufficiently large,

E<“^E(^ <17>

The creep curves obtained from a experiment is 
shown in Fig. 10.

The strains were measured by embedded Carlson 
type strain meters.

The mix of concrete was the same above, and the 
size of specimen was 0 15 X 60 cm. The specimens 
were sealed with rubber just after demoulding. The 
curing condition of these specimens therefore differs 
from water curing. The data on hydration of cement, 
however, were substituted by the value of hydration 
of the water cured cement paste obtained in the experi
ment previously referred to.

According to Fig. 9, creep factors are linearly 
related to the volumes of unhydrated water in the 
range for practical applications.

But the creep factor of 7 days loading was based 
on the data of strains observed at the relatively early 
ages. Then this linearlity including the result of 7 days 
loading, will hold true for limited ages.

This may be a natural consequence, because creep 
strain will be affected not only by the degree of hydra
tion at the age of loading, but also by the progress of 
hydration thereafter.

Conclusion

A very close relation was observed between rate of 
hydration of cement and compressive strength of 
concrete. And a formula was presented expressing 
compressive strength of concrete at any age by a linear 
function of effective cement-water ratio.

This effective cement-water ratio introduced in our 
report means the ratio of hydrated cement weight to 
the weight of mixing water.

Linear relation between volume of unhydrated water 
in cement paste and velocity of longitudinal wave in it 
was observed. And a formula was derived to express 
dynamic modulus of elasticity of cement paste in 
terms of rate of hydration of cement and w/c.

Several formulas expressing elastic modulus of 
concrete in terms of the moduli of cement paste and 
aggregate and their relative volumes were examined.



A result showing the linear dependence of creep studies are recognized as necessary to make clear 
factor on the volume of unhydrated water at the age of problems concerning compressive strength, elasticity, 
loading was presented. creep and other fundamental properties of concrete.

More advanced microscopic physico-chemical
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Introduction

During the past 20 years a considerable amount of 
basic research has been carried out on the crystal 
lattice structures of clinker compounds and on their 
hydrated products. In addition many kinetic studies 
on cement in pastes and suspensions as well as in 
concrete have been made in order to describe the 
basic performance of hydrating cement. While all 
this work is necessary for an understanding of the 
nature and behaviour of the compounds that make up 
clinker and cement, it does not always allow the per
formance of clinker and cement to be predicted or 
controlled.

Much of the work done on cement performance in 
paste and concrete has also failed to demonstrate 
clearly and unequivocally how and for what reasons 
the observed physical phenomena occur. The immedi
ate reasons for these failures arise from the complexity 
of clinker and the problems encountered in studying 
and understanding the hydration reactions and com
pound interactions in cement. However, behind all 
these difficulties lie some important and intractable 

problems. Commercially-produced clinker is not con
trolled sufficiently closely in any characteristic other 
than its gross chemical composition. Consequently 
cement used in experimental work is inadequately 
described especially in relation to certain physical 
characteristics that can exert a profound effect on 
paste and concrete performance. Thus it will be seen 
that arguments based on the performance of an inade
quately described cement are liable to prove unsound 
and confusing if applied to the performance of cement 
paste and concrete in general. Additional difficulties 
associated with sampling and test methods have 
greatly confused the overall understanding of cement 
performance.

In recognition of these problems, studies are being 
made into the performance of clinker compounds in 
mixtures of identical chemical composition but dif
ferent and closely-controlled physical characteristics. 
The purpose of this paper, therefore, is to indicate 
how some of the results of these studies may help in 
clarifying the performance of cement and concrete.

Clinker

It is well known that argillaceous limestones usu
ally clinker readily even when coarsely ground. The 
fineness of grinding and the intimacy of mixing of the 
raw material components are major factors in con
trolling clinkering when mixtures of pure limestone and 
clay or shale are used. In large manufacturing plants 
chemical control testing is adequate but control of the 
particle size of the raw meal constituents may be so 
meagre that the desired levels of uniformity in burning 
and in the properties of clinker are not always main
tained.

Coarse limestone and shale or silica particles, which 
do not undergo complete reaction during the time that 
they are resident in the buring zone in the kiln, modify 
the clinker composition both in their immediate vicin
ity and in more remote zones. Such particles, there

fore, cause the clinker composition to be changed 
from that calculated, increasing the uncombined lime 
and residual silica. To minimize such defects a long 
burning time is required with consequent reduction in 
kiln output and a general deterioration in kiln per
formance. Clinker produced under these conditions 
is generally coarsely crystallized and inhomogeneous 
in composition. Fine grinding on the other hand 
produces finely-crystallized clinker with a high degree 
of uniformity and reduces the burning time required 
to give a low free lime content.

Two contrasting microphotographs shown in Fig. 
1 illustrate the differences in crystal size and uniformity 
of clinker produced from raw meals of different 
particle size but identical chemical composition. 
These microphotographs show (1) a uniform, finely- 
crystallized clinker produced from raw meal parti
cles that were all in the 12-24/z range and (2) a non
uniform, coarsely-crystallized clinker produced from



A. Produced from raw meal particles 12-24/z B. Produced from raw meal particles +36/z and up to 150/z

Fig. 1. Photomicrographs of sections of clinker having the same 
calculated chemical composition—C3S71.0%, C2S 12.0% 
C3A 5.0%, C4AF 12.0%, and burnt at 1400°C for 15 minutes. 
Magnification x40. (Microphotographs by J. H. Weymouth)

raw meal of the same chemical composition and made 
up of particles that were +36/Z and up to 150/t. 
Commercial clinker is generally intermediate between 
these two extremes but tends to approach the more 
variable, coarser crystalline type. In the finely-cryst- 
alline clinker the crystals are generally- 12/z whereas 
in the coarsely-crystalline clinker C2S and C3S crystals 
may be up to 300/z. C3A and C4AF are present in 
much smaller amounts and occur in finer crystals 
than those of C2S and C3S. The subsequent perfor

mance of these clinkers, when ground, appears on 
present indications to be different in many respects.

Control over the size of raw meal particles in 
commercial plants requires (1) a large scale separator 
that is capable of achieving a clean separation of the 
particles below 70/z from the ground raw meal and 
further studies may indicate that it is desirable for the 
maximum particle size to be smaller and (2) rapid and 
accurate test procedures to ensure that the required 
separation is being obtained consistently.

Cement Grinding

Although the principles of ball milling appear to be 
relatively simple certain factors in mill operation can 
adversely affect the uniformity and performance of 
cement. Two of these factors will be discussed. It has 
long been known that the gypsum content of the 
-12/z fraction of cement is generally much greater than 
that of the coarser fractions. Gypsum and clinker 
when ground together in a mill break down into 
different particle size distributions. Surface area 
measurements used for mill control do not distinguish 
between these two distributions and variations be
tween the relative grindability of clinker and gypsum 
cannot be detected. Any circumstances leading to a 
coarser gypsum particle size distribution can result 
in the cement behaving as though it contained inade
quate sulphate. Conversely excessive proportions of 
gypsum in the -12/z fraction can give the impression 
that the gypsum content of the cement is adequate 
or even excessively large at least in the behaviour of 

cement at early ages while the later behaviour of the 
cement may indicate some deficiency in sulphate. 
This type of variation can only be detected and mini
mized by using a control procedure based on a combi
nation of particle size separation and determination 
of the gypsum content of each fraction.

Closed circuit grinding in air-swept mills accentuates 
problems arising from contact of cement particles with 
large volumes of air containing moisture and carbon 
dioxide. Such systems promote the surface hydra
tion and carbonation of active clinker components, 
especially C3A. These surface reactions modify the 
changes that occur in paste during the mixing period 
and cause premature stiffening and early loss of 
workability. Methods of minimizing this problem 
include a reduction in the amount and temperature 
of the circulating air-stream, closed circuitry of the 
air system as far as possible and reducing the residence 
time of the fine cement particles in the circuit by



increasing separator efficiency.

Consistency and Workability

The water requirement for normal consistency of 
cement paste is a function partly of the particle size 
distribution and partly of the effects produced by the 
early chemical reactions which change the solid
water relationship and produce stiffening. Finely- 
ground cement, which has been over-heated during 
grinding, and especially if it has also been aerated in a 
humid atmosphere, rapidly develops stiffening ten
dencies which may be caused by a wide range of 
factors.

A different stiffening phenomenon can occur 
generally at a time longer than ten minutes after 
mixing ceases. There are indications that this stiff
ening is influenced by a reduction in the availability 
of dissolved sulphate due to the rapid occlusion of 
gypsum particles by films of reaction products. Clinker 
particles deprived of sulphate then tend to hydrate as 
though unretarded and the paste stiffens rapidly. 
Although this unstable system of occluded gypsum 
may persist for a long time under static wet conditions, 
the sulphoaluminate reaction proceeds very slowly in 
the hardened paste and may ultimately cause expan
sion and cracking. One way of avoiding stiffening, 

which results from sulphate occlusion, is to provide 
a greater quantity of gypsum in the fine particle size 
range than would normally be necessary.

The actual amount of clinker hydrated, when stiff
ening occurs, is usually quite small. Finely-ground 
clinker without added gypsum undergoes a hard set 
very rapidly and when it is less than 5 per cent 
hydrated. Free water, however, can be readily removed 
under pressure from such hardened paste.

Since clinker hydration and chemical interactions 
begin as soon as cement and water are mixed together, 
the stiffening of paste may develop rapidly and can be 
modified in some instances by vigorous mixing espe
cially in pastes containing low water contents. The 
stiffening reactions affect the consequent properties 
such as strength development, shrinkage, cracking 
tendencies and durability of hardened paste and 
concrete. Paste consistency and concrete workability 
can be improved by various procedures which involve 
modifications in clinker composition, coarser grinding, 
reduced aeration and reduction in grinding tem
perature.

Dimensional Stability of Paste

Experiments have shown that gypsum can react 
with C3A and then become occluded by the reaction 
products. When gypsum is occluded by reaction pro
ducts in hydrating cement paste, a certain proportion 
of the undissolved gypsum is either prevented from 
going into solution or is able to dissolve at only a 
very slow rate. This arrested solution condition can 
persist under static wet conditions for very long 
periods of time, at least for several years. Under 
continuously dry conditions the paste will remain 
permanently in its contracted state without under
going any further changes. When pastes are subject 
to dry-wet cycling conditions, and especially when 
given heat-cool cycles as well, a certain amount of 
gypsum is intermittently released into solution during 
each wet cycle and this gypsum, on reacting with 
C3A, can cause local and progressive expansion and 
eventual disruption of the paste. This appears to be 
the cause of a type of surface crazing that is apparent 
in concrete exposed to wet-dry and heat-cool cycles.

Some heating in conjunction with drying is necessary 
to induce the maximum amount of change in the 
layers of reaction product surrounding the gypsum 
particles in order to ensure that further amounts of 
undissolved gypsum become available for reaction 
with C3A.

The presence of gypsum in cement paste tends to 
reduce the magnitude of drying shrinkage because it 
reacts with C3A to produce calcium sulphoaluminate. 
This latter compound has two effects in paste. It 
retrains shrinkage movements and, as a result of its 
continued formation, it causes an expansion that 
counteracts some of the drying shrinkage movement.

The internal restraint reduced in paste by sulphato- 
aluminate is roughly comparable with the more 
macroscopic restraining action of aggregate particles 
in mortar and concrete. The restraint imposed by the 
aggregate particles reduces the overall measured 
shrinkage but induces very considerable numbers 
of internal cracks. The development of crack patterns 



in paste, mortar and concrete constitutes an important 
phenomenon which is indicative of the condition of 
the material and the types of actions that are proceed
ing in it.

The particle size distribution of the cement and 
particularly that of the clinker fraction exerts a major 
influence on the magnitude of shrinkage. In addition 
the dependent variable, the water/cement ratio, 
tends to accentuate shrinkage as it increases. Both of 
these factors increase the interparticle spacings in the 
cement paste and these distances in turn determine 
the shrinkage potential of the paste. When the inter
particle distances in the paste are large, the effect on 
shrinkage of the particle size distribution will exceed 
that of any other factor.

The physical condition of the hydrated compounds 
and the conditions of their development in paste 
largely determine their shrinkage tendencies. Hydrated 
compounds produced at atmospheric temperature 
have colloidal properties and, therefore, undergo a 
marked volume decrease that is approximately propor
tional to their water content and to the initial inter
particle spacing in the paste. When pastes are made 
from (a)-12/z clinker particles and (b) 24-36/4 clinker 
particles and at identical water/solid ratios, the drying 
shrinkages of the fine particle pastes are always

Fig. 2. The drying shrinkages of clinker pastes made from 
(a) —12n and (b) 24-36ji particles at the same water!solid 
ratios

larger than those of the coarse particle pastes. Shrink
ages of these pastes are shown in Fig. 2.

The fine particle pastes contain more colloidal 
hydrated material and possess less internal restraint 
than the coarse particle pastes.

Strength

Movements of hydrated products from single 
particles and in paste have been observed to occur 
over finite distances. On mixing with water, hydration 
and interaction products deposit rapidly as a skin on 
the surface of the clinker particles. This surface layer 
then tends to retard but does not inhibit further 
hydration. As hydration and reaction proceed inwards, 
the internal pressure on the surface skin increases, 
the surface skin becomes distended and is eventually 
disrupted. This allows some of the internal hydrated 
product to escape and deposit in the freshly opened 
space in the surface skin or in the surrounding water- 
filled space. These hydrated products make contact 
with similar hydrated products derived from adjacent 
clinker particles or with aggregate particles.

These observations have indicated that fine and 
coarse clinker particles behave in somewhat different 
ways in pastes. The hydrated material derived from a 
fine particle is not present in sufficient quantity to 
move through such a large distance as that derived 
from a coarse particle of clinker. Moreover, as a 
result of particle contacts, pastes consisting only of 
coarse particles tend to expand as hydration occurs 

while pastes consisting only of fine particles never 
undergo serious expansion during hydration. This 
behaviour is consistent with the local disruptive 
forces being greater in large hydrating particles than 
in very small hydrating particles. In addition, in an 
equivalent volume of paste composed of fine parti
cles, the ratio of hydrating material to available space 
is less than that in pastes composed of coarse par
ticles. The hydrated product is, therefore, accommo
dated in the former without generating severe local 
stress concentrations. The water-filled space in fine 
particle pastes is approximately 30 per cent by volume 
while that in coarse particle pastes of approximately 
equivalent consistency is 15 -20 percent by volume.

In mixtures of fine and coarse particles, which 
produce pastes that are approximately equivalent to 
pastes produced from commercially-ground cements, 
the fine particles hydrate in contact with the coarse 
particles and contribute a large volume of hydrated 
product to form the skin on the surface of the coarse 
particles. The hydration of the coarse particles is 
thereby retarded to such an extent that they do not 
cause undue paste expansion. '



The clinker compounds show marked difference in 
their rates of hydration. C3A in water hydrates very 
rapidly and to such a great depth that even + 36/z 
particles are completely hydrated within a few days. 
C3A particles, therefore, swell to a marked extent 
as they hydrate and, even though the hydrated 
develop some adherence and strength, the continued 
hydration and swelling of the particle disrupts and 
displaces the externally developed surface layers. 
In compacted pastes, the swelling particles produce 
large inter-particle forces that disrupt the mass. 
C3S which is also a relatively rapid hydrating com
pound causes very minor expansion and disruption 
in pastes composed only of coarse particles. Pastes 
composed of fine C3S particles are quite stable in 
volume. CjS and C4AF generally undergo slow or 
limited hydration reactions which do not proceed 
sufficiently deeply into the particles to cause paste 
expansion and disruption. Pastes made from these 

compounds appear to be stable and strong.
The presence of small amounts of gypsum and other 

compounds in the mixing water changes the physical 
condition of the hydration products that form the 
surface skin on the clinker particles and modifies the 
bonding characteristics of these products. Some admix
tures form voluminous surface skins on clinker par
ticles whereas others appear to suppress the hydration 
rate of clinker particles. Gypsum has been observed 
to promote the disruptive action in paste by reacting 
slowly with C3A to form calcium sulphoaluminate. 
Thus, even though gypsum initially retards clinker 
hydration, the continued slow reaction of C3A and 
gypsum increases the total amount of clinker hydrated 
over a long period of time. The continuing reaction 
of gypsum and clinker increases the rate of strength 
development and the ultimate strength attained by 
the paste.

Environmental Conditions and Durability

Environmental conditions affect the performance 
of hardened cement pastes and concrete. Observations 
have indicated that the drying shrinkage and re-wetting 
expansion of clinker pastes, as opposed to comparable 
movements of cement pastes, are quite dissimilar. 
Clinker pastes undergo a large initial drying shrinkage 
and on re-wetting expand to approximately 60 per 
cent of their initial length. Thereafter dry-wet cycling 
produces shrinkage and expansion movements that 
remain approximately constant. Cement pastes on the 
other hand differ from this type of behaviour in having 
an initial shrinkage that is only about 70 per cent of 
that given by a clinker paste and, on re-wetting, the 
cement paste expands almost to its initial dimensions. 
The initial dry-wet cycling movements of cement paste 
are therefore somewhat greater than those of clinker 
pastes. Subsequent cycles of drying and wetting can 
cause finely-ground cement pastes to undergo a 
positive expansion on each wetting cycle. Coarsely- 
ground cement pastes do not show a comparable 
tendency to undergo expansion when cycled. Clinker 
pastes composed of either fine or coarse particles do 
not undergo expansion when given cycles of drying 
and wetting. These differences are indicated in Fig. 
3 which shows the length changes after each drying 
and wetting cycle of finely-ground clinker and cement 
pastes made up at the same water content. The slow 
expansion of the cement paste is caused by the reac
tion of C3A and gypsum.

On account of its very many useful functions in 

paste, gypsum plays an important role in modifying 
behaviour and promoting desirable properties. How-

DRY-WET CYCLES
Fig. 3. The dry-wet cycling movements of finely-ground (—12ii) 

clinker and cement pastes made at 0.7 water[solid ratio 



ever, since it can become occluded, undissolved gypsum 
and unreacted C3A can co-exist in a paste under 
static wet conditions for long periods of time, at least 
several years. When the pastes are subjected to dry
wet cycling, and especially if given heat-cool cycles 
as well, some gypsum is intermittently released 
during each wetting cycle. When this soluble gypsum 
reacts with C3A, expansion and disruption of the 
paste occurs. The expanding paste develops a closely- 
spaced crack pattern and undergoes a progressively 
increasing expansion.

These comments indicate the importance of C3A 
and its interactions with gypsum on the durability 

of hardened cement paste and suggest that there is an 
increasing need to understand and control the mode 
of occurrence of C3A in clinker. Deleterious changes 
in concrete usually occur slowly, and become obvious 
only after the concrete has been in service for a long 
time. At this late stage the basic causes of deteriora
tion are often difficult to determine. To ensure dura
bility of hardened paste ways should be found to 
minimize movements which are caused by cycling 
environmental conditions, and to reduce the undesir
able expansive reactions that occur when gypsum 
continues to react slowly with C3A.

Concluding Remarks

Some of the developments discussed briefly in this 
paper should be investigated further for possible 
future use in the cement manufacturing industry. 
The performance and uniformity of cement depend 
largely on the burning and grinding processes and 
grinding processes and improvements can be effected 
by a variety of modifications.

1. Increased control over clinkering and the unifor
mity of clinker can be achieved by a more stringent 
control over the particle size distribution of raw meal.

2. Control over the particle size distributions of 
both clinker and gypsum in cement is necessary to 
ensure satisfactory and uniform cement performance 
in paste and concrete. Reduction in grinding tempera
ture, and in aeration and carbonation of cement will 
also assist in improving the performance of cement.

3. It would be advantageous to develop some new 
equipment including sampling devices and an effective 

large scale partial size separator.
4. Additional tests should be made to increase 

cement uniformity in performance and to indicate its 
potential behaviour in concrete. Determination of 
particle size distribution should become a normal 
test procedure in order to correct defects in grinding 
and determination of sulphate in the separated frac
tion would ensure the maintenance of a satisfactory 
gypsum grind.

5. Concrete performance tests under dry-wet and 
heat-cool cycling conditions would indicate the 
stability of hardened paste and its tendency to crack 
and undergo abnormal changes.

6. More attention should be given to studying 
the volume stability and durability of concrete espe
cially as affected by the slow reaction of gypsum in 
hardened paste and concrete.
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Synopsis

Concrete durability is the most important factor of the durability and long time safety 
of concrete structures. Homogenity of concrete is more important for its durability than 
for its strength. Protection, systematic maintenance with timely repairs are other factors 
that significantly bear on concrete durability. The properties of the cement-aggregate joint 
are of utmost importance, too.

The various processes of concrete deterioration can be divided into three groups. 
Generally, concrete durability importantly depends on a number of physical and mechanical 
properties of the material: porosity, permeability, absorptivity, capillarity, tensile strength 
and bond of the components. The essential point is to express the extent and the properties of 
the pore system. Air entrained concrete is an example of a suitable system of pores.

Cement and hardened cement paste play a decisive role in the durability of concrete. 
The degree of hydration at the time concrete is attacked by aggressive agents is a very impor
tant factor in this respect. Many other factors—cement composition, fineness in grinding, 
etc.—have a lot to do with it too. Very important is the part played by admixtures, air 
entraining agents in particular. Formation and extent of cracks also significantly affect 
concrete durability as regards ingress of water and of other agents in concrete, and the 
tensile strength. Cracks have a number of causes: shrinkage, heat of hydration, load, patho
logic phenomena, and aggressive agents.

Tests of concrete durability and their relation to actual concrete deterioration are of 
utmost importance for the control and design of concrete with specified durability, There 
are many requirements made on suitable tests while the existing ones have a number of 
shortcomings. Long-term observations and studies should be considered as an indispensable 
part of an appropriate system of durability tests leading to determination of the rate of 
concrete deterioration. Thence we should deduce the rate of deterioration and loss of safety 
of concrete structures. Cooperation in introducing suitable test methods is very important.

The fundamental requirements on further research work and the need of international 
cooperation are discussed in the conclusion.

General Observations on the Durability of Concrete Structures

Introduction

Considering the total volume and in particular, 
the diversity of applications ranging from light foam 
concrete of insulating walls to heavy concrete for 
shielding nuclear reactors, from pavement slabs to 
tall, slender masts, bridges and dams, cement concrete 
is without dispute the most important structural
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material the world over. The broad field of concrete 
uses indicative on the one hand of its outstanding 
possibilities, puts in on the other hand in greatly 
varying conditions of stress, mainly so far as it con
cerns the secondary effects of external media—no 
matter whether of natural (climatic phenomena and 
different waters) or industrial (mostly chemical) 
origin. The unfavourable action of those conditions, 
especially on the mechanical properties of concrete—a 
yardstick of its quality in most cases—has opened up 



the question of the durability of concrete and concrete 
structures, the importance of which continues to grow 
proportional to the scope of applications and the 
volume of concrete used.

The durability of concrete cannot be separated from 
the durability of concrete structures—an important 
factor of their economy at present. The durability of 
concrete structures must be ensured on a complex 
basis—starting from the choice of the building site and 
suitable system of construction, and ending with the 
design proper and its task to take into consideration 
the nature of the surrounding medium, and the techno
logy of concrete with its all important choice of suit
able materials, composition, manufacture, placing 
and curing. As to the durability of concrete structures: 
it is imperative that proper care be accorded to finished 
structure, too; this can be done by the application of 
regular checks, timely maintenance or possibly repair.

Protection of concrete and concrete structures 
against excessive effects of aggressive media (under
ground waters, industrial effluents in particular) 
forms an inseparable part of measures designed to 
ensure durability. Such measures include: weakening 
or neutralization of aggressive substances before they 
come in contact with concrete, draining of such sub
stances and reducing their contact with concrete to a 
minimum, immediate protection of concrete surface 
against direct contact with aggressive substances.

The significance of the durability and homogeneity 
of concrete becomes obvious once we start to consider 
the high demands that are imposed on the quality 
of any surface protection of concrete for the reason 
that it is the weakest spot that decides.

The durability of concrete structures is a very com
plex problem with two principal aspects: physical 
and economical.

The physical durability of concrete and concrete 
structures is expressed in terms of the loss of the 
decisive mechanical and physical properties of con
crete to a value that ensures the minimum required 
safety of the structure no longer.

The economical durability of concrete and concrete 
structures follows from the minimum of total cost 
expended in its building and maintenance. This cost 
can be expressed by the relation

N = N, + N„ + prS + Nt (1) 
where

N,.—the primary investment cost of the structure
N„—the total maintenance cost for time Tr during 

which the structure is in use ''
p,—the probability that the structure will collapse 

in time Tr

S—material damages caused by structure collapse 
N,—the cost of tearing down and removing the 

structure.

- The economical durability of a structure is then 
given by the condition that is <5N/<5T = 0.

Considering that the last term of eq. 1 is virtually 
invariable, the main factors involved here are the 
ratios A, B of the investment cost, repair and mainte
nance costs, and the risk of failure of the structure 
(Fig- 1).

Savings in the investment cost usually lead to higher 
total cost of the structure during the time of its use.

Gradual deterioration of concrete texture caused 
by the most diverse external agents depends on the 
properties of concrete components and their relation
ships. Unlike under static action, it is the weakest 
spot of the structure (thin-wall members, concrete 
texture weakened by pores or cracks, aggregate grains- 
hardened cement paste joint) that are subjected to the 
most intensive attack of aggressive agents. This is the 
reason why such high demands are imposed by the 
durability on the quality of concrete and its ingredients 
with respect to homogeneity.

Professional literature all over the world has 
accorded considerable attention to the durability of 
concrete all along. The large amount of research 
studies published in the last 30 years notwithstanding, 
there are still not enough data or information avilable 
today to enable us to deal with the durability of con
crete as we do with its strength. Yet an adequate 
understanding of the problem is just the thing that 
could help us in making concrete structures more 
economical by the application of refined methods of 
design.

As we have already pointed out, the relationships 
involved—be they ever of mechanical, physical or 
chemical character—are highly complicated and 
closely related to the nature of the components and 
the properties of concrete. Their elucidation is not

Fig. 1. Effect of investment costs and maintenance on total 
costs of structure



possible unless one resorts to the most modern tech
niques of research into the texture of concrete and 
its changes.

Even though it is necessary when ensuring the dura
bility of concrete structures to consider those relations 
in all the stages of their realization (choice of building 
site, system of construction, materials and technology, 
protection) and their use (overloading, maintenance, 
repair), the crucial point of the whole problem lies 
in concrete technology, i.e. in making concrete of 
materials chosen so as to correspond to the specific 
conditions imposed.

Even if we disregard the complexity of the actual 
conditions, we are faced when studying the principal 
deteriorating factors (alternate frost, aggressive 
waters, alternate moisture, reinforcement corrosion, 
etc.) with a number of incompletely clarified relations, 
despite the fact that in some cases we know of suitable 
measures (air entrainment, appropriate composition 
of cement, choice of aggregates, etc.) that could reduce 
the unfavourable effects to an allowable minimum. 
Taken individually, the matter in question involves 
whole complexes of problems and relations that had 
been solved and reported in literature the world over.

I do not, therefore, deem it necessary to dwell here 
on either an analysis or a survey of the existing findings 
of world research not even for the selected most 
important cases of concrete deterioration.

As to the relation between research and practice: 
at the present time we are confronted with a very 
exacting but responsible question of intentionally, 
systematically ensuring concrete durability adequate 
to the given conditions, by the selection of suitable 
materials, composition and technology of concrete. 
This task bring us face to face with the necessity of 
determining the durability by accelerated tests relative 
to the important initial physical and mechanical prop
erties of concrete. Simple tests of the fundamental prop
erties of concrete and their changes based on scientific 
analyses of the deteriorating processes should afford 
us—jointly with the elucidation of the relations that 
exist between graudal deterioration and the loss of 
ultimate strength—the necessary data for forecasting 
and designing concrete of the required durability.

Safety and Durability of Concrete Structures

The safety of concrete structures is primarily given 
by the ratio of concrete strength to stress caused by 
loading. The design of concrete structures is usually 
based on the 28-day strength. As both concrete 
strength and load are functions of time, the safety of 
concrete structures, too, is a very complicated func

tion of time (31, 117).
Although it is generally the compressive strength 

that is used for a measure of concrete strength, the 
tensile and shear strengths, the bond with reinforce
ment as well as deformation leading to unstable equili
brium between external and internal forces or attaining 
an inadmissible value, can also decide about struc
ture failure. This considerably complicates the ques
tion of safety, and a distinction is, therefore, made, 
in the design of concrete structures, between three 
kinds of safety expressed by: reaching the concrete 
strength, state of dangerous cracks (particularly from 
the point of reinforcement corrosion and thus actually 
of the structure durability), and finally, limit deforma
tion.

So long as a concrete structure or its components 
are acted on by no deteriorating factors, its safety 
without decreasing, increases due to gradual hydration 
of concrete after 28 days. Such is the case of a concrete 
structure exposed to no harmful effects of its environ
ment, for instance a protected concrete structure of an 
above-ground building (Fig. 2).

As soon as a concrete structure begins to be 
acted upon by deteriorating factors in arbitrary time 
(age of concrete) T„ a gradual loss of its strength and 
in turn, of its safety starts to take place so that after a 
time within the range Tmin and Trraax, its strength is 
likely to drop below the value of the load and the 
structure might collapse (Fig. 3).

Such a drop in strength cannot be permitted under 
actual conditions. The degree of safety given by the 
strength-load ratio must not fall below a certain 
minimum value corresponding to the minimum ‘ 
strength se.

The simplest though not the most economical 
solution to the given real case would consist in using 
concrete capable of long time resistance to aggressive 
agents in a way that the required minimum safety of

Fig. 2. Long-time development of safety in favourable conditions



Fig. 3. Long-time development of safety in adverse conditions

Tb ^b' Tr=
Time (Age cf concrete)

Fig. 4. Securing the necessary concrete strength 
for the durability of the structure

the structure—the concrete strength-to-stress ratio— 
would be ensured even after losses occurring in the 
structure during the time of economical durability of 
concrete T,o, have taken place (Fig. 4). This can gener
ally be achieved by overdrawing the sections and the 
whole structure as well. While in the case of concrete 
deterioration following curve A, the requisite safety 
would be ensured during the whole of time Tro, it 
would be necessary in case B to:

either repair the structure in times TB, TB., so that at 
the subsequent stages concrete weakening would 
proceed according to curve B' (or other B") until 
the reduced strength would be higher in time T„ 
than Snomlnal. Several such repairs might be required, 

or reduce the load, for instance in time TB, so that the 
nominal safety would again be ensured in time Tro, 

or after the repair in time TB has been made, protect 
the structure (e.g. on its surface) in a way that makes 
concrete lose its strength at a slower rate (e.g. 
according to curve A'), and thus again ensure that 
STr > Snominal in time T„,

or finally, allow (e.g. after the structure was restored 
for the first time—curve B') a reduced safety with a 
higher risk of failure p, under the same load for the 
time period TB. to Tre.

28dags tx Trmin - Trmax
tlin. durahilihj Max. durability 

Time (Aye of concrete)

Fig. 5. Probability factor in the durability of concrete structures

Although each of the alternatives is likely to lead to 
the same engineering effect, it is clear at first sight that 
this is not so in the way of cost.

From the engineering point the relation shown in 
Fig. 4 in terms of curves A, A', B, B', B" represents 
the time effect of a set of external aggressive agents, 
on strength or other important mechancical or phys
ical properties of concrete. The difficulty we have to 
cope with is that such curves should be known in 
advance, before we start to build the structure, or 
or mastered to a degree that would allow us to create 
them by technological means and thus satisfy the 
design requirements similarly as we do in the case of 
for instance the 28-day strength of concrete.

This rational approach offers new criteria for an 
economic analysis of concrete structures, and places 
the initial investment cost in correct relation with the 
set of total costs.

Taking account of the complicated relations between 
concrete strength and the external factors and their 
combinations, the dependence of strength can be 
expressed in terms of a certain (say 90 %) reliability or 
probability. This necessarily leads to a certain pro
bable durability of the structure delimited by the 
minimum and the maximum probable durability 
(Fig. 5).

As this brief analysis clearly suggests, the relation
ships figuring in the solution of the durability of 
concrete (and other) structures are very complicated. 
They must, however, be borne in mind whenever a 
solution of the durability of concrete proper is at
tempted.

Significance of the Homogenity 
of Concrete for its Durability

Generally speaking the action of aggressive agents 
exert on concrete and its components depends on the 
following: -

a) properties of the aggressive agent, its intensity or
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Fig. 6. Adverse effect of concrete heterogeneity on the action 
of aggressive agents and the durability

concentration,
b) properties of concrete and its components from 

the point of the relation between the aggressive 
agents and the mechanical properties of concrete 
and its ingredients, which are undergoing gradual 
deterioration,

c) the intensity of contact between the aggressive 
agent and concrete given by: the specific surface 
of the body, nature, quantity and accessibility of 
pores, removal of deteriorated parts of concrete 
from the surface, and supply of fresh aggressive 
agent.

So far as concrete proper is concerned, the adverse 
effect is given by: permeability, porosity, moisture 
absorption, reduced bond between ingredients, and 
strength—mainly the tensile one—of concrete.

While with respect to forces and stresses, the non
homogeneity of concrete leads to stress concentration 
in sections of high-quality (more compact, high- 
modulus-of elasticity and deformability) concrete, 
deteriorating processes usually concentrate in the 
weakest, most inferior parts of concrete. From this 
stems the great significance of concrete homogeneity 
for its durability.

In some cases the effect of concrete non-homo- 
geneity can manifest itself in several ways, as indicated 
for instance by the sketch of an abutment wall in 
Fig. 6. Unfavourable seepage of water also intensively 
wets the adjacent high-quality concrete which is thus 
exposed to stronger action of aggressive water and 
frost on the wall face.

The homogeneity of concrete is a resultant of the 
homogeneities of its materials (cement, aggregates, 
admixtures), their proportioning, and of manufacture 
and placing of concrete. Even though the compressive 
strength of concrete is not a safe index of its durability, 
an evaluation of the various factors and their effects 
may well start out from the variability of this property 
of normal concretes (105). With respect to their 
effects on the variability of concrete strength, those

factors are assigned the following rating:

Cement quality 50%
Aggregate grading 25%
Sand bulking 10-25%
Proportioning—by weight R °/O /o

„ —by volume 16-100%
Compaction (poor) 50%

As to cement: its quantity relative to voids and 
surface of aggregates plays a more important role in 
concrete durability than does its strength. In sufficient 
filling of voids and covering of aggregate grains lead 
on the one hand to porosity and permeability, on the 
other to imperfect joining of aggregate grains (inferior 
bond). For these reasons the grading and variability of 
aggregates are of major importance in case of durable 
concrete. To ensure a dense concrete texture, propor
tioning of cement must start out from the most un
favourable grading of aggregates, and it is just in 
this that the high variability of aggregates manifests 
itself to disadvantage. It is, therefore, necessary, 
to accord due attention to the grading of aggregates, 
variability of their fractions as well as to the propor
tioning of the fractions and cement. This holds equally 
true for the placing (compacting in particular) of 
concrete. The relations between concrete workability, 
compacting means and compacting proper are even
tually the decisive factors for the homogeneity of 
concrete in a structure.

In very close connection with concrete homogeneity 
is the quality of joints, mainly that of construction 
joints. Even when concreting is done very carfully, 
construction joints are usually a typical source of 
deterioration of concrete structures due to external 
agents. Poor quality of joints between old and fresh 
concrete is a regular source of deterioration by the 
action of waters and weather (Fig. 7). The importance 
of such joints increases still further in the case of 
reinforced concrete because of higher danger of rein
forcement corrosion.

From the point of permeability, the non-homogen- 
eity of concrete also asserts itself adversely by creating 
conditions conductive to electrolytic and chemical 
corrosion of the reinforcement.

The foregoing discussion was concerned with the 
statistical homogeneity of concrete expressing uniform 
distribution of heterogeneous concrete components in 
its mass or in each section.

Concrete is essentially a heterogeneous material 
in which consideration must be given to the important 
relations that exist between hardened cement paste, 
aggregates and reinforcement.

In regard to the durability of concrete, cement, 



hardened cement paste and their properties play a 
decisive role also in the relation to the aggregates 
whose durability is usually higher than that of concrete 
or of hardened cement paste (Fig. 8). Accordingly 
it is the following three components that come into 
play whenever concrete is undergoing deterioration 
by diverse agents: aggregates, hardened cement paste 
and their bond ensuring mutual connection and col
laboration. The relations shown in Fig. 8 convince us 
that the bond is actually the weakest link in that sys
tem. This circumstance in combination with other

Fig. 7. Construction joints in a dam as weak points 
' of concrete structure

facts proving that the bond is the weakest link of con
crete structure even from the point of tensile strength 
and permeability, suggests the way to be followed by 
basic research in an endeavour to improve the pro
perties of concrete not only from the aspects of the 
durability but on all counts as well.

Role of Protection in the Durability 
of Concrete Structures

The durability of concrete, particularly in a strongly 
aggressive environment, must also be ensured by 
protecting the material against intensive contact with 
aggressive agents. Protection of concrete must be 
considered an inseparable part of the solution to the 
problem of durability of heavily endangered concrete 
structures and their parts.

The object of protecting concrete structures is to 
restrict or completely eliminate the effect of adverse 
and aggressive external factors either by preventive 
or by supplemental measures. Timely preventive 
measures are the most effective and cheapest solution 
of all. All protective measures can be classified in two 
groups: ■

1 Adjustment of the environment of the structure, 
such as: drainage of the foundation soil, ventilation 
and withdrawal of aggressive vapours and gases, 
conveying of aggressive agents, weakening or neutrali
zation of aggressive substances within the manufactur
ing process, neutralization of underground aggressive 
waters, etc.

As to conveying of aggressive substances: special 
emphasis should be put on the use of the various 
measures and on ensuring their correct functioning by 

Fig. 8. Frost resistance of granite, hardened cement paste 
and their bond (113)



regular checks and maintenance. These measures 
include: ventilation and air conditioning, particularly 
of manufacturing spaces, prevention of steam con
densation on concrete structures (ceilings, roofs), 
efficient drainage of roofs and perfectly functioning— 
especially in winter time—water withdrawal systems, 
perfect drainage of pavement, particularly when using 
de-icing salts, prevention of water flow on facades, a 
year-round reliable operation of drainage systems of 
bridge structures, protection of the structure against 
stray currents, etc.

2 Treatment and protection of concrete surfaces such 
as impregnation and chemical treatment of concrete 
surfaces (fluoro-silicates, ocratization), impermeable 
and resistent coatings and membranes (films), imper
meable and resistant layers and plasters, impermeable 
and resistant linings and walling (protection of piles 
in sea water, of pavement, etc.).

The indispensable condition for a surface insulation 
to be effective is absolute impermeability.

The effectiveness of surface protection is contingent 
to: impermeability to gases and liquids, chemical 
resistance against agents present in the given medium, 
deformability as relating to the protected structure 
under all conditions of operation (temperature, 
humidity), high homogeneity of mechanical, physical 
and chemical properties, mechanical resistance against 
impacts and other effects of normal operation,, static 
security, particularly from the point of limiting defor
mations and eliminating buckling (stability).

While in conventional insulating materials (clay, 
rocks, aggregates, etc.) it is the thickness that matters 
with regard to the coefficient of permeability, in 
modern insulating materials (impermeable films), the 
crucial point is the absence of defects. The necessary 
safety of the latter insulations as regard impermeability 
is usually obtained through the use of multiple films 
and of perfect, impermeable joints.

The decisive condition for an effective function of 
any insulation is high homogeneity and impermeability. 
This immediately implies high demands on the quality 
and control of the respective materials, of their 
technology and of the completed insulation. This leads 
to increased importance of prefabrication in this field.

The necessity of obtaining by control insulation 
that would effectively perform during operation of the 
concrete structure, brings us face to face with the need 
to separate the function of the insulation from that of 
the protected structure (factory stacks, tanks, cooling 
towers, etc.). This is yet another proof of the impera
tive need to approach the solution to the problem of the 
durability of concrete and concrete structures on a com
plex basis, particularly in the presence of strong 

aggressive media.
Correct sharing in the task by the durability or 

resistance of concrete, and by the protection of con
crete structures must be effected with a view to the 
given specific conditions.

Role of Maintenance and Repair 
of Concrete Structures

Maintenance and repair of concrete structures are 
important factors of both physical and economical 
durability.

The task of systematic maintenance consists in 
ensuring for a structure the same conditions as have 
been considered in its static and technologic solutions. 
Systematic control and regular, timely maintenance 
can restrict or completely eliminate the usual cuases of 
pathologic state of a structure. They include: inap
propriate foundation and uneven settlement, inferior 
quality of components, improper composition and 
placing of concrete, wrong type and insufficient sup
port of formwork, imperfect curing of concrete during 
hardening, etc. "

From the long-time point of view (durability), 
even isolated overloading of the structure, producing 
no effect on its instantaneous strength, can be the 
cause (cracks) of an unfavourable development of 
reinforcement corrosion and structure durability. 
Special care should, therefore, be accorded to con
crete structures as regard the state and causes of crack 
formation in concrete.

The durability of structure—even of a high-quality 
one—is generally threatened in yet another way, 
namely by excessive wetting of the structure by rain 
or other water. This risk becomes particularly serious 
if the structure is periodically exposed to the action of 
frost. Regular maintenance and control of the draining 
system play, therefore, an outstanding role in the 
durability of concrete and concrete structures thus 
exposed. Bearing in mind that water in concrete is the 
cardinal factor of almost all deteriorating processes 
that occur in it (frost, dissolving, chemical reactions), 
the speediest possible withdrawal of water should be 
provided for structures built above the ambient water 
level.

The object of repairs is to stop the progress of 
deterioration and to restore the structure to its 
original safety both instantaneous and long-term, as 
implied by the required durability.

The efficiency of repairs is to a considerable extent 
dependent on the quality of the bond between old 
and fresh concrete. The demands made on the tech



nique and quality of repairs in this respect are very 
high indeed. Some of the modern materials, such as 
epoxy resins, offer us hitherto unheard of possibilities 
of effective repairs of deteriorating concrete structures.

The Bond and its Significance for 
the Durability of Concrete

Deterioration of concrete by various agents can 
essentially take place on three fronts: hardened cement 
paste, aggregates, and the joints.

Deterioration of the texture of concrete depends on: 
magnitude of the deteriorating action of the medium 
(internal stresses produced by freezing of concrete, 
volume changes, osmotic pressure, crystallization 
pressure; weakening due to dissolution of com
ponents), strength of concrete, the tensile one in parti
cular. -

The importance of the bond for the durability of 
concrete can thus be assessed also indirectly, from the 
properties of the joint relative to those of hardened 
cement paste or aggregates (rock). Generally speaking, 
the effect of the aggregate-cement bond is the greater, 
the larger the specific surface of aggregate grains.

Effect of the Bond on the Mechanical Properties 
' of Concrete

The case that decides about the failure of the joint 
is that in which it is stressed by tension with shear 
also coming unfavourably into effect. The importance 
of the bond is given by low strength of the joint rela
tive to both hardened cement paste and the currently 
used rocks of aggregates.

Direct tests of flexural strength of various rocks, 
hardened cement paste and the joint after 28 days 
afford us a clear picutre of the bond and of the frac
tured and the cut joint (Fig. 9) (113). This is one of the 
reasons why aggregate grains separate from cement 
in the course of concrete disintegration.

Effect of the Bond on Concrete Permeability

Even though the joints between aggregate grains 
and cement form no continuous channels for the 
flow of water through the texture of concrete, they 
can nevertheless substantially affect penetration of 
water in concrete. As direct tests of the joint perme
ability in relation to the permeability of the adjacent 
rock and hardened cement paste have clearly shown, 
the permeability of the joint is many times greater 
than that of the other two components. Equivalent 
breadth of the joint as expressed by hardened cement

r -cut surface
Fig. 9. Bond of cement with different rocks (775) .

paste was several cm and grew rapidly by frost action.

Effect of the Bond on the Durability of Concrete

The relatively low strength of the joint and the 
increased possibility that water can enter it, are the 
reasons of its low durability whenever moist concrete 
is exposed to the action of alternate frost.

According to direct durability tests of prisms 
(4x4x16 cm) made in part of rock, in part of 
cement paste, the frost resistance of the joint under 
flexure is very low. A typical example of the results 
obtained for granite is in Fig. 8 (113). ,

Notwithstanding the fact that in concrete ingress 
of water in the joint is not so easy as it is in the test 
prisms, the above is a clear evidence of the important 
part that the bond between aggregate grains and 
cement plays as regard the durability of concrete and 
the mode of its deterioration by alternate frost and 
other aggressive agents, particularly in the case of 
aggregate grains with a smooth surface (natural gravel 
and sand).

The examples of results achieved with various rocks 
quoted above, bear clear evidence as to the general 
importance of the aggregate-cement bond and in turn 
of the necessity of

a) thorough scientific studies of the contact zone 
and of the conditions for a perfect bond (up 
to the ultimate strength of one of the compo
nents),

b) practical measures that will lead to the creation 
of favourable conditions for a perfect cement
aggregate grains bond (clean surface, suitable 
treatment of the surface of grains, etc.).



Basic Conditions of Concrete Deterioration and Durability

Analysis of Concrete Deterioration by Aggressive 
Agents and by Deteriorating Processes

Depending on the purpose for which it is intended 
and on the local climatic and other conditions, con
crete of structures is exposed to the effect of a whole 
number of aggressive agents and otherwise deteri
orating factors. Several such agents combine in their 
action as a rule. Irrespective of this, a separate analy
sis of the action of each agent must be made in order 
to ascertain the basic conditions, kinetics and final 
effect of each of them on concrete properties in measur
able relationships.

The relationships that we are thus attempting to 
elucidate are both qualitative and—that mostly— 
quantitative, and we need them to express the degree 
of deterioration as a function of the intensity and du
ration of the external action.

External factors of the durability of concrete. Using 
the main effect on the gradual deterioration of con
crete, we can classify them in four groups (Table 1).

Basic Processes of Concrete Deterioration

The effects of various deteriorating factors and 
processes of mechanical, physical, chemical and biolo-

Table 1. Classification of aggressive agents and their action

Group Specification Effect on concrete

mechanical 
effects

load, overload and shocks 
impacts and friction 
flow water and air

cracks, mainly in binder 
erosion, crushing 
erosion, cavitation

physical 
effects

temperature variations 
and differences 
humidity changes and 
non-uniformity 
frost (alternate)

fire and high temperatures 
electric current and 
radiation

cracks, peeling off, bond 
failure

cracks and bond failure

cracks and bond failure, 
peeling off
cracks, chemical changes 
reinforcement corrosion, 
binder dissolution

chemical 
effects

air and other gases

aggressive waters

chemicals

soil and soil minerals

binder dissolution, H2S, 
SO2, CO2 and NH3 
reactions
binder dissolution, reac
tions: H2SO4 sulphates, 
carbon waters, chlorides 
reactions of acid salts 
and acids
reactions of weak acids, 
sulphate salts, zeolites

biological 
effects

vegetation

microorganisms 
(bacteria, microscopic 
forms of organic life)

cracks, etching by juices, 
moisture
formation of sulphates, 
mechanical weakening 
of texture

gical nature on concrete can be subdivided in three 
basic categories:

1— internal or surface stresses due to non-homo- 
genous volume changes in concrete, or to mechanical 
action such as impacts, friction, cavitation, etc. This 
group also includes the effect of temperature and 
humidity variations, volume changes caused by 
freezing of water in closed pores.

2— dissolving and washing away of soluble com
ponents—cement in particular—from concrete. This 
leads to a loss of strength, especially of tensile strength 
because of loss of: binder (cement) cross section, 
and cement-aggregate bond.

3— chemical reactions and physico-chemical pro
cesses leading to the formation of voluminous salts or 
to osmotic pressures. Loss of concrete strength mostly 
in tension is then caused by: reduced strength of 
concrete components, reduced cement-aggregate 
bond, and internal pressures (salts, osmotic pressure).

An analysis of deteriorating processes is also im
portant for quantitative observations by appropriate 
test methods.

Important criteria for the properties of concrete 
and of its components bearing on the durability, 
are another of its results. Among them are:

i) tensile strength of hardened cement paste, ii) ce
ment-aggregate bond, iii) permeability (or absorp
tivity and capillarity) of concrete and iv) chemical 
resistance of cement (hardened cement paste) to ag
gressive waters, acids, sulphates, etc.

The processes of concrete deterioration just outlined 
are related to certain concrete properties that neces
sarily result from the properties of the components, 
composition, placing and the resultant mechanical 
and physical properties of concrete.

It is, therefore, possible to deduce for concrete and 
its components, the favourable properties they should 
have and the requirements they shoud meet to resist 
the above-enumerated basic processes of concrete 
deterioration (Table 2). ;

Some of the requirements have general validity and 
include:

i) homogeneity of concrete, ii) low permeability and 
absorptivity of the components and of concrete, iii) 
appropriate system of pores, abundance of binder, 
air-entrainment, water-cement ratio, compaction, iv) 
high bond and tensile strength, v) effective protection 



of reinforcement, vi) appropriate curing at the initial 
stage of hydration (moisture).

Relative Importance of Aggressive Agents

The importance of various aggressive agents or 
deteriorating processes for the durability of concrete 
is generally a function of a number of conditions, 
and after all, of the criterion of evaluation. It is also 
among others a function of local conditions. Irrespec

tive of this it is necessary to know—from a higher, 
international aspect—the relative importance of the 
various causes of concrete deterioration—no matter 
that they might be evaluated in terms of the extent 
of failure they produce.

The RILEM Technical Committee for the Durabil
ity of Concrete and Concrete Structures in which parti
cipate all the principal countries where concrete 
durability is of major engineering and economical 
significance, has made an inquiry to determine the 

Class of concrete deterioration

Table 2. Requirements on the components of durable concrete for different classes of its deterioration

Concrete Component 1 
Stresses by mech. effects and 

nonhomogeneous volume changes

2

Dissolving and leaching

3 
Compounds of increased 
volume, osmotic pressure

Physical Reduced fineness Reduced fineness —

Cement
Chemical C3S > CgS > C3A > C4AF Low CaO content

Low C3A, C4AF contents,
high C2S content,
low CaO content,
low MgO, low alkahes content

Aggregate

Physical

Adequate coef. of thermal volume 
changes.

Low absorption
Reduced mica content.
Reduced relative volume changes 

by absorption.

Low permeability and 
absorption Low permeability and absorption

Chemical — No soluble components

No alterable rocks

No FeSg
No active SiO9 (alkali reaction) 
No CaMg (C03)2

Admixtures

Physical Air entraining or combined effect admixtures
Gas forming admixtures. Waterproofing admixtures.

Chemical Pozzolanas I with air
Blast furnace slag) entrainment

Pozzolanas
Blast furnace slag.

Pozzolanas
Blast furnace slag. No CaClg

Hardened 
cement paste Physical Low w/c .. Low permeability and absorption

Bond •

Physical Reduced relative volume changes 
Rough clean surface, low permeability

Chemical __  __ No active SiO2 in aggregate
No CaMg(CO3)2

Water No acid waters, both anorganic and org . .
No polluted waters .

Reinforcement

No chlorides
Air entraining or combined effect admix

Low permeability and absorption of concrete cover . ..
. Effective cover thickness

Surface treatment of reinforcement—use of corrosion inhibitors

Composition, 
placmg and 
condition op 
hardening of 
concrete

Physical

Plain concrete with adequate quantity of cement to fill up small pores and cover the grains surface
- Low w/c for good workability

Adequate air content 
Homogeneity—avoid segregation (m mixing, transport and placing) .

Impermeable construction joints. Adequate surfacing
Avoid loss of water by evaporation (shuttering, impermeable membranes, surface protection) 

. Adequate temperature for hydration

Chemical Avoid excessive carbonation 
Surface treatment by fluorosihcate

Mechanical 
and physical 
properties 
of concrete

Homogeneous concrete
Low permeability and absorption .

High tensile strength .
Adequate air pore system . .



relative importance of the various factors. The 
following criteria were considered:

11 modes of concrete deterioration
alternate 
wetting

crystallization 
of salts

sulphates

alternate 
frost

abrasion acids

reinforcement internal aggregate
corrosion stresses reaction
leaching external

stresses

5 classes of structures according to their exposure 
i) indoor concrete with normal atmosphere, ii) indoor 
concrete with condensation and aggressive vapours or 
gases, iii) outdoor covered structures, iv) outdoor 
exposed structures, v) underground structures, struc
tures exposed to chemical effects

3 degrees were used for the classification
0—comparatively little importance
1— some importance
2— general importance

Although this system of the modes of concrete 
deterioration, the internal and external stresses in 
structures in particular, could be subject to discussion, 
the results of the inquiry are of outstanding general 
significance for the future trend of research and 
cooperation. This is the sequence of the modes of a 
concrete deterioration resulting from the inquiry:

1 reinforcement corrosion
2 sulphates
3 alternate wetting
4 alternate frost
5 leaching
6 acids
7 internal stresses
8 external stresses
9 crystallization of salts

10 aggregate-cement reactions
11 abrasion

The slight difference between the points given to 
alternate wetting and alternate frost and leaching is 
evidently due to the circumstance that the effect of 
alternate frost like that of leaching is conditioned by 
the presence of water in concrete.

Physical and Mechanical Properties of Concrete 
Important for the Durability.

The action of aggressive agents on concrete and its 
results depend on: 1

the character of the agents in relation to concrete

and its components (chemical nature, concentration, 
etc.), '

the possibility of their action (permeability, porosity, 
capillarity, etc.),

the resistance of concrete and its components to 
stresses produced by the majority of disintegrating 
process (tensile strength, cement-aggregate bond).

The presence of water and the possibility of its 
ingress in concrete is the decisive factor of most 
deteriorating processes.

Of the physical properties of concrete (and of its 
components), the following are the most important: 
porosity, permeability, capillarity and absorptivity. 

Porosity of concrete and its components

Porosity of concrete is given by the porosity of 
concrete components and - by pores in the cement 
paste-aggregate joint. Generally speaking, systems of 
pores differ one from another and are very closely 
linked with mechanism of formation of the texture of 
each component. Considering the possibility of water 
and gas penetrating in concrete, two general classes of 
pores (Fig. 10) may be distinguished:
open or accessible pores connected to the remaining 

pores and to the surface; they may be accessible 
from one or from both sides;

closed, inaccessible pores, without connection to the 
remaining pores or to the surface.

Closed pores come into play only in the mechanical 
properties of concrete. Open pores are a very im
portant factor in permeability, capillarity, absorp
tivity and durability of concrete.

According to their form and origin, pores can be 
classified in the following three kinds:

cells (bubbles)—characterized by three roughly 
equal dimensions,

cracks or lentils—with two predominant dimen
sions,

channels—with just one predominant dimension.

The way pores affect the mechanical and physical 
properties (tensile strength, permeability, absorptivity,

Closed pores

Note -. Pores in groins of aggregate are omited for dearness.

Fig. 10. Porosity of concrete 



capillarity) essentially differs from one kind to another. 
The most unfavourable from mechanical aspects are 
cracks. Continuous channels sometimes linking onto 
cracks, play the biggest part of all as regard perme
ability inasmuch as they appreciably facilitate flow of 
water through the texture. Pores accessible from one 
side as well as discontinuous channels, exert their 
effect mostly by air cushions during expansion of 
freezing water.

To be in a position to exactly estimate the effect of 
porosity on mechanical and physical properties, we 
must acquire detailed knowledge of pore morphology, 
size and distribution. Tests of directional permability, 
absorptivity and capillarity are likely to afford us at 
least integrated data on the properties of the system 
of pores under study; Experimental data of this sort 
depend, however, also on the effect of applied pressure 
and accordingly, water pressure, too, becomes an 
important criterion in pore system studies. The pheno
menon is exploited in modern engineering practice of 
air-entrained concrete. These phenomena should be 
taken into account in research and test methods which 
must be based on physical properties independent of 
those factors whose effect is to be expressed by physical 
laws of general validity.

Whereas the porosity of aggregates (rocks) can 
merely be determined and taken in consideration when 
choosing the aggregates, we are in a position—parti
ally at least—to adjust the porosity of cement paste 
and the joint. This the basis of the successful technique 
of air-entrained concrete (90).

If air bubbles are to play a role favourable from the 
point of concrete frost resistance, they must be con
nected into the spatial system of capillary channels, 
be uniformly distributed in the texture of cement paste, 
have adequate (small) spacing. The length of and the 
flow conditions in the channels eventually decide 
about the inner pressure (tension) in concrete and 
about the suitability of the system of pores, exert 
highest possible effect at small total air content.

Air bubbles can play their favourable role only 
in the space taken up by cement paste. As their spacing 
varies in reality, we should consider that corresponding 
to a uniform bubble distribution. The size and hence 
also the number of air bubbles per unit volume of air 
bubbles is under otherwise identical conditions a func
tion of surface tension and thus of the properties— 
efficiency—of air entraining admixtures. The total air 
content of hardened cement paste, and the more so of 
concrete with aggregates of diverse size, is therefore, 
not an adequate criterion of efficient air entrainment.

Neither is the total air content of concrete a suitable 
criterion of the actual degree of air entrainment. 

T. C. Powers has correctly referred his spacing factor 
to the volume of cement paste. In this way specifica
tion of air entrainment of concretes with different 
aggregate skeletons could be set on a logical compara
ble basis.

The main effect of air entraining admixtures and of 
artificial air entrainment of concrete consists in modifi
cation of the system of pores; this has been proved by 
research work carried out in the United States (6, 7, 
90, 91) and resulting in the establishment of the main 
characteristics of pore systems of ordinary and air 
entrained concretes (Table 3).

Detailed data on pore distribution from the point 
of their sizes in air entrained concretes, and the effect 
of water-cement ratio, nature of the admixture and the 
effect of vibrations are summarized in Fig. 11.

It is a pity that the tests made in the USA do not 
contain detailed information on the nature of the pore 
systems of ordinary and air entrained concretes, which 
would make it possible to estimate the effect of air 
entraining admixtures on the pore system still more 
clearly and specifically.

The predominant size of pores as shown in Fig. 11 
indicates the necessity to also elucidate the effect of 
fineness of cement on the formation of the pore sys
tem in relation to those fractions of sand that are 
designated as most efficient for air entrainment. 
Several research studies (21, 47, 95, 123) especially 
those of postwar years have proved sand grain sizes 
between 0.30 and 0.60 mm to be the decisive ones for 
the content of entrained air.

It also follows from Fig. 11 that pores larger than 
0.120 mm dia. are rather random in occurrence. They 
are pores of air entrapped in concrete.

Further studies of the effect of a system of pores 
on the durability of concrete are also fully justified 
from the point of improving the resistance of air 
entrained concrete to sulphates, sea water, alkali 
reactions, and with volume unstable rocks.

Another problem that deserves clarification in 
relation to the character of the pore system (size of air 
bubbles at equal total air content) is the loss of mecha
nical properties of concrete (tensile strength in parti
cular).

Table 3. Nature of pores in ordinary and air entrained concrete

Kind of 
concrete

Air content
%

Specific surface 
of pores 
cm2/cm3

Spacing factor

Range Avg. Range Avg. Range Avg.

Ordinary 0.2-5.7 2.0 42-435 175 0.023-0.155 0.064

Air entrained 2.4-10.6 4.4 242-615 387 0.005-0.020 0.013
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Very important for the mechanical and physical 
properties of concrete are pores contained in the 
cement-aggregate joint. They are usually larger pores 
cuased by air adhering to rough surface of the aggre
gates. In this sphere of research we meet a number of 
complex problems of utmost theoretical and practical 
significance.

Relation between porosities of cement paste and aggre
gates (rocks')

The relation between the properties of the pore 
system of aggregate grains and that of hardened ce
ment paste bears decisively on the course of physical, 
physico-mechanical and physico-chemical processes 
that lead at later stages to deterioration of the texture 
of the two components and of their joint.

We can judge as to this relationship from the famil
iar, usually experimentally verified properties: 
absorption (total), permeability. As only sound, 
unweathered rocks are employed for aggregates, 
and from natural gravels the strongly weathered 
parts are usually eliminated, permeability and absorp
tion of aggregates are relatively low. A proof of this 
is offered in Table 4 (62, 85).

The unfavourable effect of water-cement ratio and 
specific surface of aggregates is evident from the case 
of cement mortar. This phenomenon is clearly in 
very close connection with high permeability of the 
aggregate-cement joint, also determined experi

mentally by direct tests (115). The motion of water 
in concrete follows the path of least resistance and the 
relatively high permeability of the joint creates condi
tions leading to strong action of hydraulic pressures, 
ice, dissolving effect of waters and acids, as well as 
to that of aggressive salts in the joints.

It is logical to presume that the nature of the pore 
system of aggregates (rocks in particular) will be in 
close connection with their “technology”—process of 
their formation. We may, therefore, assume essentially 
different systems of pores in igneous rocks, sedi
mentary rocks and metamorphic rocks.

The mechanics of frost action in wet rocks undoubt
edly follows the same basic mechanico-physical laws, 
and for this reason it will be necessary to study the 
basic properties of rocks important for their frost 
resistance, by the same means.

A certain connection between the system of pores 
in and the frost resistance of rocks was proved in 
France (65). The studies have proved the utmost 
importance of calcite moisture for volume changes 
(Fig. 12) and deterioration. They have at the same 
time pointed out the significance of the nature and 
size of pores for absorptivity and frost resistance of 
the rock. A mercury porosimeter facilitated the deter
mination of the size distribution of the pores and 
helped to explain the causes of different frost resistance 
(Fig. 13) after the unlike nature of the pores became



Table 4. Permeability and absorptivity of concrete components and mortar

Material
Coefficient of 
permeability 

k cm/sec

Absorptivity 
volume (%)

Cement paste 
hardened 
(w/c = 0.7) 

age— 5 days 
6 days 
8 days 

13 days 
24 days

4.10- 8
1.10- 8
4.10- 9
5.10- 10
1.10- io

Material
Coefficient of 
permeability 

k cm/sec

Absorptivity 
volume (%)

Cement mortar
1/3, w/c = 0.71 — 13.6
1/4, w/c = 0.73 n — 17.4
1/5, w/c = 1.18 ■’ — 21.4
1/6, w/c =1.95 — 21.5

1/4, w/c = 0.61 — 8.4
1/5, w/c =0.71 9. . — 9.9
1/6, w/c =0.89 7 — 12.1
1/7, w/c = 1.05 —• 13.3

Granite 7.48.10-10 1.2
Quarzite 1.15.10-10 —
Limestone 1.72.10-12 0.27^4.3
Diorite 1.15.10-12 —
Dolomite — 18
Basalt 3.45.10-13 6.7
Sandstone 1.72.10-9 —

Granite slightly 
weathered 
Sandstone siliceous 
slightly weathered 
Limestone slightly 
damaged 
Granodiorite slightly 
damaged 
Basalt slightly 
damaged 
Sandstone slightly 
damaged

6.10- 7

8.6.10- 3

1.9.10- 3

1.10- 3

5.0.10-3
to 1.0.10-6

1.7.10- 4

1) 60% of grains^to 0.2 mm. 2)’_30% of grains£to^0.2 mm.

Fig, 12. Effect of limestone’s humidity on its volume changes 
by frost <-10°C') (65)

evident from the rate and degree of relative absorp
tion of two calcites on their immersion in water (Fig. 
14). Fine open pores (capillary channels to Sp, dia.) 
of the Tervoux calcite are the reason for rapid penetra
tion of water in its texture, and hence of the higher 
relative degree of saturation, decisive for the unfavour
able effect of frost.

Concrete permeability

Permeability of concrete decides about the pos-

Fig. 13. Difference of pore system (histograms) of two 
limestones (S, T) with different frost resistance (65)

Time > hrs
Fig. 14. Water absorption of two limestones (S, T) 

with different frost resistance (65) 



sibility of water and substances contained in it to 
penetrate in concrete through interconnected open 
channels. It is defined by the permeability coefficient 
k in the Poiseuille-Darcy law for the rate of water flow 
through a porous medium, viz. d = kl. So long as no 
complete penetration of water through concrete had 
taken place (Fig. 15), the water head must also include 
the effect of capillarity. The relative head is then given 
by the relation

j = h+xhü- (2)

where

h—the actual height of water column above con
crete surface

hQ—the capillary elevation
x—the thickness of concrete (depth to which water 

had penetrated).

The permeability coefficient k is not a time constant. 
It depends on gradual cement hydration and on the 
effects of water flowing through the capillary channels 
(swelling of channel walls, clogging with or washing 
off of fine particles including air bubbles).

At the initial stage larger pores connected to the 
channels cause by their filling up the flow to decelerate. 
After water had penetrated through concrete, these 
pores lose their effect on the apparent (resultant) 
velocity and outflow (Fig. 16). Surface cracks also

Steady water percolation 
p-yh wafer head

v-U =k^- ,

/
I I

Unsteady water percolation 
p-yh water head

capillary suchen

k-fc ’ hr"h+h« 

tpn') ppp.

Fig. 15. Percolation of water through the concrete 

Fig. 16. Concrete pore system and percolation of water

cause changes in percolation of water through con
crete. This is the reason why the permeability of con
crete is usually expressed in terms of completed per
colation and of the amount of water that had flowed 
through. Even though simple such a procedure is 
usually time consuming. The permeability coefficient 
however, be determined (with some approximation) 
from the relation for unsteady percolation 

where

x—the actual depth to which water had penetrated, 
t—the time,

h,—the height of water head (hr = h + Ao)

At large enough h, ha may be neglected.
The above relation is approximate in that it dis

regards the time necessary for filling up large pores on 
the flow channels. Nevertheless, the permeability 
coefficient k thus obtained is a measure of the pos
sibility of water penetrating in concrete.

Concrete absorptivity

Absorptivity of concrete or of another substance is 
usually understood to mean the quantity of water 
that penetrates in the specimen during a certain time 
of immersion in water (Fig. 17). It is a measure of 
the open porosity. Penetration of water occurs due to 
simultaneous action of hydrostatic pressure h and 
capillary forces that can be expressed in terms of the 
height of water column h0, the capillary elevation. 
So far as specimens completely immersed are con
cerned, the counterpressure of air contained in 

x ‘‘fdTkthTh^

pr -yhr, hr*h-i-h«

Fig. 17. Absorption of water by concrete



concrete pores should be considered, too.
The depth of absorption can be expressed by the 

relation
x = V 2tk(h + Ao) (4)

which holds on the assumption that all the pores 
(channels) are open to flow and directly contribute to 
water percolation in the principal direction. What 
actually happens is that water penetrates through 
transverse channels and simultaneously to no-through 
channels. The resultant percolation is slowed down 
by the time necessary to fill the volume of both.

After time t the amount of water that had penetrated 
in the specimen is given by the relation

Q = Fo, x, ti0 = ¥07t0V2tk(h + /z0) (5)

where

Fo—the free surface of the specimen,
7r0—the (relative) open porosity.

For a statistically homogeneous material the 
relation between the weight increases of the specimen 
is given by the relation between percolation depths 
from the initial state (Table 5).

The linear dependence of the relative percolation 
depth on Vt]tQ (t0 = 10 min in our case) can be used 
to advantage in the determination of the smoothed 
value of the permeability coefficient k (Fig. 17).

Capillary elevation

In penetration of water in concrete and its com
ponents, capillarity asserts itself as an additional water 
pressure head. If we wish to express the permeability 
coefficient k from formula 4, h0 must be measured by a 
suitable test (Fig. 18).

Time, permeability coefficient k and capillary 
elevation are bound together by the relation

1 = ------- <6)k V ha — x hQ) '

Given experimental values (two at least), both the 
permeability coefficient k and the capillary elevation hQ 
can be determined. Both values can be ascertained 
more accurately from a larger number of experi
mental values.

But in all cases the process calls for further analysis.

Table 5. Rate of water penetration into specimen

Absorption 10 40 
min.

90 160 250 360 
min.

24

Relative depth 
of penetrat.or 
relat. weight 
increase

1/12 1/6 1/4 1/3 5/12 1/2 1

While in the action of direct hydrostatic pressure 
the resultant permeability coefficient k is related to 
all the pores—no matter what their cross section, the 
situation changes once capillary forces—also bound 
to the dimensions of the capillary channels or cracks— 
come into action. Accordingly, the distribution of 
water flow among the different size groups of channels 
will be different (Fig. 18). -

This alone is already a good indication of the high 
demands imposed on a test method capable of 
determining the fundamental properties of the pore 
system, and the resistance of the texture to specific 
aggressive processes.

In all the cases, i.e. unsteady percolation, absorp
tion of water in concrete and capillary elevation, we 
must furthermore consider the effect of flow-ineffec
tive channels and partially open pores, on the values 
of: r, x and k.

The possibility of using these physical criteria as a 
measure of concrete capability to resist the effect of 
alternate frost or of aggressive substances contained 
in water in relation to the 10 mins and 24 hrs

Fig. 18. Capillary elevation of water in concrete 
(mortar, paste)



absorptivity and frost resistance was successfully 
verified in Great Britain. A characteristic dependence 
between frost resistance and capillary absorption of 
standard mortars (ISO- 1/3) was also determined in 
France (120). Volume changes of the test specimens 
(4x4 X 16 cm) of various cement mortars used as an 
index of frost resistance and capillary absorption have 
proved the importance of the pore system for frost 
resistance (Fig. 19).

Tensile strength and bond of concrete components

The tensile strength of hardened cement paste and 
its bond with aggregates are decisive as regard the 
crack formation and deterioration proper of the tex
ture by internal forces (ice, crystals, etc.). Concrete 
in the immediate vicinity of a tensile reinforcement is 
stressed in tension to failure by a system of cracks. 
In most cases these cracks do not affect the ultimate 
strength of sections but their effect on unfavourable 
action of aggressive media on concrete and its rein
forcement in particlar, is of a decisive character.

Even though the danger of cracks in the covering 
layer of reinforcement is reduced by suitable prestress, 
as little as an isolated overloading there can give rise 
to harmful cracks.

The tensile strength and high aggregate-cement 
bond are of essential importance for the mechanical 
properties and durability of concrete and concrete 
structures; it is up to research to seek new ways 
towards their improvement.

The Function of Cement and Hardened Cement 
Paste in the Durability of Concrete

Hardened cement paste—though occupying but a 
small fraction (15 to 30%) of the total volume of 
concrete, holds a decisive position marked out by its 
task. It is at the same time a component of concrete 
that can most and best of all be affected by technology. 
Implied in this is the decisive effect of cement on all 
the properties as well as on the durability of concrete.

Depending on the circumstances, cement plays a role 
in the durability of concrete both by its chemical 
properties (composition) and by the physical and 
mechanical properties in hardened cement paste. Very 
important, too, is its relation to aggregates.

The chemical aspect involves the relation of cement 
components to aggressive agents of chemical nature 
which can either dissolve some of them, or through 
chemical reactions create new products that give rise 
to an internal state of stress by physico-chemical 
processes or crystallization.

The physical aspect refers to some of the physical 
properties that are of importance for:

the possibility of ingress of water and aggressive 
agents in concrete (chemical, physico-chemical 
processes),

the magnitude of stress in concrete (aggregates) and its 
eventual deterioration by cracks.

, Hydraulic lime

96a

} Good . MG cycles

1000
MC cycles

Excellent 200 (dm 
MO cycles

1(9 72
Time., hrs

Frost Volume 
resistance changes 
......... . . Destruction

■ 100 cycles
' 6ad ., 10000fi jm
' 100 cycles

. ,5000 fi/'m 
400 cycles

Cement - Blastfurnace stag (15 %c linker) ,

^/^Tfupersulphated

"^-Portland {pure) (ti'/»chnh^
- Blastfurnace stag _

----- - Tportland (pure)

-High alumina

• -
2^6

Fig. 19. Capillary absorption of mortars ISO (7/3) 
with different cements



The physical properties in question include: poro
sity, permeability, absorption capillary elevation.

The mechanical aspect is concerned with tensile 
strength and bond of cement (rock) grains.

So far as the durability of concrete is concerned, 
the point in question is the relative capability of hard
ened cement paste and aggregate grains to resist the 
effect of various factors of the aggressive medium. 
Deterioration of concrete structure, however, always 
proceeds along the path of least resistance.

Effect of Cement Properties on the Durability 
of Cement and Concrete

Cement plays a role in these three ways: chemical 
and mineralogical composition; the properties of 
hardened cement paste; its relation to the aggregate, 
or to its components.

As to the chemical and mineralogical composition of 
cement: we are mostly interested in the relative content 
of the principal mineralogic components (C3A, C3S, 
C2S and C4AF), content of free lime (CaO), MgO and 
alkalies (Na2O and K2O). An important practical role 
is also played by hydraulic admixtures added to ce
ment, which assert themselves also by their hydraulic 
capability (blast furnace slag, fly ash, trasses, tuffs, 
etc.).

The general criteria based on the existing results of 
world research are reviewed in Table 2. As a general 
rule it is necessary to verify them experimentally 
for the given specific conditions. A verification of that 
sort should start out from the decisive mechanical 
and physical properties of hardened cement paste: 
tensile strength, porosity, permeability, absorptivity.

Frost resistance of young, fresh concrete
Young concrete is very sensitive to the action of 

frost for the following reasons; a) it generally contains 
in its pores a large amount of chemically free water 
due to excess mixing water which only gradually 
combines with cement components or evaporates; b) 
the bond between the components (aggregate grains 
and cement) is weak and leads to low strengths, 
particularly in tension; c) high permeability facilitates 
motion of water and in turn formation of ice lenses in 
insufficiently solidified concrete structure.

As regard processes taking place in concrete during 
its cooling and deterioration by internal stresses: 
the tensile strength (bond) is the best indicator of the 
the resultant deterioration in the structure (eventually 
of its prestress).

The humidity of young concrete is given by mixing 
water. The water-cement ratio thus becomes a suitable 
index of the amount of water that is likely to turn to

Fig. 20. Effect of one frost (24 hrs, —14r>C) on the 7 days’ 
tensile strength of concrete for different ages at frost (0, 4, 8, 
24 hrs) (65)

Fig. 21. Effect of WjC ratio on the relative loss of concrete 
strength at 7 days by a single frost (—14°C) (65)

ice in concrete cooled below 0°C. Another such index 
is the actual tensile strength or cement-aggregate bond 
at the instant of the first frost. This is corroborated 
also by the results of work done by M. Mamillan 
(Fig. 21).

Fig. 21 shows the effect of concrete age (degree of 
hydration) before the action of frost of — 14°C/24 hrs/ 
on the 7-day tensile strength. The lower the previous 
temperature (< 20°C), the lower was the degree of 
hydration achieved and the higher the final loss of 
concrete strength. Not only the nature of cement 
(strength, rate of hardening, heat of hydration) but 
the water-cement ratio, too, come into play here 
(Fig. 22).

The mechanics of chemically free water contained 
in concrete and in hardened cement paste in particular, 
turning to ice under the action of frost continues to 
remain an unclarified clue to perfect understanding 
and explanation of the effect of alternate frost on wet 
concrete and its mechanical properties. Equally un
clarified relations and processes accompany the tem
porarily favourable properties of frozen concrete 
(high tensile strength especially); their elucidation 
would help to better understanding of the effect of



Fig. 22. Effect of cement fineness on the tensile strength of 
concrete IW[C = 0.51. 350 kglm1, d = 50% T = 20°C) (7/8)

frost on concrete—wet concrete in particular (116).
The physical properties of cement—fineness of 

grinding, granulometry and the relation surface to 
water, too, play a part here. These properties assert 
themselves predominantly through the amount of 
water bound by the surface of cement grains and 
through the resultant system of pores.

The favourable effect of greater fineness on frost 
resistance is clearly conditioned by an adequate in
crease in the amount of gypsum (CaSO4-nH2O) 
with respect to the extent of the reaction proceeding 
on the surface of grains (120). Surplus gypsum and 
coarse grinding (together with cement) act unfavour
ably on texture formation and limited durability of 
hardened cement paste, clearly because of these two 
factors: limited bond and tensile strength, unfavour
able changes of the system of pores and higher absorp
tivity.

These results are at variance with earlier findings 
which had proved coarse grain cements favourable for 
concrete frost resistance (13). It is obvious that the 
relations are more complicated by far, and that next to 
porosity, the tensile strength—bond with aggregates— 
and deformability of hardened cement paste assert 
themselves in them. It we consider hardened cement 
paste as porous system of grains of partially hydrated 

clinker, we may assume that there exists an optimum 
grain size that leads—depending on the degree of 
intergrowth and the tensile strength of grains—to 
maximum tensile strength of hardened cement paste.

The size of cement grains influences the size and 
nature of pores in hardened cement paste in the same 
way as does the water-cement ratio. A coarse grain, 
porous texture leads to higher absorption and thus 
to limited frost resistance. Equally unfavourable will 
this property assert itself in resistance to aggressive 
agents and in moisture dependent reactions (e.g. 
alkali reactions).

The properties of hardened cement paste and mortar 
should, however, be also judged in relation to aggre
gates (their size). The fissurability tests signal higher 
danger of crack formation in case of restrained shrink
age with unfavourable consequences for tensile 
strength, permeability, absorptivity and hence also 
durability of concrete. A proof of this is offered by the 
dependence of tensile strength of concrete on the 
fineness of cement grinding (Fig. 22).

Cement admixtures

Various cement admixtures employed to obtain 
most diverse effects must, too, be always evaluated 
from the point of their influence on long-term pro
perties of hardened cement paste, mortars and con
cretes. This requirement in itself indicates the necessity 
of knowing the composition of the various admixtures 
so as to exclude beforehand any unfavourable secon
dary effects, especially those on reinforcement corro
sion.

Of particular importance are inorganic components 
which in combination with cement act like an active 
part of the binder: blast furnace slag, various poz- 
zolanes of volcanic or orgaic origin, and a number of 
artificial pozzolanes such as fly ash, burnt clay, slag, 
etc.

Considering the durability of concrete, these com
ponents exercise the following favourable effects on 
the properties of cement and concrete:

Increase the resistance to aggressive waters (acidic or 
sulphatic); this is due to their chemical composition 
and binding of Ca(OH)2 released by cement (clinker) 
hydration. The relation between the amount of free 
lime and the capacity of the pozzolanic component to 
bind it is of importance. Therefrom results the im
portance of the composition and relative amount of 
the two components: clinker and pozzolana;
reduce the permeability and the possibility of lime 
leaching;
increase the relative tensile strength;
eliminate harmful reactions between cement com- 



ponents (Na2O, K2O) and some aggregates (SiO2, 
dolomitic limestone).

A condition of the development of these favourable 
properties is sufficient humidity for hardening. Other
wise large volume changes, lower rate of strength 
increase and reduced frost resistance—unless ensured 
by suitable air entraining—will come into play on a 
broad scale.

As to frost resistance: the results of existing studies 
are not consistent. This has surely something to do 
with the different composition and nature of natural 
and artificial pozzolanas.

With respect to the properties of hardened cement 
paste; those mainly involved are:

physical properties—porosity, permeability, absorp
tivity and capillary elevation, coefficient of thermal 
expansion, volume changes due to humidity changes; 
mechanical properties—tensile and shear strengths, 
modulus of compressibility and elasticity, bond with 
aggregates and reinforcement.

The principal of these properties was analyzed in 
previous Section (Physical and Mathematical Pro- 
peities of Concrete Important for the Durability). 
Next to the properties of cement, their formation is 
affected by technology (water-cement ratio, admix
tures) and conditions of mortar and concrete hard
ening.

Among the other factors one should include the 
water-cement ratio and the fissurability of hardened 
cement paste given by the relation between volume 
changes and growth of tensile strength during cement 
hydration in mortar or concrete. This cement pro
perty is designated as fissurability and verified by a 
test based on simplified modelling of hardened cement 
paste on rigid core. Crack formation in the texture of 
concrete—in cement paste—for various reasons is 
of decisive importance for the action of deteriorating 
factors and for the durability of concrete.

The unfavourable effect of a high water-cement 
ratio on the mechanical and physical properties of 
cement paste and concrete—its durability under ad
verse conditions in particular—is generally known 
today.

Susceptibility of hardening concrete to cracking— 
fissurability

The fact that hardening and usually also shrinkage 
of cement paste take place in concrete in the aggre
gate skeleton and on aggregate grains creates condi
tions leading to crack formation in cement paste. 
The spatial system of such cracks unfavourably affects 
the resultant tensile strength and far more so, per

meability and absorptivity of concrete.
A simple test to verify this cement property was 

introduced in France. The criterion of cement suita
bility is the occurrence of the first crack during storage 
(after 24 hrs) in controlled atmosphere (T = 20 + 
2°C, D = 50 %). From the point of their suitability for 
structures exposed to adverse effects of external 
agents in liquid or gaseous form, cements are classified 
according to the interval between mixing and crack 
formation.

It would be of interest to verify to a greater detail 
the effect of restricted shrinkage of cement on the 
formation and properties of the texture of cement 
paste with respect to both mechanical and physical 
properties closely connected with the durability of 
concrete.

As to the relation of cement to aggregates; the 
hitherto research has mainly been concerned with 
detrimental reactions leading to concrete deterioration, 
viz. alkali-silica or alkali-carbonate reactions.

Great attention was given to the alkali-silica 
reaction by research in countries with natural condi
tions for its occurrence (USA, Denmark). Its principles 
were explained and convenient preventive measures 
stated. Alkali-carbonate reactions are being studied 
mainly in Canada (35).

Concerning the outstanding importance of bond for 
the durability of concrete, it seems to the point to 
study with increased interest the long-time relations 
between cement and different minerals of rocks used in 
concrete aggregates.

Formation of Cracks in Cement and Concrete 
and Their Relation to Concrete Durability

Cracks and their formation are of decisive impor
tance for the durability of all concretes. They reduce 
the effective strength of concrete (in tension and bond), 
and facilitate ingress of aggressive agents of liquid 
and gaseous (but also of solid) nature in concrete and 
eventually to reinforcement. It is, therefore, necessary 
to accord due attention to crack formation in concrete 
structures, study its causes and introduce measures 
that would eliminate or at least alleviate it. According 
to their causes cracks in concrete or in hardened 
cement paste may be classified in four groups, viz.:

a) cracks caused by normal shrinkage and hydra
tion heating,

b) cracks initiated by the effect of normal stresses 
(flexure, tension, principal tension),

c) cracks due to pathology of concrete structures
d) cracks arising in the texture of concrete by the 

action of aggressive agents and deteriorating 
processes.



The danger of cracks for the durability of concrete 
increases with the humidity of the environment.

Cracks caused by normal shrinkage and hydration 
heating

These cracks arise in cement paste, mortar and 
concrete by volume changes during hardening whose 
natural course is restricted by external and internal 
conditions such as anchorage, friction (concrete 
pavement), aggregates, reinforcement, etc. High rate of 
volume changes at the initial stage of cement harden
ing caused by loss of water in dry conditions leads to 
intensive formation of surface cracks (Fig. 23). The 
ensuing shrinkage of concrete is smaller by far than 
that of hardened cement paste (Fig. 24), so that local 
stresses in cement paste near aggregate grains are 
substantially larger (stress concentration).

This fact has been proved by T. C. Hsu (38) in his 
studies of the effect of shrinkage on stresses in binder 
between aggregate grains. As theoretical studies of a 
model of the texture of mortar and concrete and 
experimental verifications made on two-dimensional 
models have shown, the following three kinds of 
cracks can form in cement paste between aggregate 
grains:

1 tensile cracks in reduced cross section of cement 
paste between grains,

2 diagonal tensile cracks in cement paste,
3 tensile cracks in the cement-aggregate joint.
The relation between tensile stresses in cement 

paste between the grains, and tensile stresses in the 
joint depends on the spacing of grains (Fig. 25). 

Fig. 23. Effect of air relative humidity on drying shrinkage. (58)
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Fig. 24. Effect of cement content on the shrinkage of mortar (55)
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Even though the results of Hsu’s study must of neces
sity be considered—from the quantitative aspects—as 
general indices of conditions, for no account was 
taken of the deformational, plastic in particular, 
properties of fresh and hardened cement paste, they 
clearly point out the principle of this important pro
cess.

Microscopic studies of concrete of cylindrical 
specimens before test and after application of a 
certain load (deformation 0 to 30 X 10 4) have 
proved the existence of a whole system of cracks 
around the aggregate grains (joint) before loading, 
and gradual develop of cracks with loading. It was the 
cracks on the contact surface between binder and 
aggregate grains (38) that predominated in every 
case. This is another proof of the importance of the 
cement- aggregates bond. While development of such 
cracks may seem favourable from the point of view of 
stress distribution in the texture of concrete, the situa
tion becomes completely different when judged from 
the point of concrete capability to resist aggressive 
factors of a most diverse nature.
Heat of hydration concrete is contingent on the nature 
and composition of cement, ambient temperature and 
other factors (admixtures, heat removal, etc.). A 
change of temperature leads to different thermal 
expansions of concrete components and thus also to 
internal stresses whose nature and range are given by 
the change of temperature, and thermal and mechani
cal properties of the components. In ternal stresses in 
concrete are also caused by differences of temperature 
of the core and the surface of concrete body. Unlike 
those produced by normal shrinkage, cracks due to 
temperature changes are much deeper (several m) and 
wider (1 mm), and spaced farther apart (44). They 
mostly occur in bulky structures where the tempera
ture differences are greater, and their danger grows 
with the quantity, fineness and rate of cement hydra
tion.

In this case, too, the relation between cement defor
mability and tensile strength is of importance for 
crack formation.

Actual conditions representative of size, stress 
distribution and concentration in hardened cement 
paste are highly complex. Even though surface cracks 
exert no serious effect on static behaviour of concrete, 
they represent a weakening from the point of the 
effect of aggressive agents.

Tensile prestressing of hardened cement paste 
resulting from its shrinking differently that the aggre
gates is the cause of reduced effective tensile strength of 
concrete as well as of crack formation on a dried 
surface. Restriction of shrinkage-induced stresses is 

one of the ways toward increased relative strength of 
hardened cement paste, and above all, of concrete, not 
to mention the secondary stresses in structures and the 
necessity to consider them in structure design.

It is, therefore, imperative from the point of the 
durability of concrete structures, not only to study the 
possibilities of reducing shrinkage of cement in its 
manufacture but also to control this cement property 
by a suitable test. "

Cracks due to normal loading of structure

Structural members or parts of cross sections under 
tension are always liable to crack formation once the 
effective tensile strength of concrete has been exceeded. 
This happens even in cases when all tension is assigned 
to reinforcement.

Even under normal load crack formation depends 
on several factors: steel quality (stress in reinforce
ment), reinforcement bond, rigidity, effective height 
and shape of section, tensile strength of concrete, 
thickness of protective concrete layer, etc.

Crack formation due to load of reinforced concrete 
is of decisive importance mostly because of the pos
sibility of reinforcement corrosion, the depth and width 
of cracks playing the cardinal role in that.

The possibility of dangerous crack formation is 
restricted in design by calculation and limitation of the 
theoretical width of cracks specified by various authors 
from 0.05 to 0.40 mm according to the environment. 
Even a minute, narrow crack is a source of locally 
different moisture of concrete, and at its contact with 
reinforecement a likely cause of electrochemical 
corrosion. The question to be tackled is that of under 
what conditions is it necessary to properly seal the 
tensile parts of concrete structure sections and thus 
exclude the possibility of corrosion since it is practi
cally impossible at present to eliminate crack forma
tion in general (except prestress).

In prestressed concrete structures cracks in concrete 
are unlikely to appear under normal load, and if they 
do after accidental limited overload, they close up 
again. So long as such a structure is in no direct con
tact with water (capillary elevation, permeability) or 
humid air containing aggressive gases, the cracks 
spell no danger.

Cracks of pathological character

Cracks of this sort are caused by the difference 
between the assumed action of the structure and the 
actual possibilities and conditions of structure be
haviour. There are several causes for this: inappro
priate foundation of the structure, deficiencies in 
design and construction, imperfect maintenance and 



unsuitable operation of the structure.
As we see, they are all consequences of technical 

imperfections which though distant by their nature 
from the complex problem of durability of concrete 
and concrete structures, are apt to exercise a decisive 
influence on the durability of an otherwise high- 
quality structure. It is generally a system of larger, 
wider and deeper cracks, particularly dangerous in 
case of reinforced concrete.

In sufficient survey of foundation conditions and 
inappropriate foundation lead to unfavourable settle
ment and deformation of the structure and thus also to 
extraordinary stresses, mainly tensile, and in the ulti
mate stage to crack formation.

Similar consequences are brought about by defici
encies of design mainly consisting in selection of an 
inappropriate structural system, imperfect design, 
poor structural details and inadequate measures 
against the effect of external agents (insulation).

Advances in automatic computer techniques offer 
us the possibility of speedily effecting complicated 
calculations—but it is up to the designer and re
searcher to provide the basic conception of a suitable 
structure and the requisite physico-mechanical data, 
particularly those relating to long-time behaviour.

Many seemingly minor design details are of impor
tance for concrete durability: rapid removal of water 
(rain or other, especially aggresive) from the structure, 
suitable position and execution of working joints 
(Fig. 7), perfect expansion joints, elimination of 
crack formation by suitably positioned reinforcement, 
reinforcement of corners of openings (Fig. 26), etc.

Structural design is greatly deficient in the way of 
preventive and protective measures devised to ensure 
the durability of concrete structures mainly under 
conditions of aggressive underground waters and 
sewage. A design properly conceived from the point 
of drainage or neutralization of aggressive agents, 
especially those of gaseous and liquid nature, can 
substantially contribute to the durability of concrete 
structures in industrial buildings. Surface insulation of 
concrete against excessive attack of aggressive agents 
must be solved within the framework of the complex 
questions of the durability of concrete structures.

Deficiencies in the execution of concrete structures 
are caused by: poor quality of the basic materials,

inappropriate composition and processing of concrete, 
defective construction and function of the formwork 
and supporting structures, improper curing of con
crete. Current practice pays no heed to the fact that 
manufacture of durable concretes calls for somewhat 
different approach to the selection of basic materials 
for, and technology of concrete from which high 
homogeneity and impermeability are required.

Imperfect maintenance and unsuitable operation of a 
structure are likewise a cause of defects that result in 
reduced durability be it due to a disproportional effect 
of aggressive agents when the drainage system has 
failed, or to crack formation by excessive load. It is 
in the interest of the durability of a structure in aggres
sive environment to reliably close all the cracks or 
renew the original function of continuous concrete. 

Cracks due to the action of aggressive factors and 
deteriorating processes

As pointed out in the foregoing (Section; Effect of 
Cement Properties on the Durability of Cement and 
Concrete), aggressive factors according to their action 
on the texture of concrete may be classified in three 
groups. Two of those can cause cracks in concrete 
texture by:

a) producing internal or surface stresses in the 
texture,

b) giving rise to voluminous salts or to the effects of 
osmotic or crystallization pressures.

Cracks of this sort can occur either in hardened 
cement paste or in the cement-aggregate joint.

Methods of Testing Forecasting and Design for the Durability of Concrete

The great importance of concrete durability in environment leads to the necessity of selecting the
numerous cases of concrete application in aggressive basic components, designing concrete and ensuring its



correct technology with a view to the long-time effect 
of the specified aggressive factors. This brings about 
the imperative need for verifying' and proving the 
durability of concrete by accelerated tests. We are thus 
faced with the necessity of making a quantitative deter
mination of the durability of concrete and an estimate 
whether or not it will be sufficient for the required 
safety at the end of the assumed life of the structure. 
And the tests of the durability of concrete and of its 
components should be made before the beginning or 
in the course of construction or on the occasion of any 
supplementary control—to supply us with reliable 
data and proofs.

Fundamentals of Test Methods

The requirements imposed on tests methods may be 
classified in two groups, viz. scientific and technical.

Scientific Requirements

From the scientific point of view every modern 
test method intended for durability testing must be 
based on new, advanced findings about the texture of 
concrete and mechanics of its deterioration, mechanics 
of its durability even if the technical arrangement of 
the test makes us seek the simplest possbile ways. 
These considerations necessarily reveal the fact that 
every method is subject to development.

Losses of important mechanical and physical pro
perties represent a decisive indication of the durability 
of concrete and concrete structures. The character and 
purpose of the structure or of its part, and the type of 
stressing are then the main factors for the selection of 
the decisive mechanical or physical characteristics 
(compressive or tensile strength, modulus of elasticity, 
permeability, etc).

Al scientific test methods must, therefore, be neces
sarily based on a scientific analysis of the individual 
isolated possible processes and their thorough qualita
tive and quantitative understanding with respect to the 
various components of concrete. It is only on their 
basis that it is possible to reliably and safely proceed to 
the study of the complicated interaction between the 
components of concrete.

The actual processes of concrete deterioration oc
curring in practice are both very complex and very 
diverse. This is due to a very large number of possible 
combinations of the properties of the components of 
concrete and time sequence or simultaneity of the 
effect of the most different external factors of aggres
sive or beneficial character. In particular, structures 
exposed to weathering or other factors of natural 
character are practically impossible to compare in this 

respect.

These facts put the test methods face to face with the 
important problem of the fundamental approach to the 
solution of the following complex problems1.

a) Modelling of real conditions
Test methods based on the endeavour to produce 

in the test conditions as identical with the actual 
ones as possible, are fundamentally correct. In the 
case of the durability of concrete this, however, has 
one principal drawback: it solves every case separately, 
independently of the general laws of mechanics, 
physics and chemistry, and affords, therefore, no 
generally valid results that could scientifically be 
applied, approximately in any event, to other at least 
similar cases. At the same time it cannot by far char
acterize the complex conditions in actual practice in 
the case of preliminary tests connected with the design 
of concrete mix of a suitable durability.

This approach can be compared with an attempt to 
carry out the structural design of every structure with 
its particular loading by means of a model without 
applying generally valid laws of structal mechanics and 
the strength of materials.

Furthermore, it necessitates costly, long-term tests 
using even more costly apparatus which can never a 
priori create a genuine, true-to-life model of reality.

b) Analysis of deteriorating processes
This method leads via a consistent analysis of the 

complex effect of the combined system of various 
factors, its separation from the point of their character, 
and an analysis of elementary, basic processes, to 
simple laws of qualitative and quantitative character.

In connection with an analysis of external condi
tions based on long-term observations of climatic 
conditions and considering also the interaction 
betwen the deteriorating processes in their combined 
effect, it is possible to acquire scientific data that can 
be used for an objective and technically true evalua
tion of the deteriorating effect of the respective 
environment and its principal factors.

This is seemingly a more complicated and exacting 
method which, however, offers one substantial ad
vantage in that it is based on the study of basic mecha
nical, physical and chemical reactions as regard both the 
qualitative and the quantitative aspects opening the 
way to a scientific solution of this complex problem.

c) Use of statistical methods

The application of non-destructive methods of test
ing to the inspection of mechanical or physical pro
perties of test specimens and concrete makes the 
problem easier with respect to the required number of 



test specimens and test locations.
At any rate, statistics must help us out in: the deter

mination of the sufficient number of test specimens, 
measurements or observations on the real structure to 
ensure the required reliability; the processing of results 
achieved, particularly in long term observations; 
the general evaluation of atmospheric or other real 
conditions of great variability which cannot be pro
cessed in any other way.

d) Use of non-destructive methods

From the numerous methods of non-destructive 
testing available for the inspection of the properties of 
concrete, more than one should be used at the same 
time. The selection must be based on the following 
principles:

1. The test method must be simple and quick, must 
not introduce extraordinary stresses in the test speci
men; must be sensitive to the deterioration of structure 
and afford reproducible results.

2. The test method must not introduce appreciable 
disturbances in the regime of the durability test 
(changes of humidity, internal stresses, etc.). Should 
such changes be used (water absorption, permeability) 
a suitable procedure must be selected.

3. The use of ultrasonic or sonic methods based on 
simple measurements of the impulse velocity is not 
suitable because it is not sensitive enough to the deteri
oration of the texture of concrete (cracks).

4. For effective studies of the gradual deterioration 
of the texture of concrete it is necessary to develop 
new methods, especially such that are based on the 
damping of energy of ultrasonic or sonic impulses.

5. These methods must be combined with destruc
tive tests for general control.

Technical Requirements

From the technical point of view, every new test 
method must satisfy a number of requirements in
cluding:

a) Effectiveness

The condition of effectiveness is given by the same 
process of concrete deterioration in test specimens and 
in reality, and by the ability to discern with sufficient 
sensitivity, between different durabilities due to differ
ent character of the components of concrete.

b) Reliability

Deterioration of concrete, its state and rate (in
cluding that of concrete components) must be con
trolled by objective methods. In their relation to reality 
the tests must afford reliable data on the relative 
durability of tested concretes.

c) Reproducibility

The method must ensure high uniformity of test 
conditions, of humidity in particular, and the rate of 
heating and cooling.

d) Acceleration

Practically all test methods are accelerated. How
ever, they must not introduce new factors in the 
process of concrete deterioration, and must afford at 
least informative, reliable results for general informa
tion.

e) Simplicity

The durability test must be simple, easily checked 
and capable of mechanization and automation in a 
relatively simple outfit.

f) Non-destructive character and effectiveness from 
the point of view of objective control of progressive 
deterioration of concrete in test specimens and struc
tures.

Analysis of the Methods 
of Testing Concrete Durability

The complexity of the processes of concrete deterio
ration and the urgent need for timely ensurance of 
concrete durability lead to an endeavour to utilize 
experimental results on as large a scale as possible. 
This brings us logically to an analysis of the test 
methods used in various countries and to the necessity 
of their simplification and unification. A suitable 
comparative test method is the least prerequisite for 
cooperation.

An analysis of the test methods used or stan
dardized in various countries, made within the frame
work of RILEM Technical Committee for the Dura
bility of Concrete and Concrete Structures (RILEM- 
CDC) has shown that:

1 There is generally great inconsistency among the 
methods used in various countries.

2 No relation exists between the nature of concrete 
(aggregates, cement paste) deterioration in natural 
conditions, and the regime of the test method.

3 Generally speaking there is no adequate control 
of the structural characteristics of test specimens either 
before or in the course of the tests.

Since the system of pores and its relation to water 
has a decisive effect on the course of deteriorating 
processes, and their influence on the texture of con
crete depends on other mechanical properties of the 
material (tensile strength, bond), the nature of the 
pore system and those mechanical properties must be 



ascertained prior to the test proper.
Absorptivity and its rate, permeability and capillary 

elevation can serve for important indicators of the 
properties of concrete particularly from the point of 
aggressive agents action.

4 Greater use should be made of tensile strength 
together with compressive strength control when 
testing the durability of concrete and of its com
ponents. This also important in relation to the neces
sary control of concrete durability of structures under 
actual conditions in case of long term observations.

Determination of the rate of concrete deterioration 
relative to its specific properties as necessary informa
tion for forecasting at least the relative rate of deterio
ration of concrete in structures should be considered 
the primary task of laboratory tests of concrete dura
bility under various conditions.

The following important relations should be solved 
at the same time:

a) between gradual deterioration of concrete in 
structure and the results of accelerated laboratory 
tests,.

b) between deterioration of concrete of labora
tory specimens and of specimens under actual but 
controlled conditions,

c) between deterioration of concrete in structure 
and of tests specimens under the same conditions.

An important role in all these cases is played scale. 
Its formulation requires among others a qualitative as 
well as a quantitative control of deteriorating pro
cesses.

Long-Term Observations and Studies

Long term tests and observations of structures 
under actual conditions (environment) form an indis
pensable part of any rational set of methods for testing 
the durability of concrete, which should be based on 
the actual mode of concrete deterioration and be 
systematically verified—as far as its effectiveness and 
reliability go—by long term tests and scientific 
observations of structures.

The generally high requirements—be they of 
scientific, work, material or financial character— 
make international cooperation in this .field imperative. 
This naturally imposes yet higher demands on the 
perfection of the system both as regard defined condi
tions of manufacture and placement of specimens or 
conditions of structures, and as regard the techniques 
of measurement and observations (of specimens and 
structures) and the final processing of their results 
(evaluation, analysis, conclusions).

In either case the essential conditions of success are:
1. Complete documentation concerning the pro

perties of the basic materials, composition, placing and 
curing of concrete, supplemented by additional tests 
of mechanical, physical and chemical properties im
portant for long-term effect of external agents 
(environment);

2. Complete documentation concerning the scope 
and nature of load, environment and aggressive 
agents acting on concrete in the course of test or ob
servation;

3. Complete documentation concerning the struc
ture or test specimen from the point of design, testing, 
overloading, etc.

Besides the usual control tests special tests given by 
the present-day state of research are used. This 
makes of the structures under observation long term 
research objects.

All of this also imposes extraordinary claims as 
regard the elaboration of a suitable set of methods of 
controlling concrete in structures and in specimens, 
which would enable us to continuously deal with a 
limited number of specimens.

Long Term Field Observations

The task of long term observations of concrete 
structures from the point of durability consists in 
part in the determination of the actual rate of concrete 
deterioration under real conditions, in part in the 
verification of the durability of concrete made on the 
basis of short term laboratory tests of durability. 
Only systematic observations of objects with complete 
data on concrete, and perfect long term control of 
external conditions can offer reliable results of 
scientific nature.

Observations of structures without such a sound 
basis, without perfect information about the mechanics 
of concrete deterioration and without modern means 
for analyzing the mode and degree of concrete 
deterioration can never furnish us with substantial 
help in the solution of this complicated problem. If 
sufficient in number, such observations can only pro
vide data on: , 
the physical durability of various kinds of structures 
within a wide range given by the difference in their 
initial quality;
defects of a general nature which are no functions of the 
properties of concrete and its components relative to 
the environment.

The value of the results of an evaluation of the above 
sort appreciably increases in case of precast standard 
elements or structures with identical technologic 
procedure.



Filling of technologic documentation together 
with design documentation, at least for objects of 
major economic importance exposed to extraordinary 
conditions would greatly aid in the evaluation of 
results of periodic, incomplete inspections.

Main emphasis should be placed on thorough, 
systematic observations of selected structures using 
methods based on scientific data on concrete deteriora
tion by various factors and modern means of concrete 
properties control in suitably chosen time intervals.

Closely connected with this is the need for uniform, 
clear terminology for phenomenological descriptions 
of failures that are likely to occur in concrete struc
tures.

And finally, due consideration should be given to 
properly instructing the inspectors in the way of 
carrying out inspections, sampling and sample testing, 
description of phenomena, etc. A system of records 
should permit machine processing of data.

The high claims of such effective observations of the 
durability of concrete structures, and the necessity to 
arrive at reliable conclusions as fast as possible place 
the need for cooperation on a broad international basis 
in the forefront of interest. '

Long Term Concrete Studies

Long-term tests of concrete and its components are 
a necessary link in the control of accelerated test 
methods and deteriorating processes (nature, rate) 
usually of a slow rate. In every case they offer the 
possibility of a comparison of concretes of different 
natures and compositions. Such was for instance one 
of the conclusions of long term studies of various 
cements (Long Time Study of Cement Performance in 
Concrete) organized by Portland Cement Association 
during the last war: the frost resistance of concrete 
can substatantially be increased by air entrainment 
(43).

In concrete cases of large structures long term tests 
represent an important long in the evaluation of the 
relation: specimen concrete—structure concrete 
(effect of scale, different conditions, size and nature of 
stress).

Long term tests of concrete bodies on exposure sites 
taken separately, though a good means of concrete and 
concrete structures control under natural conditions, 
are not fast enough in affording data for durable 
concrete technology. Their drawback lies in that the 
whole process progresses very slowly and thus it is 
not possible under variable environmental conditions 
to draw conclusions until after a considerable time. 
This reason alone would be enough to warrant sys
tematic observations, measurements and recording of 

the characteristics of external conditions.
Accordingly, it is necessary to establish more such 

exposure sites to cover the whole scale of climatic and 
other (industrial) conditions.

This only underscores our justified demand to base 
research of the durability of concrete and concrete 
structures on a suitable combination of all the 
methods, viz. scientific analysis of the mechanics of 
concrete deterioration by various factors, control of 
the basic physical, mechanical and chemical properties 
important for the individual processes, accelerated 
laboratory tests of the components of, and of concrete, 
long term studies of concrete specimens and elements 
on exposure sites, and long term scientific observations 
of concrete in structures. "

Progress of Deteriorating Processes 
and its Effect on Concrete Durability

Determination of the degree and rate of deteriora
tion of concrete from the point of its effect on the 
ultimate strength of a concrete section, element and 
structure, is a fundamental task of great practical 
importance. .

There are two questions involved here:
a) to what depth and extent have deterioration of 

the texture of concrete and loss of its mechanical and 
physical properties taken place;

b) what is the effect of this deterioration on the func
tion of the original element or structure.

An important part in this is played by the nature of 
loading and the main task of concrete. The latter can 
be static (a section under compression, etc.) or physi
cal, protective (concrete cover of steel).

In the .first case—compressive stress—the matter 
in question is the relative loss of ultimate strength from 
the point of the whole section (Fig. 27). In the most

Fig. 27. Loss of strength of concrete elements and structures



unfavourable case of an aggressive medium acting 
from all sides of the element, the weakening of the 
section is

A ,a + b — 2d

for a rectangular section

(8)

for a circular section

The resultant weakening depends on the depth and 
degree of deterioration, d, aer, and on the properties 
of the section (shape and size).

High impermeability of concrete will lead to small d 
even in the case concrete had completely disintegrated 
on the surface (A). High permeability, on the other 
hand, will mean deeper, more dangerous deteriora
tion (B). This again brings out the importance of 
some of the physical properties of concrete.

In the second case when the main task of concrete is 
to protect reinforcement against corrosion, it is the 
ability of concrete to perform such function that is the 
decisive one. If we disregard the presence of random 
cracks, the degree of reinforcement protection is a 
function of the product (e •!/&)/&—the coefficient of 
permeability. In this case, however, we are not inter
ested so much in the loss of the mechanical as in 
the loss of the physico-chemical properties of concrete: 
impermeability and chemical nature (pH). Hence 
impermeability of protective concrete has double 
significance—one, for the gradual deterioration of 
concrete, same as in the previous case, and two, for the 
reinforcement corrosion proper.
. Taking into consideration the possibility of rapid 
reinforcement corrosion (pitting corrosion in parti
cular) and very difficult and costly remedial action, 
the safety requirements must be formulated by 
excluding the conditions of reinforcement corrosion 
for the reason of ineffective protection by concrete. 
This raises the demands on the impermeability of the 
concrete protective layer, its homogeneity and durabil
ity proper relative to the environment.

The time necessary for water to penetrate to rein
forcement can be expressed by the relation

= 2kh <9>

where

k—the coefficient of permeability,
h—the head of water column.

Up to that time no appreciable corrosion should be 
likely to occur at all.

Otherwise, considering the general reinforcement 
corrosion (uniformly distributed on the section 
surface), the relations that come into play here are 
those deduced for gradual corrosion of circular sec
tions of concrete, and the requirement that a smaller 
number of larger sections of steel should be preferred 
from the point of safety.

In structural elements subjected to bending mo
ment or tension the conditions are made worse by the 
necessity of accounting for cracks in the cover con
crete and for the possibility of local corrosion due to 
different humidity.

As the foregoing notes suggest, the task facing 
research in the way of ensuring data for a rational 
solution of the durability of reinforced concrete and 
reinforced concrete structures is a great one indeed.

Cooperation in Testing and Research

The need for cooperation and coordination of re
search activities relating to complex problems of 
concrete durability under conditions concomitant to 
the broad field of applications and great economic 
significance of this material, follows logically from 
the general interest in and the difficulties encountered 
along the way to a successful solution.

Such cooperation on a national scale in testing 
frost resistance was realized in practice in the United 
States under the sponsorship of Highway Research 
Board, National Research Council and National 
Academy of Science. Three series of tests were made 
within the framework of this coordinated research:

a) the first in 1936, with the aim to determine the 
effect of various portland cements;

b) the second in 1944, with the aim to determine 
the relation between a comparative test method and 
the methods employed by various laboratories;

c) the third in 1959, with the aim to compare four 
ASTM test methods:
C 290-52 T—Rapid freezing and thawing in water, 
C 291-52 T—Rapid freezing in air and thawing in 
water,
C 292-52 T—Slow freezing and thawing in water or 
brine,
C 310-53 T—Slow freezing in air and thawing in water, 
using three kind of concrete with both sound and poor 
aggregates and different degree of air entrainment. 
Thirteen research institutes participated in these 
tests. (34)

The International RILEM Symposium held in 
Prague in 1961—Durability of Concrete and Concrete 
Structures—has clearly shown the international need 
for as well as willingness based on mutual interest, 



to close organized cooperation in research relating 
to the difficult problems of concrete structure dura
bility. RILEM Technical Committee for the Dura
bility of Concrete and Concrete Structures which has 
taken upon itself to carry out this task in a general 
way, is attempting to gradually ensure its fulfilment 
on the basis of an analysis of the present state of 
world research, endeavouring to prepare optimum 
conditions for an organized international coopera
tion both in scientific laboratory studies of the basic 
questions of the mechanics of the durability of con
crete and its components, and in providing scientific 
and technical data for a rational design and manufac
ture of concretes having specified durability expressed 
in terms of the physical durability of concrete struc

tures. This preparatory work includes moreover the 
organization of systematic long term observations of 
the durability of various concrete structures and expo
sure sites so that the outlay for this costly work sum
marized on an international basis would yield maxi
mum possible amount of high-quality findings of a 
general nature.

The accomplishment of this task will call for close 
cooperation with all national and international or
ganizations and research institutes engaged in serious 
studies of concrete durability.

Quick, regular interchange of data, contact between 
specialists and periodic exchange of opinions at inter
national meetings and conferences are other important 
conditions for a successful international cooperation.

Conclusions

The durability of concrete structures is a highly 
complicated problem whose solution must be based 
on a scientific analysis of and research into the various 
mechanical, physical and chemical processes that 
cause gradual loss of the basic physical and mecha
nical properties of concrete. It should also be ensured 
on a basis in daily practice, from the design through 
construction methods to the maintenance of structures.

Similarly as in mechanics where theory has passed 
from empiric knowledge to calculations based on the 
understanding of the laws of mechanics, we are facing 
today the problem of durability in concrete technol
ogy, with the need for conscious, intentional selection 
of materials, creation of the texture and of the whole 
technologic process with a view to the specifically 
required durability of concrete under given conditions.

The durability of concrete and concrete structures 
is at the present time a measure of structure quality 
same as is the strength of concrete. It unquestionably 
is an expression of a long time quality of concrete 
given by the required durability of the structure, as 
well as one of a long term economic solution of con
crete and structure technology.

Even though our analysis has indicated how signifi
cant is a complex solution of the durability of concrete 
structures, the crucial point of our task and of the 
measures to fulfil it continues to lie in concrete proper, 
its technology in particular.

Air entrainment, a technique introduced in the 
United States a quarter of a century ago, must be 
designated a valuable contribution to ensuring the 
durability of concrete, particularly under the action 
of alternate frost in humid environment and every

where elsewhere new voluminous products arise 
through unfavourable reactions. Further work, 
above all that relating to efficient control of the system 
of pores produced by various admixtures, will of course 
be required before the technique is safely established 
in practice.

Irrespective of the fact that some of the principal 
questions of durability mechanics, e.g. concrete 
deterioration by alternate frost have not been fully 
elucidated so far, we should on the basis of the present- 
day knowledge endeavour to create conditions for 
ensuring high durability of concrete, at least for the 
characteristic, essential exposure conditions of struc
tures. In doing so we must start out from the mecha
nics of the various deteriorating processes of concrete 
due to diverse agents, and from its connection with the 
fundamental mechanical, physical and chemical 
properties of concrete and its components. Results 
of this scientific analysis of the processes should, 
therefore, be utilized, qualitatively at least, in the 
technology of concrete structures: choice of materials, 
composition, placing and curing of concrete. In the 
exceptional case of a very strong attack of aggressive 
agents we should utilize to the full such preventive 
measures—drainage, protection of concrete—that 
lead a priori to a limited action of the aggressive 
agents on concrete. ,

In close connection with this is the need for a reli
able, scientific formulation of provisional recom
mendations for the production of durable concrete 
and concrete structures based on the present state of 
our knowledge. By its nature and urgency, the tech
nique of gradual introduction of ever more perfect 



technological procedures and ever more suitable 
materials for concrete structures under unfavourable 
conditions imposing high requirements on the dura
bility, combined with systematic control of selected 
structures and its reciprocal impact on laboratory 
research, is the only possible way towards a solution 
of this difficult task.

Despite a number of partial tasks whose object is a 
complete clarification of the mechanics of concrete 
deterioration by various agents, especially as it con
cerns the relation to hardened cement paste and its 
bond with aggregates, and which pertain to all con
crete components, admixtures including, we should 
direct our activities towards obtaining reliable 
scientific and experimental data for a rational design 
of concrete of the required durability.

Present-day findings, above all an analysis of the 
main deteriorating processes in concrete, already 
indicate some of the important requirements on the 
properties of concrete, such as impermeability, absorp
tivity, capillary elevation, tensile strength of hardened 
cement paste, cement-aggregate bond. Besides further 
elucidation—quantitative in particular—of their 
relations to concrete durability, the matter to concen
trate on is the search for suitable technologic measures 
and cement properties (fineness of grinding) ensuring 
them. We have to search for new, suitable admixtures, 
or for new materials that would reliably provide the 
required properties of concrete.

A speedy and successful solution to this complex of 
intricate problems should and must be sought in 
broad but close international cooperation and coor
dination of reserach work that would ensure maximum 
effect—basic relations of general validity capable of 
furnishing reliable data for the technology of durable 
concretes.

This fact logically leads to the need for suitable, 
uniform test methods which as the only ones will 
permit uniform evaluation of concrete durability under 
laboratory conditions, and for more intensive utiliza
tion of results achieved on a world scale.

Quantitative evaluation of laboratory tests, of the 

accelerated ones especially, in relation to reality and 
from the point of designing concretes with the required 
durability under conditions defined in advance, has 
become a task of first magnitude. Every means—no 
matter how small—of rendering concrete technology 
more exact has an enormous economic and engineer
ing significance considering the present day volume of 
cement and concrete production and the ever growing 
quantity of cement per inhabitant. Mastering this 
relation together with a rational technology of durable 
concretes will provide a sound basis from which to 
tackle the optimalization of the solution given by 
minimum overall costs.

Advances in civil engineering and concrete technol
ogy bring along some new tasks concerning the long 
term concrete quality—concrete durability. Among 
the most important ones we should include the durabil
ity of concrete and reinforced concrete prefabricates of 
all kind, and of structures built of them. Mass produc
tion, high degree of technologic control and a broad 
field of application under most diverse circumstances 
create conditions highly conducive to the solution of 
the questions of concrete durability.

It is just in this instance that the properties of ce
ment as a binder play a very important part, and we 
should exploit to full the possibilities that cement 
manufacture has to offer by way of improving condi
tions relative to the deteriorating processes, both from 
the mechanical (tensile strength), the physical (fine
ness of grinding, grain size) and chemical aspects. 
Contradictory requirements, especially under com
bined effects, will of necessity call for specialization in 
cements. Great possibilities are offered by new mate
rials of suitable properties, appropriately introduced 
in the texture of cement paste having already a sat
isfactory durability of its own.

The scope of the tasks that confront us, their out
standing economic importance and great complexity, 
as well as the high claims they make on scientific 
capacity, time and materials, convert them into a 
fitting subject of wide international cooperation.
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Oral Discussion

Hoshagrahar C. Visvesvaraya

May I start by expressing our congratulations to 
the author for his excellent paper in which he has not 
only given a vast amount of useful information on 
the durability of concrete but also brought out very 
clearly the important issues connected with this 
highly complicated subject.

The author has rightly divided the principal 
aspects of durability into two groups—the physical 
and the economical. The physical durability is expres
sed in terms of the decisive mechanical and physical 
properties of concrete; what properties are decisive 
depends on a given situation and so the physical 
durability of the same concrete could be different in 
different situations of use depending on the perfor
mance expected of it. Similarly the economic dura
bility expressed by equation 1 in the authors’ paper 
takes into account only the direct costs; the indirect 
costs such as having to do either without a structure 
in case of collapse (Ex: collapse of a rail bridge) 
or with an unsatisfactory structure in case of damage 
(Ex: damaged highway pavement) as well as the 
economic consequences of the collapse of a structure 
have also been kept in view in the overall assessment 
(Ex: Bursting of dam).

There cannot be any two opinion on the signifi
cance of the homogenity of concrete which the author 
has discussed in the paper; the non-homogeneity of 
concrete leading to stress concentration should 
perhaps be qualified as in sections of low deformability 
in stead of high modulus of elasticity and deforma
bility.

The importance of a proper understanding of the 
cracking phenomenon in the durability studies of 
concrete has already been well emphasised in the 
paper.

Cracking can occur in concrete when it is still 
fresh and/or after it has set and hardened. Cracking 
in fresh concrete could result from a rapid evapora
tion of moisture leading to excessive plastic—shrin
kage, or differential settlement over obstacles such 
as aggregate particles or the reinforcement, or separa
tion of cement mortar from aggregate caused by local 
bleeding. These cracks have been variously defined as 
“plastic”, “plastic—shrinkage”, “settlement", “preset
ting” “prehardening” or “surface” cracks and the 
author appears to be in favour of the last mentioned 
word. The term “surface cracks” could be mislead
ing, in that, such cracks have been found to be not 

only on the surface but also extending all the way 
through slabs. Ravina and Shalon (1), in a very re
cent report, have mentioned the observation of plastic 
cracks up to depths of 23 cm. The cracks were of 
a width of 0.1 to 3.0 mm and had lengths ranging 
from a few centimeters to 1 or 2 meters.

Cracking of hardened concrete could result from 
shrinkage restrained internally (when bond cracking 
between aggregates and mortar may develop) or 
externally (when larger cracks may form), or from 
severe fluctuations in the temperature (causing dif
ferential expansions of the aggregate and matrix or 
concrete and steel in reinforced sections) and humidity 
(resulting in excessive shrinkage on drying and in 
reduction of surface tension on wetting) or applica
tion of stress.

Regarding the development of cracks induced due 
to shrinkage, the author has rightly considered the 
result of the investigations of T. C. Hsu (2) in which 
the possibility of the formation of three types of 
cracks (viz. tensile cracks in reduced cross section of 
cement paste between grains, diagonal tensile cracks 
in cement paste and tensile cracks in the cement— 
aggregate joint) have been found. In structures of 
reinforced concrete, the internal stresses developed in 
a cross-section due to fluctuations in temperature 
arising from differences in the thermal expansion pro
perties of concrete and steel are not usually accounted 
for and the resulting simplifications in the analysis 
appears to be the major reason for this. In the discus
sions that arose over a paper by Vetter(3), it was point
ed out that the thermal coefficient of concrete may 
vary from 4 X 10-6 to 6 X 10-6 per degree Fahren
heit (depending on the composition), where as that 
of steel from 6.3 X 10'6 to 6.8 X 10-6 which may 
give a difference sufficient enough to cause a rather 
wide variation in the stresses. This appears to be a 
point which requires a more serious attention and 
investigation, especially for such conditions which 
introduce tensile stresses in concrete.

Cracking is also induced in concrete due to the 
stress which is brought on it by the application of 
external loads. Hsu, Slate, Sturman and Winter 
(4) studied the micro-cracking in concrete in relation 
to the stress-strain curve and the type, location and 
extent of progress of the cracking with the increasing 
stress and strain on the cross section. Bond cracks 
(resulting from shrinkage) were found to exist even 
before the application of load, and with increase in 
stress, the cracks increased in length width and num
ber. This increase was negligible up to stresses less 
than 30 per cent of ultimate stress and above which 
matrix cracks also developed, and at about 70 to 90 



per cent they increcased noticeably and formed con
tinuous crack patterns. Sturman, Shaw and Winter 
(5) have extended the investigations by Hsu et. al. 
(4) to the study of the influence of flexural strain 
gradient on microcracking, by comparing the beha
viour of eccentrically loaded specimens with that 
of concentrically loaded specimens. By observations 
based on sonic method, Jones (6) also finds that the 
micro-cracking (from stress) starts in concrete when 
the stress on it reaches about 30 per cent of the 
ultimate. The limitations of sonic and ultrasonic 
methods in these studies which the author has men
tioned are also brought out here. The true ultimate 
strength of concrete when it is subjected to sustained 
loading represented by the stage at which extensive 
internal cracking occurs in concrete, is about 70 to 
90 per cent of the short term ultimate strength. 
Estimation of the sustained load strength of concrete 
from micro-cracking and other methods have been 
recently reviewed in detail (7). According to Glück
lich (8), up to 30 per cent of stress negligible bond 
cracks occur, between 30 and 50 per cent slow growth 
of bond cracks occurs, between 50 and 75 per cent 
slow growth of matrix cracks and bond cracks occurs, 
and between 75 and 100 per cent fast growth of matrix 
cracks occurs. Glücklich has also discussed in detail 
the effect of micro-cracking on time-dependent defor
mations and the long-term strength of concrete. For 
an understanding of the cracking and the conditions 
under which progressive cracking occurs in concrete, 
the theory of fracture mechanics is also being applied
(9) .

Research on concrete cracking should ultimately 
lead to the realisation of the various factors by which 
cracks in concrete could be minimized if not elimi
nated altogether. The plastic-shrinkage cracks could 
be minimized to a considerable extent by taking pro
per care and necessary precautions as given by Lerch
(10) . Regarding this aspect, an engineer incharge of a 
construction job could benefit much from the tips 
given by Jellic (11) also. The attempts at reducing 
the shrinkage cracking in hardened concrete could 
be through the use of expanding cements which is 
already mentioned in the paper.

Probably the micro-cracking of concrete resulting 
from stress is the one type of cracking which cannot be 
avoided in concrete as the concrete section has to 

sustain a stress. However the extent of this cracking 
could be minimized by keeping the stress on it to 
within 30 per cent of the short term ultimate load. This 
aspect of study becomes more complex because a 
balance is to be struck between the adoption of smaller 
stresses and the resulting increased expense or 
reducing the expenses by using higher stress when 
the micro-cracking from stress will be more which 
will affect the durability of the structure. In any case 
this discussion emphasises the effect of overloading 
on durability; a structure overloaded over a length 
of time, having developed micro-cracks, even if the 
overload is removed could lead to lower durability of 
the concrete.

The use of prestressed concrete in reducing the 
cracks that may develop in concrete structures from 
any occasional overloading is already given in the 
paper. The closing up of cracks an unloading in a 
prestressed structure is a well known phenomenon 
but this is not universally applicable at all sections 
under all conditions. There are many prestressed 
structures known to have developed cracks which 
did not respond to reduction of superimposed load; 
in fact a case recently brought to our notice in India 
regarding the cracking observed in the prestressed 
concrete girders of a railway bridge. Gracks are 
noticed to have formed in the end blocks of these 
girders and through these cracks rain and other water 
has been gaining access to the high tensile and other 
steel in the ends of the girder. This could have set in 
the rusting of steel and hence affect the strength and 
durability of the structure and the problem is now 
being investigated. Obviously, the prestress acting on 
the girder cross section has not been of use in pre
venting these cracks; similarly the prestressing might 
not be of assistance in so far as microcracking due 
to stresses caused by overloading are concerned.

The authors conclusions that the complex problem 
of durability is to be studied on the basis of long
term observations in the laboratory as well as long
term field observations on the basis of uniform test 
methods should be fully endorsed.

The few comments given above are an only by 
way of elaboration of certain points briefly brought 
in the excellent paper presented by the author and 
not as criticism or comment.
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Author’s Closure

Oldrich Valenta

Mr. Visvesvaraya has rightly pointed to the high 
complexity of concrete and concrete structures dura
bility. This state of things led me only to the try of 
giving to the participants of this symposium a framely 
picture of actual state of research as well as of general 
direction for future research and international coope
ration in it.

Mr. Visvesvaraya has also rightly pointed to the 
necessity to consider also indirect costs in the analysis 
of concrete structure durability. Complete analysis 
of every individual case must be done. Any timely 
repair of the structure must be covered by the 2nd 
member of the equation No 1. Increased probability 
of collapse must be dealt with as probability of col
lapse admitted and accepted by normal design regula
tions.

Many causes and effects of cracks in concrete 
have got to be considered when analysing their effect 
on the durability of concrete and concrete structures.

No complete analysis could be included in the 
paper. We are actually very far from using at least the 

same definitions in describing them. When consider
ing the durability of concrete we must concentrate 
especially on their consequencies: increased permea
bility and nonhomogeneity of concrete when water, 
aggressive solutions or liquids, vapor and gases may 
penetrate into concrete easily and rapidly. This refers 
also to prestressed structures endangered even by 
isolated overloading. Load carrying capacity has not 
been necessarily reduced—but penetration to liquids 
or gases has been increased with due unfavourable 
effect on corrosion processes and durability of con
crete and reinforced concrete.

Homogeneity of concrete has different consequences 
depending on the forces or agents acitng on concrete: 
Concrete section with increased porosity generally 
has:

a) reduced strength and rigidity (modulus of elasti
city or deformation)—leading to reduced stresses,

b) increased permeability leading to increased 
deteriorating action due to easier penetration 
of agents.

This remark had to stress the fact that increased 
care should be given to concrete technology as to ob
tained homogeneity in cases of its exposure to aggres
sive agents than in cases of structures not exposed or 
protected.



Supplementary Paper III-24 Behaviour of Mortars and Concretes in 
the Temperature Range from +20°C to — 196°C

Giampietro Tognon*

Synopsis

Results of an investigation on specimens of cementitious mortar and of concrete cast 
with different types of aggregates and cement, as well as on specimens of lapidary materials 
for comparison, are reported.

Two cryogenic chambers, with temperatures adjustable in the treating cell respectively 
from +20°C to — 100°C and from — 100°C to — 180°C, were used and for the temperature 
of — 196°C a thermostatic container with liquid nitrogen.

Performed tests showed an increase of compression, bending, tensile strengths and of 
modulus of elasticity as the treating temperature was decreased.

Strengths are neither influenced by the type of cement nor—it seems— by the nature 
of aggregates, but by the content of free water in the specimen.

This last fact is the cause of an anomalous behaviour of strength trend which appears 
about in — 35C° and —60°C range.

The trend of the thermal contraction coefficient was also determined and the existence 
of above indicated the singular zone.

Tests were performed to know the behaviour of concrete to the impact at very low 
temperatures.

Repeated cycles of freezing and thawing from ambient temperature down to — 196°C 
and vice versa, showed that concretes do not undergo significant degradation.

Then, following direct investigation on water-ice system, and on the ground of ther
mometric measurements and of distribution of porosity, one tried to explain the behaviour 
of hardened concrete at lower and very low temperatures through a thermodynamic interpre
tation and to justify strength values reached with a triaxial stress.

Introduction

Rather recent and still limited in their numbers are 
the studies about the behaviour of concrete at very 
low temperature (1) (2).

On the other hand, it is not long since the oppor
tunity has arisen, to bring the concrete into contact 
with fluids or in ambients that are at temperatures 
about 180 ~ 200°C below zero. This is the case of 
tanks used to hold liquid gases: methane for instance,

' First

At the moment to program the investigation, it 
has been thought right to soon have an idea about 
the fundamental characteristics of the phenomenon 
which had to be studied, to free it from the variables

‘Central Chemical Laboratory, Italcementi S. p. A., Bergamo, 
Italy.

that boils just at — 178°C.
This report has the purpose to bring a contribution 

to the knowledge of the specific physical properties 
that mortars and concretes hardened in a normal 
ambients assume, when the temperature of their 
mass is brought in equilibrium to values decreasing 
little by little to approximately — 200°C.

Part

which might have proved to have no influence on it 
and to bring it, if possible, back to its essence.

Consequently, the first plan of research was made, 
to establish the influence of the type of cement on 
the behaviour of the respective hardened concrete 
subjected to extremely low temperature.



Materials

Cements and Pozzolanas

As far as cements are concerned, it seems to be 
useful to point out the reasoning which led to choose, 
for this first investigation, pozzolanic cements rather 
than portland cements.

As everybody knows, the Italian pozzolanas, which 
constitute with the clinker the fundamental component 
of our pozzolanic cements, consist of a vitreous mass 
containing crystals (of feldspar, leucite, augite, and 
so on) and they had their origin, according to the most 
accepted hypotheses, in an explosive volcanic eruption, 
during which, the gases, when liberated pulverized 
the melted magma and impeded by the sudden cool
ing that followed, its complete crystallization. The 
evolution of dissolved gases produced a fine texture 
of canals or bubbles so that the consolidated vitreous 
particles have a high internal surface area. This par
ticular physical state is called “aerogel”, namely a 
gel in, which the liquid phase has been replaced by a 
gas (3) (4).

With reference to the physical characteristics of. 
pozzolanas and in particular to their constitutional 
porosity and to their large internal surface, it was 
deemed important to verify, whether the hardened 
concretes of pozzolanic cements could results more 
suitable than concretes of portland cement, to stand 
the mechanical stress arising when the free water 
turns into ice during the tests.

In conclusion, three groups of cements, all of 
industrial production, have been chosen:
I Group—consisting of No. 19 pozzolanic cements, 
Class 325 (plastic mortar according to the recom
mended project ISO 771-775) with an average per
centage of pozzolana equal to 36%. These 19 cements 
were produced in as many works, and consequently 
with clinkers having different chemical composition. 
On the contrary, the types of pozzolana are three 
and their origin, as well as the corresponding values 
of their average porosity and internal surface are 
indicated in Table 1. The strengths at 20°C of the 
respective concretes for which we give the composi

Table 1. Physical properties of the pozzolanas

Denomination of the 
pozzolana and origin

Average porosity 
cm3/g measured 

on 58 mm granules

Specific surface 
m2/g measured 
on <_ 200 p.m

(BC) Bacoli (Campania) 0.3528 9.300
(BR) Barbarano (Lazio) 0.4090 10.500
(SL) Salone (Lazio) 0.0547 38.700

tion at the following point, vary in a range included 
between 270 and 390 kg/cm2;
II Group—consisting of No. 11 cements, still of the 
pozzolanic type, Class 425, that is high strength ce
ments. The average percentage of pozzolana of the 
qualities already described, is equal to 30 %. The clink
ers are included in the set of the first group. The 
strengths of concretes at 20°C vary between 380 and 
450 kg/cm2;
III Group—consisting of No. 4 high strength portland 
cements, Class 425, which have given, in concrete, 
strengths included between 480 and 550 kg/cm2.

Concretes

The cubes, having 10 cm of side, and 10 X 10 X 
50 cm prisms were cast, settling by vibration concretes 
having the following compositions:
aggregate: of siliceous and calcareous nature con

sisting of sand and gravel after the 
Fuller’s ideal curve with max 30 mm;

cement: of different types as already described, in 
the quantity of 300 kg/m3

w/c ratio: 0.5 (constant).
The concretes differed therefore with the difference 

of the cements.
After curing for two months in conditioned room 

at 20°C and 100% R. H. (fog), from the 10 X 10 X 
50 cm prisms, specimens of the following dimensions 
were obtained by cutting: 4 x 4 X 16 cm and 2 X 
4 X 25 cm. The curing in room has been protracted 
for 6 months and then the treatments and tests were 
started. , :

Experimental Procedures

The experimental procedures adopted at this first 
stage of the research have been simplified; in partic
ular, the conditions of temperature and humidity, 
chosen for the treatment of the specimens, were as 
follows:

+ 100°C—in climatic cabinet until a constant weight 
is reached, in order to obtain specimens 
having the same % value of residual 
humidity;

+20°C—R.H. 85%—in climatic cabinet for 48



hours:
+ 10°C—R.H. 85% in climatic cabinet for 48 

hours; at the end of this treatment the free 
water contained in the specimens is around 
an average value equal to 3.72% (see Table 
2, forward);

—78°C—in thermostatic container in constant 
contact with dry ice for 48 hours;

— 196°C—in thermostatic container, steadily im
mersed in liquid nitrogen, for 48 hours.

The compressive strength have been determined 
for each type of concrete and for each of the above 
mentioned conditions, on three cubic specimens hav
ing sides of 10 cm, as well as on the couples of 
pieces obtained after breakage by bending of three 

4 X 4 X 16 cm prisms, which as already said, had 
been previously obtained in their turn, by cutting, 
from 10 X 10 X 50 cm prisms. Before the breakage 
by compression, care was taken to bring the pieces 
again to the pre-established temperature.

The dynamic Young’s modulus was measured on 
three specimens, for each type of mix, in the dimen
sions of 2 X 4 X 25 cm, using the flexural resonance 
method.

Moreover: on three specimens having the dimen
sions just given above and conveniently provided with 
pins, the linear variations for thermal contraction 
were executed by means of an apparatus equipped with 
a comparator having a sensibility of ±5 /zm.

Experimental Results

Table 2 groups the values of the strengths, 
shrinkage, and the Young’s modulus of elasticity 
obtained on the basis of the tests already described. 
Some additional remarks are given on this subject..

Mechanical Strengths

a) The compressive strength are rising as the
temperature of treatment falls, as it appears from the 
diagrams of Fig. 1, which were drawn with the aver
age values for each group of cements. .

It is to notice, that the increase in strength is higher 
for the first drop in the temperature (+20°C, —78°C), 
than for the second one (—78°C, — 196°C). The 
pertinent ratios are diminishing as the initial strengths 
of concrete rise, owing to the fact that the increases 
remain pratically constant in each interval, inde
pendently from the initial strengths of the concrete.

In the case of bendings the test was made only for 
the greater drop in the temperature, obtaining trends 
corresponding to those of compression.

b) As the increases of strength of the concretes 
due to the fall in temperature result to be pratically 
constant, at least in each of the two intervals taken 
into consideration, and as it is the case of concretes 
that differ only with the characteristics of the cement, 
the deduction is that the type of cement does not 
influence the trend of the phenomenon which is being 
considered. In particular, also the type of pozzolana 
as well as its quantity in the pozzolanic cement do 
not modify the above mentioned conclusion. The only 
thing that could be said is, that the pozzolana of 
Salone, which has an average porosity of one time and

Fig. 1. Relation between compressive strength of concretes with 
different types of cements and treatment temperature

a half lower and a specific surface B. E. T., almost 
four times higher than those of the remaining two 
types, causes increases tending to be inferior to 
those that may be found with the pozzolanas of Bacoli 
and of Barbarano, which result to be less finely 
porous.

c) Independently from the group of cements, the 
set of the values of the compressive' and bending 
strengths of the concretes at +20°C can be statisti
cally put in correlation with the corresponding set of 
values obtained at —78°C and — 196°C. This consti
tutes a further confirmation, in quantity terms, of the 
fact that the increases are connected with the values of 
the initial strengths of the concretes and of the fact 
that, surely such increases do not depend, at least 
in the sense of a connection of significant probability



Tabel 2. Concretes with different types of cements—physical characteristics

Cements No. Pozzolana 
type % ■

Concrete cubes 
10 x 10 x 10cm

Concrete prisms 
4x4x16 cm

Concrete prisms 4 X 4 X 25 cm

Compressive strengths Flexural strengths
H2O . 
free

Dynamic Young’s modulus Thermal contraction

tg/cmS kg/cm2 kg/cm2 fimjm

+20°C + 10°C -78°C -196°C +20°C -196°C °/o +20°C -196°C +20°C from+20°C to-196DC

1 st Group 1 BC 31 273 267 747 802 58.5 95.5 3.25 — — — —
pozzolanic 2 BC 32 285 353 780 871 71.8 137.7 3.67 — — —— — —
cements 3 SL 33 293 335 863 945 81.7 120.8 4.30 — — — — —
type 325 4 SL 36 294 363 690 906 55.- 112.4 3.32 356.000 415.000 345.000 -1.148 + 30

5 BC 38 304 345 892 1006 56.4 134.9 3.97 — — —- —
6 BR 38 305 337 784 1074 66.- 174.2 3.82 — — — — —
7 BR 40 314 333 740 885 74.9 92.7 3.60 346.000 421.000 339.000 -1.397 -36
8 BR 40 316 345 773 893 58.- 151.7 3.95 — —
9 BC 38 319 322 828 954 64.8 146.1 3.90 — — —

10 BC 35 320 330 864 990 60.4 123.6 3.27 353.000 438.000 330.000 -1.430 -150
11 SL 38 320 347 794 978 56.4 179.8 3.88 — — — — —
12 BC 32 324 349 859 1002 69.3 143.3 2.51 — __ —™
13 BC 35 322 371 866 1000 65.3 165.8 3.59 338.000 422.000 320.000 -1.282 -96
14 BC 35 333 340 926 1095 67.4 174.2 N.D. __ — — __ —
15 BC 35 334 333 953 1033 N.D. 179.8 N.D. 374.000 441.000 346.000 -1.170 -100
16 BR 40 354 383 920 1106 70.1 205.1 N.D. — — — —
17 BC 35 367 375 943 1161 90.6 154.6 4.10 358.000 431.000 335.000 -1.338 -72
18 BR 38 387 385 926 1034 70.- 134.9 N.D. 316.000 336.000 335.000 -1.226 -92
19 SL 38 — — — — — — — 335.000 394.000 318.000 -1.214 + 30

X 36.1 320.2 345.2 841.6 985.3 66.9 146.- 3.65 347.000 412.250 333.500 -1.276 —
c.v. 8.84 7.80 9.29 9.38 14.26 20.91 12.33

2nd Group 1 SL 30 375 416 837 987 60.8 112.4 3.97 __ — __
pozzolanic 2 BC 32 390 388 1023 1161 87.5 165.8 3.95 — — — —
cements 3 SL 29 414 379 791 909 68.1 137.7 3.60 — — — —
type 425 4 BC 30 417 420 873 1092 71.3 129.3 3.26 — — —— — __

5 BR 30 417 444 957 1153 70.7 154.6 4.47 __ __
6 BC 27 423 444 1128 1222 79.6 182.7 4.18 — —
7 BR 32 423 439 1026 1041 76.5 165.8 4.42 __ — —
8 BC 30 430 426 888 1073 71.7 179.8 3.73 — __ __ —
9 BC 30 443 403 931 1024 65.- 115.2 3.62 — — —. —

10 BC 30 444 449 1118 1337 92.- 241.7 4.17 — __ __
11 BC 27 449 490 1065 1302 75.3 146.1 4.56 — — — — —

X 29.7 420.5 427.1 967.- 1118.3 74.4 157.4 3.99 __ __ __ __ __
C.V. 5.34 7.31 11.76 11.79 12.45 23.35 10.28 — — —• — —

3rd Group 1 482 482 1051 1173 86.3 168,6 3.71 378.000 400.000 358.000 -1.000 +20
portland 2 515 512 1034 1041 82.1 151.7 3.47 — __ — —
cement 3 515 566 990 1163 93.6 174.2 3.31 407.000 474.000 390.000 -1.396 +4
type 425 4 554 596 1170 1347 86.8 134.9 3.54 __ __

5 — — — —- — — 377.000 446.000 367.000 -1.258 -34

X 516.5 539.- 1061.3 1181.- 87.2 157.4 3.51 387.333 440.000 371.666 -1.218 __
C.V. 5.70 9.55 7.25 10.66 5.46 11.28 4.56 — — — — —

on the type of cement and therefore on its composi
tion; and they also do not depend on its compo
nents: clinker and pozzolana chosen of different 
origin and having different chemical and mineralog
ical characteristics.

Young’s Modulus of Elasticity

The dynamic modulus of elasticity that, as every
body knows, is bound to the mechanical strengths of 
the concrete, shows as increase in value included 
between 14-19% as the temperature is decreased 
from +20°C to — 196°C. By returning to the normal 
temperature, values are found, on average, slightly 

lower than the values measured at the beginning.

Thermal Contraction

The thermal contraction measured for the greatest 
drop in the temperature (+20°C, — 196°C) is around 
1250 /zm/m in the concretes with pozzolanic cements 
as well as in those with portland cements. By returning 
to the normal temperature, the presence of a residual 
deformation (hysteresis) is revealed, sometimes of 
positive sign and sometimes of negative sign.

Thermal Cycles

It appeared to be useful to investigate already at
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this first stage of the research, about the behaviour of 
concretes after they have been submitted to the 
repetition, for ten times, of the thermal cycle, the 
scheme of which is given hereunder:

The time of stay of the specimens at each stage of 
the cycle was varying, owing to technical necessity, 
from 5 to 7 days; this period of time was of course 
more than enough to obtain the equilibrium of 
temperature; the passage from a temperature value to 
the other one took place suddenly.

The concretes on which the investigation has begun, 
after two months of curing in a room at +20°C and 
100% R. H. and after that they had been put sub
sequently in equilibrium at +20°C and 85% R. H., 
had the composition already described and different 
for the type of their cement: nine of them have been 
made with normal strength pozzolanic cements (type 
325) and three were made with high strength portland 
cements (type 425).

Strengths

The Table 3, that follows, shows the single values 
and the average values of compressive and bending 
strength determined on the respective types of concrete 
on completion of the tenth cycle. For the compari
son, also the strengths are shown, which were obtained 
by testing twin specimens, not submitted however to 
the cyclic treatments and that during the whole cor
responding period have been cured in conditioned 
room.

The results obtained, and above all the comparison 
between the two series of data prove, that the con
cretes have not suffered a significant degradation, as 
a consequence of the cyclic treatment. It may be stated 
in addition that, on the 10 X 10 cm cubes, after 
they had been subjected to the cycles, an increase 
may be found of about 6% in the strengths, in com
parison with the strengths measured on the untreated 
specimens. On the contrary, the bending strength 
determined on specimens having a thinner section: 
4x4x16 cm, have likewise a reduction of about 
14%. It must be taken into account on the other hand, 
that for all the time the specimens remain at low or 
very low temperature (about 80 % of the total employ
ed for the cycles) it is not possible to think that the 
strengths may increase, contrary to what is to be 
expected for specimens cured in a normal ambient. 
This last comment is not valid in the case it is deemed

Table 3. Strengths of concretes submitted to cycles 
of freezing and thawing

Concrete cubes 
10 x 10 X 10 cm

Concrete prisms 
4 x 4 x 16 cm

Compressive strengths Flexural strengths
kg/cm2 kg/cm2

Specimens Specimens
kept in kept in

Pozzolana Specimens the con- Specimens the con-
Cements No. type % submitted ditioned submitted ditioned

to room to to room to
10 cycles 20°C 10 cycles — 196°C

from and from and
+20°C to 85%R.H. 4-20°C to 85%R.H.
-196°C for the —196°C for the

same same
period period

Pozzola- 1 BC 35 344 325 34.4 52.2
niccements 2 BC 35 387 406 51.5 50.8
type 325 3 BC 35 388 353 36.- 46.3

4 BC 35 391 417 60.8 67.1
5 BR 38 396 380 60.4 56.2
6 SL 35 408 402 72.8 62.2
7 SL 36 434 413 48.- 66.5
8 BR 35 441 429 58.5 66.4
9 BR 40 446 402 57.3 68.6

X 403.9 391.9 53.3 60.7 "

Portland 1 526 441 46.8 77.-
cement 2 542 527 62.2 76.5
type 425 3 619 511 87.5 87.-

X 562.3 493.- 65.5 80.2

X general 443.5 417.2 56.4 65.6

that it is possible to justify increases or anyhow not 
excessive decreases in strength in connection with 
the effect called “hibernation”, consisting of the fact 
that a concrete cured for some time in an ambient 
with a temperature lower than normal, when brought 
again in a normal ambient shows, at the end, higher 
strengths than a concrete cured uninterruptedly in 
a normal ambient.

Finally it is to mention that on completion of the 
cyclic tests and before breakage tests were carried on, 
it was not remarked in spite of a scrupulous visual 
inspection any deformation, cracks, breakage of 
edges or any other damage on the surfaces of the 
specimens.

Trend of the Young’s Modulus of Elasticity

The dynamic modulus of elasticity has been 
measured at the beginning (+20°C) and half-way 
through each cycle (—196°C); the average trends, in 
connection with the number of cycles, are represented



H«. Cycles 1 2 3 4 5 6 7 8 3 10
- Deys 36 72 108 144 180 216 252 283 324 360

Fig. 2. Trend of Young’s modulus with cycles of freezing 
and thawing

Fig. 3. Trend of thermal contraction with cycles of freezing 
and thawing

respectively for the group of pozzolanic cements and 
the group of portland cements, in the diagrams of 
Fig. 2.

In conclusion, on the specimens submitted to cycles 
it has been observed, when they were each time in 
equilibrium with the normal conditions, that there 
was a progressive slow decrease of the modulus of 
elasticity, whereas on the specimens cured steadily 
at +20°C and 85% R. H., it has been verified on the 
contrary (see again Fig. 2), in a corresponding time, 
an equally slow increase: on an average equal, in 
absolute value, to the above mentioned decrease. -

The modulus of elasticity measured on the speci
mens, when half-way through each cycle they were in 
equilibrium with the temperature of — 196°C, is 
rapidly decreasing up to the fourth or fifth cycle, and 
then it decreases very slowly for the subsequent cycles, 
until it reaches a trend parallel to the one of the 
+20°C.

Trend of the Contraction

. The trends are shown on the diagrams of Fig. 3.

About the specimens subject to cycles, at the moment 
they were at +20°C, is noted a progressive increase 
of the contraction, but this increase is inferior to the 
one that can be measured on the specimens which 
have been cured for a corresponding time in a 
conditioned room.

It is therefore evident that the linear variations 
measured on the specimens brought again to a normal 
temperature are not ensuing only from the cyclic 
treatment, but they are the result due to the addition 
on another effect, in spite of the handicap constitution 
by the curing at low temperature, that is, the effect 
of hygrometric shrinkage still acting due to the rela
tively limited age of the specimens (2 months) at the 
beginning of the test.

The measurements taken at — 196°C show, going 
towards the third and fourth cycle, a reduction of the 
contraction which seems then, to fix itself, although 
with a great dispersion of values, on a trend which 
remains parallel to the one of the +20°C. 

Second Part

What we reported in the first part confirmed that the cement concrete is a material fit for being usefully



employed also when it is brought down to extremely 
low temperatures. In particular we established: 
—that the type of cement, as regards the nature 

both of the clinker of origin and of the pozzolana 
as a possible component of the mix, does not in
fluence the behaviour of the concrete at the very 
low temperatures;

—that the concrete can support, without any degra

dation, the effects of repeated cycles of freezing 
down to temperatures reaching — 196°C and war
ming to room temperature.
Consequently we went on with our research, inves

tigating on concretes with different characteristics. 
So we made plans for additional types of tests, as 
well as refining the testing procedures, and explain 
the causes of its characteristic trend.

Materials

Cements

Six types of cement have been taken into conside
ration and their characteristics are shown in Table 
4, hereunder (the numbers correspond to those of 
Table 2).

It is to point that the cements, within each group, 
have mechanical strength comparable with one an
other. The clinkers of origin result, on the contrary

Table 4. Properties of the cements

Cements No.
Specific 
surface 
Blaine 
cm2/g

Mineralogic composition 
of respective clinkers

Strengths of 
plastic mortars 

kg/cm2 at 
28 days, 20°C

C2S C3S CSA c4af flexion
pression

Pozzolanic 4 3970 19.4 60.7 4.4 11.4 64 327
cements 7 4820 18.9 56.4 13.1 7.5 60 365
type 325 17 4520 20.9 54.8 9.4 10.2 63 353

18 4670 24.8 52.5 10.6 6.9 65 350

Portland 1 3700 15.5 62.0 0.8 14.1 83 485
cements 
type 425

3 3790 23.5 53.6 9.3 9.8 82 470

to have rather different mineralogical compositions, 
particularly as regards the C3A contents; the poz- 
zolanas are present in the three types already de
scribed.

Aggregates

Cubes having 10 cm of side and 4 x 4 x 16 cm 
prisms were cut from blocks of 5 mineralogically 
different types of aggregates. Table 5 indicates their 
main mineralogical and physical characteristics.

The materials in question can be considered as non 
porous, that is very compact, and having consequently 
a very reduced possibility of absorbing water.

Tests were made also with light aggregates, that is, 
with granular roundish products, obtained by expan
sion, through thermic treatment of schistous clays.

Such aggregates (complying with ASTM C33O) 
have a density included between 600 kg/m3 for the 
size 0-3 mm and 450 kg/m3 for the max. size 8-15 
mm.

Table 5. Physical properties of the aggregates

Petrographic features Cumulative 
pore volume 

cm3/g

Adsorbed water 
content 
% by wt

Strength tests 
kg/cm2 at 20°CType of 

aggregate
Type of 

rock-texture
Mineralogic 
composition

Density 
g/cm3 flex compress

Limestone Sedimentary 
microcrystalline 
with light diage
netical alteration

calcite 2.684 0.0009 0.16 180 1870

Granite Igneous-granitic feldspars, /
amphiboles

3.056 0.0015 0.75 200 1930

Porphyry Hypoabyssal 
microgranulatic

feldspars, quartz, 
micas

2.665 0.0009 0.46 295 2000

Basalt Volcanic-ophitic feldspars, augite, 
olivine

2.885 0.0002 0.30 450 3230

Silica Sedimentary 
microgranulatic

quartz, with 
amorphous cement

2.622 0.0082 0.72 The materia] was 
crumbly and no 
strength test was 
allowed



Concretes

10 X 10 X 50 cm prisms were made for each of 
the 6 types of aggregate, employing 6 types of cement. 
The composition of concretes was: 
aggregate: obtained by means of crushing and 

then subdivided by a sieve, in four 
granulometric sizes, in order to obtain 
the Fuller’s continuous line with max. 
20 mm;

cement: quantity: 3OOkg/m3;
water: w/c ratio: 0.5 (constant).

We made a set of concretes differentiated by the 
type of aggregate, which are putting themselves on 
two classes of strength, considering that as already 
said, the cements, in their respective type show prati- 
cally equal strengths.

After 5-6 months of curing in conditioned room at 
20°C and 100% R. H. (fog) from the 10 X 10 x 50 
cm specimens, cubes of 10 cm of side and prisms 
having the dimensions 4 x 4 x 16 and 2 X 4 x 25 
cm were obtained by cutting. Before starting the 
treatments and the tests, we protracted the curing of 
the specimens in that room for another year, owing 
to necessities of program.

Two types of light concrete were made with the 
aggregates of expanded clay: one of them consisting 
of light aggregate only (divided into three sizes) and 
the other consisting of light aggregate completed by 
a certain quantity of fine siliceous sand, in order to 
make it more compact.

The mix proportions of the dry aggregates in % 
of weight, are as follows:

Concrete “A” Concrete “B
sand 0.4-0.6 — 22
aggregate 0-3 45 35
aggregate 3-8 30 23
aggregate 8-15 25 20

The quantity of cement (portland type 425) has 
been 300 kg/m3, while the w/c ratio was 0.66 and 0.50 
respectively for concrete “A” and concrete “B” to 
obtain mixes equally workable.

As regards the curing and the shape of the speci
mens, all we said for the normal concretes is con
firmed.

The specific weights at the moment of breakage 
resulted to be: 1100-1150 kg/m3 and 1300-1350 
kg/m3 respectively for the concretes “A” and “B”. 
Considering the object of this work, it is interesting 
to point out that, whereas for the concretes containing 
the different aggregates taken into consideration, 
having anyhow a normal specific weight, the coeffici
ent of thermal conductivity X is ranging around 
2.0 kcal/m, h, °C (oven dry specimens), for the con
cretes of expanded clay it may be mentioned a value 
about four times lower, that is 2 = 0.5 kcal/m, h, °C 
(oven dry specimens).

Plastic Mortar

In order to reduce the effects due to the variability 
of the peculiar characteristics of materials, and in 
particular of concretes, we decided to test also speci
mens of plastic mortar, the mix of which results to 
be evidently more homogeneous than the mix of a 
concrete. In this way we intended to use an additional 
means to improve the research in particular situations 
and particular test, in the case the experimental 
trends could appear doubtful or at least not in accord
ance with the expectation.

Consequently homogeneous sets of 4 X 4 x 16 
cm specimens were made in plastic mortar, using the 
same portland cement type 425. Sets of specimens in 
the figure of “eight” were prepared with the same type 
of mortar, suitable for breakage by a simple tensile 
stress.

Equipment and Test Conditions

For the execution of the second part of the work, 
the most important apparatus employed in addition 
to those already mentioned, consisted of:
—a thermostatic unit for low temperatures consisting 

of No. 3 boxes. The temperature of the box No. 1 
may be regulated between +20 and — 100°C. The 
temperature of the box No. 2 may range down 
to — 180°C. The box No. 3, made in cupper, consists 
of a hollow space, where is possible the storage of 
liquid nitrogen, so to fix the temperature at 

— 196°C. The sensitivity of regulation of the tem
perature, within the respective fields in the three 
boxes is +3°C. The real test temperature was 
measured by means of a thermometric feeler, 
sensitive at ±0.5°C, immersed in a witness speci
men having physical and geometrical characteris
tics similar to those of the specimens on which the 
investigation was made.

—an equipment for shock tests: at the first we used an 
impact machine similar to the one used for testing 



toughness of steels. The results were unsatisfactory 
and it seemed that this might depend on the tech
nique of the test. Tests of shock strength, were 
therefore carried out using another equipment 
(8) (9). The apparatus consists of a frame on which 
a hammer of 25 kg, with a terminal of hemispherical 
shape, is free to fall from a changeable height, 
striking the upper face of the cubic specimen.
The height of fall increased each time by 1-2 cm 
until the specimen submitted to this test breaks.
The above mentioned test has been made for each 

value of temperature, on 3 specimens: from the first 
one we obtained the indication of the most probable 
height of fall to cause breakage; on the remaining 
two specimens the most approximate value of the 
height of breakage was determined and confirmed, 
by making a reduced number of shocks in order to 
avoid damage of the specimen.

The breakage by shock is considered to have taken 
place when the falling hammer does no more rebound 
on the specimen. Planes of breakage subdivide the 
specimen into two or more prisms.
—we covered the specimens with layers of expanded 

polystyrene in order to avoid losses of temperature. 
The time necessary to carry out the tests varied 
from 30 to 90 seconds. The departures of tempera
ture at the surface of the specimen could be con
tained around 0.5-2.5°C under the worst condi
tions.

—the specimens submitted to special curing in order 
to maintain a pre-established degree of humidity, 
were jacketed with polyethylene film.

—the specimens were maintained in the box at test 
temperature for about 24 hours; this time has 
proved to be more than sufficient to reach the 
equilibrium value.

Test Results

Mechanical Strength

The aggregates, as the temperature decreases, show 
increases both in bending and in compressive strength 
as indicated by the diagrams of Fig. 4.

The trend of the curves is regular enough, taking 
into account the difficulty to find samples of stones 
free from defects, like microcracks. We don’t indicate 
the bending strengths of the different aggregates in 
the range of temperature —60 and — 80°C. The dia
grams would have announced, in this range, a parti
cularly irregular trend. The compressive strength 
shows, in correspondence, except for the basalt, a 
regular increasing trend also within that field.

The concretes, made with different types of aggre
gates show both at compression and at bending 
strength trends, on the average, an increase (about 
45% at compression and 50% at bending, changing from 
+20 to — 180°C) as the temperature is lowered (see 
Fig. 5).

We find a certain dependence, that we cannot call a 
correlation, between the strength of concretes and 
the corresponding aggregates, on the contrary, we 
note a clear dependence between strengths of con
cretes and the relative cements. We point out an 
interesting trend in bending of concretes: there are 
some irregularities, and exactly a decrease in strength, 
when a temperature about —50 ------60°C is reached.
We note again an increase, after the minimum cor
respondence to — 80 ~ —90°C has been reached.

We cured for 3 years in fog-room a set of concrete 

samples. These were made with calcareous aggregate 
and high ratio in cement (450 kg/m3); this is a rapid 
hardening and high strength cement. Half of them 
were submitted to a drying treatment in a stove at

Fig. 4. Relation between strength of stone and 
temperature of treatment



Fig. 5. Strengths of concretes made with different aggregates 
and two types of cement at various temperatures

 Portland cement

---- —Pozzolanic cement

110°C. Then they were treated together with the speci
mens at the moist state, at low temperatures. The 
results of the compression strengths are shown in the 
diagram of Fig. 6.

In this diagram is put in evidence the influence of 
the quantity of the free water contained in the con
crete on the trend of the strength as the temperature 
decreases.

We notice increases of strength of concretes con

taining expanded clay, previously cured in fog-room, 
when the temperature decreases (see Fig. 7).

Plastic Mortar

The availability of a large number of specimens 
having homogeneous characteristics gave us the 
possibility to carry out a particularized investigation 
on the trend of the strengths. In this test, we put down



Fig. 6. Relation between compressive strength of concrete 
and temperature of treatment

T °C

Fig, 7. Relation between compressive strength of concrete made 
with expanded clay and temperature of treatment

the temperature 5°C every time. The diagrams of Fig. 
8 indicate the trends of tensile, bending and compres
sive strength of specimens cured in water up to the 
moment of the test. In the same diagram we indicate 
the strength found on specimens dried in a stove at 
110°C. It is evident that the presence of free water in 
the specimen is necessary for increasing strength.

We notice, as it is evident in the Figures, an inflec
tion in every types of strength of the saturated speci
mens in the range of temperature from — 50°C to 
—100°C. We have hatched in Fig. 8 the area included 
between the interpolated line and that of the experi
mental values to lay particular stress to the phenome
na.

Shock Strength
The results with the impact machine on samples 

made with plastic mortar have been very dispersed 
and we don’t think opportune to relate them. The ap
paratus provided with a beating hammer has been

Fig. 8. Relation between strength of plastic mortar 
and treatment temperature

used on shock tests on concrete made with various 
aggregates. Fig. 9 shows the respective diagrams.

The procedure of the test justifies the dispersion of 
results. We think the shock strength of concretes, 
brought to very low temperature, to be strongly 
bound to their behaviour at bending and compression.

Dimensional Variations due to Thermic Effect

The investigation about thermic contraction, very 
characteristic for the materials that now we consider, 
has been made by some authors (2) (10) (11), but 
they did not include very low temperatures, and 
different types of cement mixes. Our results on testing 
lead to find some anomalies in behaviour.

Thermic Contraction

Aggregates

The curves representing the trend of linear thermal 
contractions are parabolic (see Fig. 10a), and conse
quently the respective contraction coefficient changes 
linearly with the temperature.

The respective average values in the field from +20 
to — 180°C are shown hereinafter in Table 6, "
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Fig. 9. Relation between shock strength of concretes with 
different types of aggregates and treatment temperature

Table 6. Thermal contraction of aggregates and respective concretes for 0 <T < —160°C

Aggregate ' - Concrete

X - ACT) A.
T = 0°C

X
T = -160°C X = X(T) 1 X

T = 0°C
X

. T = -160-C

Limestone 5.224 4- 0.030T 5.224 0.424 6.901 + 0.036T 6.901 1.141
Granite 4.395 + 0.018T 4.395 1.515 5.195 4- 0.028T 5.195 0.715
Porphyry 8.740 4- 0.026T 8.740 4.580 8.875 4- 0.030T 8.875 4.075
Basalt . 8.480 4- 0.026T . 8.480 4.320 9.571 4- 0.032T 9.571 4.451

On account of their very low coefficient of water 
imbibition, negligible are the differences between the 

linear deformations of specimens cured in a humid 
and in a dry room. ’



Fig. 10a. Linear deformations of aggregates

Fig. 10b. Linear deformations of concrete made with 
porphyric aggregate

Concretes

Before carrying out tests, some specimens were 
dried in a stove at 110°C, others were stored in a 
room almost saturated with water (90 % R. H., 20°C), 
others were stored in a fog-room (20°C).

The thermic contraction of the dried concretes has 
a regular trend and the respective average shrinkage 
coefficients are indicated in Table 6.

The specimens cured at 90% R. H., 20°C, shrink 
since the beginning more than the dried specimens and 
go on, with the exception of a slight interruption at 
about —37°C, with a regular trend. In Fig. 10b it is 
shown the trend of the concrete made with porphyritic 
aggregate.

The specimens stored in a fog-room, and therefore 
saturated with water, shrink at first as much as those 
which were brought in equilibrium at a humidity of 
90 %. But at a little below — 10°C, their curve deviate 
upwards in comparison with the curve of 90%, at 
first slightly, then rapidly, at a little below the tempera
ture of — 30°C, owing to a rather sudden expansion, 
the curve continues with a variable trend till —60°C ~ 
—65°C, and then puts itself, till the end, along a 
line parallel to the line of the non-saturated samples.

Paste and Mortar

The dried paste takes a trend of contraction almost 
rectilineal. If it is moist, the average coefficient of 
shrinkage is greater and it reaches 19.6-10~6/°C, in 
comparison with the 10-10~6/°C, reached when it is 
dry. The phenomenon of expansion is noticed also 
for plastic mortar, as found for the paste, when the 
specimen had been stored in a room having a humidity 
1^60 ~ 70% R. H. (20°C). In Fig. Ila, the curves 
refer respectively to the specimens immersed in water, 
cured in a room having 90 % of R. H., 20°C and cured 
in a fog-room.

The effect of expansion becomes stronger when 
passing from a type of curing to the other one as the 
specimen absorbs more water, or is able to fill those 
porosities on which the expansion is depending. The 
filling of porosities is more full in moist atmosphere 
rather than in water. ■

The curves in Fig. lib which correspond to speci
mens dried at 110°C, cured in rooms having 22 and 
30% of R. H., 20°C, confirm by their trend that only 
the presence of free water can cause the expansion in 
question.

The experimental results show concordantly that 
the specimens previously dried, contract less than the 
corresponding moist specimens as the temperature 
decreases, from the beginning of the test. On the first 
ones the test is started after the samples have already 
undergone the shrinkage, characteristic of the loss of 
humidity, ensuing the drying treatment. The changes 
in length, continuously measured on them, are exclu
sively due to contraction on account of the thermic 
effect.
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Fig. 11. Linear deformations of mortars

On the moist specimens, there is the superimposi
tion of the thermic contraction on the hygrometric 
shrinkage. The nature of this shrinkage is quite differ
ent from the one due to the evaporation of the free 
water.

Table 7. Thermic contraction of ice

Temper. °C p,m/m Temper. °C

-25 673 -65 2248
-30 1043 -70 2371
-35 1273 -75 2584
-40 1523 -80 2745
-45 1554 -85 2892
-50 1636 -90 2052
-55 1839 -95 3222
-60 2104

In a cement paste the freezing of the free water 
takes place at first in the coarsest porosities, which 
are not, in general, at critical filling, so it does not 
arise an expansion of the mass. At the same time, some 
additional water migrates from the finer, completely 
filled porosities, towards the coarsest ones. This 
water freezes, in its turn. The capillaries undergo, 
thus, a loss of water, and consequently a hygrometric 
shrinkage arises.

As the temperature decreases more and more, also 
the water contained in the capillaries freezes (about 
—30°C). As this temperature we observe stopping of 
the shrinkage and the appearance of the sudden expan
sion; when all the free water has frozen (about — 70°C) 
the contraction continues as the thermic effect.

The Water-Ice System

Owing to the fundamental influence of water and 
ice on the appearance and trend of the phenomena 
under consideration, we wanted to measure the coef
ficient of contraction of ice. The results, which are in 
good accordance with those of the literature (12), 
are shown in Table 7.

In Fig. 12 it is also shown the trend of the specific 
volume of the water-ice system.

Hysteresis Curves

Concretes and Mortars

Specimens of these materials containing different 
quantities of humidity, have been submitted to cooling 
and warming cycles and their respective variations in 
length were observed.

Fig. 13 indicates the trends referring to concretes 
submitted for three times consecutively, without 
any interval, to changes in temperature with start 
from +20°C down to — 150°C and vice-versa. The 
fog cured specimens show a very clear hysteresis 
effect; such an effect is very little noticeable on speci
mens having 90% of R. H. and it is pratically inex
istent on specimens dried at 110°C.



Fig. 12. Relation between specific volume 
of water and temperature

The results of tests made on specimens of plastic 
mortar, are indicated in the diagram of Fig. 14 and 
fully confirm the existance of the hysteresis as well as 
its trend. '

It is necessary to point out, that for cooling and 
warming cycles between —50 and — 90°C no hystere
sis effect was noticed. The moist cement paste under
goes a deformation beyond its elastic limit, owing to 
water freezing in the capillaries. If a warming happens, 
some water will migrate from the coarse porosities to 
the deformed capillaries. So, at the room temperature, 
we will find an hysteresis, that is an increase of dimen
sions in comparison with the ones measured at the 
beginning.

On repeating the freezing, the process of subse
quent expansion in the capillaries happens again, at 
least as long as there is sufficient water in the coarse 
pores for their previous saturation. There will be, at , 
the end, a further increase in the permanent defor
mation.

Fig. 13. Relations between linear deformations of concrete and 
temperature for three cycles of freezing and thawing

Fig. 14. Relation between linear deformations of fog cured 
mortar and temperature (for five-cycles of freezing-thawing)



Complementary Investigations

Calorimetric Tests

The object of this investigation is the research, 
through calorimetric tests, of the temperature or of 
the interval of the temperature at which the water 
contained in a paste freezes.

Choice and Preparation of Samples

Samples of pure paste, prepared with high strength 
cement, w/c = 0.45, cured for 300 days in water were 
used.

The samples were heated in a stove at 110°C, 
after cooling in a drying container, and were weighed 
on an analytical balance. Some samples were tested in 
this condition and their water content (determined as 
loss of ignition) was 0.1139 g/g of dried paste equal to 
16.56% (this accords with the theoretical value of 
the non evaporable water, wn) (12).

Other samples cured after having been put in water 
for 24 hours, were kept into a box, saturated with water 
at 20°C, for 48 hours. The absorption of humidity 
was examined, by weighing again the samples on an 
analytical balance.

After the treatment described above, the average 
value of the content of water of the samples deter
mined as loss on ignition was: 0.18056 g/g of moist 
paste u’o =31.62% of which 16.56% non evaporable 
water (wn) 15.06% evaporable water (we).

Equipment

For cooling samples, different freezing apparatus 
were employed according to the interval of tempera
ture under examination.

The temperatures of the cooled samples were 
measured with I/RO thermocouple connected with a 
millivoltmer (Class 0.1). A multiple jackets calori
meter was used. The proper calorimetric container 
is plastic made, tightly jacketed with copper (shield 
against convective movements), contained in a stain
less steel jacket. The whole is immersed in a thermo
static bath at a temperature of 25.2 ±0.01°C.

The thermometer consists of a thermometric feeler 
provided with platinum resistance connected with a 
branch of a Wheatstone’s bridge. The loss of balance 
of the bridge, which is proportional to the variation of 
the temperature, is continuously registered by means 
of a galvanometric recorder with a sensitivity of 
0.00758°C per mm.

Results

The warming of the samples from the initial tem
perature Tt to the final one Tf involves a variation of 
enthalpy Aff0

Atf0 =Ao xc

where:
Aa = thermic change in mm

c = calorimetric equivalent of the calorimeter 
cal/mm

P = weight of the samples in grams
Tables 8 and 9, respectively for wet and dried 

samples, give the values of AH0 and the values of 
AHcorr., because the temperature Tf show a disper
sion of 22°C ± 1.5°C and for this reason a correction 
is made, in order to refer always to a final temperature 
of22°C.

Table 8. Samples with 31.62% of water

Test 
number

Temperature of 
the sample (°K) T/°K)

Enthalpy change
Aff0 corr.

1 88.16 294.98 53.1927 53.2464
2 98.16 294.29 52.3566 52.6179
3 107.16 295.15 51.7200 51.7233
4 110.41 295.69 50.9368 50.7754
5 119.36 295.02 48.3317 48.3749
6 133.16 295.33 45.9168 46.1555
7 143.16 295.65 44.5869 44.4414
8 147.36 295.29 44.7777 44.7393
9 167.96 295.31 41.5207 41.0754

10 177.66 295.51 40.1034 40.1508
11 188.96 296.29 37.6532 38.3124
12 190.16 295.66 37.2940 37.1440
13 201.36 294.94 35.4947 35.5610
14 202.96 296.35 34.8845 34.5275
15 203.91 296,28 33.0073 32.6725
16 212.91 296.00 32.8323 32.5782
17 218.96 295.06 30.7916 30.8216
18 227.04 295.58 29.2588 29.1331
19 235.66 295.35 26.8864 26.8303
20 237.16 295.15 24.7248 24.7284
21 239.66 294.97 24.3245 24.3793
22 247.66 295.65 22.7445 22.5978
23 253.66 296.78 21.1968 20.7117
24 257.16 . 295.55 19.1005 18.9877
25 257.91 295.58 18.5971 18.4423
26 263.66 294.89 15.5649 15.6452
27 265.91 295.01 14.4838 14.5294
28 266.86 295.05 14.3380 14.3710
29 268.91 295.21 9.0316 9.0151
30 269.16 295.64 9.1071 8.9637
31 271.16 295.27 9.9380 7.9056
32 271.26 294.95 8.0199 8.0829
33 272.16 294.85 8.9348 9.0267
34 273.60 295.11 7.2235 7.2385
35 274.76 295.74 6.6626 6.4880
36 277.16 295.29 6.3023 6.2645
37 277.36 295.19 6.0057 5.9967
38 277.96 296.22 6.1442 5.8247
39 278.96 294.82 5.3941 5.4967
40 280.96 295.20 4.7856 4.7727
41 282.36 295.27 4.0690 4.0063



Table 9. Samples with 16.56% of water

Test 
number

Temperature of 
the sample (°K) Tj-CK)

Enthalpy change
Aff corr.

1 131.16 195.53 29.2012 29.1372
2 179.06 185.06 21.6371 21.6061
3 204.41 196.28 17.5098 17.3156
4 228.16 197.89 13.1313 13.0951
5 255.96 184.83 7.1290 7.0209

Fig. 15. Enthalpy changes of cement pastes with variable water 
content from 295°K to T °K '

It is possible to draw the diagram of the AZf = 
AH(T) of the dried samples showing a water content 
(determined as loss of ignition) equal to 16.56% and 
of the wet samples showing water content (deter
mined as loss of ignition) equal to 31.62% (Fig. 15).

As it may be noticed, the trend AH = AH(T) 
is regular and continuous for the dried specimens and 
it may be well represented by a parabola:
—A1¥^K = 42.00662 - 5.9079 • IO"2 T- 3.00173 • 

10"4T2 -
• It is now to consider the trend of AH of the moist 
specimens.

It is possible to see a clear discontinuity for T = 
269.16°K which is attributable to the change of the 
state from ice to water. Following to this transforma
tion, the calories involved are:
AH = 5.1 cal/g

Referring to the melting heat of water under normal 
conditions AHm = 79.71 cal/g, the result obtained is, 
that at this temperature, 0.0639 g of water freezes per 
g of paste, which is equivalent to 35 % of the evapo- 
rable water.

The decrease of the freezing point may be attri
buted to the presence of dissolved salts.

If we want to evaluate the temperature at which all 
the water is frozen, we can usefully examine the dia-

Fig. 16. Heat capacity of cement pastes with variable water 
content from 80°K to 290°K

grams Cp = Cp '
Such diagrams (14) can be obtained by derivation: 

Cp = dAHjdT
The trend AH = AH(T) for the wet samples can 

be analytically represented by three parts of curve: 
for 80 < Tk < 170
—AH^„ = 67.2300 - 0.14788T - 5.28293 • IO'5 T2 
for 170 < Tk < 269
—AH^k = 101.812 - 0.77023T+ 3.76696-IO’3 T2

- 7.89380-10"6T3
for 269 < Tk < 282 '
—A//2%5kk = 103.220 - 0.350707
and the Cp = C,(T) will be respectively:
for 80 < Tk < 170 Cp = 0.14788 + 1.05658-10-4r 
for 170 <Tk< 269 Cp = 0.77023 - 7.53393- IQ-’T

+ 2.36814-10-5T2
for 269 < Tk < 282 Cp = 0.35070

The quantities of water that freeze at temperatures 
inferior to the transition point (269.16°K), lead to an 
excess of specific heat.

The difference between the behaviour of wet samples 
and the behaviour of the dried samples may be 
attributed to a progressive change in the state of 
water.

At this point, we represent graphically the trends 
of C, = ^(7) (Fig. 16). .

In addition to the experimental behaviour, the 
graph represents also the trend of the specific heat of 
the ideal system of “ice-dried paste" and “water
dried paste".

By extrapolating the trend of the curve of the speci
fic heats valid for 7 < 170°K down to the tempera
ture of 7 = 269.16°K (which is equivalent to the 
admission of a total freezing at this temperature) the 
area ABC is isolated. This area, when measured in



heat terms, represents the calories involved in the 
progressive freezing of water for T < 269.16°K. The 
measurement of the area graphically executed has 
given a value of 10.2 cal/g of paste.

Supposing as a first approximation, that the latent 
heat of melting does not change considerably with the 
temperature, by the following ratio we obtain: 

10.2 cal
79.62 cal/g. = 0.1278 g.

which means that 0.1278 g., that is about 70% of 
the evaporable water, freeze in this interval.

The change of state of such a system is quite dif
ferent from a normal one for the reason that the water 
absorbed by the paste is contained in microcapil
laries.

Other authors have studied similar effects (15); 
for instance, water absorbed by the gel of silica, 
nitrogen by dioxide of titanium. Thermodynamic 
explanations have been put forward, but the incom
plete knowledge of the superficial conformation of the 
paste and the presence of collateral effects do not allow 
to reach a whole explanation of the phenomenon.

We can affirm consequently by this peculiar inves
tigation, that evaporable water freezes gradually from 
-4°C to -95°C.

Some anomalies in the trend of concretes in this 
range of temperature are so explained.

Triaxial Tests

The concraction phenomena help us to explain the 
increase of strengths as temperature decreases.

Freezable water is essential for the increment of 
strength.

The ice in the capillary net raises a state of stress 
in the surrounding mass because its contraction coef
ficient is the highest among the coefficients of the 
other materials. We think it is not right to consider 
ice like an inert solid filling porosities. In mechanical 
terms we can figure it like a diffused reinforcement 
pre-stressing the surrounding material.

We deemed interesting to identify the internal 
stress state with the stresses produced it in a specimen 
when submitted to triaxial stress and where 5X = 
5y 0. The 5Z of breakage increase on increasing of 
the stresses acting on the plane x,y. The results of the 
tests are shown in Fig. 17. In the same figure we put 
in relation the value of the lateral stress and the 
consequent value of the 5Z with the value of the 
temperature at which the same compressive strength 
is corresponding.

It appears finally opportune to point out the varia-

Fig. 17. Relation between the temperature of treatment 
and 0 stress of a triaxial test

Fig. 18. Breakage lines of concretes with different water 
contents at different temperatures

1) Test at +20°C (cured at R.H. 100%, +20°C) 
<5R = 356 kg/cm2

2) Test at -70°C (cured at R.H. 100%, +20°C) 
5R = 820 kg/cm2

3) Test at -180°C (cured at R.H. 100%, +20°C) 
<5R = 1125 kg/cm2

4) Test at +20°C (dried at +110°C)
<5R = 384 kg/cm2

5) Test at -160°C (dried at +110°C)
<?R = 474 kg/cm2



tion of fracture planes in which specimens break as (16) (17) as a peculiar characteristic of the strength 
temperature decreases (see Fig. 18). values.

The kind of fracture is pointed out by some authors

Conclusions

—The fog-cured, hardened concrete, increases its 
mechanical strengths when it is cooled from room 
to low temperatures, even down to — 196°C.

—The concrete, cured at 110°C so to eliminate its 
free water, when cooled doesn’t show increases in 
strength.

—Cement type and nature of the pozzolana, in the 
case of pozzolanic cement, do not modify trends 
of the phenomenon. The same can be said in re
gard to the seven different types of aggregates with 
which the concretes were made (including also the 
aggregates of expanded clay). The highest strength, 
found at low temperatures, is bound to the room 
temperature strength of the concrete; so it depends 
on all the variables which condition a concrete 
(strength of the cement, its quantity, type of aggre
gate, curing, and so on).

—The shock strength of cooled concretes depends on 
their respective bending and compressive strength.

—Degradation of no significance was found in the 
physical and mechanical characteristics on con
cretes treated cyclically from +20 to — 196°C with 
a long curing at the test temperature.

—The dynamic modulus of elasticity, that at room 
temperature follows the trend of strengths, increases 
as temperature decreases.

—The thermal contraction coefficient of concrete 
at low temperatures, depends on the type of aggre- 

, gate and feels the effects of the respective water 
contents. In connection with water content hysteresis 
curves appear on specimens submitted, without

interruption, to warming and cooling treatments.
—The enthalpy variation referred to cooling tempera

ture on cement paste specimens, indicates that the 
free water freezes progressively from — 4°C down to 
-90°C.

—Inflections on mechanical strengths in the range 
—10°C ~ —60°C can be explained on the basis of 
what written at the preceding point. In the moist 
specimens, the migration of water, during the 
freezing, from the capillaries to the coarsest poros
ities causes a hygrometric shrinkage, in addition 
to the thermal contraction; the corresponding dried 
specimens are subject only to the effect of thermal 
contraction. The progressive and complete freezing 
of the water contained in the porosities causes a 
deformation: hence the hysteresis.

—The freezing of the water contained in the capil
laries induces in the mass of the paste an internal 
stress, more and more diffuse and intense. When all 
the free water is frozen and the temperature still 
falls down, paste and ice go on with their thermal 
contraction. The contraction coefficient of ice is 
higher than the one of paste and of the aggregate, 
and consequently the ice contained in the porosities 
and in the capillaries consists of a sort of pre-stressed 
reinforcement immersed in the paste. By means of 
triaxial compressive tests, we found the values of the 
lateral stresses, to which the values of the tempera
ture are corresponding, to obtain the same mono
axial breakage strengths in the cooled moist speci
mens.
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Oral Discussion

Rolf F. Feldman

The experimental results of the author are very 
interesting. The result that the specimens which were 
dried before cooling contract less than the correspond
ing moist specimens should, however, be further 
discussed.

The resultant length change that occurs when a 
saturated sample of hydrated portland cement is 
cooled may involve many factors and it is the purpose 
here to discuss a few of them separately with the 
view of further understanding the results.

We will initially consider hydrated portland cement 
as a relatively inert high surface area material and 
consider it as saturated with water at 0°C. As cooling 
takes place (We assume that equilibrium is maintained, 
kinetic effects not playing a role.), one of the effects 
we might except is a change in the surface free energy 
change due to interaction of the adsorbate (H2O) 
with the adsorbent (hydrated cement).

The above phenomena is considered here as small 
and more so because the amount of physically adsor
bed water in cement is not very large. However, in 
the above case, we have ignored any effect due to 
menisci forces and freezing. When cooling takes 
place to temperatures below 0°C and water in some 
large pores freezes, a new equilibrium will be set up; 
the vapour pressure required to maintain the saturated 
state of the sample will be that of supercooled bulk 
water at the temperature of the sample. Below zero, 
and in the presence of bulk ice, this will be impossible 
to maintain and the system will attain equilibrium at 
a new p/p0 value, where p is the vapour pressure of 
bulk ice at the temperature of the sample and p0 is 
the vapour pressure of bulk water at the same tempera
ture. Thus there will be an effective reduction in va
pour pressure as the sample is cooled and a shrinkage 
due to menisci forces in the small pores of the speci
men.

In the discussion above, we have considered the 
solid (hydrated portland cement) to be inert, but 
immediately we can see that this assumption is not 
correct. When hydrated is first dried, an irreversible 



shrinkage is obtained and it has already been shown 
how cooling can effectively reduce the relative humi
dity of the specimen. At — 15°C the relative humidity 
would be 86 per cent, and it is considered here that 
the irreversible shrinkage phenomenon would repre
sent a larger portion of the shrinkage observed on 
cooling than capillary effects which have been obser
ved on stabilized cement paste (1, 2).

One last area of importance is the effect of the 
cooling on the interlayer hydrate water. It has been 
shown (1) how this water plays a very important role 
in length change phenomena at low vapour pressures 
and one might wonder if the low temperatures could 
cause a further change in order and mobility of this 
water, resulting in a length change.
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Author’s Closure

Giampietro Tognon

The results of the experiment, set forth in our 
supplementary paper and further demonstrations on 
the same subject, are still being worked out.

We therefore agree that a thorough examination 
thereof would be well-advised; and we deem of in
terest and, moreover, useful the suggestion put forth 
by Mr. Feldman regarding break-down of the com
ponents of the basic occurrence, i.e., the lower 
contraction taking place further to cooling applied 
to previously dryed test specimens, as compared 
to contraction noted on comparable moist test 
specimens.

In the first place, it is important to bear in mind 
that, in the part of testing where we would observe 

freezing effects most accurately, the test specimens 
are to be considered, at least theoretically speaking, 
immersed in a closed system. Their mass has certainly 
achieved the temperature levels that we have pointed 
out, without having the possibility, though, of reach
ing the point of equilibrium at the respective tempera
tures, as like as the necessary adsorptions or desorp
tions of water.

It therefore arises that any consideration as 
regards equlibrium adjusted by the Gibbs’ equation, 
the menisci forces and the effects on the interlayer 
hydrate water may be well applied in the case of a 
system in a condition of well definable equilibria, 
but in our investigation method, we would work 
out them in a particular way in order to put them 
valid.

The type of investigation according to procedures 
recommended by Mr. Feldman, a result of his impor- 
tand works, is definitely to be applied.



Supplementary Paper IH-25 The Influence of Temperature on Sulphate Attack 
on Portland Cement Mortars

J. H. P. van Aardt*

Synopsis

The paper discusses various aspects concerning corrosion of portland cement products 
in sulphates. Some reactions at 5°C and 25°C of the relevant calcium aluminate hydrates 
are considered with special reference to early ages. Various calcium sulpho-aluminate 
hydrates are dealt with in relation to rate of reaction at the two temperatures and the various 
products formed when both the sequence of mixing of the reactants and their quantities are 
varied. The stability of calcium aluminate hydrates and calcium sulpho-aluminate hydrates 
at these temperatures is considered with a view to explaining some of the observations in 
practice as regards sulphate attack on portland cement products. Experiments with mortars 
and observations on their behaviour in sodium sulphate solutions at 5°C and 22°C are 
considered. Two of the important findings are:—(1) cubic calcium aluminate hexahydrate 
is unstable at low temperatures and more so in the presence of Ca(OH)2; (2) under some 
circumstances a calcium mono-sulpho-aluminate with a basal spacing at 8.5 A is the reaction 
product of C3AH6, Ca(OH)2 and CaSO4 -2H2O at 25°C.

Introduction

The entire issue of sulphate corrosion of portland 
cement products is complicated by physical factors 
such as the density and the permeability of the product. 
In other words, durability depends also on the 
cement content, the grading and type of aggregate, 
the degree of compaction, the water/cement ratio 
and the thoroughness of curing; in short the higher 
the quality of a cement product, the better its resist
ance to sulphates. The influence of these physical 
factors can be so marked that in some instances they 
may obscure the influences on corrosion of differences 
in chemical composition of various portland cements. 
Nevertheless, the chemical composition of portland 
cement, especially the alumina content, determines 

to a large extent its resistance to the sulphate ion. 
Although much is known about sulphate attack there 
are still some doubts about certain aspects of the 
mechanism involved when calcium aluminates react 
with sulphate to cause deterioration in portland cement 
products. It is known, for instance, that the reactions 
are affected by temperature but there is as yet no 
clear understanding of the matter. In this contribution, 
experiments concerning the nature and behaviour of 
some calcium aluminates at 5°C and 25°C are des
cribed; reactions at early ages are considered. The 
behaviour of portland cement mortars in sulphate 
solutions at these temperatures is also discussed.

Some Reactions of Tricalcium Aluminate Hexahydrate and Tricalcium 
Aluminate at 5°C and 25°C

Working with suspensions of C3AH6 in water and 
of C3A in water, van Aardt and Visser (1) have shown 
that both the substances behaved differently at 5°C 
and 25°C. In the presence of Ca(OH)2, the two alumi
nates gave the same reaction product at 5°C. Fig. 1
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for Scientific and Industrial Research, Pretoria, South Africa. 

shows that the reaction product at 5°C of (i) C3AH6 
(1.89 g) plus Ca(OH)2 (0.37 g) plus H2O (50g) and 
(ii) C3A (1.35 g) plus Ca(OH)2 (0.37 g) plus water, 
has d- spacings at 10.6 Ä and 5.3 A, similar to C4AH19 
described by Jones and Roberts (2). This indicates that 
C3AH6 is unstable at 5°C and more so in the pre
sence of Ca(OH)2. Furthermore, C3AH6 plus Ca(OH)2 
at 25°C seemed to react partially to form a compound



Fig. 1. X-ray diffractogram of tetracalcium aluminate hydrate Fig. 3. X-ray diffractogram of cubic C3AH6 in water at 25°C
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Fig. 2. X-ray diffractogram of CjAHu and Ca(0H)2 in water 
at 25°C

with d- spacings at 8.2 Ä and 4.1 Ä. The 10.6 Ä 
compound was unstable above 30°C; at this temper
ature, the suspension showed d- spacings for C3AH6, 
Ca(OH)2 and the 8.2 Ä compound. The filtered wet 
10.6 Ä compound behaved in a similar way on heat
ing to 50°C in an enclosed space, the silky appear
ance of the paste disappeared and it was changed into 
a very wet paste; water was clearly set free. Fig. 2 
is an X-ray diffraction diagram of the substance ob
tained in this way; it is similar to a diagram of a 
suspension of C3AH6 plus Ca(OH)2 at 25°C, i.e. the 
8.2 Ä, 4.1 Ä substance plus Ca(OH)2 plus C3AH6. 
When the suspension containing the 8.2 Ä substance 
was kept at a temperature above say 70°C for a 
period, only C3AH6 and Ca(OH)2 were detected on 
the X-ray diffraction diagram . '

The course of the reactions when C3A was added 
to water can be summarized as follows:

approx. 25°C
2C3A + H2o----------------- > C4AH19 + C2AH8

■ (1)

The two types of hydrates could be detected by the 
basal spacings at 10.6 Ä and 10.7 Ä. Two types of

Fig. 4. Electron micrograph showing zoning during reaction 
between C2AH8+Ca(OH)2

hexagonal plates could also be observed under the 
electron microscope. When the temperature was 
raised, the aluminates were converted to cubic C3AH6 
and some hexagonal substance with a basal spacing 
at 7.6 Ä. The X-ray diffractogram was identical to 
that of a suspension of C3AH6 in water at 25°C 
(see Fig. 3).

When Ca(OH)2 was added to the suspension at 
25°C, the C2AH8 reacted with it and C4AH19 was 
produced.

C4AH19 + C2AH3 (eqn. 1) + 2Ca(OH)2 
+H2O, 25"C and lower 

------------------- > 2C4AH19 (2)



When (2) was heated to about 50°C it changed into 
cubic C3AH6 and a hexagonal substance with a basal 
spacing at 8.2 A, (see Fig. 2). On cooling to 5°C, this 
again formed the 10.6 A substance.

When Ca(OH)2 was added to the suspension (1) 
above and the mixture was examined under the elec
tron microscope soon after the addition, hexagonal 

crystal showing the zoning as in Fig. 4 were observed. 
It is assumed that this was a reaction between C2AHS 
and Ca(OH)2. A similar observation but with the 
zoning even more pronounced was made when C3A 
and C3S were mixed in water and the temperature 
of the suspension kept in the vicinity of 25°C. The 
zoning disappeared on storage.

Reaction Products at Early Ages of C3A and of C3AH6 
with Calcium Sulphate

Having established the behaviour as described 
above of C3A and of C3AH6 in water and in the pre
sence of Ca(OH)2 in water at 5°C, and 25°C, the reac
tions of CaSO4 with the calcium aluminate hydrates 
were investigated.

Reactions at 25°C

Suspensions containing essentially the 10.6 A hex
agonal hydrate and the 8.2 A substance were prepared 
as follows:

C3A (1.35 g) or C3AH6 (1.89 g) was reacted for 
seven days with Ca(OH)2 (0.37 g) in water (100 g) 
at 5°C to give the 10 .6 A hydrate and C3AH6 (1.89 g) 
plus Ca(OH)2 (0.37g) in water (100 g) was used at 
25°C to give the 8.2 A substance.

The reaction products obtained when one mole or 
three moles CaSO4 • 2H2O was added to these calcium 
aluminate hydrates and the reaction mixtures kept at 
25°C were described by van Aardt and Visser (3). 
The addition of one mole of sulphate to the 10.6 A 
compound produced a phase with d- spacings 9.6 A, 
4.77 A at early ages, i.e. one hour to seven days (see 
Fig. 5(A)).

This substance changed to a phase with d- spacings 
8.9 A, 4.4 A at equilibrium. When three moles of 
sulphate were added, only the 9.6 A compound and 
CaSO4-2H2O were observed at one hour: the equi
librium phase was ettringite. The presence of excess 
Ca(OH)2 tended to retard the reaction rate. In brief:

+ 1 CaS04-2H20
10.6 A---------------------- > 9.6 A

Ca(OH)2 + time 
---------------------- > 8.9 A

+3 CaSO4-2H2O
10.6 A---------------------- > 9.6 A + CaSO4 • 2H2O

—>■ ettringite

One mole of sulphate added to the 8.2 A compound, 
produced a phase with d- spacings 8.5 A, 4.23 A and 

ettringite: gypsum was also present at an early age, 
i.e. one hour, but was not detected at seven days 
(see Fig. 5(B)). The 8.5 A compound changed to ettr
ingite and finally at equilibrium the 8.9 A compound 
was observed; the change from ettringite to 8.9 A 
appeared to pass through the 9.6 A substance. When 
three moles of sulphate were added the 8.5 A phase 
and gypsum were observed at one hour; the equili
brium phase was ettringite. The presence of Ca(OH)2 
tended to retard the reaction rate. In brief:

+ 1 CaSO4-2H2O
8.2 A------------------------- > 8.5 A + E

—>■ E 4- aluminate —> 9.6 A —> 8.9 A

+3 CaSO4-2H2O
8.2 A------------------------- > 8.5 A + CaSO4-2H2O

—> ettringite

In the presence of gypsum, a suspension containing 
both the 10.6 A and 8.2 A compounds gave the inter
mediate phase 9.6 A and 8.5 A at early ages (see Fig. 
5(C)).

When all the reactants, i.e. C3A (1.35 g) or C3AH6 
(1.89 g) and Ca(OH)2 (0.37 g) and CaSO4-2H2O 
(0.86 g) were added at once, C3A and CaSO4 rapidly 
formed ettringite; the latter then reacted with more 
calcium aluminate to form the 9.6 A compound within 
one day. C3AH6 reacted with the CaSO4 to again 
produce ettringite; in this instance the ettringite was 
only slowly changed to the 9.6 A substance. The equi
librium phase was again the 8.9 A compound in both 
instances. Three moles of sulphate gave only ettrin
gite at early ages while unreacted sulphate and alumi
nate were present.

With one mole of calcium sulphate and C3A, in 
the absence of added Ca(OH)2, the 9.6 A phase was 
predominant after one day (see Fig. 6(A)), but with 
C3AH6, ettringite was predominant (see Fig. 6(B)); 
at later ages both suspensions contained the 9.6 A 
compound. In the presence of saturated Ca(OH)2
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solutions, the 8.9 Ä phase was detected at equilibrium. 
Ettringite was the only phase observed when three 
moles of gypsum were added to the aluminates.

Reactions at 5°C

The following reaction mixtures in the form of 
suspensions in 100 g of water were examined:

(1) C3A (1.35 g) plus CaSO4 ■ 2H2O (0.86 g)
(2) C3AH6 (1.89 g) plus CaSO4-2H2O (0.86 g)
(3) C3A (1.35 g) plus Ca(OH)2 (0.37 g) plus 

CaSO4-2H2O (0.86 g)
(4) C3AH6 (1.89 g) plus Ca(OH)2 (0.37 g) plus

CaSO4-2H2O (0.86 g) '
(5) C3A (1.35 g) + Ca(OH)2 (0.37 g) |

reacted at 5°C for 7 days J
plus CaSO4-2H2O (0.86 g)

(6) C3A (1.35 g) + Ca(OH)2 (0.37 g) |
reacted at 25°C for 7 days )

plus CaSO4 • 2H2O (0.86 g)
(7) C3AH6 (1.89 g) + Ca(OH)2 (0.37 g) |

reacted at 25°C for 7 days J
plus CaSO4-2H2O (0.86 g)
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Fig. 7. X-ray diffractograms of various calcium sulpho-aluminate hydrates at 5°C

These experiments were repeated with three moles of It was observed that when either C3A or C3AH6 
CaSO4 ■ 2H2O added instead of one mole. was mixed with one mole of CaSO4 -2H2O and sus-



pended in water the first reaction product was ettringite 
and at a later stage some 8.2 Ä substance was also 
present. Hydrated aluminates then reacted with 
ettringite to produce a substance with a basal spacing 
at 10.3 Ä. This reaction appeared to be faster with 
C3AH6 than with C3A. Thus with ettringite as an 
intermediate product the final product was the 10.3 Ä 
substance. A similar position existed when Ca(OH)2 
was also present in the suspension, but the Ca(OH)2 
appeared to retard the rate of reaction as can be seen 
from Figs. 7A(1) and 7A(2).

When C3A (and also C3AH6) was first reacted with 
Ca(OH)2 for 7 days at 5°C before the addition of 
CaSO4-2H2O the course of the reactions was quite 
different, little ettringite was formed, gypsum appeared 
to react fast with the aluminate, which in this instance 
was C4AH19, to produce the monosulphate com
pounds 9.6 Ä and 8.9 Ä. These changed to the 10.3 A 
calcium monosulpho-aluminate, i.e. the stable calcium, 
mono-sulpho-aluminate hydrate at 5°C. Eventually 
after a few months, only this substance and Ca(OH)2 
were detected in the suspension (see Fig. 7A(3)).

When C3A plus Ca(OH)2 were first reacted for 
seven days at 25°C before the addition of CaSO4- 
2HjO at 5°C, a complex mixture of calcium sulpho
aluminate hydrates formed rapidly (see Fig. 7A(4)). 
Little ettringite was produced and the 10.3 A sub

stance formed soon after the addition of CaSO4- 
2H2O.

As was expected the conditioned mixture at 25°C 
of C3A and Ca(OH)2 contained both the 10.6 A and 
some 8.2 A calcium aluminate hydrates and these 
reacted with CaSO4-2H2O as described under the 
reactions at 25°C, but the reaction products then 
changed to the 10.3 A material which is a stable phase 
at 5°C.

When C3AH6 and Ca(OH)2 were mixed and kept 
at 25°C for seven days before the addition of 
CaSO4-2H2O at 5°C, the reaction follows a comple
tely different course (see Fig. 7A(5)). Much of the 
substance with a basal spacing at 8.5 A was formed 
in the initial stages and much of the 8.2 A calcium 
aluminate hydrate and C3AH6 were present. Large 
quantities of ettringite were formed and there were 
no 9.6 A and 8.9 A materials. The 8.5 A substance, the 
ettringite and aluminate hydrates slowly reacted 
finally to produce the 10.3 A material.

As was expected, the use of three moles of CaSO4 ■ 
2H2O instead of one gave only ettringite at equili
brium. The 10.3 A calcium mono-sulpho-aluminate 
was an intermediate phase when the three moles of 
CaSO4-2H2O were added to the C4AH19 hydrate. 
Figs. 7B(1)-7B(5) gives an indication of the course of 
the reactions.

The Influence of Heating and Cooling on the 10.3 Ä, the 9.6 Ä and the 8.9 Ä 
Calcium Mono-Sulpho-Aluminate Hydrates

Turriziani and Schippa (4) have reported the exi
stence of a 10.3 A hydrate at 1°C and a mixture of
9.6 A and 10.3 A hydrates in the 12-17°C region. 
As can be seen from Fig. 8 this is the stable phase when 
suspensions formulated to give the mono-sulphate 
hydrates were cooled and kept at 5°C for long periods. 
These suspensions were filtered and the solid X-rayed 
in a damp condition out of contact with carbon dio
xide. During the X-ray work the sample was at a rela-

Fig. 8. X-ray diffractogram of the 10.3 Ä calcium mono
sulpho-aluminate hydrate at 5 °C

tive humidity of 100 per cent. By merely raising the 
temperature of the solid on the X-ray machine to 
above 20°C, it was possible to change the substance 
into the 9.6 A hydrate, and when ice water was 
passed through the cell containing the solid, (the water 
did not come in contact with the sample) the 9.6 A 
hydrate was immediately changed back to the 10.3 A 

heat 20°C
hydrate; this conversion 10.3 Ä4* 

(cool, ice water)
9.6 A could be performed repeatedly at will (see Fig. 
9).

However, when a wet solid consisting essentially 
of 9.6 A, prepared from aluminates and CaSO4 • 2H2O, 
was cooled on the X-ray machine, it did not change 
rapidly to 10.3 A as described above; the 8.9 A 
substance appeared and this changed only slowly to 
10.3 A. The 8.9 A substance appeared to be formed 
from 9.6 A preferably in the presence of Ca(OH)2 
at temperatures between 15°C and 25°C. When a sus-



Fig. 9. X-ray diffractogram showing the behaviour of the
10.3 Ä and 9.6 A hydrate during heating and cooling

pension containing the 8.9 A hydrate was heated to 
above 30°C, it was changed to the 9.6 A hydrate. On 
cooling, the 9.6 A hydrate apparently changed through 
the 9.8 A hydrate to the stable 10.3 A hydrate at 5°C.

The relationships between the 8.9 A, the 9.6 A 
and the 10.3 A hydrates is not clearly understood at 
this stage; it is not clear why, when once the 10.3 A 
hydrate was formed, it could be easily changed to the
9.6 A hydrate and back to the 10.3 A hydrate, but when 
fresh 9.6 A hydrate (not obtained by heating the 
10.3 A hydrate) was cooled, it changed slowly through 
the 8.9 A hydrate to the 10.3 A hydrate.

The Influence of Temperature on the Sulphate Resistance of Portland Cement 
Containing Tricalcium Aluminate

It has long been known that the resistance of con
crete and mortar made with portland cement contain
ing C3A can be improved or rendered immune to 
attack by the sulphate ion if they are autoclaved in 
saturated steam at temperatures above 100°C; higher 
temperatures are beneficial but even relatively low 
temperatures, say from 40°C upwards, appear to 
induce some resistance although not rendering the 
products completely resistant to attack by the sulphate 
ion (see for instance the work by Richards (5)).

It is, however, not quite clear why autoclaving 
should render the aluminates resistant to sulphate 
attack, because the stable cubic calcium aluminate 
hexahydrate phase, produced at the temperatures 
normally used, is also attacked by sulphates and chan
ged into ettringite, the substance generally accepted to 
be responsible for the expansion of cements containing 
C3A. It is often argued that the resistance is due to the 
reduction of the Ca(0H)2 content as some Ca(OH)2 
which aids expansion, reacts with silica in the mortar 
or concrete to form hydro-calcium-silicates, which 
are resistant to sulphate attack. Some investigators 
are of the opinion that during autoclaving some 
complicated hydrogarnets are produced and that 
they are resistant to sulphate corrosion. Furthermore 
it is likely that the physical state of the autoclaved 
product and the nature of the calcium silicate hydrates 
have some influence on the matter; it is known that the 
gel-like tobermorite normally found in water-cured 
cement products is changed somewhat to a more 
crystalline state in the autoclaved product. There 
are many arguments for and against these theories, 
for example, in connection with the reduction of the 
Ca(OH)j content due to reaction with silica. It has 

been found (6) that when an aggregate that contains 
no silica is used for concrete or mortar and the ma
terial is autoclaved, the resultant product is also 
resistant to sulphate attack. In this instance there is no 
question of a reduction of the Ca(OH)2 content due 
to reaction with silica.

Recently Chatterji and Jeffery (7), (8) have put 
forward a new hypothesis as regards sulphate attack, 
in which they doubt the accepted theory that the mere 
formation of ettringite is responsible for the sulphate 
expansion. Their hypothesis has since been criticized 
by other workers in this field (9), (10). Whatever the 
mechanism of the deterioration or expansion one 
should not lose sight of the fact that expansion need 
not necessarily be the prime cause of deterioration. 
There can be breakdown of the structure before 
actual expansion takes place and, once breakdown 
or deterioration has occurred, only a small force is 
required to produce expansion. However, the forces 
involved, when a portland cement contains alumina or 
aluminates and calcium sulphate, can be tremen
dous; Fig. 10 shows how a steel mould was ruptured 
when portland cement was mixed with a few per cent 
of kaolinite and gypsum. Note that although much 
expansion has occured, there is little lowering of the 
quality of the hydrated product. It has been shown 
(6) that the rate of expansion has a marked influence 
on the quality of the expanded product; a slow expan
sion of a homogenous body can be considerable without 
disintegrating the body, but a rapid expansion leads 
to distintegration. Furthermore it is possible to limit 
or stop the expansion of a body containing ingredients 
that cause sulphate expansion by means of steaming; 
the expansion of expanding cements can be controlled



Fig. 10. Large forces develop during the formation of calcium 
sulpho-aluminates (4 in cube steel mould)

somewhat by steaming at atmospheric pressure at the 
appropriate time after casting.

The above discussion deals with the influence of 
temperature during the curing period on the subse
quent sulphate resistance of portland cement pro
ducts, but it is also conceivable that temperature 
changes after curing and during the use of cement 
products could have an effect on their durability; 
temperature changes can be of importance by causing 
changes in the aluminate hydrates and sulpho-alumi
nate hydrates already in the product, or it can deter
mine the type of sulpho-aluminate hydrate produced 
when sulphate enters the product from an external 
source. One is inclined to get the impression that sul
phate corrosion of portland cement products is more 
common and serious in colder climates than in warmer 
regions. Freezing and thawing may be one of the rea
sons for this because it is likely that freezing and 
thawing will weaken the structure and create favour
able conditions for further deterioration by sulphate 
attack. However, the fact that different aluminates and 
sulpho-aluminates are the stable phases at different 
temperatures, and that there is a backwards and for
wards shift of equilibrium, may have a considerable 
influence on durability. This may be of much impor
tancein products such as expanding cements that could 
contain appreciable quantities of aluminates and 
sulpho-aluminates. It appears that if sufficient sulphate 

is present to change all the aluminates into ettringite, 
no trouble would be experienced because ettringite is 
stable also at low temperatures in the absence of alu
minates, but should mono-sulpho-aluminate hydrates 
and free aluminate hydrates be present, the equilibrium 
will change with temperature changes at the low 
level. That such equilibrium shifts are likely is clearly 
indicated by the work described in the former half of 
this paper.

In an attempt to investigate the influence of low 
temperatures on the sulphate resistance of portland 
cement mortars, experiments were undertaken in 
which mortars were exposed to sulphates at 5°C and 
22°C. In these experiments the following variables 
were examined:

1. C3A-content;
2. high pressure steam curing;
3. water curing;
4. exposure in sodium sulphate at 5°C;
5. exposure in sodium sulphate at 22°C.

Specimens were prepared, exposed and examined by 
procedures described by van Aardt (11).

Crushed, fresh dolomitic rock was used as aggre
gate in the mortars with a view to eliminating possible 
pozzolanic reaction in the autoclave between Ca(OH)2 
and fine silica; the intension was to prevent the lower
ing of the Ca(OH)2-content of the specimens during 
autoclaving. Some specimens were cured under water 
for 28 days while others were autoclaved at 150 lb/in2 
saturated steam pressure for 3 hours. The portland 
cement used had a C3A-content of approximately 7 
per cent and, where it was increased to 14 per cent in 
the specimen, finely ground C3A prepared separately 
was mixed in a mechanical mixer with the required 
quantity of cement. ■

After curing, the specimens were immersed in 5 
per cent sodium sulphate solution as follows:

1. A set of specimens was stored in the solution at 
22°C;

2. A set of specimens was stored in the solution at 
5°C.

Table 1 reflects the condition of the specimens 
after storage for 300 days in the sulphate solution. 
It can be seen that the autoclaved specimens stored in 
sulphate solution at 5°C deteriorated rapidly while 
those stored at 22°C remained sound and unaffected. 
Fig. 11 illustrates the nature of the deterioration of 
the specimen in the foreground, i.e. the one that was 
stored in a sulphate solution at 5°C, while the other 
one, stored at 22°C in the solution, was unaffected



Table 1. The influence of temperature on corrosion

Description of 
specimen

Treatment 
during Period 

of Observations as regard^

c3a 
content Curing

%
5%Na?SOd 

solution

storage

Na2SO4

expansion and 
deterioration

7 Water-cured kept at 5°C 300 days Very rapid deterioration

7 Water-cured kept at 22°C 300 days Rapid deterioration

7 Autoclaved kept at 5°C 300 days
Cracking started after 
200 days, bad cracking 
after 300 days

7 Autoclaved kept at 22°C 300 days No cracking or expansion 
after 300 days of exposure

14 Water-cured kept at 5°C 300 days Very rapid deterioration

14 Water-cured kept at 22°C 300 days Very rapid deterioration

14 Autoclaved kept at 5°C 300 days
Expansion started after 
100 days, complete dis
integration at 300 days

14 Autoclaved kept at 22°C 300 days No cracking or expansion 
after 300 days of exposure

and sound in every respect. These mortars are generally 
of very high quality and of low permeability and it 
normally takes a considerable time for liquids to pene
trate to the interior. For this reason the ones under 
consideration were dried, evacuated and the sulphate 
solution admitted under vacuum. It is not known at 
this stage whether specimens made with quartzitic 
aggregate would behave in a similar way or not as the 
latter experiments have been started only recently. 
However, the indications are that a similar trend can 
be expected.

Working with portland cement mortar specimens 
to which C3A, C3AH6, the 10.6 Ä hydrate and the 

Fig. 11. Specimens showing the influence of temperature of 
the sulphate solution on the behaviour of outdared specimens
(1"X1"X111")

8.2 Ä hydrate were added when the mortars were 
prepared for moulding and curing, it was observed that 
in sodium sulphate solutions, the ones containing C3A 
or the 10.6 Ä hydrate appeared to deteriorate much 
more rapidly than the ones to which C3AH6 or the 
8.2 Ä hydrate was added.

The work on mortars appears to substantiate the 
belief that if portland cement products are subjected 
to sulphate solutions at low temperatures, i.e. tempera
tures below say 10°C, there is a likelihood of more 
severe deterioration than at higher temperatures and 
that autoclaved products are not immune to sulphate 
attack at low temperatures especially if the portland 
cement contains much alumina or calcium alumi
nates.
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Supplementary Paper III-30 The Frost Resistance of Cement Grouts 
for Prestressed Concrete Applications

Cameron Maclnnis*

Synopsis

This paper is a summary of an extensive, three-stage experimental program carried out 
to study the factors affecting the frost resistance of cement grouts for prestressed concrete 
applications.

In Part I, the expansive tendencies, during a freezing cycle, of seventeen different cement 
grout mixtures (at a variety of maturities) were investigated. The length change patterns 
exhibited in the Part I tests are grouped into a number of categories and a short theoretical 
section is devoted to the interpretation of these patterns. The Part I experimental results 
provided a good comparative picture of the frost resistance of the various cement mixes 
at different maturities.

In Part II, a limited number of mixes were subjected to a freezing cycle in a restrained 
condition (“tube” tests) and resultant pressures were measured. In Part II experimental 
results provided an indication of the pressures developed by the various grout mixtures 
during freezing (at different maturities) and these were found to correlate very well with the 
various expansion patterns exhibited in the Part I tests.

In Part III, selected mixes were chosen for freezing tests in grouted beams of various 
dimensions. These tests demonstrated in a practical way the validity of the findings in Parts 
I and II and showed that only mixes exhibiting continuous expansion after freezing starts can 
produce enough pressure to crack beams.

The estimated curing periods required, for both air-entrained and non-air-entrained 
cement grouts of various water-cement ratios, to achieve frost-resistance, are presented. 
Cement composition was found to be of minor importance compared with the provision 
of air-entrainment and low water-cement ratios for the achievement of frost resistance.

Introduction

The factors affecting the frost resistance of grouts 
for prestressed concrete applications are to a large 
extent the same as those which apply to concrete 
in general, i.e. (a) water-cement ratio, (b) maturity 
of grout, (c) cementing materials and (d) admixtures, 
especially air-entraining agents. Provided that the 
general quality of the cementing materials being 
used is satisfactory, there is no doubt that frost
resistant grouts can be produced by the use of a low 
water-cement ratio and purposely entrained air 

voids of adequate spacing, together with the provi
sion of favourable curing conditions for a sufficient 
period of time before the grouts in question are 
subjected to frost action. However, although there 
is considerable knowledge and agreement about 
the various factors affecting the frost-resistance of 
grouts, little attempt has previously been made to 
assess the relative importance of these factors. 
This, therefore, was the purpose of this program 
of studies.

Outline of Investigation

The frost-resistance of a given post-tensioned 
prestressed member will be a function of the frost
resistance of the grout itself plus what might be
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called “beam factors”, e.g. amount of restraint, 
dimensions of beam, duct sizes, maturity of concrete 
in the beam, strength. Because of the large number 
of “beam factors” involved in the frost-resistance 
of a grouted member it was decided that initially 



the studies should be limited to the grout itself— 
to be followed later with studies of grouted beams. 
A three-stage approach, as follows, was adopted:

Part I—Evaluation of the relative frost-resistance 
of a variety of grout mixes in an unrestrained con
dition, by obtaining an accurate measurement of 
expansive tendencies during a freezing cycle.

Part H—Study of a limited number of selected 

mixes (and maturities) in a restrained condition 
to measure the forces involved and, if possible, 
the effect of restraint on the pressure generated.

Part III—Study of a limited number of selected 
mixes (and maturities) in freezing tests of grouted 
beams of various dimensions. These should dem
onstrate in a practical way the validity of the find
ings of Parts I and II.

Test Programme—Part I

Since sand is not commonly used in grouting 
mixtures for prestressed concrete because of the 
danger of segregation and blockages during the 
grouting operation it was decided to deal only with 
non-sanded grouts in this study. The various factors 
to be investigated were dealt with as follows in the 
experimental program:

Maturity of Grout

The frost resistance of all mixes investigated were 
studied at six different maturities—1, 2, 3, 4, 7 and 
28 days of standard laboratory curing.

Cements

Although ordinary portland cement is most com
monly used in grouting mixtures it was decided 
because of their potential beneficial effect on frost
resistance, to include air-entraining and rapid
hardening portland cements as well. In all, three 
ordinary portland cements, one air-entraining port
land cement and two rapid-hardening portland 
cements were included in the program.

Admixtures

Preliminary tests were conducted to evaluate 
the effectiveness of a number of water-reducing 
and air-entraining agents, as a result of which one 
agent from each class was chosen for the main test 
programme. The water reducing agent chosen was 
a lignin type and was utilized in grout mixes with 
each class of cement in the program. The air
entraining agent chosen was a neutralized Vinsol 
resin and was used in mixes with ordinary portland 
cement and in one mix with rapid-hardening portland 
cement.

Water-Cement Ratios

The minimum water-cement ratio will largely 
be governed by the fluidity required for pumping 
and will therefore, in the absence of a water-reducing 
agent be more or less fixed for a given cement. This 
forms a lower limit to the experimental values. 
Thus, a fluidity of 30-40 sec (using the German 
Immersion Apparatus) served as a guide for the 
minimum water-cement ratio mix made up with 
each cement. Higher water-cement ratio mixes were 
also included using both the ordinary portland and 
air-entraining portland cements.

In all, seventeen different mixes were included 
in the Part I experimental programme, as shown 
in Table 1, Summary of test results.

Age at which 
there is no

Table 1. Summary of test results—Part I

Cement desig
nation

w/c Admix-
Flu- Air 

center 
(%)

it Transi
tory 

expansion 
displayed

Ultimate 
i expansion 

displayed

0-1 0.45 33 7 7
0-2 0.40 WRA 32 __ 3-4 3
0-3 0.50 AEA 40 13.5 7 1
0-4 0.50 ___ 11 __ 28 28
0-5 0.50 AEA 18 5.0 7 1
0-6 0.55 12 28 28

RH-1 0.52 34 _ _ 7 4
RH RH-2 0.55 AEA 35 5.0 7 1

RH-3 0.51 WRA 33 — 3 3

AE-1 0.45 __ 33 6.6 ' 7 1
AE-2 0.40 WRA 60 5.5 2-3 1
AE-3 0.40 WRA 60 8.0 4 1
AE-4 0.50 — 18 6.2 7 1 ?

2-OPC 2-0-1 0.45 43 7 3
2-0-2 0.50 — 23 — 7 4

2-RH 2 RH-1 0.69 — 34 — 28 7

3-OPC 3-0-1 0.50 — 35 ' — 28 28

♦Using the German immersion apparatus in which a measurement is made 
of the time required for a bullet-shaped plunger to fall a specified distance 
through a tube filled with grout,



Freezing Test Procedure—Part I

The freezing test procedure used in the Part I 
program is based on the premise that “length mea
surements can be used to tell whether or not at any 
given time a specimen is vulnerable to frost action. 
If it shrinks normally in the freezing range it is 
immune; if it dilates it is not immune—the process 
that eventually causes disintegration has begun” (1). 
Also it has been pointed out that test conditions 
fundamentally different from field conditions must 
be avoided if valid results are to be obtained in 
freezing tests (1). The freezing cycle chosen, therefore, 
was a relatively slow lowering of temperature from 
65°F to 5°F (+18°C to — 15°C) over a period of 

nine hours. Length measurements were made on the 
specimens (in the freezing chamber) at regular intervals 
during the freezing cycle using a mechanical length 
comparator which could be read to 0.0005 in.

The freezing test specimens were prisms, 1-1/2 X 
1-1/2 X 10 in., which had a suitable stainless steel 
insert embedded in each end to facilitate the taking 
of length measurements. The specimens were cured 
at a temperature 65°F (18°C) from time of casting 
until subjected to the freezing test. Suitable pre
cautions were taken to prevent the loss or gain of 
moisture from the time specimens were cast until 
completion of the freezing test.

Interpretation of Freezing Test Results

On examining the length change patterns exhibited 
by the specimens from the various mixes when sub
jected to the freezing test, it was possible to detect 
a range of patterns which could conveniently be 
grouped into a number of categories. It seems appro
priate therefore, before dealing with the merits of 
the various mixes, to discuss briefly the interpretation 
of these patterns, which are presented in idealized 
form in Fig. 1.

In Case A (Fig. 1) there is a normal thermal con
traction until the freezing temperature is reached, 
followed by a distinctive continuous expansion as 
the temperature is lowered further. This obviously 
represents a great vulnerability to damage by frost.

In Case B, there is a sudden expansion at the freez
ing point followed by a transitory contraction and 
then expansion at a lower rate as the temperature 
is reduced further. Case B, it is felt, also represents 
a serious vulnerability to damage by frost.

In Case C there is transitory expansion at the 
freezing point followed by contraction at an increased 
rate. This latter phenomenon was also noted by 
Powers (2) and is claimed to occur after ice crystals 
begin to form in the air voids of the paste. Once 
crystals have formed, they tend to attract water from 
the cement gel pores on further cooling, causing 
the cement gel to shrink. As long as the ice crystals 
have space available for expansion in the air voids 
the net result is a contraction at a rate greater than 
that due to the thermal coefficient alone. If the 
transitory expansion in a case such as C were very 
great it is believed that this would represent a con
siderable vulnerability to frost action.

In Case D, normal thermal contraction is followed 
by a period of no length change and then contraction 
at an increased rate. The period of no expansion is,

20 15 IO 5 0 -5 -IO -15 -20
TEMPERATURE °C

Fig. 1. Typical “Idealized” length change patterns 
exhibited during freezing cycle



according to Powers (2), due to a cancelling out of 
opposite effects, i.e. “the tendency to expand from the 
freezing of water in capillary cavities is about equal 
to the thermal contraction plus the tendency to con
tract due to diffusion of water from the gel pores to the 
ice bodies". The explanation of the subsequent in
creased rate of contraction is the same as for Case 
C. Case D, it is believed, represents a frost-resistant 
condition. Although a tendency to expand exists 
in some regions during the no length change period, 
no irreparable damage is likely to occur to the grout.

In Case E there is normal temperature contraction 
followed by increased contraction after freezing 
starts. The explanation for the increased rate of con

traction is the same as for cases C and D. This also 
represents a frost-resistant condition.

In Case F there is a constant rate of contraction 
throughout the thermal range. Only in virtually dry 
grouts will the relationship be constant over the whole 
range of temperature. This also represents a frost
resistant condition.

To summarize, it would appear that A and B 
represent grouts that would be vulnerable to frost 
action; D, E and F represent grouts that would be 
frost-proof. Condition C is the doubtful one and the 
magnitude of the transitory expansion should be 
taken into consideration when assessing the possi
bility of frost damage.

Discussion of Test Results—Part I

The experimental results are presented in Table 
1 and Figs. 2 to 8. It is proposed in this discussion to 
deal in turn with the various factors investigated. 
The important effect of maturity of grout on frost
resistance was well demonstrated by all mixes and 
need not be discussed separately as it will come up in 
discussion of the other factors.

Type of Cement

The first three mixes investigated (0-1, RH-1 and 
AE-1) demonstrated the effects of these different 
types of cement and the duration of curing, on frost
resistance. These three mixes were all made to the same 
consistency. The average freezing test results for these 
mixes are presented in Fig. 2.

As would be expected, the air-entraining cement 
performed most satisfactorily, producing a length 
change pattern similar to Case C at an age of one 
day. Even this cement, however, showed a significant 
amount of transitory expansion and it was not until 
the age of 7 days that the transitory expansion was 
eliminated. The rapid-hardening cement produced 
intermediate results, showing a Case C length change 
pattern at the age of 4 days while at 7 days it no 
longer exhibited the transitory expansion. In the case 
of the ordinary portland mix (0 -1) it was not until 
the age of 7 days that both the transitory expansion 
at the start of freezing and the ultimate expansion at 
the lower temperature were eliminated.

In mix 0-2 the use of the water reducing agent, 
allowed reduction of the water-cement ratio from 
0.45 (mix 0-1) to 0.40 without affecting the fluidity, 
Table 1. This in turn reduced the'age at which expan

sive tendencies were no longer exhibited from 7 days 
to the 3-day age.

Using the water-reducing agent with the rapid
hardening cement, however, it was possible to reduce 
the water-cement ratio only from 0.52 (mix RH-1) 
to 0.51 (RH-3) and still achieve the same fluidity, 
Table 1. Nevertheless, this did appear to have a 
significant affect on frost resistance, reducing the age 
at which ultimate expansion was no longer exhibited 
from four days to three days. However, if mixes 0-2 
and RH-3 are now compared (Fig. 3) it is seen that 
their performance in the freezing test are practically 
identical, both indicating immunity from frost action 
after 3 days curing.

Water-Cement Ratio

The effect of water-cement ratio is demonstrated 
very well in Fig. 4 where No. 1 -OPC is used in mixes 
of 0.40, 0.45, 0.50 and 0.55 water-cement ratios. It 
can be seen that the 0.40 water-cement ratio mix 
indicated frost-resistance at the 2-3 day age, the 0.45 
mix at the 7-day age, and the 0.50 and 0.55 mixes at 
the 28 day age. To demonstrate better the difference 
in frost-resistance of the 0.50 and 0.55 water-cement 
ratio mixes it would have been desirable to have 
freezing tests run between the 7 and 28 day ages; 
however, even at the 28 day age the 0.55 water-cement 
mix exhibited a case D length change pattern com
pared with a case F pattern for the 0.50 mix.

The effect of water-cement ratio can also be seen in 
the mixes made with No. 2-OPC, i.e. 2-0-1 and 2-0-2, 
also in the rapid-hardening cement mixes RH-1 and 
RH-3 (see Table 1). In the air-entraining cement
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Fig. 2. Effect of type of cement on length change 
patterns exhibited during freezing cycle

mixes (AE-1, 3, 4) the effect of the water-cement ratio 
on frost-resistance seems to be clouded by the much 
greater effect of the entrained air itself, so that there 
was no significant difference in frost-resistance indi
cated by air-entrained mixes of 0.40, 0.45 and 0.50 
water-cement ratios (see Table 1).

Differences between Cements of Same Type

In addition to the differences in performance 
between the various types of cement there was sign-

TEMPERATURE °F

o' 15 10 5 0 5 10 15 20

TEMPERATURE °C

Fig. 3. Effect of water-reducing agent on length change patterns 
of both ordinary and rapid-hardening portland cement mixes

ificant differences shown by the cements within each 
group. In Fig. 5, for example, freezing test results 
are presented for 0.50 water- cement ratio mixes made 
with each of the three ordinary portland cements 
used in the programme. It can be seen that mixes 
0-4 and 3-0-1 exhibited strong expansive tendencies 
up to and including the 7-day age which were equiva
lent to patterns exhibited by mix 2-0-2 specimens at 
the age of 2 days. Similarly, significantly different 
freezing test results were exhibited by the two 0.45 
water-cement ratio mixes, 0-1 and 2-0-1.

It is interesting to note in Fig. 6 that if the cements 
1-OPC and 2-OPC are compared at the same fluidity 
(but different water-cement ratios, 0.45 and 0.50) 
there is little difference in frost behaviour. Similarly, 
the two RH cements, when compared at the same 
fluidity, are very similar in frost resistance although 
the water requirements are vastly different (0.52 
versus 0.69 water-cement ratio for mixes RH-1 and 
2RH-1 respectively).
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Fig. 4. Effect of water-cement ratio on length change patterns
exhibited during freezing cycle
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Fig. 5. Comparison of length change patterns exhibited by 
different ordinary portland cements during freezing cycle

Air-Entrainment

The significant effect of entrained air on frost
resistance was already indicated when the performance 
of the air-entraining cement was compared with 
normal and high-early portland cements. Similar 

results were produced by using an air-entraining 
agent in the ordinary and rapid-hardening cement 
mixes. In Fig. 7 a plain mix at a water-cement ratio 
of 0.50 is compared with mixes of the same water
cement ratio containing 5.5 and 13.5 % air respectively. 
Both of the air-entrained mixes eliminate the ultimate
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Fig. 6. Comparison of length change patterns exhibited by 
different ordinary portland cements at same fluidity
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Fig. 7. Effect of air-entrainment on length change patterns
exhibited during freezing cycle

expansive effects at all test ages, although transitory 
expansions are noticeable up to the age of 4 days. 
Probably of most significance is the fact that the 5.5 % 
air mix appears to be equally as effective as the 13.5% 
air mix. In the air-entrained high-early cement mix 
ultimate expansions were eliminated at all ages, but 

some transitory expansions were noted up to the 4
day age. This same pattern of performance also holds 
for all mixes made with the air-entraining cement 
(mixes AF-1, 2,3 and 4).

It is interesting to compare mixes AE-2, AE-1 and 
0-3. In Fig. 8 it can be seen that mix AE-2 containing
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Fig. 8. Effect of air-entrainment and W/C ratio on length change 
patterns exhibited during freezing cycle

5.5% air at a water-cement ratio of 0.40 exhibited 
smaller transitory expansions and for a shorter period 
than either mix AE-1 containing 6.6% air at a water
cement ratio of 0.45 or even mix 0-3 containing 13.5 % 
air at 0.50 water-cement ratio. Thus, providing a mix 
contains a certain minimum of entrained air (say 5 
per cent) a lower water-cement ratio seems more 
effective than additional air in increasing frost-resis
tance.

Test Programme—Part II

The test method used in Part I (unrestrained tests) 
provides a sensitive assessment of the expansive 
tendencies during freezing of a grout specimen. 
However, it was realized that a completely quanti
tative assessment of the frost resistance of the various 
grouts was not provided; and there was some diffi
culty in interpreting some of the data, especially mixes 
that showed transitory expansions during the freezing 
test. Also, this data was obtained on unrestrained 
specimens, whereas, in practice, the grout is contained 
in ducts in the prestressed member.

As a next stage, therefore, the effect of freezing on 
restrained grout specimens was studied by measuring 
the strains developed in grouted steel tubes during a 
freezing cycle. Aside from providing information on 
the effect of restraint, this test procedure has the 
advantage of ensuring no moisture loss and provides 

data which can be related to potential damage to a 
prestressed member.

The aims of Part II can be briefly summarized as 
follows:

1. To determine the magnitude of the forces devel
oped by the freezing grouts.

2. To determine if there is a direct relationship 
between the results of tests on restrained and unrest
rained grouts.

3. To determine if the degree of restraint affects
the magnitude of the forces developed by the freezing 
grout. -

Selection of Mixes for Investigation

The results obtained in Part I were taken into 
account in deciding which mixes and maturities to 



test in Part II. mix 0-1 was a natural choice since in 
the Part I experimental programme it exhibited 
excessive expansions for maturities up to 3 days, minor 
expansions for the 4 and 7 day maturities and complete 
immunity to frost action at 28 days. It was also de
cided to test a mix of a higher water-cement ratio 
(mix 3-0-1 at water-cement ratio of 0.50) and to 

include an air-entrained mix at a relatively high water
cement ratio (AE-4 at water-cement = 0.50).

To determine the effect of restraint on the generation 
of expansive forces three different tube wall thicknesses 
were included in the program, i.e. 0.128 in., 0.09 in., 
and 0.06 in. An outline of the program carried out 
is shown in Table 2.

Test Procedures—Part II

Selection and Preparation of Tubes

The tubes used in this part of the programme were 
solid drawn steel tubing of similar interior diameter 
to the ducts provided in prestressed concrete members 
and the wall thicknesses chosen were such that strains 
would be in the same range as that exhibited by 
concrete in service. Tubing of 1-3/4 in. O.D. and 10 
gauge (0.128 in.) thickness was chosen for the maximum 
size. Wall thicknesses of 0.09 in. and 0.06 in. for the 
other two sizes were obtained by machining the 10 
gauge tube down to these values.

The tube specimens were cut to 2 ft. lengths, which 
was considered to be long enough to eliminate end 
effects. The ends of the specimens were threaded to 
accommodate an end cap and adaptor required in 
the pressure calibration of the tubes.

Strain Measurement of Grouted Tubes

One-quarter inch foil strain gauges were used for 
strain measurement of the grouted tubes during the

. Disccuion of Test

Comparison of Different Mixes

In Table 2 a summary is provided of the average 
maximum pressures indicated by the gauges for all 
mixes (and maturities) tested in the program. It can 
be seen that in the restrained tests, mix 3-0-1 (water
cement = 0.50) produced the highest pressures, 
mix 0-1 (water-cement = 0.45) intermediate values 
and mix AE-4 (water-cement = 0.50) the lowest 
pressures. With mix 0-1, increasing maturity in the 
grout resulted in decreasing pressures being developed 
in the grouted tubes, ranging from 1500 to 2000 
lb/in2 at the 1 day maturity down to zero lb/in2 for 
the 28 day maturity. On the other hand, mix 3-0-1 
exhibited a consistent level of pressure (in the range 

freezing test. Six gauges were mounted at approximately 
the centre of each tube-four circumferentially and two 
longitudinally, diametrically opposite each other. As a 
preliminary, pressure-strain relationships were estab
lished for each tube, so that the strains recorded in the 
subsequent tests could be related to pressures being 
generated by the grouts during the freezing cycle. 
The tubes of 0.128 and 0.09 in. wall thickness were 
calibrated to a maximum pressure of 3000 lb/in2 
while the tubes of 0.06 in. wall thickness were cali
brated to a maximum pressure of 2000 lb/in2.

Freezing Regime

The freezing regime was similar to that used in 
Part I except that the minimum temperature of 0°F 
was maintained for 8-10 hours. Strain readings were 
taken on the grouted tubes at regular intervals during 
the freezing cycle. Prisms (as used in Part I) were 
provided for subjection to the freezing test at the same 
time as the grouted tubes. This was to assist corre
lation of the restrained and unrestrained tests.

Results—Part II

of 2000 to 2200 lb/in2) for all maturities up to 7 days, 
and the relatively small pressure of 90 lb/in2 at 28 
days. Mix AE-4 exhibited the relatively low level of 
200-270 lb/in2 pressure for all ages tested (1, 7 and 
28 days). ,

Effect of Degree of Restraint 
on Pressures Developed

It can be seen from Table 2 that four sets of grouted 
tubes (three wall thicknesses) were provided for 
studying the effect of degree of restraint on the genera
tion of expansive forces. In general, the greater the 
restraint, the lower is the pressure developed, but this



Table 2. Summary of test results—Part II 
Pressure measurements of grouted tubes during freezing

Age of

Average maximum pressures produced 
in grouted tubes — lb/in.2

Mix U-l 
W/C = 0.45

Mix 3-0-1 
W/C = 0.50

Mix AE-4 
W/C = 0.50

before Tube wall Tube wall Tube wall
freezing thickness-m. thinkness-in. thickness-in.

0.128 0.09 0.06 0.128 0.09 0.06 0.12S 0.09 0.06

1 1750 1525 1965 1340 2170 2695 50 260 205
2 2000
3 760 630 890
7 165 2250 205

28 0 90 270

pattern is by no means consistent. With mix 3-0-1, 
this pattern of decreasing pressure for increasing wall 
thickness was most pronounced. The tube of 0.06 in. 
wall thickness exhibited an average maximum equiva
lent pressure of 2695 lb/in2 followed by 2170 lb/in2 
for the tube of 0.09 in. thickness and 1340 lb/in2 for 
the tube of 0.128 in. thickness. With mix 0-1 tubes at 
both the 1 and 3-day maturities it can be seen that the 
thin-walled tubes exhibited higher pressures than the 
thick-walled tubes, but in both cases the tubes of 
intermediate thickness exhibited the lowest pressures. 
It is also significant that the differences in pressures 
between the different tubes were much smaller for 
mix 0-1 than for mix 3-0-1. With mix AE-4 tubes, the 
thin-walled tube exhibited a higher pressure than the 
thick-walled tube, but the tube of intermediate 
thickness exhibited the highest pressure. However, 
all pressures for the AE-4 tubes were relatively low 
(50 to 260 lb/in2).

Correlation between Restrained 
and Unrestrained Test Results

It is interesting to compare the test results for the 
grouted tubes with the length change patterns exhib
ited in the freezing test by unrestrained prism specimens 
of the same mixes.

Mix 0-1 in the unrestrained tests, Fig. 2, exhibited 
case “A” length change patterns (normal temperature 
contraction initially, followed by distinctive con
tinuous expansion as the temperature was lowered 

further) for the 1 and 3-day specimens, a case “D” 
length change pattern (normal temperature con
traction, followed by a period of no length change, 
then contraction at an increased rate) for the 7-day 
specimens and a case “F” length change pattern 
(practically constant rate of contraction throughout 
the thermal range) for the 28-day specimens. Cor
responding to these in the restrained tests, Table 
2, were pressures of 1500-2000 lb/in2 for the 1-day 
tests, values of 600-900 lb/in2 for the 3-day tests, 
a value of 165 lb/in2 for the 7-day test and zero 
pressure for the 28-day test. The tube test has thus 
served to provide an indication of pressures cor
responding to the expansion patterns exhibited by 
this mix at various maturities in the unrestrained 
test. It is interesting to note that although the three-day 
test on the unrestrained prisms exhibited expansions 
somewhat less severe than the 1-day specimens, 
the pressures in the 3-day tubes were less than 50 
per cent of the 1-day test values.

Mix 3-0-1 in the unrestrained tests, Fig. 5, ex
hibited case “A" length change patterns (normal 
temperature contraction followed by distinctive 
continuous expansion as temperature was lowered 
further) for maturities of 1, 2, 4 and 7 days. It will 
be noted, however, that the magnitude of the ex
pansions exhibited decreased with increasing maturity 
of grout. In spite of this, the pressures indicated 
in the tube tests, Table 2, remained the same, i.e. 
about 2000-2200 lb/in2 for all 0.09 in. tubes tested 
up to the age of 7 days. The 28-day unrestrained 
specimens showed a case “F” length change pattern 
(continuous contraction rate throughout) and the 
28-day tube test produced the relatively low pressure 
of 90 lb/in2.

Mix AE-4 in the unrestrained tests exhibited case 
“C” length change parterns (transitory expansion 
at freezing point, followed by contraction at an 
increased rate) for both the 1 and 3-day maturities 
and case “E" length change patterns (normal tempera
ture contraction followed by increased contraction 
after freezing starts) for the 7 and 28-day maturities. 
In the tube tests, however, there was little difference 
in the pressures generated at maturities 1, 7 and 
28 days, Table 2. Indeed, the pressures indicated 
at all maturities of AE-4 tested (ranging from 200 
to 270 lb/in2) are so small that they are not likely 
to be of practical importance.

Conclusions—Part II

The test results for the restrained grout specimens (“tube” tests) have provided an indication of pres-



sures developed by the various grout mixtures during 
freezing and hence, serve as a calibration for the 
expansion patterns exhibited by the unrestrained 
grout specimens in the freezing test (Part I). Probably 
the most interesting aspect of the test results for 
the restrained specimens is the extent to which they 
correlate with the freezing test results for the un
restrained grout prisms. The main conclusions 
follow:

1. The test results for the restrained grout speci
mens have confirmed the usefulness of length change 
measurements on unrestrained specimens as a means 
of determining the probable frost resistance of a 
given grout mix.

2. The restrained tests confirmed the benefit of 
air-entrainment for frost resistance. Only relatively 
low pressures (50 to 2701b/in2) were exhibited by 
the tubes grouted with AE-4 (6.2% air) which had 
a relatively high water-cement ratio (0.50).

3. Only those mixes (and maturities) that exhibited 
a case “A” length change pattern (normal temperature 
contraction initially, followed by continuous distinc

tive expansion as the temperature was lowered 
further) in the unrestrained prism tests produced 
significant pressures in the tube freezing test. Mixes 
exhibiting transitory expansions in the unrestrained 
test did not produce significant pressures in the tube 
test.

4. The test results indicated that the importance 
of water-cement ratio in determining the frost 
behaviour may be even greater than was indicated 
in the unrestrained test. This is because higher water 
content mixes tend to expand slightly as hydration 
proceeds and hence at later maturities fit more 
tightly into the grout duct than would a lower water
cement ratio mix. Hence expansive pressures are 
exerted immediately freezing starts provided there 
is still free water available to freeze.

5. In general, the greater the restraint (the thicker 
the wall of the tube) the lower was the pressure devel
oped in the tube; but this pattern was not consistent 
and more testing would be required to confirm this 
pattern.

Test Programme—Part III

In Part III, selected mixes were chosen for freezing 
tests in grouted beams. The basic aim of these studies 
was to demonstrate in a practical way the validity 
of the findings of Parts I and II.

The three mixes studied in Part II (mixes 0-1, 
3-0-1 and AE-4) were included in the programme 
of freezing studies on grouted beams. A rapid
hardening cement mix (2-RH-l) was also included. 
The maturities at which each mix was tested were 
determined as the programme proceeded, on the 
basis of the results obtained from the first beams 
tested, and taking into consideration the performance 
of these mixes in Parts I and II. In all, 15 sets of 
grouted beams were subjected to the freezing test, 
as shown in Table 3.

Table 3. Freezing test results on grouted beams

Age 
of

Mix 0-1

(W/C = 0.45)

Mix 3-0-1

(W/C = 0.50)

Mix AE-4

(W/C - 0.50)

Mix 2-RH-l 

(W/C = 0.69)

Concrete cover Concrete cover Concrete cover Concrete cover

in *7 2 1 ' 
in. m. 2 1 1~2 2 in in’' 2in.

0 hr. o n o
12 hr. o o o

1 day X X o X X X o O o O O o
2 f? o o () X X 0
3 // O 0 o O O 0
4 » X X o
5 » X X o
7 // X X o

14 // o o o
28 » O o O

Design and Fabrication of Beams

Beams were used which had three different thick
nesses of concrete cover over the grouted tubes,
i.e.  1 in. 1-1/2 in. and 2 in. Ducts were formed with 
thin-wall rigid plain steel tubing with lock joint 
seams, 1-5/8 in., I.D. The beams were 2 ft. long and 
6 in. in depth; the ducts were centrally spaced so 
that the minimum cover was at the sides of the beams.

The concrete for the beams was designed to provide 
a nominal minimum 28-day strength of 6,000 lb/in2 
at a “very low” degree of workability. The moulds 
were stripped from the beams after 1 day and the 
beams were cured in water (at 65°F) for 7 days, and 
then remained in the laboratory for approximately 6 
months before being grouted and subsequently 
subjected to the freezing tests.



Test Procedures—Part III

The freezing regime was the same as that used in 
Part II. In fact for some of the early maturities, the 
tube specimens (of Part II) and grouted beams were 
subjected to the freezing test at the same time.

To confirm that freezing temperatures were being

Discussion of

The results of the freezing tests on the grouted 
beams are presented in Table 3. An “X” denotes 
that the beam cracked during the freezing cycle; 
an “O” indicates that no cracking occurred.

Grout mix 3-0-1, it can be seen, produced cracks 
in beams of 1 in. and 1-1/2 in. concrete cover for 
maturities up to 7 days, but produced no cracks at 
the 14 and 28-day maturities. Mix 0-1 produced no 
cracks beyond the 1-day maturity. Mix 2-RH-l 
procuced no cracks at the two maturities tested. 
Mix AE-4 produced no cracks even when the beams 
were subjected to the freezing cycle immediately 
after the grout was injected in the beams. However, 
the concrete cover afforded a significant protection 
for the grout so that it was about 12 hours old before 
freezing temperatures obtained in the grout.

After the freezing test, several beams (including 
some that showed cracking externally and some that 
did not) were sawn in two. In all cases where a crack 
showed on the surface it extended to the grouted 
duct, and where no crack was visible on the surface 
no cracking was noted in the sawn cross-section.

Correlation between Unrestrained Tests 
and Beam Tests

If the beam test results are compared with the 
length change patterns shown by the unrestrained 
grout prisms, it is seen that only those mixes (and 
maturities) that exhibited case “A” length change 
patterns (continuous expansion after freezing started) 
in the unrestrained freezing tests, produced cracks 
in the grouted beams. And not all mixes that exhibited 
case “A” length change patterns produced enough 
pressure to cause cracks. For example, mix 2-RH-l 
exhibited case “A” expansive patterns at maturities 
up to 3 days, but did not produce cracks in the beams 
at either the 3-day or 1-day maturities. Similarly 
mix 0-1 exhibited case “A” expansive patterns at 
the 3-day maturity, but did not produce beam cracks 
at this maturity. Nevertheless, if a criterion of frost
resistance is desired on the basis of length change 

attained in the grout of the beam specimens, tempera
ture records (using thermistors) were obtained for 
one set of beam specimens (mix 0-1, 1-day maturity) 
during the freezing test. The temperature readings 
were obtained in the centres of the grouted ducts.

Test Results

tests during the freezing cycle, then any mix (and 
maturity) that does not produce a continuous expan
sion as the temperature is lowered below the freezing 
point can be considered not dangerous.

Correlation between Tube Tests 
and Beam Tests

By comparing the results obtained in the tube 
tests with those obtained on the grouted beams an 
indication of the pressure required to produce cracks 
can be obtained, as well as an indication of the 
correlation between the two test methods. Mix 0-1 
at the 1-day maturity exhibited equivalent pressures 
of 1500-2000 lb/in2 in the tube test (Table 2), and 
produced cracks in the beams having 1 and 1-1/2 in. 
of concrete cover but not in the beam of 2 in. concrete 
cover (Table 3). At the 3-day maturity this mix 
exhibited equivalent pressures of 630 to 890 lb/in2 
in the tube test, but produced no cracks in the beam 
tests.

Mix 3-0-1, at the 1-day maturity, exhibited pressures 
ranging from 1340 to 2695 lb/in2 in the tube tests 
and produced cracks in all three beams. At the 2 
and 7-day maturities the tube tests exhibited average 
equivalent pressures of 2000 and 2250 lb/in2 and 
produced cracks in the beams having 1 and 1-1/2 in. 
of concrete cover but not in the 2 in. concrete cover 
beams. Hence, there appears to be a reasonable 
correlation between the tube and the beam tests. 
Indicated pressures of 1340 lb/in2 or higher in the 
tube tests represented mixes (and maturities) that 
produced cracks in grouted beams. Indicated pressures 
as high as 890 lb/in2 represented mixes and maturities 
that did not produce cracks, even in beams of 1 in. 
concrete cover.

No tube tests were conducted on the AE-4 mixes 
at the zero and 12-hour maturities, but the pressures 
produced in the beams were not great enough to 
produce cracks, and hence would probably be less 
than 1000 lb/in2.



Conclusions—Part III

The results obtained in this section demonstrated 
in a practical way the potential danger from frost 
action on grouted beams and provided a yardstick 
for interpretation of the test methods in Parts I and 
II. The main conclusions are:

1. The beam tests confirmed the validity of the 
unrestrained test method used in Part I and showed 
that only mixes exhibiting case “A” length change 
patterns (continuous expansion after freezing starts) 
can produce enough pressure to crack beams. Transi
tory expansions do not appear to be serious.

2. There was also a good correlation between 
the tube tests and the beam tests. It would appear 
that equivalent pressures in excess of 1000 lb/in2 
as determined in the tube test are required to cause 
cracks in beams of minimum concrete cover (1 in.).

3. The beam tests demonstrated that with certain 
grout mixes (3-0-1, at water-cement = 0.50 e.g.) 
it is possible to crack beams even when they possess 
concrete cover in excess of that often required by 
Codes of Practice for Prestressed Concrete.

Final Discussion and Conclusions

In this research programme the basic aim has 
been to find out how to produce frost-resistant cement 
grouts for use in prestressed concrete applications. 
On the basis of the results obtained in Parts I, II 
and III, it is possible to draw several conclusions 
of general application.

Danger of Frost Damage

Beams cracked with a grout of 0.50 water-cement 
ratio, cured for 7 days at 65°F. Thus, frost damage 
can be a real danger, even in the absence of free water 
—and hence a much greater danger exists if free 
water is available in the ducts.

Air-Entrainment

Air-entrainment was found to be the most effective 
method of preventing expansion and cracking by 
freezing temperatures. The introduction of entrained 
air, even at a low percentage (5 %) in a mix of high 
water-cement ratio (0.50) was effective in eliminating 
all but transitory expansions at all maturities tested. 
It also prevented cracks in the grouted beams, even 
when the beams were subjected to the freezing cycle 
immediately after injection of the grout. Thus air
entrainment is effective as a protection against frost 
even in fresh grout; however, this is considered to 
be mainly of academic interest, for it would seem 
unwise to grout beams if there was danger of early 
frost and no protective measures were undertaken for 
at least the first 24 hours after injection.

Five percent air appeared to be just as effective 
as air contents as high as 13.5 per cent in producing 
frost-protection.

Water-Cement Ratio

Water-cement ratio is next in importance to air
entrainment in providing frost-protection for grouts. 
Provided a mix contains 5 % of entrained air, a lower 
water-cement ratio seems more effective than addi
tional air in increasing frost-resistance.

Curing Period

If no entrained air is employed, the estimated 
curing periods required for mixes of various water
cement ratios to achieve adequate protection to 
prevent cracks in a beam (of 1-1/2 in. concrete cover) 
are given below for two curing conditions.

Curing period 
required—days

Cement
Water-cement 

ratio
@ 65°F 
(18°C)

@40°F
(4°C)

Ordinary portland 0.40 3 6
// // 0.45 7 14
» // 0.50 14 28
// // 0.55 14+ 28 +

Rapid-hardening 0.52 2 4
Fine grained RH 0.69 2 4

The indicated curing period required for curing at 
65°F (18°C) are based on the results of this research 
programme; the indicated periods required at 40°F 
(4°C) were calculated according to a maturity factor 
relationship due to Saul (3).

Type of Cement

Type of cement used is of minor importance 
compared with air-entrainment or water-cement 



ratio in the achievement of frost-resistant grouts. 
Although, one can normally expect the development 
of frost-resistance at an earlier age with rapid
hardening portland cement than with ordinary 
portland cement, it has been shown that a water

reducing agent can so reduce the water requirement 
of an ordinary portland cement mix to make its 
performance equal to that of rapid-hardening cements 
in frost-resistance.

Recommendations

On the basis of results obtained in this research 
programme, the following recommendations are 
made regarding the achievement of frost-proof 
grouts for prestressed concrete.

1. The use of an air-entraining or gas-forming 
agent to provide at least 5 per cent voids is strongly 
recommended for grouts injected in the winter 
time. Even with the provision of such an agent the 
grout should not be injected if the air temperature 
is below freezing or is likely to fall below freezing 
during the next 24 hours, unless suitable precautions 

are taken to protect the fresh grout for at least 24 
hours.

2. If entrained air is used the water-cement ratio 
of the mix will not be critical. However, if for some 
reason there is objection to the use of void-producing 
agents then the water-cement ratio should be the 
minimum possible consistent with achieving adequate 
fluidity; and if grouting is carried out during freezing 
weather adequate measures should be taken to provide 
curing in line with the requirements laid down in 
the final conclusions.
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Supplementary Paper III-31 Chemical Reactions 
of Strong Chloride-Solutions with Concrete

Heinz G. Smolczyk*

Synopsis

For the purpose of filling a gap within the numerous investigations on resistance against 
chemical attack and to suggest new points of view concerning seawater action and deicer 
scaling, the behaviour of concrete in strong chloride-solutions has been investigated.

Test specimens: Small concrete cubes 4x4 x4cm, quartz aggregate 0/5 mm, 
w/c 0.5 and 0.7

Cements Z 1 = blastfurnace slag cement with 75 % slag
Z 2 = portland cement with <1 % C3A
Z 3 = portland cement with 12% C3A

Solutions: Solution I = MgCl2 3 mol/1
Solution II = CaCl2 3 mol/1
Solution III = NaCl saturated
Solution IV = H2O (for comparison)

The changes in the visible conditions and, after a period of 2 years, the compressive 
strengths were measured. Furthermore the reaction products were investigated by a special 
method of X-ray analysis.

All the three chloride solutions reacted chemically with all concrete cubes.
Nevertheless, only I and II attacked the concretes with Z 2 and Z 3 seriously which 

were destroyed within different periods, each of less than 16 weeks. At this the denser 
concrete (w/c 0.5) did not behave better than the poor quality (w/c 0.7). The expanding reac
tion products of Z 2 and Z 3 were

in Solution I: MgO ■ Mg(OH)Cl ■ 5H2 O
in Solution II: CaO • CaCl2 • 2H2O

which formed out of the reaction with free Ca(OH)2 followed by a total loss of the alkalinity 
of paste.

In all other cases the concrete was not attacked and the alkaline reaction with phenol
phthalein was not reduced although the afterhardening in IV was always stronger than in
1 and III.

With III all three cements formed
3CaO (Al, Fe)2O3 CaCl210H2O

which had very little if any affect on the very strong afterhardening of Z 1, whereas the other 
two cements did only obtain about 60% of their full strengths.

Even with I and II the blastfurnace slag cement did not show any visible alterations. 
The strengths have been measured with only I so far. They had remarkably increased during
2 years of immersion and reached about 40% (w/c 0.7) and even about 70% (w/c 0.5) of the 
very strong afterhardening in III and IV.

The results of X-ray investigation stood in full agreement with the other test results.

Introduction

Papers about the resistance of concrete against 
aggressive waters mostly deal with the attack of 
strong aggressive chemicals in relatively low concen-

♦Forschungsinstitut für Hochofenschlacke, Rheinhausen, 
West Germany.

trations. Well known are the numerous tests with 
diluted sulfate-solutions which have been leading to 
the development of sulfate-resisting cements (portland 
cements without CSA, blastfurnace slag cements with 
more than 70% slag, supersulfated cements and high 
alumina cements).



In solutions of higher concentration, however, the 
chemical reactions in many cases are of different types: 
e.g. seawater already reacts much less than a sulfate 
solution of equal concentration. On concrete exposed 
to the daily tidal range, however, seawater action is 
very strong. Under this severe condition in several 
long time tests blastfurnace slag cements with more 
than 60% slag have shown very good performance 
without exception (1), (2), (3), (4), (5). This high resist
ance against seawater attack cannot be explained 

neither by the higher sulfate resistance only, nor by a 
higher resistance against frost action. Other causes 
must be present in addition.

Substances known as rather uneffective can even
tually become very aggressive if their concentrations 
are high enough. Only few papers deal with this matter 
(6), (7), (8), (9), (10). In this field strong chloride solu
tions are of special interest. They certainly have a far 
greater importance on seawater action and also on 
frost-deicer action than is generally assumed.

Experimental Part

Experiments

For completion and control of earlier investigations 
(13) the behaviour of small concrete cubes (4 X 4 x 
4 cm) should be compared in

The following 3 cements bought from commercial 
sources were tested:

Solution I: MgCl2 3 mol/1
Solution II: CaCl2 3 mol/1
Solution III: NaCl saturated
Solution IV: h2o

Z 1: Blastfurnace slag cement “Z 275” with 75 % 
slag

Z2: Portland cement “Z 275" with<l%C3A
Z3: Portland cement “Z 375" with 12%C3A

The legend of concrete was

Aggregate: Quartz 0/0.2 mm = 15%
// 0.2/1 // =25% %

' » 1/3 // =32% 72.
// 3/5 // =28%

Mix: Cement/aggregate = 1/3
Water: w/c = 0.5 good quality

w/c = 0.7 poor quality

Curing conditions

before immersion: 10 days water (Cond. D)
3 days water + 7 days moist 

air (Cond. E)

The changes in the visible conditions of the concrete 
cubes and their compressive strengths were measured. 
Furthermore the reaction products were investigated 
by X-ray analysis.

Test Results

The changes in the visible conditions of the concrete 
cubes in the CaCl2-solution up to 16 weeks are shown 

in Fig. 1. The two different precuring conditions 
(10 days water or 3 days water + 7 days moist air) 
had no significant if any influence on their behaviour. 
After 16 weeks the cubes have not suffered any further 
deteriorations since 1^ years. Cement Z 1 shows no 
alteration. The two other cements Z 2 and Z 3 are 
seriously attacked. At this the poor quality (w/c 0.7) 
has proved slightly better than the dense concrete 
(w/c 0.5).

A very similar behaviour was observed with the 
MgCl2-solution, as is shown in Fig. 2.

Fig. 3 is a photograph of these small cubes after 4 
months immersion in 3 mol MgCl2. This picutre 
had not changed until the strength-test was taken 
after 2 years.

Immersion in saturated NaCl-solution up to 2 
years did not create visible alterations on any con
crete cube.

After 2 years of immersion the compressive strengths 
of the cubes were measured and compared with the 
compressive strengths measured after 10 days of water 
curing. Table 1 shows the results for H2O, NaCl and 
MgCl2. (The time of immersion in CaCl2-solution 
has not reached 2 years yet.) , '

Evidently in all cases after 2 years’ water curing the 
compressive strengths were higher than after 2 years’ 
immersion in the chloride-solutions. With the cements 
Z 2 and Z 3 no compressive strengths could be meas
ured after 2 years’ immersion in MgCl2. (And also after 
immersion in CaCl2. See Fig. 1, Fig. 2 and Fig. 3.)

On the other hand, compared with the compressive 
strengths immediately before chemical attack (10 
days water), the cements Z 2 and Z 3 showed in NaCl- 
solution no loss in strength, and Z 2 even showed 
increases of 60% to 80%. The very large increase in 
the compressive strength of Z 1 after 2 years NaCl- 
immersion was nearly as high as by curing in water 
and even after MgCl2-immersion increases of 40 % to 
70 % were measured



Fig. 2. Changing visible conditions of small concrete cubes with 
time of immersion in 3m MgCli-solution

Fig. 1. Changing visible conditions of smalt concrete cubes with 
time of immersion in 3m CaCli-soiution

Fig. 3. Influence of strong MgCli-soiutions on concrete 
Small concrete cubes (4x4x4 cm) after 4 months of 
immersion in 3 mol MgCl2



3 days H2O
Preceding curing condition: 10 days 10 days 10daysH2O 4-7 days

H2O H2O moist air

Table 1. Compressive strength of small concrete cubes 
after 2 years of immersion

Immersion in solution: H2o NaCl- 
saturated

MgClg-
3 mol/1

MgCl2-
3 mol/1

Cement w/c Age kg /cm2 kg/cmz % kg/cm: kg/cn.2 %

10 days 385 98 0 0

PZ375
0.5 2 years 

2 years 633
378

60
0

0
0

0

10 days 185 115 0 012%C3A
0.7 2 years

2 years 382
213

56
0

0
0

0

10 days 272 164 0 0

PZ275
0.5 2 years

2 years 674
447

66
0

0
0

0

10 days 114 184 <10 <10<1%C3A
0.7 2 years

2 years 376
209

56
<10

<3
<10

<3

10 days 238 243 173 170
0.5 2 years 579 413 406

HOZ275 2 years 589 98 70 69

75% slag 10 days 128 291 142 137
0.7 2 years

2 years 412
373

91
182

44
176

43

Reaction Products

The causes of these great differences were investi
gated by X-ray analysis. On this behalf small mortar 
specimen were made with w/c 0.5 and plastic-sand as 
aggregate. Plastic-aggregate is very advantageous for 
this purpose because it can very easily and completely 
be separated from the hardened paste. Thus an X-ray 
diagram of pure paste is performed without disturbing 
residues of quartz (11).

These plastic-cement-mortars were also cured in 
water for 10 days and then stored in the chloride 
solutions. They were investigated by X-ray analysis 
for different times of immersion. For control X-ray 
diagrams of the pastes of the concrete cubes and of 
several reaction products were taken after 2 years of 
immersion.

All the powder specimens for X-ray analysis were 
prepared in the same way according to earlier publica
tions (11), (12):

Drying of paste at 20°C and 1 Torr = mmHg— 
grinding 40 min in cyclohexane—drying 2 min in 
faintly streaming air—firm pressing of the very 
fine powder (~5/zm) into the specimen holder.

This method constantly results in a homogeneous and 
very dense surface of the powder specimen. No pre
cautions were taken against preferred orientation.

Among the X-ray diagrams more than 50 could be 
evaluated accurately and this work resulted in rather a 
clear picture of the chemical reactions. Here only

IS 10 20 30<0

Fig. 4. Reaction of blastfurnace cement (75 % slag^ 
■with chloride solutions

X-ray diagrams of paste, CuK„
Mortars, plastic aggregate, w/c 0.5
Curing condition: 10 days in H2O

a) H2O—10 days
b) NaCl—saturated—8 weeks
c) CaCl2—3 mol/I—8 weeks
d) MgCli—3 mol/1—1 year

Hydration products:
C3S2-aq = Tobermorite
C2AS = Trace of crystallized slag
CH = CaO-H2O
t = 3CaO-(Al, Fe)2O3.3(CaSO4, CaO)-aq
m = 3CaO-(Al, Fe)2O3-(CaO, CaSO^-aq

Reaction products:
mci = 3CaO-(Al, Fe)2O3 -CaCl2-10H2O
g = CaSO4-2H2O

those diagrams shall be shown that are essential and 
sufficient for understanding the problem.

Fig. 4 clarifies the behaviour of the blastfurnace 
slag cement in water and in the three chloride solu
tions. The least alterations are visible in the NaCl 
solution. Here by partial inversion of the already 
present AFm-phase (m) only the adequate chloride- 
containing member (mcl) of the solid solution is 
formed. Simultaneously the AFt-phase (t) and the free 
calcium hydroxide are decreasing slightly.

In the other two solutions the alterations are 
slightly more distinct. The calcium hydroxide disap
pears totally, and the sum of calciumaluminate-



* -ip- ■¥-

Fig. 5. Reaction of portland cement (12%CsA) 
with chloride solutions

X-ray diagrams of paste, CuK„.
Mortars, plastic aggregate, w/c 0.5.
Curing condition: 10daysinH2O.

a) H2O—10 days
b) NaCl—saturated—8 weeks
c) CaCl2—3 mol/1—2 weeks
d) MgCl2—3 mol/1—1 year

Hydration products:
C3S2-aq = Tobermorite

CH = CaOH2O 
k = rest of klinker 
t = 3CaO-(Al, Fe)2O3-3(CaSO4, CaO)-aq 
m = 3CaO-(Al, Fe)2C>3 -(CaO, CaSO^j-aq

Reaction products:
mcl = 3CaO-(Al, Fe)2O3-CaCl2-10H2O 
Oc = CaO-CaCl2-2H2O
OM = MgO-Mg(OH)Cl-5H20

hydrates decreases. Moreover some gypsum (g) is 
formed. On the average the alterations of the slag 
cement mortar are small and all observed reaction 
products are well known products of cement hydra
tion, too (11). '

Compared with these results the reactions of the 
portland cement mortar are much stronger, as is 
shown in Fig. 5. In NaCl-solution the same amount of 
chloride-containing AFm-phase (mcl) has formed as 
with the slag cement, although in the portland cement 
mortar before immersion only very little C4AH13 (m) 
was present. In the two other solutions about 20% 
of calcium hydroxide disappear totally and as for 
cement paste odd reaction products very distinctly 
appear by immersion in CaCl2-solution appears

CaO-CaCl2-2H2O

and by immersion in MgCl2-solution

MgO-Mg(OH)Cl-5H2O

The portland cement with < 1 % C3A behaved 
similarly and the same reaction products were ob
served as are to be seen in Fig. 5.

The X-ray diagrams of the concrete cubes were less 
distinct but otherwise in full agreement with Fig. 4 and 
Fig. 5.

Comparison and Summary of Results

The behaviour of the concrete cubes and the results 
of X-ray investigation add up to the following picutre:

In water storing all the three cements show a strong 
afterhardening from 10 days to 2 years. With the 
portland cement with < 1 % of C3A and with the 
blastfurnace slag cement the compressive strengths of 
the concretes with w/c 0.5 increase by nearly 150% 
and the compressive strengths of the concretes with 
w/c 0.7 by more than 200%. Since after 10 days of 
hydration the blastfurnace slag cement shows no 
residues of clinker phases any more, its very strong 
afterhardening can only be due to hydration of the 
slag. The afterhardening of the portland cement with 
12% of C3A (and higher early strength) is less than 

half as strong in all cases. These facts are important 
for valuating the further results.

By immersion in NaCl-solution the high alkalinity 
of paste remains unchanged and all the three cements 
form

3CaO • (Al, Fe)2O3 ■ CaCl2 • 10H2O

well known as “Friedel’sches Saiz”.
This reaction has practically no influence on the 

concrete with blastfurnace slag cement, for it obtains 
nearly the same strength as by water-curing. The 
hydration of the slag is not disadvantageously influ
enced because similar hydration products are formed 
by water-curing, too.



In case of the two portland cements, however, it 
seems that rather a constant proportion of the clinker 
is hampered with respect to its hydration. Although 
the strengths of the concretes increase in NaCl- 
solution too, all test specimens reach, in a rather equal 
degree, only about 60% of their maximum strength 
they obtained when cured in water for 2 years.

Fundamentally different are the reactions of the 
two other chloride solutions. By reaction with the free 
Ca(OH)2 they form expanding oxychlorides which 
within a short time destroy concretes with high con
tents of Ca(OH)2. This reaction is accompanied by a 
total loss of the high alkalinity of paste. Unexpectedly 
this danger appears slightly greater in case of dense 
concrete than in case of less dense concrete. Similar 
observations during several experiments with various 
strong salt-solutions are already reported by W. H. 
Kuenning (7) and also by H. Berndt and E. Würth (10).

Although even the test specimens with the blast
furnace slag cement show greater alterations of their 
X-ray diagrams in CaCl2-solution and MgCl2-solu- 
tion than in NaCl-solution, they do not form ex
panding oxychlorides and thus remain sound. This 
result stands in full agreement with earlier experi

ments (13):
6 blastfurnace slag cements with slag contents of 

47% to 80% remained unaffected during 2 years im
mersion in 3 mol MgCl2-solution. Furthermore, a 
steady increase in the resistance of the small mortar 
specimens was measured with increasing slag contents.

Using concrete cubes, moreover, in the MgCl2- 
solution within 2 years all the strengths increase in 
case of the blastfurnace slag cement. At this they 
obtain with w/c 0.7 about 140% and with w/c 0.5 even 
about 170% of the compressive strengths before im
mersion. Furthermore the alkaline reaction with 
phenolphthalein is not reduced. The normal very 
strong afterhardening of this cements, however, is 
disturbed in any case. The concretes with w/c 0.5 
reach about 70 % and the concretes with w/c 0.7 only 
about 40 % of their maximum strength they obtained 
when having been cured in water for 2 years. As there 
is no expanding influence, the dense concrete in this 
case behaves definitely better than the less dense con
crete.

It can be assumed that in the case of the CaCl2- 
solution the strengths of the concretes with blastfur
nace slag will show similar tendencies.

Final Conclusions

Strong solutions of NaCl, CaCl2 and MgCl2 react 
chemically with concrete.

Nevertheless, destroying chemical attacks occur 
only with CaCl2 and MgCl2 if the concrete possesses 
too much free Ca(OH)2. At this a higher density of the 
concrete does not pay out in a much better protection 
as otherwise has been proved in most of the other 
chemical attacks.

In all other cases the concrete will not be attacked, 
but its afterhardening will at worst be only reduced, 
whereas the alkaline reaction with phenolphthalein is 
not reduced.

Blastfurnace slag cements with more than 60% of 
slag are resistant against all the three chloride-solu
tions. e. g. a blastfurnace slag cement with 75% of 
slag proved, when immersed in saturated NaCl- 
solution, the same very strong afterhardening as it did 
by curing in water.

These unexpected facts are apt to provide new points 
of view with respect to the resistance of concrete 
against deicer scaling, to the durability against sea
water action and also to connected problems especially 
the qualification of suitable concretes to protect the 
reinforcement against steel corrosion.
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Supplementary Paper III-39 A Durability Study of Concrete 
Using Monte Carlo Simulation

Kenneth R. Lauer and Callin W. Gray*

Synopsis

This paper deals with a durability study of a hypothetical bridge deck. The durability 
study is accomplished by employing the Monte Carlo method of analysis utilizing a digital 
computer. It consider such stochastic variables as compressive strength, air content, curing, 
freeze-thaw cycles, and salt scaling. Laboratory data was used to establish the relationships 
used in the study.

The ultimate goal of this study is to be able to predict how long a bridge deck will be in 
service before resurfacing or rebuilding of the deck is necessitated.

Air-entrained and non-air-entrained concrete are used in different cases of the bridge 
deck. The influence of air-entrained concrete on durability is observed.

The bridge deck is placed in a climatic environment comparable to that of South Bend, 
Indiana. Consideration is given to placing the bridge deck in April and in August and the 
effects of placement time are observed.

Introduction

The purpose of this paper is to introduce the Monte 
Carlo method of analysis as a valid approach in 
studying the durability of concrete in service.

The majority of concrete technology research in 
the last twenty five years has been orientated toward 
laboratory experiments. Traditional methods of 
reach have been to compare similar concretes or 
comparison of dissimilar concretes for similar purposes. 
While the above mentioned research was good, it gave 
only qualitative results. For example, in the late 
1940’s and early 1950’s, many investigators showed 
that air-entrained concrete is much more frost resistant 
than non air-entrained concrete. Investigators studied, 
in the laboratory, one or two variables at a time hold
ing all other parameters constant.

The investigators have payed little or no attention 
to what actually happens to the concrete when it is 

in service. That is to say, what happens to the concrete 
when the combined effect of temperature, chemical 
attack (interor and exterior), freezing and thawing, 
traffic, etc. are acting on the concrete simultaneously? 
Since many of these factors which influence the dura
bility of concrete are stochastic variables, the formula
tion of an exact mathematical expression for durability 
becomes impossible. In order for an analysis to be 
meaningful, a mathematical approach such as Monte 
Carlo simulation must be utilized.

In this paper, the mathematical simulation has been 
formulated on the basic ideas of durability obtained 
predominantly from laboratory investigations and 
some field investigations. The temperature and pre
cipitation data are from the South Bend, Indiana 
area.

Monte Carlo Method

Historical

As the name implies, Monte Carlo involves a system 
or process which concerns an element of chance (1).

‘Department of Civil Engineering, University of Notre Dame, 
Notre Dame, Indiana, U.S.A. •

That is, the input to the system is random variables.
Monte Carlo was first called “model sampling” 

before 1948 when Fermi, Metropolis and Ulam used 
the method for obtaining estimates of the eigenvalues 
associated with the Schrodinger equation (2).

The use of the Monte Carlo method at the end of 
the second world war in relation to problems concerned



with random neutron diffusion in fissionable material 
brought to light the mathematical power of the method 
(3). Computers were used to carry out the computation 
of the above mentioned problem. ■

The method came into prominence about 1957 
with the advent of the high-speed digital computer. 
The method without a high-speed computer would be 
impractical because of the time involved to carry out 
the numerous simulations.

Scope

Definition

Monte Carlo simulation is a technique which uti
lizes the probabilities of possibilities of occurrence 
of the pertinent stochastic variables by imitating the 
occurrence of the states of nature that interact with 
the different designs under investigation through the 
use of random number generation. Each simulated 
design is observed until it fails to meet the require
ments for which it was originally intended. After a 
number of simulations have been completed for one 
design, that design’s life may be predicted.

The probabilities of the possibilities of occurrence 
of the various stochastic variables are usually grouped 
in a two-dimensional matrix notation. This two
dimensional ordered array is used when one depen
dent variable is known to be essentially a function 
of one stochastic variable. A three-dimensional matrix 
may be used if one dependent variable is known to be 
a function of two stochastic variables.

The probabilities of the possibilities of occurrence 
of the various stochastic variables are determined 
from field and/or laboratory investigations.

Types

Problems to which this method of analysis is appli
cable are of two types: deterministic and probabilistic.

The deterministic type has no direct association 

with random processes; but when theory has exposed 
the underlying structure of the problem, it may be 
possible to recognize that this structure or formal 
expression also describes some apparantly unrelated 
random process, and, therefore, the solution of the 
deterministic problem is accomplished numerically 
by Monte Carlo simulation of an accompanying 
probabilistic problem.

The probabilistic type of Monte Carlo problem is 
essentially the observation of random numbers chosen 
in such a way that they directly simulate the physical 
random process of the original problem and infer the 
desired solution from the behaviour of these random 
numbers.

This direct simulation of a probabilistic problem is 
the type of Monte Carlo used in studying the dura
bility of concrete in this paper.

Random Number Generation 
and the Computer

Random numbers may be obtained from random 
number tables or they may be pulled out of a hat full 
of slips of paper with various numbers on them. But 
the quickest method which can be used to generate 
a sequence of numbers, one at a time so devised that 
no reasonable statistical test will detect any significant 
departure from randomness is by the congruential or 
midsquare method using the digital computer. The 
numbers generated on the computer by either of the 
above methods are called pseudorandom numbers 
since the next number to be generated can be predict
ed from the last number which the computer generated. 
La Russo (4) has thoroughly checked out the congruen
tial pseudorandom number generator at the University 
of Notre Dame Computer Center and has reported it 
satisfactory. This subroutine was used for generation 
of the “random” numbers for the simulation model.

Application of the Monte Carlo Method to a Concrete Durability Study

Introduction

Durability of concrete has been defined as its 
resistance to deteriorating influences which may 
through inadvertence or ignorance reside in the con
crete itself or are inherent in the environment to which 
it is exposed (5).

Of the many factors influencing the durability of 
concrete in service, the following major ones are con

sidered: (1) probability of occurrence for compressive 
strength, (2) probability of occurrence for air content,
(3) compressive strength loss due to air-entrainment,
(4) loss in compressive strength due to improper curing 
and compaction, (5) time, and temperature effects on 
gain in strength, (6) dynamic modulus of elasticity 
and freeze-thaw cycles, (7) compressive strength and 
dynamic modulus of elasticity, (8) compressive stren
gth and pulse velocity, and (9) de-icing scale rating 



and the number of scale cycles. These factors are 
considered primarily because of their importance 
relative to the durability of concrete bridge decks 
and because of the data available in these areas for 
the simulation model.

The concrete mix used in the model represents the 
most homogenous data available. In some instances 
relationships were adjusted to be more applicable. The 
following mix proportions and properties were used.

Non-air Air
entrained entrained

mix mix
W/C, wt 0.50 0.50
Cement factor, bags/cu yd 6.4 6.0
Slump, inches 2-4 2-4
Max. aggregate size, inches 1 1
Air content, % entrained 0.0 4.5

The variables in the model are assumed to be line
arly independent thereby making the principle of 
superposition applicable.

The model has been formulated in the same se
quence as the various parts of the model are explained.

Compressive Strength

The variability of the strength of the concrete is 
characterized in the relationship of probability of 
occurrence for a given strength versus strength. Im
plicitly implied in the above mentioned curve is all 
the possible variations in the concrete mix before it is 
placed in the field.

For reasonable field control, and no radical changes 
in mix proportions, the curve of percentage frequency 
of occurrence versus strength is approximately bell
shaped. That is, if a bar chart or histogram of per 
cent frequency of occurrence versus strength is plot
ted, see Fig. 1, the histogram or “parent” distribution 
may be approximated by the theoretical Gaussian or 
“normal” distribution curve.

Two significant properties of the normal curve are 
the following. The total area under the normal curve 
is equal to one and the area under the curve between 
any two points A and B is the probability of occurrence 
of a value in that interval. Therefore, if the specific 
strength distribution for a certain mix being produced 
at a certain batch plant is known, then, for that cer
tain mix, the probability of a certain strength being 
produced at that plant can be determined.

It is assumed in this study that the probability curve 
is a normal curve and is given in Fig. 1. The concrete 
is non-entrained. The average 28 day compressive 
strength is assumed to be 4500 psi. From the data in

Fig. 1. Percent frequency of occurrence versus compressive 
strength for 4,500 psi non-air-entrained concrete

Coraprsssive Strength in PSI

Newlon’s (6) paper, the standard deviation for 4500 
psi concrete is approximately 450 psi. This gives a 
coefficient of variation of 10%. A coefficient of varia
tion of 10% infers good quality control procedures.

One way of using the normal curve in the simula
tion model is to approximate the curve by its corre
sponding histogram as in Fig. 1. A cell interval of 150 
psi and nineteen cells were used in order to approxi
mate the normal curve. Theoretically, the furthest 
extents of the ordinates of a normal curve never 
terminate on the abscissa axis. Therefore, some of 
the values of compressive strength, even though they 
may have a very, very small probability of occurrence 
still have a chance of occurring. If the range of strength 
varies from a value of three times the standard devia
tion in either direction from the average strength, then 
99.73 % of all the strength values will lie in this range.

In Table 1, the average cell strength values are

Table 1. Average cell strength values, their probabilities of 
occurrences, and their specific number designations

Average 
cell strength

Probability of 
occurrence, 

per cent

Specific 
number 

designation

3150 .3 1-3
3300 .4 4-7
3450 .9 ~ 8-16
3600 1.8 17-34
3750 3.3 . 35-67
3900 5.5 68-122
4050 8.1 123-203
4200 . 10.6 204-309
4350 12.5 310-434
4500 13.2 435-566
4650 12.5 567-691
4800 10.6 692-797
4950 8.1 798-878
5100 5.5 879-933
5250 3.3 934-966
5400 1.8 967-984
5550 .9 985-993 -
5700 .4 994-997
5850 .3 998-1000



listed with their probabilities of occurrence and their 
specific number designations for indicating what stren
gth the concrete will have when the random number 
selection is made. The range of random numbers 
is 1 to 1000 inclusive.

Now, the computer picks a random number 
which will determine what non-air-entrained strength 
the concrete will have. If the computer picked 501, 
the strength of that batch of concrete would be 4500 
psi.

Air Content

Air content has a very marked effect on the dura
bility of concrete. The lack of sufficient entrained air 
in concrete can considerably decrease the durable 
life of a structure exposed to frost action.

Klieger (7) has shown that the “optimum” air 
content for a given mix is a function of the maxi
mum size of the aggregate, workability of the mix, 
and the cement factor for the mix. Optimum air 
content is considered by Klieger (7) to be that mini
mum air content beyond which further increases in 
air result in only a small decrease in expansion due to 
freezing and thawing.

Since the exact relationship between strength and 
air content probability distribution has not been fully 
investigated, it is assumed that the probability distri
bution of air content remains constant for the whole 
range of strength variation. That is to say, one air 
content probability curve is used for the whole range 
of strength variation, 3150 psi to 5850 psi. The average 
air content was chosen as the optimum air content 
according to Klieger’s (7) work. For the specific mix 
under study, the optimum air content is 4.5%. 
The air content probability curve is assumed to be a 
normal curve. From Newlon’s (6) work the average 
standard deviation for air content is assumed to be 
0.70%. This gives a coefficient of variation for air 
content of about 15.6%. A cell interval of .30% was 
used for the approximation of the normal curve.

In Table 2, the average cell values are given with 
their probabilities of occurrence and their specific 
number designations. These values and the previously 
mentioned strength values were calculated using a 
mathematical probability table.

It may be shown from Klieger’s (7) results that 
the average percentage change in strength for each 
1 % of entrained air for total amounts of entrained 
air up to 6 % is approximately linear. This is true if 
the cement factor, slump, and maximum size of 
aggregate are maintained constant.

For the specific mix in question the plot of loss in

Table 2. Average cell air content values, their probabilities of 
occurrences, and their specific number designations

Average Probability of Specific
cell air occurrence, number

content, % per cent designation

2.4 .1 I
2.7 .7 2-8
3.0 2.8 9-36
3.3 3.0 37-66
3.6 7.6 67-142
3.9 11.8 143-260
4.2 15.5 26M15
4.5 17.0 416-585
4.8 15.5 586-740
5.1 11.8 741-858
5.4 7.6 859-934
5.7 3.0 935-964
6.0 2.8 965-992
6.3 .7 993-999
6.6 .1 1000

Fig. 2. Loss in strength versus percentage entrained air content 
{Points plotted are from Klieger’s (7) data}

strength versus the air content is given in Fig. 2. 
This relation is used in the model.

After a strength is selected an air content is picked 
by having the computer choose a random number. 
Suppose this number is 200. From Table 2, the air 
content for the - previously selected 4500 psi batch 
is 3.9 %. One per cent of air is deducted from 3.9 % to 
take into account the entrapped air content. The as
sumption of one per cent entrapped air was used 
for all air-entrained simulations. The computer 
calculates the loss in strength due to air entrainment 
by the equation in Fig. 2. The loss in strength is 
subtracted from the original compressive strength to 
give a new compressive strength.

The above steps are omitted in the simulation 
model for the non-air-entrained concrete.



and temperature (Saul and Nurse (S))

Moisture Loss and Compaction

The computer, next, modifies the compressive 
strength in order to account for moisture loss due to 
less than perfect curing conditions and imperfect 
compaction of the concrete in the field. A loss in 
strength of five per cent is deducted from the compres
sive strength to give the updated compressive strength 
of the concrete.

In the non-air-entrained case, the five per cent 
loss is computed with respect to the non-air-entrained 
strength which the computer chose first.

A loss of five per cent would indicate good compac
tion in the field and a relatively good membrane type 
of curing method. For some jobs, the loss due to the 
above mentioned factors may be as high as 20 per 
cent. ’

When the effect of compaction and moisture loss 
on compressive strength are better understood, these 
relationships may be incorporated into the simula
tion model.

Time, Temperature, 
and Strength Gain Relationship

The relationship of temperature to the rate of 
concrete hardening and gain in strength is of import
ance in concrete durability. As a rule, for moist curing 
conditions, high temperatures accelerate strength 
gain and low temperatures reduce strength gain.

Most investigators (8, 9, 10) agree that strength 
gain is proportional to the product of time and 
temperature. The approach of Saul and Nurse is a 
good method of estimating strength gain from time
temperature relations (8, 9). -

This relationship using Price’s data is shown in 
Fig. 3. Price’s (11) data is for concrete cured in a 
moist environment at 100°F, 73°F, 50°F, 33°F and 
16°F and tested in compression at 3, 7, 14, 28, 90 
and 180 days. In Fig. 3, it may be seen that the gain 
in strength, after a certain time-temperature period, 
approaches the constant value of approximately 128% 
of the 28 day, 73°F, moist cured laboratory test 
specimen strength.

For this study it is assumed that the concrete gains 
compressive strength according to the above men
tioned curve. Also, the maturity factor, At X (0 + 
10), is assumed to be the summation of the individual 
maturity factors. The average temperature effect on 
the concrete is assumed to be equal to that of the 
average daily temperature of the air everyday for 90 
days after the concrete is placed. That is to say, the 
concrete is observed to see what gain in strength due 
to temperature occurred during the first 90 days of 
its existence. Then, the concrete is observed on a 
monthly average temperature basis in order to cal
culate the further gain in strength of the concrete. 
If and when the concrete reaches the value of 128% 
of the laboratory strength, the concrete is not per
mitted to gain any more strength.

In order to use this relationship some means of 
obtaining temperatures which are most likely to occur 
in the field is necessary. Since temperature is also a 
random variable, it was necessary to determine the 
probability of occurrence of temperature on a daily 
and monthly basis. The South Bend, Indiana, area 
weather data (12) was used for the analysis. For the 
daily basis, twenty-seven years of continuous records 
were available and analyzed. For the monthly data, 
sixty-seven years of data was available and was 
analyzed. The method of analysis was to sort the 
temperatures out according to a predetermined 
number of cell sizes. The cell sizes used were 10, 11, 
12, 13, 15 and 20 cells. In order to conserve computer 
time, only the 10, 15 and 20 cell data was used in 
the simulation study.

In Table 3, the analyzed average daily temperature 
data for May third, for ten cells, is given.

Now, the computer picks a random number, 401, 
and for example, if the concrete was placed on May 
third, then the average daily temperature for that 
day was 54.5°F. Therefore the maturity factor for 
that day is calculated by the equation. Maturity 
Factor = At x (9 + 10) where At = 1 day and 
9 = the average daily temperature determined by 
the random number selection, in degrees centigrade.

The above process is then repeated using the 
temperatures and specific number designations of



Table 3. Average daily cell temperature values, their proba
bilities of occurrences, and their specific number designations 
for May 3rd. 10 cells

Average 
daily cell 

temperature eF

Probability 
of occurrence, 

per cent

Specific 
number 

designation

39.2 7.4 1-74
43.0 11.1 75-185
46.7 11.1 186-296
50.5 3.7 297-333
54.5 14.8 334-481
58.0 11.2 482-593
61.8 14.8 594-741
65.6 7.4 742-815
69.3 11.1 816-926
73.1 7.4 927-1000

May fourth. May fifth, etc. until 90 days have been 
observed. The cumulative maturity factor is con
stantly being updated during this process.

After ninety days, the concrete is studied on a 
monthly average temperature basis in a similar 
manner. Then, after the winter months are over the 
concrete’s gain in strength is computed and added 
to the former compressive strength to give the up
dated compressive strength. The gain in strength is 
computed from the equations of the straight line 
relationships obtained when the percentage strength 
gain is plotted against the log of the maturity factor 
using Price’s data.

Freezing and Thawing Cycles 
and Compressive Strength Relationship

In order to simulate the freezing and thawing cycles 
which occur in nature it was necessary to analyze the 
daily low and daily high temperature values for the 
winter months in the same manner as the daily average 
temperatures and the monthly average temperatures 
were analyzed as described in the previous section. 
The winter days in this study were assumed to be 150 
in number and extended from November first to 
March thirtieth, inclusive.

To have a freezing and thawing cycle in nature 
which will damage the concrete to some degree struc
turally, precipitation in the form of melting snow or 
freezing rain is essential to provide the required satu
ration in order to cause hydraulic pressure to build 
up in the capillary cavities when the temperature of 
the concrete drops below freezing. The amount of 
precipitation necessary to cause frost distress was 
assumed to be .20 inches of snow or greater and/or 
.05 inches of freezing rain or greater. The precipitation 
probabilities for the winter days were computed from 
twenty-six years of continuous record for the South 
Bend area. In Table 4, the precipitation probabilities 

Table 4. Precipitation probabilities and their specific number 
designations for the first ten winter days

Winter 
day

Precipitation 
probability, 

per cent

Specific 
number 

designation

1 30.8 1-308
2 34.6 1-346
3 26.9 1-269
4 19.2 1-192
5 19.2 1-192
6 26.9 1-269
7 30.8 1-308
8 42.3 1^23
9 30.8 1-308

10 26.9 1-269

for the first ten winter days are listed along with their 
corresponding specific number designations.

First, the computer pulls a random number which 
corresponds to some specific high temperature for 
the given day. Then, the computer pulls another 
random number corresponding to a specific low tem
perature for the same day. It is assumed that this 
temperature occurs after the high temperature and at 
night before 12 o’clock midnight. Then the computer 
chooses another random number and this number 
specifies whether a sufficient amount of precipitation 
was available to cause frost distress. For example, 
suppose on the third day of winter, the computer 
pulled the random number 300. Then it did not rain 
or snow, see Table 4, in sufficient amounts to cause 
frost distress in the bridge deck even if the concrete was 
beginning to freeze. If the computer had pulled the 
random number 200 for the third winter day instead 
of 300, from Table 4, the concrete was exposed to suf
ficient moisture that day to be damaged by frost 
distress provided that the high and the low tempera
tures of that day were sufficient to cause a freezing 
cycle.

It is generally aggreed that ED = Kf” where ED = 
the dynamic modulus of elasticity, K = a constant 
depending on the mix components, n = an exponent, 
and / = the compressive strength of the concrete 
(13, 14, 15, 16, 17, 18).

Laboratory freezing and thawing tests are based 
on an “accelerated” freeze-thaw cycle. The measure 
of deterioration is loss in dynamic modulus of elasti
city after a prescribed number of cycles have been 
completed or linear expansion or weight loss of the 
specimen after a prescribed number of cycles have 
been completed.

The loss in dynamic modulus of elasticity indicates 
a structural weakening of the concrete due to frost 
distress. Conventionally, a plot of relative dynamic 
modulus of elasticity in per cent versus number of 
freeze-thaw cycles is made. See Fig. 4. If the concrete



Fig. 4. Relative dynamic modulus of elasticity as a function of 
freeze-thaw cycles {Hussell {2 If)

is fairly frost resistant, the curve will resemble curve 
16A. If the concrete is fairly non-front resistant, it 
will resemble curve 14A. If a core sample was taken 
from a structure exposed to frost action with concrete 
in it like that of curve 14A, the compressive strength of 
the core would be significantly less than that of a core 
taken from a structure made with concrete, exposed 
to frost action, of the type of curve 16A. Therefore, 
a correlation should exist between strength and 
dynamic modulus of elasticity when concrete has 
been subjected to frost action. Whitehurst (19) and 
Cheesman (2) report good correlation between labo
ratory resonance frequency measurements of the 
modulus of elasticity and that calculated from the 
pulse velocity which was obtained in the field. The 
equation relating the pulse velocity to the dynamic 
modulus of elasticity is

F F"2<7(1 + m)(1 - 2m) 
’ (1 - «)

where

Ed = the dynamic modulus of elasticity of the 
concrete

V = the pulse velocity
d = the density of the concrete
u = Poisson’s ratio

Now if the calculation of the dynamic modulus of 
elasticity from the field data corresponds to that 
measured in the laboratory on a core of the field 
concrete and there is a correslation between the 
laboratory modulus of elasticity and compressive 
strength, then the following is most likely to be true.

Let

E

where

Er = relative dynamic modulus of elasticity

Ep = the present dynamic modulus of elasticity
Eo = the original dynamic modulus of elasticity 

before the “accelerated” freezing and thawing 
cycles commenced

Since En = Kf", and assuming K to remain constant

__ <Kfpy _ fp- 
R "" (Kfo)" - /o 

where
fp = the present compressive strength
/0 = the original compressive strength before the 

freezing and thawing cycles commenced.

Also, the part of the original compressive strength 
which the concrete presently possesses = fplf0 = 

or the present loss in strength due to freezing and 
thawing in per cent of the original strength of the 
concrete = (1.0 = Eg/") X 100.

The ordinates of the curves given in Fig. 4 were 
converted by the last equation stated above. Fig. 5 
shows the linear least squares fit plot of the converted 
data points.

It would be possible to measure the approximate 
loss in strength of concrete exposed to frost action if 
the exposure cycles in the field were comparable to 
those of the “accelerated” freeze-thaw tests. In the 
simulation model, an adjustment of the requirements 
for a frost deteriorating freeze-thaw cycle in the field 
is used in order to utilize the “accelerated” laboratory 
freeze-thaw cycle results. It is felt that the “accelera
ted” laboratory freeze-thaw test which most nearly 
approximates the freeze-thaw cycles in the field is 
ASTM Designation C291-57T. This procedure is 
based on rapid freezing in air and thawing in water. 
In order to assure that at least the top 1 inch of con
crete is thawed out, it was considered necessary that 
the high air temperature of any given day be at least 
35°F. A low air temperature at night of at least 29°F 
and sufficient precipitation had to have fallen before 
the computer tailed a freeze-thaw cycle. A low tem
perature of 29°F was also chosen to insure that the top 
1 inch of concrete was frozen. By using the above two 
temperatures as part of the criterion for a frost deteri
orating cycle, the laboratory “accelerated" freeze
thaw test is approximated as much as is possible. The 
major fault of the field criterion for tailing freeze
thaw cycles is the fact that the intensity of the cycles 
in the field are not uniform as they are in the labora
tory. No way was devised to take into account the 
variable intensity of the freeze-thaw cycles in the field.

After the computer goes through all the winter 
days tabulating the number of frost deteriorating cycles, 
the loss in compressive strength due to freeze-thaw 
cycles is computed from the equations which are repre



sented graphically in Fig. 5.
After the loss in compressive strength due to freeze

thaw cycles is calculated, for the air-entrained mix, 
the air content of the concrete of the particular simula
tion run is compared to the air content of the mix 
from which the equations were approximated. In this 
case, the air content is 5.0%. If the air content of the 
particular run is between 4 to 6 %, it is assumed, con
sidering Klieger’s optimum air content of 4.5% for 
this concrete, that no adjustment in the loss in strength 
due to frost deteriorating cycles is required. Also from 
Klieger’s work (7), if the air content of the particular 
batch is greater than 6.0 %, the loss in strength due to 
freezing and thawing is decreased by 5 % of the pre
viously computed loss. If the air content of the batch 
is less than 4.0 % then the originally computed loss in 
strength is increased by 10% of the original value.

Finally, the loss in strength is subtacted from the 
present compressive strength and the new updated 
compressive strength is tabulated.

In the non-air entrained concrete model, the loss 
in strength due to deteriorating freeze-thaw cycles is 
calculated and immediately deducted from the present 
compressive strength.

Pulse Velocity, Dynamic Modulus of Elasticity 
and Compressive Strength Relationships

Klieger’s work (22), presents the relationship be
tween compressive strength and dynamic modulus of 
elasticity, as measured by the resonance method, for 
different types of cements for a non A/E mix having 
a cement factor of 6 bags/cu. yd. The test ages were 1, 
7,28 days, 3 months, 1 and 3 years. The ordinates of 
this curve were reduced by 6 % in order to approxima
tely convert this curve to the 6 bags/cu. yd., air-entra
ined mix curve having an average air content of 4.5 %.

Fig. 5. Loss in strength due to number of freeze-thaw cycles

The values of the non-air entrained case and the air 
entrained case were then plotted on 2 x 2.4 cycle 
logarithmic paper (Fig. 6). On this paper, the curves 
were straight lines in the area which was applicable 
to the simulation model. The equations of the straight 
line relationships are of the form

Ed = Kf"
where ED, K,f and n are as previously defined.

It was then assumed that the value of the dynamic 
modulus of elasticity of the concrete under study at any 
instant of time may be approximated by one of the 
above equations.

The computer then calculates the present value of 
the dynamic modulus of elasticity. This step simulates 
the obtaining of a core sample from the bridge deck 
and the subsequent laboratory resonant testing of the 
core in order to ascertain the dynamic modulus of 
elasticity of the concrete.

Again, Klieger’s work (22) presents the relationship 
between compressive strength and pulse velocity for a

Fig. 6. Compressive strength—Dynamic modulus of elasticity 
relationship on log- log paper {Points plotted are from Klieger’s 
(22) data)



6 bags/cu. yd., non-air entrained, mix using different 
types of cement. Test ages for this relationship were 
the same as the above mentioned dynamic modulus
strength relationship. The pulse velocity was deter
mined by the soniscope. If these points are plotted on 
2 X 2.4 cycle logarithmic paper, the relationship is 
found to be linear (Fig. 7). It is assumed that the pulse 
velocity of the concrete at any time may be computed 
from the equation of the linear portion of the logari
thmic plot.

The computer, now, calculates the pulse velocity 
of the batch of concrete in the deck. The calculation 
of the pulse velocity simulates the taking of a core 
sample from the specifically placed batch in the bridge 
deck and determining the pulse-velocity in the labora
tory or using the soniscope directly in the field in 
order to determine the pulse velocity for the specific 
area of the deck in which the batch was placed. It is 
further assumed that in either of the just mentioned 
interpretations the pulse velocity is determined on a 
specimen of concrete in which the reinforcement steel,

Fig. 7. Compressive strength-pulse velocity relationship on 
log-log paper (Points plotted are from Klieger’s (22) data) ;
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either longitudinal or tranverse has no effect on the 
value of the measured pulse velocity. This asumption 
was made because the data used for the pulse velocity
strength relationship was for plain concrete. The pulse 
velocity is higher in reinforced concrete due to the 
fact that steel is denser than concrete.

In both the dynamic modulus-strength and pulse 
velocity-strength relationships, the compressive cube 
strength was used in Klieger’s original work (22). The 
compressive cylinder strength was obtained by multi
plying the compressive cube strength by 0.75 after 
the suggestion by Jones (23) and the British Standard 
1881, 1952.

Structural Failure Criteria

The propagation of an ultrasonic wave through 
concrete, either in the field or in the laboratory, and 
the subsequent calculation of the velocity of propaga
tion or pulse velocity is a means of evaluating the 
overall quality of the concrete. If the concrete is of 
good structural quality it will be dense and the pulse 
velocity will be high. If the concrete is structurally 
poor its pulse velocity will be low.

According to Leslie and Cheesman (24), the quality 
of concrete in service may be rated from the following 
pulse velocity measurements.

Pulse velocity, ft per sec General condition 
above—15,000 excellent

12,000—15,000 good
10,000—12,000 questionable
7,000—10,000 poor

below— 7,000 very poor

The above listed pulse velocities give an indication 
of the structural integrity of the concrete. Whitehurst 
(25) reports that the above categories are based on 
normal concrete having a unit weight of approxima
tely 1501b/cuft. Cheesman (20) states that although 
concrete having a pulse velocity between 16,000 to 
12,000 f.p.s. is generally structurally sound, some 
tranverse cracking, a very few popouts, and non
progressive light scaling may be present on the surface. 
The above is possible since the concrete just below the 
surface probably is in excellently good condition. If 
the pulse velocity is less than 12,000 f.p.s., the concrete 
is probably not in good structural condition.

It is assumed that a structural failure is imminent 
if the pulse velocity calculated by the above men
tioned equation is less than or equal to 12,000 f.p.s.

The computer then checks the computed pulse 
velocity of the concrete against the value of 12,000



f.p.s. If the value is less than or equal to 12,000f.p.s. 
the computer prints out the life of the present con
crete batch in years, its failure pulse velocity, the 
dynamic modulus of elasticity at failure, the average 
life of the concrete which is equal to the summation 
the individual lives of the previous batches including the 
present batch divided by the number of simulations 
just completed, the compressive strength of the con
crete at failure, and the average compressive strength 
of the concrete at failure which equals the summation 
of the individual compressive strength at failure up to 
and including the most recent simulation divided by the 
number of simulations just completed. The computer 
also prints out the scale rating when the concrete failed 
and the non-air entrained strength which the concrete 
theoretically possessed at its inception. .

The computer then begins the next simulation by 
choosing a random number corresponding to the non
air-entrained strength of the next batch of concrete. 
The previously mentioned steps are then repeated.

If the computed pulse velocity is greater than 12,000 
f.p.s. then the numerical scale rating is calculated as 
described below. .

Relation of Salt Scaling to Durability

The problem of salt scaling of bridge decks is 
probably the primary cause why most bridge decks 
need resurfacing (26).

In the salt scale test, the salt solution is placed on 
the specimen and frozen and then thawed for a speci
fic length of time. Sometimes water is placed on the 
specimen and salt pellets or flakes are placed on the 
specimen and allowed to remain there for a prescribed 
time period before the specimen is allowed to be fro
zen. After a certain predetermined number of scale

Fig. 8. Scale rating versus number of scaling cycles 
(Hussell (21'j)

cycles, the surface of the specimen is rated qualitatively 
on the percentage of surface area scaled and the 
depth of scaling. The scale cycles are repeated until 
a specific scale rating is reached or until a certain 
number of cycles is achieved. Then a plot of numeri
cal scale rating versus the number of scale cycles is 
made. Fig. 8 is one such plot for a scale resistant 
concrete (curve 46A) and a scale susceptible concrete 
(curve 26A). According to Klieger (27) classification, 
the numerical scale ratings are as follows:

0—no scaling 3—moderate scaling
1— very slight scaling 4—moderate to bad
2— slight to moderate scaling

scaling 5—severe scaling

Scaling Failure Criteria

Good maintenance practice would dictate that the 
time to resurface a bridge deck would be before the 
scaling and cracking becomes too severe, approximat
ing the numerical scale rating 3.

It is assumed that everytime the conditions neces
sary to cause a frost deteriorating freeze-thaw cycle 
are satisfied; a salt application is also made on the 
bridge deck. This assumption also supposes fairly 
good maintenance practices. If is further assumed that 
3 per cent sodium chloride solution (by weight) is 
placed on the deck everytime the salting is done. This 
assumption is not entirely correct since the rate of salt 
application is variable. Three per cent sodium chloride 
was used in the laboratory salt scaling tests which are 
used as the data (21) in this study. It is further assumed 
that the numerical scale rating expected in the field 
may be calculated from the equations of the straight 
line segments in Fig. 8. These curves are based on 14 
days moist plus 21 days dry curing, then freezing with 
the salt solution on the surface of the slab. This pro
cedure and specific salt concentration presents the 
most severe condition possible and a condition which 
may exceed field conditions. The curing conditions of 
the salt scaling tests are not the same as those assumed 
for the bridge deck, but the mix proportions of the 
concrete with the above mentioned curing came closer 
to the rest of the mix properties of the other relation
ships which were utilized in the study.

The computer calculates the scale rating in real 
number form from one of the above mentioned equa
tions. The scale rating, for the air-entrained concrete, 
is modified to take into account the actual air content 
of the concrete. The measured air content for the air
entrained curve 46A is 4.1%. Using Klieger’s work 
(27, 28) as a guide, it is assumed that if the actual air 
content is greater than or equal to 3.1 % and less than 



or equal to 5.1% no adjustment in scale rating is 
necessary. If the actual air content is greater than 5.1 %, 
then the scale rating is decreased by 30%. If the actual 
air content is less than 3.1 %, the scale rating is incre
ased by 50 % of its computed value.

For the non-air-entrained case, no modification of 
the initially computed rating is made.

In order to use Klieger’s (27) numerical integer 
scale rating the computer rounds off the real number 
form of the scale rating to the nearest whole integer 
value. The computer, then, compares the computed 
scale rating with the scale rating of three. If the scale 
rating is less than three, the computer continues to 
calculate the cumulative maturity factor for the con
crete and the compressive strength is updated and 
additional freezing and thawing cycles are taken into 
account. The constant updating of the cumulative 
maturity factor, compressive strength, and the age of 
the concrete batch is repeated until the concrete fails 
structurally, or failure is caused by moderate salt 
scaling. After a failure by scaling occurs, the same 
parameters at failure as those listed after a structural 
failure are printed out by the computer.

, Expected Simulation Results

A number of simulations are run in the manner 
described. The specific number of simulations which 
are run corresponds to the number of simulations which 
are needed to cause the average life of the concrete 
to approach and maintain a relatively constant value. 
This expected value is then predicted as the average 
life of the concrete bridge deck before it will have to 
either be rebuilt or resurfaced. The average life of the 
bridge deck may be obtained by observing what hap
pens to a number of the randomly placed batches of 
concrete in the deck, since the average life is the sum
mation of the lives of each batch of concrete in the deck 
including that of the most recently completed simula
tion divided by the cumulative number of simulations 
completed.

The average compressive strength at failure should 
also approach and maintain a relatively constant value 
after a specific number of simulations. This value of 
average compressive strength at failure should appro
ximately equal the compressive strength of a core 
sample taken from the bridge deck when its expected 
average life is reached.

Results and Discussion

Introduction

Air-entrained and non-air-entrained concrete with 
approximately the same mix proportions were 
studied.

The effect of the placement time was studied by 
placing the concrete, hypothetically, on April first 
and on August first.

Since an exact analysis was not attempted to deter
mine the theoretical probability curves for the tempera
ture data, the effect of varying the cell number was 
observed. Only the results for 10 cell temperature data 
are shown in this paper. '

Average Life—Number of Simulation Results

In Fig. 9 and 10 the plots of the average life of the 
bridge deck versus the number of simulations comple
ted may be seen for the air-entrained concrete and 
the non-air-entrained concrete. In the above men
tioned plots the first value of the average life and 
every tenth value of the average life is plotted there
after. '

It may be seen that the non-air-entrained cases 

damp out or approach a relatively constant value after 
a fewer number of simulations than the air-entrained 
cases. This is due to the greater complexity of the air
entrained model.

It is, also observed that the air-entrained concrete

Number of Simulations

Fig. 9. Average life versus number of simulations



Number of Simulations

Fig. 10. Average life versus number of simulations

Table 5. Expected average life parameters of the bridge deck 
depending on placement date

Air entrained concrete

April 1st August 1st

Expected average 
life, years
Number of 
simulations 
Standard deviation.

Variance, 
years squared
Coefficient of 
variation, per cent 
Predominant 
method of failure 
Computer time 
utilized

Placement date

16.9 16.2

501 501

3.8 3.7

14.7 14.0

22.8 23.1

Salt scaling Salt scaling

Ih 8m 59s Ih 7m 42s

has an average life of about 8 times that of the non
air-entrained concrete.

Tables 5 and 6 list the expected average life para
meters of the bridge deck for the various cases.

The predominant method of failure for all cases is 
scaling. This is reasonable since bridge deck concrete 
with a mean 28 day laboratory strength of 4500 psi 
will most likely not fail structurally.

The concrete placed in April lasted approximately 
7 months longer than the concrete placed in August 
because both fail after approximately the same num
ber of winters of exposure. The above statement is 
true for both the air-entrained and non-air-entrained 
concrete cases.

Average Compressive Strength—Number 
of Simulation Results

The plots of the average compressive strength of 
the bridge deck versus the number of simulations 
completed are of the same general shape as the plots 
of the average life of the bridge deck versus the num
ber of simulations completed.

In Table 7 the expected average compressive stren
gth of the bridge deck, is given at the average life 
expectancy.

The expected value of the average compressive 
strength should be approximately equal to the compres
sive strength of a core sample taken from the hypothe
tical bridge deck when it reaches a state of structural 
deterioration or moderate salt scaling.

It may be seen from Table 7 that the date of place
ment has a marked effect on the value of the expected 
average compressive strength for the air-entrained mix. 
It is observed that the value of the expected average 
compressive strength for the April first placement

Non air-entrained concrete

Placement date

Table 6. Expected average life parameters of the bridge deck 
" depending on placement date

April 1 st August 1st

Espected average 
life, years 2.6 2.1
Number of 
simulations 501 501
Standard deviation. .6 .6years 
Variance 
years squared .4 .3
Coefficient of 
variation, per cent 24.2 27.5
Predominant 
method of failure Salt scaling Salt scaling
Computer time 
utilized 0h 13m 10s 0h 12m 28s

Table 7. Expected average compressive strength of the bridge 
deck when the average life expectancy is reached

Air entrained concrete

Placement date
Compressive 
strength psi

April 1 3610
August 1 4650
No. of simulations
(Same for both placement dates)

Non air-entrained concrete

Placement date
Compressive 
strength psi

April 1 2640
August 1 2230
No. of simulations
(Same for both placement dates)



data is approximately 1000 psi lower than that of the 
August first placement date.

For the air-entrained cases, the 90 days following 
the August first placement date are generally on an 
average daily temperature basis for the South Bend 
area considerably warmer than those 90 days following 
the April first placement date. This implies that there 
will be a considerable greater strength gain after the 
August first placement data than the April first place
ment date provided that an adequate continuous 
moist curing procedure is employed as assumed in 
this analysis.

It can be seen from Table 7 that the values of the 
expected average compressive strength for the air
entrained cases are between 1000 and 2400 psi greater 
than the expected values of average compressive 
strength for the non-air-entrained concrete. This 
difference is due to the dissimilarity in the loss in stren
gth—number of freeze-thaw cycles relationship for 
the air-entrained and non-air-entrained cases as 
shown in Fig. 5.

For the non-air-entrained cases, it may be seen 

that the April first placement date yields a higher value 
of expected average compressive strength than the 
August first placement date. No plausible explana
tion is apparent to explain the greater value of approxi
mately 350 psi in the expected average compressive 
strength of the April first placement date in relation 
to that of August first. Since the difference is only 
about 2 times the probability distribution for strength 
cell width of 150 psi, it may be possible that this dif
ference is due to the random fluctuations of the vari
ables in the simulation model.

The results of the study show that the expected 
average compressive strength of the air-entained con
crete is much greater than that of a similar non-air- 
entrained concrete if both are exposed to the same type 
of climatic conditions.

It also appears that the placement date has a marked 
effect on the expected average compressive strength 
of the air-entrained concrete bridge deck; whereas the 
placement date does not have as great an effect on the 
expected average compressive strength of the non-air- 
entrained concrete bridge deck.

Conclusions

The most important conclusion to be drawn from 
the analysis is that the Monte Carlo simulation appro
ach to a concrete durability study is highly feasible. 
However, to make the results of the mathematical 
model most meaningful, it is imperative to have the 
proper combination of laboratory and field data avail
able for input to the model. At present all of the 
essential knowledge for the most meaningful use of the 
simulation model has not been thoroughly developed. 
As this knowledge becomes available the simulation 
model can be readily modified to incorporate the 
findings.

It may also be concluded that, since the values of 
the expected average life of the bridge deck appears 
to be of the proper magnitude, the initial assumption 
of the application of the principle of superposition to 
the many variables involved in the durability of con
crete may not be in serious error.

The simulation model is very flexible. As a result 
if enough time, money and effort are expended on the 
procurement of input data for the simulation model, 
the results will make possible the most durable type 
of concrete for a given structure in any given environ
mental situation for given economic considerations.
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Supplementary Paper III-59 Measuring Gas Diffusion for the Valuation 
of Open Porosity on Mortars and Concretes

Hans E. Schwiele, H. J. Böhme and Udo Ludwig*

Introduction

Together with water, cement and its aggregate 
(sand, gravel and broken material) form mortar or 
concrete which is damp to plastic in consistency, 
according to the amount of water added, and which 
hardens by the reaction of the water with the cement.

The denseness of hardened mortar or concrete 
depends upon

1. the ratio of cement: aggregate: water
2. the quality of the cement
3. the type and particle size distribution of the

aggregates
4. the degree of compaction
5. and upon the type and duration of subsequent 

treatment of the fresh mortar or concrete.
Cement in combination with water increases the 

denseness of the mixture because the hydration pro
ducts (calcium silicate hydrate, calcium aluminate 
ferrite hydrate, calcium aluminate ferrite sulphate 
hydrate and free calcium hydroxide) have a higher 
specific volume than the unhydrated cement.

Measurement of the Gas Diffusion

‘Institut für Gesteinschtenkunde, Technische Hochschule 
Aachen, Aachen, West Germany.

The amount of gas which diffuses independant of 
time through samples of mortar or concrete was 
measured by the application of Fick’s first law:

So- -Do . q .

The amount of the substance (So) which in the 
time (z) diffuses through a cross-section ($) is propor
tional to the diffusion gradient (dcjdx), and the propor
tionality factor is Z>(cm2/sec.). In the case of porous 
media the sum of the permeable cross-sections (Eg') 
should be introduced into the diffusion equation, 
however only the cross-section of the sample (E) is 
known. The texture of the material must also be taken 
into account, i.e. the pores are variable in width and 
length. However only the thickness (L) of the inves
tigated body is known. Furthermore if the pore width 
is equal to or smaller than the free path length of the 
diffusing particles, the normal volume—or gas type of 
diffusion is replaced by Knudsen’s capillary diffusion 
(molecular diffusion). One must also reckon with the 
effect of Volmer’s surface diffusion particularly in the 
case of hydration products with highly active surfaces. 
Thus it seems appropriate to define an effective diffu
sion coefficient (Z>ef(), as Wicke (1) has done. This is:

-S-D-"-F-Tx

If one relates the concentration gradient to the 
measurable thickness L, the following equations 
define the diffusion coefficient:

n S-L - V‘p-L
etf- F.t.(C0-CL)- F.t.(p0-pL)

The “specific permeability” is defined according to 
Manegold (2):

^0

It should be noted that £>eff and Do refer to the same 
conditions of temperature and pressure.

Measurement of the Effective 
Diffusion Coefficient

To determine the diffusion coefficient we built a 
simple apparatus (3) which uses oxygen as the measur
ing medium (Fig. 1). The paramagnetism of oxygen is 
used to determine the oxygen content in a stream of 
nitrogen. The apparatus consists essentially of two 
measuring tubes, a sample container with sample, a 
differential manometer and a gas analyser. In addition 
there is a burette to calibrate the volume of the measur
ing tubes. Subsequently another apparatus was built 
in which the total pressure could be lowered to 150 
Torr so that it was possible to distinguish the various 
types of diffusion (volume, molecular and surface 
diffusion), qualitatively at least, by their different



gas analyser
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Fig. 1. Measurement of gas diffusion
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Fig. 2. Diffusion measurement on concrete

response to pressure. The gas analyser uses electroche
mical principles and allows measurement in the range 
from 0 to 0.1, 0.01 and 0.001% oxygen. With four 
different sample holders cylindrical samples 3, 6, 5, 8 
and 15 cm in diameter and 1 to 3 cm high could be 
measured.

Interpretation of the Measurements

As the gas diffusion measurements are “stationary"
i.e.  independant of time, the oxygen content can be 
given the value 1 where the gas enters the sample and 
the value 0 where it leaves it.

Thus:
D -Sih D=tf ” c.F

where

Z)e(f = effective diffusion coefficient in cm2/sec.
L = thickness of the sample in cm
F = cross section of the sample in cm2
S = the amount of oxygen in cm3/sec. which 

diffuses through the sample

As the analyser gives the oxygen content in % and 
as the amount of the transporting medium, nitrogen, 
is measured in cm3/sec., this yields 

with n = the amount of nitrogen in cm3/sec.
Thus:

D«tt = n‘/a^2.*L (cm2/sec.)

The diffusion coefficient of N2-O2 without 
specimen has been determined as 0.203 cm2/sec. 
(between 11.7°C and 13.1°C and 756 — 761 Torr) 

and using this value the specific permeability at 20°C 
and 760 Torr is

V =
Dett __ D»tt

Do - 0.211

Mean Error of the Measurements

The mean error comprises the individual errors in 
determining the sample dimensions, the amount of 
nitrogen present and the concentration of oxygen. 
We estimate this error to be in the range ±3 — 7%. 
For large samples with a high specific permeability it 
is small, and in the case of small samples with a 
low specific permeability, it is large. Zagar (4), who 
investigated the method for determining the “apparent 
diffusion coefficient” reckons with a relative error 
of ±5%. We remounted the specimens repeatedly 
and found, in agreement with Zagar, that the reproduci
bility lies below this limit of error. Furthermore the 
error is affected by uneven or insufficient drying of the 
specimens. We dried ours at 50°C to constant weight. 
This ensures sufficiently quick drying but does not 
alter the hydration products too much.

Results of the Measurements

Analysis of the Types of Diffusion Occuring in Concrete

Normally, Knudsen and Volmer diffusion can be 
distinguished by their characteristic response to pres
sure. Following the experiments of Wicke and Kal
lenbach (5) we carried out similar measurements on 
concrete samples and have established that even in 
dense concretes volume diffusion is predominant 
(Fig. 2). At pressures up to 150 Torr molecular diffu- 



sion was not observed.
The curves, however, show that surface diffusion is 

present. The curve for p —> oo does not run through 
the origin but instead cuts the ordinate. If one elimi
nates the effect of Knudsen diffusion by applying 
infinitely high pressure, and the effect of Volmer 
diffusion by a parallel shift of the curve measured, 
one arrives at a definition for the “effective porosity” 
which shows, quantitatively, in the slope of the curve, 
only the stereometric influence of texture. The effec
tive porosity can therefore be formulated mathemati
cally as follows:

<'eff So (P = 1 atm.)

If neither Knudsen nor Volmer diffusion con
tribute to material transport, then the specific per
meability (yz) is equal to the effective porosity eefr:

V = = 6=ff for
•^0

Det£ ~ and

_  Dett

It is apparent from the results above that one must 
reckon with an appreciable amount of surface diffu
sion in cemented building materials and therefore

V * e6ff
In the case of these materials, however, there is the 

possibility that a proportionality exists between \y and 
8eff and this means that to a given permeability a 
certain effective porosity can be assigned.

In contrast to the measurements of Wicke and 
Kallenbach, in our case the partial pressure of oxygen 
was not kept constant. As it varies with the total 
pressure one can approximately determine £efr from 
the tangent to the curve at p —> 0, and from the differ
ence

Vtotal - Self = V»
the contribution of surface diffusion can be calculated.

For concrete we determined:

£eff= 0.028%
^totai = 0.044.10-2

Surface = 0.016-IO"2

760 Torr, 0°C

Laminar flow was observed during the gas permea
bility measurements. Thus from the equation

9. _ ret£*eeE£

S 8
the value of r2ff can be calculated. When Ds = 
11.10-2 cm2 and £eff =2.8. IO-4, r6ff = 5.5. IO""4 cm
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Fig. 3. Specific permeability of inorganic building materials

= 5.5 /zm.
Zagar (4) made comparative measurements of the 

electrical conductivity, the ionic diffusion, the gas 
diffusion and the replacement of air by water in cera
mic tiles, roofing tiles, earthenware pipes and refrac
tory bricks (chamotte, silica and magnesite) and he 
found that the later two methods were a reliable 
means of determining the effective porosity of line- 
pored ceramic materials. -

The Specific Permeability of Sintered 
and Cement-Bonded Building Materials

Fig. 3 is a compilation of the specific permea
bilities of some inorganic building materials which 
have been determined by the gas diffusion method. 
The values for mortar and concrete show a wide 
spread which ranges from 10*2 to 10*6orl0*5 respec
tively, depending upon the age of the samples, the 
composition of the mixture and the degree of com
paction. It should be noted that only those mortars 
and concretes which can be drilled (with a compres
sive strength of more than about 100 kg/cm2) have 
been tested. This means that in the very early stages of 
hardening the specific permeability is probably 10 to 
100 times higher. The practical application of these 
results shows the importance of a sufficient duration 
for the after-treatment of concrete in order to prevent 
premature drying-out.

Normal aerated concretes or lime sandstones do 
not reach denseness of high-grade mortars and con
cretes.

For comparison, Zagar’s values (4) for sintered 
ceramic building materials have been listed. For them

6=ff = <y-ioo(%)



In the following it is shown on the basis of measure
ments, that, at least partially, a good proportionality 
must exist between eeff and (y for mortars and con
cretes. Otherwise the relationships which have been 
found in investigations of the material strength, frost 
resistance and carbonation would not be so pro
nounced.

Influence of the Specific Permeability on 
Compressive Strength and Frost Resistance

A further example shows the influence of specific 
permeability on the compressive strength and the 
freeze-thaw resistance for cement mortars in which 
the cement fraction is replaced by cement raw material 
up to a value of 30%. The raw material was made up 
of 15% montmorillonitic, kaolinitic or illitic clay 
components, 10% quartz and 75% limestone.

Fig. 4 shows that there is a nearly linear rela
tionship between the compressive strength measured 
and the specific permeability of the mortar, irrespec
tive of the time of ageing. This means that the com
pressive strength measured after 3, 7 and 28 days can 
be directly correlated with the specific permeability 
measured at these intervals.

In order to determine the resistance to freeze-thaw 
action the linear expansion and the resonance fre
quency were used. After being stood for 28 days in 
water the samples were frozen at — 15°C for 4 hours 
and then thawed for 1 hour in a water bath at 20°C.

Fig. 5 shows the relationship between the linear ex
pansion of the mortar samples, measured according to 
Rilem-Cem, after 30 freeze-thaw cycles, and the specific 
permeability after 28 days in water. It can be seen that 
with increasing amounts of raw material the specific 
permeability and the linear expansion increase. It 
appears that the differences arise from the constituent 
clay components. Thus with even 10% of raw material 
the unfavorable influence of the clay minerals becomes 
apparent. As one would expect, the montmorillonite
bearing material are worse in effect than the kaolinitic 
ones. .

Influence of the Specific Permeability on the 
Carbonation of Concretes

To study the carbonation we had 7-year old samples 
from bending strength tests and section of the same age 
taken from beams for measuring shrinkage. These are 
samples left over from the sea water experiments 
carried out by the German Committee for Reinforced 
Concrete. The bending strength samples were kept 
moist for one day and then stored in water up to the 
day of investigation. The bending test was carried out 
at earliest after 7 days, and at latest after 90 days of

3 days
7 days

28 dcys69^]

♦ without admixture
■ with 10V. monIm. raw material 
H with 20V. montm rowmotenal 
(B wifh307.montm rawmatenot
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6 with20V.kaoi rawmatenot
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Fig. 4. Specific permeability of mortars and compressive 
strength according to Rilem-Cem

Fig. 5. Influence of specific permeability on 
freeze-thaw-resistance

preliminary storing. Thus all the samples were stored 
in water for different lengths of time. The beams for 
measuring shrinkage were kept wet for one day and 
subsequently stored in an air conditioning chamber 
for one year at 20°C and a relative humidity of 65 %. 
Then the samples were kept in a bunker for 4| years 
at about 8°C and 62% relative humidity. Thus this 
beams suffered a very rapid drying so that, at least at 
the surface, sufficient strength could not develop and 
the closing of the open pores by the formation of 
hydrates could not take place. Fig. 6 shows the 
relationships obtained between the average depth 
of carbonation (determined with phenolphthalein) 
and the specific permeability for the two kinds of 
concrete. The minimum specific permeability for the 
beam is 0.1 % and at most 0.9 % and the corresponding
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Fig. 6. Influence of the specific permeability on 
the depth of carbonation of concretes

depths of carbonation are 2 mm and 23 mm respec
tively. The specific permeabilities for the bending test 
samples are only 0.02 and 0.26% with a maximum 

average carbonation depth of only 10mm. This 
means, however, that the carbonation depth for the 
bending test samples fall on one line with those for 
the beams for measuring shrinkage.

These results show that the measurement of the 
specific permeability of mortars and concretes can 
give an important indication about what depth of 
carbonation can be expected after a given time. As the 
carbonation is purely a diffusion process accompanied 
by ad—and absorption, the amount of lime available, 
and the kind and amount of the bonding medium 
which is added, must also exert an influence, apart 
from that of the specific permeability.

It should be added that we have successfully used 
the specific permeability to estimate the influence 
of the addition of plastic dispersions and puzzolanic 
materials on the properties of mortars.

Furthermore gas diffusion measurements have 
shed light on the following problems: the waterproofing 
of concrete with skins of plastic, the chemical resis
tance of cement mortars and concretes, and hydrate 
alterations in aluminous cements.

Summary

From the data presented it is apparent that besides 
normal gas diffusion surface diffusion also occurs in 
cement-bonded building materials. Only with further 
measurements of the gas diffusion at varying total 
pressures it will be possible to determine the effective 
porosity which plays a role in any transportation 
effects in the material, and hence allow the labyrinth 
factor (/) and the effective pore radius (reff) to be 

calculated, using the equation

Z = ^L and Ds = rJ^ 
•‘total 0

Measurements of the gas diffusion at normal 
pressure have already shown a close connection be
tween the texture and useful technical properties.
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Supplementary Paper III-99 The Behaviour of Concrete Subjected to Freezing and 
Thawing as a Reference for Frost Resistivity of Concrete

Yoshiro Koh and Eiji Kamada*

Synopsis

The length change of concrete during freezing and thawing was recorded continuously 
and automatically with the aid of differential transformers. Test specimens were 10 by 25 cm 
cylinders under oven-dry and saturated conditions and sealed with water proofing paint 
after storage in water for four weeks. The tensile strength and moisture content of the speci
mens were measured after 13 alternate freezing and thawing cycles within the range from 
20°C to -30°C.

Four water-cement ratios were applied to concrete mix. Coarse aggregates were gravel, 
crushed stone and several kinds of artificial lightweight aggregates.

Oven-dry specimens give'uniform thermal expansion, however, saturated specimens show 
different behaviors on the length-temperature curve. The saturated specimens using high 
water absorptive aggregates show abnormal expansion during freezing, and the residual 
expansion after 13 alternate freezing and thawing cycles is about 0.1 to 0.3 per cent. In this 
case, the decrease in the tensibl strength exceeds 50% of the initial strength. In case of low 
water absorptive aggregates, no expansion during freezing is observed, and increase in the 
residual expansion and decrease in the tensile strength are very small.

The grade of transitional and residual expansions depends upon the difference of water
cement ratio and degree of moisture content of concrete due to absorptive aggregates.

The residual expansion will suggest the grade of frost damage of concrete, as there is a 
relation between the residual length change of specimens and the decrease of splitting tensile 
strength.

To make clear the relation between frost resistivity of concrete and transitional and 
residual expansion, we made slow and rapid freezing and thawing tests for finding out the 
relation between the residual expansion and the behavior of decrease of dynamic elastic 
modulus, and water permeability test.

Introduction

The durability of concrete is always one of the 
important properties as well as the strength of con
crete for structures and the workability of concrete 
at a time of placing. We have to make effort to clarify 
what is the best way to know the behavior of concrete 
exposed to natural weathering.

Many researchers made the freezing and thawing 
test of concrete according to the standard methods 
such as ASTM Designation C290 or C291 to make 
clear the behavior of concrete exposed to freezing and 
thawing action. A few of them carried out their special 
investigations on the behavior of concrete, especially 
on the volume change of concrete during freezing. 
There are, for example, Valore’s paper in 1950 and 
Wills’ study in 1963 according to Powers’ proposed 
method in 1955.

♦Hokkaido University, Sapporo, Japan.

In Japan, many papers on the resistance to freezing 
and thawing were presented at the General Meetings 
of the Japan Cement Engineering Association in recent 
ten years from 1957 to 1966. Almost of all researchers 
turned their investigations to the effect of cements, 
aggregates and admixtures on the resistance to freezing 
and thawing comparing the properties of concrete 
with each other by applying ASTM C290 or C291 
methods. The remainder aimed at investigating the re
sistance of green concrete to freezing and thawing 
soon after placing, as a reference to winter concreting.

The investigation herein described was intended to 
study the expansion when concrete was exposed to 
severe freezing action, however, our method will also 
be a measure for the resistance to freezing and thawing.

Test method by Powers (1) and a paper written by 
Valore (2) encouraged us to start our effort to study the 
behavior of concrete frozen down to — 30°C. Up to 



this time we made various freezing and thawing tests of 
concrete in accordance with the method defined in 
our laboratory or ASTM C290. The freezing tempera
ture was fixed to —15 ~ — 20°C or — 7 ~ — 10°C, 
the latter was mainly applied to the study on the frost 
resistance of early age concrete as a reference for 
winter concreting.

We intended to clarify the abnormal expansion of 
concrete expected during freezing and thawing, when 
concrete was made with undesirable aggregates with 
soft particles such as so-called “bad” aggregates, 
either artificial or volcanic lightweight aggregates, 
which might show rather low resistance to frost 
action.

Description of the Investigation

Test Procedure

The investigation consisted of measuring the resis
tance to freezing and thawing of concretes made with 
two natural aggregates and seven artificial lightweight 
aggregates and with or without air entraining agent. 
Three moisture conditions were applied; (1) oven-dry, 
(2) wet and (3) supplying water. Another test series 
was carried out as preliminary test in 1966 for two 
moisture conditions of oven-dry and wet. The three 
freezing and thawing methods were our new method, 
described in detail later and hereafter referred to as the 
“medium cycle”, our conventional method of slow 
freezing and thawing, shown in the second line of 
Table 1 and hereafter called the “slow cycle”, and the 
ASTM Designation C290, hereafter called the “rapid 
cycle”.

We know that fast cooling and lower temperature 
cause severe damage to concrete or mortar, as 
mentioned in papers of many researchers and mine. 
However, we made an attempt to prepare an apparatus 
for “medium cycle” capable to cool air temperature 
down to —40°C and to heat air up to 40°C.

Medium Cycle

The medium cycle consisted of cooling of the 
1O0 X 25 cm cylinder specimens from 20oQ to — 30°C 
for a period of about 6.5 hours and heating up to 

20°C for a period of about 5.5 hours (Table 1). 
Temperature at the center of the specimens was mea
sured and recorded by thermocouple, which was 
embedded when concrete was placed, and by recorder. 
This medium cycle was repeated 13 times and 5 times 
in the principal test and the preliminary test respec
tively.

Subject to moisture conditions, the specimens were 
prepared for the test before freezing. In case of oven 
dry condition, five or two days before freezing and 
thawing test, the specimens were removed from water 
and dried in oven at 105°C for four days in the prin
cipal test and for one day in the preliminary test re
spectively. In both cases of wet and water supplying 
conditions, the specimens were removed from water 
one day before the end of curing period.

The length and weight of the concrete cylinders 
were measured before preparing the specimens for the 
test. The cylinders first had been applied with neoprene 
water proof paint, then were wrapped in non-woven 
fabric made from polyvinylalcohol to minimize drying 
through pin-hole of the paint, and they again had 
the paint applied except on two tiny dented round 
areas in the center of the both ends of cylinders, where 
the measuring rods were adhered with epoxy-resin 
adhesive. The measuring rod was made of quartz 
glass and the diameter of the rod was approximately 
12 mm. The length of the rods was 250 mm and 50 mm 
at the top and bottom ends respectively. An additional 

Table 1. Method of freezing and thawing

Method Specimen Condition of 
moisture

Freezing Thawing Age 
when test 

was started
MeasurementTemp.

»C
Cooling 

period hr.
Heating 

period hr.

Medium cycle Sealed after 
water curing

1) Oven dry
2) Wet
3) Supplying water

1-30 6.5 20 5.5 28 
(14)*

Length change
Splitting tensile strength

Slow cycle Water curing in water -18 21—22 5 2—3 28 
(14)*

Length change
Dynamic modulus of elasticity

Rapid cycle 
C290 Water curing in water -18 about 1 5 about 2 28 Dynamic modulus of elasticity

•Preliminary test



thermocouple was fixed on the surface of concrete for 
measurement of temperature during freezing and 
thawing at the surface of the specimens (Fig. 1). 
Ring shape foam polystylene insulations were attached 
to both ends of the concrete to minimize the cooling 
of the concrete along vertical axis and the temperature 
effect to the quartz glass rods. The depth of the 
insulations was 4 cm and the diameter was the same 
as that of concrete specimens. The clearance between 
the measuring rods and the insulation was greased to 
avoid restriction due to the frost by cooling of the 
surface of rod. And then the specimens were wrapped 
by two layers of butyl rubber sheet, 33 cm in width, 
to eliminate the difference between the temperatures 
at the surface and the center of the cylinder (Figs. 2 
and 3).

Fig. 1. Specimens after waterproofing by paint and fabric

Specimens Supplying Woter

Fig. 2. Specimens for medium cycle

In case of the specimens for water supplying condi
tion, no foam insulation and waterproofing layers of 
paint and non-woven fabric were applied. The con
crete cylinder was put in a rubber pipe and the bottom 
was tightly bound with wire. We made a narrow space 
for pouring water around the cylinder by using rubber 
strips (Fig. 4). When set up in the testing chamber, 
sufficient water to cover the top end of cylinder was 
poured into the space.

The specimens were placed on a vertical electric 
comparator in the freezing chamber. The ambient 
air temperature was controlled at 20°C before cooling. 
The specimens were cooled down to — 30°C and 
warmed up to 20°C by air in chamber. No program 
control of temperaure was applied in this test. Tem
perature (Fig. 5), expansion and contraction were 
recorded automatically.

Slow Cycle

The slow cycle of freezing and thawing in water, 
which was conventional in our laboratory, was made

Fig. 3. Specimens wrapped with butyl rubber sheet

Fig. 4. Specimens for test under condition supplying water



by using 7.5 X 7.5 X 40 cm square beam type speci
mens as shown in Table 1. Specimens were frozen in 
water at—18°C for 22 hours and thawed in water at 
5°C for 2 hours in this test (Fig. 5). That is one cycle 
of freezing and thawing per day. Freezing and thawing 
was started after curing in water for 28 days at 20°C 
and was terminated when specimens had lost more 
than 50 per cent of their initial dynamic modulus. Two 
brass gage plugs were embedded at each end along 
the longitudinal axis, and the dynamic modulus of 
elasticity, the total residual length change and weight 
loss were measured at every six or ten cycles of freezing 
and thawing. However, in the preliminary test, slow 
cycle was started after curing in water for 14 days at 
20°C, and no gage plug was embedded for the measure
ment of length change. And three types of beam speci
mens were used, i.e. 10 x 10 x 40 cm, 7.5 x 7.5 x 
40 cm and 4 x 4 x 40 cm.

Rapid Cycle

The conventional rapid cycle of freezing and 
thawing in water was made in accordance with ASTM 
Method C290 at the laboratory of the Hokkaido 
Building Research Institute. Specimens were the same 
with those of slow cycle and were frozen and thawed 
in water with approximately seven or eight cycles 
per day (Fig. 5 and Table 1). Weight loss and funda
mental frequency measurements were made on all 
specimens. No rapid cycle was carried out in the 
preliminary test.

Materials

The coarse aggregates were a diluvial gravel, a 
crushed andesite and seven kinds of artificial light
weight aggregates including some trial products as 
shown in Table 2. The diluvial gravel contains con
siderable per cent of soft particles, however, it is used 
in our district due to the lack of good aggregates in the 
vicinity of Sapporo city. In the preliminary test.

Freezing and Thawing Cycle

Fig. 6. Hattori's test results

only the gravel was used without any treatment 
(content of soft particles is approximately 5% by 
volume, i.e. 3.6% by weight), however, the soft and 
light particles were picked out by hand to avoid the 
effect of them on the frost resistance of concrete in 
this test, and the content of them was considered 
less than 2% by volume.

The content of soft particles shows a considerable 
effect on the resistance of concrete to freezing and 
thawing, and the curves of displacement of plunger 
versus load, obtained by crushing test of coarse aggre
gates, are not only a measure of hardness but also 
of the quality of aggregates for durable concrete, as 
shown in Fig. 6 and mentioned in my previous paper 
with aid of Hattori (5) for the RILEM Symposium 
on the Durability of Concrete held in Prague in 1961. 
In the conclusion of the paper, I mentioned that the 
soft particles should be less than 3 % by volume based 
on the test results considering frost action.

Fig. 7 shows the crushing test results of the artifi
cial coarse aggregates by Hashimoto (4), by using 
Hattori’s apparatus (5), consisted of cylinder, of which 
inside diameter is 10 cm and effective depth is 20 cm, 
and plunger. -

Well graded diluvial sand from the same source 
was used as fine aggregate. A little effect of soft and 
light particles in sand on the strength of concrete is 
inevitable. Aggregates in surface dry condition were 
used for making concrete.

A normal portland cement used widely in our dis
trict was used. A neutralized Vinsol resin solution was 
used as air entraining agent for a part of concrete 
mixes.



Aggregate
Specific gravity Water 

absorption

Unit 
volume 
weight 
kg/m3

Solid 
volume 

percentage

Percentage of passing sieves 
mm

Surface dry■ Oven dry 5 10 15 20 25

Diluvial A 2.59 2.50 2.64 1658 66.2 6 42 69 76 100

Crushed
stone C 2.75 2.70 1.46 1657 61.5 5 19 35 54 100

D 1.40 1.23 14.6 780 63.4 2 38 100 — —

B 1.44 12.2 — 40 90 100 —
Coarse

G 1.36 1.23 8.7 — 40 90 100 —

lightweight E 1.44 1.32 9.0 832 63.3 4 41 86 95 100

J 1.25 1,22 2.8 803 65.8 0 40 88 96 100

S 1.18 1.08 8.1 717 66.4 21 62 80 100 —

M 1.26 1.18 7.1 761 64.6 5 34 93 98 100

Fine Diluvial 2.54
0.15 0.30 0.60 1.2 2.5 5

2 20 46 75 90 100

Coarse Diluvial Ap 2.57 2.68 1699 65.3 2 37 — 85 100

Displacement of Plunger Head.
Fig. 7. Hashimoto’s data by using Hattori’s apparatus

Concrete

Concrete mixes were decided after trial mix to have a 
slump of 18 cm. Three kinds of water cement ratio 

were chosen to apply to the principal test, i.e. 0.50, 
0.70 and 0.90 by weight. Three kinds of slump, 8,18 
and 22 cm, and five variations of water-cement ratio, 
i.e. 0.4, 0.5, 0.6, 0.7, 0.9, and 1.1, were chosen for the 
preliminary test (Table 3).

Four 100 X 20 cm cylinders and one 100 X 25 cm 
cylinder for the medium cycle were made from the 
same batch. The former was used for testing com
pressive and splitting tensile strengths at the end of 
curing period, when freezing and thawing was started. 
The splitting tensile strength and moisture content 
were also measured after defined repetitions of medium 
cycle by using 100 X 25 cm specimens. Three 7.5 X 
7.5 X 40 cm square beam type test specimens for 
slow or rapid cycle and three 100 X 20 cm cylinders 
for compressive strength test were made from each 
batch. The compressive strength test was made at the 
end of curing period (Table 4).

When concrete was placed in molds, thermocouples 
were installed in the geometric center of each of the 
cylinder specimens for medium cycle and of the speci
mens for measuring temperature for slow or rapid 
cycle (Fig. 3).

All specimens, except those tested under oven-dry 
conditions, were cured in water for 28 days and 14 
days, respectivley for the principal and the preliminary, 
at 20°C, including the first day in molds in room 
air and the final day for preparing of the medium cycle 
specimens in air.



Preliminary test

Table 3. Testing plan for three methods

Condition Agg. w/c
Medium cycle

non AE AE

Slow cycle

non AE AE

Rapid cycle

non AE AE

0.50 o o o o
0.60 o
0.70 o o o
0.90 o ' o

c 0.70 o
0.50 o o o o

D 0.70 o o o o
0.90 o
0.50 o

Wet ■
0.70 o
0.50 o
0.70 o
0.50 o o o
0.70 o o o
0.50 o o o
0.70 o o o
0.50 o
0.70 o o o
0.50 o o o
0.70 o o o

A o
Oven dry B 0.50 o

S o
0.50 o

Supplying 
water

0.70

0.50

o
o

0.70 o

Medium cycle Slow cycle

Condition Agg. w/c Slump, cm Slump, cm

8 18 22 8 18 22

0.40 o . o
0.50 o o o o o o

Wet 0.60 o o o o o o
(Dry) Ap -

0.70 o o o o o o
0.90 o o
1.10 o o
0.40 o
0.50 o

Wet A 0.60 o
0.70 o
0.90 o

Differential
Transformer

r I Thermo Regulator

Timer
Specimens

Freezing and Thawing Chamberi I iJ___ I___
Cold Junction

of
Thermocouple

Recorder]

I I HeateriI 
I I Cooler

System of Apparatus for "Medium Cycle"

Fig. 8. Apparatus for “medium cycle"

Testing Apparatus

The parts of measuring apparatus for medium 
cycle were composed of electric comparator and 
recorder (Fig. 8). Three differential transformers 
were installed in a stand with three quartz glass legs to 
eliminate the effects of temperature on the comparator 
(Fig. 9). -

Three 10 by 25 cm cylinder specimens (Figs. 2 and 3) 
were placed on the comparator, and the expansion 
and contraction during freezing and thawing in air 
chamber were continuously recorded with the aid of 
differential transformer and recorder. From the 
record we can find the relation between temperature 
and linear expansion of the specimens. Freezing and 
thawing procedures at the center of the specimens are 
shown in Fig. 5. '



Fig. 9. Electric comparator Fig. 10. Comparator for measurement of total residual expansion 
in “slow cycle"

Both the apparatus at the laboratory of Hokkaido 
Building Research Institute, capable to test according 
to ASTM C290, and our apparatus were used for 
rapid and slow cycles respectively.

And we prepared another comparator for the slow 
cycle, consisting of a dial gage with 1/1000 mm 

divisions mounted on a stand designed to hold the 
specimen vertical along its longitudinal axis. All 
parts of the comparator were made of mild steel as 
the comparator was used only in room air where the 
air temperature was controlled at 20°C (Fig. 10).

Discussion of Data

Preliminary Test

A part of the results obtained by the preliminary 
test is shown in Figs. 11 and 12. As shown in Table 3, 
the aggregates were limited to diluvial sand and gravel, 
and concrete mixes were chosen so those that water
cement ratio might vary from 0.4 to 1.1 and the value 
of their slump was changed as to give 8, 18 and 22 cm. 
Only non-air-entraining concrete was applied and wet 
and oven dry conditions were compared.

The fluctuation of data, we observed, was probably 

caused by use of diluvial coarse aggregate in the 
vicinity of Sapporo, which contained about 5% of 
soft and light particles by volume as mentioned above.

Fig. 11 shows the results of our conventional 
slow freezing and thawing test. In this test, we intended 
to compare the effect of the size of specimens by using 
4 X 4 x 40 cm, 7.5 X 7.5 X 40 cm and 10 X 10 X 40 
cm prisms.

In the same repetitions of freezing and thawing, 
4 cm square beam specimen give the largest reduction 
of dynamic modulus. Our conventional 7.5 x 7.5 X



Freezing and Thawing Cycle

Water Cement Ratio
Fig. 11. Results of preliminary test (.slow cycle)

40 cm prism gives moderate results between the results 
of 4 cm and 10 cm square beams as shown in Fig. 11. 
Specimens, of which the water-cement ratio is 0.40, 
show rather bad results in spite of the low value. 
The reason for the inversion of order by water-cement 
ratio seems to be that the age of concrete at the 
start of test was insufficient for comparison of the 
effect of water-cement ratio, as the test was started 
after 14 days of water curing. The recovery of strength 
during thawing period will be considerable for speci
mens of higher water-cement ratio, however, as for 
the low water-cement ratio, such as 0.40, the growing 
of dynamic modulus was not considered even at the 
young age of concrete such as 14 days. Moreover, the 
high content of soft particles in the coarse aggregate 
might have an influence on the above mentioned 
inversion of order by water-cement ratio and on the 
different results derived from the size of specimen.

In Fig. 12, we compare the results by medium cycle 
of the preliminary test by using coarse aggregate 
without treatment and those of the principal test by 
using treated aggregate. There is a difference of the 
cycle of freezing and thawing between the preliminary

Fig. 12. Results of preliminary test (medium cycle)

and the principal test. However, the ratios of splitting 
tensile strength after freezing and thawing to the 
initial strength and the relation between the DEF 
by the medium cycle and the water-cement ratio were 
largely affected by picking out of the soft particles. 
The remarkable role played by soft particles on the 
frost resistance is again recognized by these results 
(Figs. 12 and 6).

Principal Test

The data obtained by the principal test are pre
sented in Table 4 and Figs. 13 ~ 22. The concrete 
mixes tested and their data of compressive and splitt
ing tensile strengths at age of 28 days, when freezing 
and thawing cycles started, are shown in Table 4.

Concrete, of course, contracts as it is cooled. 
When highly saturated concrete is cooled to low 
temperature, however, the formation of ice results in 
expansion which may exceed the contraction due to 
cooling as mentioned in several papers published in 
USA. This expansion has been called dilation in 
Powers’ paper (1).

The typical curves of contraction and expansion are 
shown in Fig. 13. They have a tendency different from



Concrete W/C
Sand 

percent

Absolute volume. l/m3 Water content (
1/mS

Dement content 
kg/m3

Cement Fine agg. Coarse agg.

0.50 40.3 124 270 196 391

0.60 42.9 100 301 189 315
non AE

0.70 44.1 8' 316 189 268

0.90 44.6 7() 322 197 216

0.50 34.4 115 263 181 362

0.70 42.9 81L 300 179 255

Strength of concrete

non AE AE

Condition w/c Agg. Medium cycle Slow Rapid Medium cycle Slow Rapid

Comp.
kg/cm2

Tensile 
kg/cm2 Comp. Comp. Comp. Tensile Comp. Comp.

A 377 30.8 355 346 296

D 362 28.5 305 26.0 366

B 352 30.1

0.50
G 329 28.5

E 399 32.6 401 323

J 375 32.6 389 250

M 307 28.0

S 360 28.6 331 180

0.60 A 240

Wet
A 229 24.4 205 192

C 218 23.6

D 195 24.4 200 190 21.6 181

B 218 21.2

0.70 G 155 20.9

E 178 25.6 219 194

J 233 25.0 215 174

M 213 24.3 205 179

S 234 23.3 204 165

0.90
A 111 15.3 118

D 105 13.5

A 373 27.3

Oven Dry 0.50 B 326 29.7

S 337 30.1

0.50
A 368 29.1

Supplying
D 343 28.0

water

0.70
A 206 21.3

D 200 20.0



Temperature

Preliminary Test (Scycie)

Fig. 13. Typical curves of contraction and expansion

that shown by the typical cooling curves for limestone 
concrete in the Powers’ slow cycle carried out by Wills 
et al (3). There are many different factors such as ag
gregates, water-cement ratio, slump, cooling rate and 
range of temperature, curing conditions etc., between 
Wills’ test and ours, however, it seems, the cooling 
rate will be the most effective factor.

The specimens under oven-dry condition in the 
preliminary test and made from diluvial gravel without 
treatment showed no dilation and left no residual 
length change. However, we observed abnormal 
expasion and contraction during freezing and thawing 
respectively, and considerable total residual length 
change after five repetitions of medium cycle in case of 
the specimens under saturated conditions as shown in 
Fig. 13.

The similar behavior was observed in case of the 
artificial lightweight aggregates which showed high

water absorption, Aggregate S, as seen in Fig. 13. 
Aggregate J, which was low water absorptive one, 
showed little total residual length change after thirteen 
repetitions of medium cycle. This total residual length 
change is called by us “the degree of expansion by 
frost”. As the notation to simplify the words, we used 
DEF for this new term. The designation of this term 
is the degree of expansion caused by freezing and 
thawing, and expressed by the ratio of total residual 
length change of the specimens subjected to medium 
cycle in millionth of the initial unit length. Another 
similar notations are used in this paper hereafter. 
They are, ■

DEF,: Degree of expansion caused by n cycles of 
medium cycle,

DEF/ Degree of expansion caused by slow cycle.

The former is calculated from the record of electric
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Freezing and Thawing Cycle

Fig. 14. DEF, DBFs and rapid cycle

comparator and the latter is measured by any suitable 
comparator after any cycle of thawing of the slow 
cycle.

Fig. 14 shows that the larger the DEF of medium 
cycle, the larger the reduction of dynamic modulus 
of elasticity tested by rapid cycle. The left half of the 
figure shows the different behavior of aggregates, 
of which water absorption vary as shown in Table 2. 
The effects of soft particles in the diluvial coarse 
aggregate, aggregate A, are eliminated by picking out 
of the soft particles before mixing concrete as men
tioned above (Fig. 12). The right half of the figure 
shows the difference of concrete mix, i.e. the difference 
of water-cement ratio. The higher the value of the 
water-cement ratio, the weaker the resistance to freez
ing and thawing.

DEF versus Splitting Tensile Strength

The splitting tensile strength is reduced by freezing 
and thawing. There is a good relation between the 
value of DEF and the corresponded ratio of tensile 
strength as shown in Fig. 15. This means DEF„ will 
be one of good measure for the decrease of strength 
by freezing and thawing action. Fig. 16 shows the re
lation between DEF and moisture percent in con
crete by volume when the test by medium cycle was 
terminated. It seems, DEF is not distinctly in propor
tion to moisture percentage of concrete by volume.

DEF by Medium Cycle, DEFS 
and Relative Dynamic Modulus by Slow Cycle

DEF„, DEF, of each cycle and the relative dynamic 
modulus are shown together in Fig. 17 to compare 
with each other. The similar tendency is shown in 
both DEF and DEF, by medium cycle and slow cycle 
respectively. The medium cycle accelerate the expan
sion compared with slow cycle. The reduction of dyna
mic modulus is proportional to DEF, as shown in 
Figs. 17 and 18.

Moisture Condition of Test Specimens

The growing behavior of DEF of sealed specimens 
under wet condition by medium cycle is compared 
with that of specimens under the condition supplying 
water in Fig. 19. The termination of medium cycle is 
only 13 cycles in the test, however, we can observe the 
different tendency of growing expansion expressed 
by DEF. The residual length change under moisture 
condition supplying water is more than that of speci
mens under wet condition in each medium cycle. 
The DEF curves of the former turn upwards as the 
number of cycle by repetitions of freezing and thawing 
increases, however, the curves of the latter show gentle 
slope and it seems to approach a definite value. In 
case of air-entraining concrete, the DEF curves goes



w/c 
Agg.

Saturated Oven Dry
0.5 0.7 0.9 0.5

Grovel A •F X -X *
Crushed Stem C — * — —

Artificial

Lightweight

Aggregates

DI zx A
G ▻ ► —
E o e — —

J o — —

M □ ss — —

S V ▼ —

B 4 4 — 0

Preliminary Test
Fig. 15. Splitting tensile strength and DEF

up gradually and their total values are small compared Wills’ Slow Cycle versus Our Slow Cycle 
with non air-entraining concrete, •

Fig. 20 compares the Willis’ and our methods of
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Fig. 16. Moisture content and DEFn
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Fig. 17. Comparison between “medium cycle” and “slow cycle"

slow cycle. The results of our test by slow cycle (DEF,) 
is remarkably similar to the relation between Wills’ 
cumulative length change and reduction in dynamic 
modulus, in spite of the difference of test method, 
aggregates, water-cement ratio and cooling rate of 
both “slow cycle” methods.

Water Permeability Test

Water absorption of concrete is considered as an 
important factor to the resistance of concrete to 
freezing and thawing. We made water permeability 
test after four weeks of water curing followed by 

oven drying for 7 days in air at 80°C, by using 150 X 
4 cm disc specimens. Water pressure of 2 kg/cm2 was 
applied to the round area of 5 cm in diameter on the 
center for 1 hour. The quantity of permeable water is 
shown in Fig. 21. After the permeability test followed 
by drying again at 80°C, we made vacuum water ab
sorption test of the specimens. Both results are shown 
in Fig. 22. The difference between vacuum saturated 
water absorption test results and moisture content 
after curing for four weeks is small in case of the 
diluvial gravel, however, all concretes made with arti
ficial lightweight aggregates show large difference, 
probably caused by internal pores of coarse aggre
gates.



Fig. 18. Relative dynamic modulus and degree of 
expansion caused by “slow cycle”

Conclusion

These data, based on the tests of concretes made 
with several kinds of artificial lightweight aggregates 
which show various resistance to freezing and thawing, 
appear to support the following conclusions:

1. The degree of expansion by frost, either DEF or 
DEFs, which is designated in this paper, is a good 
measure of the resistance of concrete to freezing and 
thawing action. Medium cycle reduces the period of 
getting the same order of DEF and is easy to test com
pared with slow cycle.

2. The measurement of total residual length change 
of the specimens used in slow cycle test is a good mea
sure of the reduction of dynamic modulus of elasticity 
when the definite concrete mix is used for the test. 
It appears the measurement of the length change will 
be also a good measure for the rapid cycle.

3. How many repetitions of medium cycle will be a 
good measure for proper judgment of the resistance 
of concrete to freezing and thawing is to be decided by 
studies in future.
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Fig. 20. Wills’ test results and our results obtained 
by “slow cycle’’
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Fig. 21. Results of water permeability test

Fig. 22. Water absorption by vacuum saturation 
and moisture content after 4 weeks curing
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Supplementary Paper III-123 Effect of Conversion on Properties 
of Concrete Using High-Aluminous Cement

Ryuichi Tsukayama*

Synopsis

Properties of high-aluminous cement concrete after conversion were investigated by 
accelerated test. The following two methods to accelerate the conversion of hydration 
product were employed:

(1) curing in water at 50°C after the age of 1 day,
(2) placing large specimen in which temperature rise of concrete due to heat of hydra

tion is permitted.
Two kinds of cement were used. The percentage of Fe2O3 in cements were 2.5% and 

16% respectively. Both cements were free of SO3.
As the result of test, it was observed that the following changes in the properties of 

high-aluminous cement concrete took place due to conversion.
(1) Strength lowers to some value at which it would be kept for long period.
(2) , Durability of freezing-thawing action is remarkably deteriorated.
(3) Permeability is increased. ,
(4) Secondary temperature rise and expansion is produced during conversion.
To make clear the cause of these phenomena, the distribution of open pores was mea

sured by Mercury Pressure Porosimeter. The total volume of pore increased and the peak of 
pore distribution moved from about 100 Ä (radius of pore) to about 1000 Ä. This means 
that conversion multiplies the quantity of larger pores. This increase of pore seems to have 
a close relation to the change of properties in converted high-aluminous cement concrete.

From the practical point of view, the above experimental results lead to the conclusion 
that the concrete of satisfactory strength after conversion can be obtained by selecting 
smaller water-cement ratio. But it is not suitable to decide mix proportion on the strength 
base only, when durability of concrete is required.

Introduction

Although high-aluminous cement is a very useful 
material for rapid work of construction, the amount 
of consumption is far less than portland cement. 
Besides an economical reason, this is mainly because 
of such an unfavorable properties as reduction in 
strength with age due to conversion.

A number of researches gave knowledge on these 
properties. For example, beneficial summarization 
was given by Robson (1), and comprehensive data 
from laboratories and fields were collected and 
analysed by Neville (2). But a lack of the decisive 
testing method which affords a reliable estimation 
of final or residual properties is, even now, responsible

♦Research Laboratory, Nihon Cement Co., Ltd., Tokyo, 
Japan.

for the very limited consumption.
In this report, an accelerated conversion test 

method by curing at higher temperature was inves
tigated. Since the effect of higher temperature 
differs according as whether a specimen gets warmed 
after suffiecient hydration period under normal 
temperature or soon after mixing, two methods 
corresponding to each condition were examined.

Properties of concrete with high-aluminous cements 
which were studied by these methods include porosity, 
heat of hydration, and volume change. Tests were 
also conducted to determine the effect of conversion 
on compressive strength, bending strength, tensile 
strength, permeability, and resistance to freezing 
and thawing action. Concrete mixes for the tests 
contained two different types of high-aluminous 
cement.



Materials

Concrete was prepared from two different types 
of high-aluminous cement, domestic cement produced 
by sintering in a rotary kiln (cement A), and one 
imported cement produced by fusion (cement B). 
The chemical compositions, shown in Table 1, 
were quite different in both cements. Cement A 
contains more than 50 per cent of A12O3 and less 
than 3 per cent of Fe2O3, whereas cement B less 
than 40 per cent of A12O3 and more than 15 per 
cent of Fe2O3. Natural sand and gravel from a river 
were used for all concrete mixes, and the maximum 

size of gravel was 25 mm.

Table 1. Chemical composition of cement ( %)

cement A cement B

ig. Loss 0.2 +0.5
insol. 4.8 0.2
SiO2 2.3 3.4
AI2O3 56.2 39.8
Fe2O3 2.8 16.6
CaO 35.0 37.7
MgO 0.4 0.9
TiO2 2.3 1.9

Accelerated Coversion Test Procedure

In trying to investigate the effect of conversion 
on several properties of concrete, it was necessary 
to find out the conditions of curing, so as to get 
fully-converted concrete in a short period. For this 
purpose, the curing at temperature above normal 
seemed suitable, because the conversion of high- 
aluminous cement hydration product has a tendency 
of being accelerated with increasing temperature. 
The details of the curing conditions in the following 
two methods were determined by experiments.

Method-1; Curing in water at higher tempera
ture,

Method-2; Curing at raised temperature caused 
by heat of hydration,

Method-1

This method aimed at converting the sufficiently 
hydrated concrete in water at higher temperature. 
In this method, compressive strength was mainly 
examined. Specimens were 10 cm in diameter and 
20 cm in height.

Fig. 1 shows the effect of the length of standard 
curing under water at 20°C prior to curing at higher 
temperature. The concrete mixes were designed for 
a 40 per cent water-cement ratio and a 10 cm slump. 
The initial temperature of concrete was controlled 
at 20°C. The specimens were removed from the 
mould in 3-4 hrs. after casting, placed in water at 
20°C till the age of 6 hrs., 1 day and 28 days, respec
tively, and then stored in water at 50°C. By curing 
in water at 50°C, the strength of concrete fell to a 
stable lower value in 7 days, irrespective of the 
duration of the pre-curing at 20°C.

The effect of curing temperatures is clearly shown 
in Fig. 2. Concrete mixes of two different water
cement ratios, that is, 40 per cent and 60 per cent 
were used in this test. Specimens were cast at 20°C 
and cured in water at the same temperature for 1 
day, thereafter they were stored in water at 40, 50 
and 60°C, respectively. The higher the temperature, 
the more rapid the reduction of strength. It took 
28 days for the concrete cured at 40°C, 7 days at 
50°C, and 2 days at 60°C until it reached the minimum 
value. Hereafter, the strength showed a little gain 
and then maintained a constant level. This slight

Fig. 1. Effect of duration in water at 20°C 
before placing at 50“C



increase in strength is to be ascribed to hydration 
of unhydrated cement. Increased pore and dehydrated 
water due to conversion seemed to provide a favour
able condition for this delayed hydration.

To find out any difference of strength at higher 
temperature between continuous curing and alternate 
one, concrete specimens were stored in each water 
at 20°C and at 50°C for 7 days, reciprocally. The 
result of strength tests, in Fig. 3, shows that there 
is no difference between them.

Based on the above tests, the following details 
of the test method seemed to be suitable:

initial temperature of concrete is controlled at 
• 20°C;

for 1 day after casting, cure in water at 20°C; 
from 1 day to 7 days, cure in water at 50°C. 

X-ray analysis of neat cement paste cured by this 
method is shown in Table 2, indicating nearly com
plete change, taken place as below.
Therefore, fully-converted specimens of

3CAH10 —> C3AHs + 2AH3 + 18H 

concrete can be obtained by this method from the 
concrete initially cured at normal temperature. How
ever, the fully-converted concrete which had been at 
a higher initial temperature or in which a greater

0 10 20 50 40

Age : Days

Fig. 2. Effect of curing temperature

temperature rise due to heat of hydration occured, 
showed a lower strength. Method-2 was devised for 
such cases.

Method-2

Owing to a very rapid rate of heat generation in 
a initial stage of hardening, the concrete made from 
high-aluminous cement often shows a remarkable 
temperature rise.

In this method, concrete was cast in a cylindrical 
container, 34 cm in diameter and 32 cm in height, 
and then placed in a adiabatic calorimeter. The 
heating equipment in a calorimeter was not operated, 
so that a natural curves of temperature rising and 
falling similar to an actual change in a structure could 
be obtained. Since the conditions of heat leakage of 
the calorimeter were constant, checking of repeated 
tests showed a good agreement. As typical examples, 
temperature curves are shown in Fig. 4.

Temperature Water-ccment Unhydrated cement Hydration product

strong, Q: moderate, weak, x : none

Table 2. Result of X-ray analysis of hydrated cement paste

of curing ratio CA CgAS CT CAH10 ah3 c3ah6

20°C 40% o o A © A X
60% o o A © A X

50°C 40% A o A X Ö X
(Method-1) 60% X o A X © ©

Fig. 3. Difference between continuous and alternative 
curing at higher temperature



©: strong, Q: moderate, weak, x: none

Table 3. Result of X-ray analysis of concrete

Cement Curing 
condition

Unhydrated cement Hydration product

CA c2as c4af CT CAH10 c2ah8 c3ah6 ah3

A 20°C, in water o o X A © X X X

Method-2 X o X A A X © ©

B 20QC, in water o X o X Q A X X

Method-2 i X X X X X X © ©

Age ; Daya

Fig. 4. Typical temperature change of concrete in Method-2
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Table 4. Comparison of strength between Method-1 
and Method-2 (cement B, W/C = 40°/f)

Curing condition Age in days
Compressive 

strengthof specimen (kg/cm2)

in water at 20°C 1 614

for 1 day at 20°C and
then for 6 days at 50°C 7 402
(in water)

core specimen cured 2 312

by Method-2 6 310

Concrete specimen was taken out at the age of two 
days, from which two or three specimens of core were 
cut. By X-ray detection, it was confirmed that the 
concrete had been completely converted (Table 3). 
A result of strength test indicated that the strength 
did not vary with a longer storage in the calorimeter 
than two days. The fully-converted strength by this 
method was a little lower than that obtained by 
Method-1.

Pore Size Distribution

Many previous publications have pointed out an 
increase in porosity due to conversion and a close 
relationship between the reduction in strength and the 
increase in porosity.

Lea (3) determined densities of high-aluminous 
cement hydration product cured at normal and higher 

temperature. Neville (2), based on Lea’s data, deduced 
the increase in porosity corresponding to conversion 
from hexagonal CAH10 to cubic C3AH6. Schwieteand 
Ludwig (4) verified the close relation between porosity 
measured by gas penetration method and several 
properties such as resistance to chemical action,



Fig. 5. Pore size distribution curve, WjC = 50% Radius of pore : A

Fig. 6. Pore size distribution curve, WjC = 40%

resistance to freezing and thawing action, and car
bonation due to air, on mortar and concrete. In the 
recent symposium on structure of portland cement 
paste and concrete, there were many presentations 
concerning to porosity and its effect (5, 6, 7). But 
all these works contained no result on high-aluminous 
cement.

Since the measurement of porosity provides a 
useful means for investigation on the effect of conver
sion, distribution of open pores in high-aluminous 
cement concrete was tried to measure by a mercury 
pressure porosimeter. As the size range of pores by 
this apparatus is limited between 75 Ä-75000 Ä, the 
result includes no gel pores (8). Samples were taken 
from concrete cured at normal temperature and at 
higher temperature (Method-2). Gravels in concrete 
were removed.

In Table 5, increase in porosity due to conversion 
can be seen. Further, the distribution of pores shifted 
to a larger side as shown in Figs. 5 and 6. The 
changes in the distribution occurred mainly between 
100Ä-1000Ä. The average radius at 50 per cent 
point was around 400 Ä for cured at normal tem
perature and around 1000 Ä for cured at higher tem
perature. The distribution curves showed no differ
ence for the two types of cement. These changes in the 
distribution of pores seemed to have a conclusive 
effects on properties of concrete made from high- 
aluminous cement, especially concerning to conver-

Table 5. Porosity in concrete measured by mercury 
pressure porosimeter

Cement w/c % Curing condition Porosity 
x 10"4cm3/g.

40 ZO^C, in water 284

A
Method-2 476

50 20°C, in water 472
Method-2 488

40 20°C, in water 
Method-2

300

B
534

50 20°C, in water 
Method-2

459
620

sion, but insufficient data were obtained to establish 
relationships between them.

Micro-structure in hardened high-aluminous cement 
paste were observed with the aid of electron micro
scope. Broken surface of the paste was reproduced 
by replica method. The surface texture of the paste 
cured in water at 60°C for 5 days (Fig. 7.2) formed 
outstanding contrast to that cured in water at 20°C 
for 1 day (Fig. 7.3). The former had very ragged sur
face with many small granules, while the latter had 
flat surface. The details of the former can be observed 
in Fig. 7.3. In such a granular system, porosity of 
hardened paste should be greatly increased. The 
capillary pore existing in paste cured in water at 20°C 
for 1 day is shown in Fig. 7.4. In converted paste, 
capillary pore could not be found out clearly, because 
of the very granular texture of the surface.



(1) converted cement paste, W/C = 40%

(2) normaly cured cement paste, W/C = 40 %

(3) detail of Fig. 7.1

Fig. 7. Electron micrograph of hydrated high-aluminous cement 
paste (cement A)

Temperature Rise and Volume Change

Temperature Rise

As one of the method for determining the effect 
of conversion Method-2 was proposed. By this method 
of curing, concrete showed a remarkable temperature 
rise during the earlier stage of hardening. Although 
the general tendency could be observed in Fig. 4, more 
details of the temperature curves are to be examined 
in Fig. 8. The most conclusive features for the curves 
were that there existed two steps in the course of the 
temperature rise. Beginning the evolution of heat in 
2-3 hrs after mixing, the temperature - of concrete 
increased very rapidly. In about 4-5 hrs the speed of 
temperature rise abruptly slowed down, and then 
showed again the second step of rising. For concrete 
with a water-cement ratio of 60 per cent, even a 
temporary fall in temperature was observed at this 
point. Similar features were found in a previous 
publication, but any explanation was not given.

Probably, this is due to the hydration of unhydrated 
cement, and this secondary hydration could not occur 
until the early hydration product was converted.

When concrete was cooled positively, a curve 
of temperature rise has only one step. These phenom
ena were likely to give certain influence on the strength 
of concrete, but enough data have not been obtained 
at present.

Volume Change

Volume change of high-aluminous cement con
crete cured under water at normal and higher tem
peratures were tested. For measurement, Carlson 
Strain Meter was embedded within a concrete speci
men, which was 10 cm in diameter and 20 cm in 
height. Specimens were removed from molds in about 
4 hrs after casting, and placed in water at 20°C for 
7 days, thereafter in water at 50°C. This procedure



800

men made from rapid-hardening portland cement.
was just the same as Method-1. Volume change was The volume of the latter was invariable in water at
measured from soon after casting. Results are shown 
in Fig. 9. During the initial curing in water at 20°C, 
some shrinkage took place, while after moved into 
water tank at 50°C considerable expansion occurred. 
The expansion did not ceased until 23 days after

50°C.
This behavior of high-aluminous cement does not 

appear to have been sufficiently well known. The 
conversion might be contributory factor in the expan
sion of concrete.

Effect of Conversion on Properties of Concrete

Strength

Compressive strength, bending strength, and ten
sile strength of concrete were tested with specimens 
which were cured under two different conditions. One 
group of the specimens were cured in water at 20°C 
for 1 day, and another group was cured for 1 day 
under the same condition as the former and then in 
water at 50°C for 6 days (Method-1). The temperature 
of concrete at placing was 20°C. Mix proportions 
were selected to give the three different slumps, 3, 10 
and 18 cm for each water-cement ratio of 37, 43, 49 
and 55 per cent.

Test data indicating the relationship between 
cement-water ratio and strength are shown in Figs. 
10, 11 and 12. Because of a small variation between 
mixes having different value of slump, all of the data 

were expressed in a single linear function. Almost 
all the functions were calculated with a small error 
of correlation.

In every kind of strength test a reduction in strength 
due to conversion became greater with the increase 
in water-cement ratio. If the ratio was 40 per cent or 
less, the reduction was fairly small, and at 40 per cent 
of the water-cement ratio, concrete with compressive 
strength over 300 kg/cm2, bending strength over 
40 kg/cm2, and tensile strength over 30 kg/cm2 seemed 
to be safely obtained. These values would satisfy 
the designed strength for wide range of purposes.

The difference in strength resulting from types of 
high-aluminous cement appeared to be more dis
tinctive for converted strength than for normally 
cured strength.
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Fig. 10. Relation between water-cement ratio 
and compressive strength
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Fig. 11. Relation between water-cement ratio 
and bending strength
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Fig. 12. Relation between water-cement ratio 
and tensile strength

Permeability

Effect of conversion on permeability of concrete 
with water-cement ratio of 35, 45, 55 and 65 per cent 
was tested. A cylindrical specimen, 15 cm in diameter 
and 30 cm in height was cast and cured under water 
at 20°C for 1 day, and was divided into six disks of 
4 cm thick by concrete saw. After curing in water 
at 50°C for 6 days more, specimens were dried in a 
room of constant humidity at 55 per cent. Drying was 
continued for 35 days till the weight became nearly 
constant. The reference specimens were dried for the 
same period just after dividing. Under the pressure of 
3 kg/cm2, water was forced into a disk for 30 minutes. 
Permeability was indicated by the difference in weight 
before and after adding pressure.

Fig. 13 shows a percentage loss in weight after 
drying for 35 days. Converted specimens gave greater 
loss of weight than reference specimens. The relation
ship between water-cement ratio and an amount of 
water penetrated into concrete are plotted in Fig. 14. 
However, the permeability of converted specimens did 
not differ so greatly from that of normally cured.



Fig. 13. Percentage loss in weight after drying for 35 days

Fig. 15. Result of freezing and thawing test

Fig. 14. Amount of water penetrated into concrete under 
pressure of 3 kglcni1 in 30 minutes

there seemed to be a general tendency of the increase 
in permeability due to conversion. In this result, the 
increasing amount of capillary pores may be implicit.

Resistance to Freezing and Thawing Action

Freezing and thawing tests were performed on 
7.5 x 10 x 40 cm beam specimens. After casting, 
specimens were cured in water at 20°C for 2 days and 
then in water at 50°C for 7 days. Reference specimens 
were cured in water at 20°C for 9 days. The accelerated 
freezing and thawing test procedure consists of sub
jecting saturated specimens to 2 hrs freezing at — 17°C 
and 1 hr thawing at 5°C. Dynamic modulus of elas
ticity and weight change were often measured. Dura
bility factors were calculated when percentage of 
elasticity dropped to 60 per cent of the initial or at 
300 cycles of freezing and thawing.

In Fig. 15, significant decrease in durability of



Number of freezing and thawing cycles

Fig. 16. Effect of AE agent on durability of high-aluminous 
cement concrete

converted concrete was observed. But, as with port
land cement, air entraining agent enabled the con
verted concrete to withstand 300 cycles and over of 
freezing and thawing. Fig. 16 clearly shows this 
effect. The variation of durability with the type of 
cement, as shown in Fig. 15, seemed to imply the 
difference in characteristics of pores. Further research 
should be needed for this problem.

Effect of Conversion Observed in Field Test

To investigate the long term behavior in field, high- 
aluminous cement concrete was placed in a part of 
concrete pavement. In order to make a test under 
the severest condition, the placement was conducted 
in summer, the temperature of concrete at placing 
being about 30°C.

Table 6 gives the mix proportion used in this test. 
The size of the test slab was 0.2 X 0.8 X 3.4 m For 
each type of cement, two slabs were cast, one being 
cured by watering on the surface, and one being left 
without watering. A Carlson Strain Meter was embed
ded in concrete. Core specimens for compression test, 
10 cm in diameter and 17 cm in height were cut out 
at the age of 1, 7, 28, 91 and 182 days.

Among these four slabs, two showed gradual 
reduction in strength (cement A without watering and 
cement B with watering), one showed no reduction 
till 182 days (cement A with watering), and one showed 
remarkable reduction from 1 day (cement B without 
watering). The test result of the first two are shown 
in Figs. 17 and 18. The maximum temperature caused

Table 6. Mix proportion of concrete used infield test

Cement Slump 
(cm)

Max. size of 
aggregate

W/C 
(%) C

(kg 
W

'/m3)
S G

A 2-5 25 mm 40 368 147 703 1201

B 2-5 25 mm 40 365 147 773 1163

by heat of hydration within 1 day after placing,

Fig. 17. Results of field test 
(1) cement A, without watering



Fig. 18. Results of field test 
(2) cement B, with watering

was 76.5°C for cement A without watering (Fig. 17) 
and 62.0°C for cement B with watering (Fig. 18). 
The strength of core specimen reduced gradually and 
reached the minimum in 90 days. Comparing with the 
strength of reference specimen which was cured at 
the site of the test slab, and then immersed in water 
at 50°C for 7 days before testing, the minimum value 
of the core was nearly equal to the reference specimen. 
From the age of 91 days on, the strength showed 
slight increase similar to the result in Fig. 2.

In their lower part, Figs. 17 and 18 contain the 
results of volume change testing. Volume change was 
calculated by subtracting thermal volume change 
from apparent volume change, on the assumption 
that the coefficient of thermal expansion of concrete 
being 10 X 10-6. The parallelism between the reduc
tion in strength and the expansion of concrete was 
observed. The same phenomena as this were observed 
in laboratory and already shown in Fig. 9.

Conclusion

As early as 1930, it was of common knowledge 
that the deterioration of concrete using high-aluminous 
cement was caused by conversion. To keep the damage 
at a minimum, use of low water-cement ratio has 
been recommended. But any decisive method to test 
residual or final strength has not been established. 
And the effect of conversion on properties of concrete 
other than strength has not been well known.

At the start of this study, the proposed method of 
accelerated conversion test, which covers two typical 
cases of conversion, was examined. One method is for 
conversion in concrete placed and cured at normal 
temperature, and the other is for conversion due to 
heat of hydration in concrete soon after placing. It 
was made clear that residual or final strength can be 
estimated in a short period by these methods. Further 
study is still needed to clarify the effect of placing 
temperature of concrete.

As a result of applying these method to some other 
properties than strength, it was observed that permea
bility and resistance to freezing and thawing are much 

influenced by conversion, and that, even if strength 
of converted concrete is nearly equal, there is consid
erable difference in above mentioned properties result
ing from type of cement. One of them showed very 
low resistance to freezing and thawing action where
as the proportion of concrete was selected for a mix 
with a water-cement ratio less than 40 per cent.

In order to study the mechanism of deterioration 
caused by conversion, micro-structure in hydrated 
high-aluminous cement was surveyed by a porosi
meter and an electron microscope. Increase in porosity 
and change in pore size distribution were found. Also 
outstanding transformation in internal structure 
produced by conversion was recognized. The average 
radius of pores was about 400 Ä for specimen cured 
at normal temperature and about 1000 Ä for cured al 
higher temperature. The texture of broken surface in 
hydrated cement paste cured at higher temperature 
was more ragged than that cured at normal tempera
ture. Aggregation of many small granules, which 
seemed to be products of conversion, was observed 



on the surface.
Summarizing the results of X-ray analysis, electron 

microscope observation, heat of hydration, volume 
change, and strength test, the phenomena of conver
sion could be explained as follows: The transformation, 
3CAH10 -> C3AH6 + 2AH3 + 18H, leads to the 
increase in porosity and free water, which easily make 
residual unhydrated cement hydrated. By this secon
dary hydration, C3AH6 is directly produced and a 
slight gain in strength and generation of heat occurred. 
Expansion of concrete taken place at the same time 
may be ascribed to the pressure of water derived from 
dehydration of CAH10. Micro structure of converted 
hydration product becomes ragged aggregation of 

C3AH6 embedded in crystallized AH3. At the bound
ary between them, greater amount of pore may exist.
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Supplementary Paper III-124 Influence of Chloride and Hydrocarbonate 
on the Sulphate Attack

Friedrich W. Locher*

Synopsis

Earlier storage tests have shown that concrete is attacked less by sea water than by 
pure sodium- or magnesium sulphate solutions of the same concentration. Therefore it has 
been examined if chloride and hydrocarbonate which are contained in sea water as active 
substances beside sulphate, are responsible for the decrease of the sulphate attack. For 
that purpose storage tests have been performed in solium- and magnesium sulphate solution 
with 2500 mg SO|-// without and with additions of 30 g NaCl/Z or of 0.19 g NaHCO3//. 
Small prisms (1x1x6 cm) and flat primss (1 x 4 x 16 cm) of mortar according to the 
German standard specification have been used as test specimens. Three portland cements 
with calculated contents of tricalcium aluminate of 12%, 8% and 0% as well as three blast
furnace cements with 50 %, 65 % and 77 % granulated blast-furnace slag have been chosen 
as cements. It is shown more clearly by the expansion of the flat prisms than by the decrease 
in relative bending strength of the small prisms, that magnesium sulphate attacks more 
intensely than sodium sulphate. The sulphate attack is generally increased by the addition 
of chloride to the sulphate solution, whereas it is clearly reduced by the addition of sodium 
hydrocarbonate. X-ray diffraction analysis and microscopic investigations indicate that 
the formation of calcite on the surface of the test specimens may be responsible for this 
result.

Introduction

Experiences and tests have shown that concrete is 
attacked less by sea water than by pure sodium- or 
magnesium sulphate solutions of the same sulphate 
concentration. This is generally attributed to the in
fluence of the high concentration of chloride. It effects, 
thatless trisulphate (ettringite), 3CaO • A12O3 • 3CaSO4 • 
32H2O, is formed, because its solubility is increased 
by chloride (1) and a part of the aluminate is combin
ed as monochloride (tricalcium aluminate monoch
loride hydrate, Friedel’s salt), 3CaI Al2O3-CaClj- 
10H2O (2). Besides, there is assumed that the trisul
phate crystallizes from the solution when chloride is 
present, because of the higher solubility of trisulphate 
in chloride containing solutions and so it does not 
cause expansion. But our own tests which attended to 
the examination of the sulphate resistance of cement, 
have shown, that the sulphate attack is not diminished 
by an addition of chloride to sodium- or magnesium 
sulphate solutions, but it is often strengthened. These 
tests have shown, that fibrous and nodular separations 
of calcite, aragonite and vaterite are formed on the
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surface of concrete prisms, which were exposed to the 
attack of synthetic sea water. t

The composition of synthetic sea water in which 
the concrete prisms were stored, is given in Table 1. 
It corresponds to the composition of natural sea water 
with a total salt concentration of 33.25 g/Z. Therefore 
the small concentration of hydrocarbonate is respon
sible for the formation of calcium carbonate on the 
surface of the concrete. Although the carbonate 
concentration of sea water cannot influence the reac
tion between the aluminate of the cement and the 
sulphate of the sea water, it is to assume that the 
penetration of the sulphate is restrained by the cal
cium carbonate, formed on the surface of the con
crete.

Table 1. Composition of the artificial sea water for the 
concrete storage tests

cations mg/l anions mg/l

sodium, Na+ 10,470 chloride, Cl- 18,920
potassium, K+ 380 sulphate, SO42" 2,650
magnesium, Mg2-1- 1,280 hydrocarbonate, HCOj“ 140
calcium, Ca2+ 410

__



Accordingly the chemical influence of the com
ponents of the solution on the reaction between 
aluminate and sulphate is not important to the degree 
of attack of the sea water on concrete, but the increas
ing of the resistance against diffusion by separation 
of calcium carbonate on the surface and in the pores 
of the hardened cement. It results from tests about the 
sulphate resistance of cement (3) that the resistance of 
the hardened cement against diffusion has a decisive 
influence on the sulphate resistance of the cement. It 
appears that portland cement, poor in tricalcium 
aluminate, has a high sulphate resistance, because its 
hydration products cannot react with sulphate. During 
the hydration of blast-furnace cements there are always 
formed hydration products which are susceptible to 
sulphates. Nevertheless, blast-furnace cements with 

at least 65 % granulated blast-furnace slag are sulphate 
resistant, because their hardened paste is so imper
meable that neither sulphate nor other non aggres
sive ions can penetrate into it (4).

In order to confirm if the hydrocarbonate concen
tration of sea water is significant for the attack of sea 
water on concrete there were carried out storage tests 
with 6 cements, i.e. 3 portland cements with different 
contents of tricalcium aluminate and 3 blast-furnace 
cements with different contents of granulated blast
furnace slag. The hydrate phases and the compounds 
which are formed in the reaction thereof with the 
different sulphate solutions were identified by X-ray 
analysis. In addition the changes on the surfaces of 
the mortar specimens were tested microscopically.

Tests

For the investigation 6 cements of the type Z275 
were chosen, i.e. 3 portland cements with 12%, 8% 
and 0% tricalcium aluminate and 3 blast-furnace 
cements of 50%, 65% and 77% granulated blast
furnace slag. The composition and the specific surfaces 
of the cements are given in Table 2. The phase compo
sition of the portland cements are calculated from the 
chemical analysis. The slag contents of the blast
furnace cements are ascertained by microscopic 
counting of the sieve fraction 30-40 pm. and correc
tion of the counting results by analytically determined 
concentrations of CaO, MnO and S2~ in the sieve 
fraction and in the whole cement. The specimens for 
storage tests—small prisms 1x1x6 cm (5) and flat

Table 2. Composition (%) and fineness (endig') 
of the test cements

PZ 12 PZ8 PZ0 HOZ 50 HOZ 65 HOZ77

loss on ignition 1.6% 1.9% 0.6% 1.2% 1.3% 0.8%
insoluble residue 0.1 0.3 0.1 0.2 0.3 0.2
SiO3 19.0 21.7 20.7 25.8 26.5 29.2
Al2o3 + TiO., + P,O5 6.5 4.5 3.5 10.4 11.1 12.5
Fe2O3 " 2 5 3.4 2.1 6.6
FeO 1.7 0.9 LI
Mn2O3 0.1 0.1 0.1
MnO 0.3 0.9 0.6
CaO 63.2 65.5 64.7 53.9 49.7 44.7
MgO 1.6 0.8 0.6 3.1 4.9 5.8
SO3 2.9 2.5 2.6 2.3 3.1 2.7

C8S 57 63 65
C5s 13 16 11
C,A 12 8 0
c4af 11 7 17
c8f 0 0 2

slag content 50 65 77

fineness (Blaine) 2800 2570 3390 3650 3860 3930

prisms 1 X 4 x 16 cm (6)—are made of mortar in 
accordance with DIN 1164 with 1 part by weight of 
cement, 1 part of standard sand I (fine), 2 parts of 
standard sand II (coarse) and 0.6 parts of water. The 
prisms have been cured for 1 day in moisture saturated 
air and then suspended in water. Some remained in 
water until they were tested for flexural strength. 
Other at the age of 21 days were suspended in the 
different sulphate solutions. After a sulphate storage of 
4, 8, 12, 18, 26, 38 and 52 weeks the flexural strength 
(Bs) of the small prisms was examined and compared 
with the flexural strength of water stored test speci
mens (Bw) of the same age. The expansion of the flat 
prisms was measured in time intervals of 4 weeks. The 
length change of adequate water stored prisms was 
taken into account. The relative flexural strength 
Bs/Bw of the small prisms and the expansion of the flat 
prisms were taken as a criterion for the aggressive 
effect of the different sulphate solutions.

Pure sodium- and magnesium sulphate solutions 
with the same sulphate concentration of 2500 mg 
SO2”// (0.026 m) are chosen as aggressive solutions. 
Besides, sodium- and magnesium sulphate solutions of 
the same sulphate concentration with additions of 
sodium chloride or sodium hydrocarbonate are 
included in order to test the influence of chloride and 
hydrocarbonate on the sulphate attack. The con
centrations of the additions corresponded with 18.200 
mg Cl”// and 140 mg HCOy// to the concentration 
of sea water.

4 small prisms produced in the same kind and tested 
at the same time, were stored in a solution of 600 ml 
and adequate 6 flat prisms were stored in a solution of 



4000 ml. The solutions of the small prisms were re
stored every 4 weeks, of the flat prisms every 8 weeks.

The X-ray diffraction analysis which should give 
informations about the influence of the chloride and 
hydrocarbonate additions on the formation of trisul
phate were carried out on mortar prisms (1 X 1 X 16 
cm) as already described (3). Plastic sand which con
sisted of polyethylene globules with an average diam
eter of 0.7 mm was used as aggregate instead of 
quartz sand. The small prisms were produced of mortar 
with 1 part by weight of cement, 1.33 parts of plastic 
sand and 0.6 parts of water. After 1 day of moist 
curing and further water curing they were exposed to 

the attack of sulphate solutions at the age of 21 days. 
After 8 weeks of sulphate storage the test specimens 
were crushed, the plastic sand was separated by sieving 
and portion of the cement was investigated by X-ray 
diffraction analysis (CuK„-radiation).

The microscopic test should give informations about 
alterations on the surface of the prisms. For that pur
pose the phase composition and the nature of surface 
layers were examined with a polarisation microscope 
on thin sections cut parallel to the 1x1 cm top area 
of the small prisms with quartz sand and as aggregate 
after 28 days of sulphate storage.

Results

Storage Tests

The results of the storage tests are compiled in 
Tables 3 and 4. The Tables 3a and 3b contain the 
relative flexural strength of the small prisms and the 
Tables 4a and 4b the expansion of the flat prisms.

The flexural strength of the small prisms composed 
of portland cement (Table 3a) indicates the known 
influence of the content of tricalcium aluminate. The 
prisms composed of portland cement with 12% tri
calcium aluminate disintegrate after 12 weeks at the 
latest, the prisms of portland cement with 8 % trical
cium aluminate after 1 year, whereas the prisms of 
portland cement free of tricalcium aluminate even 
did not change after one year. An essential difference 

in the effect of sodium- and magnesium sulphate is 
not to realize. The additions of sodium chloride and 
sodium hydrocarbonate do not have a remarkable 
influence on the degree of attack of the sulphate solu
tions.

The small prisms consisting of blast-furnace ce
ment with 65 % and 77 % granulated blast-furnace slag 
(Table 3b) are not attacked by sulphate solutions. 
Differences in the effect of the various solutions are 
only to observe at prisms of blast-furnace cement with 
50% slag, which are destoryed after 18 weeks of 
sulphate storage. In this case the addition of sodium 
hydrocarbonate does reduce the aggressive effect of 
the sodium sulphate solution, but not the aggressive 
effect of the magnesium sulphate solution.

Table 3a. Relative bending strength of the small prisms with 
portland cements

C,A- 
content solution —

sulphate storage, weeks

4 8 12 18 26 38 52

Na2SO4 0.86 0 0 0 0 0 0
4- NaCl 0.77 0.28 0 0 0 0 0

12%
+ Na HCO3 0.68 0.36 0.21 0 0 0 0

MgSO4 0.54 0.07 0 0 0 0 0
+ NaCl 0.14 0 0 0 0 0 0
+ Na HCO3 0.70 0.20 0 0 0 0 0

Na2SO4 1.10 1.16 1.03 1.05 0.96 0.92 0.77
+ NaCl 0.94 0.85 0.97 0,85 0.94 0.84 0

8 %
+ Na HCO3 1.04 1.09 1.18 1.02 1.10 1.14 0

MgSOd 0.96 0.96 0.91 0.96 0.94 0.91 0.69
+ NaCl 0.86 0.89 0.89 0.80 0.80 0.81 0
+ Na HCO3 1.13 1.22 1.17 1.22 0.99 0.94 0

Na2SO4 1.03 1.04 0.99 1.06 1.08 1.14 1.05
4- NaCl 0.94 0.88 0.84 0.85 0.99 0.87 0.87

0%
4- Na HCO3 1.13 1.12 1.15 1.14 1.17 1.20 1.05

MgSO, 1.15 1.10 1.13 1.20 1.08 1.15 1.18
4- NaCl 0.88 0.80 0.81 0.80 0.73 0.80 0.75
4- Na HCO3 1.24 1.16 1.19 1.18 1.18 1.13 1.12

Teble 3b. Relative bending strength of the small prisms with 
blast-furnace cements

content solution
sulphate storage, weeks

4 8 12 18 26 38 52

Na2SO4 1.02 0.90 0.66 0 0 0
4- NaCl 0.93 0.80 0 0 0 0
4- Na HCO3 1.02 1.08 1.06 0.96 1.00 0.90

50%
MgSO4 1.14 0.98 0.44 0 0 0

4- NaCl 0.92 0.63 0.29 0 0 0
4- Na HC03 1.06 0.80 0.30 0 0 0

Na9S€>4 1.23 1.29 1.18 1.18 1.20 1.01
4- NaCl 1.10 1.05 1.06 1.06 1.02 1.08
4- Na HCO3 1.15 1.20 1.16 1.29 1.15 1.27

65%
MgSO4 1.29 1.32 1.15 1.19 1.15 0.89

4- NaCl 1.16 1.00 0.94 0.95 0.96 0.95
4- Na HCO3 1.29 1.30 1.23 1.27 1.25 1.02

NagSOj I 01 1.02 1.01 1.03 1.03 1.10
4- NaCl 0.98 0.98 0.96 0.93 1.00 0.94
4- Na HCO3 0.98 1.05 1.00 1.00 0.99 1.07

77%
MgSO4 1.22 1.09 1.12 1.20 1.13 1.28

4- NaCl 1.12 1.07 1.07 1.03 1.03 1.08
4- Na HCO3 1.16 1.10 1.08 1.20 1.13 1.35



Table 4a. Expansion (mmlm) of the flat prisms with 
portland cements

c3a- 
content solution •

sulphate storage, weeks

4 8 12 20 28 36 44 52

Na2SO4 0.73 1.52 2.53 d d d d d
+ NaCl 0.64 2.41 4.2410.20 d d d d
+ Na HCO3 0.05 0.09 0.09 0.09 0.32 1.35 1.99 3.50

12%
MgSO4 0.89 2.67 d d d d d d

+ NaCl 2.41 3.22 d d d d d d
+ Na HCO3 0.74 1.38 d d d d d d

Na2SO4 0 0 0 0 0 0 0.15 0.10
+ NaCl 0 0 0 0 0 0 0.04 0.10
+ Na HCO3 0 0 0 0 0 0 0 0.12

8%
MgSO4 0.36 0.39 0.59 0.90 1.37 2.32 3.33 4.01

+ NaCl 0.34 0.40 0.59 0.92 0.98 1.09 1.26 1.41
+ Na HCO3 0.49 0.56 0.56 0.84 1.29 2.07 2.92 3.99

NagSOi 0 0 0 0 0 0 0.12 0.17
4-NaCl 0 0 0 0 0 0 0.19 0.19
+ Na HCO3 0 0 0 0 0 0 0.12 0.12

0%
MgSO4 0 0 0 0.09 0.09 0.15 0.38 0.49

+ NaCl 0 0 0 0.15 0.27 0.36 0.43 0.48
+ Na HCO3 0 0 0 0 0 0 0.17 0.23

d = destroyed

Teble 4b. Expansion (mm/m) of the flat prisms with blast
furnace cements

d = destroyed

slag
content solution ■

sulphate storage, weeks '

4 8 12 20 28 36 44 52

Na.>SO4 0.12 0.18 0.69 2.71 4.70 d d d
+ NaCl 0.10 0.49 3.91 d d d d d
+ Na HCO3 0 0 0 0.09 0.09 0.19 0.25 0.31

50%
MgSO4 1.72 9.18 d d d d d d

+ NaCl 1.22 7.87 d d d d d d
+ Na HCO3 0 0 0.13 0.30 0.52 1.07 1.84 3.04

Na2SO4 0 0 0 0 0 0.28 0.34 0.34
+ NaCl 0.04 0.04 0.21 0.47 0.47 0.73 0.88 0.88
4- Na HCO3 0 0 0 0 0 0,11 0.23 0.23

65%
MgSO4 0.17 0.17 0.32 0.59 0.84 1.19 1.49 1.65

, 4- NaCl 0.20 0.20 0.37 0.52 0.64 0.89 1.06 1.12
+ Na HCO3 0.03 0.03 0.08 0.30 0.30 0.36 0.52 0.52

Na2SO4 0 0 0 0 0 0 0 0
+ NaCl 0 0 0 0 0 0 0 0
4- Na HCO3 0 0 0 0 0 o - 0 0

77%
MgSO4 0 0 0 0 0 0.07 0.07 0.07

4- NaCl 0 0 0 0 0 0.12 0.24 0.24
4- Na HCO3 0 0 0 0 0 0 0.10 0

The expansion behaviour of the flat prisms which 
are shown in Table 4 reveals more clearly than the 
decrease in strength of the small prisms, the influence 
of the sulphate resistance of the cement as well as the 
differences in the aggressive effect of the sulphate 
solutions. Nevertheless both methods yield nearly the 
same sequence in sulphate resistance of the 6 cements.

The test specimens of all cements are attacked much 
more by the magnesium sulphate solution than by

Fig. la. X-ray diffraction diagrams of the hardened portland 
cement with 12% tricalcium aluminate after a storage of 
8 weeks in distilled water and in sodium sulphate solutions 
without and with additions of sodium chloride and of sodium 
hydrocarbonate.
T = trisulphate {ettringite), M = monosulphate, A = tetra
calcium aluminate hydrate, F = monochloride {Friedel’s salt), 
CH = calcium hydroxide, Co = calcite

the sodium sulphate solution. The addition of sodium 
chloride has a small reducing effect, but only when 
test specimens of portland cement with 8 % tricalcium 
aluminate are stored in a magnesium sulphate solution. 
In any other case the aggressive effect of the sulphate 
solution does not change or even it is intensified. An 
addition of hydrocarbonate reduces the aggressive 
effect of the sulphate solutions, especially on the 
prisms of cement with a smaller sulphate resistance.

X-ray Tests

The X-ray investigations are limited on the cements 
with the smallest sulphate resistance, i.e. the portland 
cement with 12% tricalcium aluminate and the blast
furnace cement with 50% granulated blast-furnace 
slag. The corresponding X-ray diffraction diagrams 
are shown for portland cement on Fig. la and lb and 
for blast-furnace cement on Fig. 2a and 2b.

The water cured prisms consisting of portland ce
ment contain trisulphate (ettringite), monosulphate
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Fig. lb. X-ray diffraction diagrams of the hardened portland 
cement with 12°/o tricalcium aluminate after a storage of 
8 weeks in magnesium sulphate solutions without and with 
additions of sodium chloride and of sodium hydrocarbonate. 
T = trisulphate (ettringite'), M = monosulphate, A = tetra
calcium aluminate hydrate, F = monochloride (Friedel’s salt), 
CH = calcium hydroxide, MH = magnesium hydroxide, 
Cc = calcite
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Fig. 2a. X-ray diffraction diagrams of the hardened blast
furnace cement with 50% granulated blast-furnace slag after 
a storage of 8 weeks in distilled water and in sodium sulphate 
solutions with and without additions of sodium chloride and 
of sodium hydrocarbonate.
T = trisulphate (ettringite), M = monosulphate, A = tetra
calcium aluminate hydrate, F = monochloride (Friedel’s salt), 
CH = calciumhydroxide, Cc = calcite

and tetraclacium aluminate hydrate as aluminate 
bearing hydration products (Fig. la, diagram upper
most). After storage in sodium sulphate solution the 
trisulphate content has increased (Fig. la, 2. diagram). 
If the solution contains sodium chloride in addition to 
sodium sulphate, monochloride (Friedel’s salt), 3CaO • 
Al2O3-CaCl2-10H2O (Fig. la, 3. diagram), is formed 
besides the trisulphate. The addition of sodium hydro
carbonate results in a diminution of trisulphate con
tent in comparison with storage in a pure sodium 
sulphate solution (Fig. la, 4. diagram). Aluminate 
carbonate hydrates could not be identified, calcite 
only in small quantities because the carbonate is pre
cipitated only in a thin surface layer so that the calcite 
concentration of the total sample remains small (see 
microscopic investigations).

The prisms stored in the magnesium sulphate 
solution contain much bigger quantities of trisulphate 
(Fig. lb), because the prisms containing portland 
cement with a high content of tricalcium aluminate 
are vigorously attacked and damaged within 8 weeks 
and consequently the magnesium sulphate solution 
could react with the compounds of the hardened 

cement without any difficulties. Accordingly the 
calcium hydroxide concentration, originally very high, 
has been nearly completely consumed. Probably the 
magnesium sulphate solution has reacted with the 
calcium hydroxide to form solid magnesium hydroxide 
and calcium sulphate solution which on its side 
reacts with the still available aluminate hydrate to 
trisulphate (7). Additions of sodium chloride (Fig. lb,
2. diagram) or sodium hydrocarbonate (Fig. lb, 3. 
diagram) do not have any influence on the course of the 
reaction perceptible by X-ray diffraction. Nevertheless 
the stronger calcium hydroxide line on the 3. diagram 
points out, that in presence of sodium hydrocarbonate 
the reactions are not so far advanced. The high calcite 
content of the specimen stored in the magnesium 
sulphate solution with sodium chloride is due to its 
rapid disintegration and subsequent precipitation of 
the liberated lime by the carbon dioxide of the air 
which is permanent dissolved in the sulphate solution.

In the hydration of blast-furnace cements the same 
aluminate hydrates are formed as in the hydration of
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Fig. 2b. X-ray diffraction diagrams of the hardened blast
furnace cement with 50% granulated blast-furnace slag after 
a storage of 8 weeks in magnesium sulphate solutions without 
and with additions of sodium chloride and of sodium hydro
carbonate.
T = trisulphate (ettringite), M = monosulphate, A = tetra
calcium aluminate hydrate, F = monochloride (Friedel’s salt), 
CH = calcium hydroxide, MH = magnesium hydroxide, 
Cc = calcite

portland cement, but there is much more monosul
phate and less trisulphate (Fig. 2a, diagram upper
most). The trisulphate content is increased a little by 
storage in the sodium sulphate solution (Fig. 2a, 2. 
diagram). But the evident decrease in calcium hydroxide 
content indicates that a reaction with the sulphate 
solution took place. When sodium chloride is present, 
the monochloride is formed (Fig. 2a, 3. diagram), 
analogous to the behaviour of the portland cements. 
Besides, the diagram exhibits an increased formation 
of trisulphate and a complete consumption of calcium 

hydroxide. An addition of sodium hydrocarbonate 
(Fig. 2a, 4. diagram) does not yield any alteration 
compared with the pure sodium sulphate solution, 
excepting a further decrease in calcium hydroxide 
content.

In the case of magnesium sulphate attack (Fig. 2b) 
trisulphate is formed to a greater extent. But there is 
no difference between the influence of the pure magne
sium sulphate solution (Fig. 2b, diagram uppermost) 
and the magnesium sulphate solution with addition of 
carbonate (Fig. 2b, 3. diagram). In the presence of 
chloride monochloride is formed again (Fig. 2b, 2. 
diagram), without any influence on the trisulphate 
content and with complete reaction of the calcium 
hydroxide.

Microscopic Inspections

During storage in water or in various sulphate 
solutions coatings are formed on the surfaces of the 
small prisms. The microscopically determined compo
sition of the coatings depends on the kind of solution 
but not on the type of cement. When stored in water 
or in sodium sulphate solution the coating is composed 
of calcite, CaCO3, and when stored in magnesium sul
phate solution it consists of brucite, Mg(OH)2 with 
only a very small admixture of calcite.

The surface coatings of the water cured prisms with 
a mean thickness of 2 to 3 ffm are very thin compared 
with the 15 to 20 firn thick coatings on prisms stored 
in the various sodium sulphate solutions. An addition 
of sodium chloride has no influence on the thickness 
of the calcite coating, an addition of sodium hydro
carbonate effects a small increase only.

The brucite coating formed during storage in magne
sium sulphate solution, has an average thickness of 
5 jUm. It increases significantly up to 30 /zm, when 
sodium chloride is present in the solution. If the 
magnesium sulphate solution contains sodium hydro
carbonate, the surface coating has a thickness of 2 or 
3 /zm and is composed of a mixture of brucite and 
calcite.

Discussion

The storage tests especially those by the flat prism 
method, mainly indicated that

1. solutions of magnesium sulphate attack the 
mortar prisms of all cements more vigorously than 
solutions of sodium sulphate,

2. an addition of sodium chloride to the sulphate 

solution does not diminish the rate of attack but even 
increases it in some cases and

3. an addition of sodium hydrocarbonate dimin
ishes the rate of attack of the sulphate solution.

These results agree with those of the X-ray diffrac
tion investigations, that means that the test specimens 



which are more vigorously attacked, show the higher 
content of trisulphate. That is particularly valid for 
the attack of magnesium sulphate solution too.

When chloride is present trisulphate has an in
creased solubility according to investigations men
tioned by W. W. Kind (2), consequently it is to crystal
lize either in a small quantity only or in the harmless 
formation in the pores of the hardened cement paste. 
The above-mentioned X-ray diffraction investigations 
indicate however, that the formation of trisulphate is 
not hindered by addition of chloride. Moreover mono
chloride is formed but always by consumption of 
monosulphate and tetracalcium aluminate hydrate. 
The fairly large quantities of monochloride indicate 
that the sodium chloride added to the solution, also 
reacts with the nonhydrated tricalcium aluminate.

Furthermore it is remarkable that the prisms which 
were not heavily attacked, contain much more mono
chloride than the disintegrated prisms. Hence it 
follows that the chloride ions penetrate the hardened 
cement more quickly than the sulphate ions and react 
there with monosulphate, tetracalcium aluminate 
hydrate and probably with the nonhydrated tricalcium 
aluminate, too, forming monochloride. But as the 
monochloride is not stable in presence of sulphate, it 
gets converted later on into trisulphate when sulphate 
attack proceeds. Hence it is unlikely that in a sulphate 
solution containing chloride less trisulphate is formed 
than in a sulphate solution without chlorides. The 
assumption that in presence of chloride the harmless 
form of trisulphate crystallizes in the pores of the 
hardened cement does not correspond to results of the 
storage tests. In sulphate solutions containing hydro
carbonate the trisulphate is formed significantly slower 
than in solutions without carbonate. As there is no 

difference in the kind of the chemical reaction the 
retarded formation of the trisulphate can only be 
attributed to the increase of the diffusion resistance. 
So it can be assumed that the hydrocarbonate to
gether with the calcium hydroxide forms calcite, which 
grows upon the surface and in the pores near the sur
face of the hardened cement and hinders penetration 
of the solution. The microscopic inspections show, 
however, that in solutions of sodium sulphate without 
addition of hydrocarbonate coatings of calcite are 
formed, too, but which, as the results of the storage 
tests show, do not diminish sulphate attack. So it 
seems to be important that the solution always con
tains a sufficient quantity of carbonate to form a 
calcite coating also on the surface in cracks arisen by 
sulphate expansion. In solutions without admixture 
of carbonate, the supply of carbon dioxide dissolved 
from the air, obviously is very slow and consequently 
the calcite coating is formed not quickly enough to 
prevent penetration of sulphate when sulphate suscep
tible cements are used and the sulphate attack proceeds 
quickly.

The brucite coatings of various thicknesses formed 
during storage in magnesium sulphate solutions with 
and without chloride have no influence on sulphate 
attack. The aggressive effect is significantly dimin
ished however, when the coating consists of a mixture 
of brucite and calcite.

The results of the investigations point out the fact 
that the high content of chloride in the sea water has 
no essential effect on the sulphate attack. A signi
ficantly greater influence is exerted by the content of 
hydrocarbonate. But it is still doubtful, whether the 
comparatively weak aggressive effect of the sea water 
can be explained in this way only.

Summary

Experiences and investigations showed that sea 
water has a significantly less aggressive effect on con
crete than pure sodium or magnesium sulphate solu
tions of the same sulphate concentration. So it has 
been examined whether chloride and hydrocarbonate, 
the other efficaceous components in the sea water 
besides sulphate, are responsible for the diminution 
of the sulphate attack. For that purpose storage tests 
have been performed with solutions of sodium and 
magnesium sulphate with 2500 mg SO t-// with and 
without additions of 30gNaCl// or of0.19gNaHCO3/ 
Z. Small prisms (1x1x6 cm) and flat prisms (1 x 
4 X 14 cm) of mortar according to the German stand
ard specification with 3 portland cements with cal

culated contents of tricalcium aluminate of 0 %, 8 % 
and 12% and 3 blast-furnace cements with 50%, 65% 
and 77 % slag were used as test specimens. The decrease 
in bending strength of the small prisms and the expan
sion of the flat prisms tested in certain time intervals 
were taken as a criterion for the aggressive effect of 
the solutions. Microscopical inspections of the small 
prisms gave informations about the character of the 
surface coatings formed during the sulphate storage, 
and the nature of chemical reactions between the 
hydration products and the consistuents of the solu
tions were illustrated by X-ray diffraction analysis. 
The expansion of the flat prisms showed more signi
ficantly than the decrease in strength of the small pri



sms, that magnesium sulphate is a more aggressive 
media than sodium sulphate. The sulphate attack is 
either not changed or increased by an addition of 
chloride to the sulphate solution, whereas it is clearly 
reduced by the addition of sodium hydrocarbonate. 
X-ray diffraction investigations reveal that in any 
case the formation of trisulphate (ettringite) is the 
cause for the detrimental effect of all sulphate solutions 
tested. The formation of trisulphate is not diminished by 
sodium chloride, retarded however by sodium hydro
carbonate. Microscopic examinations showed that on 
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Oral Discussion

Arthur W. Brown

Dr. Locher will be interested to know that in 
similar work in connection with sodium chloride 
contaminated aggregates, it was found that the incor
poration of sodium chloride in an ordinary portland 
cement mortar mix, at a level of 2 % on the cement, 
imparted considerable sulphate resistance to the 
O.P.C. based specimens in solutions containing up to 
24,000 mg. SO4-/litre. Could this perhaps be due to 
the appearance of sodium as bicarbonate, following 
the complexing of some chloride as chloro-aluminate ? 
I feel that in view of his findings this may well be the 
case. Using sulphate resisting portland cement no 
differences due to the incorporation of sodium chloride 
have been detected up to date, that is in 9 months.

Author’s Closure

Friedrich W. Locher

The reduction of the sulphate attack by an addition 
of chloride to the cement is perhaps to be attributed to 
the quick formation of aluminate chloride hydrates 
during the early hydration reactions. At lower chloride 
concentrations the monochloride is formed, at higher 
chloride concentrations the trichloride, too, according 
to recent results of W. Richartz (will be published). 
The monochloride reacts with the later penetrating 
sulphate solutions to ettringite, but it does not generate 
a crystallization pressure. The trichloride is resistant 
against sulphate. An addition of chloride to cement 
effects that a bigger quantity of aluminate will be 
already bound as aluminate chloride hydrates during 
the setting of the cement and consequently less alumi
nate can react to form trisulphate.



Supplementary Paper III-138 Mechanisms of Sulphate Expansion 
of Hardened Cement Pastes

Susanta K. Chatterji*

Synopsis

The expansion of cement motars or concrete due to sulphate attack can be ascribed 
to (i) the formation of sulphoaluminate, (ii) the formation of gypsum, and (iii) other reac
tions catalyzed by the sulphate ions. It has been shown that of the two sulphoaluminates 
which may form, monosulphate formation form C4AH13 explains the observed expansions 
under different conditions better than the formation of ettringite. This mechanism of sul
phate expansion also opens up a method of improving the sulphate resistance of ordinary 
portland cement by adding finely ground calcium carbonate. The formation of gypsum 
may lead to an expansion of the concentration of sulphate solution is such that a super
saturated solution of gypsum is formed. It has been proposed that recrystallization of X- 
ray amorphous calcium hydroxide, which is catalyzed by sulphate ions, may lead to some 
expansion. The cations, present though not contributing to expansion directly, may influence 
the rate of sulphate attack.

Introduction

It has been observed by the earliest users of portland 
cement that structures made with portland cements 
are not very stable when exposed to water containing 
sulphate ions. A large number of research workers 
have studied this problem in order to elucidate the 
mechanism of the deterioration, arriving at different 
conclusions. The action of water containing sulphate 
ions on the hardened cement pastes or mortar etc. 
had been followed either by measuring the rate of 
expansion or loss of strength (tensile or compressive) 
or by ultrasonic resonance vibration. It has generally 
been agreed that the main reason for the deterioration 
of structures is due to the expansion of the hardened 
cement and that the alteration of mechanical proper-

♦Department of Crystallography, Birkbeck College, London, 
United Kingdom.

ties occurs as a result of this expansion. In recent 
years a series of papers has been published from this 
laboratory on the volume stability of cementitious 
pastes. The main object of this paper is to collect 
together the various ideas, put them in perspective 
and compare them with other theories.

The reactions between hardened cement paste 
and sulphate ions (disregarding the effects of cations 
for the present) can be broadly divided into three 
categories, in order of descending importance:

(i) formation of sulphoaluminates,
(ii) formation of gypsum,

(iii) other reactions catalyzed by the sulphate ions.
The effects of these reactions on the volume stabil

ity of hardened cement pastes will be discussed in 
the following sections. At the end, the effects of 
different cations on the rate of sulphate attack on 
hardened pastes will be discussed.



Formation of Sulphoaluminates

There are two types of sulphoaluminates that can 
form by the reaction between C3A and sulphate 
ions in the presence of excess Ca2+ ions; these are 
C3A-3CaSO4-32H2O (ettringite) and C3A-CaSO4- 
11H2O (monosulphate). In both the structures part 
or the whole of the Al3+ ions can be replaced by 
Fe3+- ions. Of these two sulphoaluminates, ettringite 
is stable in the presence of excess sulphate ions. 
Monosulphate forms when the sulphate ion concen
tration falls below the value at which ettringite is 
stable.

Two theories have been proposed connecting the 
formation of different sulphoaluminates with the 
volume expansion of hardened cement pastes. 
According to the earlier theory of Lafuma (1) the 
volume expansion is due to the formation of ettringite. 
It has been assumed that the ettringite formation 
can take place by two mechanisms. If the liquid 
phase containing sulphate ions is saturated with 
respect to Ca(OH)2, the ettringite formation occurs 
through a solid state reaction between C3A and 
SO4’ and Ca2+ ions from solution. A simple molar 
volume calculation shows that this reaction is accom
panied by a volume increase of about 815 % calculated 
on the basis of C3A volume. But if the liquid phase 
is unsaturated with respect to Ca(OH)2 the reaction 
goes through the liquid phase and the ettringite 
crystallization occurs in the pores present in the 
structure without causing any expansion. Until 
recently this was the only accepted theory of sulphate 
attack involving sulphoaluminate formation.

In 1963 another mechanism of sulphate attack was 
proposed, which does not involve ettringite formation 
as the cause of expansion (2). In this mechanism the 
expansion is attributed to the conversion of pre
existing C4AH13 to monosulphate by reaction with 
SO2- ions present in the liquid phase. The main 
experimental basis of this mechanism was an obser
vation that in a C3A + Ca(OH)2 + CaSO4-2H2O 
paste, expansion had occurred when ettringite was 
disappearing and monosulphate was forming. This 
observation is very difficult to explain on the basis 
of Lafuma’s theory. This observation has recently 
been confirmed by Seligmann and Greening (3). 
In a paste of C3A + Ca(OH)2 + CaSO4-2H2O, 
having gypsum to aluminate molar ratio of they 
observed that most of expansion occurred during the 
disappearance of ettringite and formation of mono
sulphate. ■■

The new mechanism can be put in the following 

terms. During hydration of cements the alumina 
bearing compounds first go into solution and then 
precipated out as hydrated compounds. The actual 
nature of the hydration compounds depends on 
temperature and concentrations of other ions present 
in the liquid phase. Taking the case of freshly ground 
portland cement, containing no CO2 and hydrating 
at room temperature, the main alumina bearing 
compound will be ettringite as long as the sulphate 
ion concentration is high. When the sulphate ion 
concentration falls below the value necessary for 
ettringite formation, monosulphate may be precipi
tated if the sulphate ion concentration is high enough 
for monosulphate stability otherwise C4AH13 will 
be precipitated. As the above reactions proceed 
through the liquid phase the reaction products will 
form in the pores present in the structure without 
causing any expansion. If the structure containing 
C4AH13 is subsequently exposed to sulphate solu
tions, sulphate ions will start to diffuse inwards. 
When the sulphate ion concentration reaches a 
critical value monosulphate will start to form from 
C4AH13 by an ion exchange process. This mode of 
monosulphate formation leads to volume expansion. 
On further increase in sulphate ion concentration, 
monosulphate will be converted to ettringite by a 
‘through-solution’ process. These secondary ettringite 
crystals will be precipitated in the pores present in 
the structure without causing any significant expan
sion.

The volume expansion due to the formation of 
monosulphate from C4AH13 may or may not be 
accommodated in the structure depending on the 
Ca(OH)2 concentration in the liquid phase. If the 
Ca(OH)2 concentration is low a part of the expanding 
C4AH13 crystals will dissolve (being under compres
sion) and diffuse out to other parts of the structure, 
thereby accommodating the expansion. If the concen
tration of Ca(OH)2 is high in the liquid phase the 
solubility of C4AH13 will be depressed, thereby 
making the accommodative process inoperative, 
and as a consequence there will be disruptive expan
sion.

It is to be noted that the formation of monosulphate 
by itself does not necessarily give rise to volume 
expansion. Volume expansion occurs only when it 
forms from C4AH13 by an ion exchange process. 
It seems that some confusion has arisen by not noting 
this distinction (4). It follows from the above discus
sion that an anhydrous compound with SO3/A12O3 



molar ratio 1 or less, e.g. C4A3S, will form mono
sulphate during dissolution and precipitation pro
cesses without causing any expansion.

One of the basic assumptions of this new mechanism 
is the formation of C4AH]3 in the paste, instead of 
C4AH19 as is found in the phase equilibrium studies 
(5). The validity of this assumption has been confirmed 
by taking X-ray diagrams of moist clinker pastes in 
which the proportion of aluminate phase had been 
increased by adding C3A. The X-ray diagram of 
these pastes showed the existence of C4AH13 in the 
pastes (6).

Another assumption is that the formation of 
monosulphate from C4AHI3 is an ion exchange 
process. If this assumption is true then it should be 
possible to replace the SO4~ ions from the mono
sulphate structure by other ions / by placing the 
monosulphate crystals in a suitably concentrated 
solution of the appropriate ion. Take the case of 
portland cement paste containing both ettringite 
and monosulphate, in CaCl2 solution of fairly high 
strength. Soon after placement of the paste in the 
chloride solution, the chloride ions will start to 
diffuse inwards from outside. When the concentration 
of chloride ion has reached the appropriate value 
monosulphate will be converted to monochloro
aluminate, thereby releasing sulphate ions in the 
liquid phase. These freshly released sulphate ions 
can then migrate to other places and can convert 
any C4AH13 crystals available to monosulphate 
causing further expansion; provided the sulphate ion 
concentration can reach the appropriate value. The 
chances of reaching this sulphate ion concentration 
will be more in a low w/c paste than in a high w/c 
paste, simply because the amount of diluting liquid 
phase present in the paste is less in the former than 
in the latter. In other words, the richer paste is 
expected to expand more, notwithstanding its higher 
strength, than the lean paste when placed in CaCl2 
solution. Recently, Heller and Ben-Yair (7) have 
published some results which seemed to corroborate 
the above expectations. In this work the authors 
exposed paste prisms made from (a) ground clinker 
and (b) portland cement to 3.5% calcium chloride 
solution and also to distilled water. They also made 

prisms from portland cement with w/c ratios of 
0.3 and 0.5 which were also exposed to 3.5 % calcium 
chloride solution. The authors found that “expansion 
of cement clinker exposed to chloride solutions 
... resemble that in distilled water. Bars of normal 
portland cement, however, expand more in chloride 
solutions than in distilled water.” From this they 
concluded that “addition of gypsum to ground clinker 
causes increased expansion in chloride solutions”. 
Thus the chloride solutions, though themselves not 
giving rise to any expansion, cause expansion in the 
presence of sulphate. Furthermore, they also found 
that the portland cement prisms with low w/c 
expanded more than those with higher w/c ratio. 
Both these observations are in accordance with the 
proposed mechanism.

It follows from the proposed mechanism of sulphate 
expansion that if C4AH13 can be converted to a more 
stable compound with a lower basal spacing then 
monosulphate, which changes directly to ettringite 
when exposed to sulphate solution, this should 
result in lower expansion. Monocarboaluminate 
(monocarbonate) seems to fulfil all these requirements 
(8,9). It is expected that the addition of finely ground 
CaCO3 to portland cement will result in the formation 
of monocarbonate at the expense of C4AH13, and 
this should result in lower sulphate expansion on 
subsequent exposure to sulphate solutions. This 
corollary of the proposed mechanism has been 
verified recently (10).

It is evident that none of the above results are 
easily explained by Lafuma’s theory. Another obser
vation, which is also difficult to explain from the 
ettringite formation theory is that the same amount 
of ettringite formation in sulphate resistant cement 
causes less expansion than in the case of ordinary 
portland cement (11). This is easily explained by the 
proposed mechanism as a monosulphate type of 
compound does not seem to form in sulphate resistant 
cement (6).

Taking all the evidence it is clear that if sulpho- 
alminate formation has anything to do with sulphate 
expansion, then monosulphate formation explains the 
observations better than ettringite formation.

Formation of Gypsum

Portland cement always liberates Ca(OH)2 during 
its hydration. Matured portland cement pastes gener
ally contain about 14% Ca(OH)2. When these pastes 

are exposed to sulphate solutions, if the concentration 
of Ca2+ and SO4" ions exceed the solubility product 
°f gypsum, gypsum will be precipitated. As the 



gypsum crystals are surrounded by a supersaturated 
solution they will grow even when they are under 
constraint, provided the constraining force is not 
higher than the ‘crystal growth pressure’ (12). The 
crystal growth pressure is a function of supersatu
ration. Thus if the conditions are appropriate, i.e. 
the supersaturation is high, the formation of gypsum 
may lead to expansion. Lea has earlier discussed the 
possibility of cement expansion due to gypsum 
formation on the tacit assumption that the gypsum 

formation is a reaction between solid Ca(OH)2 and 
sulphate ions present in aggressive solutions (13). 
The assumption of a reaction between solid Ca(OH)2 
and SO4- ions from solution is questionable in view 
of the fact that the structures of Ca(OH)2 and CaSO4 
•2H2O are so different and the explanation in terms 
of crystal growth pressure seems preferable. This 
type of expansion assumes importance in the presence 
of magnesium sulphate solution, because of the low 
solubility of Mg(OH)2.

Other Reaction Catalyzed by Sulphate Ions

From the above discussion it will appear that 
mortar prisms made from pure C3S should not expand 
when exposed to gypsum solution. But Thorvaldsen 
has found that even these mortars expand when 
exposed to gypsum solution for a long time (14). 
This result is rather difficult to explain as there is 
no possibility of any sulphoaluminate or gypsum 
formation. One possible explanation has been sug
gested by an observation that Ca(OH)2 crystals 
grow more readily in the presence of gypsum (15). 
It is known that during C3S hydration a certain 

amount of X-ray amorphous Ca(OH)2 forms (16). 
In the presence of SO4- ions these X-ray amorphous 
Ca(OH)2 will start to recrystallize into bigger crystals, 
at the same time developing an expansive force (12). 
As this recrystallization process depends on double 
diffusion of SO4- and Ca(OH)2 it will be slow. It 
seems probable that in the case of portland cements 
similar expansion will also occur.

It is possible that other reactions may contribute 
to expansion under certain circumstances and inves
tigation of this field is far from exhausted.

Effect of Cations

So far only the effects of sulphate ions have been 
discussed. Though these provide the basic reasons for 
expansion, the course of reaction is also effected by 
the cations. These cations can be divided into three 
general classes: (i) those forming very soluble hydrox
ides, e.g. Na+, K+ (ii) those forming sparingly 
soluble hydroxides, e.g. Mg2+, Fe2+, and (iii) those 
forming volatile or neutral compounds e.g. NH4 
or H+.

The metal sulphates of the first group will form 
gypsum and highly soluble metal hydroxides. Depend
ing upon the initial concentration of the metal sul
phate, formation of gypsum may or may not develop an 
expansive ‘crystal growth pressure’. But the formation 
of metal hydroxide will increase the OH- ion concen
tration in the liquid phase; in a closed system equi
librium will soon be reached. This increase in OH' ion 
concentration will firstly depress Ca(OH)2 concen
tration in the liquid phase thereby bringing the expan
sion accommodative process into play. Secondly, 
this increase of OH" ion concentration may attack 
other constituents of the structure thereby decreasing 

the strength of the whole. Thus two opposing forces 
will be brought into play if the system is a closed one. 
If on the other hand, the system is an open one, i.e. 
there is a continuous flow of sulphate solution, the 
concentration of OH" ion in the liquid phase may not 
reach a high value and as a consequence the expansion 
accommodative process will not be operative and 
expansion may be severe.

The second group of metal sulphate solutions are 
very corrosive. None of the cementing materials is 
stable in their presence, the final products being 
gypsum, sparingly soluble metal hydroxide, silica and 
aluminium hydroxide gels. As against this extreme 
corrosiveness, these metal hydroxides form a protec
tive coating by being precipitated all over the struc
ture and thereby hindering further transport of ions 
to the reacting surfaces. Thus in the case of rich 
pastes this type of metal sulphate may be less aggres
sive than the other two types.

The third group of sulphates consist of (NH4)2SO4 
and H2SO4. In this case neither the accommodative 
process nor the protective coating formation can



occur. The attack is very vigorous and is not limited strength of the paste by dissolving out the cementing 
only to expansion but also includes weakening the components. '
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Oral Discussion

Arthur W. Brown

Dr. Chatterji proposes the theory that he and Dr. 
Jeffery initiated some 5 years ago, and does so with 
considerable supporting evidence.

Nevertheless I do not find it possible to accept this 
theory in the light of our experience to date. I would 
ask Dr. Chatterji what mechanism he suggests for 
sulphate attack on the many cements with tricalcium 
aluminate contents around 8% or less, where, after 
ettringite formation and its conversion to the mono
sulphoaluminate during hydration, there is little or 
nothing left to form the C4AH13 as a basis for his 
mechanism of attack?

Our experience is that serious specimen damage 
occurs only after the appearance of ettringite in 
significant quantity.

After disagreeing with Dr. Chatterji I feel I must 

perhaps suggest some evidence in favour of his theory. 
We have found, as I believe have others, that the 
longer a specimen is cured in water before immersing 
in sulphate solutions, the more decisive is the effect 
of the sulphate. We also know that cements with high 
C3A and therefore a good potential for the formation 
of C4AH13 are attacked much more in relation to 
their C3A contents than the O.P.C.’s with lower C3A 
contents mentioned earlier. Is this perhaps significant?

Author’s Closure

Susanta K. Chatterji

It is unfortunate that Mr. Brown did not specify 
either the nature of sulphate solution used in his 
experiments or the type of damage that resulted. As 
I have tried to show in my paper, there may be more 



than one type of mechanism operation in any given 
situation. Without any further information it is 
impossible to suggest which mechanism was opera
tive in the experiments carried out by Mr. Brown.

I would like to thank Mr. Brown for supplying me 
with some evidence in favour of one of the proposed 
mechanisms.
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Synopsis

Reinforced concrete structures have extremely long lives, but there have been cases of 
the reinforcing steel being corroded even in ordinary atmospheric environments. The purpose 
of this paper lies in defining the phenomena related to life spans of reinforced concrete 
structures, providing a guide for building high quality structures of long life and contribut
ing to the sound development of reinforced concrete structures. The contents of the paper 
consist of a summarization of long-term studies carried out by the author and its group. 
The paper begins with a description of the experiments which motivated this research and 
with the theme presented by the author that neutralization (carbonation) of concrete has a 
relation with corrosion of reinforcing steel as the basis, considers the various factors influ
encing the rate of neutralization of concrete, describes through experiments the methods of 
determining neutralization connected with rusting of steel, introduces surveys made of 
actual buildings and further comments on the result of studies on special cases which have 
an effect on the life spans of reinforced concrete structures.

1. Purpose and Significance of the Study

Reinforced concrete structures, barring cases of 
dynamic failure or special types of chemical corrosion, 
are generally said to be of a semi-permanent nature.

In looking at actual reinforced concrete buildings, 
the first of which date back to about 70 years age, 
corrosion of steel has been noticed in recent years in 
relatively old buildings which have existed in normal 
atmospheric and other environmental conditions. 
It is desirable that the causes of such phenomena be 
pursued, if possible to place a numerical evaluation 
on the so-called semi-permanent life, and if occurrence 
of such phenomena is the fate of reinforced concrete, 
to find a method of prolonging the life. '

In Japan, as a result of investigations of the Great 
San Francisco Earthquake of 1906, it became to be 
considered ideal for future buildings to be of reinforced 
concrete. However, in a country like Japan where the 
humidity is high, especially in the hot summer months. 

there is a question regarding the susceptibility of 
reinforcing steel to rusting, and therefore, durability 
tests under the conditions of natural exposure as des
cribed later were begun. The author, after twenty 
years of outdoor exposure tests, investigated the 
results obtained up to that time, the first study of its 
kind in the world.

From the results, it was ascertained that over the 
years the alkali of concrete is neutralized from the 
surface by carbon dioxide gas in the atmosphere, 
rusting beginning to take place when the neutraliza
tion reaches the reinforcing steel. Having determined 
that neutralization of concrete has a great influence 
on rusting of reinforcing steel, numerous studies were 
carried out centered around this problem. Method of 
evaluating the life of a building and of prolonging 
that life have been suggested to contribute to the 
sound development of future reinforced concrete 
structures. This paper is a summary of these many 
studies.



2. Origin of Studies

The experiments were motivated by the reasons 
stated in the preceding section and consisted of two 
groups.

Rusting: Results show that richness or leanness 
of concrete mix proportions and the degree of com
paction have an important relation with the outcome.

2.1 Experiment No. 1 (1)

This experiment first began in the autumn of 1907 
by the late Dr. Riki Sano. Specimens consisted of 
untreated steel and steel coated with rust preventive 
material. Also, these steels were embedded in concretes 
of various mix proportions and with varying cover
ages. These specimens numbered in the hundreds 
were placed outdoors in the atmosphere, indoors, 
in the earth and in ponds, and rusting of the steel was 
examined.

Unfortunately, there were a number of the speci
mens lost in later years and those which will be des
cribed hereafter were mainly specimens which had 
been placed outdoors in air.

Place of Exposure: A corner of a spacious inner 
court of a two-storied brick building of the Depart
ment of Architecture, Faculty of Engineering, 
University of Tokyo.

Steel: Round bars of 1/2-inch diameter, polished 
and embedded in the centers of various concretes.

Concrete: The mix proportions used were the six 
varieties given in Table 1 and the concrete was cast 
in prisms 15 cm x 15 cm X 60 cm. Some of the 
1:3:6 mixes were 6 cm x 6 cm X 60 cm and 
60 cm x 60 cm x 90 cm.

The mix proportions were by volume and although 
the concrete was relatively stiff no detailed records 
such as kept today were taken as this was in the early 
days of concrete technology. Neither was compaction 
of the concrete complete.

Survey: Of the several specimens, of each type 
remaining 20 years after manufacture, three or four 
each were broken and examined. The remainder were 
left for further long-term tests and presently a number 
of them still exist after 60 years.

Table 1. Types of concrete in corrosion test

No.
Mix proportion

Cement Lime Sand Gravel Cinder

1 1 0 1 2 0
2 1 0 2 4 0
3 1 0 3 6 0
4 1 0 5 10 0
5 1 2 4 8 0
6 1 0 2 0 4

2.2 Relation between Alkalinity Retained 
in Concrete and Rusting

It was well known at that time that steel would not 
rust if its environment was alkaline, but if this environ
ment were neutralized, the steel would tend to rust. 
As it was readily assumable that the alkali of the 
concrete would gradually be neutralized from the 
surface inward by penetration of carbon dioxide gas in 
the atmosphere, the fractured surfaces of all of the 
specimens tested were examined by application of 
phenolphthalein reagent. This examination showed 
there was no rust to be seen when concrete in contact 
with steel was colored red while rusting had occurred 
without fail when the concrete in contact did not be
come colored. Table 2 shows that after 20 years the 
steel was mainly rusted in parts where compaction of 
concrete was inadequate and neutralization had 
progressed deep into the interior of the concrete at 
such parts.

Estimation of Time of Rusting of Steel in Rein
forced Concrete: Judging from the above, even should

Table 2. Rusting of steel in reinforced concrete at 20 years

No. of 
type of 

concrete

Width of concrete prism

6 cm 15 cm 60 cm

1 —

No corrosion except 
for partial rusting at 
voids caused by poor 
compaction.

—

2 — Ditto —

3

Completely rusted 
concrete cracked 
longitudinally by 
expansion.

Ditto

Approximately 10% 
of surface of steel 
covered with red 
rust. Rusting where 
honeycombing 
existed.

4 —

Approximately 30% 
of surface of steel 
rusted. Mostly at 
parts of poor con
stitution.

—

5 —

Approximately 10% 
of surface of steel 
rusted. Mostly at 
parts of poor con
stitution.

—

6 — Completely rusted. —

Note: indicates no applicable test specimen.



the compaction of concrete be complete, when penetra
tion of carbon dioxide gas reaches the steel, it is 
thought possible that rust can form at this time, a 
fact which provides an important basis for evaluation 
of the life of reinforced concrete.

The average depths of neutralization of 15-cm 
prisms included in the above-mentioned group of 
specimens are given in Table 3.

With rich mixes, the concret tends to be dense so 
that penetration of carbon dioxide gas is lessened and 
since the content of calcium hydroxide in the concrete 
is greater, the depth of neutralization is naturally less.

As the above specimens were not adequately com
pacted, it is assumable that the depth of neutraliza
tion would have been less if complete compaction had 
been obtained.

In the following, theorizing simply with the inclu
sion of some bold assumptions that for a given con
crete the quantity of carbon dioxide gas reaching a 
depth, x, in a given time is proportionate to j-, then 
the time, Z, required for the depth, x, to be neutralized 
is z = kx1, with k a constant based on mix propor
tions and placing practices. Considering water-cement 
ratio to be 0.60 in normal cases of concrete for build
ings, and determining the constant, k, from results of 
concretes of the same quality as those in the specimens 
of the before-mentioned tests, z = 7.2x2 (z: years,

Mix proportion Depth of neutralization (cm)

Table 3. Concrete mix proportions and depth of 
neutralization at 20 years

1 :: 1 :: 2 0.65
1 :: 2 : 4 1.4
1 :: 3 :: 6 3.3
1 :: 5 :: 10 4.3

x: coverage in centimeters) is obtained. This, of sorts, 
is the equation for estimating life of reinforced con
crete. (2)

2.3 Experiment No. 2 (3)

Since compaction of concrete in the above test had 
been unsatisfactory, Prof. Shozo Uchida, five years 
later, began similar tests in which placement of con
crete was carried out as perfectly as possible. The 
results of these tests were extremely good and a similar 
equation, Z = 167x2, was formulated based on these 
tests. In other words, at the same water-cement ratio, 
merely the difference in constitution produces a life 
167/7.2 = 23 times longer showing how much it is 
necessary to improve the constitution.

3. Test Studies of Neutralization of Concrete

3.1 Test Studies in Taiwan (4) ~ (9)

In Taiwan, corrosion of steel in reinforced concrete 
is more rapid than in Japan and the author upon 
conducting a survey pointed out high temperatures 
and influence of salt air as external conditions, and 
poor gradation of sand and use of too much water as 
internal conditions for this phenomenon. Later, the 
author planned and directed the making of 15 cm X 
15 cm x 30 cm prisms of various mix proportions

Table 4. Tests in Taiwan

Test location Takao (Kaoshun) Taipei

Test period (yrs.) 1 4 9 1 4 9 19

*Maximum depth 36 mm

Depth of 
neutrali-

Portland 
cement

1.5
2.5

1.1
3.3

2.5
6.5

0.5 0
0.8

1
3.5

2
9.5

zation
Blast furnace 2.0- 1.8- 5.0- 1- 0.8- 1.5- 2,5-
slag cement 4.5 5.3 14.5 2.5 3.5 7.5 6.5»

which were placed in the vicinity of Takao (Kaoshun) 
Lighthouse and in the city of Taipei upon which 
1-year, 4-year and 9-year results were studied.

The results summarized are as follows:
a. The depths of neutralization of specimens at 

Takao were greater than those at Taipei, i.e., 
the rate of neutralization differs with climate.

b. Neutralization was considerably retarded in the 
case of dry-consistency concrete adequately 
compacted, i.e., neutralization progresses 
along voids.

c. Depth of neutralization is increased the greater
the water-cement ratio.

d. A comparison of blast furnace slag cement and
portland cement showed depth of neutraliza
tion of concrete using the former to be about 
twice that using the latter. This is due to less 
free Ca(OH)2 in blast furnace slag cement.

These tests in Taiwan were carried out after thor
ough planning and were conducted on a very large 
scale. The carefully collected data provided valuable



information for later studies.
However, the specimens at Takao were evidently 

lost at the end of World War II and only those at 
Taipei now remain. Measurements of depths of 
neutralization after 19 years were recently carried out 
by Chinese engineers (10). It is reported that depths of 
neutralization have increased and the neutralization 
of blast furnace slag cement concrete has become 
extremely irregular.

3.2 Comparative Study of Various Concretes 
in Relation to Neutralization under Accelerated 

and Natural Conditions (Part 1) (11)

Table 5. Types and general descriptions of test specimens

Code Type of concrete General description

A I Normal
A II Ditto
A III Ditto
B I Pozzolanic 

cement
C I Air-entrained
C II Ditto
D I Pumicite

F I Pumicite 
air-entrained

F II Ditto
G I Cinder

w/r - 1= vlSIump 21 cm’ Sravel 20111111 
■x.Jtr' I sand 0.6 mm and under 
W / C 1 5 J I
WjC = 65%, other conditions same as 

above
AEA pozzolith 1Other conditions
AEA vinsol resinjsame as A II
Asama pumicite, slump 21 cm, gravel

20 mm, sand 2.5 mm, diotomaceous 
earth 25 kg/m^

AEA pozzolith 1 e__ t_______I Same as D I, no
, _ . . , f diotomaceous earthAEA vinsol J
According to standard mix proportions for 

pumicite concrete, sand 2.5 mm, gravel 
20 mm

Outline

These experimental studies were conducted with 
the purpose of comparing various reinforced concrete 
specimens neutralized under identical conditions.

Accelerated tests were carried out along with natural 
exposure tests. The acceleration of neutralization was 
secured in an apparatus containing 15% carbon dio
xide gas. Results of one year of accelerated tests and 4 
measurements during 6^- years of natural exposure 
tests establish the appropriateness of this method of 
accelerated testing which closely approximate the 
results obtained from exposure in the atmosphere.

It was also ascertained that use of surface-active 
agents markedly reduced the rate of neutralization and 
also that use of these agents in lightweight concrete 
made it possible to restrict neutralization in this type 
of concrete to about the same degree as in normal 
concrete.

Test Specimens

Test specimens were 40 cm x 40 cm x 15 cm in 
size each having three parallel 0 — 9 mm steel bars 
covered with mill scale embedded in it. In order to be 
able to measure neutralization from the direction of 
the steel bars only, all surfaces of the specimens 
other than the surfaces perpendicular to the reinforcing 
steel were thoroughly coated with an asphalt-based 
paint. The types of specimens are listed in Table 5.

Method of Testing

The testing room was an air-tight chamber as shown 
in Fig. 1, into which carbon dioxide gas was directly 
introduced. The air inside the chamber was agitated 
with a fan. Regulation of the concentration of carbon 
dioxide gas was performed manually once every day. 
Outdoor exposure tests were carried out in the open 
air on the roof of the building of the Department of

Fig. 1. Carbon dioxide gas accelerated 
neutralization test chamber

Architecture, Faculty of Engineering, University of 
Tokyo.

Test Results

Measurements were made three times, at 1 month,



Table 6. Neutralization of specimens in accelerated tests 
(1 year)

Table 7. Neutralization of specimens in outdoor natural 
exposure tests (6112 years')

Code

Depth of neutralization

Observations Code

Depth of neutralization

Observations
Max. Min. Av. Max. Min. Av.

A I 30.0 18.0 25.0 Depth of neutralization irregular A I 11.0 5.0 7.5 Neutralization progressed along
A II 23.0 10.0 18.0 Depth of neutralization slightly surfaces of gravel, extremely

irregular irregular
A III 15.0 8.0 12.0 Depth of neutralization extremely A II 7.0 2.0 3.0 Slightly irregular

irregular A III 3.0 0.5 1.5 Uniformly neutralized
B I 25.0 15.0 22.0 Generally uniformly neutralized B I 10.0 3.0 6.2 Neutralization progressed along
C I 10.0 2.0 6.0 Ditto surfaces of gravel, extremely
C II 17.0 5.0 12.0 Ditto - irregular
D I 50.0 30.0 40.0 Generally uniformly reutralized, C I 3.0 0.5 1.5 Uniformly neutralized

slight alkali remaining C II 4.0 1.0 1.8 Ditto
F I 15.0 7.0 12.0 Generally uniformly neutralized D I 19.0 6.0 13.0 Neutralization through aggregate,
F II 25.0 10.0 17.0 Slightly irregular extremely irregular
G I 50.0 40.0 45.0 Rust formation on reinforcement F I 9.0 2.0 4.6 Slightly irregular

at neutralized parts F II 10.0 4.0 6.2 Slightly irregular, neutralization
___________ through aggregate

G I 26.0 7.0 14.2 Extremely irregular, neutralized
portion slightly whitened

6 months and 1 year for the accelerated tests, and at 
6 months, 1 year and years for the outdoor tests. 
The results given here are for 1 year of accelerated 
tests and 6^ years for the outdoor exposure tests. 
Tables 6 and 7 give the results of measurement of 
neutralization. Comparisons of depths of neutraliza
tion between accelerated-test specimens and exposure
test specimens are given in Table 8. A study of these 
comparisons shows the following:

a. Normal concrete is more readily neutralized the 
greater the water-cement ratio. Specimen Al, especi
ally, showed extremely irregular depth of neutraliza
tion indicating the non-uniform constitution of the 
concrete. It was noticeable that neutralization had 
progressed along the surfaces of gravel which was 
probably because the cement paste at the undersides 
of gravel was more porous than at other parts due to 
bleeding and other causes.

b. The depth of neutralization of pozzolanic cement 
concrete was naturally greater than that of portland 
cement concrete because of less free Ca(OH)2, being 
one and a half to two times greater. Concrete contain
ing surface-active agents showed extremely small 
depth of neutralization. This was probably because of 
smaller water-cement ratios and consequently denser 
cement paste and also because of dispersion of cement 
particles. In lightweight aggregate concrete, neutraliza
tion was extremely great when diatomaceous earth was 
contained. Especially, in concrete using coal cinders, 
the neutralized portions had reached the reinforcement 
and rust had already formed. It was found that addi
tion of surfactants to lightweight concrete will provide 
improvements to a level equal to or better than normal 
concrete.

In considering the acceleration rate in tests using 
carbon dioxide gas it is generally necessary to know 
the acceleration rate over the natural exposure tests.

Table 8. Neutralization ratios of specimens 
(1-year acceleration, 6 112-year natural exposure)

Code of concrete compared
Type of concrete ----------------------------------------------------- —--------------------------- -

Al All AIII BI CI CII DI FI FII GI

1.80 0.25 3.75 2.04 7.50 3.75 1.12 3.75 2.65 
(Cinder) j 90 4.74 9,45 2.29 9.45 7.89 1.09 3.09 2.29

Al (Portland 
cement, normal 
concrete)

1.39
2.50

2.08
5.00

1.14
1.21

4.16
5.00

2.08
4.17

0,63
0.58

2.08
1.63

1.47
1.21

0.56
0.53

All (Portland 0.72 1.50 0.82 3.00 1.50 0.45 1.50 1.06 0.40cement, normal 
concrete) 0.40 2.00 0.48 2.00 1.67 0.23 0.65 0.48 0.21

AIII (Portland 0.48 0.67 0.55 2.00 1.00 0.30 LOO 0.71 0.27cement, normal 
concrete) 0.20 0.50 0.24 1.00 0.83 0.12 0.33 0.24 0.11

BI (Pozzolanic 0.88 1.22 1.83 3.66 1.83 0.55 1.83 1.29 0.49cement, normal 
concrete) 0.83 2.06 4.13 4.13 3.44 0.48 1.35 1.00 0.44

CI (Portland 0.24 0.33 0.50 0.27 0.50 0.15 0.50 0.35 0.13cement, AE con
crete, Pozzolith) 0.20 0.50 1.00 0.24 0.83 0.12 0.33 0.24 0.11

CII (Portland 0.48 0.67 1.00 0.55 2.00 0.30 LOO 0.71 0.27cement, AE con
crete, vinsol resin) 0.24 0.60 1.20 0.29 1.20 0.14 0.39 0.29 0.13

DI (Pumicite, 1.60 2.22 3.33 1.82 6.67 3.33 3.33 2.35 0.89diatomaceous 
earth)

1.73 4.33 8.66 2.10 8.66 7.22 2.82 2.10 0.92

FI (Pumicite, 0.48 0.67 1.00 0.55 2.00 LOO 0.30 0.71 0.27AE concrete, 
Pozzolith) 0.61 1.53 3.07 0.74 3.07 2.55 0.35 0.74 0.32

FII (Pumicite, 0.68 0.95 1.42 0.77 2.83 1.42 0.43 1.42 0.38AE concrete, 
vinsol resin) 0.83 2.06 4.13 1.00 4.13 3.44 0.48 1.35 0.11

Note: Upper figures neutralization ratios for tests in carbon dioxide 
chamber. Lower figures for outdoor exposure tests. Examples of 
comparisons: Depth of neutralization of pumicite concrete (DI) 
in carbon dioxide is 1.6 times Al, 2.22 times All, in open air 1.73 
times Al, 4.33 times All, etc,

The relation between the rate of neutralization in air 
containing 15% carbon dioxide gas adopted for these 



tests and that of open air containing 0.02 to 0.05% 
was thus investigated. In regard to this, there was a 
formula induced by the author with the assumption 
that the rate of neutralization is proportionate to the 
concentration of carbon dioxide gas. This formula 
may have been appropriate when the concentration 
was low, but in accelerated tests such as considered, 
in which the concentration of the gas would be high, 
the formula was thought to be inapplicable. Inter
polating linearly to obtain the results for 2 months 
from the accelerated test data for 1 month and 6 
months and comparing with the results of 6| years of 
natural exposure a good approximation can be seen. 
In other words, in these accelerated tests with carbon 
dioxide gas, it was found there was an acceleration of 
approximately 40 times expressed in terms of the 
period required for neutralization. Since natural 
exposure tests of this kind require a long time the 
practical significance of accelerated tests is great.

3.3 Comparative Study of Various Concretes 
in Relation to Neutralization 

under Accelerated and Natural 
Conditions (Part 2) (12)

Outline

Following on the tests conducted as described in
3.2, various concretes were similarly tested for 
neutralization under identical conditions and com
pared. This time, the condition of exposure indoors 
was added and neutralization of concrete under the 
three conditions of accelerated tests, outdoor tests and 
indoor tests were measured.

The accelerated tests were conducted for 6 months 
and the outdoor and indoor tests for 5 years. The 
results were generally the same as those described in
3.2. It was noted that there was considerable difference 
in neutralization occurring indoors and outdoors 
and the ratios of depth of neutralization for the 
different conditions were studied.

Table 9. Comparison between estimated and natural exposure 
value of neutralization

Type of concrete AI AH AIII BI CI CII DI FI FII GI

Estimated value 
of neutralization 
at 2 month 
acceleration

5.6 4.1 2.2 8.6 1.8 2.7 13.2 4.0 7.0 12.6

Neutralization 
at 6 1/2 years of 
outdoor exposure

7.5 3.0 1.5 6.2 1.5 1.8 13.0 4.6 6.2 12.5

Materials

Four types of cement were used. These were normal 
portland cement, high-early strength portland cement, 
blast furnace slag cement and pozzolanic cement.

The aggregates used were river sand, volcanic 
pumicite and coal cinders. Among other materials, 
4 types of surface-active agents, Pozzolith, Lissapol, 
Vinsol Resin and Darex were used, each in standard 
amounts.

Test Specimens

The test specimens were 15 cm x 15 cm x 30 cm 
prisms each with a 0-13 mm steel bar embedded in the 
center. Mill scale was removed from the steel bars 
with sandpaper after which the bars were thoroughly 
washed with hydrochloric acid and again with water 
before they were embedded. The varieties of specimens 
tested are given in Table 10. The specimens were cured 
for 4 weeks in moist sand and for another 4 weeks 
indoors in the air. The tests began from the age of 8 
weeks. To measure neutralization only from the top 
and bottom surfaces of the concrete placed, polyvinyl 
chloride paint was applied to the sides of the specimens 
to prevent neutralization from these two surfaces.

Methods of Testing

a. Outdoor Exposure: Rooftop of Building. No. 1,

Table 10. Types of specimens

No. Code Type of 
concrete

General description

1 A

2 B
3 C
4 D

5 E

6 F

7 G

8 H
9 I

10 J
11 K
12 L
13 N

14 O
15 P
16 Q
17 R

18 S
19 T
20 U
21 V

Normal 
(wet mix) 
Ditto 
Ditto 
Normal 
(dry mix) 
Blast furnace 
slag cement 
Pozzolanic 

cement 
High-early 

strength 
cement 

AE 
Ditto 
Ditto 
Ditto 
Light-weight 
Light

weight, AE 
Ditto 
Ditto 
Ditto 
Cinder

Ditto 
AE cinder 
Ditto 
Cinder 
(water
proofed) 

Cement content 300kg, W/C = 70 % 'i

Cement content 350kg, W/C = 60% [Slump 21cm
Cement content400kg, W/C = 50%J
Cement content 350kg, W/C = 60 %, Slump 10cm

^Cement content 350kg, W/C — 60%, Slump 21cm

Pozzolith 5.3g (per 1kg cement) t Cement con. 
Lissapol-N 0.4cc (per 1kg cement) I tent 350kg, 
Vinsol resin 0.6cc (per 1kg cement) [ Sjump 21cm 
Darex 0.4cc (per 1kg cement) J
No air-entraining agent
Pozzolith No. 5

Lissapol-N
Vinsol resin
Darex

Cement content 350kg, Asama 
pumicite. Slump 21cm, equal 
'volumes of fine and coarse 
aggregates

Cement content 320kg, lime 40kg) Slump 21cm, 
equal volumes 

kof fine and
I coarse 

Cement content 350kg, no lime J aggregates
Pozzolith No. 5 added to Mix R) C11W1X 01^ 
Lissapol-N added to Mix R f Slump 2 
1: 3 and 1: 2 (0-4cm) finish coat of waterproof
mortar on Mix S



Department of Architecture, Faculty of Engineering, 
University of Tokyo. (Concentration of carbon dioxide 
gas: 0.02-0.03%)

b. Indoor Exposure: Interior of room facing inner
court of Building No.l, Faculty of Engineering, 
University of Tokyo, not too frequently entered by 
people. (Concentration of carbon dioxide gas: 0.04
0.05%) -

c. Accelerated Carbon Dioxide Gas Test: Ac
celerated neutralization test chamber described in 3.2, 
15 % carbon dioxide gas concentration, 85 % humidity, 
normal temperature.

Test Results

The depths of neutralization at 6 months of accelera
tion were as shown in Table 11. The results of outdoor 
and indoor exposure for 5 years are given in Table 12. 
The results of accelerated tests as clearly shown in the 
table indicate that:

a. The general trend of the extent of resistance to 
neutralization was approximately the same as the 
results described in 3.2.

b. Concretes containing surface-active agents, both 
normal and lightweight, had slow neutralization rates 
indicating their high resistance to neutralization. 
There were differences according to the types of sur
face-active agents, those with high dispersing effects 
producing better results than those which were simple 
foaming agents.

c. There were no differences in depths of neutraliza
tion between surfaces which were at top and bottom of 
concrete at the time of placement. This was because the

Code Type of concrete
Depth of neutralization (mm)

Surface A Surface B Average

Table 11. Depth of neutralization at 6 months acceleration

A Normal 10 17 13.5
B Ditto 8 12 10.0
C Ditto 4 3 3.5
D Ditto (dry mix) 2 3 2.5
E Slag cement 10 12 11.0
F Pozzolanic cement 15 10 12.5
G High-early strength 

cement
5 3 4.0

H Normal, AE 2 1 1.5
I Ditto 2 4 3.0
J Ditto 8 5 , 6.5
K Ditto 3 5 4.0
L Lightweight 30 20 25.0
N Lightweight, AE 10 10 10.0
O Ditto 10 15 12.5
P Ditto 20 15 17.5
Q Ditto 15 20 17.5
R Cinder 25 35 30.0
S Ditto 25 30 27.5
T Cinder, AE 25 15 20.0
U Ditto 20 30 25.0
V Waterproof 3* 5* 4.0*

*Value not including thickness of waterproof mortar.

height of the placement was not very great.
The comparison of rate of neutralization caused by 

outdoor and indoor exposure is as given in Table 13. 
The following may be said from the results:

a. The neutralization rate of various normal con
cretes using river sand and gravel as aggregates were 
approximately the same for outdoor, indoor and ac
celerated tests. On the other hand, in the case of 
lightweight concrete, the rate was approximately the 
same for indoor and accelerated tests whereas in 
outdoor testing there were many cases where the rates 
were higher. This is considered to be because light
weight concrete is porous and absorptive, and there
fore, in the case of these tests in which no cover was 
provided on the concrete against the outdoor exposure, 
such things as the leaching of lime from the concrete 
by rainwater were disadvantageous in respect to 
neutralization.

b. From the above, it can be said that in the case of 
normal concrete, the accelerated tests using carbon 
dioxide gas agree well with both outdoor and indoor 
tests, but in the case of lightweight concrete the 
accelerated test agrees well with indoor tests, but not 
always with outdoor exposure tests. However, with 
lightweight concrete containing a surface-active agent 
with good dispersing qualities, the results of carbon di
oxide gas accelerated tests agree well with both out
door and indoor test results.

c. Throughout the three types of tests, the concretes 
in order from the slowest rate of neutralization were 
normal concrete containing a surface-active agent, 
high-early strength cement concrete, normal concrete 
for dry consistency, normal concrete, lightweight 
concrete with a surface-active agent, blast furnace slag 
cement concrete and pozzolanic cement concrete.

d. In general, blended cements are neutralized more 
quickly than portland cements. Although the ratio of 
neutralization depth differs according to tests, it is 
roughly between 1.1 and 2.3 depending on the type of 
cement and the various conditions of the concrete.

In comparing neutralization from outdoor and in
door exposure, it was found the neutralization indoors 
had progressed more than that outdoors, being 1.0 to 
3.0 times deeper. This is because of the influence of 
rainwater in the case of outdoor natural exposure in 
which the voids in the concrete are filled with water 
making it difficult for carbon dioxide gas to penetrate 
the concrete, and also because the concentration of 
carbon dioxide gas indoors is slightly higher. This 
tendency has been found in investigations of neutra
lization in actual buildings.

From the above, the following conclusions are 
obtained:



Table 12. Results of 5 years outdoor and indoor exposure tests

Code Type of concrete

Depth of neutralization Depth of neutralization Ratio of
at 5 yrs. of outdoor at 5 yrs. of indoor indoor to

Surface Exposure (mm) Exposure (mm) outdoor
measured* ------------------------------------------------------------------------------------------------------------------------------deoth of

Av. (Av. of 2 Av. (Av. of 2 neutralization
Max. Min. surfaces) Max. Mm. surfaces)

A Normal Top 6.0 1.5 3.5 12.0 4.0 9.0 2.6 ,,
Bottom 5.5 0.5 2.0 (2'8) 9.0 5.0 6.5 (7'8) 3.2

B Ditto Top 5.5 1.0 12.0 4.0, 9-6<6m 2'8 (2 6)
Bottom 3.5 0.5 l.S(2-6) 9.0 0.5 4.2 (6'y) 2.3

C Ditto Top 5.0 1.0 2.3 ,,,, 8.0 0.5 4.1 ,, L8t?4'lBottom 5.0 0.5 0.9(L6) 5.0 2.0 3.5 (3'8) 3.812-4)

j-j Normal
(dry mix)

Top 3.0 0.5 J-2rifit 8-5 10 4-1<-4 2) 3-4126)
Bottom 4.0 1.0 1.0(L6) 6.0 0.5 4.2 (4'2) 2.2

P Blast furnace
slag cement

Top 8.5 2.0 3.5 „„ 15.0 6.5 9.2 2-6 (3 0)
Bottom 6.0 1.0 2.3 (2-9) 11.0 5.0 8.1 3.5

p Pozzolanic
cement

Top 10.5 5.0 3.7 ,,., 17.0 5.0 10.5 ,„ 2.8 „ „
Bottom 8.5 2.0 3.1 1 10.5 4.0 9.2 *■  1 ’ 3.01 -

q High-early
strength cement

Top 4.0 1.0 1.0,,,, 10.0 1.0 5.4,,,, 2.8 , „Bottom 3.0 0.5 1.1(L5) 9.0 0.5 3.8 (4-6) 3.5al)

tt Normal, AE
(Pozzolith)

Top 3.0 0.5 1.1 ,,,, 8.0 1.0 4.2,--, 3.8 ,,
Bottom 3.0 0.5 1.1 u'u 3.0 0.5 l.H ' 1.0

j Ditto
(Lissapol)

Top 4.0 1.0 1.9 8.0 0.5 4.6 ,,-, 2.4 n
Bottom 3.0 0.5 LI 5.0 0.5 1.9^'^ 1.7

T Ditto
J (Vinsol)

Top 3.0 1.0 1«9/-irx 9 0 4-° 6.5 -x 3.4f7Qx
Bottom 5.0 0.5 1.7U'6; 13.0 2.0 4.1 2.4^*̂

K Ditto
(Darex)

Top 4.0 1.9 1.9 n -x 5.0 2.0 4.2 n 2.2qx
Bottom 4.0 1.9 1.5U,/' 6.0 0.5 2.3 1.5u ?

L Lightweight Top 16.0 4.0 8.5 ,QSx 25.0 10.0 16.3 n-ax L9ri7'1
Bottom 18.0 5.0 10.5 20.5 3.5 15.3U3,0J 1.5 J

Lightweight, AE 
(Pozzolith)

Top 5.0 1.0 2.7 r7 7x 18.0 5.0 7.5 n 2.8 n ,x
Bottom 6.0 1.0 2.7l ? 15.0 3.0 6.7 1 J 2.5v ’

„ Ditto
(Lissapol)

Top 12.0 5.0 8.0 7x 17.0 5.5 9.7 -x I-2ri7t
Bottom 5.0 1.0 2.3v 1 18.0 4.0 3.3 k 1

p Ditto
(Vinsol)

Top 13.0 4.0 8.3 ,,., 20.0 6.0 11.3„n- 1.4,,.,Bottom 12.0 1.5 6.2 (7'4) 19.5 8.5 10.1 (10/7) 1.6(L5)

n Ditto
(Darex)

Top 10.0 4.0 7.4,8 -x 22.0 7.5 9.7 ,Q ,x 1.3 f1 n
Bottom 13.0 6.0 9.2k } 15.0 4.0 9.3 1.0u ;

R Cinder (lime) Top 34.0 8.0 21.7,2q 3^ 26.0 20,5 23.0 g\ *̂̂(10)
Bottom 36.0 1.0 18.9tzu, J 27.0 15.0 18.8l ? 1.0 u'u;

S Ditto (plain) Top 25.0 3.0 15.0,,,., 25.0 16.0 20.8„-o, 1.4,. ,,
Bottom 36.0 1.0 11.9U ? 20.0 11.0 15.0U/’9J 1.3U *

T Ditto
(Pozzolith)

Top 22.0 2.5 6.5 ,, Rx 19.0 12.0 14.8,., 2.3 n ,x
Bottom 20.0 3.0 7.0 23.0 18.0 18.8U0-8) 2.7l2,D)

y Ditto
(Lissapol)

Top 16.0 7.0 ll-6f103, 20.0 7.0 16.4,,-- 1.4,,.,
Bottom 15.0 5.0 26.0 13.0 20.8 2.2

* “Top" and “Bottom” indicate top and bottom surfaces respectively at time of concrete placement. 
♦♦Figures in ( ) indicate ratio of average of two surfaces.

a. In normal concrete, there is less tendency of 
neutralization the lower the water-cement ratio and 
the higher the cement content.

b. Surface-active agents for concrete markedly 
reduce the rate of neutralization. However, the effect 
will differ according to the type of agent, the results 

being better the higher the dispersing action.
c. Neutralization occurs more rapidly with blended 

cements than with portland cements. The ratio of the 
depth of neutralization differs considerably according 
to the variety of cement and the conditions under 
which the cement is used.



Table 13. Neutralization ratios

Type of concrete

Test

Outdoor 
(5 yrs.)

Indoor 
(5 yrs.)

Accelerated 
(6 mos.)

Normal 1.0 1.0 1.0

Ditto (dry mix) 0.62 0.61 (0.25)

Blast furnace slag cement 1.11 1.26 1.10

Pozzolanic cement 1.31 1.44 1.25

High-early strength cement 0.58 0.67 0.40

Normal, AE (Pozzolith) 0.42 0.39 (0.15)

Normal, AE (Lissapol) 0.58 0.48 0.30

Normal, AE (Vinsol) 0.69 0.77 0.65

Normal, AE (Darex) 0.65 0.48 0.40

Lightweight (3.65) 2.29 2.50

Ditto, AE (Pozzolith) 1.04 1.03 1.00

Ditto, AE (Lissapol) 2.00 1.26 1.25

Ditto, AE (Vinsol) (2.85) 1.55 1.75

Ditto, AE (Darex) (3.19) 1.38 1.75

Cinder (lime) (7.80) 3.03 3.00

Cinder (5.20) 2.59 2.75

Ditto (Pozzolith) 2.62 2.43 2.00

Ditto (Lissapol) (3.96) 2.69 2.50

Table 14. Types of concrete

Unit 
cement 
content 
(kg/m3)

Fly ash
(kg/m3)

Water 
reducing W/C 

(%)
Slump 
(cm)

A-l 350 0 ^^one 57 15
B-l 350 50 None 60 15
C-l 320 50 None 55 8
D-l 320 50 None 60 15
A-2 350 0 Used 52 15
B-2 350 50 Used 55 15
C-2 320 50 Used 50 8
D-2 320 50 Used 55 15

d. The neutralization of plain lightweight concrete 
is rapid, but when surface-active agents are used, the 
resistance is greatly improved. The surfactants are 
better the higher the dispersing qualities.

e. The neutralization of cinder concrete is rapid. 
Considerable improvement can be obtained by use of a 
dispersing agent, but even this is not sufficient. Also, 
there is fear of corrosion of reinforcing steel from sul
phur compounds contained in the aggregate.

f. The neutralization ratios of various concretes 
under the three conditions, acceleration, natural 

exposure and deposit indoors, roughly approximate 
each other in the case of normal concrete, but with 
lightweight concrete, the ratio is somewhat different 
for natural exposure.

g. In the case of natural exposure, neutralization is 
more rapid indoors than outdoors.

3.4 Tests of Influence of Fly Ash 
on Neutralization of Lightweight 

Aggregate Concrete (13)

Outline

The poor workability of lightweight concrete can be 
improved by the use of fly ash. However, it is conceiv
able the calcium hydroxide produced by the hydra
tion of cement will react with the fly ash to form an 
insoluble compound. The tests conducted were for the 
purpose of studying this point. It was found that the 
use of a water-reducing agent along with the fly ash 
would result in neutralization of roughly the same 
extent as lightweight concrete without fly ash, but 
from the viewpoint of durability it is desirable to use a 
water-reducing agent alone for the improvement of 
workability of lightweight concrete.

Test Specimens

The specimens were 15 cm X 15 cm x 30 cm 
prisms with 0-13 mm polished steel bars embedded at 
a depth to obtain a 3-cm coverage. The concretes were 
as shown in Table 14. Normal portland cement was 
used as cement, Asama natural pumicite as lightweight 
aggregate both fine and coarse, and Pozzolith as a 
water-reducing agent. The specimens were cured for 
2 weeks in water after which they were air-cured to 
the ages of 4 and 13 weeks.

Method of Testing

As described previously, measurements were made 
at 1 month and 6 months of accelerated testing with 
carbon dioxide gas and at 4 years of outdoor and in
door testing.

Test Results

The test results are shown in Tables 15 and 16. 
These tables give the results of 4 years of natural 
outdoor exposure, 4 years of deposit indoors, 1 month 
and 6 months of acceleration. The neutralization ratios 
obtained from the study of these data are given in 
Table 17, while the comparison by condition in order 
to see the difference according to conditions of the 
test is shown in Table 18. As is clearly seen from the



(Unit: mm)
Table 15. Depth of neutralization

Code

1-Month acceleration 6-Month acceleration

4-week curing 13-week curing 4-week curing 13-week curing

Max. Min. Av. Max. Min. Av. Max. Min. Av. Max. Min. Av.

A-l 6 0.5 3 5 1 3 8 2 5 8 3 5
B-l 7 2 4 7 1 4 9 3 6 12 4 9
C-l 8 0.5 5 8 2 6 10 2 8 20 5 15
D-l 9 2 5 9 2 7 12 3 8 15 3 12

A-2 4 0.5 2 5 0.5 2 5 1 3 6 1 3
B-2 5 0.5 2 5 0.5 3 6 1 3 7 1 5
C-2 6 0.5 4 7 1 5 8 1 5 10 2 8
D-2 6 0.5 4 7 1 5 7 1 6 10 2 8

Table 16. Depth of neutralization
(Unit: mm)

Outdoor exposure Indoor deposit
Code Type of concrete (4 yrs.) (4 yrs.)

fly ash 50kg

Max. Min. Av. Max. Min. Av.

A-l
Cement 350kg, 
plain, 
no fly ash

12.0
9.0

2.0
1.5

6.7 54
4.1

20.0 
15.0

10.0
8.0

13.2
11.8 12.5

B-l
Cement 350kg, 

fly ash 50kg

16.0
12.0

1.0
2.0

6.8
4.5 D,/

17.0
25.0

11.0
5.0

13.2
13.2 13.2

C-l
Cement 320kg, 
plain, 
fly ash 50kg

13.0
20.0

2.5
3.0

10-4 9 3
8.2 y,J

22.0
18.0

11.0 
10,0

15.4
14.1 14.8

D-l
Cement 320kg, 
plain, 
fly ash 50kg

28.0
21.0

2.5
2.0

^•5 |Q 2
10.9 1U*2

15.0
19.0

11.0
8.0

13.6
13.6 13.6

A-2

Cement 350kg, 
dispersing

no fly ash

4.0 
5.0

1.0
1.0

2*^ 2 5
2.3

14.0
12.0

7.0
5.0

10.5
9.2 9.9

B-2
Cement 350kg, 
dispersing 
agent, 
fly ash 50kg

5.0
10.0

2.0
1.0

3-2 41
5.0 1

19.0
14.0

7.0
7.0

13.6
9.5 11.6

C-2
Cement 320kg, 
dispersing 
agent, 
fly ash 50kg

15.0
15.0

2.0
3.0

63 79
9.5

16,0
16.0

9.0
8.0

13.4
10.9 12.2

D-2
Cement 320kg, 
dispersing 
agent,

8.0
11.0

1.0
1.0

7-84.5 6"2 13.0
17.0

8.0
8.0

10.9
12.3 11.6

Note: All specimens measured for neutralization from side surface per
pendicular to direction of concrete placement.

results:
a. When fly ash is added without the use together 

with a water-reducing agent, the rate of neutralization 
is 1.1 to 2.3 times more rapid than plain lightweight 
concrete for all conditions.

b. When both fly ash and a water-reducing agent 
are added, the rate of neutralization is slightly slower. 
This indicates the beneficial effect of the water
reducing agent. However, when cement content is 
reduced, the neutralization is great.

Table 17. Ratios to normal concrete of depths of neutralization

Test condition A-l B-l C-l D-l A-2 B-2 C-2 D-2

Outdoor exposure (4 yrs) 1.0 1.1 1.7 1.9 0.5 0.8 1.5 1.2
Indoor deposit (4 yrs) 1.0 1.1 1.2 1.1 0.8 0.9 1.0 0.9

1 Complete
Acceleration] neutralization 1.0 1.3 1.4 2.3 0.8 0.9 0.9 1.1
(18 mos.) 1 Neutralization 1.0 1.3 1.4 2.0 1.0 1.0 1.1 1.2

I in progress
Acceleration (6 mos.) 1.0 1.2 1.6 1.6 0.6 0.6 1.0 1.2

Average 1.0 1.2 1.5 1.8 0.7 0.8 1.1 1.1

Table 18. Ratios of depths of neutralization according 
to differences in test conditions

Test condition A-l B-l C-l D-l A-2 B-2 C-2 D-2 Av.

Outdoor exposure 
(4 yrs) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Indoor deposit (4 yrs) 2.3 2.3 1.6 1.3 3.9 2.8 1.5 1.9 2.2
Complete

Accele
ration < 
(18 mos)

neutralization 
Neutrali
zation in 
progress

2.2
4.0

2.7
4.8

1.8
3.3

2.7
4.3

3.7
8.9

2.7
5.3

1.4
3.0

2.1
4.2

2.4
4.7

Acceleration (6 mos) 0.9 1.1 0.9 0.8 1.2 0.7 0.6 1.0 0.9

c. Compared with the case of addition of a water
reducing agent only, the addition of fly ash with the 
water-reducing agent results in more rapid neutraliza
tion under all conditions.

d. Parenthetically, when fly ash is to be used, the 
use of a water-reducing agent together with the 
fly-ash will slow down neutralization to an extent.

e. The depths of neutralization for 6 months of 
acceleration and 4 years of outdoor exposure are 
about the same. Therefore, the acceleration factor 
for lightweight concrete is 8. The neutralization of 
specimens left standing indoors is more rapid than 
those subjected to outdoor exposure, being approxi
mately 2.2 times faster.



3.5 Relation between the Factors 
of Concrete Materials and Mix Proportions 

and the Rate of Neutralization (14)

Various combinations of factors are now studied 
centered about the experiments of the author.

Variety of Cement and Neutralization

As contemplated in 3.1 to 3.4, the rate of neutraliza
tion differs considerably between portland cement and 
blended cement. The comparison of neutralization of 
these cements as obtained from various test results 
is as shown in Table 19. When blended cement or a 
pozzolanic admixture is used, the neutralization is 
rapid so that for the improvement of durability of 
reinforced concrete structures, portland cement should 
be used. Of portland cements, high-early strength 
portland cement produces slower neutralization than 
normal portland cement for even better results.

Variety of Aggregate and Neutralization

Of the aggregates used for concrete, normal river 
sand, river gravel and crushed stone are dense and 
hard so that they are less air-permeable than the ce
ment paste and neutralization will therefore progress 
through the paste. However, in the case of lightweight 
aggregate for lightweight concrete, the aggregate 
itself has large voids and the permeability is great so 
that neutralization will progress through the aggregate 
also. Therefore, neutralization is generally more rapid 
than in normal concrete. The test results may be sum
marized as shown in Table 20. It is seen that neutraliza
tion of lightweight aggregate concrete is extremely 
more rapid than normal concrete and that the use of 
pozzolanic admixtures is of great disadvantage from 
the standpoint of durability. However, this neutraliza
tion can be slowed down by the use of water-reducing 

Table 19. Scopes and averages of depths of neutralization 
ratios using mixed cement

Test 
condition

Portland cement
Blast furnace 
slag cement

Pozzo-

cement

Fly ash 
mixture 
(Cement 
replace- 

15™0%)Normal
High-

strength

Slag 
(3(M0%)

Slag 
(60%)

Carbon 
dioxide 
gas accel- 1 0.4 1.1-2.3

1.8
2.1-2.2

2.2
1.2-2.8

1.9
1.6-2.8

2.3
eration 
Outdoor 
exposure 1 0.6 1.1 — 1.3-2.1

1.7
1.9-2.4

2.2
Indoor 
deposit 1 0.7 1.3 — 1.4 1.1-1.2

1.2
Average 1 0.6 1.4 2.2 1.7 1.9

agents and air-entraining agents.

Types of Surface-Active Agents 
and Neutralization

There are various advantages of using surfactants 
such as airentraining agents and water-reducing 
agents. The water-cement ratio is reduced, cement 
particles are dispersed and dense concrete is obtained 
to slow down neutralization so that the use of a sur
face-active agent would be highly beneficial in 
improving the durability of reinforced concrete build
ings. A gross summarization of these studies would be 
somewhat as given in Table 21. In other words, when a 
surface-active agent is used, the neutralization of 
normal concrete and lightweight concrete both 
become slower by about the same ratio. Compared 
with plain concretes, it may be considered the ratio is 
0.6 for air-entraining agents and 0.4 for waterreduc
ing agents. Therefore, if a high-performance water
reducing agent is used, concrete of good durability 
can be obtained even with reduction in cement 
content.

Water-Cement Ratio and Neutralization

In general, neutralization of concrete is slower the 
lower the water-cement ratio. This is because the 
cement paste is more dense. This is clearly seen from 
Tables 22 and 23 which summarize the relation 
between water-cement ratio and neutralization ratio.

The author, from the tests described in 2.1 and from 
some amount of theoretical considerations, has in
duced the following formula for progress of neutraliza
tion. (2)

Table 20. Scopes and averages of depths of neutralization ratios 
of lightweight concrete (Cement used; normal portland)

Test condition
Normal 
concrete 
(plain)

Lightweight concrete (Pumicite fine 
and coarse aggregate)

Pumicite, 
plain or 

with dio- 
tomaceous

Cinder, Pumicite, 
AEA

Pumicite, 
dispersing 

agent

Carbon dioxide gas 2.2-4.0 2.5-4.0 0.9-2.0 0.7-1.5
acceleration 2.9 3.1 1.6 1.1

3.0-4.3 3.0-5.2 1.5-3.2 1.0-1.5
Outdoor exposure 1 3.6 4.3 2.5 1.2
Indoor deposit 1 2.3 2.6 1.4 1.0
Average 1 2.9 3.2 1.8 1.1

River sand.
pumicite gravel.

AEA 0.8



Pumicite fine and

Table 21. Scopes and averages of depths of neutralization 
ratios using surface-active agents

(Using normal portland cement and no other additives)

Test condition
Plain Normal concrete coarse aggregate 

concrete

AEA Dispersing 
agent AEA Dispersing 

agent

Carbon dioxide gas 1 0.3-0.7 0.2-0.3 0.4-0.7 0.3-0.6
acceleration 0.6 0.3 0.6 0.4

Outdoor exposure O.6-O.8 O.3--O.5 0.5-0.9 O.3-O.51 0.7 0.4 0.6 0.4

Indoor deposit 1 0.5-0.8 
0.6 0.4

0.5-0.7 
0.6

0.4-0.8** 
0.6

Average 1 0.6 0.4 0.6 0.4

* “Plain concrete” indicates no additives in controls for respective concretes.
**This figure not included for calculation of average because of extreme 

discrepancy with other values.

Note: Cases of use of dispersing agents not included.

Table 22. Ratios of depths of neutralization according 
to water-cement ratios

(Normal concrete, depths of neutralization in mm, figures 
in parentheses denote ratio to water-cement ratio of 60%)

Type of concrete Carbon dioxide gas 
acceleration Outdoor exposure

W/C Admixture 6 months 1 year 1 year 6-1 /2 yrs

0.69 None 20(1.3) 25(1.4) 4 (2.0) 7.5 (2.5)
0.60 None 15(1 ) 18(1 ) 2 (1 ) 3.0(1 )
0.50 None 10(0.7) 12(0.7) 1 (0.5) 1.5 (0.5)
0.55 AEA 10 (0.7) 12 (0.7) 1.5 (0.8) 1.8 (0.6)

, t = kx11

where
- 0.3(1.15 + 3w)

(w - 0.25)2

for plain concrete using portland cement and normal 
aggregates,

w: water-cement ratio
t: period of time (years)
x: depth of neutralization (cm)

Ratio of Neutralization according 
to Factor of Concrete

The effects on neutralization of various materials 
used in concrete obtained from the tests of 3.2 to 3.4 
and expressed as ratios are as shown in Table 24.

Introducing these in the equation in 3.5, the fol
lowing is obtained: 

where

2? = rc X ra X rs (see Table 24)

This may be used to calculate the depths of neutra
lization and the periods required for neutralization of 
various concretes.

Note: Cases of use of dispersing agents not included.

Table 23. Ratios of depths of neutralization according 
to water-cement ratios

(Normal concrete, depths of neutralization in mm, figures 
in parentheses denote ratio to water-cement ratio of 60%)

Type of concrete Test condition

W/C Admixture
6 mos. carbon 

dioxide gas 
acceleration

outdoor 
exposure

indoor 
deposit

0.71 None 13.5(1.4) 2.8 (1.1) 7.8 (1.1)
0.60 None 10.0(1 ) 2.6(1 ) 6.9(1 )
0.52 None 3.5 (0.4) 1.6 (0.6) 3.8 (0.6)
0.54 AEA 3.0(0.3) 1.5 (0.6) 3.3 (0.5)
0.55 AEA 6.5 (0.7) 1.8 (0.7) 5.3 (0.8)
0.54 AEA 4.0 (0.4) 1.7 (0.7) 3.3 (0.5)

Table 24. Depth of neutralization ratio by factor

Type of

Portland cement Blast furnace 
slag cement Pozzo-

Fly ash 
cement

1 A (Fly ash
cement Normal High-early Slag Slag cement 20%)

strength 30-40% 60%
(r=) 1 0.6 1.4 2.2 1.7 1.9

Type of 
aggregate

River sand, 
river gravel

River sand, 
pumicite gravel

Pumicite

pumicite

Cinder 
(fine, 

coarse)
gravel

(>•«) 1 1.2 2.9 3.3

Surface
active 
agent

Plain AEA Dispersing

(r.) 1 0.6 0.4

4. Investigations of Reinforced Concrete Buildings

4.1 Case No. 1 (A Bank Building) (14)

The building in this investigation was well built 
with adequately thick surface finish and appreciately 
great coverage provided for the reinforcing steel. 
A period of 37 years had elapsed since completion 

during which time maintenance and upkeep of the 
building had been satisfactory. The concrete had 
been proportioned by volume at a ratio of about 
1: 2: 3.3 and had been of a wet consistency causing a 
great amount of laitance to occur at construction 
joints.



Table 25. Outline of investigations

Case investigated 1 2 3 4 5

Use
Outline Sca,e

buüding Floor area m2
Location 
Completion

Bank
Reinforced concrete, 
5 stories, 1 basement 
4451
Tokyo 
1921

Apartment house 
Reinforced concrete, 
3 stories, 1 basement 
446 
Tokyo 
1924

Elementary school 
Reinforced concrete, 
3 stories 
1246
Yamagata 
1937

Office
Reinforced concrete, 
3 stories, 1 basement 
3580
Hokkaido 
1938

(Various) 
22 buildings

Tokyo
1912-1940

Year of investigation 
Years from completion 
Portions of buildings 

investigated
Investigator

1958
37
Entire building

K. Kishitani

1958 
34 
Basement

K. Kishitani

1947
10
Above ground level

M. Hamada

1959
21
Entire building

T. Nishi, T. Koh

1950-1952 
10-38
Columns, walls

S. Takenouchi

Remarks

Concrete containing 
silicate admixture 
Fc = 200 - 300 

kg/cm2
Mix ratio by volume, 
1:2:3.3
Good workmanship 
in finish

Fc = 320 kg/cm2

Adjacent to river 
estuary

Lean mix containing 
pozzolanic cement 
Structural strength 
inadequate 
Dimensions of mem
bers less than 
designed 
Heavily snowbound

Use of building 
frequently altered

Various buildings 
subjected to fire 
damage

The depths of neutralization of concrete at various 
parts of this building were as are shown in Table 26. 
The summarization according to thickness of finish is 
given in Fig. 2. Generally speaking, columns, parti
tion walls and interior surfaces of outer walls showed 
less neutralization the greater the thickness of the 
finish. The considerable scatter in the values is thought 
to be due to the quality of surface finish (for example, 
whether or not painting had been performed), the 
quality of concrete, and the conditions under which 
the building was used.

The exterior surfaces of outer walls were covered 
with polished granite slabs so that the thickness of the 
finish was not less than 30 mm. In this case, the depth 
of neutralization was only 10 mm regardless of the 
thickness so that it may be said the finish was good for 
durability. However, wherever neutralization had 
progressed to reinforcing steel, the steel in almost all 
cases showed formation of rust.

4.2 Case No. 2 (The Basement 
of an Apartment House) (14)

The building investigated had a road in front and a 
levee wall of the Sumida River estuary approximately
1.5 meters behind the back wall. There was evidence 
of river water (salt water) having entered the basement 
during floods.

The depth of neutralization of the interior concrete 
was of an ordinary degree as seen from a comparison 
of the measurement values in Table 26 with an average 
value of about 21 mm*  for a period after completion of 

*t = 1,2.x'1; when t = 34 years then x = 2.1 cm.

approximately 34 years. No rusting at all could be 
observed on the steel in concrete above ground, but 
in the basement, the corrosion of steel in columns 
and ends of undersides of beams was severe with large 
cracks formed in the concrete coverage. Upon mea
suring the salt content in the finish plaster and con
crete, it was found to be extremely high as shown in 
Table 27. In general, the allowable limits for salt 
contained in concrete materials are 0.04% for water 
and 0.01 % for sand. This converted to salt in oven dry 
concrete is 0.004%. Therefore, it was seen in the 
basement of this building that although the neutraliza
tion was of a normal extent, there was severe rusting 
of reinforcing steel due to salt.

The thickness of the plaster coating was from 10 to 
20 mm which is considered to have been relatively 
ineffective in preventing neutralization of concrete.

4.3 Case No. 3 (An Elementary School Building)

The building in this case was constructed in a snowy 
region and already after 10 years from construction 
the concrete had been neutralized to depths of 50 to 
90 mm. The mortar on the outside was loosened, the 
reinforcing steel was rusted to push the concrete 
cover outwards and cracks could be seen everywhere. 
However, the main reinforcement in the frame, even 
where the concrete was almost entirely neutralized, 
was not rusted on the inner side. The reasons for such 
extremely rapid neutralization are thought to be the 
following:

1) Use of pozzolanic cement in the concrete mix
2) Extreme infiltration of water from snowfall
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4.4 Case No. 4 (An Office Building) (15)

The building in this case had been constructed in 
Hokkaido, an area of cold climate.

The purposes for which the rooms in the building 
had been used had been frequently changed during 
the 21 years from completion. The average depth of 
neutralization was 34.5 mm with averages of the 
various rooms ranging between 21.7 mm and 47.5 mm.

The depths of neutralization by purpose of use of 
room are given in Table 28. According to the investiga
tion, the rooms with histories of use with a great 
many prople working in them tended to show greater 
neutralization. Due to the geographic conditions, this 
building was heated for long periods in the winter
time so that the air in the interior was dry while venti

lation was inadequate and it is considered concentra
tions of carbon dioxide were high. Therefore, the depth 
of neutralization was great overall. It was indicated 
that such methods of finish as coating plaster with 
paint of low air-permeability or covering concrete 
with air-tight material are effective in hindering neutra
lization.

4.5 Case No. 5 (Fire-Damaged Buildings) (16)

Twenty-two reinforced concrete buildings subjected 
to fire in World War II were selected at random and 
about 10 parts of each building on the average, mostly 
interior columns and walls, ranging from undamaged 
by fire to heavily damaged by fire were measured for



Table 26. Depths of neutralization of concrete 
in buildings investigated, cases 1 to 4

roruon x* • ro ox t x- Main of neu- „ ,Case of Story Location finish tralization Remarks

1-4 surface
Mortar & 
plaster 
Mortar,

22-70

1-4 Ditto ( Plaster & 20-30
Outer paint
wall 1st base Ditto Mortar & 0-40ment plaster

1-5 Outer 
surface

Mortar & 
granite 
facing slab

0-10

Thickness 
of mortar: 
5-30mm 
Thickness 
of plaster: 
5-30mm

No. 1 Mortar.
Office 
building

3^1 surface plaster & 
paint

1-38

Column j_2 Ditto Mortar & 
plaster 10-30

1st base
ment Ditto Ditto 3-45

Partition 1-4 Inner 
surface

Mortar & 
plaster 1-45

wall 1 st base
ment Ditto Ditto 0-50

Floor 1-4 Upper 
surface

Terrazzo 
finish 0-2

Column

1st base
ment 
Ditto

Top

Middle

Plaster

Ditto 
Asphalt

10-20

15-25

Thickness 
of plaster: 
12-13mm

Ditto Bottom water
proofing

0-5

No. 2 
Apartment 
house Beam 1

Middle 
under- Plaster 15^15

Wall 1 st base- Inner Plaster 12-20ment surface

Slab 1 Under- Plaster 35

No. 3 Outer Inner & Mortar or 
plasterElementary wall & 1-3 outer 50-90

school column surfaces

1st base-

1
surface 
Ditto

Plaster 

Ditto

5-28

8-85
Column 1 Ditto Plaster & 

mortar 10-50

2 Ditto Plaster 0-60
3 Ditto Ditto 0-60

No. 4 
Office 
building

Beam
1-3

1-3

Under

Side 
surface

Plaster

Ditto

20-60

16-80

Wall

1 st base-

1-3
1-3

surface
Ditto
Ditto

Plaster

Ditto 
Mortar

20-70

30-55
4-25

Slab Roof
Under

Top 
surface

Plaster 

Lignoid,

15-100

0-27

Table 27. Salt content in the finish plaster and concrete

Location Specimen Salt content ( %)

1st story column

Basement column

Finish plaster 
Finish plaster 
Concrete coverage 
Concrete inside of 
reinforcing steel

0.09
0.38-0.60
0.39-0.75

0.17

Beam Underside concrete 
coverage 0.70-0.87

Wall Various portions 0.40-0.56

Slab 0.09-0.36

Table 28. Depth of neutralization by purpose of room 
(Investigation case No. 4)

Measurement of depth 
of neutralization

Purpose of room

No.
Points of Av. Overall

Previous purpose Current purpose mea- depth- av.
surement mm mm

1
Recreation room 
Japanese room —> 
office room

Japanese room 
Ditto

6 
5

43.3
52.6 47.5

Office room Office room 14 46.1
2 Conference room Ditto 5 31.0 41.7

Reception room Ditto 4 39.5

3 Office room Clinic, barber shop 14 41.2 41.2

4 Corridor Battery room 3 40.8 40.8

Corridor Document storage 5 25.2
Office room Ditto 15 46.0
Conference room Ditto 2 35.0 40.8Document storage 
room —> conference Ditto 3 46.7
room
Reception room Ditto 2 37.5

6 Office room 
Executive offices

Reception room
Executive offices

8
17

38.9
33.7 35.4

7

Japanese room 
Corridor 
Japanese room 
—> office room

Conference room 
Ditto

Ditto

18
6

3

29.9
37.7

34.3
32.1

8 Office room Business machines 7 57.7 29.8
Japanese room Ditto 17 18.9

Corridor Corridor 11 35.2
9 Stairway Stairway 10 26.0 27.8

Toilet room Toilet room 11 22,0

10 Anteroom Telephone operator 8 25.5 25.5

11 Kitchen Kitchen 6 22.5 22.5

12 Dry area Dry area 5 21.7 21.7

depth of neutralization.
As a result of the investigation, the items described 

below were brought to light.

Fire-Damage and Neutralization

The black dots in Fig. 3 indicate portions of con
crete considerably damaged by fire. The finish coat on 



reinforced concrete such as mortar or plaster, if 
damaged to some extent during a fire, will be loosened 
from the concrete and will then drop off in many cases. 
Most of the black dots represent portions of concrete 
where this had happened so that the concrete surfaces 
were directly subjected to fire and heat to a consider
able degree becoming discolored and crazed with hair 
cracks. These portions were distributed over wide 
areas and in every building the neutralization at these 
portions had distinctly progressed to a much greater 
extent than portions unharmed by fire. Since the in
vestigation was conducted several years after suffering 
damage, and the buildings had been left in fire-gutted 
condition, it should be considered that the damaged 
portions were even more neutralized during this time.

The dots crossed with bars represent portions which 
had been subjected to some degree of fire damage 
with the surface finishes still existing so that fire 
damage to concrete was extremely light. The neutrali
zation was extremely light compared to the black 
dots. '

The open dots indicate portions completely escaping 
fire damage and in general neutralization had occurred 
to an even lesser degree than the portions represented 
by dots crossed with bars.

Fig. 3. Fire-damage and neutralization

Neutralization and Lapse of Time

The relation between depth of neutralization and 
age based on Fig. 3 on concrete completely escaping 
fire damage modified to neglect the thicknesses of 
surface finishes would be as is given in Fig. 4. It should 
be kept in mind, however, that the protective effect of 
the same thickness of surface finish will differ accord
ing to the material and the quality of the work. Almost 
all of the buildings investigated had concrete covered 
with ordinary finishes, mortar or plaster. The trend in 
the case of finish thicknesses of 1 to 2 cm was as is 
indicated by the broken lines in the figure.

Corrosion of Reinforcing Steel

Little corrosion of steel could be seen in parts which 
had escaped fire even when the depth of neutraliza
tion had progressed to near the location of the steel. 
In portions subjected to fire damage, since neutraliza
tion had progressed to considerable depths and 
because concrete had been cracked and made porous 
by fire, formation of rust could be seen in many 
cases. It appeared that in portions exposed to rain and 
wind the rusting was especially rapid.

Fig. 4. Relation between depth of neutralization and 
age on concrete escaping fire damage



Neutralization Indoors

Fig. 5. Relation between depth of neutralization indoors 
and age

In investigations conducted by other researchers, 
which are not many, there was a case of an office 
building constructed in 1910 which was well-built 
for that time and was maintained in good condition. 
Although there were portions on the interior which 
had been neutralized to depths of 25 to 80 mm, it is 
reported no formation of rust could be recognized.

4.6 Neutralization of Concrete and Rusting 
of Reinforcing Steel as seen from 

Cases Investigated

1) Neutralization is rapid when the concrete is of a 
poor mixture. Neutralization of concrete containing 
blended cement such as pozzolan ic cement is especially 
rapid.

2) Plaster is not effective against neutralization 
while mortar is effective.

3) When concrete is covered with materials im
permeable to water or air, such as tile and stone. 

the rate of neutralization is reduced.
4) Neutralization occurs more rapidly indoors than 

outdoors.
5) The relation between depth of neutralization 

indoors and age according to the investigations and 
other references can be illustrated as in Fig. 5. It is 
readily seen that neutralization is 1 to 3 times greater 
indoors than outdoors as described in Chapter 3.

6) As special cases, when there is action of salt, 
reinforcing steel in concrete will be heavily rusted 
without regard to neutralization, and when the con
crete is subjected to fire, neutralization is accelerated 
and the steel will be rusted.

7) When concrete is neutralized, the reinforcing 
steel in the neutralized portion is rusted in many 
cases, but this is not always true depending on the 
conditions. These conditions are, for example, that the 
concrete is relatively dense and of low air-permeability 
and furthermore faces a relatively dry interior of a 
building.

5. Functions of Neutralization and Steel Corrosion

5.1 Function of Neutralization '

In order to study the function of neutralization of 
concrete it would appear first necessary to consider the 
constitution of hardened concrete. Meyers (17) stated 
that certain types of aggregates will release alkalis 
when subjected to the action of carbon dioxide to raise 
the possibility of alkali-aggregate reaction. However, 

since most aggregates are inert against carbon dioxide, 
it may be said that of the components of concrete, 
only the hydration products of cement have a rela
tion with neutralization. According to Copeland and 
Kantro, (18) calcium hydroxide, tobermorite gel, 
ettringite, calcium aluminate monosulphate hydrates, 
calcium aluminum hydrates, calcium ferrite hydrates, 
hydrogarnets, etc. are contained in hydration products 



of portland cement. Of these hydration products, 
calcium hydroxide, when subjected to action of carbon 
dioxide in the presence of a suitable amount of mois
ture, will readily react with the carbon dioxide to 
produce calcium carbonate and water. Although it 
may be thought that the hydration products other 
than calcium hydroxide are relatively unaffected by 
carbon dioxide, according to the studies of Meyers, 
Lieber and Blakey (19), and Verbeck (20), it was 
indicated that all hydration products of portland ce
ment will react with carbon dioxide subjected to pres
sures of one atmosphere or more. Also Steinour (21) 
concluded from results of experiments and physico
chemical considerations it is possible for the hydration 
products of portland cement even in normal atmos
phere to be decomposed by minute quantities of car
bon dioxide contained in them to be changed into 
calcium carbonate, hydrous silica, alumina and ferric 
oxide. .

However, the degree and rate of carbonation of 
concrete will depend not only on the concentration 
and pressure of the carbon dioxide in the surrounding 
atmosphere, but also very much on such factors as the 
cement content, moisture content, porosity, permea
bility, internal relative humidity, etc. of the concrete.

Verbeck, using 1 x 1 X I j inch mortar specimens 
in studying the relation between relative humidity 
and the rate of carbonation, reported that rate of 
carbonation is extremely high at relative humidities of 
50 and 75 % and low at 100 and 25 %. He explains the 
low rate of carbonation at relative humidity of 100% 
to be because the pores of cement paste are filled with 
water at such high humidity so that carbon dioxide 
must first be dissolved in the water and then gradually 
be dispersed into the interior, this dispersion being 
slower than when the pores are not filled with water so 
that carbon dioxide is able to be dispersed into the 
interior in the form of gas. As for the low rate of 
carbonation at relative humidity of 25%, this is ex
plained by the scarcity of relatively free water neces
sary for carbonation.

Powers (22) states that when the moisture in hy
drated cement paste is 45 % or less the water in the 
paste loses the characteristics of liquid water so that 
it is incapable of dissolving calcium hydroxide making 
it impossible for the latter to be spread through the 
gel pores thus slowing the rate of carbonation. Powers 
also assumes that the hydration products other than 
calcium hydroxide in hydrated cement paste contain 
two kinds of calcium ions, one of which is relatively 
susceptible to the action of carbon dioxide and the 
other relatively insusceptible to such action, and the 
relatively susceptible calcium ions at the outer parts 

are combined topochemically with carbon dioxide, 
but are not broken off from the gel structure.

The question of whether one of the components of 
the hydration products of cement in concrete reacts 
with carbon dioxide or whether many components 
react in parallel is answered by Powers that calcium 
hydroxide easily reacts with carbon dioxide, but only 
part of the other hydration products is reactive while 
the remainder does not readily react, so that at the 
beginning of carbonation calcium hydroxide and a 
part of the other hydration products react with carbon 
dioxide.

5.2 Neutralization and Steel Corrosion

The author, as one method of learning of the forma
tion of rust on steel in reinforced concrete, studied 
whether rusting could be predicted by spontaneous 
electrode potentials immersing steel bars in calcium 
hydroxide solutions of differing hydrogenion con
centrations and measuring the spontaneous electrode 
potentials and amounts of corrosion of the steel. 
The steels used were 0-5 X 100 mm bars polished 
with emery paper and washed thoroughly with alcohol 
and ether to remove adhering organics and 0-9 X 100 
mm unpolished bars with mill scale from which or
ganics were removed in the same manner.

The polished bars were immersed in 10 different 
solutions varying between pH of 7.0 to 12.0 adjusted 
with calcium hydroxide and the spontaneous electrode 
potentials were measured. The unpolished bars were 
immersed in 7 different solutions varying between 
pH to 7.0 to 12.0 and again the spontaneous electrode 
potentials were measured.

The amount of corrosion was measured only on 
polished bars. The method of measurement was to 
take out the polished bars from the solutions at the 
designated ages, wash them in hot solutions of 10% 
ammonium citrate, washing again with alcohol and

Fig. 6. Spontaneous potential measuring apparatus



drying to measure the weight loss. The amount of 
corrosion was expressed by the weight loss per unit 
area.

Test Results and Considerations

The changes in electrode potentials of polished 
steel in calcium hydroxide solutions of different hy
drogen ion concentrations are given in Table 29 and 
Fig. 7 while the changes for unpolished steel are given 
in Table 30 and Fig. 8. In looking at the electrode 
potential variation of polished steel, no drop could be 
seen in calcium hydroxide solution with pH of 12.0; 
even after 96 hours the electrode potential still had not 
dropped. In solution of pH 11.0, there was a slight 
rise at 30 minutes after which the potential began to 
drop and a clear tendency of the steel to corrode could 
be seen. In solution of pH 10.5, there was a very 
rapid drop in electrode potential with elapse of time. 
To summarize, in solutions of pH >11, there was no 
corrosion of steel, in solutions of 10 < pH 5 11 a 
slight trend of corrosion could be seen, while in solu
tions of pH g 10 the corrosion of steel was extremely 
great. In the case of unpolished steel, since there was 
corrosion at spots where the mill scale was broken the 
results of measurements of spontaneous electrode 
potential were roughly the same as for polished steel. 
Looking at Table 31 and Fig. 9, the tendency of cor
rosion agrees quite well with the tendency for rust 
formation as seen from the spontaneous electrode 
potential.

Table 29. Results ofpotential measurements of polished steel

pH of corrosion 
testing solution 0 30 

min

Potential (—mV)

6 1 
day

2 3 4

12.0 298 250 200 175 178 174 180
11.0 295 280 305 390 430 480 535
10.5 300 376 570 610 625 635 643
10.0 302 385 571 610 630 640 644
9.5 303 393 555 675 715 740 745
9.0 305 403 586 6641 710 750 750
8.5 305 404 597 685 724 762 764
8.0 302 404 620 697 750 769 780
7.5 308 424 630 • 708 761 789 805
7.0 305 416 610 704 744 780 794

Potential (—mV)

Table 30. Results of potential measurements of unpolished steel

testing solution 0 30 6 1 2 3 4

12.0 297 295 252 245 234 235 225
11.0 303 295 290 292 302 304 310
10.5 305 309 317 339 356 388 425
10.0 304 325 354 452 480 554 628
9.0 303 398 551 603 698 753 800
8.0 308 424 568 675 713 787 813
7.0 305 450 650 702 750 800 814

Fig. 7. Time-potential curves of various corrosion 
testing solutions {Polished steel)

Table 31. Corrosion of polished steel

pH of Period Corrosion pH of Period Corrosion
corrosion of in weight corrosion of in weight

testing corrosion loss testing corrosion loss
solution (hrs) (X 10-5 g/cm2) solution (hrs) ( x 10-5 g/cm2)

12.0 24 3.13 9.0 48 16.60

11.0 // 4.67 8.5 16.90

10.5 // 7.20 8.0 19.90

10.0 ff 7.71 7.5 21.70

9.5 // 10.39 7.0 21.80

9.0 11.59 12.0 120 4.21

8.5 12.71 11.0 15.10

8.0 13.30 10.5 - » 22.40

7.5 13.50 10.0 24.20

7.0 13.65 9.5 25.00

12.0 48 3.02 9.0 25.40

11.0 5.91 8.5 ft 25.50

10.5 13.80 8.0 26.30 -

10.0 14.40 7.5 27.10

9.5 16.00 7.0 32.40



Fig. 8. Time-potential curves of various corrosion 
testing solutions (.unpolished steel)

24 48 96 120

~*" Period of Corrosion (hrs) *

Fig. 9. Corrosion in weight loss of polished steel 
in various testing solutions

Summarizing the above, the corrosion of steel in 
reinforced concrete has a close relationship with 
neutralization of the concrete. Empirically, it had been 
said from the past that reinforcing steel in neutralized 
parts of concrete was liable to be corroded. From the 
foregoing conclusion and the conclusion obtained 
from measurements of hydrogen ion concentrations in 
neutralized and unneutralized parts of concrete 
described later—the hydrogen ion concentration of 
neutralized portions is 10 or less and there is a great 
difference with the concentration in unneutralized 
portions—it is further concluded that the reinforcing 
steel in concrete in the presence of oxygen and water 
will be corroded in neutralized areas while it will not 
be corroded in unneutralized areas substantiating the 
concept which had been recognized empirically.

5.3 Considerations on the Method 
of Determining Neutralization 

by Phenolphthalein

Measurement of the depths of the so-called neu
tralized layers of mortar and concrete is generally 
performed by spraying phenolphthalein solution on 
the specimens and determining the thicknesses from 
the surfaces of the specimen remaining uncolored 
which are considered as the depths of neutralization. 
However, contemplating on the above method from a 
common sense point of view, a question will arise 
whether there would not be considerable differences 
in the depth of neutralization values depending on 
the moisture content of mortar and concrete and the 
variety of phenolphthalein solution which may or 
may not contain water. The present circumstances are 
that no quantitative measurement is made of calcium 
carbonate and calcium hydroxide in the neutralized 
and unneutralized portions of specimens and there is 
no certain proof that phenolphthalein is appropriate 
for use in determination of neutralization of mortar 
and concrete. The author’s cooperators carried out 
various studies on whether or not the phenolphthalein 
was appropriate for use in concrete neutralization 
determination tests. Firstly, regarding the phenol
phthalein solution to be used in the determination of 
neutralization, 1 % anhydrous phenolphthalein solu
tion and 1 % hydrous solution (5 % of ethyl alcohol 
replaced with water) were prepared and painted on 
non-autoclaved cellular concrete of 15% moisture 
content. The results were that hydrous phenolphthalein 
indicated great coloring capability immediately after 
painting which in a few minutes changed to the same 
degree of coloring as the anhydrous phenolphthalein 
so thät there was no difference in respect to determina-



tion of depth of neutralization. Therefore, it can be 
said there would be no difference in the results 
whether hydrous or anhydrous phenolphthalein solu
tion is used for determination of depth of neutraliza
tion.

Next, the quantitative measurements of calcium 
carbonate and calcium hydroxide and the measure
ments of hydrogen ion concentrations in neutralized 
and unneutralized portions of specimens with varying 
moisture contents are described below.

Non-Autoclaved Cellular Concrete

The specimens consisted of 20 cm X 20 cm x 
50 cm cellular concrete left outdoors for 10 years and 
divided into 4 equal parts with the procedure below 
followed for each of the specimens.

Specimen 1 was immersed 48 hours in water of 
20°C temperature, Specimen 2 was immersed 10 hours 
in water of 20°C temperature, Specimen 3 was left 
in the same condition as when cut up and Specimen 4 
was dried 24 hours in vacuum. After this, each of the 
specimens was cut in two at the middle, wiped tho
roughly with a dry cloth and painted with 1 % anhy
drous phenolphthalein. Samples were taken from 
each of the specimens from the 4 portions indicated 
in Fig. 10 and quickly ground roughly in a porcelain 
mortar. In order to prevent carbonation of the sam
ples, they were immediately vacuum-dried and after 
drying removed to an agate-mortar and pulverized 
to an extent that particles could not be sensed with the 
finger-tips and then placed in a tube-bottle and stop
pered tightly to be used as samples for quantitative 
measurement of calcium carbonate and calcium 
hydroxide.

The quantitative measurement of calcium carbonate 
was calculated by using a Schrötter carbon dioxde 
measurement apparatus and measuring the quantity 
of carbon dioxde gas formed from decomposition by 
hydrochloric acid.

As for the methods of quantitative measurement of 
calcium hydroxide, there are the Lerch-Bogue Method, 
(23) Schlöpter-Bukowski Method, (24) Fujii Method,

(Outer side of carbonated portion) 
(Inner side of carbonated portion) 
(Outer side of noncarlxmated portion)
(Inner side of noncarbonated portion)

Sample 1
Sample 2
Sample 3
Sample 4

Q Nonrarbonalcd portion

Xotes:
(1) llnit: mm
(2) Depth of sample obtained: 1. mm

Fig. 10 Portions of specimens from which samples 
. were obtained ■ 

(25) Franke Method, (26) etc., but all of these methods 
have their disadvantages along with the advantages 
and it cannot be considered that quantitative measure
ment values of high reliability can be obtained.

In these tests, as quantitative measurement values of 
high accuracy are required because comparisons must 
be made of the calcium hydroxide from the same speci
men, it was thought to make combined use of the 
Lerch-Bogue Method and X-ray diffraction. In the 
Lerch-Bogue Method the completion time of extrac
tion is not clear and has the fault of also measuring 
the calcium hydroxide loosely combined in the hydra
tion products. By using the combination method, the 
extraction completion time is accurately determined by 
X-ray diffraction to minimize the error from over
measurement of calcium hydroxide so that quantita
tive measurements of high accuracy are obtained.

In this combined method, the sample was dispersed 
in a solvent and calcium hydroxide extracted for a 
given period and measured quantitatively. After 
extraction for the given time the extraction residue 
was thoroughly washed with ethyl alcohol and ether, 
vacuum-dried and used as the sample for X-ray 
diffraction. The extraction was performed over a hot 
water both of 90 to 95°C, titrating every 15 minutes. 
At the same time, X-ray diffraction was performed 
on the extraction residue and the calcium hydroxide 
quantity obtained from the quantitative measurement 
value of the Lerch-Bogue Method at the point when 
calcium hydroxide reflection at the surface (001) 
could no longer be recognized.

The measurement of hydrogen ion concentration 
was performed by using the extraction completion 
time of the respective samples determined by the com
bined Lerch-Bogue and X-ray diffraction method, 
extracting the calcium hydroxide in the samples using 
glycerin ethyl alcohol, quickly filtering after comple
tion of extraction, diluting the filtrate 4 times with 
distilled water and measuring with a pH-meter.

On one hand, 50 g each were taken from the samples 
before vacuum drying and these were vacuum-dried, 
weighed after drying and the moisture contents of the 
samples before drying were calculated from the equa
tion below.

Moisture content (%) = .
Weight of sample before drying (g)

. Weight of sample 
—Weight of sample after drying (g) ^qq 

after drying

5.3.2 Ordinary Concrete

The specimens were taken from ordinary concrete



60 cm X 60 cm X 90 cm placed outdoors for 60 years, 
cut in half at the middle and painted with 1 % anhy
drous phenolphthalein with samples taken from each 
of the specimens from the 4 portions indicated in Fig. 
10. In preparing the samples, aggregate was removed 
as much as possible and the procedure for prepara
tion and the methods of quantitative measurement 
were according to the preceding paragrapy. However, 
before making the quantitative measurements of 
calcium hydroxide and calcium carbonate, the insolu
ble residue and the calcium oxide of the samples were 
measured quantitatively, the cement portion in the 
samples accurately calculated, and the analysis values 
of the calcium hydroxide and the calcium carbonate 
converted into equivalent of cement and tabulized.

Test Results and Considerations

The results of quantitative measurement in the case 
of cellular concrete are given in Table 32. The result

E.T. 50min.
50 -

E.T. Omin.

E.T. 80min.
50 -

E.T. 250min.

E.T. 310min.0

E.T. Omin.

E.T. 210min.R

E.T. 300min.

___E.T. 3 3 Omin.0

Fig. 11. X-ray diffraction of free Ca(OH)2 extraction 
residue of specimen 3

E.T. 65min.
E.T. 75 min.

:.T. 170min.
E.T. 190min.

i E.T. Omin.

—— Extraction Time (min)
Conditions of Diffraction:

Voltage 35 KV, Current 15 mA, Ratemeter
Multiplier 1, Time Constant 4

01
Sample-2
100 r

Sample-4 
100

E.T. Omin.
E.T. 130min.

' Note: E.T.: Extraction Time
Sample-1

100

OL-^
Sample-3 

100

50

50

of X-ray diffraction on extraction residues of major 
points on various samples from Specimen 3 are in
dicated in Fig. 11. The results of quantitative measure
ment on ordinary concrete are given in Table 33. 
As can be seen from Tables 32 and 33, when the mois
ture content of the specimens is comparatively high 
being 20 to 30%, it becomes difficult to discern the 
neutralized and unneutralized portions using phenol
phthalein due to the dispersion phenomenon of the 
calcium hydroxide at the surface of the specimen. 
Even when straining to distinguish the neutralized 
portion by the shade of the area colored by phenol
phthalein, as can be seen from the analysis results in 
Table 32, a great amount of calcium hydroxide was 
measured from the neutralized area and thus, in this 
case, it cannot be considered that the neutralized area 
is correctly indicated chemically. However, when the 
moisture content of the specimen is 15% or less, it is 
possible to clearly define between the neutralized 
and unneutralized areas with phenolphthalein, while a 
considerable difference between neutralized and un
neutralized areas is seen in the quantitative measure
ment results. On one hand, as seen in Fig. 12, there 
is a great difference in the hydrogen ion concentra
tion on either side of the borderline between the 
neutralized and unneutralized areas, and as described 
in 5.2, since the corrosion of reinforcing steel depends 
greatly on the before-mentioned hydrogen ion con
centration, it may be considered that neutralized and
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unneutralized portions can be indicated with consider- ably high accuracy using phenolphthalein.

Table 32. Results of analysis (Cellular concrete')
(1) Specimen 1 (Moisture content 31.5%)

Depth of carbonation: Entire area painted with phenolphthalein colored and impossible to determine area neutralized. Difficult to obtain Samples 2 
and 3, therefore, samples obtained from location 10mm from surface of specimen.

Sample 1 Sample taken 10mm from surface Sample 4

Period of 
extraction Ca(OH)2 CaCO3 

of Ca(OH)2
pH

1 Period of 
extraction Ca(OH)2

of Ca(OH)2
CaCOg pH

Period of
extraction Ca(OH)2 CaCO3 

of Ca(0H)2
PH

300 min 12.9% 9.2% 11.2 310 min 13.5% 8.8% 11.4 330 min 14.3% 8.5% 11.7

(2) Specimen 2 (Moisture content 21.5%)
Depth of carbonation: Entire area painted with phenol phthalein colored but neutralized area distinguished by intensity of color. 11mm

Sample 1 Sample 2 Sample 3 Sample 4

Period of Period of Period of Period of
extraction Ca(0H)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH

of Ca(OH)2 of Ca(OH)2 of Ca(OH)2 ofCa(OH)2

260min 12.2% 11.8% 11.0 300min 12.3% 10.5% 11.1 315 min 15.0% 8.2% 11.5 330 min 14.3% 7.9% 11.8

(3) Specimen 3 (Moisture content 15.2%) Depth of carbonation: 23mm

Sample 1 Sample 2 Sample 3 Sample 4

Period of Period of Period of Period of
extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH

of Ca(OH)2 of Ca(OH)2 of Ca(OH)2 of Ca(OH)2

75 min 4.0% 25.2% 8.5% 190min 7.7% 21.3% 10.4 310min 18.3% 5.2% 11.8 330min 18.9% 5.0% 11.9

(4) Specimen 4 (Moisture content 1.7 %) Depth of carbonation: 25mm

Sample 1 Sample 2 Sample 3 Sample 4

Period of Period of Period of Period of
extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH extraction Ca(OH)2 CaCO3 pH

ofCa(OH)8 of Ca(OH)2 of Ca(OH)2 of Ca(OH)2

60 min 3.2% 28.8% 7.5 170 min 5.8% 24.2% 9.1 320 min 19.5% 6.2% 11.8 340 min 20.0% 5.8% 11.9

Table 33. Results of analysis (Ordinary concrete)
Depth of carbonation: 5mm

Sample 1 (Moisture content 1.4%) Sample 2 (Moisture content 1.8%) Sample 3 (Moisture content 2.2%) Sample 4 (Moisture content 2.4%)

Period of Period of Period of Period of
extraction 

ofCa(OH)2
Ca(OH)2 CaCO3 pH extraction Ca(OH)2 Ca(OH)3 pH 

ofCa(OH)2
extraction Ca(OH)2 

of Ca(OH)2
CaCO3 PH extraction Ca(OH)2 

of Ca(OH)2
CaCU3 pH

49 min 0% 25.4% 7.8 70 min 0% 21.6% 9.3 300 min 17.0% 3.6% 11.0 313 min 17.9% 0% 11.3

, 6. Special Cases

6.1 Reinforced Concrete Chimneys 
(Influence of High Temperatures and Gases)

Reinforced concrete chimneys are subjected to the 
actions of heat and gases so that from a durability 
standpoint these chimneys are placed at a disadvan

tage. The author, in order to clarify the condition of 
this type of chimney investigated 7 chimneys which 
fell down in the First Muroto Typhoon of September 
1934 and 2 chimneys at public bath-houses in Tokyo. 
For instance, a factory chimney 15 years after con
struction was completely neutralized for 10 cm on



Built in 191b. measured m 1936

Fig. 13. Chimney for heating wooden dormitory building in Tokyo

both outer and inner sides, and the main reinforce
ment, 0-9 mm bars, had been reduced to less than 
half their diameters. In the case of the bath-house 
chimneys, such results as t — 6.2x2 for exterior sur
faces and t = 1.7.x2 for interior surfaces were seen, 
while at construction joints the conditions were even 
worse and the reinforcing bars had become rusted at 
10 to 20 years. (Fig. 13) ■

The concrete of almost all reinforced concrete 
chimneys are uncovered and although a great deal 
depends on the lining, the interior concrete is exposed 
to heat and smoke with high concent rations of carbon 
dioxide and sulphur dioxide gas while the exterior is 
subject to some extent of concentrated gases and to 
minute cracking caused by temperature stresses. 
Therefore, the life of a reinforced concrete chimney is 
short, especially at construction joints. After experi
mental and theoretical studies, it was pointed out that 
special care should be exercised in design and con
struction, and that it would be beneficial to use high 
early strength portland cement. (27), & (28)

Later, in 1936, the author ascertained the weak 
points of construction joints in a study of a chimney 
for heating of a dormitory. In 1950, in an investiga
tion of 2 chimneys at Sapporo Thermal Power Sta
tion conducted by Koh, (29) the difference in neutrali
zation depending on height and the relation with the 
interior lining were studied and it was found that the 

coverage on the interior for several meters from the 
top was insufficient.

In 1956 to 1958, Fukuchi (30) investigated 9 chim
neys damaged by earthquake and 14 chimneys which 
went undamaged at public bath-houses in Tokyo and 
it was indicated that the coefficient of x2 in the before
mentioned equation should be selected at 1.0 or less. 
This figure substantiates to a considerable extent the 
appropriateness of the 0.77 coefficient induced in 
1937 for cases of good concrete workmanship in which 
considerations were given to the concentration of gas.

The results of investigation on a chimney at a 
hospital in Sapporo carried out by Koh in 1961 also 
show that chimneys which are continuously used are 
neutralized rapidly, that interior lining is necessary 
and that concrete mixtures must be improved. It was 
indicated that the top portion of a chimney is especi
ally liable to be damaged. The investigations by the 
author on a locomotive shed in Niigata Prefecture in 
1948 and by Nishi on a locomotive shed in Hokkaido 
in 1955 also point out examples of corrosion by smoke 
from locomotives and show the durability of dense 
concrete of a good quality mix.

In the case of thermal power plants, there are cases 
in which the coefficient of x1 must be taken at 0.1.

In summary, although depending on various con
ditions, the corrosion of reinforcing steel in chimneys 
is fairly rapid and there is a need for close observation.



Depth of Carbonation of Concrete, cm

Fig. 14. Depths of carbonation measured on chimneys and 
locomotive sheds. Curved lines with formulae are suggested 
by Hamada based on measured date and hypothetical studies

Fig. 14 gives an illustrative summary of the relation 
between age and depth of neutralization and indicates 
that a diagnosis of deterioration should be made with
in 20 years.

6.2 Fire-Damaged Buildings

The investigation by Takenouchi in 1952 on build
ings damaged by fire during the war conducted mainly 
on neutralization of interior columns and walls 
produced the result that neutralization progresses 
greatly from fire damage. (16) According to Kimura, 
(31) up to 600°C, neutralization is not different from 
that at normal temperature, but from 700°C and 
above, the situation changes completely and neutra
lization progresses 2.5 cm or more in 2 hours of 
heating.

6.3 Cold Weather Regions

In regions of cold climate, the neutralization is 
considerably different from that seen in other regions. 
When concrete is dry, the air-permeability is raised so 
that it would appear neutralization would become 
accelerated. The neutralization indoors would be 
severer than in warm regions because of drying oc
curring from heating throughout half the year. The 
results of experiments for a 3-year period on specimens 
placed outdoors in the cold and in the corridor of a 
heated building showed about 2.5 times neutralization 
indoors over outdoors.

Comparing this neutralization with the data on 
neutralization according to thickness of finish obtained 
by the beforementioned Takenouchi on portions of 
buildings not subjected to fire damage, it is found to be 
considerably greater.



Even when there is a finish on the exterior, the 
concrete at corner portions of a building will become 
more air-permeable from frost damage so that ex
amples of some acceleration of neutralization have 
been seen.

6.4 Rusting of Reinforcing Steel 
under Special Conditions such

as Chemical Factories and Countermeasures

Tatsumi (32) carried out a number of experiments in 
1934 having noticed the corrosion of concrete at 
factories which have electrolytic processes and the 
electrolytic corrosion from direct current in subways, 
etc. With the same point of view, the author conducted 
tests (33) in 1938 on concrete containing electrolytic 
materials such as calcium chloride which are used as 

accelerators in cold weather concreting.
In such cases the rusting of reinforcing bars is severe. 

This is because when small amounts of electrolytic 
material enter the concrete, although there may be 
little difference in the specific resistance, the rusting 
of steel is extremely severe due to the CF gathering 
at the anode.

In chemical plants, there is much corrosion of con
crete from sulphur dioxide gas and various other 
acids and in 1955 a guide to prevention of corrosion of 
reinforced concrete (34) was prepared by the Com
mittee on Countermeasures for Corrosion of Con
crete based on both previous studies and a new survey 
which had been conducted.

Also, Nagano (35) reported in 1958 on a systematic 
study on electrolytic corrosion affected by type of 
cement, concrete mix proportion and whether or not 
admixtures had been used.
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Written Discussion

Heinz G. Smolczyk

Synopsis

In addition to the widely interesting part of Mr. Hamada’s paper on the very extensive 
Japanese long time studies on carbonation the results of five years’ experiments of three 
German laboratories are described, evaluated and compared with various publications of 
other authors.

The evaluation proved the following results for mortars and concretes with dense aggre
gate:

a) Carbonation does not depend on the quantity of free Ca(OH)2 in the paste.
b) Carbonation increases the strength of normal concretes in any case. Exceptions are 

the supersulphated cements.
c) The equation .

carbonation ~ ^time of carbonation
is an approximation, which becomes suitable for extrapolation only after a longer period 
of carbonation i.e. with older concretes.

d) Carbonation of older mortars and concretes with portland cements and with ortland 
blastfurnace slag cements can be expressed in terms of the formula

carbonation ~ (1/Vcompressive strength) x Vtime
e) Following d) carbonation must decrease with an increase of afterhardening of 

concrete. Thus greater differences in initial carbonation between cements with lower initial 
strength and high afterhardening and cements with higher early strength and low after
hardening gradually disappears with growing age of the older concretes.

f) With respect to carbonation it is safer to use rich mixes with normal hardening
cement than leaner mixes with higher early strength cement. -



The Problem

The principal paper of Mr. Hamada especially the 
first part “Carbonation of Concrete” is a widely 
interesting summary mainly of the very extensive 
Japanese work on this field, which represents the 
basis of our knowledge of the carbonation of various 
types of concrete (1) and (2). Thus the impression 
could occur that nearly all the questions are answered, 
and the supplementary papers also seem to confirm 
this opinion.

But there are also other tests and facts, which 
clearly do not agree with some of these theories: 
e. g. distinct differences to the Vtime—relation, 
carbonation of calciumsilicatehydrates and calciu
maluminatehydrates in the paste, cases with stronger 
carbonation of lime-rich cements than those lower 
in lime, extremely strong influence of the precuring 
conditions on carbonation rate etc. Many of these 
observations have already been reported in (3), (4), 
(5), (6), (7), (8), (9), (10), (11), (12) and (13).

Our Laboratory has evaluated these questions for 
about seven years (14). The experiments and long
time studies will not be finished in the near future, 
but it nevertheless seems to be necessary to report 
on part of these tests which are apt to put another 
point of view on the subject and could possibly 
clarify some apparent contradictions (15).

Test Results (Experimental Results)

Cements

The following studies have been carried on by 
several laboratories (14) with

3 “Hochofenzementen” (HOZ): slag cements > 
30% slag

2 “Eisenportlandzementen” (EPZ): slag cements < 
30% slag

4 “Portlandzementen" (PZ): portland cements
1 “Sulfathüttenzement” (SHZ): supersulphated 

cement
All the cements were bought from commercial 

sources and selected in such manner that specimens 
with all variations in strength could be compared.

Three laboratories made mortar-prisms 4 X 4 X 
16 cm and labor “F” also mortar-prisms 5 x 5 x 
25 cm and concrete-prisms 5 x 5 x 25 cm with 
aggregate 0~15mm. Up to now, for five years the 
progress in carbonation has been tested with phenol
phthalein and partly the maximum binding of CO2 
and furthermore some compressive strengths of 
carbonated specimens.

The interesting data of the cements and of the test

Table 1. Composition of cements and strengths of 
mortars and concretes

No.

Cements
slag 
resp. 
C3A 

%

Compressive strengths in kg/cm2

Type CaO 
%

SiO2 
%

w/c

mortars concretes w/c 0.45

7 28 90 7 14 28

1 HOZ 49.9 28.1 74 0.76
0.50

113
246

225
459

313
595 314 435 538

2 HOZ 53.7 26.4 55 0.76
0.50

94
213

199 
436

304 
645 322 446 551

3 HOZ 57.1 24.3 43 0.76
0.50

165 
383

298
563

378 
687 502 625 710

4 EPZ 59.7 21.9 15 0.76
0.50

123
283

252
581

360
723 414 549 655

5 EPZ 59.9 25.4 29 0.76
0.50

154
358

240 
541

303 
645 456 602 707

6 PZ 64.5 20.7 8 0.76
0.50

168 
355

267
525

311 
616 474 581 657

7 PZ 63.5 21.7 <1
0.76
0.50

95
252

182
428

278
653 — — —

63.6 21.0 0.76 86 149 2138 PZ 2 0.50 246 375 452 — —

9 PZ 63.1 22.4 13 0.76
0,50

154
356

247
506

308
640 463 581 669

45.3 25.4 85 0.76 328 427 489
10 SHZ 0.50 506 624 711 — —— —

specimens are to be seen in Table 1. The compressive 
strengths of the concretes were only measured after 
7 days and 28 days. The strengths after 14 days are 
interpolated according to the formula of G. Sadran 
(16).

B = compressive strength
tw = time of water-curing
The mortar have been stored indoors (65% RH, 

20°C) after 28 days of water-curing, the concretes 
in a seldom used room (50% RH, ~ 20°C) after 7 
days of moist treatment.

Some further tests (prestressed piles, heat treat
ment, outdoors storage, CO2 storage) (14) shall not 
be reported here.

Results of the Carbonation of Mortars

In this report the test results of each experimental 
step are generally shown in tables.

With respect to the mortars, however, the number 
of single tests has been so great that the exact equa
tions of carbonation progress could be established.

For this purpose the measured depths of carbona
tion ‘X„’ and the time of carbonation ‘f were drawn 
to double logarithmic scale as is to be seen in Fig. 1 
(cement Z8) and Fig. 2 (cement Zl). The logarithms



Fig 1. Calculation of genuine carbonation progress for portland 
cement Z 8

----- x-------trend line of overaged log-values

Fig 2 Calculation of genuine carbonation pi ogress for portland 
blastfurnace slag cement Z1

------x------- trend line of averaged log-values



of all the 6 test series were averaged at 4, 12, 30 and 
50 months. The slope of the average values (--------
in the diagrams) then equals the value V in the gen
eral equation

X. = [2]

‘t0’ being a relative short period of retardation
Equ. [2] becomes [3] already within 4 to 6 months

X„=a„-^V [3]

Knowing the ‘v’ for a given cement, it is possible 
to calculate for each tested mortar of this cement the 
exact speed constant ‘a$’ and to interpolate or also 
extrapolate carbonation depths ‘X„’. Table 2 shows 
these values ‘v’ and ‘a/ and also the carbonation 
‘X„lo’ after 10 years as results for further evaluating.

The carbonation depth after 10 years was chosen, 
because only after this period an approximaitve 
formula

x ~ yr

is possible, as is to be seen in Fig. 3. Here, for mortars 
of w/c 0.76 (Laboratory F) the experimental carbona

tion-curves (see Table 2)

of Z1:XB =9.7-2VF

and Z9:X„ =7.6-1-7yT

are drawn on a graph with V t -axis in thick curves. 
The thin lines show that even after 1 year a linear 
adjustment can lead to very great deviations by extra
polating (14). '

The best adjustment is possible in case of ‘t’ being 
great enough according to the formula

XQ = X, + an.^/T [4]

This function (-------------in the diagram) does not
start from the origin. But X„ only represents a mathe
matical correction and must not be mistaken for the 
experimental time of retardation or induction period 
‘t/ in equ. [2],

This ‘X„’ is very awkward with respect to further 
calculations and it is possible to calculate within the 
range from 5 to 30 years with only little divergence 
by using the formula

Table 2. Carbonation of mortars with X/ time (experimental) 
and f/time (calculated)

Cements

w/c = 0.50 (RILEM CEM) . w/c = 0.76
Experimental 

values
Calculated 
values for 

v = 2

Experimental 
values

Calculated 
values for 

v = 2

No.
Labora

tory V a,* (
*v!0
= X1O) «*♦

-X30 
-Xv3 0 a**

X30 
■Xv30Ctv*

gi
i?

3 «

A 7.2 2.3 12/12 5.2 15.1 4.8 26/25
F 2a3 4.0 11.6 3.7 20/19 9.7 28.2 8.9 49/47

2 A 1 RR 2-4 9.3 2.9 16/15 6.4 22.0 6.9 38/39
F 3.7 12.3 3.9 26/22 9.1 30.5 9.6 53/54

3 A 3.3 1.0 6/6 3.4 11.0 3.5 19/19
F 19 6.0 1.9 10/10 6.0 19.3 6.1 33/34

4 A 178 °-8 2.8 0.9 5/5 4.2 15.1 4.8 26/28
F 1.8 6.5 2.1 11/12 7.7 27.8 8.8 48/52

A 1 09 5.2 1.6 9/9 5.1 16.2 5.1 28/28
F * 3.0 9.6 3.0 17/17 7.9 25.1 7.9 44/44

A 4.3 1.4 7/8 3.9 14.8 4.7 26/28
F l./J 20 7.7 2.4 13/14 7.1 26.2 8.3 45/49

A 6.3 2.0 11/12 6.3 24.1 7.6 42/46
F 1,73 3.2 11.9 3.8 21/22 9.5 35.2 11.1 61/67

A 168 L9 7.3 2.3 13/14 6.9 26.5 8.0 46/52
F 1.68 3 7 14.5 4.6 25/28 10.8 42.0 13.3 73/83

A 174 L4 5.3 1.7 9/10 5.2 20.0 6.3 35/37
F L/4 2.5 9.5 3.0 16/18 7.6 28.5 9.0 49/54

A 30.0 9.5 52/63 10.6 53.0 16.7 92/110
F 1,48 8.5 40.0 12.6 69/85 17.8 83.0 26.2 144/175

* xv — a, - t (r = time in years) 
**xvio = jrl(l
x^a-2/T

X = a..yT [5]

Fig. 3. Genuine carbonation progresses of Z1 and Z 9 
and trend lines of f/~t -approximation 

-best approximation 
-good long-time approximation 

' -------wrong approximation



[6]

provided that ‘X„’ in equ. [2] and ‘X’ in equ. [5] are 
taken the same value not earlier than after 10 years.

This approximative adjustment [5] is also drawn 
in Fig. 3. It is in case of Z1 and Z9 very nearly the 
same (— • — •). Likewise in Table 2 besides the 
experimental values ‘v’, ‘a„’ and ‘X„]0’ according to 
equ. [3] also the adjusted values ‘a’ according to equ. 
[5] are calculated and further the deviations

X30 _ a . 3Qi>/2 

X„3 0

which are to be expected after 30 years.

Additional Test Results

Table 3 shows the carbonation depths and the 
compressive strengths of the corresponding concrete 
prisms after 5 years. The evident test deviations are 
put in parenthesis. Nevertheless, even the other re
sults show that exact values of carbonation of a pre
cisely defined concrete are not to be obtained easily.

In Table 4 the compressive strengths of completely 
carbonated mortars (in normal air and in 3 % CO2) 
are compared to the initial strengths after 28 days of 
water-curing. The columns “SA/SW%” and Sc/Sw%” 
show the strengths after carbonation given in % of 
the strengths immediately before carbonation.

Of numerous sufficiently carbonated mortar prisms 
(normal air and 3% CO2) the CO2-contents of the 
carbonated paste were analyzed, chemically and by 
X-ray analysis. Of several just slightly carbonated
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Fig. 4. “Completely" carbonated mortars lw]c 0.76) 
(.X-ray diagrams of enriched pastes, CuKa)
a) Portland cement (Z7)
b) Portland blastfurnace slag cement (Z2) 

specimens the CO2-contents of the thin carbonated 
layer could be measured with X-ray analysis only. 
For this purpose the contents of calcite and vaterite 
of the mechanically enriched paste were measured 
quantitatively. Fig. 4 shows the X-ray diagrams of 
the completely carbonated mortars of Z7 and Z2 
(enriched paste).

All CO2-contents were calculated as carbonated 
CaO/cement and are listed in Table 5.

Evaluation

Alterations Due to Carbonation

Besides lowering the alkalinity of concretes, car-

Table 3. Carbonation and compressive strength of 
concrete prisms 5 X 5 X 25 cm after 5 years

Cement 
No.

Carbonation X5 
in mm 

average

Compressive strength 
in kg/cm2 

average

1 8.5
7.8 8.2 (839)

670 670

2 6.0
6.8 6.4 657

672 665

3 2.8
3.6 3.2 689

770 720

4 4.8
4.4 4.6 596

707 652

5 (6.5)
4.3 4.3 689

755 722

6 5.1
3.8 4.5 587

676 632

9 4.1
3.8 4.0 677

657 667

Cements Compressive strength in kg/cm2

Table 4. Compressive strength of cement mortars after total 
carbonation in air or CO2. Mortar bars 4 X 4 X 16 cm, 
wjc 0.76

No. Type
Slag 
c3a

28 days 
in water 

(S„)

50 months i 
20°C, 65 % 

Lab. Lab.
r.h.
Sa/S„%

6 months 
in3%CO2 

Lab. Sc/Sw%
AF H

1 HOZ 74 225 350 330 151 456 203
2 HOZ 55 199 356 320 170 396 199
3 HOZ 43 298 474 418 150 708 238
4 EPZ 15 252 497 384 175 708 281
5 EPZ 29 240 428 380 168 592 247

6 PZ 8 267 520 384 169 648 243
7 PZ /1 182 397 336 202 482 265
8 PZ 2 149 318 350 224 442 296
9 PZ 13 247 426 396 166 516 209

10 SHZ* 85 427 232 194 50 190 45

♦SHZ == Supersulphated cement



bonation changes also the strength—probably the 
permeability too—and the composition of the paste.

Table 5. Carbonated CaO in mortars after total carbonation
- in air or 3% CO2

Cement

No. CaO w/c
chem.

Paste of mortars 
Carbonated CaO in % 

in air in 3%
X-ray average chem.

;co., 
(X-ray)

1 49.9 0.76
0.50

22.5 23.2
21.6 22.9 29.6

28.1
24.7
22.4

2 53.7 0.76
0.50

27.0 28.2
26.2 27.6 32.6 

29.0
28.6
25.2

3 57.1 0.76
0.50

36.8 34.5
31.2 35.7 39.1

36.6
34.5
29.2

4 59.7 0.76 37.3 .35.8 36.6 —

5 59.9 0.76
0.50

35.5 36.8
34.7 36.2 39.7 

(41.1)
37.3
34.0

6 64.5 0.76 38.1 36.3 37.2 — —

7 63.5 0.76
0.50

35,4 36.8
34.9 36.1 43.3

42.6
40.6
34.8

8 63.6 0.76 34.5 35.9 35.2 — —

9 63.1 0.76
0.50

33.2 33.5
31.3 33.4 44.4

43.3
40.1
35.4

10 45.3 0.76 14.5 14.7 14.6 —

Table 3 and especially Table 4 show that the com
pressive strengths of all the HOZs and PZs and 
remarkably increased. An exception is the SHZ (also 
the high alumina cements!), which behaves differen
tly in many respects. Therefore the SHZ must not be 
compared to the other cements.

The binding of CO2 of the mortars is drawn on a 
graph “carbonated CaO versus CaO-content of the 
cements” in Fig. 5 (see Table 5). Obviously the capa
city of the slag cements to neutralize CO2 increases 
linear with their CaO-content and is far greater than 
the free Ca(OH)2 of the paste could be accounted 
for. On the average HOZs carbonate in air as long 
as there is left more than 25% noncarbonated CaO 
in the paste. Only then they can be called “completely 
carbonated”. The PZs reach this point with 30% 
noncarbonated CaO already. Nearly all of the car
bonated mortars without any alkaline reaction 
showed rests of free Ca(OH)2. '

Theories, based upon a neutralization of CO2 or 
a resistance against carbonation only by the free 
Ca(OH)2 of paste are disproved by these experimental 
results! (17)

After carbonation in 3 % CO2 the chemical analysis 
results in 5 % ~ 10 % more carbonated CaO though the 
X-ray analysis proved nearly the same CaCO3-con- 
tents as after carbonation in normal air. Up to now 

Fig. 5. Carbonated CaO of completely carbonated cements 
(paste of mortars) versus total CaO of cements

this “missing CO2” could not be explained.

Rate of Carbonation

In the approximative function [5] .

X = a-VT"

a determins the speed of carbonation which depends 
on the storage or weathering conditons and on the 
properties of the concrete.

The Tables 1, 2 and 3 show that constant ra
tios XHOZ/XpZ or Xw/C = 0 76/XW/C_e so do not exist. 
Other tests have meanwhile proved that these ratios 
can be altered at pleasure just by varying the precur
ing conditions. For this reason the parameters ‘stor
age condition’, ‘w/c-ratio’ and ‘type of cement’ do 
not suffice to postulate the progress of carbonation 
and this way of representation requires too many 
exceptions and therefore is far too complicated (14).

Surely, the decisive parameter is the permeability 
(18). But the permeability is difficult to measure and 
even more difficult to predetermine. As, however, the 
easily measurable compressive strength is to a certain 
extent connected with the porosity and permeability 
of a concrete, an empirical relation was detected 
after thorough investigations and numerous evaluation 
tests (19).

In Fig. 6 for all the PZs, EPZs and HOZs and for 
w/c 0.76 and w[c 0.50 the carbonation depths ‘X10’ 
of the mortars and their factors T/V B’ are drawn on 
a plot (see Tables 1 and 2). B is the compressive 
strength after 28 days of water-curing i. e. at the begin



Fig. 6. Carbonation of mortars “Indoors"
Xig = carbonation after 10 years in mm
B = compressive strength after 28 days of water-curing 

in kgicm1
tio = 10 years

of carbonation. With these straight lines the speeds 
of carbonation for the different conditions of Labora
tory A and Laboratory F can be calculated and equ. 
(5) becomes

X-‘''(^B-Vk)-VT" 171
This equation has only the two constants ‘a’ and 

‘Bg’ which depend on the storage conditions alone:
‘a* is the speed constant
‘Bg’ is the strength limit of carbonation i. e. a 

concrete with a compressive strength > ‘BG’ 
does not carbonate.
This diagram is based on ~200 test values (Labor. 
F) and. ~100 test values (Labor. A) respectively.

Inquiries proved that the storing room of Labora
tory Fhad been used more frequently than the one of 
Laboratory A. Thus the CO2 content of the air was in 
Labor. F somewhat higher than in Labor. A. The 
relative humidity had been ~65% RH in both cases. 
It is clearly to be seen that little differences such as 
these result in a strong influence on the rate of car
bonation.

Fig. 7 is a similar diagram of the concrete prisms 
after 5 years storage indoors at 50 % RH (see Tables 
1 and 3). Because of the still very steep strength 
increase at the beginning of carbonation (7 days), 
in this case the 14 days’ strengths were put in as ‘B’.

The constant ‘BG’ for the concretes is greater than 
it is in the case of the mortars, according to the lower 
relative humidity of the room. This diagram is based 
on 14 test values only.

Comparison with Other Published Data

The carbonation of all the alkaline components of 
paste and not only that of the free Ca(OH)2 is based 
on a fundamental chemical law and this fact was pu
blished by several authors (5), (8), (9), (12), (14), (17), 
(19), (20) and (21).

Meanwhile only few authors report on the altera 
tion of strength due to carbonation. A. Meyer, H.-J. 
Wierig and K. Husmann investigated tiny cylinders 
(12 mm) which are undoubtedly not suitable for com
parisons with concretes or even mortar prisms (15).



' Fig. 7. Carbonation of concretes “Indoor^’
X; = carbonation after 5 years in mm
B = compressive strength after 14 days of moist treatment 

in kg!cm2
ts =5 years

W. Manns and O. Schatz investigated the carbona
tion of completely dried mortar prisms 4 X 4 x 16 
cm in 9 % CO2 and report on losses of strength not 
only with SHZ but also with HOZ containing more 
than 60% slag (22).

As with the exception of the SHZ and the PZ 
these experiments disagree completely with our results, 
we searched for the cause:

In Fig. 8 for 5 PZ, 7 HOZ and 2 SHZ all the 
available compressive strengths ‘B’ and flexural 
tensile strengths ‘F’ measured by the Laboratories 
A, F and H and by Manns and Schatz (Laboratory 
Lf.B.) are drawn to double logarithmic scale. Only 
those specimens are represented which has been 
water-cured or completely dried (40°C and 105°C) 
or completely carbonated.

According to a well known formula (24) the stren
gth characteristic of mortars 4 X 4 X 16 cm is

p _ ß0.70-0.73

Fig. 8 shows that the following specimens fit well in 
this equation

a) Water-cured prisms (3 to 91 days) of all the 
laboratories.

b) All the dried prisms (40°C and also 105°C 
each) and all the carbonated prisms of Labora
tories A, F and H.

On the other hand the dried prisms and the car
bonated prisms of Laboratory Lf.B. do not obey this 
law any more. Using the 4 mean values of the dried 
specimen (7 single results) and the 4 mean values of 
the carbonated prisms (39 single results) a compen
sating computation resulted in the (trend line) average 
equation

F 0.0005.B19

The drying conditions in Laboratory Lf.B. had 
completely destroyed the strength characteristic of 
normal mortars. For this reason these results can not 
be compared with the results of the other laboratori
es. Moreover, they cannot be brought in any relation 
to the behaviour of a normally treated concrete 
structure which will never be completely dried at 
40°C or 105°C.

The relation between the rate of carbonation and 
the initial compressive strength has not specially been 
reported yet, but many published results provide an 
excellent proof.

A. Meyer, H.-J. Wierig and K. Husmann tested the 
carbonation of mortars 4 X 4 X 16 cm after 7 days’ 
water-curing using 4 different cements and 5 diffe
rent w/c factors (Test series 4) (15).

Here again—as in the case of our own concrete 
prisms—not the 7 days’ but the 14 days’ strength



compressive strength In kp/cm2

Fig. 8. Relation between compressive strength and flexural 
tensile strength of mortars 4 x 4 x 16 cm after various 
treatments. Well knownstatistic equation of normal treated 
mortars:

p = gO. 70-0.73

Table 6. Compressive strengths of mortars and carbonation after 2 1(2 years 
(According to test results of A. Meyer, H.-J. Wierig and K. Husmanri)

PZ(Z21) HOZ (Z 22) HOZ (Z 23) HOZ (Z 24)
w/c Remarks about calculation 50% slag 75% slag 65% slag

ratio of 14 days* strengths End 
kg/cm2

x2.5 Bud X215
kg/cm2 mm

Bidd X2.5
kg/cm2 mm

Bud Xg.5
kg/cm2 mm

0.6

measured)^
strengths J

7 days
28 days

295 
420

244
410

204
344

176
316

interpolated 
acc. to Sadran 14 days 368 8 344 9 281 10.5 250 11.5

' 0.4 calc, factor 1.5 552 4 501 4.5 421 7 375 . 7

0.5 calc, factor 1.3 478 6 434 6 365 9 325 9

0.8 calc, factor 0.6 221 13 200 15 168 14.5 150 >20

1.0 calc, factor - 0.4 147 17 133 18.5 112 >20 100 >20

must be set for ‘B’. With use of the published 7 and 
28 days’ strengths (Test series 3) these 14 days’ 
strengths have been calculated and were together 
with the also published carbonation after 2^ years 
specified in Table 6. Fig. 9 proves that the relation

x ~ 1/Vb-
is excellently confirmed. Furthermore it is to be seen 
that the carbonation conditions had been extremely 

strong in this laboratory (50% RH).
With tests on old structures this accuracy cannot 

be expected due to the lack of information about the 
exact weathering conditions during the length of time 
(14). '

The concretes being best comparable must be those 
which had been stored outdoors sheltered from rain 
and which are old enough for a statistical survey 
without inaccurate extrapolation of carbonation



Fig. 9. Carbonation of mortars “Indoors”
X2.5 = carbonation after 2.5 years in mm (published)
B = compressive strength after 14 days’ watercuring 

(w[c 0.6 published, the other wjc calculated)
(Calculated with test results of A. Meyer, H.-J. Wierig and
K. Husmann)

Table 7. Carbonation of very old construction-concretes 
Age: > 20 years; weathering condition: ‘Out-doors, without rain’

Authors Construction specimen
Type of 
cement

Strength B 
kg/cm2

Age 
years

Carbonation mm Marks in
Fig. 10x x25

LS-Bunker, Köln B4 PZ 360 23 5 5.2 ■
Bunker, Dülmen B 17 PZ 250 26 25 24.6 ■
T-Laner, Dülmen B 18 PZ 400 26 12 11.8 ■

y B 20 PZ 370 26 8 7.9 ■
Molkerei, Bielefeld B 63 PZ 230 40 26 20.6 ■

A. Meyer, 
H.-J. Wierig

Chem, Werke Hüls B 34 HOZ 280 21 20 21.8 •
Bunker, Wilhelmshaven B 35 HOZ 310 23 5 5.2 •
LS-Bunker, Wilhelmsh. B 41 HOZ 260 23 18 18.8 •

K. Husmann ' Bunker, Wilhelmshaven B 57 HOZ 420 23 10 10.4 •
y B 58 HOZ 400 23 6 6.3 •

LS-Bunker, Wilhelmsh B 59 HOZ 400 23 15 15.6 •
Brücke, Bottrop B61 HOZ 130 25 55 55.0 •

y B 62 HOZ 130 25 50 50.0 •
Brücke, Oberhausen B 88 ? 180 23 40 41.7 A

B 90 7 270 22 19 20.3 A
Aachebrücke, Bregenz PZ 540 41 0 0 □

G. Rehm and
H. Moll

Mendener Brücke, Stütze 1 
» 2

HOZ
HOZ

190
150

31
31

32
55

28.8
49.4

o o
Mendener Brücke, Wand außen, 3 HOZ 290 31 23 20.6 o

ff 4 ‘ HOZ 290 31 25 22.4 o
H.-J.
Kleinschmidt Brücke Edersee PZ 366 50 —11 —8 El

depths.
Using the reports given by G. Rehm and H. Moll 

(25) by H.-J. Kleinschmidt (26) and A. Meyer, H.J. 
Wierig and K. Husmann (15) in Table 7, all the con

crete structures (without exception) are listed which 
firstly met this storage condition, secondly were older 
than 20 years, and thirdly were published with stren
gth data. The carbonation after 25 years was calcu-



sheltered from ram" (age > 20 years'^
A"2 5 = reduced carbonation after 25 years m mm
B = published compressive strength in kglcm1
■E3D = PZ WO = HOZ K = Cement unknown 

(According to A Meyer, H-J. IVierig, K Husmann 
G. Rehm, H Moll QO and H-J Kleinschmidt B)

lated according to the formula

[8]

Though the strength data are probably not very exact, 
even these concretes show the same tendency as 
Fig. 10 proves. The dotted line in this diagram is 
calculated according to results of another very com
prehensive German longtime study with > 15 ce
ments and three w]c factors.

These examples sufficiently demonstrate the fact 
that the so far recommended—and several exceptions 
including—parameters “type of cement” and “wjc fac
tor" and “precuring condition” are to be represented 
much better by the single summarizing factor 1/V B 
(23).

Conclusions

By comparing numerous carbonation studies m 
several laboratories for the storage condition “out
doors without rain” the average constants

a = 250 and BG = 625

were estimated. Thus equ. [7] becomes

x-250-(7ff-v®)-'/- i’l
This relation is drawn on a graph in Fig. 11 for

compressive strength m kpZcm2
Fig 11. Approximative carbonation of concretes “outdoors 

sheltered from ram" without afterhardenmg 



carbonation periods up to 50 years. This diagram 
stands for the very unfavourable case that the con
cretes have only little if any afterhardening.

x = 250-(7b -vfcpT

On the other hand it is well known that concretes 
with slowhardening cements generally develop slow 
but high afterhardening (27)

N = - Bw

even in air of natural humidity conditions. In this 
case equ. (1) can be slightly altered in

= _____L). HO]
B Bm^\Bw B,Jtrn.tw 1 J

B„ = final strength
Bw = strength after water curing (= Bo)
tw = time of water curing
n = retarding factor
t = time of air storage (and carbonation)

The calculation of the relation between equ. [9] 

Fig. 12. Approximative carbonation progress of different 
concretes with different afterhardening 

B = initial compressive strength in kgjcm- 
N = afterhardening in kg!cm1

(a = 250, Bg = 625, n = 4)

and equ. [10] is only possible by means of a rather 
difficult integration. Nevertheless the problem can 
be solved accurately by graphical constructions. As 
a final result Fig. 12 shows the carbonation progress 
of concretes “B 250" (kg/cm2) with afterhardening 
‘N = 250’ (kg/cm2) and ‘B 350’ (kp/cm2) with after
hardening ‘N = 100’ (kp/cm2). (Constants of after
hardening according to [10] are tw = 1 month and 
n = 4.)

It is to be seen that after 30 to 40 years the two 
concretes will reach quite the same carbonation as a 
‘B 425’ without afterhardening. Furthermore this 
diagram demonstrates clearly another fact: It is impos
sible to calculate or extrapolate the carbonation of 
an old concrete by only using the carbonation of the 
present young concrete and without at least knowing 
its strength development (14) and (19).

Fig. 13 is a similar diagram like Fig. 11 for car
bonation periods from 10 to 30 years without after
hardening (N = 0) and also taking into considera
tion two slow (n = 4) afterhardenings N = 100 kg/ 
cm2 and N = 250 kg/cm2. This diagram provides an 
explanation for the experience that the relation

is to be proved less accurately with old concretes

Bo = initial compressive strength in kp/cm2 
N = slow afterhardening in kp/cm2 
x = carbonation depth in mm

Fig. 13. Approximative carbonation of concretes “outdoors 
sheltered from rain” with afterhardening

■ (a = 250, Bq = 625, n = 4)



(see Fig. 10) than with mortars in a laboratory.
Following Fig. 12 and Fig. 13 grater differences in 

initial carbonation between cements with lower ini
tial strength and high afterhardening and cements 
with higher early strength and low afterhardening 
will gradually disappear with growing age of older 
concretes. This corresponds exactly with the general 
results of extensive studies on old and very old con
crete structures (4), (6), (11) and (14).

Summary

A high content of free Ca(OH)2 cannot protect 
any concrete against carbonation.

In case of portland cements and blastfurnace slag 
cements the carbonation progress is practically en
tirely determined by the permeability of the concrete. 
Thus under constant storage conditions the entire 
carbonation behaviour can be calculated in first 
approximation by means of the initial strength and 
the afterhardening of the concrete only.

For this, not the knowledge of the chemical com
position of the cement is necessary but the knowledge 
of the complete strength development of the concrete 

under certain distinct storage conditions.
At any rate it is safer to make a concrete with a 

sufficiently high content of normal or even with slow 
hardening cement than a concrete with similar initial 
strength but a lower content of high early strength 
cement.
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Oral Discussion

Heinz G. Smolczyk

At first sight a direct relation between strength 
and carbonation rate (see my written discussion) 
seems to be strange, but this fact is proved by too 
many experimental results—once again by the supple
mentary papers III-16 of W. Manns and K. Wesche 
(see Fig. 1) and III-52 of A. Meyer (see Table 1).

And there is a theoretical explanation for this 
surprising result because of the relation between 
compressive strength B and capillary porosity ec in

Fig. 1. Carbonation of completely dried mortars after 40 days’ 
storage in 9%COz

Bo = compressive strength after heat-treatment (40°C or
105=0) '

xtod = carbonation depth
(According to test results of K. Wesche)

connection with the chemical composition of the ce
ment. The tendency of this very relation is partly 
being reported of at this Symposium.

According to R. Helmuth and G. Verbeck— 
principal paper III-l—compressive strength is pro
portional to 1-capillary porosity. We found an even 
better linearity—also with the test results of Helmuth 
and Verbeck—by plotting compressive strength 
against 1-capillary porosity, but the difference is 
only slight.

The results of R. Mills—supplementary paper 
III-46—show an increase in capillary porosity with 
increasing CaO/SiO2—ratio at constant strength.

The studies of our laboratory with a mercury 
porosimeter showed the same tendency. Some results 
are to be seen in Fig. 2, where compressive strengths 
after 90 days’ watercuring. Four cements with very 
different chemical composition and two water-cement

Table 1. Investigations on building constructions 
Average results of carbonation, age and compressive 
strength according to test results of A. Meyer, H. J. Wierig 
and K. Husmann

Theoretical difference according to the difference' 
in compressive strength from 335 to 384 kg/cm2

Type 
of 

cement

Number 
of 

specimens

Mean

(years)

Mean 
carbonation

Mean 
compressivi 

strength 
(kg/cm2)

Mean 
s carbonation 
after 20 years

PZ 27 25 10.8 384 9.7
HOZ
and 36 21 14.6 335 14.2
EPZ

Experimental difference 49 4.5

5 ± 1 mm



Fig. 2. Relation between capillary porosity and strength 
Mortar prisms 4 X 4 x 16cm, wjc 0.50 and 0.60, 90 days' 
watercuring

Chemical data in %
slag C/S CaO CO 2 max

■ 0 3.3 66.4 ~29
rj 25 2.7 60.4 ~28e 50 2.2 54.5 ~22
• 75 1.7 48.5 ~16

ratios were tested, see the table beside the diagram. 
The general slope of the curves is the same for all 
cements, but the porosity decreases distinctly with 
decreasing clinker content, CaO/SiO2 ratio, CaO 
content or maximum amount which could be expec
ted after complete carbonation.

All these results lead to the tendency

° f (capillary porosity) 

and the empirical formula

carbonation ~ . ----- 1-----
v strength 

receives the theoretical explanation

carbonation ~ / f(caPillary porosity)
V F(CaO)

And this—on the other hand—corresponds very 
closely to the formula of R. Kondo, M. Daimon and 
T. Akiba—supplementary paper HI-116.

Many precise experimental studies will be neces
sary to establish the exact mathematical relation but 
I think the validity of the general tendency is proved 
sufficiently by the great number of quite different test 
results published by quite different authors.

Author’s Closure

Minoru Hamada

First of all, I wish to thank Dr. Smolczyk for having 
gone to the trouble of reading the many Japanese 
papers on the subject in order to prepare his very 
detailed discussion.

Dr. Smolczyk’s opinions are based on tests carried 
out for 5 years at 3 research institutes in Germany, 
using portland cement, eisenportland cement and 
blast furnace slag cement.

I first with to explain that my standpoint is research 
has been to take reinforced structures above ground 
to clarify the relationship between rusting of steel 
and carbonation of concrete, as a reference for pro
ducing structures of long life, and therefore my 
ovservations are based on a broad point of view.

1. Very broadly speaking, I am in general agree
ment with his opinion that carbonation is unrelated 
to the free Ca(OH)2 in paste. In other words, there 
are in the range of concrete of extremely high stren
gth using high-early strength cement to concrete 
which is very porous such as cellular concrete, and 
taken as one group, it may be said that free Ca(OH)2 
and carbonation are unrelated.

Dr. Smolczyk’s pinpointing of gross CaO rather 
than free Ca(OH)2 is no doubt one way of considering 
the matter. However, the quantity of free Ca(OH)2 
resulting from hydration of CaO depends greatly 
on the degree of hydration, and the prevention of 
rusting of steel with which I am concerned is depen
dent on free Ca(OH)2.

Further, the comment that there is Ca(OH)2 
remaining in neutralized portions is quite correct, 
but the question is whether this amount of Ca(OH)2 
will contribute towards prevention of rusting of steel.

I am not discussing whether or not free Ca(OH)2 
exists as a chemical component. My viewpoint is that 
steel in the portion of concrete which is not colored 
by phenolphthalein will rust.

2. It has been pointed out that carbonation will 
increase strength. This is naturally so, and I have no 
arguments against this.

3. Dr. Smolczyk states that depth of carbonation 
proportional to the root of the time of carbonation 
is suitable only with very old concretes. My concern 
is with the rusting of steel in concrete and therefore, 
naturally considers long-time age, and limited to this 
regard, both Dr. Smolczyk and I are basically in 
agreement.

4. Dr. Smolczyk suggests a method of expressing 



depth of carbonation for various cements by a for
mula with not only age in years, but also early strength 
as factors. In contrast, I am of the thought that it 
would be more commonly applicable to indicate depth 
of carbonation with concrete materials-cement, 
aggregates, admixture—and water—cement ratio, 
cement paste quantity, etc. which are deeply related 
to the structure of concrete, as factors.

5. The depth of carbonation when using high early 
strength cement and long-term strength-gaining 

cement are discussed and an interesting analysis 
of data has been made. However, without going into 
the case of underground structures, it may be said 
that long-term strength gain at concrete in ordinary 
building structures cannot be expected.

In short, as to substantiate the point I emphasize 
in my paper. Dr. Smolczyk mostly aptly states at 
the end, manufacture of a dense and impermeable 
concrete comes before all else.



Supplementary Paper III-16 Variation in Strength of Mortars made 
of Different Cements Due to Carbonation

Wilhelm Manns and Karlhans Wesche*

Synopsis

By carbonation strength is varied in the area of the concrete surface; in the case of 
portland cement strength is increased, on the other hand, it was suggested that with slag 
sulphate cement strength is reduced by carbonation.

This has been confirmed by researches on structural concrete at an age of 4 to 10 years. 
Due to the considerable decrease in strength of concrete made of slag sulphate cement 
caused by absorption of atmospheric carbon dioxide which must be equalized with the 
known phenomenon of concrete corrosion, it should be considered whether this corrosion 
is confined to the slag sulphate cement only or whether it can be observed with other cements. 
Therefore, researches on the carbonation of mortar prisms made of six types of cements 
were carried out, namely on specimens of 1 portland cement, 1 slag sulphate cement, 2 blast 
furnace cements, 2 trass blast furnace cements.

The specimens were cured after drying in an air current enriched by 9% CO2 and their 
strengths were compared with specimens cured at 20°C at a relative humidity of 65 %. The 
influence of the absorption of carbon dioxide proved to be dependent on the type of cement, 
essentially on the content of portland cement clinker and thus on the content of Ca(OH)2 
produced by hydration: at a content over 40% clinker strength increased by up to 70%, at 
a content below 40% of clinker it decreased by up to 50%. The variation in strength is 
accompanied by a variation in the modulus of elasticity and in weight. The variation in 
weight is linear to that in strength so that it is possible to estimate by the variation in weight 
whether carbonation will induce an increase or decrease in compressive strength. The inves
tigations will be continued. ,

Introduction

By carbonation, i.e. the reaction of carbon dioxide 
of the air, the alkalinity of cement paste and thus the 
rust protection of the reinforced and prestressed 
concrete structures is reduced. Particular attention 
has been devoted to this question and to the researches 
interconnected with the carbonation depth and the 

rate of carbonation in Japan and the Federal Repu
blic of Germany during the last years. The question 
whether the strength characteristics of concrete will 
be changed and to which extent has not been followed, 
however, on a larger scale so far.

Previous Investigations

According to the American researches by Leber 
and Blakey (1), Kroone and Blakey (2), and Cole 
and Kroone (3) strength of concrete made of port
land cement (PC) is increased by carbonation by about 
40 to 100% which, according to Toennis (4), can be 
economically utilized for production of concrete 
blocks.

•Institut für Bauforschung Technische Hochschule Aachen, 
Aachen, West Germany.

Mußgnug (5) found, however, that concretes made 
of slag sulphate cement (SSC) stored at room tem
perature developed strengths reduced by about 30 
to 40% compared with those stored under water 
or in open air. Gaede (6) also observed on long term 
tests on 10 cm concrete cubes of blast furnace ce
ment (BFC) and of SSC considerable decreases in 
strength which are, however, statistically verified for 
SSC only with about 20 to 35%, whereas for PC 
the already stated increase in strength could be deter



mined although somewhat reduced.
Basing on the results of Gaede, investigations have 

been made on 4 to 10 years old SSC concretes. For 
this purpose, cores with a diameter of 10 and 15 cm 
were taken from buildings and, if possible, three 
test specimens were made thereof. A height of 4 cm 
of the upper specimen was chosen to prevent an in
fluence of the carbonated layer on the results of the 
successive specimens. The mean specimen had the 
usual specimen size with a slenderness ratio of hid = 
1, the height of the lower specimen was chosen with 
4 cm to compare the strengths of the upper and lower 
specimens. The test results are summarized in Table 
1.

Because of the influence of the specimen height the 
strengths of the upper and lower layers can be com
pared only. A statistical check of the characteristic 
values of the random test showed that the compres
sive strength values of the two random tests differed 
significantly. The difference between these compres
sive strengths is given with a statistical safety of S = 
95% within a range of 85 to 235 kg/cm2.

If the compressive strengths of the surface layer, 
i.e. specimens with carbonated concrete, are plotted 
against the carbonation depth the correlation coef
ficient points to a significant relation between the two 
variables, so that it can be assumed that the significant

Table 1. Strength results of test specimens made of cores 
of SSC concrete

Slenderness Strength 
(mean value) 

kg/cm2

Standard 
deviation 
kg/cm2

Sample

upper specimen 0.25-0.40 636 106 20
mean specimen 1 580 59 19
lower specimen 0.25-0.40 798 106 14

difference in strength between external and internal 
concrete is also due, besides other influences, to the 
influence of carbonation causing decrease in strength.

Manns and Sasse (8) found by ball penetration 
tests according to DIN 4240 that, on 20 cm concrete 
cubes made of SSC, the penetration measuring 
instruments indicating the strength of the surface 
layer only could be assigned to a strength which had 
a mean value of about 30% below the destructively 
tested strength.

Induced by the somewhat contradictory behaviour 
of PC and SSC reported of in previous papers, 
Manns and Schatz (14) carried out carbonation tests 
on cement mortar prisms of different cements in the 
Institute of Building Research of the Technical 
University Aachen.

Tests

Six cements of different compositions were tested 
and the magnitudes influencing carbonation such as 
there are temperature, humidity, cement content, 
water/cement ratio, compaction, and surface of 
specimen were kept invariable. The following cements 

were chosen: 2 blast furnace cements (BFCI and II), 
2 trass blast furnace cements (TBFC I and II), 1 slag 
sulphate cement (SSC), and 1 portland cement 
(PC).

Some cement characteristics are shown in Table 2.

1> without calcium sulphate ,
2) values which do not belong to the Institute of Building Research

Table 2. Several characteristics of cements used for carbonation tests

Type 
of 

cement

Test 
acc.to 
DIN

Constituents Retains 
on a 0.09

DIN 4188

Begin of 
setting

End of 
setting

Modulus of rupture Compressive strength after

cement 
clinker sand trass 7d 28d 7d 28d

M% M% M% M% h h 1 kg/cm2 kg/cm2 kg/cm2 kg/cm2

BFC I 1164 ab.18D ab. 82 — 0.28 5.00 7.15 49 65 211 329

BFC II 1164 ab. 60D ab. 40 — 0.10 3.30 4.20 69 83 308 516

TBFC I 1167 50D 35 15 0.70 3.15 4.35 39 69 166 361

TBFC II 1167 25D 50 25 0.95 3.50 5,15 31 61 115 305

PC 1164 100D — — 4.40 3.25 4.15 61 78 320 413

SSC 4210 2-3 82-83 ab. 15 
anhydrite — — — 80-852> 91-942) 410-4402) 560-5902)



For the tests according to DIN 1164 standard 
cement prisms were made and cured for 28 days 
according to the Standards and then dried at 40°C 
up to constant weight (By mistake, the PC prisms 
were dried at 105°C.).

The storage temperature of 40°C was chosen for 
two reasons: firstly to prevent a liberation of crystal
line bound water, and secondly to anticipate a post
poned hardening of the mortar. Storage of water 
saturated cement mortar prisms at 40°C has accom
plished this effect since the compressive strength values 
given below of specimens stored under constant air 
conditions did not indicate any tendency to an increase 
in strength.

After drying part of the specimens was stored under 
constant air conditions at 20°C and at a relative humi
dity of 65 % (air curing). The remaining test specimens 
were cured in a CO2 apparatus. The CO2 apparatus 
consisted of two superimposed sheet steel boxes con
nected on their ends by semi-circular tubes. Circula
ting air was provided by a built-in ventilator, a ther
mostat was adjusted for an equal temperature of 25°C, 
the relative humidity measured by a hygrometer 
varied between 65 and 70 %. Through test gas meters

3.3 1 air/min. and 0.33 1 CO2/min. were supplied to 
the CO2 apparatus. The test gas meters were adjusted 
semi-diurnally to exclude any irregularities in the 
supply of air and CO2 so that the air was enriched by 
an average of about 9 % CO2. The apparatus was not 
gas tight so that an excess pressure could not arise 
(CO2 curing).

In given intervals, two specimens, each of which was 
taken out of the CO2 apparatus and one specimen out 
of the air-conditioning room and, after determining 
the weight, were tested for modulus of rupture and 
compressive strength according to DIN 1164. Be
tween the modulus of rupture and compressive 
strength tests the common phenolphthalein test was 
carried out. With the exception of PC, the phenol
phthalein test distinguished colourless zones sharply 
from coloured ones. If a specimen showed no longer 
a red colouring, it was designated as completely 
carbonated. The carbonation depth of PC could pre
sumably not be clearly determined since the hydration 
of PC was abruptly stopped by drying at 105°C and 
continued by CO2 curing so that calcium hydroxide 
was freed continuously over the whole section also 
influenced by CO2.

Test Results

Compressive Strength the time by determining the terminated drying as start
in Fig. 1 the compressive strength is plotted against ing point. It can be seen that strength development of



the individual cements differed considerably. This is 
still more obvious when instead of the absolute 
strength values the relative strength values are chosen 
as percentages of the compressive strength upon 
starting the CO2 curing and curing under constant 
air conditions respectively (Fig. 2). The strength values

compressive strength [kp/cm

under constant air conditions do not show any ten
dency : they vary in accordance with the natural scat
tering about the mean value of 100%. The strength 
values of the CO2 curing have either an increasing 
or a decreasing tendency for the individual cements, 
however, they change any more after reaching a limit 
value different for each cement. This limit value was 
attained when carbonation of the specimen was com
pleted and for PC specimens the first remarkable 
change in colour became obvious in the centre of the 
specimen. For PC, BFCII and TBFCI test specimens 
compressive strength values of carbonated mortar 
were above and for BFC I, TBFC II and SSC test 
specimens below the strengths upon starting the CO2 
curing.

A further insight into the relationship between 
compressive strength and carbonation provides the 
relation of the compressive strength as a function of 
the carbonation depth. The tendency of the relations 
is the same for the individual cements as shown in 
Fig. 1. The values, however, form a S-shaped curve. 
It should be added to this that a change in compres
sive strength cannot be discovered up to a carbonation 
depth of 5 mm and at a carbonation depth of about 
15 mm, strength does not increase nor decrease any 

carbonation depth fmm]

Fig. 3. Relation between compressive strength 
and carbonation depth



more. Since the latter can be presumably explained by 
the form of the fracture of the specimen it is difficult 
and not logical to draw up a mathematical relation
ship between compressive strength and carbonation 
depth which is based on these tests. The compressive 
strength as a function of carbonation is, however, well 
expressed if the absolute strength values are substi-

Fig. 4. Relation between compressive strength and carbonation 
depth (at K = 0 mm, ßa = 100%)

tuted by those refering to CO2 curing and curing under 
constant air conditions respectively (Fig. 4).

Modulus of Rupture

In Fig. 5 the modulus of rupture is plotted as a 
function of the time and in this diagram the end of 
drying is given as the starting point. At first, the mo
dulus of rupture of all cement types decreases con
siderably during CO2 curing and it increases after 
some time of storage to a greater or lesser extent to 
adjust, after the specimens are completely carbonated, 
to a value which is above or below the initial values 
depending on the type of cement. A still better in
sight into the relationship between modulus of rupture 
and carbonation is given by plotting the modulus of 
rupture against the carbonation depth (Fig. 6). 
Here is also shown the decrease of the modulus of 
rupture of all cements, however, for a carbonation 
depth up to 6 to 10 mm only, thereupon the modulus 
of rupture increases in a greater or lesser extent 
up to the completed carbonation of the specimens. 
This irregularity in the development of the modulus 
of rupture can be explained by the shrinkage process 
caused by carbonation which has been investigated 
by Powers (9), Leber and Blakey (1), and Verbeck

Fig. 5. Relation between modulus of rupture and time of COz 
curing and under constant air conditions resp.



(11). Hereby, compressive stresses occur in the core 
and tensile stresses in the carbonated zone which re
duce the modulus of rupture determined by the flexu
ral test. This initial tensile stress of the tensile zone 
reaches probably its highest value at a carbonation 
depth of 6 to 10 mm which is then reduced with 
progressing carbonation and which will become zero

Fig. 6. Relation between modulus of rupture 
and carbonation depth

when the carbonation process is completed. Then, 
the modulus of rupture determined in this phase 
cannot be falsified by shrinkage stresses caused by 
carbonation. The internal stresses caused by the 
carbonation process can be estimated from Fig. 6, 
however, it must be taken into account that the elastic 
behaviour may be changed with carbonation. Tests 
give rise to assume that changes in strengths and in the 
elastic behaviour are alike.

Change in Weight

In Fig. 7 the change in weight is plotted as a func
tion of the time with the end of drying as zero point. 
It can be seen that the mortar prisms of PC, BFC 
II and TBFCI have increased in weight, those of SSC, 
however, decreased in weight, those of BFC I and 
TBFC II first increased in weight and afterwards 
decreased. When carbonation is completed, a con
siderable change in weight does not occur emphasiz
ing that the chemical process is finished. In compar
ing the time behaviour of the change in weight and 
the compressive strength (Fig. 2) it can be noted that 
both follow the same tendency and that the termina
tion of weight change nearly coincide with the change 
in compressive strength. It is, therefore, obvious that 
there is a correlation between change in weight and 

Fig. 7. Change in weight at CO a curing and under constant 
air conditions resp.



change in compressive strength. It should be consid
ered, however, that the test specimens increase in 
weight after drying at 40°C (specimens of PC at 
105°C) in the CO2 apparatus at a relative humidity 
of 65 to 70% up to reaching equalized moisture. PC 
specimens increased in weight by about 11g, all other 
specimens by 1 to 2 g. Thus two processes were 
interacting at the change in weight: the increase in 
weight caused by taking up humidity and the change 
in weight caused by carbonation. This fact explains 
the course of curves for specimens of TBFC II and 
BFC I. In plotting the relation between change in 
weight and change in compressive strength in Fig. 8, 
the change in weight caused by taking up humidity 
is eliminated up to equilibration. By the method of 
least error squares the correlation line was determined 
in the form of

AßD = aAGx + b

The following equation was developed with a = 
13.0 and b = —15.1:

Md = 13.0-AGx - 15.1

= change in compressive strength in per cent 
AGX = change in weight in per cent caused by 

carbonation.

The confidence limit of the determined straight line 
was also calculated and is shown in Fig. 8. The preci
sion equivalent for the equation was B = 0.84. It 
can be seen from the diagram that the values for PC 
deviate somewhat from the straight line which pro
bably depends on the different drying method. 
However, a valuable information is given by this 
unintentional difference in treatment that probably 
different preliminary treatment, even though unes
sential, may modify the found relation. The test for 
linearity, i.e. the evidence whether the assumption of 

a linear relation is justified, resulted in a statistical 
security of S = about 95 % if the PC specimens were 
included, if they were excluded, however, it resulted 
in S = about 99% (Fig. 9). If the PC specimens were 
not considered, the values resulted in <z = 10.8 and 
b = —18.5 for the constant of the straight line equa
tion at a precision equivalent of B = 0.92.

The change in weight due to carbonation may be 
caused by

a) the carbonation of the calcium hydroxide in 
releasing 1 mol H2O from 1 mol CO2. Even if it is 
assumed that the water is completely evaporated, a 
considerable increase in weight remains;

b) the carbonation of crystal and gel connections. 
Some mols H2O are released by 1 mol CO2 from which 
at least one part must evaporate since the specimens 
had an equilibration humidity. D’Ans and Eick 
(12) for instance, give for carbonation of ettringite 
the following reaction equation:

C3A-3CaSO4-32H2O + 3CO2 —>
3CaCO3 + 2A1(OH)3 + 3CaSO4-2H2O + 23H2O 

According to this reaction 4 mols CO2 are taken up 
whereas 23 mols water are released. Even if it is as
sumed that only part of the water is diffused out and 
changed over into the evaporable form, a consider
able decrease in weight is still remaining.

This assumption is strengthened by the fact that 
PC specimens released considerable more calcium 
hydroxide in hydration, contrary to the other tested 
specimens, and developed the highest increase in 
weight, whereas SSC specimens developing less free 
calcium hydroxide but containing large quantities 
of ettringite showed the highest loss in weight. It is 
uncertain whether the decrease in compressive stren
gth along with a loss in weight may be connected 
with the reduced strength of the forming products or

Fig. 8. Relation between change in compressive strength (A^y) 
and change in weight (kGic)

Fig. 9. Relation between change in compressive strength (Ajßy) 
and change in weight (AGk)



with an inferior density of cement paste.

Change in Compressive Strength and Clinker Content

The assumption that change in compressive strength 
depends on the quantity of released calcium hydroxide 
which is highly affected by the clinker content of 
the cement, points to the conclusion that there is a 
regression between clinker content of cement and 
changes in compressive strength. Change in compres
sive strength after completed carbonation in relation 
to the strength at 28 days (upper values) and the 
strength after heat treatment (lower values) is shown 
in Fig. 10 as a function of the clinker content. Mean 
values were plotted only. It is noted that regression 
of these test values can be approximated by a straight 
line, even so, if the value of the change in strength 
of SSC in relation to the 28 days strength deviates 
considerably. For calculation of the regression strai
ght lines mean values only were used, since the num
ber of the individual values for each cement was 
different. In using the equilibration calculation, the 
following equations and precision values can be 
given:

= 1.44 A + 76.5 with B = 0.94

= 1.16 A + 54.8 with B= 0.96 
Pooa

Pdk = compressive strength in the state of com
pleted carbonation

= compressive strength prior to drying 
jSDoo = compressive strength after drying (this 

strength corresponds nearly to the ultimate 
strength)

A = clinker content in % (PC = 100%)

and ßDxißD.„ resp. = 100 give the clinker 
content, a falling below of which results, following 
these tests, in a decrease in strength which gives in the 
first case about 20 % and in the latter ab. 40 %.

Rate of Carbonation

In practice, the rates of carbonation determined 
by these tests cannot be assigned to atmospheric 
conditions nor can be used for a prediction of car
bonation depths, nevertheless they should be given 
for completion’s sake. In Fig. 11 carbonation depths 
are a linear function of the time. In Fig. 12 they are 
given on a double logarithmic scale. It may be of inte
rest, however, to note that the rates for specimens of 
BFC I, TBFC I and II and SSC do not differ con
siderably, the specimens of BFC I, however, is car
bonated at a much slower rate.

Fig. 10. Relation between carbonation and 
cement clinker content

carbonation depth [ mm]

Fig. 11. Relation between carbonation depth and time at CO2 
curing and under constant air conditions on a linear scale

Fig. 12. Relation between carbonation depth and time at CO2 
curing and under constand air conditions on a double logarithmic 
scale



Conclusions

As stated, conditions of temperature and humidity, 
cement content, water/ccment ratio, compression, 
surface of specimens, and CO2 enrichment were kept 
constant so that the results relating to other conditions 
have limited validity only. Further researches are 
being made in the Institute of Building Research and 
are directed to the above mentioned magnitudes. The 
compressive strength results correlate well with 
American results (1, 2, 4, 10, 11, 13). The difference 
in strength observed by the authors on 4 to 10 years 
old SSC concretes of partly carbonated and non 
carbonated specimens can, according to the test re
sults, be fully related to decrease in compressive 
strength caused by carbonation. Similar results have 
been found by investigators (1, 2, 4, 11) for flexural 
tensile strength and increase in weight.

The conclusion of Toennis (4) that weight control 
is a solid method in determining the magnitude of 
carbonation can be supplemented in so far as for all 
cements the change in weight is linear to the change in 
compressive strength and that it allows an estimation 
whether carbonation affects an increase or decrease 
in compressive strength.

Furthermore, it is questionable whether the problem 
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Synopsis

Tests carried out on concrete and mortar under defined conditions showed that the age, 
the composition of the concrete and the conditions of storage are to be considered as the main 
factors influencing the progress of carbonation. An investigation of concrete samples taken 
from 53 old building constructions had longly confirmed the tendency of the interdepen
dence found under definrd conditions. The test results allowed, to predict approximatively 
the depth of carbonation for a certain concrete. The carbonation resistance of a fully com
pacted and normal cured concrete is essentially determined by its water/cement ratio and 
by the type of cement used.

Introduction

Concrete exposed in air will release more or less 
of its free water. This drying process involves primarily 
the layers next to the surface. The progress and the 
degree of the evaporation depend upon the conditions 
of storage and the structure of the concrete. During 
the evaporation the pore-water in the concrete is 
replaced by air, and from this time on, carbon dioxide 
can react with the alkaline compounds of the concrete. 
This transformation that reduces the initial alkalinity 
of the concrete is called carbonation. The carbonation 

may have an undesirable influence on the protection 
of the steel in reinforced concrete against corrosion. 
It is therefore interesting to know under what condi
tions a profound carbonation of the concrete will 
occur, and what depth the carbonated layer will reach.

In the present paper tests made in the Laboratory 
of the Westphalian Cement Industry are briefly dealt 
with. In these tests Dr.-lng. H.J. Wierig and Dr.-lng. 
K. Husmann took part besides the author.

Methods to Demonstrate the Reaction of Carbon Dioxide in Concrete

The depth of the carbonated layer in mortar and 
concrete can be determined by various methods. 
The microscopic detection of the calcium carbonate is 
a precise method. As a rule, a distinct border between 
the unchanged hydrated phases of clinker and the 
newly formed calcium carbonate is clearly to be seen 
in thin sections. The calcium carbonate with its pro
nounced double refraction in polarized light differs 
clearly from the almost isotropic cement gel and the 
less double-refractive calcium hydroxide.

In serial tests, the use of pH-indicators has proved 
well. These indicators do not allow to determine the 
exact pH of the concrete, they merely indicate the 
depth of the modified concrete layer. Comparative 
tests made on thin sections have confirmed that a 

2 % solution of phenolphtalein in ethyl-alcohol makes 
visible the border zone between the carbonated and 
the not carbonated concrete. Besides phenolphthalein 
thymolphthalein and alizarin yellow R are used as 
indicators. The zones dyed by these indicators are vir
tually identical to those coloured by phenolphthalein, 
see Fig. 1. However, in practice the colouring pro
perties of these indicators are often less distinct than 
those of phenolphthalein.

The concrete to be tested should be broken or cut 
two days before the determination of the depth of the 
carbonation by pH-indicators take place. In cutting 
the concrete not hydrated cement particles are layed 
bare, that might interfere with the determination of 
the carbonation level.

Due to the presence of porous aggregates, cavities 
and cracks in the concrete, the carbonation level 
seldom appears as a straight line parallel to the surface



Phenolphtalein

Thymolphtalein

Alizarin yellow R

Fig. 1. Surfaces of a broken prism 4 X 4 X 16 cm of standard 
mortar (DIN 1164) coloured by 3 indicators

Form a

Form b

Concrete surface

Concrete surface

not coloured 

red coloured

not coloured

red coloured

Concrete surface
not coloured

red coloured

k = depth of carbonation

k'= max, depth of carbonation

Fig. 2. Definition of the depth of carbonation

of the concrete. One observes irregularities of that 
borderline that render difficult the precise determina
tion of the depth of carbonation. Fig. 2 shows our 
definition of the depth of carbonation. In the cases 
a and b only the measured value k is indicated, in case 
c, the maximun value Zrmax is stated additionally.

Properties of Concrete Affected by Carbonation

Protection of the Reinforcement 
against Corrosion ,

It has been found out by appropriate tests that the 
passivation ensuring the protection of the steel against 
corrosion is neutralized by carbonation (1, 2). As a 
result, the steel in a carbonated concrete will undergo 
corrosion as soon as two other conditions are present: 
access of oxygen and of moisture. In a dairy we have 
had some years ago the opportunity to study the effect 

of the passivation of steel in reinforced concrete. 
In this dairy the steels of a reinforced beam were 
partially embedded in carbonated concrete and par
tially in non-carbonated concrete, see Fig. 3. The depth 
of the carbonation was after about 40 years 26 mm. 
The steel was covered with 15 mm of concrete. In the 
near of the wall the concrete cover was thicker. Here 
in the non-carbonated zone—red coloured by phenol
phtalein—the steel showed no sign of corrosion while 
in the grey carbonated zone severe corrosion had



Fig. 3. Reinforced beam about 40 years old in a dairy

Table 1. Compressive strength of mortar

No.

Cement

Type

Percentage 
of blastfurnace 
slag by weight

Compressive strength 
in kg/cm2 
ge condition 

b

1 Portland cement 0 528 778
2 y 0 449 711
3 0 474 701

4 Portland blast
furnace cement 20 480 725

5 // 25 485 733

6 Blastfurnace 
cement 45 542 695

7 y 50 440 540
8 y 75 432 377
9 y 75 424 421

10 Supersulphated 
cement n.b. 595 371

11 Aluminous cement n.b. 608 749

occurred. 

furnace cement containing approx. 50% of blast
furnace slag and in mortars of aluminous cement the 
increase was not significant. The strength of mortars 
made from blastfurnace cement with a high slag con
tent remained almost unchanged. In mortars made 
from supersulphated cement. the strength decreased 
clearly.

Permeability

Cores of 15 cm in diameter were extracted from 6 
concrete building constructions presenting a rather 
deep carbonation. Slices of 3 cm were cut out from the 
carbonated and the non-carbonated zones of these 
cores. These specimens were tested as to their per
meability for water vapour by the method described 
in (3). In these tests the carbonated specimens were 
almost as impermeable as the non-carbonated ones.

Similar results were obtained in partially carbonated 
mortar specimens stored 4 months in water and then 
exposed to an atmosphere enriched with for carbon 
dioxide. In these tests the differences of the per
meability of the carbonated and the non-carbonated 
specimens remained within the limits of the margin of 
error.

As far as the progress of carbonation is concerned, 
an eventual difference of permeability between non
carbonated and carbonated zones would be of minor 
importance since the carbon dioxide of the air will 
always pass through carbonated concrete on its way 
from the surface of the concrete to the level of car
bonation.

Strength

The influence of carbonation on the strength was 
studied by cylinders 11.3 mm in height and in diameter. 
The mix of the mortar was cement: sand: water 
1:3: 0.4 by weight. The small cylinders were made 
from 11 different cements and stored as follows:

a) 56 days under water
b) 28 days under water, 21 days exposed in air at 

10% CO2 and 80% of relative atmospheric 
humidity, then 7 days under water.

In storage a non-carbonation of the mortar oc
curred. In storage b all samples were completely 
carbonated. The results of the strength tests after 
56 days are summarized in Table 1.

The effect of carbonation was by no means identical 
in all cases. In mortars of portland cement and of 
portland blastfurnace cement the compressive strength 
increased significantly, while in mortars of blast-

Moisture Movement

3 concrete specimens 15 cm in diameter and 2 cm 
thick, were extracted from the carbonated and the 
non-carbonated zones of a 43-year old concrete. The 
sides and the bottom of the specimens were sealed 
and the specimens were saturated several days with 
water. Then the specimens were stored in air 20°C, 
65 % of relative humidity. In Fig. 4, the loss of water 
in kg/m2 is plotted as a function of the time. It was 
found out that the carbonated concrete dried faster 
at the beginning than the non-carbonated concrete.

Shrinkage

We did not perform tests to study the shrinkage of 
mortar and concrete due to carbonation. We refer 
however to the numerous papers dealing with this 
subject (4) (5). The carbonation results in a slow ir-



Fig. 4. Water loss of wet concrete in air 
(20°C and 65% relative humidity)

reversible contraction.

Test Series

The main factors bearing on the progress of car
bonation are being studied in 5 test series. Moreover, 

we have determined the depth of carbonation in 60 
different concretes, the age, the composition and the 
storage conditions of which were known to us. These 
tests are called “test series 6”.

In all the test series the depth of carbonation was 
determined by spraying the breakage or cutting 
surface with phenolphtalein. All the concretes and 
mortars described in the following part were stored in 
normal atmosphere.

- In some tests carried out simultaneously in an 
atmosphere enriched with carbon dioxide the progress 
of carbonation was considerably accelerated. How
ever, this result is true only as long as the progress of 
the carbonation is determined by the diffusion of 
carbon dioxide, while it does not apply to the progress 
due to the migration of the evaporation level. It is 
therefore advisable to dry the samples prior to the 
exposure to air enriched with carbon dioxide, so that 
the level of humidity is almost the same in all samples. 
By the way, it is well possible that other chemical 
equilibria will occur when mortar and concrete are 
exposed to higher pressures of carbon dioxide. This 
fact might disturb the interpretation and the evalua
tion of the results.

Influences on the Progress of Carbonation

see test series 3

see test series 3

Water/cement ratio: 0.4, 0.5, 0.6, 0.7 and 0.8
Type of Cement: 1 Portland cement, 3 Blast

furnace cements, 1 Pozzolanic 
cement

Storage condition: 7 days wet, then in an aircondi
tioned room: 18°C/50% of rela
tive atmospheric humidity

Age: 3 years up to now

Test series 1
Specimen: Concrete beams 10x15x50 cm 

Cement: aggregate: water = 1: 5.4: 0.53 per weight 
(mix)

Type of Cement: 4 Portland cements, 3 Blast
. furnace cements

Storage condition: 4 weeks wet, then placed on the 
small side and submerged to 
half its height in water, the 
other half being exposed to 
normal room air.

Age: 8 years up to now

Test series 2
Specimen: Concrete cubes 10x10x10cm 

Water/cement ratio: 0.4 to 0.8
Type of Cement: Portland cement Z275

Storage condition: a) 1 day wet, then exposed to 
normal room atmosphere

b) like a), but once a week sub
merged in water for 1 hour 

Age: 4 years up to now

Test series 3
Specimen: Concrete beams 10X15 x70cm

Test series 4
Specimen: Mortar prisms 4x4x16 cm 

Water/cement ratio:
Type of Cement:

Storage condition:
Age: 3 years up to now

Test series 5
Specimen:

Water/cement ratio:
Type of Cement:'

Storage condition: like in test series 3, but once a 
week submerged in water for 2 
minutes

Age: 3 years up to now



Effect of Age

Fig. 5 shows the average depth of carbonation in 
% as related to the age (test series 1 and 2). The depths 
of carbonation measured on the last day of the test 
were considered as 100%. These values are medium 
values for different concretes, the values of each con
crete differ more or less from the average. The measur
ing points of each test series form almost a straight line. 
Since on the abscissa the age is plotted as a radical 
value, an almost quadratic function exists between the 
depth of carbonation and the age of the concrete 
stored in air. Theoretically we get the same relation 
between depth of carbonation and age by using Fick’s 
first diffusion law for the diffusion of carbon dioxide in 
concrete.

The two curves of Fig. 5 do not cross the abscissa at 
the end of the curing period, but somewhat later. 
Obviously, carbonation starts after a certain induc
tion time, but this time is of minor importance when 
long periods are considered. The relations between the 
depth of carbonation and the age apply only to con
cretes in which the evaporation of the free water is 
faster than the diffusion of the carbon dioxide into the 
concrete. In concretes exposed to atmospheric precipi
tations, the progress of carbonation is slowed down by 
the absorption and evaporation of water. In this case 
the depth of carbonation may be limited by the depth 
of drying.

Effect of Composition of Concrete

In a fully compacted concrete with dense aggregates 
and without air-entraining admixture the progress of 
carbonation depends largely upon the water/cement 
ratio and the type of cement used.

Fig. 5. Effect of age on the progress of carbonation

Water/Cement Ratio

Fig. 6 interprets the test series 3, 4 and 5. The 
depth of carbonation in concrete and mortar 2^- years 
old having a water/cement ratio of 0.6 is = 100%. 
The depths of carbonation measured at different 
water/cement ratios are related in percent to that value. 
Between the water/cement ratio and the depth of 
carbonation existed nearly a linear function. In trials 
made at a relative atmospheric humidity of 65 %, the 
depth of carbonation depended more on the water/ 
cement ratio when the latter was low. That means, that 
the curve in Fig. 6 is a little steeper geometrically.

Type of Cement

In Fig. 7 the results of test series 1 are indicated, in

Fig. 6. Effect of water I cement ratio on the progress 
of carbonation (results of test series 3, 4 and 5)

Fig. 7. Effect of cement type on the progress of carbonation 
(results of test series 1)
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Water/cement ratio

Fig. 8. Effect of waterjcement ratio and cement type on the 
depth of carbonation of concrete 2 Iff years old (results of 
test series 3)

Fig. 8 those of test series 3. The concretes made of 
portland cement showed lower depths of carbonation 
under the same conditions, than the concretes made 
from blastfurnace cement and pozzolanic cement. 
In concrete made of blastfurnace cement, the depth of 
carbonation increased with an increasing percentage 
of blastfurnace slag. At a percentage of approx. 50 % 
of blastfurnace slag the carbonation was 1.5 times as 
deep as in portland cement concrete, while it was 2 
times as deep when the percentage of blastfurnace slag 
amounted to 70%. In mortar tests (test series 4 and 5) 
the influence of the type of cement used upon the depth 
of carbonation was less pronounced than in concrete 
trials. That difference might be due to the fact that the 
shrinking behaviour of small mortar prisms is not 
identical to that of concrete test cubes.

The fact that the resistance of a concrete to carbona
tion is a function of the cement type used, seems to be 
due to the difference in the percentage of carbonatable 
substances and especially of free calcium hydroxide. 
Owing to the high diffusion resistance of the concrete, 
only limited quantities of carbon dioxide can diffuse 
through the concrete in the unit of time, thus trans
forming carbonatable substances. This is the reason 
why the progress of carbonation depends upon the 
presence of carbonatable substances, all other condi
tions being identical.

Storage Conditions

Concrete constantly stored under water or away 
from the air will not carbonate.

Fig. 9. Effect of the curing time on the depth of carbonation.
Concrete storaged after wet curing for 1 year in open air 
protected from rain

Concrete constantly exposed in room air after curing 
will release the free water. Simultaneously the air 
penetrates into the concrete. Concrete constantly 
stored in air will undergo the strongest carbonation. 
As long as the level of carbonation did not reach the 
drying level under those storage conditions an ap
proximately quadratic function exists between the 
depth of carbonation and the age of the concrete. 
In concrete cured under water for a longer period the 
progress of carbonation is reduced, see Fig. 9.

* Concretes exposed to open air and moistened from 
time to time in their shell zones by precipitations will 
carbonate less rapidly. In this case the depth of car
bonation will not surpass the two uppermentioned 
limits. The progress of carbonation depends primarily 
upon the chronological order of the periodical mois
tening and drying of the concrete. In the test series 2 
the depth of carbonation in concrete specimens 4 years 
old, moistened regularly once a week, amounted only 
to 30-60% of the depth of carbonation in concrete 
stored in the air. '

Fig. 10 shows the influence of the storage condi
tions upon the progress of carbonation generally.

Results of Test Series 6

The 60 concretes of test series 6 differ from each 
other as to their age and their composition. On the 
other hand they were stored under almost identical

*The portland cement used for these concrete tests was a 
nomal portland cement with appr. 12%C3A. The slag content 
of the blastfurnace cement was appr. 70%.



Fig. 10. Ejject of storage conditions on the progress 
carbonation (model)

1. Constantly under water or in moist air
2. Horizontal concrete surfaces out door in wet climate
3. Out door in air not protected from rain and snow
4. Constantly exposed in room air or out doors protected 

from rain and snow

conditions, that means that all these concretes were 
stored to normal room air after a short moist curing.

Different types of cements were used for the con
crete specimens. The ages of the concrete specimens 
ranged from 1 to 12 years, medium age approx. 5 years. 
In Fig. 11 the depth of carbonation k, = 10 related 
to the age of 10 years is plotted against the water/ 
cement ratio. It was calculated on the base of the 
quadratic function between the depth of the carbona
tion k and the age t indicated in the test series 1 to 5 by 
equation

k',= XQ = k.^^

Fig. 11 shows clearly that there exists a linear 
function between the depths of carbonation related to 
an age of 10 years and the water/cement ratio in con
cretes made from portland cement, although concretes 
of different consistency and different granulometry of 
the aggregate were compared. In concretes made from 
blastfurnace cement the linear function between the 
depth of carbonation and the water/cement ratio is less 
clearly visible due to the fact that the percentage of 
blastfurnace slag has not been taken into consider
ation.

Investigations on Old Building Constructions

In 1962 and 1963, 53 old concrete or reinforced 
concrete building constructions were examined in

Fig. 11. Effect of water(cement ratio and cement type on the 
depth of carbonation related to the age of 10 years (Results 
of test series 6-60 different concretes)

order to determine the depth of carbonation in the 
concrete as a function of the age, the composition of 
the concrete and of the storage conditions. The build
ing constructions has been erected between 1910 and 
1955. The results of these investigations are published 
already (6).

63 concrete samples were tested. It was found out 
that the depths of carbonation in these concretes 
depended essentially on the age and the composition 
of the concrete as well as on the storage conditions.

The relations stated in the chapter “Influences on the 
progress of carbonation” existing between these values 
and the depth of carbonation could be confirmed 
as a whole in the samples taken from these old building 
constructions. Some marked variations are due to the 
fact that the technical data of the concretes could not 
be reproduced exactly, and that the conditions of 
storage were not fully known as far as their nature, 
their intensity and their chronological order are 
concerned.



Summary and Conclusions

Concrete and mortar tests made under well known 
conditions have proved that the age and the composi
tion of the concrete as well as the conditions of storage 
are the main factors that act on the progress of car
bonation.

Effect of Age

In concretes stored in air but protected from rain 
and snow the depth of carbonation increased more 
rapidly in the beginning than later on. A simple rela
tionship between the depth of carbonation and the age 
could be established that applied to the period of the 
investigations of about 10 years. Supposing that this 
relationship is also applicable to older concretes, 
the depth of carbonation reached after 10 years will 
have doubled in at least 50 years. Concrete is car
bonated less rapidly, if his outer zone is moistened 
from time to time for instance by rain.

Effect of Concrete Composition

In concretes having a water/cement ratio of 0.50 
the depth of carbonation is only approx, half the depth 
of carbonation in concrete stored under the same con
ditions but having a water/cement ratio of 0.80. The 
depth of carbonation of concrete of portland cement 
having a water/cement ratio of 0.50 stored 50 years in 
open air protected from rain will be probable 10 — 
15 mm. In concretes made from blastfurnace cement 
or pozzolanic cement greater depths of carbonation 
could be measured than in concrete made from port

land cement, all other conditions being identical.

Effect of Storage Conditions

Concrete soaked with water is practically free from 
carbonation. In concretes stored at normal room 
atmosphere the greatest dephts of carbonation were 
measured. Periodical moistening of the concrete for 
instance by rain hampers the progress of carbonation 
noteworthily. In this case the depth of carbonation 
can be limited by the depth of evaporation.

Investigations in Building Constructions

The investigation of 63 concrete samples taken from 
old building constructions have largely confirmed the 
results of our tests as to the relation existing between 
the depth of carbonation, the age, the composition of 
the concrete and the storage conditions.

Carbonation and Reinforcement

In case the steel in reinforced concrete is endangered 
by corrosion due to unfavorable environmental condi
tions, care must be taken to prevent the carbonation 
from reaching the steels. In this respect are important 
the thickness of the cover and its resistance against 
carbonation. The carbonation resistance of a fully 
compacted and normal cured concrete is essentially 
determined by its water/cement ratio and by the type 
of cement used.
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Synopsis

Carbonation of mortar or concrete is the reaction between cement components, either 
unhydrated or hydrated, and carbon dioxide in the air. Studies were made on carbonation 
under simplified and accelerated experimental conditions to clarify the mechanisms and 
kinetics. These are discussed in regard to the data of carbonation, neutralized depth and 
also the pore size distribution. Carbonated products are concentrated especially near the 
surface at shorter period, but distributed afterward to the deeper part. The slope of the 
degree of carbonation to the deepness becomes gradually more gentle with the lapse of time. 
While neutralization does not occur immediately even at the surface in contact with CO2 gas. 
The length of the induction period which appear in the neutralization varies with the type of 
specimen, and these differences are mainly dependent on lack of uniformity in the pore 
structure, The rate of neutralization can be expressed as L1 = kt or (Z, + /)2 = kt in the 
first approximation where L is the neutralized depth and t is the time of carbonation. On 
this rate the water-cement ratio and curing time show the greater effect, and the greater the 
pore volume, the faster the rate. The above equations suggest that the rate determining 
process is diffusion. Nevertheless a boundary between parts, carbonated and un-carbonated, 
is ambiguous, carbonation is assumed to occur at a boundary which corresponds to the 
neutralized depth. Thus we can apply the following equation:

, = 2DoeAPT°-^ - = k,
- 1 m'-^RCop ’ ‘ f

Then, the rate constant of neutralization is calculated in consideration of the material 
transfer of either CO2 or H2O in order to determine which diffusion controls the rate of 
reaction. In consideration of the magnitude of the / value, the species of diffusion which 
controls the rate of neutralization is infered to be CO2, H2O or both of them depending on 
the pore structure of the specimens. Thus the above rate equations seem to be reasonable to 
the rate of neutralization in assumptions, and applicable to the practice.

Introduction

Studies on the carbonation of cement mortar and 
concrete have been made mainly in connection with 
shrinkage and cracks in European countries, and in 
connection with corrosion of reinforcing steel in 
Japan. Studies of carbonation has been made by 
chemists on each pure cement hydrated or unhydrated 
compound, while on the rate of neutralization of 
concrete by building engineers. Some studies seem 
necessary to fill the gap between them.

As the cement mortar and concrete are porous 
materials consisting of cement hydrates, carbonation 
seems to be unavoidable. However, its resistivity 
should be taken into account. Carbonation is regarded 
as an example of the reaction of porous solid with gas

‘Research Laboratory of Engineering Materials, Tokyo 
Institute of Technology, Tokyo, Japan. 

or liquid which diffuses into the former. Metal re
fining by the pellet method, sulfate attack on concrete, 
etc., are also reactions of this type. One of the authors 
has studied the rate of oxidation of carbonaceous 
matters contained in shale or clay, in relation to the 
bloating mechanisms of lightweight aggregates, and 
found a relationship between the rate and the pore 
structure.

In a similar way, studies were made on carbonation 
under simplified and accelerated experimental con
ditions to make clear the mechanisms and kinetics. 
As carbonation is concerned with the diffusion of 
CO2 gas, examination of the pore size distribution 
must be important. As the pore size distribution of 
concrete other than lightweight concrete can be esti
mated from that of mortar, specimens in the form 
of mortar were prepared.



The degree of carbonation, neutralized depth and 
pore size distribution were measured under acceler
ated conditions. In this experiment portland cement 

and portland blastfurnace cement were used in com
parison. The rate of neutralization and the carbonation 
mechanisms were discussed.

Carbonation and Neutralization

Nevertheless, the carbonation of mortar or con
crete is unavoidable because the hydraulic cements 
and their hydrates are calcarious and reactive with 
CO2, the rate of reaction is the most important aspect 
to be investigated in practice.

Carbonation is the reaction of cement hydrates 
or unreacted cement with carbon dioxide, and it is a 
kind of gas solid reaction. However, the existence 
of adsorbed water or the drying condition influences 
the rate of carbonation. Maximum rate was found 
by Hunt and Tomes (1) in a certain drying condition. 
Accurate control in the relative humidity is, accord
ingly, important in the carbonation experiment.

Although the mechanism of carbonation of hy
drated cement is complex, one molecule of water 
should be liberated by the reaction of one molecule 
of carbon dioxide with calcium hydroxide. Hunt and 
Tomes (1), however, found experimentally that the 
decreasing of non-evaporable water is less than the 
increasing of carbon dioxide in carbonation of hard
ened cement, so that other phases also react with 
carbon dioxide while calcium hydroxide is still pre
sent.

Inoue and Asano (2) found that not only calcium 
hydroxide but also unhydrated C3S decreased in car

bonation, and that hydrated C3S tends to produce 
calcite, but unhydrated C3S produces vaterite. For
mation of vaterite was also reported by Schröder (3) 
to form by a topochemical reaction between moist 
CO2 gas and calcite in the surface layer of concrete.

On the other hand, cement hydrates are originally 
basic, but neutralized by the carbonation. The neu
tralization of mortar or concrete is expressed with 
the depth of the neutralized layer or its rate of in
crease, which is described by Hamada (4) in this 
symposium. It is, however, difficult to distinguish 
a spot in a specimen as neutralized or not, because 
the carbonation advances continuously; for example, 
it is probable that only certain species are reacted 
while others are not, or only the surface of each 
particle of reactant is carbonated, while the core 
remains unchanged. The depth of neutralization of 
specimens is determined conveniently by phenol
phthalein as an indicator in connection with the fact 
that the reinforcing steel in concrete is reported (5) in 
a passive state when the latter maintains an alkalin
ity greater than 10.5 in pH value. In the later part of 
this paper, the relationship between the depth of 
neutralization and carbonation will be discussed.

Experimental

Preparation of Specimens

In this experiment, portland cement and portland 
blastfurnace cement of compositions as shown in Table 
1 are used in comparison, while the sands put to use 
are of different fineness, as illustrated in Fig. 1. Both 
sands were previously treated with 10% HCI for 2 hrs 
to remove the carbonates. The conditions of the 
mortar preparation are given in Table 2. The size of

the specimens molded is 2 cm X 2 cm X 8 cm. After 
being cured in saturated Ca(OH)2 solution for 7 or 
28 days, the specimens are dried with a rotary pump 
for 24 hrs and then put into a desiccator maintaining 
RH 44% for more than 7 days to approach an equi
librium. Five surfaces of each specimen are sealed 
with the epoxy-resin and one surface, 2 X 2 cm in 
size, is exposed to CO2 gas. The specimens previ
ously cured are exposed to CO2 gas to carbonate

Tabic 1. Chemical analysis of cement used

L.O.L InsoL SiO2 AlgOg F=2O3 MnO CaO MgO SO3 S Na2O k2o Total

Portland cement (P) 0.5 0.6 22.3 4.4 3.1 — 64.5 1.5 1.8 0.37 0.61 99.8
Portland blastfurnace 0.7 0.3 25.8 9.8 2.2 0.5 54.7 2.8 2.3 0.4 — — 99 5

cement (S)
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Fig. 1. Fineness of sands used

at 20 ± 1°C. The specimens are laid to avoid con
tact with each other in a desiccator of sufficient size. 
CO2 gas is led from a bomb through 3 bottles to the 
desiccator. And the saturated Zn(NO3)2 solution is 
put in 2 of the 3 bottles, and the desiccator is put to 
maintain CO2 gas at 44% relative humidity.

Analytical Methods

Carbonated specimens are cut lengthwise with a 
diamond cutter and the neutralized depth is deter
mined with 1 % phenolphthalein solution. Some of 

Table 2. Conditions on the preparation of mortar specimens

Group A B c D E

No. 12 3 4 12 3 4 12 3 4 12 3 4

Kind of C F C F C F C F C F C F C F C F

Sand ratio 2 3

A.E.R.* X o O x O x x O O x x O X o O x

W/C 0.65 0.5 0.65 0.5

Kind of 
cement P s P S P S P S

Curing days 28 7

*0.3 cc of Vinsol resin for 1 kg of cement was added in mixing water

the carbonated specimens were sliced into 1 mm 
thickness perpendicularly to the direction of diffu
sion, using a grinding wheel of 0.5 mm thickness. 
And each slice is crushed for such tests as the quanti
fication test by X-ray diffraction, fixed CO2 by the 
micro diffusion method (6) and free Ca(OH)2 by a 
modified Franke method (7) using isopropanol as 
the solvent. The pore size distribution of several 
specimens were also measured with a mercury pres
sure porosimeter.

Results

Results of Carbonation

The degree of carbonation was determined by 
various methods such as X-ray diffraction analysis, 
chemical analysis for fixed CO2 and free Ca(OH)2. 
The analytical results are given in Fig. 2. The amount 
of calcium hydroxide quantified by X-ray diffraction 
is in good accordance with the results by the Franke 
method. But the amount of calcite estimated by X- 
ray diffraction does not correspond to the fixed 
carbon dioxide chemically obtained. This discrep
ancy is remarkable in the sample taken from the 
deeper position from the surface. This result is an 
evidence that amorphous carbonate is likely to form 
in the deeper part. X-ray diffraction intensity of 
calcite also decreases steeply especially near the sur
face of specimens carbonated for a long period, due 
to the formation of vaterite. The modification of 
CaCO3 produced is calcite in the early stage of car
bonation, but is vaterite in the later stage where 
carbonation of unhydrated cement components must 

take place as reported by Inoue and Asano (2). At 
the early stage, the carbonation occurs only near the 
surface, but in the deeper part at the later stage. In 
comparison of A2 and C2, the slope of the carbo
nation ratio is steeper in case of A2 than in case of 
C2, and the rate of C2 is larger than of A2. This 
difference is important in view of the rate of neutrali
zation in connection with the pore size distribution.

The amounts of free Ca(OH)2 of uncarbonated 
specimens are 0.038, 0.019 and 0.033g CaO/g speci
men for A2, A4 and C2 respectively. The amount of 
free Ca(OH)2 is larger in portland cement mortar 
than in portland blastfurnace cement mortar. In a 
comparison between A2 and A4, in which portland 
cement and portland blastfurnace cement are used 
respectively, fixed carbon dioxide in the specimens 
carbonated for 7 days are 0.00303 and 0.00267 mole/g 
specimen. Therefore, these values are equivalent 
to 0.645 and 0.547 each of the total CaO of cement. 
It is considered from these results that all of the CaO 
in cements is effective for the fixation of CQ2. .



The molar ratio of fixed carbon dioxide to free 
Ca(OH)2 are about 0.2 regardless of different depth 
from the surface. This result reveals that the there 
is no great difference in the case of carbonation 
between the calcium hydroxide and the other phases.

In Fig. 2, the arrow shows the neutralized depth, 
where some free Ca(OH)2 still remains.

Results of Neutralization

The neutralization rate of the specimens are shown 
in Fig. 3. An explanation of why the neutralization

could not be detected in such specimens as D3, D4 
and E is that the carbonation takes place imperfectly 
and unneutralized part remains even near the sur
face, in spite of the carbonation progress in the 
deeper part at the same time. Though the slope of the 
lines in Fig. 3 tends to become steeper in the later 
stage, the rate of neutralization can be expressed as 
1? = kt, in the first approximation, where L is the 
neutralized depth, t is time and k is a constant. There
fore, the value k shows the ease of neutralization. 
The difference in sands and the addition of A. E. R. 
seem to have no significant effect. The curing time and 

Fig. 2. Experimental results on carbonation 
J. : showing the neutralized depth 

■, ▲: obtained by chemical analysis 
Time of carbonation is taken as parameter

Fig. 3. Relationship between neutralized depth 
and time of carbonation



the water-cement ratio show the greatest effect and 
portland blastfurnace cement seems to be easily 
neturalized at least in this accelerated conditions.

Pore Size Distribution

The determination of the pore size distribution is 
useful in consideration of the rate of neutralization. 
The pore size distribution of various samples are 
compared in Fig. 4. The shorter the curing time, the 
larger the size and total volume of pores. The pores 
existing at the beginning must be gradually filled with 
produced hydrates. But this trend is not clearly 
observed in the cases of B2 and D2, in which the W/C 
ratio is as low as 0.5 and cement particles are com
pactly packed. Even though in the case of D4 the 
W/C ratio is 0.5, it has a large pore volume. This 
seems to be due to the low degree of hydration of 

portland blastfurnace cement not filling the pores 
enough with hydrates, in the case of curing for 7 days. 
While in the specimens cured for 28 days, even with 
such a high W/C ratio as 0.65, the total of the pore 
volume is nearly equal in both case of portland cement 
and portland blastfurnace cement. As the pore volume 
of C specimen is greater than that of B, the rate of 
neutralization is faster in case of the former. E2 is 
the specimen containing portland cement, with 
W/C = 0.65 and sand-cement ratio of 1: 3, cured 
for 28 days. The rate of neutralization of such speci
mens as D3, D4 and E could not be measured as in- 
ducated previously. This fact seems to be due to the 
existence of large pores where CO2 gas preferentially 
diffuses and carbonation takes place at the periph
eries of large capillaries. As some reduction in pore 
volume is generally observed, accompanied by car
bonation, it suggests that the volume of reaction 
procucts including carbonate is increased.

Pore radius (Ä) Pore radius (A) Pore radius (Ä)

Pore radius (A) Pore radius (A) Pore radius (A)
Fig. 4. Pore size distribution of specimens 
—,------- : showing the unneutralized part
 : showing the neutralized part 
( ): showing the total pore volume



Rate of Neutralization

Induction Period in Neutralization

Neutralization does not occur immediately even 
on the surface which is in direct contact with CO2 
gas. The length of the induction period varies with 
the type of specimen as follows: almost 0 hr for A 
group; about 15 hrs for B group, 2hrs for C group 
and even several days for DI and D2. These differences 
occur depending chiefly on their pore structure. The 
induction period is considered to be attributable to 
the lack of uniformity in the pore structure. The 
induction period of the specimens cured for 7 days 
are longer than those for 28 days. This fact seems 
to be partly due to the existence of unhydrated cement 
components which react more slowly with CO2 gas 
than the hydrates. In other words, the pore struc
ture must be more uniform and the cement compo
nents must be more extensively hydrated in the case 
of the specimens cured for 28 days than in those 
for 7 days.

Rate Equation on Neutralization '

The rate of neutralization of various specimens 
are shown in Fig. 3. In the first approximation, the 
rate can be expressed by the equation,

L2 = kEt (1)
or

(L + iy = k.t (2)
where

L: the neutralized depth
t: the carbonation time

ke: the neutralization rate constant experimentally 
obtained

/: the constant to be related with induction period

These equations suggest that the rate determining 
process is diffusion, because this type of equation can 
be derived when the rate of reaction is controlled by 
diffusion. The rate of diffusion is shown as

No = (3)

and thus the rate of reaction is expressed as

dL = No = DAC f4)
dt CQp CopL v 7

Therefore, the following equations result:

P = kt, k = (5)
Co P

where D is the diffusion constant, AC is the difference 

in concentration, Co is the amount of reactant in 
unit weight of specimen and p is the density.

Nevertheless, the boundary between the two parts, 
neutralized and unneutralized, can not be clearly 
distinguished, carbonation is assumed to occur at the 
boundary. In Fig. 5, an idealized model of neutrali
zation is shown. Thus, we can apply the following 
equations, in view of counter diffusion, inward and 
outward, and that diffusion coefficient of gas is 
written as DT = Do x (T/Tg)1'75

where

, _ 2Z>0£APT°75 
Kt- mt.isRCg p (6)

jD0: the diffusion constant at 0°C (cm2/sec)
AP: the difference of pressure (atm)
Co: the maximum amount of fixed CO2 or pro

duced H2O (mole/g specimen)
p : the density of the specimen (g/cm3)
T-. temperature (°K)
R: gas constant (= 22400/273),
e: the porosity of the specimen (cm3/cm3) 

k,-. the theoretical neutralization rate constant 

k.= ^

where / is the tortuosity.

Fig. 5. 77ie model of neutralization in which the rate determining 
process is assumed to be the diffusion of CO2 or H2O



Rate Constant of Neutralization

In this system, there are three kinds of gas species. 
CO2 diffuses inward the specimen, and air and H2O 
produced by carbonation diffuse outward. The rate 
constant of neutralization is calculated in consid
eration of the material transfer of either CO2 or H2O, 
in order to determine which diffusion controls the 
rate of reaction. Calculated values for specimens A2, 
B2, C2 and D2 were shown in Table 2.

Experimental values of ejp in Fig. 4 are not to be 
used because the diffusion constant of diffusion in the 
smaller pore than the order of mean free path de
creases proportionally to the radius according to 
Knudsen’s Law. Therefore the experimental values 
were corrected and the effective values obtained 
were 0.0394, 0.0299, 0.0583 and 0.0320 for the 
unneutralized specimens of A2, B2, C2 and D2 
respectively.

The partial pressure of CO2 and that of air varies 
from 0 to 1 atom, where as in case of H2O it varies 
only between 0.010 atom (= RH 44%) and0.023 atom 
(= RH 100%). Thus, the value, AP in equation (6) 
is 1.0 for CO2 diffusion, and 0.013 for H2O diffusion.

Diffusion of CO2 gas in air must be considered in 
the neutralization under atmospheric condition. 
However, the diffusion of CO2 in H2O is taken into 
account in the case of accelerating condition, in 
which diffusion of H2O in CO2 gas must also be con
sidered. Regardless of the kind of diffusions con
cerned, their diffusion coefficients are approximately 
the same value, Do =0.14, which is then used in 
the calculation.

Table 3. Rate constant and tortuosity
In the case of CO3 diffusion (AP = 1 atm)

A2 B2 C2 D2

Co 0.0030 0.0027 0.0024 0.0024

ke 0.25 x I O-s 0.041 x 10-5 4.7 x 10-5 0.16 x 10-5

kt 1.8 x 10-4 1.5 x 10-4 3.3 x 10-4 1.8 x 10-4

f 72 370 7.0 110

In the case of HgO diffusion (AP = 0,013 atm)

A2 B2 C2 D2

Co 0.0015 0.0014 0.0012 0.0012

ke 0.25 X 10-5 0.041 x 10-5 4.7 x 10-5 0.16 X 10-5

k, 4.7 x 10-6 3.9 x 10-6 8.6 x 10-6 4.7 X 10-6

f 1.9 9.5 0.18 2.9

As for the value of Co, analytical data were adopted. 
In the case of H2O diffusion, however, analytical 
value is multiplied by 0.5, because the molar ratio of 
reduced non-evaporable water to increased carbonate 
is about 0.5 according to Hunt and Tomes. In spite 
of this, the ratio must be 1 in the carbonation of 
Ca(OH)2.

In consideration of the magnitude of the f value, 
the type of diffusion which controls the rate of 
neutralization seems to be both of CO2 and H2O 
for A2, H2O for B2, CO2 for C2, and CO2 and H2O 
for D2 respectively, as the / value is empirically 
expected to be approximately in the order of 5 to 10.

Discussion

Carbonation occurs partly in the deeper position 
caused by diffusion through large pores, while the 
degree of carbonation is not greatly increased until 
the smaller pores are filled with CO2 gas in spite of 
the peripheries of the large capillaries being rapidly 
carbonated. The degree of neutralization is expressed 
in terms of the depth where a small amount of 
Ca(OH)2 still remains. All components of the cement, 
not limited to Ca(OH)2, either hydrated or un
hydrated, react with CO2 gas, and the easiness of 
carbonation of Ca(OH)2 is not greatly different from 
that of the other phases.

The tendency of the lines in Fig. 2 becoming 
steeper at the later stage seems in part to be due partly 
to an experimental error, if any, caused by some per

meation of CO2 gas through the epoxy-resin coating 
and also to the following facts: the pore size has a 
distribution, the rate of carbonation of every compo
nents can not be neglected in the diffusion of CO2 
gas, and the size of specimen is limited.

The rate of neutralization of concrete was measured 
by Hamada (4) and formulated as follows;

t = ax2
where,

t: expressed in years
a: a constant and determined as 7.3
x; the depth of neutralization in cm

The value, ke can be derived as 0.043 X 10'7 
from the value a. While, the value k, = 0.54 x 10"’ 



is calculated from equation (6), if A2 mortar is to be 
carbonated in the air. In this case, the value f is to 
be about 13, but it must be reduced to about 10 for 
the mortar part in consideration of the difference in 

the proportion of specimens. Thus, the equations 
(6) and (7) seem to be applicable in practice and 
also reasonably assumed as the rate equations of 
neutralization.
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Synopsis

Literature of the hydration of portland cement at elevated temperatures under atmo
spheric pressure is'reviewed. The discussion is broadly introduced in pointing to the increasing 
importance in practice of accelerated hardening of concrete. Principles applied in studies of 
slow hydration at low temperatures are briefly mentioned.

Heating shortens the induction period of the course of hydration, and increases the rate 
of the early hydration. There are indications that temperatures above 80 ~ 90°C may result in 
decreased ultimate degrees of hydration. Studies of volume change, strength and elasticity 
mostly point to the same direction. Ultrasonic velocity measurements have proved useful. Me
asurements of heat evolution at high temperatures seem to have met considerable difficulties, 
but improvements are under way.

The detailed steps of reaction in the hydration process have not been found described 
in available papers. Adsorption, dissolution, mass-transfer and crystallization are empha
sized with reference to room-temperature hydration, as useful subjects of studies to eluci
date the kinetics of high temperature reactions. Empiric models of the overall reaction 
kinetics for hydration at varying temperatures are mentioned, but much more work is 
avowedly needed before the decisive features are revealed.

High temperature hydrates evidently differ from room-temperature hydrates, particu
larly in that the CaO/SiO2 ratio is greater, and that less separates of aluminates, ferrites and 
sulphoaluminates are formed at high temperatures. Small amounts of crystalline calcium 
silicates have been found to result from heat curing. Considerable uncertainties remain in 
interpreting hydration of pure compounds with regard to cement-water systems.

Heat curing has been found to influence the morphology and agglomeration of the 
hydrates in cement paste; recent studies point towards increased heterogeneity. This effect 
may be utilized to gain ultimate strength. The need is emphasized for considering temperature 
a paramount parameter in future studies of cement hydration.

Introduction

The hydration of portland cement paste at high 
temperatures at atmospheric pressure is a topic of 
current interest as steam curing of concrete has proved 
an important innovation in the establishment of the 
manufacture of large precast concrete units for house

building and civil engineering purposes in many coun
tries, although so far predominantly in Eastern and 
Western Europe. "

The immense market demand has enforced the 
introduction and development of accelerated manu
facture of concrete in factories as replacement for 
traditional curing at ordinary temperature of concrete 



cast in situ, and heating with low pressure steam has 
been found an easy and cheap way of achieving the 
accelerated hardening, strength development etc.

It may be found surprising, that hydration at 
elevated temperatures has not been the subject of 
comprehensive studies in the past. However, ‘room
temperatures’, i.e. 18°C to 25°C, was considered a 
convenient and almost universal standard condition 
in cement and concrete research laboratories, and in 
most respects the field behaviour of concrete in struc
tures was not significantly different from the behav- 
ious found by measurements under simplified labora
tory exposure. Moreover, the important development 
took place in north-temperate, climatic regions with
out excessive exposures, and development of research 
and practice had the character of a harmonious evolu
tion, in the ’thirties even involving the introduction 
of both high-early-strength, rapid-hardening and slow- 
hardening, low-heat portland cements. The long
sighted, fundamental studies on the basic nature of 
the hydration of portland cement paste at room
temperature commenced in the same period and was 
advanced particularly in the USA.

The first studies announcing the benefit of tempera
ture as a parameter in research concerning cement 
hydration appeared in the late ’forties, if we exclude a 
few eclectic pre-war studies, particularly referring to 
block manufacture problems in some countries. In the 
introduction of this new era the hydration in the 
temperature range 0°C to 20°C attracted much more 
interest than acceleration by means of heating. This is 
due to the immense post-war demand for building 
at all seasons, that is to say, also throughout the 
winter. By research it was demonstrated that this 
could be done by means of precautions in winter
concreting based upon the then sufficiently established 
understanding of the nature of hardening and 
hardened cement paste, including the influence of 
varying temperature on the rate of hydration etc. 
The applications were especially helpful for practice 
in countries with moderate winter climates, where 
site construction proved possible and economic in the 
0°C to minus 20°C range.

In regions of more severe winters the tremendous 
demand for housing etc. in the same period created 
the prefabrication concrete industry, where plant 
manufacture of large concrete units was speeded up 
by means of accelerated hardening, predominantly 
by means of hydration of portland cement paste at 
elevated temperatures under atmospheric pressure. 
The breakthrough of this industry came in the USSR 
and other Eastern countries in the ’fifties, and the 
development was excellently reviewed and sum

marized during the RILEM symposium: Accelerated 
hardening of concrete in manufacturing precast rein
forced concrete units in 1964 in Moscow.

Today, prefabrication of concrete is neither con
fined to particular climatic regions nor to house 
building, but is an integral part of the magnificent 
growth of the building industry all over the world. 
Low-pressure steam curing has become one important 
possibility among others for increasing the rate of 
production. But the basic technology of accelerated 
hydration of portland cement is still much in the 
dark, in contrast to the situation when concreting 
about 20 years ago needed and obtained the applica
tion of knowledge of the hydration at ordinary and 
low temperatures.

This paper attempts to summarize the present state 
of knowledge and to outline some important fields of 
further studies which may counteract the unsatis
factory economy of an empiric development. In this 
concept, it seems appropriate to mention that an 
adequate theoretical understanding of the technology 
of hydration at elevated temperatures will enable 
systematic applications in the dry polar regions as 
well as in the humid-temperate regions, and also in 
excessively moist and arid warm belts of the earth. 
Without the support of a scientific approach, practice 
will still need expensive and incompatible field experi 
ences under each of these different conditions, which 
are all becoming important for future building activity.

Steam curing of concrete has been found to influ
ence the strength development and the final strength 
level of concrete. Various authors have discussed how 
the different thermal expansion of the solid, liquid 
and gaseous phases results in the development of 
internal stresses in the concrete, thus possibly creating 
interior fracturing. These problems are merely touched 
upon in the present paper. A discussion in more detail 
of the mechanics of the fracturing by steam curing of 
concrete, and therefore also of the beneficial effects of 
prehardening or other precautions which can prevent 
expansive forces from causing internal disruption and 
other mechanical effects, is considered to be beyond 
the scope of this paper which concentrates upon the 
influence of temperature (20~100°C) on the hydra
tion of portland cement.

It is appropriate to examine whether high tempera
ture (up to 100°C) treatment might possibly change the 
characteristics of the cement compounds. However, 
the transformation temperature of the polymorphs 
concerned are orders of magnitude higher than 100°C, 
and no evidence has been found of significant trans
formation below 100°C. Therefore, the cement com
pounds are considered unaltered within the range of 



reaction temperatures dealt with. Gypsum, however, 
which is a constituent part of ground cement may be 
altered into hemihydrate as described by among 
others W.C. Hansen and J.S. Offutt (1). This alteration 
will affect the initial hydration reactions as the different 
types of calcium sulphate have different solubilities. 
Moreover the solubilities are affected differently by the 
temperature as shown in Fig. 1. For the sake of com
pleteness, it must also be mentioned that K. Takemoto, 
M. Kanaya, T. Tashiro and T. Shimoda (2) described 
changes of cement during high-temperature storage. 
They concluded that the gypsum will dehydrate when 
cement is stored for a long time at 55°C to 85°C, and 
that the cement minerals will hydrate, taking water 
from the gypsum. (This observation may well deserve 
attention in modern cement storage practice).

When temperature at first was considered a para
meter in studies of cement hydration it was assumed 
that the reaction process was not influenced by tem
perature except with regard to the rate of the reactions. 
On this basis maturity functions were made an im
portant aid in calculations of strength development 
etc. A.G.A. Saul (3) defined the maturity of concrete 
as its age multiplied by its average temperature above 
0°C, and concluded that concrete of the same mix will 
have approximately the same strength at the same 
maturity, whatever combination of time and tempera
ture produced that maturity. Modifications of this 
principle and applications on other characteristics 
than strength, e.g. heat of hydration, have been worked 
out by S.G. Bergstrom (4), E. Rastrup (5), (6), A. 
Nykänen (7) and others. These studies proved to be 
important for investigations of the physical properties 
of concrete, see e.g. P. Nerenst (8), and for the esta
blishment of the optimum technological conditions 
for the manufacture of concrete under special con
ditions, RILEM symposium 1956 (9), J. Jessing (10) 
and other authors.

In more recent investigations the approximations 
necessary for the calculation of maturity functions 
have been found to possess much uncertainty, see e.g.
K. M. Alexander and J. H. Taplin (11), and (12). 
U. Danielsson (13) examined maturity functions by 
means of the conduction calorimeter and recom-

Fig. 1. Water solubility of different forms of calcium sulphate. 
From L. E. Copeland and D. L. Kantro (57)

mended caution with regard to their use as more than 
rough approximations. Thus, it is not to be expected 
that maturity functions covering the 20°C to 100°C 
range of hydration temperatures can readily be esta
blished, despite their proved validity for practical pur
poses in the 0°C to 20°C range of hydration tempera
tures. In fact, it seems more fruitful to search for 
descriptions in more detail of hydration phenomena 
in the 20°C to 100°C range in order to ascertain how 
the processes involved change with temperature with 
regard both to the rate of hydration and to the com
positions and the characteristics of the reaction pro
ducts.

Rather much of the information referred to below 
has been found in studies referring to concrete as the 
experimental material. Such studies are discussed 
when observations regarding the hydration process and 
the reaction products have been found, but evalua
tions with regard to the technology of steam curing of 
concrete have been omitted, because this topic is 
treated elsewhere. This limitation covers also the 
influence of surrounding atmosphere on the hydration, 
for instance of the relative humidity and of carbon 
dioxide.

The Course of Hydration

The hydration of portland cement is accompanied 
by phenomena like i) conversion of reactants (ce
ment and water) into hydration products; ii) heat 

evolution; and iii) formation of a solid structure 
exhibiting strength and rigidity. Continuous recording 
of these phenomena has been used in many investiga



tions to describe the course of hydration.

The Conversion of Reactants

The amount of cement and water converted into 
hydration products at any given stage of hydration 
are determined in various ways, for instance by the 
intensity of a significant peak in an X-ray diffracto- 
gram, by the amount of non-evaporable water, etc. 
In the literature, either of these characteristics has been 
used to define what is termed the ‘degree of hydration’. 
For the sake of convenience this term will be used in 
the following:

The effect of temperature on the temporal changes 
in the degree of hydration was studied by G. Verbeck 
(14) (in the temperature range 50°C to 80°C), J. H. 
Taplin (15) (in the range 5°C to 82°C), D. L. Kantro, 
S. Brunauer and C. H. Weise (16) (in the rage 5°C to 
50°C), U. Danielsson (13) (in the range — 2°C to 40°C), 
P. P. Budnikov, S. M. Royak, J. S. Malinin and
M. M. Mayants (17) (in the range 20°C to 90°C), 
P. P. Budnikov and E. Erschler (18) (at temperature 
levels 20°C and 80°C), and J. Gebauer and I. Odler 
(19) (at temperature levels 20°C and 80°C).

From these studies it may be concluded that the 
rate of hydration increases with increasing tempera
ture level at the early stages of hydration and at 
moderate hydration temperatures (below 60~80°C). 
However, G. Verbeck (14), J. H. Taplin (15) and
N. C. Ludwig and S. A. Pence (20) found that curing 
of higher temperatures (above about 80°C) results in a 
reduction of the degree of hydration at later age as 
compared with degree obtained by curing at room
temperature. This phenomenon is illustrated in Fig. 2 
(unpublished data obtained at the Concrete Research 

Laboratory Karlstrup (21)). The tests reported by J. 
Gebauer and I. Odler (19) on cement pastes with a 
water-cement ratio of 0.30 and cured at 20°C and 80°C, 
however, did not reveal a similar reduction.

The possible reason for the reduction will be dis
cussed later on, but the following observations are 
of interest in this respect:

1. L. E. Copeland, D. L. Kantro and G. J. Verbeck 
(22) showed that at room-temperature, the quantity of 
hydrated cement was proportional to the amount of 
non-evaporable water. No data have been found in the 
literature to illustrate whether this is true also at higher 
temperatures.

2. The ‘degree of hydration’ curve is strongly 
influenced by the water-cement ratio as demonstrated 
among others by J. H. Taplin (15), and by the chemical 
and mineralogical composition of the cement as shown 
among others by P. P. Budnikov and E. Erschler (18).

The conversion of portland cement and water into 
hydration products is accompanied by a contraction 
which is due to the fact that the total volume of the 
hydrates formed is less than the sum of the volumes 
of the anhydrous phases and the water involved in the 
reaction.

W. Czernin (23) used a volumenometer to measure 
the contraction as a function of time and illustrated the 
course of hydration by means of data obtained in this 
manner. As shown also by J. S. Malinin, L. J. Lopatni- 
kova, V. I. Guseva and N. D. Klishanis (24), contrac
tion vs. time curves at room-temperatures are charac
terized by an initial period (lasting a few hours) of 
low contraction rate. Then the rate increases, passes 
through a maximum, and then decreasing slowly 
towards zero.

Fig. 2. Non-evaporable ■water content in portland cement pastes 
as a function of curing temperature, measured at the indicated 
ages (from water addition). Data from (.21), not published

Fig. 3. Contraction of portland cement mortars versus curing 
time under isothermal conditions. From L. A. Sil’chenko, 
M. V. Mikhailov and P. A. Rehbinder (26)



R. Malinowski (25) used the same technique as 
Czernin to measure the volume changes of cement 
paste hydrating at 80°C. L.A. Sil’chneko, M. V. 
Mikhailov and P. A. Rehbinder (26) described an 
ingenious but simple apparatus which allowed them to 
study the effect of temperature on the contraction of 
hydrating portland cement mortars. As appears from 
Fig. 3, they observed that the rate of contraction, in 
the early hydration stages, increased with increasing 
temperature. The total contraction, however, at an 
age of about 12 hours, was higher with a curing tem
perature of 60°C than with temperatures of 80°C and 
90°C. (The contraction dealt with above does not 
imply that a hydrating specimen of cement paste 
undergoes a decrease in its outer dimensions during 
hydration. On the contrary, a slight expansion of 
moist-cured specimens is usually observed).

Heat Evolution

Various calorimeter techniques have been applied 
to measure the heat which is liberated during the 
the hydration of portland cement. The heat of solution 
method is used to obtain figures of the total heat of 
hydration at the later age stages. The conduction 
calorimeter technique provides information on the 
rate of heat evolution and is particularly suited for 
investigations of the early stages of hydration. Thus, 
this latter technique is also best suited for studies of 
temperature effects, since in such studies the early 
hydration stages are of particular importance.

W. Lerch (27) and others in studies at room-tem
perature found that the rate of heat evolution curve has 
two or more peaks. The first peak occurs a few minutes 
after mixing with water and represents, according to 
Lerch, initial rapid dissolution of aluminates and 
rapid crystallization of hydrated calcium aluminates. 
This peak is followed by a period of low activity, 
lasting usually 2 to 3 hours and named the induction 
or ‘dormant’ period. At the end of the induction 
period, the rate increases again, passes through a 
maximum (second peak) and decreases then slowly 
towards zero. The second peak usually occurs 6 to 10 
hours after mixing. Mainly, it represents heat evolu
tion associated with the reaction of calcium silicates 
with water to form calcium silicate hydrates. A third 
peak may occur, depending generally on the contents 
of CjA, gypsum, and alkalies in the cement as well as 
on the ratio between them.

Data on the effect of the temperature level under 
isothermal curing conditions on the heat evolution 
during hydration are presented by a number of 
authors. In the low temperature ranges (below about 

40°C), the temperature effect was studies by H. 
Yokomichi (28), E. Rastrup (5), (6), L. E. Copeland, 
D. L. Kantro and G. J. Verbeck (22), H. Lehmann 
and W. Roesky (29) and U. Danielsson (13) and 
others. Some of Danielsson’s results are reproduced as 
Figs. 4 and 5. Studies of the effect of higher tempera
tures (in the 40°C to 100°C range) were reported by 
N. C. Ludwig and S. A. Pence (20), L. E. Copeland, 
D. L. Kantro and G. J. Verbeck (22), Jo Gebauer 
and I. Odler (19), (30), and P. P. Budnikov and E. 
Erschler (18).

From these studies it appears that the temperature 
level strongly influences the evolution of heat of 
hydration. In general, the effect of increasing tem
perature consists in a reduction of the induction period 
and an increase of the rate of heat evolution, As seen 
in Fig. 4, this effect manifests itself as a displacement 
of the main peak towards zero time and as an increase 
of the height of the peak.

In the low-temperature range (below about 40°C),
L. E. Copeland, D. L. Kantro and G. J. Verbeck (22),
H. Lehmann and W. Roesky (29), and U. Danielsson 
(13) found that the total heat of hydration, at any 
stage of hydration, is proportional to the degree of 
hydration as defined above, irrespective of the tem
perature level. However, J. Gebauer and I. Odler (30) 
in their experiments found the ratio between non- 
evaporable water and heat of hydration to be less in 
pastes cured at 20°C than in pastes cured at 80°C, this 
difference being particularly pronounced at later ages 
(28 days).

As appears from the above, only a few data are 
reported on isothermal beat evolution at high tempera
ture levels (above about 60°C). This may be due to

Fig. 4. Rate of heat of hydration for portland cement pastes 
cured continuously at I0°C, 20°C, and 40°C, respectively. 
From U. Danielsson (77)



experimental and instrumental difficulties. However, 
for future investigations, the microcalorimeter deve
loped by E. Calvet (31) and used by M. de Tournadre 
in his studies of the hydration of calcium aluminates 
(32) and calcium sulphate (33) seems to be a suitable 
instrument for accurate measurements of heat evolu
tion under isothermal conditions.

Strength and Elasticity

With a given cement and with given mix propor
tions, the development of strength and stiffness in 
cement paste and concrete proceeds in a manner 
similar to that of the degree of hydration.

Thus, as shown for instance by R. Malinowski (25), 
the rate of strength growth increases initially, then 
it passes through a maximum, after which it decreases 
slowly towards zero. Unfortunately, however, rather 
few experimental data are reported in the literature 
on the strength development during the very early 
stages of hydration. . ’

Early changes in elasticity, on the other hand, 
were studied by means of ultra sonic methods by 
A. E. Whitehurst (34), J. Andersen and P. Nerenst 
(35), L. Palotas, D. Balazs and I. Gemesi (36), M. 
Lystbaek (37), and others who calculated the dynamic 
modulus of elasticity from continuously measured 
values of the ultrasonic velocity.

Numerous test series are reported in the literature 
concerning the effect of the level of curing temperature 
on the strength and stiffness development. They all 
show that the rate of strength (and stiffness) growth 
at the early stages of hydration increases strongly with 

increasing curing temperature. With increasing age, 
however, this effect of temperature becomes less 
pronounced, and it is even frequently observed, see 
e.g. J. A. Hanson (38), that strength and modulus of 
elasticity at later ages (for instance at 28 days) are 
greater for specimens cured at moderate temperatures 
(below about 40°C to 50°C) than for specimens cured 
at the highest temperature (about 80°C to 100°C). This 
applies whether high temperature curing was used 
continuously during the whole curing period or only 
during the first few hours of curing. This phenomenon 
is demonstrated in Fig. 6 (data from J. Gebauer and 
L Odler (19)).

The ultrasonic technique has been taken in use at 
the Concrete Research Laboratory Karlstrup (see 
Fig. 7) to study the effect of temperature on the 
growth of modulus of elasticity during the very early 
stages of hardening of concrete. Preliminary results 
are presented in Fig. 8. The plateau which is observed 
on both curves has not yet been interpreted.

The reduction of strength at later ages which is 
often observed with steam curing, has not been fully 
explained. W. Czernin (39), J. A. Hanson (38), H. H. 
Bache and P. Dragsholt (40), and P. P. Budnikov and 
E. Erschler (18) showed that structural disintegration, 
due to different thermal expansion of solid material 
and water and vapor phases, could occur under certain 
unfavourable conditions. This would be expected to 
cause strength losses. H. H. Bache and P. Dragsholt 
(40), however, concluded from their results that struc
tural disintegration could account for only part of the 
strength reduction observed. It is worth mentioning 
in this connection that P. P. Budnikov, S. M. Royak,

Fig. 5. Heat of hydration versus curing time (log scale) for 
portland cement pastes cured continuously at —2°C, 20°C, 
and 40°C, respectively. Cement composition as indicated at 
Fig. 4. From U. Danielsson (13)

Fig. 6. Evolution of compressive strength for cement pastes 
cured isothermally at 20°C and 80°C, respectively. Data from 
J. Gebauer and I. Odler (19)



Fig. 7. Setup for continuous measurement of ultrasonic velocity 
in cement paste, mortar or concrete during hardening: a) 
pressure device with dynamometer (it is often useful to apply 
a certain pressure to the specimen in order to facilitate the 
propagation of sonic pulses through the specimen, particularly 
at the early stages of hydration): b) ultra sonic apparatus; c) 
switch by means of which the transmission of pulses may be 
switched off between readings: d) transducers (the upper 
transducer is in direct contact with the surface of the specimen); 
and e) mould containing the concrete specimen (the bottom is 
made of steeel, the cylindrical shaft of rubber, while the part 
of the upper surface of the specimen, which is not in touch 
with the transducer, is covered with a steel plate). From 
M. Lystbrek (37) .

Time from water addition (minutes)

80° c

20°e

Fig. 8. Ultrasonic velocity in portland cement concrete cured 
permanently at the temperature levels indicated. Preliminary 
data from the Concrete Research Laboratory Karlstrup

Fig. 9. Qualitative picture of the effect of a temperature increase 
on the rate of development of the phenomena indicated

J. S. Malinin and M. M. Mayants (17) in experiments 
with pure C3S pastes found that with equal degree of 
hydration, specimens hydrated at about 50°C ob
tained much less strength than specimens hydrated at 
temperatures below and above 50°C. They attributed 
the phenomenon to the formation of a special, 
metastable hydration product which formed only at 
about50°C.

The various methods mentioned provide a some
what indirect and incomplete picture of the hydration 
process, and observations on hydration at elevated 
temperature levels must accordingly be interpreted 
with singular caution. With reasonable certainty, 
however, the following can be said:

1. Whether degree of hydration, volume change, 
heat of hydration, strength or elasticity are used to 
characterize the hydration process, a temperature 
increase manifests itself in the same manner: The 
length of the induction period decreases and the early 
stage rate of hydration increases with increasing 
temperature. This is qualitatively illustrated in Fig. 9.

2. At later ages, curing temperatures above about 
60°C to 80°C are frequently found to result in a reduc
tion of the degree of hydration, contraction, strength, 
and modulus of elasticity as compared with what is 
obtained at lower temperature levels. However, there 
is also experimental evidence pointing in the opposite 
direction.

Mechanisms of Reaction

The hydration of portland cement is a heterogene
ous, stepwise reaction.

From numerous investigations of hydration at room 
temperatures it appears that the reaction steps should 

be sought within such topics of physical chemistry as 
adsorption, dissolution, mass-transfer, and crystal
lization. Several models have been suggested to 
describe the individual steps or combinations of steps 



involved in the hydration process. A few examples of 
such models are presented in the following:

Adsorption

W. C. Hansen (41) suggested a hydration mechanism 
of C3A, C2S, and C3S based on the chemi-sorption of 
OH" and H2O+ ions from water by Ca2+ and O2- 
ions in the surfaces of crystals. A. K. Chatterji and
R. S. Rawat (42) stated that the reaction between 
cement clinker and water is a semiconducter surface 
reaction, and the hydration of clinker minerals 
therefore is a chemi-sorption process occuring on the 
surface of clinker crystals. Whether physical adsorp
tion occurs is not mentioned.

Dissolution _

S. A. Greenberg and T. N. Chang (43) in investiga
tions on the hydration of C3S at 30°C considered 
dissolution of calcium silicate to be one of the pro
cesses occuring. N. Kawada and A. Nemoto (44) 
in a detailed description of mechanisms of the reac
tion between C3S and water showed that the initial 
step is a dissolution of approximately half of the 
calcium from the surface of the C3S particles. This 
mechanism is in agreement with the one suggested by
J. S. Malinin, L. J. Lopatnikova, V. I. Guseva and
N. D. Klishanis (24).

Mass-Transfer

Diffusion of hydrated ions away from surfaces of 
unhydrated minerals is one of the steps discussed by
S. Brunauer and S. A. Greenberg (45). V. B. Ratinov 
and A. P. Lavut (46) derived an equation which des
cribes the hydration kinetics assuming convection and 
diffusion to take place. N. Kawada and A. Nemoto 
(44) described transfer through solution, of the amor
phous coating formed on unhydrated calcium silicate 
to nucleii of more crystalline calcium silicate hydrate.

Mass-transfer (either by diffusion or by Poiseuille 
flow) through coating of hydration products on sur
faces of unhydrated minerals is described by H. N. 
Stein (47), H. zur Strassen (48), T. C. Powers (49) 
and others.

Crystallization

S. A. Greenberg and T. N. Chang (43) demon
strated that after the initial surface reaction between 
C3S and water the solution was only slightly supersa
turated with respect to hydrated calcium silicate but 
highly supersaturated with respect to calcium hydro
xide, and they stated that the rate of crystallization of 
the hydrated silicate was much faster than the rate of 
hydration. H. E. Schwiete, U. Ludwig and P. Jäger

(50) suggested that the topochemically formed ettrin
gite coating on C3A grains later on is bursting off due 
to crystallization pressure. V. YA. Khaimov-Mal’kov
(51) derived an equation for crystallization pressure.

In order to elucidate the reaction kinetics at elevated 
temperatures it would be desirable to establish i) the 
steps involved in the hydration, and ii) the influence of 
temperature and degree of hydration upon the reac
tion scheme and the velocity of the steps. Hence, 
the various ‘rate determining steps’ could possibly be 
found.

However, since no model, accounting in detail for 
the complete course of the hydration process, has so 
far found sufficient support in experimental data to be 
generally accepted and since no indication of the effect 
of temperature on the particular reaction steps pos
sibly involved was found in the literature reviewed, 
the following literature survey is limited to investiga
tions dealing only with measurements of the overall 
rate of reaction and its variation with temperature. 
In some of these investigations, calculation-models 
have been used to correlate experimental data to 
kinetical theories; these models, naturally, are more or 
less realistic. For instance, the fact that the individual 
cement grains consist of a mixture of the cement min
erals is rarely taken into consideration, see Fig. 10.

V. B. Ratinov, A. P. Lavut (46), V. B. Ratinov,
G. D. Kucheryaeva, G. G. Melent’eva and S. M. 
Pimenova (52), and V. B. Ratinov, T. I. Rozenberg 
and I. A. Smirnova (53) stated that the kinetics of 
hydration may be divided into two stages. In the 
earliest stage (1 ~3 days), transfer of materials proceeds 
through convection and diffusion. In the second stage, 
which occurs after the formation of a rigid skeleton, 
the transfer of materials is a diffusion only. They 
derived equations describing the hydration kinetics 
within the first stage, and they presented experimental

Fig. 10. Models of water-cement systems. System A contains 
grains of pure clinker minerals. System B contains grains of 
a mixture of clinker minerals



evidence for the validity of the equation:

my3 - = -K-D2/3.C-t,

where m denotes the amount of unhydrated material 
at time t and 0, respectively, K a constant, D the 
diffusion coefficient, and C the solubility of the anhy
drous phase. The temperature affects the solubility C 
and K-D2/3. The theoretical and experimental results 
were used to calculate the ratios of the hydration rate 
and the dissolution rates of C3S and j?-C2S at various 
temperatures. It was shown that increasing tem
perature results in increasing solubility of ^-C2S and 
C3S, and a decrease in the ratio between the reaction 
rates of C3S and ß-C2S. Some of the data are pre
sented in Table 1.

P. P. Budnikov, S. M. Royak, Y. S. Malinin and M.
M. Mayants (54), (17) measured the degree of hydra
tion (by means of X-ray investigations) of cement 
minerals and mixtures of them at various ages and at 
various temperatures. For all the materials investigated 
they found that the empiric equation

L = K-logr - B

covered the test results with reasonable accuracy 
within the range 20% < L < 80%, see Fig. 11. In 
this equation, L denotes the degree of hydration, t 
time, and K and B constants which depend on the 
type of clinker mineral or mineral mixtures and the 
temperature. B is related to the induction period. The 
effect of temperature was described by the following 
equations:

logB = A — nlogT,

and

K = cT + d,

in which T is the absolute temperature in °K. A, n, C, 
and D are constants distinctly related to each kind of 
binding materials.

T. M. Berkovltch, D. M. Kheiker, O. I. Grachva,
0. S. Volkov and E. S. Mikhalerskaya (55) concluded 
from their investigations that the kinetics of the 
hydration process can be described by the first order

Table 1. The effect of temperature on hydration rates and on 
solution rates of C3S and ß-CiS. (.From V. B. Ratinov and 
A. P. Lavut (46)).

Temperature 
°C -

Ratio between hydration 
rates of C3S and J8-C2B

Ratio between 
solution rates of 
C3A and /3-C2S

24 hours 72 hours

20 4.1 4.7 2.4
35 3.7 2.8 2.0
50 2.5 2.4 1.9
65 2.4 2.4 1.8

Fig. 11. Kinetics of hydration of the clinker mineral C3S at 
different temperatures. From P. P. Budnikov, S. M. Royak, 
Y. S. Malinin and M. M. Mayants (54)

equation:

—logc = K-t + const, 

where c is the amount of unhydrated cement, r time, 
and K a rate constant. Plots of logc versus t showed 
two rectilinear portions corresponding to two different 
values of the rate constant K. Thus, they suggested 
the hydration process to be divided into two periods. 
The effect of temperature was said to consist in an 
increase of the rate of hydration, but the fundamental 
regularities of the process were not considered to be 
greatly affected. Data were presented for the hydra
tion of C3S and ß-C^S within the range 25O~175°C, 
and it was demonstrated that the rate constants vary 
with temperature according to Arrhenius’ law within 
each of the two periods.

Values of the activation energy which is a con
stituent part of Arrhenius equation, have been used to 
describe the effect of temperature on cement hydra
tion. G. Verbeck (56) showed that the Arrhenius 
equation is valid within the temperature range 
4° ~ 110°C. The activation energy found has the same 
value for different types of cement. L. E. Copeland and 
D. L. Kantro (57) on the other hand showed that the 
activation energy depends on the degree of hydration.
H. E. Schwiete, H. Knoblauch and G. Ziegler (58) 
found in investigations on the kinetics of hydration 
of C3S and j?-C2S that the hydration of C3S is a 
reaction of third order with an activation energy of 
2.1 Kcal/mol, and that the hydration of ß-C2S is a 
reaction of 1.5 order with an activation energy of
I. 8 Kcal/mol. J. H. Taplin (59) found, however, 
activation energies of about 10 Kcal/mol for the hydra
tion of C3S and 18 Kcal/mol for the hydration of 
ß-C2S. In investigations on composition of the 



liquid phase during the hydration of cement, C. D. 
Lawrence (60) found the activation energy for the 
reaction between C3A and sulphate to be 9.0 Kcal/mol.

R. F. Feldmann and V. S. Ramachandran (61) 
studied the effect of temperature (from 2°C to 52°C) 
on the hydration of C3A/gypsum mixtures. They 
concluded, that gypsum decreases the reactivity of 

C3A by sorption of SO4- ions and that gypsum reduces 
the rate of conversion of hexagonal to cubic hydroalu
minate by sorption of SO4- ions. At the highest tem
perature (52°C), a large amount of gypsum may have 
an accelerating effect, as the gypsum prevents the 
growth of imperiheable C3AH6 films on the surface of 
C3A.

Hydration Products

Observations on the influence of the temperature 
upon rate of hydration and on the final strength of 
cement paste indicate that the hydration products 
formed at elevated temperatures differ from those at 
room temperature. The identification of the various 
hydration products is not simple, as the type of 
hydration products found depends on the identifica
tion-criteria (chemical composition, X-ray pattern, 
DTA-temperatures, IR-traces, etc.) and on the 
conditions (relative humidity, CO2-concentration, 
etc.), under which the investigations are carried out. 
This may explain the fact that a distinct picture of the 
phase-composition of cement hydrated at elevated 
temperature has not been found in the literature.

System CaO-Al2O3-Fe2O3-CaSO4-H2O

Equilibria in the ternary system Ca0-Al2O3-H2O 
was reviewed by F. E. Jones (62). He concluded that 
the only aluminates appearing in the temperature 
range 20 ~100°C areC4AH19 and C2AH8 which, how
ever, both are metastable with respect to C3AH6.0. P. 
Mchedlov-Petrosyan (63) used calculated values of 
thermodynamic functions to predict the components 
which might be expected to form under various hydra
tion conditions and to predict the energetics of the 
reactions involved. These included reaction of forma
tion of the various hydrated components from solu
tions, hydration reactions of anhydrous cement com
pounds, and transformation reactions. Concerning 
the system C3A H2O and the system CA-H2O as 
well, he concluded that the only thermodynamically 
stable compound in the temperature range 25~125°C 
is C4AHig. M. de Tournadre (32), (64) and P. Longuet 
and M. de Tournadre (65) studied the hydration of 
calcium aluminate by means of a microcalorimeter. 
They found that C3A at 30°C hydrated into C3AH6 
only.

E. T. Carlson studied the hydration of calcium 
aluminate ferrites (66) and properties of the hydrates 
(67). He concluded that the hydrogarnet phase 

C3(A, F)H6 is a stable phase above 35°C. At 70°C a 
solid solution of C3AH6, in which one-tenth of A12O3 
is replaced by Fe2O3, is precipitated. Moreover, he 
found that all the aluminoferrite hydrates reacted 
with calcium sulphate solution forming mixtures of the 
monosulphate and the trisulphate types, the latter 
predominating at later stages.

O.P. Mchedlov-Petrosyan (63) concluded concerning 
the system CaO-Al2O3-CaSO4-H2O that trisulphate 
is the thermodynamically stable product up to 70°C, 
and that monosulphate is the stable compound above 
70°C. H. Kühl (68) considered that the formation of 
ettringite above 40°C is not possible, whereas W. 
Lieber (69) obtained ettringite from aqueous solu
tions up to 90°C. This is in agreement with Y. M. Butt, 
A. A. Maier and B. G. Varshal (70), who found trans
formation temperatures for ettringite to monosulphate 
in the temperature range 125°C to 175°C. On the other 
hand, they found monosulphate to be stable in con
tact with its saturated solution in the temperature 
range 50°C to 200°C.

System CaO-SiO2-H2O

O. P. Mchedlov-Petrosyan (63) treated the hydro
thermal main-reactions and side-reactions in the 
system Ca(OH)2-SiO2-H2O from a thermodynamical 
point of view as previously described. He found that 
amount the compounds having C: S =2: 1 (and 3:1, 
4: 1,5:1, and so on) hillebrandite (2CaO-SiO2- 
1.17H2O)is the stable phase. For compounds having 
C: S between 3: 2 and 4: 3 foshagite (4CaO -3SiO2 ■ 
1.5H2O) is the stable one. With a C: S ratio of 1: 1 
14 Ä tobermorite (5CaO-6SiO2- 10.5H2O) is stable up 
to about 80°C, 11 Ä tobermorite (5CaO • 6SiO2 ■ 
5.5H2O) up to about 100°C and above that xonotlite 
(6CaO-6SiO2-H2O) is stable. 14 A tobermorite is the 
stable phase by C: S =5:6 up to 50°C, xonotlite 
stable above 50°C. With a C: S ratio of 2: 3, 1:2, 
1:3, 1:4, and so on, gyrolite (2CaO-3SiO2-2.5H2O) 



is the stable phase. Using an isothermal solution 
calorimeter J. E. Taylor (71) determined the heats of 
formation of a number of calcium silicate hydrates. 
The results obtained were very close to those calculated 
by O. P. Mchedlov-Petrosyan (63).

O. P. Mchedlov-Petrosyan (63) in a description of the 
thermodynamics in the hydration of ß-C2S and C3S 
concluded that the most stable endproduct up to 
100°C in both cases is hillebrandite. Other products, 
however, such as for instance foshagite and tober- 
morite are possible endproducts due to kinetical and 
structural conditions.

D. L. Kantro, S. Brunauer and C. H. Weise (72) 
reported that calcium hydroxide and a tobermorite- 
like product is found during hydration of ß-C2S at 
the temperatures 5°C, 25°C, and 50°C. They found an 
increase in the final CaO/SiO2-ratio with increasing 
temperature. Such increase in CaO/Si02-ratios are 
also found in products hydrated at temperatures up to 
100°C, as described by H. Funk (73). D. L. Kantro, 
S. Brunauer and C. H. Weise (72) moreover found an 
increase in H20/SiO2-ratios with increasing tempera
tures. Concerning hydration of C3S they found no 
unidirectional changes with temperature in the ulti
mate ratios of CaO/SiO2 and H2O/SiO2. H. Funk, 
B. Schreppel and E. Thilo (74) found that hydrated 
intermediate products with water contents up to 
H2O/SiO2 = 1.5, and j?-C2S-like structures occur. 
The intermediate products are also formed by interac
tion between ß-C2S and gaseous water at 100°C. 
In this case the porous final products have composi
tions of 1.8~2CaO-SiO2-l ~2H2O, and structures 
which are still similar to that of ß-C2S.

P. P. Budnikov, S. M. Royak, S. J. Malinin and 
M. M. Mayants (17) found that the ‘basicity’ of the 
hydrosilicate phase in specimens of hydrated C3S 
increases up to a temperature of about 50°C and 
decreases slightly in the range 50~90°C. At 90°C, 
however, the ‘basicity’ is still higher than at 20oC. 
Specimens of hydrated C2S showed no change in 
‘basicity’ by change in temperature.

E. R. Buckle and H. F. W. Taylor (75) showed that
when C3S is hydrated at temperatures above 50°C 
small amounts of tricalcium silicate hydrate are 
formed together with tobermorite gel and calcium 
hydroxide. -

El. Funk and F. Zimmermann (76) stated that below 
a hydration temperature of 120°C only the ill-cry
stallized phases of calcium silicate hydrate exist.

Natural Minerals

Investigations on the characteristics of the cement 

paste are difficult due to small size and low order of 
crystallinity of the components. Larger pieces of 
natural minerals, which are more or less identical to 
the cement paste components have sometimes been 
examined and their characteristics have been compared 
with the cement paste components. Recently two such 
investigations, which are of interest to the present 
problems, have been published.

V. C. Farmer, J. Jeevaratnam, K. Speakman and 
H. F. W. Taylor (77) studied the thermal decom
position of 14 Ä tobermorite from Crestmore. The 
composition is considered to be Ca5Si6O18H2-SHjO 
with small amounts of CO2 and B2O3. At 55°C there 
is a sharp change to 11.3 Ä tobermoriteCa5Si6O18H2- 
4H2O. The 11.3 A tobermorite looses most of its 
water gradually, at 55°C to 200°C, apparently without 
undergoing fundamental change in structure.

At Crestmore a new mineral has been found. The 
mineral was described by K. Speakman, R. A. Chal
mers, J. A. Gard, H. F. W. Taylor and A. B. Carpenter 
(78) and it was named jennite. Jennite seems to be 
very similar to the C-S-H I phase found in cement 
paste (H. F. W. Taylor (79)). Jennite has a composi
tion Na2Ca8(SiO3)3(Si2O7)(OH)6 • 8H2O.

On heating, jennite remains stable up to 70°C, 
but at 70°C to 90°C there is a sharp loss of water, 
which amounts to about 7% of the initial weight. 
The product thus formed is called meta-jennite; its 
composition is thought to be Na2Ca8(SiO3)3(Si2O7) 
(OH)6.5H2O.

It is of interest in this connection that T. Yoshii and
G. Sudoh (80) in studies of the system Na2O-CaO- 
SiO2-H2O at 20°C found, that when C3S and C2S 
initially hydrated in contact with a Na+-containing 
liquid, the hydrated solid phases after 98-days are 
No.aeCi.6oSHn and No 15C14oSHn.

Hydration Products in Cement Paste

Study of pure few-component-systems can give an 
idea of the compounds which would be expected to 
appear during the hydration of cement. Cement 
paste, however, is a multi-component system in which 
formation of meta-stable compounds and solid 
solution series is possible, and as equilibrium is pos
sibly not reached, the hydration-pattern obtained 
from pure-system investigations may very well be 
very much different. -

A. E. Sheikin and N. I. Oleinikova (81), in X-ray 
investigations of steam cured cement paste, found the 
presence of low intensity lines of trisulphate and lines 
of monosulphate of much higher intensity, as well as 



lines of C2AH8 and diffuse lines of C4AH13 and gyp
sum. The presence of C3AH6 was not established. 
They concluded that the hydration products of steam 
cured cement paste are similar to those of ordinary 
cement paste at long duration of hydration, which 
may point out the formation of more stable com
pounds at steam curing.

P. P. Budnikov and E. Erschler (18) concluded 
from studies of low pressure steam curing of concrete 
that in the course of steam treatment, formation of 
hydrosulpho-compounds in cement paste takes place 
up to 60°C. At higher temperatures these are trans
formed into compounds of lower sulphate content, 
and free calcium sulphate is released.

L. Hjorth (82) found monosulphate to be present 
and ettringite to be absent in a cement sample initially 
hydrated 7 hours at 100% RH and 80°C, and there
after stored for two months at 100% RH and room
temperature. The ettringite phase seems to disappear 
at about two hours of hydration. The presence of 
ettringite and the absence of monosulphate was found 
in a similar sample cured at room-temperature and 
100% RH for two months.

G. L. Kalousek (83) investigated by means of DTA 
the amount of the different SC^-containing compounds 
in cement hydrated at the temperatures 24°C, 55°C, and 
82°C. He found that some SO3 was ‘missing’ and he 
suggested that SO4- is incorporated in the tobermorite 
gel substituting SiOJ-. The solid solution formed is 
called phase X. The effect of the temperature is 
considered to be an acceleration of the reaction: 
Ettringite —> monosulphate —> solid solution of mono
sulphate and calcium aluminate hydrate —> phase X. 
He found it reasonable to assume that the constituents 
A12O3, SO3, and Fe2O3 have solid solution satura
tion levels in phase X. Once the saturation values are 
exceeded, such constituents would become parts of 
other phases.

In X-ray investigations of cement hydrated at 100°C, 
A. Aitken and H. F. W. Taylor (84) found no hydrated 
aluminate or sulfoaluminate phases. P. P. Budnikov, 
S. M. Royak, J. S. Malinin and M. M. Mayants (17), 
however, found monosulphate by means of DTA in a 
cement hydrated 24 hours at 90°C.

From electron microscopic observations A. 
Grudemo (85) stated that there is no fundamental 
change in the C-S-H gel phase at temperatures of 
about 100°C or a little higher.

There are some indications that small amounts of 
crystalline hydrated silicates are formed during the 
hydration of cement at elevated temperature besides 
the formation of tobermorite gel. A. Aitken and
H. F. W. Taylor (84) found that some tricalcium 
silicate hydrate was formed at 50°C to 75°C, and G. L. 
Kalousek and A. F. Prebus (86) reported that hille
brandite was formed at 50° to 120°C.

I. Odler and J. Gebauer (19), (30) found in an 
investigation of cement hydrated at different tempera
tures that a phase characterized by a DTA-peak at 
450°C occured in cement paste hydrated at 80°C. 
This phase was considered to be a-C2SH.

P. P. Budnikov, S. M. Royak, J. S. Malinin and
M. M. Mayants (17) in a review of literature men
tioned that the presence of C2SH2, C2SH2 + C3S2H, 
and C3SH3 in high-temperature hydrated cement has 
been reported.

It can be concluded that the reaction products of 
cement hydrated in the temperature range 50°C to 
100°C differ from the products formed at room-tem
perature as follows:

1. The calcium silicate gel obtained probably has a 
higher content of Al3+, Fe3+, and SOJ“ ions. 
By analogy with results from investigations on 
pure clinker minerals the calcium silicate gel, 
moreover, is considered to have a higher 
CaO/SiO2-ratio and a different H2O/SiO2-ratio.

2. Small amounts of some other, more crystalline 
calcium silicate hydrates may be formed.

3. Less amounts of separate hydrated aluminate, 
ferrite or sulfoaluminate phases will be formed, 
if formed at all. The ratio between the amounts 
of trisulphate and monosulphate will probably be 
lower.

Moreover, it seems well established that increasing 
temperature does not promote the transformation of 
hexagonal calcium aluminate hydrates into cubic 
calcium aluminate hydrates when these products are 
present in cement paste.

The Structure Formation

Many authors have stated that curing of concrete 
at elevated temperatures results in lower ultimate 
strength than curing at room-temperatures. Studies 
reporting curing at elevated temperatures without 

loss of ultimate strength have appeared only excep
tionally, see e.g. R. Malinowski (87). Thus, a certain 
loss of ultimate strength is often considered the pay
ment for the acceleration of hardening of concrete. 



However, recent experiments at the Concrete Research 
Laboratory Karlstrup have demonstrated that under 
certain conditions more than 50 % increase of ultimate 
strength can be achieved by means of steam curing. 
These apparently contrasting observation call for a 
brief discussion of the nature of the strength deter
mining factors and their dependence on temperature.

The strength of cement paste, mortar and concrete 
is controlled by the building up of a structure com
posed of hydration products (here designated the 
microstructure) and their interaction with grains of 
unhydrated cement and fillers, which together with 
the microstructure constitute the macrostructure, 
as shown schematically in Fig. 12. The strength and 
rigidity of the macrostructure is influenced by the 
temperature through its influence upon:

1. Interatomic forces within the individual particles 
which are formed during the hydration.

2. Interfacial atomic forces which bind the in
dividual particles together and to grains of 
hydrated cement and fillers.

3. Size and morphology of the hydrated particles as 
well as their intergrowth and agglomeration.

4. The distribution of microstructure, i.e. its 
geometrical arrangement and its density dis
tribution.

The contribution of intrinsic particle strength and 
interfacial forces to the strength of the microstructure 
was discussed by S. Chatterji and J. N. Jeffery (88)

Fig. 12. Model of structure of hardened cement paste. The 
microstructure (I) consisting of particles of hydrated com
pounds of varying shape and size (typical size 10-100 Ä) is 
located in the space between particles of unhydrated cement 
and filler (2), gluing these solid particles together to form a 
solid macrostructure. The pore space in the macrostsucture 
is marked (J).

who explained the difference between tensile and 
compressive strength on the basis of a model of the 
structure of set cement, provided through examina
tions of electron micrographs. The effect of tempera
ture on crystal growth was discussed by P.P. Budnikov 
and E. Erschler (18) who suggested that the ratio be
tween the amount of crystalline hydration products 
and the amount of gel increases and that the crystal 
size increases with increasing temperature. They 
further suggested that this temperature effect on the 
microstructure would lead to decreasing strength with 
increasing temperature. The same effect was suggested 
by F. Keil (89) in his review on the hardening of 
hydraulic binders. Measurements of the specific surface 
area of hydration products rather consistently show 
that the specific surface area decreases with increasing 
temperature at the late age stages of hydration (see 
e.g. N. C. Ludwig and S. A. Pence (20), P. P. Bud
nikov, S. M. Royak, Y. S. Malinin and M. M. 
Mayants (17), O. Matsuda and S. Ishimura (90), 
and S. Brunauer and D. L. Kantro (91)) indicating that 
coarser particles are formed at elevated temperatures 
than at room-temperatures.

Unfortunately, the available information about 
these matters is insufficient to provide a synthesis 
by means of which the influence of curing tempera
ture on the strength of cement paste may be inter
preted. However, some comments concerning the 
microstructure distribution shall be made in the 
following.

Studies of hardened cement paste in the electron 
microscope have demonstrated that the microstruc
ture is of a complex and highly heterogeneous char
acter, see e.g. Ä. Grudemo (85) and Portland Cement 
Association (92), and recent observations on fracture 
surfaces of hardened cement paste by means of the 
scanning electron microscope, see Fig. 13, have simi
larly demonstrated the heterogeneity of the micro
structure. The possible significance of this fact, as 
regards the strength of the macrostructure, does not 
seem to have been recognized in many earlier in
vestigations.

G. Verbeck (14), however, suggested a heterogene
ous distribution of the microstructure of cement 
paste to be the cause of the decrease of ultimate 
strength which is generally observed with steam curing. 
He assumed, thus, that in the case of curing at ele
vated temperatures, a condensed coating of hydrates is 
formed on unhydrated grains, leaving the remaining 
structure relatively open, while in the case of curing at 
room-temperatures a more homogeneous micro
structure is formed, see Fig. 14 (1 and 2). According 
to Verbeck’s theory, the relatively open microstruc-



Fig. 13. Scanning electron micrograph showing fracture surface 
of steam cured cement paste. The cement paste has been cured 
under water for 24 hours at 90° C and then cured under water 
for 28 days at 20°C prior to examination. The specimen was 
prepared by pressing in almost dry condition followed by 
impregnation with water. The porosity of the paste prior to 
hydration was 0.40. A portland cement of 3740 cm2-^ Blaine 
was used. Investigation by the Concrete Research Laboratory 
Karlstrup.

Fig. 14. Effect of heterogeneity of microstructure on the 
strength of cement paste. Particles of unhydrated cement 
(black) are surrounded by a microstructure, which in case
(1) and (3) is uniformly distributed. In case (2) and (4) the 
microstructure is heterogeneous as the cement grains are 
surrounded by a denser coating. With loose packing (1) and
(2) , the cement paste is strongest, when the microstructure 
is homogeneous, while the opposite is the case with dense 
packing (3) and (4). In the latter case the dense microstruc
ture coatings (4) around the cement particles glue the particles 
together.

lure around the denser zones which is formed at 
elevated temperatures is responsible for the lower 
strength of the macrostructure. In experiments at 
room-temperature, P. A. Rehbinder (93) found that 
cement paste adjacent to aggregate particles exhibited 
much higher strength (measured as microhardness) 
than paste forming the mass of matrix in between 
particles.

From these studies it seems reasonable to expect 
that improvement of the strength of hardened cement 
paste may be achieved by condensation of the agglo
merate of the solids of fresh paste, thus utilizing the 
higher strength of the microstructure adjacent to 
hydrating cement grains or inert fillers. In fact, this 
principle has, for room-temperature hydration, 
already been applied successfully in the USSR, see 
G. M. Khutortsov, N. V. Mikhailov and P. A. 
Rehbinder (94) and N. B. Ur’ev, N. V. Mikhailov 
and P. A. Rehbinder (95). This beneficial effect of the 
heterogeneity of the microstructure, obtained in the 
case of densely packed pastes or mortars, should 
probably be even more pronounced with curing at 
elevated temperatures, as shown schematically in 
Fig. 14 (3 and 4).

Fig. 15. Compressive strength (log scale) of Portland cement 
paste specimens cured at 20° C and 90° C, respectively, versus 
fractional cement content (by volume). The specimens were 
small cylinders (11.3 mm high and 11.3 mm in diameter), 
prepared by pressing. Specific surface area of cement: 
5100 cm^-ff Blaine. The heat cured specimens were cured 
under water at 90°C for approximately 24 hours; during the 
next 24 hours they were air dried at 90°C, cooled down to 
20°C, and then tested. The specimens cured at 20°C were 
cured under water for 7 days, dried in 65% relative humidity 
for 7 days, and then tested. Data from the Concrete Reseach 
Laboratory Karlstrup.



Experimental evidence which is in agreement with 
this conclusion has been obtained at the Concrete 
Research Laboratory Karlstrup, where studies have 
been commenced on the effect of temperature on the 
strength of portland cement paste and mortars pre
pared with finely ground quartz sand. Small cylinders 
(11.3 mm by 11.3 mm) are prepared by mechanical 
compaction of almost dry mixtures followed by 
impregnation with water. Compressive strength levels 
up to five times of those obtained with traditional 
preparation methods have been obtained. The effect of 
steam curing (90°C) is an overall increase of approx.

50 % in ultimate strength, see Fig. 15. It is believed that 
this strength gain is due to the existence of a con
densed microstructure which glue together the closely 
packed solid particles (cement and filler) into a strong 
macrostructure. •

It seems promising by means of further experi
mental and theoretical research to pursue these 
possibilities for utilizing steam curing, not only to 
accelerate the hardening of concrete, but also— 
contrary to practice of today—to increase the quality 
of the manufactured products considerably.

Concluding Remarks

The importance for the building industry of ac
celeration of the manufacture of concrete by means 
of curing at elevated temperatures has been stressed 
in the introductory remarks. The presented survey of 
knowledge on the hydration of portland cement paste 
at high temperature under atmospheric pressure shows 
that much fundamental knowledge on this subject is 
still lacking. This means that technical progress in the 
coming years to a large extent must still rely upon 
empiric development work, to be advanced by means 
of modern instrumentation and data processing 
methods.

The hydration of portland cement has been found 
strongly influenced by temperature. It has not been 
possible to establish a synthesis of the interdependence 
which has proved to be widely varying with different 
cement-water systems. Moreover, most of the informa
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Written Discussion

Roman Malinowski

Synopsis

The influence of various heat curing conditions on temperature increase, irreversible 
expansion and contraction of cement paste and of strength was studied. Mortar of pro
portion cement: sand: water = 1:1: 0.3 was used. Various holding periods of 0, 3 and 6 
hours, curing temperatures of 60°, 80° and 98°C and various curing times of 1 1/4, 3 1 /4, 5 
1/4 and 6 hours were proved. In additional tests the influence of higher temperature of con
crete (when placing), heating immediately by higher ambient temperature, the influence of 
the pressure of closed forms on the strength and the influence of various water-cement 
ratios (0.25,0.35, and 0.45) was proved. The relations strength: irreversible expansion: 
contraction were analysed and general remarks presented. '

Introduction

The contraction is a fundamental phenomenon in 
the hydration process of cement (1) and in the creation 
of the structure of the cement paste (2), (3).

The chemically bound water (Wn) decreases its 
volume about 1/4 (2) creating the contraction pores 

in the gel. The contraction water which fills the 
pores can be checked by simple volumenometric test 
(2), (3).

Many authors connect the properties of hardened 
cement paste and concrete such as strength, drying 
shrinkage, water permeability and durability, with 
contraction (2), (3). The contraction is actually a 



resultant of simultaneously occurring internal (in the 
microstructure of cement paste) and smaller external 
(in the dimensions of tested specimens) volume 
changes (4), (5).

The contraction is accelerated in higher tempera
tures, especially in the first heating period and 
increases insignificantly after a heating period of 
10 ~ 14 hours (6, 7, 8). The likeness of both processes: 
as well of contraction as of increasing of strength 
enables to fix the optimal heat curing procedure for 
concrete based on contraction tests (9).

In the above mentioned works (6)~(9) the connec
tion between the contraction and the thermal expan
sion was not analysed. This problem seems to be of 
great importance because of the volume changes 
caused by higher temperatures (10), (11), (12).

Experiments

Testing Conditions and Procedure

Expansion, contraction and strength of mortar 
were tested simultaneously during and after the heat 
curing process. Changes of temperature were recorded.

The volumenometer for the expansion and contrac
tion test consisted of a glass bottle (200 cc) with a 
measuring pipe and a rubber stopper (Fig. 1). The 
temperature of mortar was recorded in cubes 103 cm 
cast in steel forms. For strength tests mortar prisms
2.5 x 2.5 X 16 cm were prepared in steel forms.

The mortar was made of standard portland cement, 
sand of fineness modulus 1.8 in a proportion 1: 1. 
The water-cement ratio in the main series was 0.3.

The mortar was mixed in a RILEM laboratory 
mixer, then placed and compacted on a Vebe vibra
tion table.

The specimens for expansion—contraction tests 
were cured in a heating vessel in water. The speci
mens for strength tests were cured in steam in steel 
forms without covering.

The curing cycle consisted of:
—rising of temperature
—heating at constant temperature
—cooling in water to 20°C and then water curing 

up to 28 days.
The expansion and contraction were measured by 

changes of the water level (above the mortar) in the 
volumenometer.*

* Additionally the expansion was controlled by deflectometer 
in the cubes for temperature records.

**For the main series (mortar 1: 1: 0.3) this value is approxi
mately cm3/100cm3 mortar (% in volume) or cm3/62.3 cm3 
cement paste.

The irreversible expansion of the fresh mortar 
ir.) IS

Em.ir. = — ew — £m.r, in cm3/100 g cement**

when ez — is the total expansion of the volumeno
meter (water + paste)

e„ — the expansion of the water (above the 
mortar) in the volumenometer

— the thermal expansion of the mortar 
measured by deflectometer

' em.r. =am-Ar°
acm = thermal expansion coefficient of fresh 

mortar (approximately 0.0001 in 
volume)

The contraction (C) is

C = Vo — Vx in cm3/100 g cement**

When Vo, V, is water level before curing and after 
cooling (at 20°C).

The contraction was tested for each curing cycle 
immediately after cooling, at the age of 1 and 28 days.

Scheme for the expansion-contraction tests is 
given in Fig. 1.

Fig. 1. Scheme for the expansion—contraction test of heat 
cured mortar

Symbols: Aw1, Aw11, Swm-expansion of the water in 
cm31100g cem.* AKm, AFm.r., Am.ir.—expan
sion of mortar total, reversible, irreversible in 
cm31100g cement* Sx, Sw, Em, «m.r., Sm.ir.— 
expansion in % (volume) total in the volumeno
meter, of water, of mortar-total, -reversible, 
-irreversible.

♦or in % (volume) when multiplying by for the main serie x

1
0.623'



The changes in the water level measured during the 
isothermal and the cooling periods show besides 
contraction an additional absorbtion of water by 
mortar (Fig. 1).

Strength was tested for each curing cycle imme
diately after cooling of the specimens in water and at 
the age of 28 days. Contraction and strength tests of 
the same mortar cured after remoulding (in water—■ 
20°C) were also made.

Results

Series No. 1—The influence of various holding 
periods, curing temperatures and curing times on 
expansion, contraction and strength Table 1.

The results of the expansion-contraction tests and 
the compressive strength of mortar are presented in 
Fig. 2.

The temperature in the center of the specimens 
103 cm becomes after 11/2 ~ 2 hours higher than the ex

ternal heating temperature. For the external tempera
ture 98°C about 15°C after 1 1/2 hour, for 80°C about 
12°C after 1 3/4 hour and for 60°C about 10°C after 
2 1/4 hour. Similar results were achieved for all 
holding periods.

The irreversible expansion takes place only under 
the first 90 minutes of heating. It increases at higher 
temperatures (80°C and 98°C) and decreases when 
adapting a holding period. There were not noticed 
any significant changes in the external dimensions 
after achieving the maximum expansion.

The contraction is accelerated remarkably at higher 
curing temperatures. The contraction immediately 
after curing at 98°C was much higher than at other 
temperatures. At longer curing time, at later age 
(1 and 28 days), especially when adapting longer hold
ing periods the differences between the contraction 
values diminish.

Higher temperature accelerates the strength in

Table 1. Temperature, irreversible expansion, contraction and compressive strength of heat cured mortar. 
Proportions, cement: sand: water = I:l:0.3

°C 
curing

Holding 
period 
h-hours

Testing

h-hours 
d-days

Maximal 
temper-

°C after

h-hours 
(in 

103cm)

Irreversible 
expansion 

after curing 
of 1 1/2 
hours

Contraction cm3/100 g cement*  
of paste after curing—hours**

Compressive strength of mortar

kg/cm2 % (Tas normal

h h(d) °C h cm3/100g 1 1/4 3 1/4 5 1/4 6*** Aver- 3 1/4 5 1/4 6*** Aver- 3 1/4 5 1/4 6*** Aver-
cem.* age age age

im h 0.2 0.7 1.2 1.8 __ 46 210 284 5 23 31 __
0 24 h 68 2 3/4 0,41 2.0 2.1 2.2 2.4

28 d 3.4 3.3 3.4 3.5 3.4 710 760 770 747 78 84 85 82

im h Ö.4 1.3 1.5 1.5 —— 146 305 390 16 33 43 ——
60 3 24 h 70 21/2 0,26 1.9 2.0 2.0 1.9 —— — — —— — — — —

28 d 3.3 3.1 3.2 3.2 3.2 725 821 780 775 80 90 86 85

irn h 0.4 1.4 1.7 1.9 __ 156 217 350 — 17 24 43 —
6 24 h 69 2 1/4 0.09 1.9 2.1 2.1 2.2 — — — — — — — — —.

28 d 3.2 3.1 3.0 3.1 3.1 826 820 847 831 91 90 93 92

im h 0.4 1.5 1.6 1.8 __ 198 295 355 23 32 39 —
0 24 h 90 2 2.15 2.3 2.2 2.4 2.5 — —- — — — —— — __ —

28 d 3.4 3.3 3.2 3.2 3.3 735 750 775 753 81 82 85 82.5

im h 0.6 1.2 1.5 1.7 __ 245 430 507 27 47 56 —
80 3 24 h 92 1 3/4 0.45 2.1 2.1 2.2 2.1 — — —— — —— — — —

28 d 3.0 2.8 2.9 3.0 2.9 854 832 932 873 94 91 102 95.3

im h 0.8 1.5 1.7 1.8 __ 365 434 530 40 47 58 —
6 24 h 92 1 1/2 0.26 2.1 2.1 2.1 2.2 — __ — __ — — __ —

28 d 3.0 3.0 3.1 3.0 3.0 808 780 790 793 89 86 87 87

im h 1.5 2.2 2.9 — __ 217 323 370 — 24 36 41
0 24 h 113 1 1/4 2.40 2.1 2.9 3.6

28 d 3.6 3.7 3.9 — 3.7 680 654 595 643 74 72 65 70

98 im h 1.8 1.9 2.1 2.5 ___ 300 365 443 __ 33 40 49
3 24 h 115 1.15 0.90 2.7 2.8 3.0 3.0 — — — — —.

28 d 3.0 3.1 3.0 3.2 3.1 906 830 797 844 99 91 87 92

3h 0.15 —

20 6 h
24 h 35 0.3

1.8
45

310
5

33
29 d 3.0 910 100

* Irreversible expansion and contraction value in % volume (of the paste) should be multiplied by 1/0.623.
** Heating 1 hour, cooling 1/4 hour.
♦♦♦Heating and cooling 1 hour each.



crease. The strength at the age of 28 days diminishes 
by rapid heating, especially at higher temperatures 
(98°C). After adapting a suitable holding period the 
28 days strength heat cured mortar was only insignifi
cantly less than of the normally cured.

Estimated optimal conditions (for minimum expan
sion, high-, early- and 28 days strength) in the tests 
were:holding period of 3 hours, temperature 80°C 
and curing time 5 1/4 hours.

Series No. 2—Influence of different initial tempera
tures of the mortar (20°C and 60°C) and of the 
environment (20°C and 98°C) on expansion contrac
tion and strength (Table 2).

Mortar 1:1: 0.35 (cement: sand: water) was used. 
The specimens were cured without holding period 
1 1/4 and 41/4 hours at the temperature of 98°C.

There was observed increased expansion by rapid 
heating and when using hot mortar.

Also a remarkable contraction of rapidly heated 
specimens and of hot mortar was noted immediately 
after curing, at the age of 24 hours and at the age of 28 
days.

A significant decrease of strength for heated speci

mens and for warm mortar was noted, especially 
when the surfaces of specimens were uncovered. In 
closed forms the losses in strength were less.

Series No.3—The influence of different water ce
ment ratios (0.25, 0.35 and 0.45) on expansion, con
traction and strength (Tables 3 and 4).

Mortar 1:1 (cement: sand) was cured at 80°C 
during 4 and 6 hours (heating time 2 hours, cooling 
time 1/2 hour).

Higher expansion was noted at higher water-cement 
ratios.

The contraction of paste in % (volume) is higher 
immediately after curing for less water-cement ratios, 
approximately the same for all water-cement ratios 
at the age of 24 hours and higher at 28 days for high 
water-cement ratios.

Similar tendencies are notified for the strength tests.

Analysis-General Remarks

1. The simultaneously occurring at heat curing 
irreversible expansion, the accelerated contraction

Fig. 2. Contraction, expansion (<z) and compressive strength 
(6) of mortar cured in various temperatures and after different 
holding periods. Cement: sand: water = 1:1:0.3 by weight. 
The relation strength: contraction is given in (c). Symbols: 
Curing temperatures, ®—20°C, O—60°C, x—80°C, <> 
98=C, ------------continuous curing, -------- ----- additional
water curing at 20° C.



1) open form
2) closed form

Table 2. Expansion, contraction and compressive strength of cement mortar cured at various initial temperatures of paste 
and the chamber. Curing without holding period at temperaturs up to 98°C. Water-cement ratio 0.35. Cementtsand pro
portion = 1:1 by weigth.

Initial of temperatures Curing heating 
periods isothermal 
hours period 

cooling

Irreversible 
expansion 
approx.

1 1/2 hours

Contraction measured 
at 20°C cm3/100 g

Compressive strength 
kg/cm2 at age of

Cement 
mortar Chamber Immediately 

after curing
At age of At age of
24 hours 28 days

Immediately 
after curing 28 days

20° 20°

2-0-1/2
2-2-1/2 1.6 1.5

2.0
2.8
2.9

3.6
3.5

280
1) 420
2) 460

750
1) 705
2) 755

Average 1.6 — 2.85 3.55 — —

20° 98°

0-2-1/2 
(M-l/2 2.4 2.0

2.4
3.1
3.1

4.4
4.2 1) 156

2) 375
1) 355
2) 657

Average 2.4 — 3.1 4.3 —

60° 98°

2-0-1/2
2-2-112 >4.5 2.4

3.0
3.9 
4.0

5.4
5.6 1) 70

2) 258
2) 135
2) 340

Average >4.5 — 3.95 5.5 —

Table 3. Expansion, contraction and compressive strength of cement mortar with different water-cement ratios. Curing at 
80° C in curing chambers without holding period and at various curing times. Cement: sand proportion = 1:1 by weight.

W/C ratio
Curing heating 
period isotherms 
hours period 

cooling

Irreversible 
swelling • 

after 
tl 1 1/2 hours 

curing in 
cm3/100 g 
cement

Contraction after curing, 
cm3/100 g cement

Irreversible 
swelling

1 1 /2 hours 
curing in

%of 
cement 
paste 

volume

Contraction after curing in 
% of cement paste volume

Compressive strength 
after curing, kg/cm2

At age of 
Immediately 24 hours

At age of 
28 days Immediately

At age of 
28 days

At age of 
Immediately 24 hours

At age of 
28 days

2-0-1/2 0.9 1.6 2.6 3.1 1.6 2.8 4.4 5.4 264 827
2-2-1/2 0.8 2.1 2.5 2.9 1.45 3.7 4.4 5.0 508 855

0.25 2-4-1/2 0.9 2.3 2.6 3.0 1.6 4.0 4.5 5.2 608 768

Average 0.9 — 2.6 3.0 1.55 — 4.4 5.2 — 816

2-0-1/2 1.5 1.5 2.9 2.2 2.2 4.3 — 70 710
2-2-112 1.7 2.1 2.7 3.8 2.5 3.1 4.0 5.6 410 812

0-35 2r-4-ll2 1.6 2.5 2.8 — 2.4 3.7 4.15 — 490 766

Average 1.6 — 2.8 3.8 2.4 — — 5.6 — 763

2-0-1/2 2.5 1.6 3.1 4.6 3.23 2.07 4.0 5.9 50 550
2-2-1 (2 2.4 2.3 3.5 4.8 3.1 2.97 4.5 6.2 158 534

0.45 2-4-112 2.7 2.7 3.5 4.6 3.5 3.4 4.5 5.9 176 576

Average 2.5 — 3.4 4.7 3.3 — 4.4 6.0 — 553

Table 4. Contraction and compressive strength of cement mortar 
cured at 20°C. After 24 hours the remoulded specimens were 
cured in water. Cement: sand proportion = 1:1 by weight.

W/C ratio

Contraction cm3/100 g cement after Compressive strength 
kg/cm2 after

hours days
24 hours 28 days

6 12 24 28

0.25 0.4 0.7 2.0 3.0 455 945
0.35 0.4 0.75 2.3 3.6 250(?) 865
0.45 0.5 0.9 3.3 4.9 137 603

and increase in strength have great influence on the 
structure and strength of the cement paste at the 
cement paste at the later age.

2. The irreversible expansion which lasts 1 ~2 hours is 
caused mainly by the thermal expansion of the 
fluid and gas phase of the paste. The thermal 
expansion coefficient of water is approximately 10 
and that of air and steam 100 times higher than 
of the solids of mortar (sand). The rapidly hardened 



paste makes this increased volume of pores stable 
(Fig. 3), (11), (12).

3. The irreversible expansion is increased by higher 
temperature and is diminished by longer holding 
periods (Figs. 2 and 3). During the holding period 
the binding forces, the contraction and the strength 
are growing. Other factors and conditions which 
diminish the expansion under the heat curing 
process are: less water-cement ratio (stiff con
sistency) external hydraulic pressure or the form

Fig. 3. Irreversible expansion of cement paste (WjC = 0.3) 
cured immediately without holding period at 98°C. a—in 
closed form, b—in open form, c—warm paste placed in form 
before heating. Section 2.5 x 2.5 cm.

pressure (14), (15).
4. The function strength: contraction valid for 

normal curing conditions (water—20°C) (3) shows 
irregularities and discontinuities in heat curing. 
Different strength: contraction values are noted for 
various curing conditions and at various age of the 
tested mortar (Fig. 2c).

Fig. 4. Expansion as function of curing temperature and holding 
period simultaneously (initial contraction and early strength).

Fig. 5. The relation contraction: irreversible expansion (a) and 
the relation strength: irreversible expansion (b) at the time of 
maximum expansion after approximately 7 1/4 hour heat curing. 
Various curing temperatures:

60°C—O Ö • holding period 0, 3, 6, hours 
80°C—X XX» " 0,3,6, »
98°C—O ❖ — " " 0’3- "

100% is the contraction and strength of the normally cured 
mortar at the age of 28 days.



Fig. 6. The relation decrease of strength: expansion (a) and 
the relation decrease of strength: contraction (b) for the heat 
cured mortar at the age of 28 days.
Various curing temperatures:

. ' 60° C—O ® • holding period 0, 3, 6 hours
80°C—x xx " » 0,3,6 "
98°C—O " 0,3- »

100% is the contraction and strength of the normally cured 
mortar at the age of 28 days.

The relation early strength: contraction for 
mortar immediately after curing in 60°C and 80°C 
without holding period is approximately similar 
to the normally cured. At 100°C higher contraction 
occurs and no significant changes in strength are 
noted (Fig. 2c). For longer holding periods at 
80°C the strength is higher for the same contrac
tion (Fig. 2c).

The relations the expansion: contraction and 
the strength: contraction after 11/4 hour heat 
curing (at the moment when maximum expansion 
occurred) are not synonymous.
For both the expanded and not expanded mortar 
approximately the same contraction for a constant 
temperature was achieved. The contraction was for 
100°C much higher than for 80°C while the strength 
was approximately the same (Figs. 5a and 5b).

At the age of 28 days the relation strength: 
contraction is mostly influenced by the expansion 
which takes place during the curing process. The 
relative decrease in strength (in %) corresponds 
with the relative increase of the contraction.*  
Both are caused by expansion (Fig. 6).

*As 100% is the strength and contraction of normally cured 
mortar at 28 days.

5. Presented tests show general tendencies for the 
relation expansion—contraction—strength of heat 
cured pastes and mortars. For more complete 
analyses there should also be used other cement 
types, mortars of different water-cement ratios. 
Further tests should include measuring of changes 
in porosity and pressure in the paste during and 
after the expansion—contraction test and be 
completed by microscopical investigations.

This work was carried out at the Construction 
Division of Chalmers University of Technology by 
grant of the Swedish Governmental Building Research 
Committee.

Part of this work was published in Cement & 
Betong No. 3, 1965.

The author thanks engineer G. Linden, civil engineer 
L. Berntsson and civil engineer E. Aas-Jakobsen for 
help in executing the experiment of this work.
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Synopsis

The curing of concrete with saturated water steam at atmospheric pressure and the 
temperature range of 60-100°C is now a basic and most wide accelerated method for con
crete hardening in commercial scale. This method, which is widely used in many countries 
to intensify the process of manufacture, optimal use of plant equipment and plant facilities, 
is based on the acceleration of the hydration reactions of portland cement clinker. This 
acceleration, in its turn, brings to the accelerated hardening of the hardened cement paste in 
concrete. Along with, the hydration chemical reactions, taking place during hydrothermal 
curing of concretes, are followed by a number of physico-chemical and physical reactions, 
which assert a complicated influence on the properties and the structure of the concrete. 
The way the sequence and the degree of completeness of the said processes, the way these 
factors influence both on the formation and the resulting qualities of the concrete are due to 
a lot of factors-primary due to the chemical and compound compositions of the cementing 
material in concrete, W/C ratio, the rate of homogenization, the rate of the concrete tamp
ing, the quality of aggregates, the hydrothermal curing of the concrete (including the precur
ing time, the rate of temperature rise, the isothermal curing and its temperature, the excess 
pressure, the rate of cooling), as well as the conditions of consequent hardening of concrete 
articles (temperature, humidity, gaseous composition of the environment etc).'

The strengthening of the hardened cement paste during the steam curing of a concrete 
lies in the process of the structure forming, this process are caused by the hardening of 
cement. Meanwhile the destructive processes, bringing about decreasing of the concrete 
strength, are connected with the physical change, alteration of its structure due to the heat— 
and moisture transfer, and to the expansion of the concrete forming components depend on 
the influence of temperature. The efficiency of the present ways of accelerated concrete 
hardening depends on the optimal ratio of forming and destructive processes these ways 
provide, since it is known (1), that destructive processes do always follow the hardening of 
the cement paste, though in various degree and in various stages.

Introduction

The curing of concrete with saturated water steam 
at atmospheric pressure and the temperature range of 
60-100°C is now a basic and most wide accelerated 
method for concrete hardening in commercial scale. 
This method, which is widely used in many countries 
to intensify the process of manufacture, optimal use 
°f plant equipment and plant facilities, is based on 
the acceleration of the hydration reactions of portland 

cement clinker. This acceleration, in its turn, brings 
about the accelerated hardening of the hardened 
cement paste in concrete. Along with, the hydration 
chemical reactions, taking place during hydrothermal 
curing of concretes, are followed by a number of 
physico-chemical and thermo-physical reactions, 
which assert a complicated influence on the properties 
and the structure of the concrete. The way the sequence 
and the degree of completeness of the said processes, 
the way these factors influence both on the formation 



and the resulting qualities of the concrete are due 
to a lot of factors primary due to the chemical and 
compound compositions of the cementing material 
in concrete, W/C ratio, the rate of homogenization, 
the rate of the concrete tamping, the quality of aggre
gates, the hydrothemal curing of the concrete (includ
ing the precuring time, the rate of temperature rise, 
the isothermal curing and its temperature, the excess 
pressure, the rate of cooling), as well as the conditions 
of consequent hardening of concrete articles (temper
ature, humidity, gaseous composition of the environ
ment etc.)

The strenthening of the hardened cement paste 
during the steam-curing of a concrete lies in the process 

of the structure forming, this process are caused by the 
hardening of cement. Meanwhile the destructive 
processes, bringing about decreasing of the concrete 
strength are connected with the physical change, 
alteration of its structure due to the heat—and 
moisture transfer, and the expansion of the concrete 
forming components due to the influence of tempera
ture. The efficiency of the present ways of accelerated 
concrete hardening depends on the optimal ratio of 
forming and destructive processes these ways provide, 
since it is known (1), that destructive processes do 
always follow the hardening of the cement paste, 
though in various degree and in various stages.

The Mechanism and the Kinetics of Cement Hydration

The Mechanism of Hydration

The mechanism of portland cement hydration at 
elevated temperatures is just the same as at 20-25°C. 
It is but the kinetics of the process, the sequence and 
the completeness of the phase transformations suffer 
the change. The ions, forming up a crystal dissolving 
when interacted with water, during the fluctuations 
periodically take positions, in which the strength of 
their bond with the lattice is of the least value. The 
ions of the surface layer of crystals, especially those on 
the edges and the apexes of the crystals more easily 
(as to compare with the. ions inside the crystals) 
enter into chemical interaction with water and hydrate, 
i.e. “catch" attract H+ or H" ions. Partially hydrated 
ion is in a less strong bond with the lattice and almost 
immediately transfers into solution where its hydra
tion ends. The outcome of a part of ions out of the 
lattice brings to deformation of a surface layer of 
crystals. Then a destruction of a surface layer of cry
stals comes, this lessening the “break-out” energy of 
the break-off of the rest of crystals from the remnants 
of the lattice. Since such fluctuation migrations are 
constant, the process of water “corrosion” of a crystal 
should run consequently and constantly. The depth 
of the reaction frontage depends on the crystal density 
and—in case of an “ideal” crystal might correspond 
to the depth of the monomolecular layer of water. 
The ions, hydrated on the surface of a crystal im
mediately transfer to the solution. During the destruc
tion of a surface layer of a crystal there might happen a 
break-off of not only separate single crystals, but so 
well the “blocks" of them—counting hundreds and 
thousands ions. Hydration of such “blocks" in the 

solution is similar to that of a “starting" crystal. 
Most of the workers admit now the possibility of a 
reaction by means of a joint of anhydride grains with 
water with consequent precipitation of the particles, 
transferred into the solution (2~7).

The process of cement grains corrosion by water is 
of a decreasing rate, this being excited both with the 
formation on their surface of protecting films con
sisting from reaction products and with the decrease of 
dimensions of hydrating particles in the course of 
time. One of the reason of the quick formation of 
protecting films on hydrating grains is the exfolia
tion of some ions ‘'blocks” from a crystal and these 
“blocks” can not easily move in a liquid phase and 
group together near the surface of a “matrix” crystal. 
Their consequent hydration brings to the consolida
tion of the film. The formation of the film is also con
tributed by a various speed of the diffusion of the 
ions in the solution, this variance bringing to the 
selective expulsion from the reaction zone of some 
moleculae (e.g. of calcium oxide hydrate) and to the 
concentration of other moleculae (e.g. of orthosilicic 
acid) on the surface of a crystal. As a result of such an 
incongruent dissolution of the compounds in the zone 
of reaction, low basic crystallic hydrates form at first; 
further these hydrates can increase their basicity due 
to subsequent recrystallization in the environment, 
saturated with the calcium hydroxide.

Development of the surface reaction of the direct 
joining of water to anhydrides greatly depends on the 
energetic state of the rigid body surface. It is possible 
that the lessening of the chemical bond in the lattice of 
dissolving crystals and the increase of the rate of the 
electrolytic association on the H+ and OH" ions



Fig. 1. Hydration rate and the strength values of compounds 
and cement depending on pH of water solution

should bring up to the acceleration of the hydration 
processes. And indeed, the increase of the H+ ions 
concentration in the water solution, obtained by add
ing of the salts-electrolytes, was accompanied with an 
increase of hydration rate of separate compounds and 
of the cement as a whole (Fig. 1). The change of the 
rate of water moleculae dissociation (decrease of 
(H2O)n groups), taking place in the magnetic field, 
this being of 2000-2500 ersted intensity, might attain 
such a rate of hydrogen bonds’ break-up, when their 
break-off is possible. The change of the physical 
features of water, the breaking up its associates and 
the appearance of some amount of free H+ and OH” 
ions, positively affected both the rate of the cement 
hydration and the strength of units made from this 
cement (Fig. 2). Such a positive influence was also 
observed when water was influenced by the X-rays and 
slow neutrons’ stream. The water temperature increase 
at the 0-100°C range evenly decreases down the visco
sity of water. The change of the features and the 
qualities of water as the temperature rises, influences 
hydration and hardening kinetics of the compounds

Fig. 2. The influence of a constant magnetic field intensity on 
relative values of the strength of a hardened cement paste of 
1:0 composition; 7 days age

mixed with water of different temperature. The 
highest C3S hydration rate and strength are found.



when this compound was mixed with water of 60°C 
(Fig. 3). C3S and C4AF hydration rate increased 
1.5-2.0 times mixed with water of 20 and 40-80°C 
respectively. The strength of samples made from these 
compounds practically didn’t rise, however. The 
portland cement with Saturation Factor SF = 0.96; 
Silicate Modulus = 2.00; Alumina Modulus = 1.3 
mixed with water of 60-80°C temperature also has 
higher hydration rate and strength (Fig. 4).

The Kinetics of Hydration

The kinetics of polycompounded cement grains’ 
hydration, which is of a heterogenodiffuse character, 
is limited by the inner mass transfer through the 
shells of hydrated products, appearing around these 
grins in the course of time. The exact quantity des
cription of the speed of this process is rather difficult, 
though its general regularities have been described 
elsewhere (8 ~ 14). Some of the offered equations of the 
kind dyjdT (where dVjdT—hydration speed, 
V— hydration rate and t—hydration time), listed in the 
Table 1. The constant coefficients in these equations 
do not reveal the process nature and, therefore cannot 
find out which features of the “matrix” material 
define the hydration kinetics. The use of these equa
tions brings about various results, and this shows that 
they could be used just for description of some se
parated stages but not the process as a whole.

A more satisfactory description of the kinetics 
process is given by the equations of A. Polak (15,16),

Mixing Water Temperature “C

Fig. 3. C3S specimens' strength, depending on the mixing water 
temperature. 1-1 day; 2-3 days; 3-7 days; 4-28 days

Table 1. Equations of hydration process rate

Author dVldT

1. E.N. Capon (14)
2. S. Brunauer, L. E.

Copeland and R. H. Bragg (8)
3. P. P. Budnikov, S. M, Royak, 

Yu. S. Malinin,
M. M. Mayants (37)

4. T. M. Berkovich, D. M. Kheiker 
O. I. Gracheva, O. S Volkov, 
E. S. Mikhailevskaya (39)

5. Gimsvert
6. M.I. Ridge (10)

7. A.F. Polak (16)

8. K. Schiller (18)

dF/8o.F
K(1 - F)3'2

K° - VK'-exp —

K(1 - F)
KF(1 - F) 
KF 

3y2/3(i _ j/)2/3roi/3(i - 
2hF8/3J/0l/3 + Bt(i - F)2/3(l - Fo)l/5 31/2/3(1 — >/)2/3 

B3F8/3 4- (1 - r)2'3

Note:
,_____1_. B_____1_.

1 KzSqx* 1 jCySov*
Sox, Soy—specific surface of dissolving and crystallizing phases

Kx = X Ky = y-—the constants of dissolution and crystals growth rates 

S—D—coefficient of diffusions
8xu3y—conditional thickness of respective diffusion layers

Mixing Water Temerature, X)

Fig. 4. Portland cement specimens' strength, depending on the 
mixing 'water temperature. 1-1 day; 2-3 days; 3-7 days; 
4-28 days



V. Ratinov and A. Lavut (17) and K. Schiller (18). 
These authors make following assertions. The dis
solution process of the binding material and the 
growth of crystals of the newly formed compounds 
run simultaneously and both these processes are con
nected with each other by the mass balance condi
tions. The surfaces of the binding material and of its 
hydrates are not constant ones, though the powders 
are of a monodisperse nature. The “nuclei” of hydrates 
appear just during the beginning of the process 
(during the induction period) and the time counting 
starts from the moment the nuclei formation ends. 
During the initial period of hydration the process 
speeds up; in the range of V = 0.4 — 0.6 it attains its 
maximum value and then decreases. The absolute 
values of the reaction rate depend on the concentra
tion and the oversaturation on the depth of diffusion

-- 1 I I I I I I I_____ I_____ I_____ I----- l—T
0 4 8 12 16 20 24 1 20 60 100 140 180

_----- 1----- 1__ I__ !__ I__ I I__ I_____ I_____ I----- 1----- 1— T
0 4 8 12 16 20 24 1, 20 60 100 140 180

hours days

Hydration Time

Fig. 5. Hydration rate of compounds depending on the temper
ature (data of M. M. Mayants). Hardening temperature, °C: 
1-20; 2-50, 3-70; 4-90.

layers of the dissolving grains, on the constants both 
of the dissolution rate and of the crystal growth and 
on many other factors.

The rise of the process temperature rises up the 
rate of the process, though doesn’t change the basic 
phenomenae of its run (Fig. 5). As well as at the 
normal temperature, there are two distinct periods of 
the process: a quick and a slow one. With the increase 
of the temperature, the duration of all the hydration 
periods decreases, while the hydration rate of the 
binding material increases—at the main stage of the 
process (Table 2). The activation energy of a given 
compound is similar at 40-80°C temperature range 
(Fig. 6). C3A and C4AF strongly respond the temper
ature rise and at 50°C they are almost completely 
hydrated to 1-3 days age. At these conditions both 
C2S and C3S hydration rates increase.

The coefficient of the reaction temperature (y) 
decreases with the temperature rise: 1g yr ~ IOS/ 
2.3RT3 showing the lowering of the influence of the 
temperature on the hydration rate of the binding 
material at the increasing of the time of hydrothermal 
treatment. Decrease of the y-value with the temper
ature increase is specific to heterogeneous processes. 
The retardation of the binding material hardening 
and hydration during its hydrothermal curing at the 
second period of the process can be explained by the

Fig. 6. Graph of the function. Igcjr =f(l(T) (r-days)



Table 2. The rate of hydration of compounds at various temperature

Compound Temperature, °C —
Hydration rate, per cent, age, days

Authors
1 3 7 28 90 120 360

20 __ 36 46 69 93 94 Yu. M. Butt (4)
20 _ 64 — 78 91 — — R. Nurse (13)
20 — 48 — 75 87 — 97 G. J. Verbeck (9)
20 _ 51 65 82 91 95 — O. S. Volkov (28)
20 _ 31 44 63 —. 81 — S. A. Mironov (52)

C3S 20 31 45 56 78 86 92 — H. Knoblauch (25)
35 42 48 58 78 87 92 _ //
50 47 53 61 80 89 __ _ //
50 78 — 90 — _ __ — M, M. Mayants (12)
65 57 64 71 85 88 —- _ H. Knoblauch (25)
90 90 — — — — M. M. Mayants (12)

20 7 10 29 _ Yu. M. Butt (12)
20 _ 10 — 42 51 — _ R. Nurse (13)
20 — 19 _ 40 68 __ 87 G. J. Verbeck (9)
20 — 7 15 32 46 60 — O. S. Volkov (28)

e-c-iS 20 _ 10 15 25 —. 50 — S. A. Mironov (52)
35 10 19 26 48 81 91 — H. Knoblauch (25)
50 20 25 31 55 86 92 — A*
65 23 32 40 60 88 92 —
90 22 41 57 87 — — — M. M. Mayants (12)

20 54 63 72 — 86 S. A. Mironov (52)
20 — 58 _ 90 96 __ — R. Nurse (13)

CSA 20 — 65 67 73 81 87 — O. S. Volkov (28)
50 75 83 86 89 — — M. M. Mayants (12)
90 84 90 92 — — — — M. M. Mayants (12)

20 __ 48 55 62 _ 76 _ S. A. Mironov (52)
c4af 20 _ 32 — 87 95 — _ R. Nurse (13)

50 92 94 — — — — — M. M. Mayants (12)

formation of a compact protecting film consisting 
from a well crystallized products of hydration. This 
film serves as a protective shell of unhydrated grains 

of the cement and prevents the access of water mole- 
culae to such grains. So, the film decreases the rate of 
the inner mass transfer.

The Phase Composition of the Newly Formed Compounds, the Structure 
of the Hardened Cement Paste and of the Concrete

Phase Composition of the Newly Formed 
Compounds

It is widely known, that hydrothermal curing of 
cements up to 100-200°C shows no any serious in
fluence on the phase composition of the newly formed 
compounds. According to some authors (19~22), the 
hydration products, forming at the steam curing, 
do not differ from the hydrate compounds appearing 
when hardening of cements at normal temperature 
conditions. That is why different features of the ce
ment paste hardened at normal and elevated temper
ature can not be explained just only by the change of 
the composition of the newly formed compounds.

The present data concerning the change of calcium 
silicates’ basicity during the hydrothermal curing of 
the hardened cement paste (23 ~ 24, 37) as well as 
concerning the stability of the high sulphate form of 
calcium sulphoaluminate hydrate and its role in the 

hardening process (35~40) are quite contradictory 
and unsufficient. Therefore on the base of these data 
one cannot judge the influence of this change on the 
strength and durability of the hardened cement paste.

In any case there is but a few data to consider the 
change of the silicate hydrates’ composition to be the 
main reason of the hardened cement paste qualities 
change. We can count one of the recent work in this 
field—the work of J. Gebauer and I. Odler (41). 
These authors point out the appearance of a notice
able amount of C2SH(A) in the cement hydration 
products (6 hours, 80°C), this hydrate being identified 
on the thermograms by endothermal effect at 450°C. 
The presence of this hydrate instead of silicate hydrates 
having fibrous pattern (C2SH2, CSH(B)) results to a 
very serious disattaintment of strength of the hardened 
systems (42). At the same time there are some data 
(38) proving the possibility to intensify the process 
of the cement paste hydration during the steam curing 



through a desired formation of calcium sulphoalu
minate hydrates.

It is possible, however, just when special cements are 
used, these containing admixtures of alumina com
pound. For it is found, that a considerable fraction of 
alumina in the portland cement clinker cannot be 
used to form calcium sulphoaluminate hydrates in the 
course of the first stage of hardening, when the appear
ance of this compound aids the strengthening of the 
hardened cement paste. Beside this, it is known that 
the frame, consisting of calcium sulphoaluminate 
hydrates, is the base of an early strength gain of the 
hardened cement paste even at the normal temperature 
of hardening. That is why this factor cannot be con
sidered as responsible for the quality changes of the 
hardened cement paste, these changes resulted hydro
thermal treatment. Up to the present, there is not yet 
any generally accepted and well grounded opinion 
concerning the real strength making factors of the 
hardened cement paste forming at 30-100°C. Silicate 
hydrates C2SH2, CSH(B), aluminate hydrates C3AH6, 
C4AHn_19 and Ca(OH)2 withCaCO3 are considered 
to be the main products of portland cements hydration 
in this temperature range. Following compounds 
have been revealed in the systems: afwillite, xonotlite, 
calcium aluminate hydrates and various complex 
salts based on aluminum oxide hydrate. It is necessary 
to stress that the formation of hydrates of any com
position, in the strict meaning of it, does depend on the 
temperature and humid conditions of the environment 
of the hydration process. First of all, the temperature 
of the environment determines the solubility of the 
binding material in water. Along with it determines 
the concentration and the oversaturation rate of the 
liquid phase, the correlation of the oxides dissolved 
in it (CaO, SiO2, A12O3 etc.), the viscosity of water, 
the rate of association of water moleculae, the quantity 
and the pattern of the newly formed crystallization 
nuclei. And, at last, the temperature of the environ
ment influences the character of the processes in the 
solid phase, these processes taking part on the surface 
of the hydrated binding material. However, the phase 
composition changes of the hydrates which form at 
30-100°C temperature range due to the reasons 
listed, bring to both the minor calcium silicate hydrates 
basisity and to some changes of the quantitative cor
relation of the forming phases, this leading to neither 
any serious change of the structure nor to the struc
ture and the features of the hardening cement paste.

It is rather possible to make some changes of the 
phase composition of the newly formed compounds 
by bringing into the mixing water electrolytes prevent
ing the polymerisation of the silicic acid. Indeed, 

in the presence of Na+, K+ and Li+, in the “C3S + 
H2O” system at 100°C highly basic calcium silicate 
hydrates—C2SH(B) and C2SH(A) more readily 
formed than low basic ones. Alkali cations by them
selves can serve as crystallization “nuclei”. N. V. 
Belov (44) has shown that there are active hydrate 
“areas” of a certain form in the liquid phase and these 
“areas” might serve as crystallization nuclei. It is 
necessary to say that cations Ca2+, Mgz+, Ma+, K+, Li+ 
as well as the water moleculae associates play an im
portant role in forming these areas. Such active areas 
often define the type and the structure of the resulting 
compounds in the hardening material, since for every 
given concentration of these ions in the solution, there 
are crystallization areas of definite geometric and 
crystallic forms.

Crystalline Structure

The first stage of forming of a crystalline structure 
of a hardened cement paste new compounds presents 
the appearing of various areas (“nuclei”) of crystalliza
tion. These are as follows: 1—hydration areas; 2— 
crystallization nuclei of a new phase—due to the 
accumulation of the pertinent ions, and—3—crystalli
zation areas on different colloid films used for being 
“dusted” with a compound under investigation. The 
nuclei appeared tend to grow and to coalesce.

The process of a consequent coalescence of crystals 
is yet not a clear one. Even concerning the base limiting 
factor of this process the oversaturation rate of the 
water media—there are quite contradictory opinions. 
Some workers suppose that, in accordance with ther
modynamic data, the coalescence should take place 
even at the lowest oversaturation rates of the solution 
(16). However, some others workers (45,46) think that 
the coalescence of crystals can take place just only at 
the highest oversaturated rates of the solutions, at a 
great amount of crystals in the newly formed com
pounds. In these conditions the probability of the 
appearing of contacts when growing crystals draw 
together, increases and is the more, the higher is the 
oversaturation rate and the longer its “lifetime". 
The coalescence takes more vigorous character after 
the inductive period is over (during this period the 
solution oversaturation reaches its highest peak). 
Afterwards, as for as the surface of new hydrate phase 
increases and the oversaturation decays, hydration 
process takes even higher rate though it is already 
followed not by the crystals coalescence but by their 
dimensional increase. In other words, the crystalline 
framework appeared during the first stage of the pro
cess, overgrows. If to break down the crystallic con



struction, the crystals of which have exceeded its 
critical dimensions, then the crystals developing 
during the further hydration, would not coalesce any 
more, forming but coagulation compound of relatively 
small strength.

So the crystals of gypsum having two H2O mole- 
culae and attained approximately one millimeter size 
practically did not form coalescent “buildups". So 
well the formation of contacts bringing to such “build
ups” to form, slows down in the case if both the form 
and dimensions of the crystals of a hydrate have at
tained the equilibrium of a given conditions. And 
indeed, various types of crystals of calcium silicate 
hydrates, which grew up at hydrothermal synthesis 
with P = 2000 atm. both at normal and steam curing, 
made no “buildups” during a prolonged storing in 
different solutions. This was true for the two groups 
of samples—for a non loaded group and for a con
stantly compressed one—with an approximate charge 
of 100 g/mm2. '

Besides, regular crystalline “buildups” can form 
only at some very definite conditions necessary for 
isomorphism to display. Theoretically, not all the 
crystalline hydrates of a hydrated cement paste can 
make regular “buildups” with each other since a lot of 
them belong to different structural pattern. The 
highest ability in this respect belongs to crystalline 
hydrates of the same pattern, though practically it 
might occur that, in forced conditions, crystals of 
different pattern make contacts.

The picture of a buildup, forming between the 
crystalline hydrates of a similar pattern might be as 
follows: In a narrow gap between some crystals, 
neared together due to some reasons (e.g. crystalline 
pressure, convective shifts etc.) the concentration of an 
entrained solution arises, this bringing to oversatura
tion, and the crystallization occurs. Active parts of the 
surface of coalescing grains play the role of the new 
crystals growth. The direction of the growth of cry
stals is parallel to the surface of an opposite grain. 
The crystals reach this surface and make a “buildup” 
with the body of a matrix crystal. The heat released 
during this process is being spent to make up for the 
decrease of the solution concentration, this being done 
by bringing of some ions from the surface layers of 
coalescing crystals into a dissolved state. Resulting 
such a transfer of the substance, takes place the filling 
up the gap between the crystals closing together. The 
crystalline lattice of an appearing “seam” is nearly 
similar to the lattices of the both coalescing crystals, 
though the zone of contact might contain a number 
of dislocations lessening the strength of the “seam".

- When crystals of the different structural pattern are 

coalescing, the structure of the “seam” serves as a 
transfer zone between one lattice and another one— 
and is of quite a larger dimension as to compare 
with the contact zone between the isostructural crys
tals.

The contacts of coalescing were studied in pre
parations consisting from calcium sulphoaluminate 
and silicate hydrates. These hydrates, obtained 
through the hydrothermal recrystallization, were put in 
ampules made from molybdenum glass with an oil 
lock. In order to bring the crystals up to the distance 
of hk minim at which the coalescing takes place, the 
crystals were being compressed with the force of 
100 g/mm2. The liquid phases of real hardening ce
ments were used as a media. The temperature of the 
test was 20-80°C.

Fig. 7 shows the “buildup” of a hexagonal 
(a = 11.43 A) and a prismatic (aa = 10.98 A) cry
stals of calcium aluminate hydrate. The closeness of the 
cells parameters of the two coalescent crystals, found 
by the microdiffractography method, shows that in 
this case the coalescing can run along the flat nets 
similar by their form and almost equal by their dimen
sions (at parameters difference of the coalescing 
crystals lattices up to A = 15 — 16 per cent). In this

Fig. 7. Electron microscopic picture of two coalescent crystals 
of calcium aluminates hydrates ( X 9,000); x—the point, where 
microdiffractogram was taken,
1— prismatic crystal of calcium aluminate hydrate;
2— hexagonal crystal of calcium aluminate hydrate;
3— the area of coalescence.



case A = 4.5 per cent. The analysis of the microdiffrac- 
togram obtained in the point located in the zone of the 
coalescence of crystals (Fig. 8) shows that <z0 = 11.11 
Ä. The proximity of aQ values for all the three zones 
shows that the process of coalescence runs without 
any noticeable change of the parameters of coalescing 
crystals lattices in the plane of their conjugation. In 
other words, an isomorphous mixing takes place, this 
resulting from the crystallographic similarity, from the 

closeness of the composition and from the ability of 
aluminate hydrates to form isostructural phases of 
changeable composition. Table 3 shows possible 
planes and angles of coalescence between the crystals. 
The angle of the turn of plane nets of the coalescing 
crystals in the plane of conjugation is 22°.

Calcium silicate hydrates formed some accumula
tion of fine crystals of the same habitus (needles, 
fibres, prisms). It was not possible to obtain any

3
Fig. 8. Electron microdiffractograms

1— prismatic crystal of calcium aluminats hydrate;
2— hexagonal crystal of calcium aluminate hydrate;
3— the area of coalescence.



Table 3. The possible planes and angles of coalescence

Electronogram 
of a crystal 

having 
«0 = 11.43Ä

Electronogram 
of a crystal 

having 
«0 = 10.98Ä

[cos al —a

(620) (240) 0.727 44

(620) (710) 0.981 11
(330) (510) 0.835 33
(310) (620) 0.900 25
(330) (620) 0.900 25

valuable microdiffaction from the contact zones in 
such conglomerations. The possibility of coalescence 
of needle-like, fibrous and prismatic calcium silicate 
hydrates of the same structural pattern is evident. 
The composition of the phase on Fig. 9a, is C6S3H- 
C2SH(C). Probably the coalescence between calcium 
silicate hydrates of differen habitus is also possible 
(Fig. 9b).

Fig. 9. Electron microscopic pictures of crystals of calcium 
silicate hydrates

a, b) CeSaH-F^SHiQ (x6,000); c) hillebrandite; d) xonotlite 
(x 7,5000)



Distinct coalescences between calcium silicate hy
drates and calcium aluminate hydrates were not 
found. The coalescence process between calcium 
silicate hydrates and portlandite runs easily.

The investigation of the influence of crystalline 
hydrates of various kind on the kinetic of portland 
cement hardening was conducted in the following 
manner. Plate-like crystals of Ca(OH)2, of tobermo- 
rite and of calcium aluminate hydrate C4AH]2, 
acicular crystals of CaSO42(H2O) and of calcium 
aluminate sulphate, and cubic crystals of C3AH6, 
synthesized by a well known methods, were added 
to the binding material in dry form, 15 per cent by 
weight. In the most of the cases, the introduction of 
the said crystalline hydrates was not accompanied 
with an increase of an initial strength of the hardening 
samples. Therefore, the admixture to the cement of 
various preliminary synthesized crystalline hydrates, 
which form during the hardening of the binding 
material, not always brings to the formation of a 
rigid crystalline frame in the hardened cement paste. 
The efficiency of the influence of various crystalline 
hydrates as the “centres” of crystallization depends 
on the type of a given crystalline hydrate, on the size of 
its crystals, on the amount of the admixture and on 
the way this admixtures is being introduced.

Calcium silicate hydrate having C/S ~ I and with 
the particle size nearly 10-7 cm, and the same hydrate 
but having C/S ~ 2 with the particle size 10"6 — 
10"5 cm, brought to a considerable acceleration of 
the portland cement hardening at 100°C steam curing 
(Fig. 14). Calcium silicate hydrates precipitation was 
used just immediatelly after it had been prepared— 
without drying—and was added into a ready cement 
paste, this mix was additionally mixed. Positive influ
ence of calcium silicate hydrate of both dispersity 
values results from a minor size of the crystals and 
from their ability to grow.

Physical Structure and the Factors 
of Destruction

Hydrothermal treatment of a concrete at atmo
spheric pressure shows a considerable influence on its 
physical structure. It brings about the change of a 
general porosity, pore structure of the hardened 
cement paste, and to the change of both the dispersity 
and the rate of crystallizing of hydrate phases.

The components of the concrete: solid (cement, 
aggregate), liquid (mixing water) and a gaseous one 
(entrained air) tend to expand in various degree under 
the influence of heat. The distortion of the primary

ratio = 0.3) immediatelly after the steam-curing (a) and at the 
age of 28 days after the steam-curing (6). (The steam-curing 
pattern: 1.5-8-1.5; 90°C; sealed moulds).
1— neat cement.
2— 1 % of calcium silicate hydrate having C/S 2 added.
3— 2 % of calcium silicate hydrate having C/S 2 added.
4— 3 % of calcium silicate hydrate having C/S 2 added.
5— CaO, 0.1% added.
6— Ca(OH)z, 0.1 % added.
7— Ca(OH)2, 1 % added.
8— silica sand, 3,000 cm2/g, 1 % added.
9— silicic acid gel, 1 % added.
10— silicic acid gel (aerosol). So = 200 m2/g, 1 % added.
11— the mixture “sand + CaO”, 1:1, 1 % added.
12— the mixture “silicic acid + CaO”, 1:1, 1 % added.

structure of a freshly—laid concrete first of all is due 
to a volume expansion both of free water and entrained 
air (47 ~51). This expansion is many times larger than 
that of solid components of the concrete. By S. A. 
Mironov and L. A. Malinina (52), common concrete 
contains 2-4 per cent of air entrained during the 
making of the concrete mix, its placing and tamping. 
The water content of a freshly made concrete mix is 
usually many times higher. Taking into consideration 
that the temperature expansion of water and air (53) 
is dozens and hundreds times higher than that of solid 
components of a concrete, the cardinal role of these 
phases in both reversible and non-reversible deforma
tions of the hardening cement paste at the steam curing 
is quite clear. Non-reversible volume changes of 



concrete resulting its expansion after the steam curing 
proves a destructive process in the structure of the 
hardened cement paste (54, 55). The amount of re
sidual expansion of a steam—cured concrete depends 
not only on the rate of expansion of liquid, solid and 
gaseous phases of concrete. It also depends on the 
intensity of the heat—and mass exchange processes. 
In capillary—porous colloid bodies, to which concrete 
also belongs, the phenomenon of the moisture transfer, 
resulted from the gradients of temperature and humid
ity, follows the main law of the transfer of a substance 
(56). Migration of water is a typical factor during the 
process of the concrete structure formation during its 
steam curing. Migration of water and the changing 
capillary pressure in the hardening concrete turn to be, 
at some definite conditions, the main reason of the so 
called “directed” porosity formation of the hardened 
cement paste. In the upper layers of concrete units, 
where the highest change of temperature and of con
ditions in moisture take place, these processes have 
very intensive character (47).

The microstructure of the hardening cement paste is 
different, this resulted from the change of dispersity 
of the newly formed hydrate compounds—depending 
on the hardening temperature. This difference is de
scribed elsewhere (1,2,3,57 ~ 60). At the steam curing 
the number of geleous components in the products of 
hydration decreases, while the amount of crystalline 
phase and the size of its crystals regularly increases. 
The compactness of the hydration products forming 
at the steam curing is 15-20 per cent higher as to com
pare with normal hardening (1). With the increase of 
both the duration and the temperature of isothermal 
heating of concrete units at the steam curing, appear
ing of newly formed compounds having even more 
coarse disperse pattern is noticed (58, 59, 61). In this 
connection it is necessary to remind that physical and 
physicochemical patterns of the structures, formed 
during the hardening of a binding material in many 
respects do depend on the dispersity of the particles of 
the newly formed compounds and on their concentra
tion in a unit of volume (43). The higher is the dis
persity and the concentration of hydrate particles in a 
unit of volume, the more contacts appear between 
them—and the higher their interconnection resulted 
from the actions both of van der Waals and friction 
forces. Therefore the higher is the strength of the 
system as a whole. One of the reasons of unsufficient 
strength during the steam curing as to compare with 
those of common hardening is the enlargement of 
hydrate particles (along with simultaneous decrease of 
contact points)—due to the dissolution of the said 
particles from their being the most unstable elements 

of the structure. Due to the reasons listed, the lessening 
of adhesion between the newly formed crystalline 
formations and between the said formations and other 
structural components of the hardening cement paste, 
the appearance of inner stretching forces resulted from 
the pressure of the crystals growing at the a steam 
treatment might be accompanied by the change of the 
structure and by its weakening. So, the structure of the 
hardened cement paste is constantly changing during 
the steam curing of concrete. And these changes have 
both positive effect (the strengthening of the hardened 
paste) and a negative one (formation of defects in the 
paste and decrease of its strength).

Formation of defected structure at the hydrothermal 
treatment of concretes lies in the influence of some 
physico-chemical factors, these being as follows 
disintegration and the transformation of the metas
table phases formed earlier, re-crystallization of 
hydrated products and packing and re-packung of the 
particles of the hardening system—this accounted for 
more quiet crystals growth condition at the decrease of 
the liquid phase oversaturation, contraction shrin
kage of the hardening system, osmosis etc.

The most of these processes and their role in the 
hardened cement paste destruction have not yet been 
studied enough, however, due to the complexity and 
versatility of the processes, and their manysided 
influence on the qualities of cements and concretes.

One of the displays of the physical constitution of 
a hardened cement paste, this constitution depending 
on the conditions of hydration, is the formation of the 
pore structure. During the recent years there appeared 
a considerable number of scientific works (22, 62-76), 
devoted to the study of the influence of hydrothermal 
treatment at atmospheric pressure on the pore struc
ture of the cement paste.

A sound means to appraise the physical structure 
of a material is its both the general and differential 
porosity. And indeed, the above mentioned destruc
tive process of the cement paste, recrystallization and 
the size-enlargement of hydrated phases, contraction 
shrinkage of the system, specific to the hardened 
cement paste, distinctly reveal in the form of the 
changes of both the general porosity; and the faults of 
the structure of the paste. It also takes the form of 
re-distribution of the general pore structure and pore 
sizes. So, by measuring these parameters, one can 
trace the character and the rate of destruction of the 
cement paste in a hardening concrete this revealing 
in the change of its pore structure. It is experimentally 
proved (68), that the physical features, and durability 
of concretes are directly related to the general pore 
volume and to the porosity pattern of hardened ce- 



ment paste. Table 4 shows the composition of the 
cements investigated.

Table 5 shows the connection between the general 
amount of pore volume and the compressive strength 
of a steam—cured cement paste made on cements of 
various chemical and compound compositions. 
As seen from Table 5, the general amount of pore 
volume is one of the most important factors influ
encing the strength of the hardened cement paste and 
the rate of the change of the strength in the course of 
time.

It is also known that the pore volume of the 
hardened cement paste in a steam—cured concrete 
as a rule is higher than that in a commonly hardened 
concrete. The relation between these two porosities 
depend on the compound composition of the cement, 
the pattern of hydrothermal treatment, the character 
subsequent hardening and W/C, Table 6 contain the 
data concerning the influence of a steam—curing and 
of subsequent hardening on the general porosity of the 
hardened cement paste made from clinkering com
pounds and cements.

Hydrothermal treatment shows also great influence 
on pore size distribution and it is of great importance 
for the durability, strength and for the thermophysical 
features of concrete. On the data available one cannot 
draw a conclusion concerning the pore structure 
change of the hardened cement paste due to the 
hydrothermal treatment, since these date are scare and 
contractionary. Some workers (62, 66) assert, that the 
hardening of cement paste at elevated temperature 
(80-100°C) brings to the pore volume increase to 
increase of the macro-pore fraction (r> l-10"4cm) 
and, quite naturally, to decrease of micro-pore frac
tion (r< 5* 10"5 cm). Other works (22, 67) contain 
the data showing the increase of micropore fraction— 

along with an increase of the general volume of poro
sity.

The investigations of the authors of work show that 
the steam-curing tennis to a preferable increase of the 
porosity of the hardened cement paste along with a 
decrease of micropore phase (r = less than IW Ä).. 
However, the change of the hardened cement paste 
pore structure at the hydrothermal treatment depends 
on some other factors—first of all the composition and 
the properties of cements.

. Compound composition, % .Cements,’ /0 Silica Alumina

Table 4. TNe «tat® of ihe oewnt etseä

No, CgS iS-CaS c3a c4af modulus öroduhis

1 54.35 19.62 11.11 12.49 0.91 1.90 1.66
2 55,88 14.85 5.47 18.18 0.91 1.67 1.01
3 48,33 21.15 7.59 18.27 0.88 1.58 1.12
4 43.52 32.24 10.64 6.66 0.83 3.13 2,46
5 63.0 14.7 4.4 I3.I — ——.
6 23.4 57.4 4.5 12.2 — — —
7 18.7 51.5 12,2 13.4 —
8 62.1 10.8 9.6 13.1 — — —.

Table 5. The effect of porosity of a hardened cement 
paste on its strength

Cement, 
No. W/C

Compressive strength, 
kg/cm2 r General porosity, %

Pre-curing |tirior to 'the steam-curing, imin.

0 30 120 0 30 120

0.4 41 54 93 46.4 43.4 42.3
0.3 277 316 380 25.1 25.3 24.5

0.4 70 87 103 39.0 37.0 37.5
0.3 201 259 256 29.6 28.1 27.0

0.4 0 0 50 49.8 47.5 42.8
0.3 17 55 143 39.6 36.6 31.8

Table 6. The influence of the steam-curing on the amount of the general porosity 
of specimens made from separate compound and from cements

Hardening conditions

Age of specimens General porosity, %, of specimens made from,

normal 
hardening steam-cutting

C3S cäs c3a c4af cement 1 cement 4

Normal hardening 28 days — 17.7 35.6 41.4 16.9 16.0 24.0

Steam-curing, 24-3 + 8 + 1 
hours, at 80°

2 hours
28 days

27.9
26.3

42.9
31.0

43.3
41.5

22.1
20.0

19.4
16.1

26.7
22.1

The Influence of the Binding Material Composition on the Structure 
and the Properties of Hardened Paste and of Concrete

One ofthe main ways to increase the efficiency of the concrete steam-curing is the use of cements having 



optimum properties, which provide formation of a 
necessary composition and the structure of the cement 
paste this giving both necessary qualities and the 
durability of concrete. In this respect of the main 
importance are the compound composition and 
crystallic pattern of the clinker, the composition and 
the fineness of a given cement.

Compound Composition

It has been found (68), that the chemical and com
pound compositions of binding material shows a 
considerable effect on the strengthening of a hardening 
system—since the very beginning of the process. 
Figs. 10 and 11 show the kinetics of the strength gain 
of various hardening cement pastes of normal con
sistency during the first hours of hardening. The sam
ples are prepared from separate compounds and from 
polycompounded cements of various chemical and 
compound composition (Table 4). These data show 
that both structural and mechanical properties of 
the cement paste of a concrete do depend during an 
early term of hardening, on the chemical and com
pound compositions of cement. It is necessary to say 
that there are great variations in the kinetics of deve
loping systems’ hardening. And in its turn all this 
shows a great influence of compound composition 
both on developing structures strength and on the 
rate of a hardening cement paste destruction during 
the temperature rise when hardening. All the aforesaid 
shows the necessity to consider, (when choosing the 
optimal duration of a pre-curing before steam-treat
ment) the structural and rheological properties of 
cement pastes in concretes, these properties being 
defined by the chemical and compound compositions 
of the binding material.

As far as steam-curing is considered, cements of 
high hydraulicity with an increased C3S content are 
referred to as having optimum compound com
position.

The reason of this point of view is, firstly, the higher 
physical test data of steam-cured concretes made 
on such cements and, secondary, the optimum struc
tural and rheological properties of alite cements as to 
liability of being heated.

Figs. 10 and 11 show that tricalcium silicate and 
cement with higher alite content have retarded gain 
of plastic strength at the first hours of hardening and it 
does conform with an induction period at the kinetics 
of tricalcium silicate hydration process (69).

Keeping the paste made from tricalcium silicate and 
cements with higher content of said silicate in the 
plastic, non-consolidated, “form-filling” state for a

Fig. 10. The kinetics of the plastic strength gain of a normal 
consistency paste made from clinker compounds at normal 
hardening
1. C3Si 2. /?-C2S 3. C3A 4. C4AF

Fig. 11. The kinetics of the plastic strength gain of a normal 
consistency paste made from cements of various compound 
composition; temperature—20°C

short period of time before steam-curing, can serve 
as one of the reasons to weaken the destruction of the



hardening system when heated during the steam-cur
ing. Despite this, the increase of pre-curing of the 
paste made from tricalcium silicate up to 12-30 hours 
(69) increases the strength of hardened samples. The 
reasons of these are as follows. During the pre-treat- 
ment at normal temperature, the products of hydra
tion of higher dispersity have more points of coales
cence. This, in its turn brings to the formation of an 
optimum structure, providing higher strength after 
the steam-curing and during the subsequent normal 
hardening.

Table 7 shows the data of strength and hydration 
rate tests of samples made from separate compounds 
and from cements of various compound composition. 
Hydration rate tests were conducted on an “ignition 
loss” basis. The samples hardened in normal condi
tions as to the temperature and humidity. The heating 
pattern was 1.5 + 8 + 1.5 hours; isothermal tem-

Table 7. Compressive strength (kglcm2), and hydration rate 
(ignition loss, %) of samples made from separate compounds 
and from cements of normal hardening and steam-cured at 
1.5 + 8 + 1.5 hours, at 90°C

Compound

cement

Normal hardening, age After the steam-curing, 
at the age of

7 days 28 days 30 minutes 28 days

Rfompr. loss Rcompr.
Ign.
loss Rcompr.

Tgn.
loss Rcompr.

Ign.
loss

C3S 300 10.9 520 13.6 200 10.0 265 11.3
/3-CjS 55 2.6 320 6.4 100 2.7 410 6.7
c3a — — 65 27.1 15 22.9 10 24.8
c4af __ 380 13.9 280 17.2 345 17.5
Cement 5 — __ 950 10.1 710 8.0 860 11.7
Cement 6 —— __ 775 9.9 570 8.6 760 11.2
Cement 7 — 760 7.9 375 7.1 600 10.7
Cement 8 — — 900 10.3 540 9.9 630 11.4

perature of 90°C. Pre-treatment of moulded specimens 
before steam-curing was 10-12 hours. Tests were 
conducted on specimens 1.41 x 1.41 x 1.41 cm made 
from normal consistency paste. The specimens of 
normal hardening were kept in air-humid environ
ment at room temperature. Steam-curing was per
formed in forms covered with metallic plates. Cements 
No 3,5 and 7 were burned on a pilot rotary kiln from 
the same raw materials and the same conditions, 
while cement No. 8 was a commercial one. Cements 
and separate compounds were ground in laboratory 
mills up to 3,000 cm2/g (by air-permeability method). 
When grinding, gypsum was added to cements and to 
alumina-bearing compounds. Tables 8 and 9 contain 
the porosity data of the same samples, the data being 
obtained by means of a hydrargyrum porosimetry. 
This method was used to measure the pore volume in 
the range of 20 microns—40 A. For convenience to 
discuss the results, the pores are divided into four 
subdivisions as to their sizes. Pores having rj > 104 Ä 
—“coarse” pores; those having 104 A > r2 > 103 A— 
capillary macropores; those having r = 103 A > 
r3 > 102 A—“intermediate" pores and those having 
r 102 A > r4 > 40 A—micropores.

These data show that the strength value of trical
cium silicate is next to that of tricalcium alumino- 
ferrite. However, to distinct from C3AF, the steam
curing of C3S brings to unsufficient use of its binding 
properties, and the steam-cured samples of C3S are of 
2-2.5 times lesser strength as to compare with 28 
days’ normal hardening.

Subsequent hardening of C3S steam cured samples 
at normal temperature and humid conditions brings 
about a noticeable strength gain; the kinetics of this 
process depends on the pattern of hydrothermal

Table 8. Structural porosity of specimens made from separate compounds

Compound

Specimen age
- General - 

porosity, 
cm3/g -

The distribution of pores by their radii and volumes

after the 
steam-curing

normal 
hardening

ri > 104Ä 104 A > r2;> 103 A 103 A > r, ;> 102 A 102 A > r4 ;> 40 A

cm3/g % cm3/g % cm3/g % cm3/g %

30 mm. 0.1792 0.0195 10.9 0.0900 50.2 0.0475 26.5 0.0222 12.4
28 days _ 0.1406 0.0095 6.7 0.0530 37.7 0.0480 34.1 0,0301 21,4

7 days 0.1397 0.0140 10.0 0.0500 35.8 0.0477 34.2 0.0280 20.0
— 28 days 0.0775 0.0070 9.1 0.0036 4.6 0.0394 50.8 0.0275 35.5

30 min. 0.2155 0.0107 5.0 0.1120 52.0 0.0808 37.5 0.0120 5.5
28 days __ 0.1406 0.0080 5.7 0.0290 20.6 0.0802 57.1 0.0234 16.6

7 days 0.2233 0.0080 3.6 0.1253 56.0 0.0707 31.7 0,0193 8.7
— 28 days 0.1444 0.0054 3.6 0.0316 21.9 0.0815 56.4 0.0249 17.1

30 min. 0.2888 0.1850 64.0 0.0810 29.2 0.0100 3.5 0.0128 4.5
C3A 28 days __ 0.2831 0.1808 63.9 0.0760 26.9 0.0200 7.0 0.0063 2.2

28 days 0.2201 0.0282 12.9 0.1273 57.8 0.0423 19.2 0.0223 10.1

30 min. 0.0928 0.0025 2.7 0.0460 49.5 0.0250 27.0 0.0193 20.8
c4af 28 days 0.0754 0.0024 3.2 0.0191 25.4 0.0280 37.1 0.0259 34.3

- 28 days 0.1041 0.0062 6.0 0.0338 32.5 0.0521 50.0 0.0120 11.5



The distribution of pores by their radii; their volumesSpecimen age

Table 9. Structural porosity of specimens made from polycompounded cements

Cements, 
No. after the 

steam-curing
normal 

hardening

General -
porosity, 

cm3/g -
n > 104Ä 104 A > r2;> 103 A 103 A > r3 ;> 102 A 102Ä>r4:> 40 A

cm3/g % cm3/g /o cm3/g % cm3/g %

30 min. 0.0903 0.0044 4.9 0.0096 10.6 0.0490 54.3 0.0273 30,2
5 28 days _ 0.0398 0.0028 7.0 0.0051 12.8 0.0125 31.4 0.0194 48.8

— 28 days 0.0401 0.0095 23.7 0.0039 9.7 0.0086 21.4 0.0181 45.2

30 min. 0.0996 0.0060 6.0 0.0055 5.5 0.0700 70.3 0.0181 18.2
6 28 days — 0.0488 0.0026 5.3 0.0046 9.4 0.0150 30.8 0.0226 54.5

— 28 days 0.0430 0.0035 8.1 0.0039 9.1 0.0222 51.6 0.0134 31.2

30 min. 0.1213 0.0044 3.6 0.0466 38.4 0.590 48.6 0.0113 9.4
7 28 days — 0.0764 0.0062 8.1 0.0041 5.4 0.0433 56.7 0.0288 29.8

— 28 days 0.0510 0.0045 8.8 0.0064 12.5 0.0188 36.9 0.0213 41.8

30 min. _ 0.0889 0.0039 4.4 0.0080 9.0 0.0580 65.2 0.0190 21.4
8 28 days — 0.0551 0.0039 7.0 0.0023 4.2 0.0248 45.0 0.0241 43.8

— 28 days 0.0418 0.0104 24.9 0.0022 5.3 0.0092 22.0 0.0200 47.8

curing. The softer are the conditions of hydrothermal 
during, the more efficient the subsequent hardening is, 
and the more complete is the use of the binding 
features of this compound. However it is necessary to 
say, that the softer is the hydrothermal curing, the 
lower is the strength gain of C3S samples just im- 
mediatelly after the steam-curing (see Tables 7 and 10). 
The strength data of C3S samples attained at different 
conditions hardening, well correlate with their cumula
tive porosity and the pore size distribution (by sizes). 
So, the less strength corresponds to increased values of 
cumulative porosity and to relative more coarse pore 
structure. All this well agrees with the present views. 
Concerning the coarse crystallization of new hydrated 
compounds during the steam-curing of cements. 
It is quite naturally that C3S samples having nearly 
the same porosity have similar cumulative porosity 
and the same distribution of pore volumes (by their 
radii).

As to compare with ^-dicalcium silicate, the trical
cium silicate just after the steam-curing gives the 
structure of lower porosity and higher strength. This 
is probably the answer of why so many workers 
preferably recommend alite cements for steam-curing. 
It is necessary to say however, that the efficiency of 
hydrothermal curing, ß-CTS—as to compare with 
common hardening,—has quite distinct advantages 
over tricalcium silicate (3), since it is belite cements, 
which more completely reveal their binding qualities 
when steam-cured, especially when to consider their 
kinetics of their subsequent hardening. As seen from 
Tables 7 and 10, steam-cured samples of dicalcium 
silicate show maximum relative strength gain during 
the subsequent hardening; the strengthening of the 
“j9-C2S + water” system corresponds to the sharp

Compressive strength, kg/cm2

Table 10. Strength of specimens made from separate compounds, 
hardened at various conditions (by S. A. Mironov and L. A. 
Malinina (52))

Compound at normal hardening during
after the steam-curing 
at 2 + 6 + 2 hours, 
80°C, at the age of

7 28 180 365 3 hours 28 days

c3s 322 466 512 584 98 409
y-c,s 24 42 193 325 19 154
c3a 118 124 0 0 0 0
C,AF 300 384 493 595 440 546

drop of the cumulative porosity (this drop being one 
and half times during 28 days) and redistribution of the 
pore volume resulting to the decrease of their sizes 
(Table 8). Similar regularity is observed in case of 
polycompounded cements (Table 7 and 9). Though 
this regularity is of less distinct character through 
mutual influence of all hydrating compounds. Inten
sive hardening after steam-curing, typical for concretes 
made with alite cements in many cases brings these 
concretes to attain (at 28 days) the strength values of 
concretes of similar composition but hardened in 
common condition. This is rarely observed in case of 
concretes on alite cements. Nevertheless one can 
agree with the opinion (70-72), that higher ^-C2S 
content in cements destined for steam-curing, is 
undesirable since these cements give just after the 
steam-curing, low strength values—especially at 
shortened periods of hydrothermal treatment. The 
strength increase of such concretes is possible through 
a more prolonged pre-curing (at shortened steam
curing) and through a prolonged isothermal heating. 
In the last case the strength of belite cements amounts



to 70 per cent of a standard compressive strength (73) 
or lower—depending on the content of other com
pounds—first of all C3A (Table 7). Higher C3A 
content sharply lowers the strength of steamed alite 
cements (No. 5 and 8) and belite cements (No. 6 and7) 
and practically doesn’t influence their strength when 
hardening at normal temperature and humid condi
tions. Immediately after the steam-curing, the strength 
of low-alumina cements No. 5 and 6 amounted 73-75 
and of high-alumina cements—50-60 per cent of the 
strength of 28 days normally hardened samples. 
After 28 days of steam-curing, the relative strength of 
these cements amounted respectively 90-98 and 70-79 
percent of the said strength. As a rule, the steam-cured 
concretes with higher C3A content have increased 
porosity. The above said is in accordance with the 
recommendations (70, 71, 73) concerning the perfer- 
able use of alite cements with lower content of trical
cium aluminate (up to 4-5 per cent) for hydrothermal 
treatment, the lowest content of C3S in these cements 
being 45 ~ 60 per cent. Hydrothermal treatment of 
low alumina cements along with sufficient isothermal 
curing provides for high strength with a well pro
nounced trend to a subsequent strength gain at normal 
temperature and humid conditions. The use of these 
cements is obligatory when it is necessary to fabricate 
concrete articles of higher durability and of higher 
resistance to the influence of the environment.

However, at accelerated steam-curing of concretes 
one would recommend the use of cements with higher 
content of tricalcium aluminate along with moderate 
or higher content of alite (1, 30, 37, 70,72). In this case 
tricalcium aluminate can be referred to as a com
pound, increasing the speed and the rate of C3S 
hydration (57). From another point of view, C3A can 
also be referred to as a phase taking an independent 
part in making high strength of the hardening cement 
paste—at the condition of an optimum increased as to 
compare with usual content of sulphuric anhydrid in 
the cement of a sufficient fineness (72).

There are some works (74, 75) in which the allowed 
tricalcium aluminate content in cements able to 
efficient hardening when steam-cured, is considered in 
connection with alite content. The authors (74) 
think, that for the steam curing at 100°C during 3 
hours, cements having more than 55 per cent of C3S 
and up to 4-5 per cent of C3A are suitable. If the alite 
content is near 50 per cent, then the C3S content might 
be increased up to 11 per cent. In other words some 
increase of C3A in clinker to some extend allows to 
decrease the alite content in a concrete subjected to a 
short-termed steam-curing (75).

The most harmful changes give the steam-curing 

of samples made from neat tricalcium aluminate. In 
this case the steam-curing brings to sharp decrease 
of strength of the compound-this being of a lower 
strength even without steam-curing. It cannot be 
explained by a lesser hydration rate, basing on the 
amount of combined water in samples (Table 7), 
since the cubic calcium aluminate hydrate makes 
loose structures and can not form dense protective 
films around the remnants of unhydrated grains, 
these films preventing the further hydration of the 
said grains. The increased amount of combined water 
in C3A samples of natural hardening is probably the 
result of the presence in them of some hexagonal 
crystalline hydrates containing some higher amount of 
water. This supposition can be proved by a higher 
content of micropores in normally hardened C3A 
samples—as to compare with steam-cured samples. 
Low strength of C3A samples corresponds to their 
higher (as to compare with other compounds) cumu
lative porosity and to their prevailing content of 
coarse and macropores (r, + r2). Hydrothermal 
treatment aids a considerable change of the pore 
structure of tricalcium aluminate. In these conditions 
the content of coarse and macro-pores (over 90 per 
cent in steam-cured samples as to compare with 70 
per cent in normally hardened samples). It is necessary 
to say that pore sizes in steam cured samples are 10 
times larger and the general value of the cumulative 
porosity is 25 per cent higher as to compare with C3A 
samples of normal hardening. Therefore the low 
strength of C3A and detrimental influence of hydro
thermal curing might be well explained through the 
structural features of hydrated phases of this com
pound.

And indeed, the main reason of the low strength of 
this compound lies in the formation of a coarse 
crystalline frame composed from the cubic tricalcium 
aluminate hydrate (having six moleculae of water) 
of a higher homogenity of pores and in the loose bond 
between its separate crystals. The cases when said 
compound is of any noticeable strength coincide with 
the presence in the hydration products of hexagonal 
crystalline hydrate phases, these providing the forma
tion of a more strong crystallic structure.

Subsequent storing of steam-cured samples of C3A 
at air-humid conditions does not bring about any 
noticeable changes in the structure developed during 
the steam-curing.

The highest strength during the steam-curing of 
clinkering compounds gives the C4AF (Table 7 and 
10). The strength of steam-cured samples made from 
this compound turned to be some lower as to compare 
with the normally hardened samples. This is in 



accordance with the most of the earlier data. High 
strength of C4AF samples well agrees with minimum 
cumulative porosity and with minimum pore fraction 
having radius more than 103 Ä (r, + r2)—as to com
pare with other compounds. The pores of the said 
dimension (r > 103 Ä) might be considered as a 
factor lowering the strength of the hardened cement 
paste. In any case it refers more to the said pore 
dimension rather than to the smaller pores. It has 
been found (76) that destructive phenomenae during 
the steam-curing bring to the pore sizes’ enlargement.

It is specific for C4AF steamed samples that they, 
as to compare with those of normal hardening, have 
increased content of micropores (102 A > r4 > 40 A) 
and of combined water. It agrees well with the supposi
tion that iron component of C4AF hydrates more 
completely, this being accompanied—as it is known— 
by the formation of geleous products. These products 
can contribute to the compensation and healing of 
structural defects of aluminate carcass which appear at 
C4AF steam-curing. Our ealier data show that at 
C4AF steam-curing, the newly formed compounds are 
of more disperse pattern as to compare with those of 
normal hardening. It agrees with the supposition ex
pressed. Specific surface data obtained by low temper
ature adsorption of nitrogen were 12.4 and 9.6 m2/g 
respectively—i.e. two times higher than that for newly 
formed phases of the samples of other compounds. 
Table 9 shows that there is no unfavourable change of 
C4AF structural porosity as a result of hydrothermal 
curing of this compound. It is necessary to say however 
that the presence of this compound in clinker (10-15 
per cent usually) makes no material influence on the 
strength of a steam-cured concrete (72, 77). Moreover, 
there are some data (77) that at higher C4AF content 
in clinker (20 per cent), the strength of a steam-cured 
concrete lowers significally.

Crystalline Structure

Considering that the form of crystals and the 
crystalline structure of alite and belite, these being 
main phases of portland cement, strictly depend 
on their crystallic lattices, one can judge the hydrauli- 
city of a cement by the crystalline pattern of said 
compounds in it.

Based on a long year experience in the quality 
control of clinkers and cements of the USSR, the 
authors (78-80) came to conclusion that regular form 
of crystals of the main compounds of clinker corres
ponds to higher quality of cement. Fig. 12 shows the 
optimum microstructure of clinker. However, if either 
distorted or partly broken crystals prevail, then the

Fig. 12. Microscopic structure of a laboratory burnt clinker; 
the structure is near to an optimum one. (Reflected light, 
X400) .

cement made on this clinker would have decrease 
strength. This dependence has been traced by the 
authors on clinkers of 80 cement plants. Cements 
made with these clinker hardened in usual steam
curing on 1.5-3-1 hours pattern—at 95-96°C.

Polyhedral and poorly developed crystals of alite 
and granular or strongly hatched crystals of belite 
more oftenly bring about lower hydraulicity. The 
presence on alite crystals of a “boarder” consisting 
from the secondary crystals of belite and appeared as a 
result of C3S disintegration, is also both the reason and 
the sign of a slow hardening of cement—during the 
first period at least. However, the macrodefects cannot



Table 11. Compressive strength of specimens made from cement 
consisting from a clinker with various admixtures

Deformation 
admixture

Amount - 
of the 

admixture.

Air-humid storing

age, days

After the steam- 
__ curing at

1.5 + 8 + 1.5
horns, 100°C

0.5 1 3 28 age, 
30 min 28 days

— 0.0 29 91 156 82 144 153

0.5 22 70 127 131 121 155

Cr2O3 1.0 16 56 105 126 105 128
1.5 14 56 87 81 184 133
2.0 38 93 171 163 123 236

0.5 17 61 140 171 123 182
1.0 12 56 163 128 156 158
1.5 7 48 200 200 219 169
2.0 7 33 136 132 106 128

0.5 53 103 170 201 161 170

SO3 1.0 53 94 141 211 151 162
1.5 66 111 179 192 150 188
2.0 48 88 125 128 116 171

be considered as a sufficient sign of the hydraulicity of 
cement. The main role in changing the hydraulicity of 
crystals of compounds and of the binding material as a 
whole belongs to the structure of crystalline lattices of 
separate compounds. Depending the character of the 
change in lattice composition, defects can result to 
either decrease or increase of the hydraulicity of a 
compound. For example, the defects appeared during 
the occlusion of aluminium oxide, titania, sulphuric 
anhydride and of some other compounds into the 
C3S lattice, contribute to the acceleration of the surface 
reaction and to the strength gain of the system. Of 
course, besides providing for pertinent defect, it is 
necessary to provide for their optimum concentration 
in crystals. The excess of different (by type) and oppo
site (by sign) defects in a crystal can bring about the 
lowering of its interconnection with H+ and OH" of 
water. Table 11 contains data showing complex 
character of the hardening of cements containing the 
admixtures which deform crystals at 20-100°C temper
ature range. So, 0.5-2.0 per cent of Cr2O3 results to a 
small decreased of samples’ strength immediatelly 
after steam-curing; at the age of 28 days the articles of 
cements, having 0.5 and 2.0 per cent of chromium 
oxide show higher strength. The addition of 2 per cent 
of Cr2O3 is of the most efficient influence. For normal 
conditions of hardening L. D. Yermakov (81) and 
M. M. Sychev (82) recommend 0.15-0.30 per cent of 
Cr2O3 admixture. The addition of 1.0-1.5 per cent of 
P2O5 and 0.5-1.5 per cent of SO3 also positively influ
ence the steam-curing.

When providing for the conditions in clinker to 
form alite and belite crystals, optimum as to their size 

and structure, it is also helpful to provide for the 
conditions to form these phases as particles of a de
finite size. Some articles (83-84) point out positive 
influence of fine crystalline pattern of clinker on the 
hydraulicity of cement. Along with there are some 
works (78) mentioning about the obtaining of high- 
strength cements from coarse-crystalline clinkers. 
Such contradictory data are conditioned by the fact 
that the researchers, when studying the influence of 
alite crystals on the properties of cement, considered 
neither the structure of crystals nor the fineness of 
clinker ground. It is rather probable, that the conclu
sion concerning influence of alite crystals’ size on the 
properties of cement can be drawn just in case when 
the particle size of the given cement is commeasurable 
with the size of C3A crystals. In all other cases it is 
necessary to consider many attendant factors—for 
example: 1) the character and the rate of a coarse 
crystals grinding; 2) aggregative character of fine 
crystals in the particles of cement; 3) the rate of 
coverage of alite crystals’ surface with the interstitial 
phase; 4) compound composition of separate cement 
particles; and some other factors.

At the steam-curing, the hydraulicity of cements 
having nearly the same compound compositions, and 
made with clinkers of some 3,000 cm2/g specific 
surface, these clinkers consisting from different sized 
crystals of alite and belite, was commeasurable. 
3—hours steam-curing at 95-100°C of cements of the 
like compound composition, made from clinkers 
having approximately 3,000 cm2/g fineness and consist
ing from alite and belite crystals of various sizes, 
showed very similar strength. Therefore size of alite 
and belite crystals is not the factor of a noticeable 
influence on the strength of steam-cured units. It is 
at 4,500-6,000 cm2/g fineness of cement the positive 
influence of the clinker fine crystalline pattern reveals 
more distinctly. 20-40 microns are optimum for the 
change of the size of alite crystals for the similar 
conditions.

Fineness of Cement

Hydration kinetics of cement rises as its fineness 
increases. Table 12 contains data showing the hydra
tion rate of various fractions of clinker powder.

The rise of hydration rate when their fineness in
creased, brings about some higher density of the form
ing hardening cement paste due to the formation of a 
great amount of hydration products. Further increase 
of the fineness of cement over a certain limit brings, 
however, to a decrease of the hardened cement paste 
density due to the increase of both the water consump



tion of the binding material and of contraction shrink
age of the “water—cement” system.

The study of a hardened cement paste physical 
structure shows its some definite relation to the fine
ness of cement. The increase of the specific area of 
cements within the range of 3,000-6,000 cm2/g tends 
to some decrease of the summary porosity and to the 
re-distribution of the hardened cement paste pores 
volumes, namely—to the increase of the coarse pores 
volume—on the account of the volume of micropores. 
Table 13 shows that the change of properties of a 
steam-cured hardened cement paste, this change being 
connected with the fineness of these cements, is also 
defined by the compound composition of said ce
ments. The fineness increase of belite cements proved 
to be more efficient than that of alite cements.

The fineness of cement shows noticeable effect on 
the character of structural changes in the steam-cured 
hardened cement paste at its subsequent hardening at 
normal temperature and moisture conditions. In this 
case the increasing of cement fineness brings to a more 
coarse-voided structure of the hardened cement paste 

to form. The process of the re-distribution of the pore 
structure of the hardened cement paste during its 
ageing is probably connected with the crystallization 
process and with the densification of the geleous phase 
of hydration products. The influence of a cement 
fineness on the process of the re-distribution is in 
accordance with the pertinent changes of cements 
hydration rate.

The Material Composition of Cement

The problem of using cements containing finely 
ground mineral for making concretes subjected to 
steam-curing is a disputable one. Some authors think 
(85, 86) that for such concretes only “netclinker” 
cements should be used, which contain no any mineral 
admixtures but gypsum. Such an assertion is based 
on the fact that the addition of more oftenly used 
admixtures such as ground silica sand, blast-furnace 
slags and hydraulic products lowers the strength of 
concrete, though in separate cases the improvement of 
some other features is noticed—e.g. the resistance 

Table 12. The kinetics of hydration of the fractions of a clinker powder

Size of a clinker 
powder grains, 

microns

The amount of water combined during .

1 hour 3 days 7 days 28 days

%, weight ' to compare 
with 28 days %, weight to compare 

with 28 days %, weight /o, to compare 
with 28 days %, weight

0-7.5 10.71 58 14,63 79 15.02 81 18.45
0-20 6.58 37 9.39 53 11.02 62 17.65

20-42 1.85 19 4.8 50 7.8 82 9.5
42-63 1.18 17 3.32 48 4.71 69 6.86
63-80 1.02 20 2.67 52 3.28 64 5.12
80-200 0.60 16 1.9 51 2.73 74 3.69

Table 13. The effect of the cement fineness on the properties of a steam-cured hardened cement paste

Specific 
surface, 
cm2/g

Specimen General 
porosity, 

cm^/g

Pores distribution by their radii and their volume Com- Amount
Cement, 

No.
age after 

the 
steam-curing cm3/g

10* Ä

%

10*A>r2;

cm3/g

> 103 A 103Ä>r3;

cm3/g

> 102 A 102 A > r4 > 40 A

cm3/g %

pressive 
strength, 
kg/cm2

of 
combined 
water, %

2500 30 min 0.0903 0.0044 4.9 0.0096 10.6 0.0400 54.3 0.0273 30.2 710 8.03
28 days 0.0398 0.0028 7.0 0.0051 12.8 0.0125 31.4 0.0194 48.8 860 11.67

3500 30 min 0.0906 0.0052 5.7 0.0061 6.7 0.0537 59.3 0.0256 28.3 690 10.86
28 days 0.0303 0.0047 15.5 0.0036 11.9 0.0096 31.6 0.0124 41.0 800 —

4500 30 min 0.0825 0.0021 2.5 0.0046 5.6 0.0446 54.1 0.0312 37.8 715 12.18
28 days 0.0281 0.0050 17.8. 0.0041 14.6 0.0099 35.2 0.0091 43.4 750 —

2500 30 min 0.0996 0.0060 • 6.0 0.0055 5.5 0.0700 70.3 0.0181 18.3 570 8.55
28 days 0.0488 0.0026 5.3 0.0046 9.4 0.0150 30.8 0.0266 54.5 760 11.6

3500 30 min 0,0753 0.0028 3.7 0.0020 2.7 0.0472 62.7 0.0233 30.9 700 10.46
28 days 0.0375 0.0034 9.1 0.0045 12.0 0.0087 23.1 0.0209 55.8 950 —-

4500 30 min 0.0817 0.0043 5.3 0.0040 4.9 0.0485 59.3 0.0249 30.5 750 11.54
28 days 0.0286 0.0051 17.8 0.0044 15.4 0.0107 37.4 0.0084 29.4 810 —



against agressive solutions etc. At the same time many 
studies in the recent years (87 ~ 89) have shown that the 
use of a high quality blast-furnace portland cement for 
steam-curing gives a concrete of high technical values 
and excellent durability.

Table 14 contains data considering the efficiency 
of the steam-curing of concretes with various cements. 
These data show that the steam-cured portland blast
furnace slag cement is not much inferior to a “neat” 
portland cement—as their absolute strength values and 
the strength gain are concerned.

The study of the hardening of the portland blast
furnace slag cement at steam-curing (88) has shown 
that the best results are obtained when this cement is 
steam-cured at elevated temperature. The increase of 
duration of the steam-curing is more favourable for 
the blast-furnace portland cement rather than for 
portland cement (See Table 15).

It is specific for portland blast-furance slag cement 
concretes that they have a less shortage of the strength 
gain during the steam-curing and at subsequent 
hardening as to compare with portland cement con
cretes.

Note: numerator: compressive strength, kg/cm2; denominator, per cent 
of the standard strength.

Table 14. The influence of a kind of cement on the steam-curing 
effect of concrete (1.5 + 8 + 1.5 hours, at S0°C) (by S. A. 
Mironov and L. A. Malinina data (52))

Cement, kind

Compr. 
strength, 
28 days 
norm, 
hard., 

kg/cm2

Cement 

sumption, 
kg 

per m3 
concrete

W/C

Compressive 
strength, kg/cm2

Compressive 
strength, 

kg/cm2
age

28 days

Pozzolanic
233
68

326 
95

Portland 
cement

446 340 0.42

Portland 
blast-furnace 
slag cement

412 320 0.42
330
72

424 
93

Portland
430 333 485

cement 275 0.4 74" 107*

The main difference between the portland blast
furnace slag cement and the portland cement—both 
having hardened at the steam-curing—is that the 
portland blast-furnace slag cement contains less of 
hydrolytic calcium hydroxide and more of low basicity 
silicate hydrates. These silicate hydrates in the harden
ing blastfurnace portland cement paste are mainly 
represented by a unibasic silicate hydrate of the tober- 
morite group with a trace of silicate hydrate, C2SH/ 
A/(89).

To obtain portland blast-furnace slag cement of an 
efficient hardening while steam-cured, it is advisable 
to use clinker of increased C3S and C3A contents. 
The contents of clinker, granulated blast-furnace slag 
and of gypsum should be designed in consideration of 
the features of these materials. Blast-furnace portland 
cement should have higher fineness.

Good results to intensity the hardening of concretes 
while steam-curing are obtained (38) by designing the 
material composition of cement. The authors of this 
work have advanced an idea that cements whose 
hardening is mainly based on the formation of calcium 
aluminate sulphates, should increase their strength at 
steam-curing more rapidly than the portland cement 
whose hardening is mainly based on the formation of 
silicate hydrates bond. On this idea the authors have 
offered a “four-component” cement consisting from 
portland cement (58~65) percent, aluminous cement 
(or high alumina metallurgical slags) (3-7 per cent), 
CaSO4 • 2H2O (7-10 per cent) and hydraulic admixture 
(23-28 per cent).

Both aluminous compound and increased amount of 
CaSO4-2H2O are added to increase the amount of 
calcium aluminate sulphate hydrates during the first 
stage of hardening. It is known that this crystalline 
hydrate forms at the hardening of portland cement but 
its amount is not sufficient to provide for a substantial 
strengthening of the hardened cement paste while 
its steam-curing. Calcium aluminates contained in 
portland cement clinker reveal insufficiently during 

Table 15. The influence of a kind of cement on the efficiency of various steam-curing pattern 
(IVl’C = 0.56: cement consumption—280 kg]m3)

(by S. M. Royak, A. F. Cherkasova and E. T. Yashina data (88))

Amount of 
additions

Compressive
Compr. str. (kg/cm2). 1 hour age after the heating by patterns, hours

Cement, kind

strength, 
28 days 3 + 4 + 2’- 3+6 + 2 3 + 8 + 2

in a cement norm, hard., 
kg/cm2.

Isothermal heating, t, °C
(tripoli earth) “GOST 310-41” 80 : 90 : 100 70 : 80 : 90 70 : 80 : 90

Portland cement 0/5 564 146 144 139 123 148 159 170 — 132

Portland blast furnace 
$lag cement 33/15 436 144 161 176 134 161 184 140 171 185



the grinding of cements and therefore the main amount 
of these aluminates can react with gypsum only at the 
later stages of the hardening. According to some data 
(38) only 30-50 per cent of alumina content of portland 
cement can be used for calcium aluminate sulphate to 
form during the first period of hardening.

The solubility of calcium aluminates in the liquid 

phase is suppressed by the calcium oxide hydrate, 
formed at the C3S hydrolysis. Hydraulic admixture 
introduced into the above-mentioned cement aims to 
lower the CaO concentration in the mortar, thus in
creasing the solubility of calcium aluminates and— 
therefore—increasing the rate of formation of calcium 
aluminate sulphate hydrate.

The Influence of Various Technological Factors on the Structure 
and on the Properties of the Hardened Cement Paste and of Concrete

Water-Cement Ratio and the Method 
of Moulding

The water content in a moulded concrete article is 
of the primary influence as to the quality of concretes 
of both normal hardening and even in a grater rate at 
steam-curing. The presence of water is necessary for a 
normal hydration and hardening of the cement in a 
concrete; the content of water immensely influences 
the kinetics and the completenes of these processes 
(91~94). It also influences the workability of a con
crete mix. Besides, water is a concrete mix component, 
which takes part in destructive processes of a concrete 
during its hydrothermal treatment. Considering this, 
it is necessary to obtain maximum lessening of the 
water content in a concrete mix. The free water, which 
evaporates during the hardening, as well serves as the 
main factor of the pore structure of the hardened 
cement paste along with the entrained air and with 
the pores of contraction. When steam-curing, the 
W/C ratio influences the qualities and the durability 
of concrete. It also influences the optimum duration 
of separate periods of hydrothermal treatment. The 
lowering of the W/C ratio allows to shorten the pre
treatment and to increase the rate of temperature 
rise during the steam-curing of the concrete. It also 
provides for the possible shortening of an isothermal 
heating of concrete and increasing its temperature 
(95). When freshly moulded concrete is being heated, 
the role of water in increasing the porosity of the 
hardened cement paste depends on the thermic ex
pansion of the water. It also depends on the migra
tion of highly disperse droplets and vapours through 
the capillary pores as a result of the temperature and 
moisture gradients of the concrete body. W/C ratio is 
also of a great importance for the kinetics of the 
structural and mechanical consolidation of the 
hardened cement paste. Accelerated consolidation of 
the hardened cement paste structure at lowered W/C 
(Fig. 13) is one of the reasons permitting to intensify 
hydrothermal treatment.

There is a spread opinion (52) that high strength 
concretes with low W/C made from stiff concrete 
mixes can be steam-cured using shorter time-patterns 
as to compare with low-strength concretes of plastic 
consistency. But even in case of stiff mixes the lowered 
rate of temperature rise is possible. The lowering of 
W/C in a concrete mix increases its absolute strength 
and provides for its more rapid hardening (75). When 
considering the W/C ratio, it is necessary to remember 
that its change brings about the change of the work
ability (stiffness) of a concrete mix and, therefore, it 
defines the method of tamping when moulding the 
concrete articles. In commercial scale the use of lean 
concrete mixes is restricted with the difficulty of their 
tamping. Efficient tamping of stiff concrete mixes 
requires for special equipment; along with, it com-

Fig. 13. The effect of the W]C ratio on the cements plastic 
strength. Curves 1,2,3—cement 1, WjC ratio—0.4, 0.3, 0.2 
respectively.
Curves T, 2'", 3'—cement 3, WjC ratio—0.4, 0.3, 0.2 respec
tively



Table 16. Strength, porosity, bulk weight and moisture content of a steam-cured hardened cement paste

Rc«mpr. . kg/cm2 General porosity. % Bulk weight g/cm3 Moisture content %

W/C Cements No. The way of moulding

1 3 1 3 1 3 1 3

0.60 72 0 45.4 52.2 1.43 1.26 19.2 27.1
0.50 71 12 43.0 49.2 1.46 1.36 21.6 „ 23.9 Pouring

0.40 93 50 42.3 42.8 1.46 1.54 18.0 20.5
0.30 380 143 1 24.5 31.76 1.95 1.77 10.6 14.7 Jolting, 100 times

0.25 417 246 23.2 27.14 1.98 1.96 10.5 12.9
0.20 565 377 20.6 17.53 2.04 2.28 7.5 7.7 Vibration, 30 seconds

0.15 580 190 14.3 23.29 2.17 2.14 6.3 10.4 Pressing, force
0.10 616 202 15.6 23.86 2.16 2.20 7.3 10.2 = 600 kg/cm2

cost. Therefore a commercial concrete should be not 
lower than 0.3.

Table 16 shows the influence of the W/C ratio and 
of the method of concrete tamping on the strength and 
physical data of a steam-cured hardened cement paste. 
One can see from these data that the lowering of 
W/C ratio brings to the sharp of the hardened cement 
paste strength, to a favourable change of its general 
porosity, of its bulk weight, of its moisture content 
after the steam-curing. In other words, the parameters, 
reflecting the structure of the hardened cement paste 
immensely and favourably change.

It is of a great importance that the increase of W/C 
ratio immensely changes the structural porosity of a 
steam-cured hardened cement paste. In such a case the 
volume of coarse capillary pores increase (Table 17) 
and this is one of the main reasons of lower durability 
and lower frost resistance of steam-cured concretes 
made at high W/C ratios. High content of coarse pores 
and macropores in a hardened cement paste of higher 
W/C ratio is, as it was previously said, due to the fact 
that during the steam-curing, free water increases the 
pores’ sizes in a steam-cured hardened cement paste. 
Moreover, B. G. Skramtaev, T. I. Gorchakov and 
M. M. Kapkin (76) show that the pattern of the change 
of a hardened cement paste during the steam-curing is 
greatly defined by the W/C ratio. In other words the 
hardened cement paste of low W/C ratio (0.3-0.4) is 
turning to be more dense during the steam-curing, 
while that of higher W/C (0.5-0.6) is turning to be 
more porous. .

The W/C ratio greatly influences the residual water 
content (i.e.—after the steam-curing) of a hardened 
cement paste (Table 16) which, in its turn, greatly 
defines the hardening of the paste at normal tempera
ture and humid conditions. Table 18 contains data 
showing the strength gain of steam-cured cements

Table 17. Pore size distribution in cement specimens at 100°C 
by “0 + 2 + 0 hours” pattern 1 

Distribution of 
the pores sizes 
by their radii

W/C General • 
porosity

.fxti over 1CMÄ over 10>A . , . . included

Notes

0.50 46.9 56.0 26.3
For the 100%-porosity serves 
that one of specimens tested

0.25 25.5 15.0 10.9 by the kerosene oversaturation
0.20 22.2 13.0 8.6 method. Samples tested at the
0.15 16.4 19.0 11.5 age of 30 minutes after the

steaming

Table 18. The W/C ratio effect on the strengthening of a 
steam-cured hardened cement paste at subsequent hardening 
at normal temperature-humid conditions 

w/c
Rate of the strength 
gain, age 28 days, 
multiplicity factor

cement 1 cement 3

Mode of 
moulding Notes

Pouring tt, « .hr0.50 4.2 — 6 The strength of
—-------- --------------------------------------------------------------- specimens, age

0,40 3.7 4.9 Jolting, 30 minutes after
0.30 1.7 2.82 100 times the steaming, is

__ —----------------------------------------- taken for the
0.25 1.60 2.3 Vibration, rerefence
0.20 1.52 2.14 30 sec.

during the subsequent air and humid curing-depending 
on the W/C ratio. Great difference in strength correla
tions shows some more intensive strengthening of 
stcam-cured hardened cement pastes of higher water 
content during subsequent hardening. But even more 
rapid strength gain of the steam-cured samples of 
higher W/C ratio does not allow them to attain 
strength level of cement samples at lower W/C. 



Practically to obtain rapid hardening of steam-cured 
articles, as well as to obtain more complete use of 
binding features of the binding material, in some cases 
one can provide for an additional wetting of the steam- 
cured articles (96~97). It allows to obtain intensive 
hardening of the article after their steam-curing 
without any increase of the W/C ratio. For an efficient 
use of this method an additional amount of water 
supply is necessary—at a definite moment, namely 
prior to the appearing of solid diffusion shells on the 
grains of clinker—but after the forming of a minimum 
strength structure, which is able to withstand washout 
(96). At the same time it is necessary to take into con
sideration, that in many cases technical standards 
limit the residual moisture content of the steam-cured 
articles. In such cases the low W/C concretes are highly 
desirable.

So, the W/C ratio increase in steam-cured concretes, 
despite making favourable conditions for an intensive 
hydration of the binding material, negatively influences 
the strength, the hardening kinetics of the cement 
paste especially on the early stages of the process.

Conditions of Hardening

At present there is not yet a generally accepted 
opinion concerning the optimum pattern of a concrete 
steam-curing. There is a spread trend to shorten the 
steam-curing of concrete in order to speed-up the 
manufacturing process and for this one would use 
strictly shortened pattern of steam-curing. However, 
the physical defects thus appearing in the structure of 
the cement paste, lower the concrete strength and 
durability. This in turn calls for an additional cement 
consumption per cubic meter of concrete.

The efficiency of the steam-curing depends on the 
duration of separate periods of the process and of their 
respective conformity, to the properties, and the com
position of the cements used and on the composition 
of the concrete, on the W/C ratio as well as on some 
other factors. Hydrothermal treatment of concrete 
consists of the following cardinal periods.

1. Pre-treatment, which starts from the time of 
mixing of a concrete components with water up to the 
temperature rise of a moulded article due to an 
external heating.

2. The period of the temperature rise, during which 
the article is being heated from the temperature of 
the environment up to the temperaure ordered.

3. Isothermal heating, during which the article is 
being kept in a steam environment at the constant 
temperature ordered.

4. The period of temperature lowering, during 

which the article cools down the environment temper
ature.

Each of the said periods plays its important role to 
form the qualities of the hardened cement paste and of 
the concrete.

a) Pre-Treatment

One of the ways to increase the stability of the 
hardened cement paste during the temprature increase 
and, therefore, improving the qualities of the steam- 
cured concrete, is the pre-curing of the concrete mix 
prior to the steam-curing. This pre-curing is performed 
prior to and after the moulding of articles (75~98). 
There are some ideas (91, 98 ~ 101) that during a long 
pre-curing at normal temperature, an intensive 
hydration of cement particles, the lessening of uncom
bined water amount (which most readily evaporates 
during the heating), the formation of geleous hydra
tion products and the filling of “free water zone” 
with the said products. Higher concentration of cal
cium hydroxide in the liquid phase is also of some 
importance due to its higher solubility at normal 
temperature, as to compare its solubility at the steam
curing temperature. Packed structure of the hardened 
cement paste formed during the temperature rise, 
prevents water migration in concrete thus preventing 
its loosening and warping which otherwise would lead 
to the strength disattainment. Besides, during a 
prolonged curing the concrete attains its initial 
strength, sufficient to withstand temperature deforma
tions and stresses, developing in a steam cured articles. 
According to V. A. Fedorov (55), increasing the pre
treatment before a steam-curing at 80°C from 15 min 
to 24 hours admitted to lower the residual deformation 
of a hardened cement paste from 3 mm/meter down 
to 0.2 mm/meter. It can be of a great importance that 
during a pre-treatment, highly disperse hydrates of 
well developed surface form, these sorbing water in 
capillary pores thus preventing its untimely evapora
tion during a steam-curing. There is also some opin
ion (91) that untimely temperature rising of a harden
ing concrete helps to a hardening of shells around the 
particles of cement. These shells made from newly 
formed compounds can lead to the retardation—and 
even to the full cessation—of “water-cement” chemical 
interaction. According to the aforesaid, certain pro
longation of a normal temperature pre-treatment of 
concrete articles before they are steam-cured, is help
ful. Some other authors think however, that the pro
longation of a pre-treatment above a definite short 
term is not only disadvantageos but even can bring 
about negative results. It has been found (102) that the 



strength of a concrete of 2 hours pre-treatment was 
higher than the same concrete of 4 hours pre-treat
ment. The steam-curing after a short termed precuring 
brings about a relatively higher deformations though 
does not bring about a serious strength drop. Accord
ing to the authors, feeble structure in an early age and 
at new conditions of hardening is able to get a 
“self-healing” of the defects appeared. It does not take 
place however after the 4 hours pre-treatment, 
when more rigid and less plastic structure form.

Some authors also think (103, 104) that for articles 
made from a cement mortar it is advisable to have a 
3-hours pre-curing before steam-curing. According 
their data, however (103), the strength of mortar 
specimens with cement having 3,800 cm2/g and 
steamed without a pre-curing, is similar to those 
steamed at 3 hours and made of mortar with cement 
having 3,300 cm2/g surface. It has also been shown 
(101) that concrete steam-cured at 85°C without a 
pre-curing was of equal strength with that one which 
had a 6-hours pre-curing before the steam-curing.

All the abovesaid proves that there is no generally 
accepted opinion concerning the optimum time for a 
pre-curing of a concrete prior to its steam-curing. 
It is quite understandable to take into consideration 
that the efficiency of a pre-treatment of a concrete with 
normal temperature and destined for a steam-curing 
also depends on the composition of the concrete and 
cement, on the W/C ratio, on the environment tem
perature etc. According to some data (52), the op
timum time of a pre-curing of concretes made from 
portland cement can vary in the range of 2-10 hours— 
depending on the above listed factors. Some authors 
think (105,106) that optimum duration of a pre-curing 
period of concretes prior to their hydrothermal curing 
corresponds to the moment of transition of a coagu
lated structure of a “mortar” part of these concretes 
(i-e.—“cement-sand-water”) into a crystallo-coagu- 
lated phase. Other authors assert (107, 108) that 
hydrothermal curing of a concrete should be coordi
nated with the kinetics of the cement heat release and 
the beginning of this process should not coincide with 
the period of maximum heat release.

The beginning of a concrete setting can be con
sidered as the optimum time of pre-curing (52).

There are some data of a considerable' interest 
(109, 110) showing that the breaking down of a 
cement paste structure during its formation does not 
influence the hardened cement paste strength. Mean
while the break down of the structure during its con
solidation lowers down the specimens’ strength 
sharply. All this admits to think that the most danger
ous structure during the temperature rise is—(con

sidering defects’ formation and hardened cement paste 
strength lowering)—such a structure which has already 
lost its plasticity and ability to “self-healing”, but has 
not yet attained the nedessary strength to withstand 
stresses arising from the volume change of the com
ponents of a concrete and from the mass-transfer. 
In other words, optimum time for pre-curing of a 
concrete depends on its structural and mechanical 
state, attained to the beginning of hydrothermal 
curing. It is due to the difference in these properties 
(Figs. 10 and 11) that alite cements admit a shorter 
pre-curing time as to compare with belite cements. 
Table 19 shows the change of strength and of other 
properties of various compound composition, depend
ing on the pre-curing period of samples prior to their 
steam-curing.

Duration of a pre-curing, as well as duration and 
temperature of isothermal heating influence the 
hardening of a cement paste after the steam-curing. 
The shorter the stages of hydrothermal curing and 
the lower its maximum temperature, the more 
efficient is the subsequent hardening and the more 
strength gain is obtained to 28 days after the steam
curing (Table 20). This corresponds to the data con
cerning the structure formation of a hardening 
cement paste during the hydrothermal curing (76). 
These data show that the most efficient hardening and 
hydration products accumulation take place at the

Table 19. The effect of a pre-curing time on the properties of 
the cement mortar specimens (.1:3') steamed at 100°C by a 
0 + 2 + 0 hours pattern

Precur
ing time 

meats, pr.lor W/C 
No. . ° 

steam
ing

Strength, kg/cm^ General Bulk Mtns

. , porosity, weight, , *compressive tensile »z 5 content,
/o g/CTHv 0/

30 28 30 28 -----------------------------------------
min. days min. days 30 min

0 0.3 142 280 20 53 22.5 1.97 4.3
1 30 0.3 230 297 29 54 20.4 2.06 3.4

120 0.3 237 310 30 55 19.3 2.06 3.1

0 0.3 69 221 13 49 22.5 2.00 4.2
3 30 0.3 109 281 19 50 20.7 2.01 3.4

120 0.3 163 302 24 52 20.1 2.04 3.2

Table 20. The effect of a pre-curing time on the hardened cement 
paste after steaming (2 hours, 100°C)

Pre-curing time, 
prior to 

steaming, min

Compressive strength, kg/cm2, 
' after the steaming, age

30 minutes 28 days

0 64 255

120 199 260



first period of the steam-curing, i.e.—during 4 hours. 
After this period hydration process retards and the 
processes of re-crystallization prevail. One can natu
rally suppose that the structures, formed by less 
crystallized newly formed compounds, are more 
liable to an additional structure at subsequent harden
ing due to their greater mobility and greater solubility 
of highly disperse hydrates. Therefore, reduced 
steam-curing on account for a shortened pre-curing 
and-mainly-on ‘ account for shortened isothermal 
heating seem to be more advantageous to avoid (or to 
reduce) the strength disattainment, which is specific 
to the steam-cured concretes.

The principal ways to reduce the pre-curing of 
concrete articles prior to their steam-curing are either 
the use of high early strength alite cements or the 
use of concrete mix with reduced W/C ratio. It is also 
possible to perform pre-curing of the concrete mix 
prior to its moulding and the use of rigid, tightly 
sealed moulds in order to prevent temperature ex
pansion of the concrete and to restrict the moisture 
exchange with the environment.

b) The Rate of Temperature Rise

Main defects and distortions of a hardened paste 
physical structure arise during the heating of concrete 
articles, when the hardened cement paste has not yet 
attained the strength necessary to absorb thermal 
stresses without any change of monolithic character 
of the structure. Destruction of a hardened cement 
paste during the temperature rise takes the form of a 
developing and increasing of the volume of capillary 
and coarse pores, this resulting from the migration of 
highly disperse water and steam-air mixture, which is 
filling the pores.

The said migration in its turn results from a 
temperature and humid gradient in a concrete and 
this gradient attains its maximum value during the 
heating of the concrete. Temperature expansion of 
water and of an entrained air also of a great import
ance for the defects and tensile stresses to appear. 
The negative influence of free water and of entrained 
air increases as their amount increases. It also in
creases with the temperaure rise. At the negative 
influence of these factors destructive processes of 
moisture migration and of temperature expansion of 
liquid and of gaseous phases of the hardened cement 
paste develop more strongly. During the same period, 
hydration process of a cement runs most vigorously. 
This process, as it is known, is being accompanied with 
contraction phenomenae, which condition contracting 

stresses in the hardened cement paste. That is why 
the period of the temperature rise at a concrete hydro
thermal curing is one of the cardinal factors of this 
process.

There are various points of view concerning the 
rate of the temperature rise. According to our opinion, 
the most grounded of these points of view are those 
which can coordinate the heating rate of a concrete 
mix with its rheological and structural properties 
during the heating. In connection with this, the coor
dination of the rate of temperature rise with the dura
tion of a concrete pre-curing prior to its steaming is 
evident. There are some interesting data (III) showing 
that, irrespective of the kind of a cement, the pre
curing at slow temperature rise does not give the effect 
necessary. In other words, the slow temperature rise 
prior to the steam-curing can compensate the absence 
of a pre-curing. However, quick temperature rise 
(up to 80°C of isothermal heating) can lead, at the 
conditions of insufficient pre-curing, to a considerable 
loss of strength of a concrete.

To obtain a least stressed but most dense structure 
of a hardened cement paste of a concrete while steam- 
cured, the temperature rise should have such a rate so 
as an additional pore volume, appeared as a result 
of air and water migration and temperature rise, be 
compensated, rather than supplemented by a pore 
volume formed as a result of the contraction shrinkage 
of a hardening system “cement-air”. To achieve this, 
it is necessary to express quantitatively and to bring 
to conformity the hardened cement volume changes 
resulted from the said phenomenae. So, the rate of a 
hardened cement paste destruction during the tempera
ture rise when steam-crued, depends on structural and 
mechanical features of the paste at the start of heating 
of a concrete, on the rate of the temperature rise, on 
the water content of the concrete mix and on the con
tent of the entrained air. In their turn, the structural 
and mechanical features of a hardened cement paste 
depend on material and compound compositions of 
the cement, on its fineness and on a pre-treatment 
duration. A concrete mix water content can be re
duced by means of the reduction of mixing water. 
The amount of an entrained air depends on the 
amount of an air-entraining agent and on the rate of a 
concrete mix tamping when moulding the concrete 
articles.

In order to speed up the temperature rise when 
steam-curing, one can use rigid moulds with covers 
(better with sealed ones). Such forms fix the dimen
sions of a moulded article, prevent its surface from 
evaporation by condensing steam and from residual 
expansion. Use of well-tamped (and therefore having 



minimum of an entrained air) stiff mixes of low W/C 
ratio is also helpful. The so called “step-by-step tem
perature rise” during the steam-curing of a concrete 
(52) is a vey effective one. This method consists of an 
accelerated temperature rise up to 35-40°C. Then 
comes the curing at such temperature during 1.5-2.5 
hours, which is followed by further accelerated rise up 
to the isothermal temperature ordered. Such a method 
provides for no any serious temperature deformation 
or the deformation of a concrete structure during an 
accelerated heating up to 35-40°C. The curing at such 
temperature provides a concrete for the strength neces
sary to remain dense with a least defects at subsequent 
heating up to the temperature of an isothermal curing. 
The efficiency of a low temperature rise at a steam
curing of concrete can be probably explained similarly.

c) The Temperature and Duration of 
an Isothermal Heating

At the isothermal heating of concrete, the hydration 
process of a cement continues. During this the struc
tural defects, appeared at some earlier stages of harden
ing of a concrete, turn to be more stable. At the same 
time, the process of re-crystallization of hydrate phases 
takes place, this being accompanied with further 
“reconstruction” of the newly formed compounds, 
which, in its turn, can stipulate either strengthening or 
weakening of a hardened cement paste. The alteration 
of the properties of a concrete during the isothermal 
heating when steam-curing depends on the temper
ature and duration of this period. Practically the 
isothermal heating runs at various temperatures 
ranging from 60 to 100°C. It also has various duration 
—from 0 to 24 hours. Both these parameters show 
independent influence on the hardening kinetic and 
on the features of steam-cured concrete articles.

With the increase of isothermal curing temperature, 
the maximum strength of any given condition is mostly 
attained for a shorter period. According to S. A. 
Mironov and L. A. Malinina data (52), in order to 
attain 70 per cent of the standard strength of a concrete 
having W/C ratio of 0.4, the duration of isothemal 
heating, amounted to: at 60°C-9 hours, at 80°C-5 
hours and at 100°C-4 hours respectively. However, 
the absolute value of maximum strength at elevated 
temperatures, is less as to compare with lower temper
ature of steam-curing. According to the studies con
ducted by the authors of this work and at the condi
tions they have chosen, the steam-curing at 60°C would 
give maximum compressive strength of 360kg/cm2 
after 16 hours of isothermal curing; however the 
“steaming” of a concrete of similar composition at 

100°C reduces both the time to attain maximum 
strength (up to 2 hours) and absolute compressive 
strength (up to 290 kg/cm2). The data of Table 21 
show that even at similar duration of the steam
curing, a more higher temperature of isothermal 
curing results to the higher strength disattainment at 
subsequent hardening. These phenomenae can be 
explained with the increase of defects of a hardened 
cement paste at higher temperatures of the steam
curing, due to a higher volume alterations of its water 
and entrained air, an immense role in this respect can 
play following factors: a) lower rate of hydration at 
elevated temperature due to a more complete cry
stallization and to a more “packing” of the newly 
formed compaction, these making “shells” around 
unhydrated grains of cement; b) strong evaporation 
of a concrete mixing water (up to 60-70 per cent) (102).

With the increase of isothermal curing duration, the 
strength gain of a cohcrete sharply lowers (113) and 
the higher the isothermal temperature, the more 
sharp is the drop of the strength gain. Table 22 shows 
that the prolongation of isothermal curing ever 4 hours 
does not give any sufficient rise of a concrete strength. 
During a prolonged isothermal curing even at 80°C, 
the drops of a hardened cement paste strength are 
observed. Probably this is a result of the formation of a 
low strength calcium silicate C2SH(A) (52) and of the

Table 21. The influence of the isothermal curing temperature 
on the efficiency of a concrete steam-curing (by C. A. Mironov 
and L. A. Malinina data (52))

Cement 
consump-

kg/m3

W/C

Compressive strength, after steaming at 
“2 + 8 + 2 hours” pattern

at 89°C at 100°C

immediatelly 
after the 
steaming

age
28 days

immediatelly 
after the 
steaming 28 days

250 0.6 158/65 285/116 183/75 194/80

440 0.36 279/68 404/99 250/64 341/84

Note: numerator-strength, kg/cm2
denominator—% of the standard strength

Table 22. The effect of an isothermal curing duration -while 
steam-curing on the strength of a concrete

Steam-curing pattern, 
hours, 80°C

Compressive strength

immediatelly after 
the steaming age 28 days

1.5 + 4 + 1.5 561/94 688/115
1.5 + 8 + 1.5 560/94 704/118
1.5 + 12 + 1.5 586/96 710/119
1.5 + 18 + 1.5 - 596/100 702/118
1.5 + 24 + 1.5 559/93 656/110

Note: numerator—strength, kg/cmS 
denominator— % of the standard strength



change of the structure of newly formed compounds. 
All this is accompanied with the weakening of an 
“intercrystallic bond” and with a developing crystal
line pressure and inner strain forces.

Practically the duration and the temperature of the 
steam-curing should be such as to fit the given condi
tions of manufacture. It is necessary to remember that 
the efficiency of these parameters of the hydrothermal 
curing depend on the chemical and compound com
positions of the cement, on its hydraulicity and harden
ing kinetics, on the concrete water content and its 
consistency, on the composition and the compactness 
of the concrete, on the thickness of the concrete article 
etc. When choosing the steam-curing patterns, the 
isothermal curing should be the shorter, the higher is 
the temperature of the process.

The Rate of the Temperature Drop 
and the Subsequent Hardening

Unfavourable effect of the sharp cooling of concrete 
units, i.e. the temperature gradient in the body of 
concrete, brings about the formation of stretching 
stresses in the surface layers of the unit. At some 
definite conditions (big difference between the unit 
temperature and that of its environment, draughts etc.) 
it is accompanied with disturbance of the monolithic 
structure of the unit and with the formation of micro- 
and macrocracks. These defects lower both the 
strength and the durability of a concrete units. Ac
cording to some various authors, the maximum ad
mitted difference between the temperature of a surface 
of a steam-cured article and that of its environment 

varies in the range of 40-75°C (52, 114, 115). S. 
Reinsdorf (114) shows that the cooling pattern after 
the hydrothermal curing greatly influences the strength 
of concrete unit at early ages of the hardening. Too 
rapid cooling intensifies the drying of a steam-cured 
concrete (112) and this is mostly considered to be the 
negative factor, resulting to a retarded hardening of 
such a unit. Some loosening of a concrete due to the 
intensive evaporation of sharp water cooling of the 
units is probable. However, the degree of this loosen
ing on this stage of the steam-curing is negligible, 
since to this time the hardening cement paste attains 
sufficient strength. Therefore, the main deformations 
and disturbance of a concrete structure taking place 
at this period, can be regarded as a result of internal 
stresses, arising from the temperature gradient while 
its cooling. A steam-cured concrete, having residual 
water in its pores, is able to the further hardening. 
The kinetic of this process depends on the hydraulic 
properties of the cement used, on the temperature and 
humid conditions of the environment and on the pat
tern of a preceded hydrothermal curing. At shortened 
isothermal curing, the slow cooling of concrete units is, 
as a rule, an effective one, since in these conditions the 
“maturing” of the concrete occures on account 
of the heat this concrete has accumulated.

The humidity of the environment is of a great 
importance for the hydrothermal curing of a concrete 
unit and for its subsequent hardening. After the steam
curing, at the conditions of humid environment, the 
process of a concrete hardening is of rather intensive 
character. According to some data (116), the strength
ening of a steam-cured hardened cement paste while 

Table 23. Properties and porosity of a steam-cured hardened cement paste

Cements, 
No.

Hardening 
conditions

Curing

prior 
to the 

steaming.

Specimens’ 
age after 

. the 
steam-curing

pressive 
strength, 

kg/cm2

Ignition

%’
Specific 
surface, 

m2/g

General 
porosity, 

%

Pore size distribution, by their radii

!!> 104 A 104Ä > 
r2 > 103Ä

103Ä > 
r3 > 102A

102A> 
r4 > 40A

0 30 min 321 8.17 4.04 25.53 11.77 3.81 77.37 7.05
steaming at 100°C, 180 30 min 430 9.86 5.70 23.90 7.46 0.28 78.98 13.28
0 + 2 + 0 hours 0 28 days 563 13.30 4.68 15.30 9.11 27.14 60.36 3.39

180 28 days 636 13.88 2.17 14.38 31.15 3.65 47.59 17.61

steaming at 80°C, 120 60 min 667 10.91 2.74 19.43 9.32 9.23 73.13 8.32
3 + 8 + 1 hours 120 28 days 885 13.59 1.40 16.08 11.66 2.65 65.20 20.48

natural — 28 days 841 12.12 3.40 16.04 19.79 6.34 57.88 15.99

0 30 min 189 7.47 8.50 35.76 1.44 27.30 69.06 2.20
steaming at 100°C, 180 30 min 224 7.91 9.06 34.52 5.61 3.17 86.46 4.76
0 + 2+0 hours 0 28 days 575 13.07 6.70 25.36 45.03 12.83 35.80 6.34

180 28 days 654 15.40 6.05 23.50 3.62 3.88 82.87 9.63

steaming at 80°C, 120 60 min 426 7.63 6.69 26.73 2.18 1.36 85.54 10.92
3+8 + 1 hours 120 28 days 606 16.70 7.70 22.12 15.99 0.98 75.85 7.18

natural — 28 days 601 12.85 5.85 24.00 3.88 1.55 88.62 6.35



its subsequent storing in a humid-air environment 
results from several factor such as: the compacting of 
its structure, the lowering of its general porosity and 
the re-distribution of its pores’ volume, thus forming a 
more favourable structure (Table 23). This is very 
interesting, since it shows the possibility of a consider
able reconstruction of a hardened cement paste struc
ture formed during the hydrothermal treatment at 

atmospheric conditions favourable for hardening. 
It is also interesting, that the hardened cement paste 
structure attains its respective greater value when 
steaming at an accelerated pattern (2 hours at 100°C) 
and at shorter terms of the pre-curing. As we have 
already said, it can be explained by less crystallinity 
and metastability of a hardening cement paste 
structure, forming at these conditions.

References

1. H. B. KpaBqeuKO, H. T. Bjiacosa, “0 crpyKType
ueweHTHOro KaMua npu ycKopenuoM nponapu- 
BaHuir”, nayuHbie coodmenuH HldULfeMeHTa, 8 (39) 
(1960)
(I. V. Kravchenko, and I. T. Vlasova “On the 
structure of cement stone in accelerated steaming”, 
Scientific Bulletin of All-union State Research In 
stitute of Cement Industry, 8 (39) (I960).)

2. W. C. Hansen, “Porosity of hardened portland ce-
mente paste”. Journal American Concrete Institute, 
No. 1, “Proceedings”, v. 60. 141-156, (1963).

3. K).M. Byrr, B.B. TuMauiea, JI.A. JlyKauKas, “Bjima-
mie HOHHoro cocraua bosh ua caopocTb ruApara- 
uuu iiopT./ian/uiCMCHTa”, C6opnni< “IlpoG.iCMbi 
nporpeccuBHOH TexHOJiornn ctpohtc./iuhbix Mare- 
puaJiOB”. KpacuoapcK, 276-293, (1965).
(Yu. M. Butt, V. V. Timashev, and L. A. Lukatskaya 
“Influence of ionic compound on hydration speed 
of portland cement”. Collection “The problems of 
progressive technology of building materials”. 
Krasnoyarsk, 276-293, (1965).)

4. K).M. Byrr “HccjieAOBauHC CKopocm ru/iparaunn
noprjiauaueMeHTOB h cocTaBJiaromux mx cocah- 
hchhü”. JKypuaA npuKAaAHofi xmmhh, t. 22, No. 3, 
223-224 (1949).
(Yu. M. Butt “Research on hydration speed of 
portland cements and their component compounds”. 
The Journal of Applied Chemistry, V. 22, No. 3, 
223-224, (1949).)

5. H.n. BbipoAOB, “K AH<t><t>y3M°HHOH KPiHCTHKe pea-
ku,hh”. KuneTHKa u KaraAHS, T. 5, bmu. 4, 706-715 
(1964).
(I. P. Vyrodov, “On diffusion kinetics of reactions”. 
Kinetics and Catalysis, V. 5, Issue 4, 706-715, 
(1964).)

6. T. flayapc, “dmaimecKHe CBoiicTBa ueMeuTHoro
KaMHfl u Tecra”, Proceedings of the Fourth Inter
national Symposium on the Chemistry of Cement, 
Washington, 1960, MocKBa, CTpoiiusAaT, 402-438, 
(1964). ,
(T. Powers, “Physical properties of cement stone and 
Paste”. Proceedings of the Fourth International 
Symposium on the Chemistry of Cement, Washing
ton, 1960. Moscow, Stroiizdat, 402-438, (1964).)

7. R. Kelli, “TBepAO-xtHAKue peaKUHii”, Canadian Jour
nal of chemistry, V. 38, 1209-1216, (1960).
(R. Kelli “Solid and liquid reactions”. Canadian 

. Journal of Chemistry, V. 38,1209-1216, (I960).) '
8. S. Brunauer, L. E., Copeland and R. H. Bfagg, “The 

stoichiometry of the hydration of tricalcium silicate 
at room temperature II. hydration in paste form”. 
Journal of Physical Chemistry, v. 60, No. 1,116-120, 
(1965).

9. G. J. Verbeck and C. W. Potter, “The heats of hydra
tion of the cement”, Journal American society for 
testing materials”, v. 50, “Proceedings", 1235-1262 
(1950).

10. M. I. Ridge, Journal of Applied Chemistry, 10, 218
(1956).

11. B.B. PaTHHOB, 3a6e>KHHCKMii, T.H. PoseuQepr,
“K Bonpocy o Teopuu TBepAenua MHuepajibHbix 
BiDKymux”, Tpyabi BHHHJkeAesoöeroHa, bmu. I, 
3-36, (1957).
(V. B. Ratinov, Ya. L. Zabezhinsky and T. I. Rosen
berg “On the problems of the theory of hardening 
of mineral bindings”. Proceedings of All-union 
Research Institute of Rearticles & Non-metallic 
Materials, Issue 1, 3-36 (1957).)

12. M.M. MasHU, “HccAeAOBanue ocodeHHOCTeu (|)h3hko-
xuMuqecKux npoueccOB ruApaiaunu nopTAaiiAne- 
MCHTa b ycAOBuax Tcn.TOB.aa>i<ii0CTH0ii oßpaßoTKu 
npu Tewneparype ao 100°C”. KauAHAarcKaa ahc- 
cepTaitHH, CCCP, Mocksa, HHMUcmcht, (1965).
(M. M. Mayants, “Research on the properties of 
physicochemical processes of hydration of portland 
cement during steam treatment at a temperature to 
100°C”. The Candidates’ Dissertation, USSR, 
Moscow, All-union State Research Institute of 
Cement Industry, (1965).)

13 P. H3pc, “<I>a3a TpexkaAbuueBoro cuAUkaTa”, “Pro
ceedings of the third international Symposium” on 
the chemistry of cement, London, 1952, Mocksa, 
CTpoiiH3AaT, 27-56 (1958).
(R. Nurse, “Phase of tricalcium silicate”. Proceed
ings of the Third International Symposium on the 
Chemistry of Cement, London, 1952, Moscow, 
Stroiizdat, 27-56 (1958).)

14. E.H. fanou, ‘TuApaTauiia iiohob h MOACkyA”, JKyp-
hua Pycckoro <j)H3HKO-xHMHqeckoro odmecrBa, 
cepHfl xMMMqeckasr, t. 40, buhl I, 235-248 (1928). 
(E. N. Gapon, “Hydration of ions and molecules”. 
The Journal of Russian Society of Physical Chemi
stry, Chemical Series, V. 40, Issue 1, 235-248 
(1928).)

15. A. <I>. IIoAak, “KnueTHka ruApaTaijun u pasBurae
kpHCTaAAHsanuoH-HoiiCTpykTypbi cpacTauufl moho- 
MHHepaAbHbix BHxyrmix seuiecTB Tuna noAyBO- 

Auoro riinca”, KoAAOHAtibiH xypnaA, t. 22, No. 6,



689-701, (1960).
(A. F. Polak, “Kinetics of hydration and develop
ment of crystallizational growth structure of mono
mineral binding materials of semi-water gypsum 
type”. The Colloid Journal, V. 22, No. 6, 689-701, 
(I960).)

16. A. <t>. HojiaK, TßepijeHHe MOHOMHHepaJibHbix bu>kv-
uiHx BemecTB, CTpoiiiisjaT, MocKBa, (1966).
(A. F. Polak, “Hardening of monomineral binding 
materials”, Stroiizdat, Moscow, (1966).

17. B. B. PaTHHOB, A. IL JlaByT, “Hccjie/jOBaHiie khhc-
thkh rM/ipaTauHU MitHepajiOB nopTJiaHaueMeHTHoro 
KJitiHKepa”, HAU CCCP, t. 146, No. 1, 151-155,
(1962).
(V. B. Ratinov and A. P. Lavut “Research on hydra
tion kinetics of minerals of portland cement clin
ker”. Reports of Academy of Science of USSR, V. 
146, No. 1, 151-155, (1962).)

18. K. Schiller, “Mechanism of re-crystallisation in cal
cium sulphate hemihydrate plasters”. Journal of 
Applied Chemistry, 12, 3, 135-144, (1962).

19. H. F. W. Taylor. “FH/ipOTcpMa.'ibHbie peai<uiin b
CHCTewe CaO-Oj-HjO h aBTOK.iaBiiafl oöpaßoiKa 
ueMenia h ueMeHTHO-KpeMHeseMticTbix nposyK- 
tob”. Proceedings of the Fourth International Sym
posium on the Chemistry of Cement, Washington, 
1960, MocKBa, CTpo;in3;iaT, 159-200, (1964).
(H. F. W. Taylor, “Hydrothermal reactions in CaO- 
02-H2O system and autoclave processing of ce
ment and cement-silicic products”. Proceedings of 
the Fourth International Symposium on the Chemi
stry of Cement, Washington, 1960, Moscow, 
Stroiizdat, 159-200, (1964).)

20. C. A. MupOHOB, “HeKOTOpbie o6o6meHiM no Teopnn
m TexHOJioriffl ycKopenita TBepflenna Seiona”, 
HoKJiaAbi Rilem, MocKBa, (1964).
(S. A. Mironov “Some generalizations on the theory 
and technology of concrete hardening acceleration”. 
Reports of Rilem, Moscow, (1964).)

21. W. Czernin. Zement und Beton, No. 2, 12 (1955).
22. A. E. lUenKHH, H. IL OjieitHtiKOBa, “BjrasHHe Tenjio-

BJiaJKHOCTHOH OÖpaÖOTKH H TOHKOCTM HOMOJia 
neweHTa na CTpyttrypy it CBoncTBa neMenTHoro 
KaMna”, HoKJiaAM Rilem, MocKBa, (1964).
(A. E. Sheikin and N. I. Oleinikova “Influence of 
steam treatment and fineness of cement grinding 
on the structure and properties of cement stone”. 
Reports of Rilem, Moscow, (1964).)

23. J. D. Bernal, “CrpyKTyphi npoAVKTOB rnApaTaiiHH
iteMCHTa”, Proceedings of the Third International 
Symposium on the Chemistry of Cement, London, 
1952, MocKBa, CTpoihiBAaT, 137-176, (1958).
(J. D. Bernal “Structures of cement hydration 
products”. Proceedings of the Third International 
Symposium on the Chemistry of Cement, London, 
1952, Moscow, Stroiizdat, 137-176, (1958).)

24. T. M. BepKOBuq. H- M. XeüKep, 0.14. FpaqeBa, H. H.
Kynpeesa, “Hpoueccbi asTOKAaBHoro TBepAema 
acfiecTOiieMeHTa”, TpyAi>i BHIdHAcßecTueweHTa, 
Bbin. 8, 25-65, (1958).
(T. M. Berkovich, D. M. Kheiker, O. I. Gracheva 
and N. I. Kupreeva “Proceesss of the autoclave 
hardening of asbestos cement”. Proceedings of All

union Research Institute of Asbestos Working In
dustry, Issue 8, 25-65, (1958).)

25. H. Knoblauch, “Uber die Hydratationsgeschwindig
keit der Zementklinker-mineralien C3S und C2S”, 
Tonindustrie-Zeitung, 82, No. 3-4, 36 (1958).

26. E. R. Buckle and H. F. W. Taylor, “The hydration of
tricalcium and jff-dicalcium silicates in paste under 
normal and steam-curing conditions”, Journal of 
Applied Chemistry, 9, No. 3, 163-172 (1959).

27. H. Schwiele and H. Müller-Hesse, “Neuere Ergebnisse
über die Hydratation von Kalziumsilikaten”, 
Zement- und Beton, No. 16, 25-29 (1959).

28. 0. C. Boakob, 14. H. Cokoaob, “K Bonpocy o rtiApa-
TailHH TBepACHHH HHAHBHAyaAbHblX KAHHKepHblX 
MHHepaAOB H BAMBHUe Ha 3TH IipOljeCCbl AOÖaBKH 
acßecTa.” TpyAw BHHUAcöecTtieMCHTa, Bbin. 14, 
3-23, (1962).
(O. S. Volkov and P. N. Sokolov “On the problem 
of hydration and hardening of individual clinker 
minerals and the influence of adding asbestos on 
these processes". Proceedings of All-union Research 
Institute of Asbestos Working Industry, Issue 14, 
3-23, (1962).

29. L. E. Copeland, E. G. Schulz and S. Brunauer, “Die
hydratation von trikalziumsilikat und ß-dikalzium- 
silikat bei Raumtemperatur”, Silikattechnik, 11, 
No. 8, 367-373 (1960).

30. 3. H. dpiuAep, “noBCAeHHe iteMeHTHoro KaMHH npit
nponapHBaHHit”, Beton h xe.’ieaoßeTOH, No. 6, 
279-282, (1964).
(E. Ya. Ershler, “Properties of cement stone on 
steaming”. Concrete and Reinforced Concrete, No. 
6, 279-282, (1964).)

31. K. 3. FopHiiHOB, B. H- TpHHKep, “BAHHHtie TettAOBOH
OÖpaßOTKH Ha npOHHHCTb H MOpOSOCTOHKOCTb 
fieTona”. Bctoh u xeAesoScTOH, No. 6, 265-267, 
(1964).
(K. E. Goryainov and B. D. Trinker “Influence of 
thermal treatment on strength and frost-resisting 
property of concrete”. Concrete and Reinforced 
Concrete, No. 6, 265-267, (1964).)

32. A. Van-Bemst, “Hydratisierung von kalziumsilikaten:
Bestimmung der chemischen Zusammensetzung der 
gebildeten Hydrosilikaten”, Industrie Chemie 
Beige, 20, 67-70 (1955).

33. H. Funk, “Der Hydratationsverlauf von ß-Dikalzium-
silikat unter Bildung von nagelförmigem Tober- 
moritahnlichem Kalziumsilikathydrat”, Silikatte
chnik, 11, No. 8, 373-375 (1960).

34. JI. F. IIInbiHOBa, B. A. Tuxohob, CoopHiiK “Wccac-
AOBaHHH, BuxtyntHx BemecTB h MBAeAnii na hx 
ocHOBe”, Bbin. 1, 54-79, JIbbob, (1961).
(L. G. Shpynova and V. A. Tikhonov, Collection 
“Research binding materials and products, manufac
tured on their base.

35. G. Kalousek, and M. Adams, “Hydration products
formed in cement pastes at 25 to 175°C”, Journal of 
American Concrete Institute, 23, No. 1,77-90,(1951).

36. 10. M. ByTT, A. A. Mafiep, B. F. BapmaA, “YcTOHqH-
BOCTb rHApocyAbtJroaAfOMHHaTOB KaAbUH«” HAH 
CCCP, 136, No. 2, 398-400, (1961).
(Yu. M. Butt. A. A. Maier and B. G. Warshal, 
“Stability of calcium hydrosulfoaluminates”. Re



ports of Academy of Sciences of USSR, 13<6, No. 
2, 3%-«», (mi).)

37. II. n. ByÄHHKOB, G M. Rohk, K). G Nximhhih, M. M.
MasiHn, 'Itene^oiBamie nponeccoB riixparannii 
nopTMHameMcmra npii TemaoMasKnocrHofi o6pa- 
6o«<e opii TeMnepaType ao aokmam
Rilem, MoCKBa,
(P. P. Budmkov, S. M. Royak, Yu. S. Malinin and 
M. M. Mayants, “Research on hydration processes 
of Portland cement during steaming treatment at a 
temperature to 100“C”. Report of Rilem, Moscow, 
(1964).)

38. H. B. KpaBneHKo, K). O. Kysiieitosa, F. H. Hhctskob,
“Hobwh ÖMCTpoTBepAeioimiM npH nponapMBaHHM 
ueMCHT AJiH cöopnoro xeaesooCTOHa h ncpcnCK- 
thbm ero HcnojibSOBaHHfl”. JlooaA na Bcocoioshom 
coBemaHiiu no coBpeMCHHMM npoöACMaM tcxho- 
JlOrHM ÖCTOHa B npOMMUIJieHHOCTH Cuopiioro /KC-IC- 
3o6eTOHa, Mockbs, CipoiniJAaT, (1965).
(I. V. Kravchenko, Yu. F. Kuznetsova and G. I. 
Chistyakov, “New rapid-hardening-in steaming 
cement for prefabricated reinforced concrete and 
prospects of its application”. Report on the All
union Symposium on the Recent Problems of 
Concrete Technology in Prefabricated Concrete In
dustry, Moscow, Stroiizdat, (1965).)

39. T. M. BepKOBHq, jl,. M. XefiKep, O. H. PpaMSBa, 0. C.
Bojikob, E. C. MtixaAeBCKaH, “Hponeccbi raspa- 
TamiH npn ycKOpeHHH TBepACHiia peMeHTa”. Aok- 
jiaAbi Rilem, MocKBa, (1964).
(T. M. Berkovich, D. M. Kheiker, O. I. Gracheva, 
O. S. Volkov and E. S. Mikhailovskaya, “Hydration 
processes in acceleration of hardening of cement”. 
Reports of Rilem, Moscow, (1964).)

40. 0. M. Acrpeeea, JI. SI. JIonartinKOBa, B. H. PyceBa,
llayqeHtie npoiteccoB rnApaTanmt peMeHTOB, Moc- 
Ksa, (I960).
(O. M. Astreeva, L. Ya. Lopatnikova and V. I. 
Guseva, “Research on cement hydration processes”, 
Moscow, (I960).)

41. J. Gebauer and I. Odler, “Zementhydratation bei der
Wärmebehandlung, Teil 11”, Zement-Kalk-Gips, 
19, No. 7, 303-308, (1966).

42. KD. M. Byrr, JI. H. PauiKOBH1!, TsepAeHHe BSDKymnx
npn noBbimeHHbix TeMnepaTypax, Mocußa, CTpofl- 
HSAaT, (1965).
(Yu. M. Butt and L. N. Lashkovich “Hardening of 
bindings at raised temperatures”. Stroiizdat, Mos
cow, (1965).)

43. A. B. Bo.7DKeHCKHH, “O SaBMCHMOCTH CTpyKTypbl H
CBOiiCTB ueMCHTHoro KaMHH OT ycAOBHM ero o6pa- 
3OBaHH9 H TBepACHHa”. CTpOHTCAbUbie MaiepHaAbi, 
No 4, 10-13, (1964).
(A. V. Volzhensky, “On the relation of structure and 
properties of cement stone of the conditions of its 
formation and hardening”. Building Materials, No. 
4, 10-13, (1964).

44. H. B. Bcaob, B. C. MoAHanoB, H. npHxo.nbKO, “Chhtcs
M CTpOCHHe FHApOCMAHKaTOB, COjepJKatLIHX 
KaTHOHbl TSDKeAbIX MCTaAAOB”, TpyAbinHToro 
Bcecorosnoro CoBeniamifl no aKcnepiiMeHTaAbHOft 
h TexHHqecKoii MHHepaJioriiH h neTporpatJam, 
MoCKBa, 1956, hsa. AH CCCP, 38-43, (1958).

, (N. V. Mov, V. S. MoUdhamov ■and N. Mdhewl’ko, 
■“Symithesis -and fonmait-ion ©tf Ihydirosiliicattes wMaiiir- 
img cations ©f heavy matetiials"”. Ipirooeediings ©f tihe 
Fifth AJll-timioim Symuposinnmi y$i Exipcrimcntall and 
Techmical Minerata^ -and Penrogrephy”. Moscow, 
1956, iPuIH rsh-ing House of Academy -of‘Sciences of 
USSR, 38-43, (1958).

45. n. A. IPeOHHAep, ■‘^MBMK'o-xfflMB-necKäii MexaMHxa
awnepcMbix cucveM”. HsAaTed-bCTBO '“II-ayKa”, 
Mockbs, 9-l<6, (1966).

. P. A. Rehbinder “Physiicodhemiical mechanics of 
dispersing system”. Publishing House “Nauka”, 
Moscow, 9-16, (196'6),)

46. M, 14. CrpejiKOB, “FJaMefienne ncTHHHoro cocTaya
>Kn/iK0ii i^asbi, iiO3imi<aK)rrieii npH TsepAemni 
BSDKym HX BemeCTB H MCxa'HHa'M MX TBepACHHH”, 
TpyAM coBeiyaHHa no xhmhh ueMCHTa, Mockbs, 
CrpofiMSAaT, 183-200, (1956),
M. I. Strelkov “Change of actual composition of 
liquid phase rising on setting of steaming materials 
and mechanism of their setting". Proceeding of 
Symposium on the Chemistry of Cement, Moscow, 
Stroiizdat, 183-200, (1956).)

47. H. 14. IloAypOBCKHfi, “nponapiiBame ueweHTHbix
OeroHOB b cpcACaiiCTOi o HacbirueHHoro napa”, 
KaHAHAarcKaa AuccepTamia, CCCP, Mocxea, 
MI4CI4 mm, B. B. KyüöbimeBa, (1961).
N. I. Podurovsky “Steaming cement concretes in 
the medium of pure saturated vapour”. Candidate 
Dissertation, USSR, Moscow, Moscow Institute 
of Building after V. V. Kybyshev, (1961).)

48. JI. A. MaAHHHHa, B. A. OeAopoB, “fletJiopMaiiHfl
öeroHa B npopecce nponaptiBatiMfl n npn AaAbHeii- 
mCM xpaHCHUH B BO3AyUIHO-BJia>KHbIX yCAOBHHx”, 
Hsbccthh AC m a CCCP, Ho. 1, 24-27, (1962).
(L. A. Maliniva and V. A. Fedrov, “Deformation of 
concrete as it is steamed and on its further keeping 
in air-moisted conditions”. Report of AS and A 
of USSR, No. 1, 24-27, (1962).)

49. 3. PafiHCAoptj), “ycOBepuiCHCTBOBaHHe nponapiroamia
ÖCTOHa npH aTMOCtJiepnOM aubachmm napa h npor- 
pesa ÖCTOHa npn TCMnepaType ao 100°C”, JIokauabi 
Rilem, Mockbh, (1964).)
(Z. Rainsdorf, “Improvement of concrete steaming 
at atmospheric pressure of vapour and at a tem
perature to 100°C”, Reports of Rilem, Moscow, 
(1964).)

50. B. H. PaHMH “Bbiöop coKpameHHbix pokhmob sack-
Tponporpesa öeroHa”, Bctoh h jkcacsoöctoh, Ho. 
12, 547-550, (1960).
(V. P. Ganin, “Selection of short-cut procedures of 
electric concrete heating”. Concrete and Reinforced 
Concrete, No. 12, 547-550, (I960).)

51. K. 3. PopHMHOB, E. C. BcKCAcp, “^.ecTpyKUHS b
TBcpAeionieM öctohc paHHero Bospacra npn nar- 
pCBC H cnocoöbi yMCHbincHHH ee hhtchchbhoctm”, 
JJoKAaAbi Rilem, MoCKBa, (1964).
(K. E. Goryainov and E. S. Veksler “Destruction 
in setting concrete of early rise on steaming and 
methods of decreasing its intensity”. Reports of 
Rilem, Moscow, (1964).)

52. C. A. MnpoHOB, JI. A. MajiHHHHa, VcKopcHMe TBCp-
ACHHH ÖCTOHa, CTpOMHSAaT, MOCKB3, (1964).



(S. A. Mironov and L. A. Malinina “Acceleration of 
concrete hardening". Stroiizdat, Moscow, (1964).)

53. JI. A. MajiHHHHa, E. H. MajiHHCKHfi, “HccjiesoBaHne
ae^opMaiiHH SeroHOB b npouece aBTOKJiaBHofi 
oßpaöoTKH”, JfoKjiaAbi Rilem, MocKBa, (1964).
(L. A. Malinina and E. I. Malinsky “Research on 
deformation of concretes as they are treated with 
high pressure steam”. Reports of Rilem, Moscow, 
(1964).)

54. C. A. MupoHOB, JI. A. Ma^HHana, B. A. OeÄopoB,
“0 HapaCTaHHH npOHHOCTH H JlMHeÜHblX 4e<f)op- 
MaitHÜ SeTOHa npn nponapMsanHH”, Bctoh h »tejie- 
sodeTOH, Ko. 4, 170-174 (1961).
(S. A. Mironov, L. A. Malinina and V. A. Feodrov, 
“On the growth of strength and linear deformations 
of concrete on its steaming”. Concrete and Rein
forced Concrete, No. 4, 170-174, (1961).)

55. B. A. Oe^opoB, “Bjimhhc pe>KMMOB n ycjiOBHä
nponapMBaHHH na M0p030CT0HK0CTb Octohob”, 
JloKaaabi Rilem, MocKua, (1964).
(V. A. Fedorov, “Influence of procedures and condi
tions of steaming on frost-resisting property of 
concretes”. Reports of Rilem, Moscow, (1964).)

56. A. B. JIbiKOB, ^BJieHHe nepenoca b Kannajiapno-
nopiicTbix TCJiax, MocKBa, (1954).
(A. V. Lykov, “Transfer phenomenon in capillary- 
porous bodies". Reports of Rilem, Moscow, 
(1954).)

57. T. M. EepKOBHH, “K Bonpocy o (J)it3HKO-xHMHqecKnx
OCHOBax TeiMOBJiaiKHOCTHOil OÖpaÖOTKH neMCH- 
THbix MaTepnaJiOB". UAH CCCP, 133, Ko. 5, 1140— 
1142, (1960).
(T. M. Berkovich, “On the problems of physico
chemical bases of steam treatment of cement 
materials”. Reports of Academy of Sciences of 
USSR, 133, No. 5, 1140-1142, (I960).)

58. R. Nurse, “Curing concrete of elevated temperatures”,
Building Research Congress, (1951).

59. N. C. Ludwig and S. A. Pense, “Properties of port
land cement pastes cured at elevated temperatures 
and pressures". Journal of American Concrete In
stitute, No. 1, 673-705 (1956).

60. H. F. Thomson, “Warn concrete-jower strength”,
Pit and Quarry, 49, No. 9, 319-321, (1957).

61. T. M. EepKOBHH, “0 KHiieraKe upopecca rmipaTanmi
ueueHTa”. JI,AH CCCP, 149, No. 5, 1127-1130,
(1963).
(T. M. Berkovich “On kinetics of cement hydration 
process”, Reports of Academy of Sciences of USSR, 
149, No. 5, 1127-1130, (1963).)

62. <P. M. klsaHOB, T. F. KpacoBCKa«, B. JI. CojinneBa.
“BjIHHHHe Ten.7IOB.-ia>KHOCTHOH OÖpaOOTKM Ha 
CTpyKTypy H CBOHCTBa IteMCHTHblX paCTBOpOB”, 
FloKJiaztbi Rilem, MocKBa, (1964).
(F. M. Ivanov, T. G. Krasovskaya and V. L. Solnt- 

. seva, “Influence of steam treatment on the structure 
and properties of cement solutions". Reports of 
Rilem, Moscow, (1964).)

63. O. fl. MHe^JiOB-HeTpocflH, 10. JI. BopoßbCB, j],. A.
YnHHryc, A. B. YiiiepoB-MapinaK, “B.nHHHue kom- 
UJICKCa XHMHHCCKMX AOÖaBOK H3 CHHT63 CBOHCTB 
GeTona npn TepMOo6pa6oTKe”, TpyAbi XHHTa, 
Bbin. 73, XapbKOB, 31-43, (1965).

(O. P. Mchedlov-Petrosyan, Yu. L. Vorobiev, D. A. 
Uchingus and A. V. Usherov-Marshak, “Influence 
of a group of chemical admixtures on synthesis of 

- properties of concrete as it is thermally treated”.
Proceedings of Khar’kov Institute of Railway Trans
port Engineers after S. M. Kirov, Issue 73, Khar’
kov, 31-43, (1965).)

64. B. <b. XBOpOCTHHCKHH, “BjIHHHHe HCKOTOpblX (j)H3HHe-
CKHX (jiaKTOpOB H3 (flOpMHpOBaHHe CTpyKTypbl H 
npOHHOCTH MeAKosepHHCToro ScTOHa npn npona- 
pHBaHHH ero npn 100°C”, Tpy/tbi HHHTKBa, Bbin. 
32, 77-87, (1963).
(V. F. Khvorostyansky, “Influence of some physical 
factors on forming of structure and strength of fine
grained concrete as it is steamed at a temperature of 
100°C”. Proceedings of Research Institute of Con
crete and Reinfroced Concrete, Issue 32, 77-87, 
(1963).)

65. F. K. PopnaKOB, M. M. KanKHH, B. F. CnpaMTaeB,
“KoBbimeHHe moposoctohkocth fieTona”. Mockbs, 
CTpoHHSAaT, (1965).
(G. I. Gorcharkov, M. M. Kapkin and B. G. Skram- 
taev “Increase of frost resisting properties of con
crete". Stroiizdat, Moscow, (1965).)

66. n. H. CTynaqeHKO, “CrpyKTypnasi nopHCTOCTb h ee
CBH3b CO CBOHCTB3MH peMCHTHblX, CHJIHKaTHMX H 
rancoBbix MaTepHaJiOB”. Tpyijbi ABFIK, 63, Bbin. 1, 
3-62, B.na.WBOCTOK, (1964).
(P. P. Stupachenko, “Structural porosity and its 
Connection with properties of cement, silicate, and 
gypsum materials”. Proceedings of Far East Polyte
chnical Institute after V. V. Kybyshev, 63, Issue I, 
3-62, Vladivostok, (1964).)

67. C. A. MupoHOB, JI. A. MaAHHHHa, O. E. Kopo-HCBa,
B. <$>. XBOpOCTHHCKHH, “MeTOJM KpaTKOBpC- 
MCHHOH TenJIOBJia>KHOCTHOH OÖpaÖOTKH fiCTOHa”. 
JI,OK.'ia/ibi Rilem, MocKBa, (1964).
(S. A. Mironov, L. A. Malinina, O. E. Koroleva 
and V. F. Khvorostyansky, “Methods of short-cut 
steam treatment of concrete". Reports of Rilem, 
Moscow, (1964).) '

68. M. K. HMameB, K). M. Byir, B. M. Kojiöacoß, “K
Bonpocy O tjjOpMUpOBaHHH CTpyKTypbl H npOHHOCTH 
HCMeHTHOrO KaMHH B yeJIOBHHX yCKOpeHHOH TCIMO- 
BJiaxHOCTHOH oßpaßoTKH”, TpyAbi MXTK hm. JX- 
M. MeHACjieeBa, Bbin. 45. 34-37, (1964).
(M. K. Imashev, Yu M. Butt and V. M. Kolbasov, 
“On the problem of formation of structure and 
strength of cement stone in the conditions of steam 
treatment”. Proceedings of Moscow Institute of 
Chemical Technology after D. I. Mendeleev, Issue 
45, 34-37, (1964).)

69. C. M. Pom, K). C. MajiHHHH, M. M. Maann, “Hccjie-
AOBaniie nponeccoB rHApaTaunn TpexKajibipieBoro 
CHJiHitaTa npn TenjiOBJiaJKHOCTHofi oopaGoTKc”, 
Tpyabi HHKLI,eMeHTa, Bbin.17, 64-75, (1962).
(S. M. Royak, Yu. S. Malinin and M. M. Mayants 
“Research on hydration processes of tricalcium 
silicate on steam treatment”. Proceeding of All-union 
State Research Institute of Cement Industry, Issue 
17, 64-75, (1962).)

70. JI. A. Kaflcep, “KnHeTHKa TBepACHKH nopTAaHAUe-
MCHTOB B yCAOBHHX npOHapHBaHHfl”, JI,OKAa4bI



Rilem, MocKsa, (1964).
(L. A. Kaiser “Kinetics of hardening of portland 
cements in steaming conditions”. Reports of Rilem, 
Moscow, (1964).)

71. JX- E. PopSaHCB, “O Bbidope pe>i<HMa nponappmaHHii
deroHOB Ha paajiHHHbix iioprjiaHÄueMCHTax”, 
Bctoh h JKejiesodeTOH, Pio. 10, 470-472, (1959).
(D. E. Gorbashev “On selection of steaming pro
cedure of concrete with variable portland cements”. 
Concrete and Reinforced Concrete, No. 10,470-472, 
(1959).)

72. 3. PaPiHCflopcj), “BjnisiHHe cocTasa noprjiaHApeweHTOB
na peayjibTaT nponapHBaHHfl”, jpoRjiasM Rilem, 
MocKBa, (1964).
(Z. Rainsdorf “Influence of composition of portland 
cements on the result of steaming”. Reports of 
Rilem, Moscow, (1964).)

73. JI. A. CeMenoB, M. PI. IloaypoBCKHH, H. H. Bojikob-
ckhh, “Ten.rioB.ia/KHOCTHasi odpadoTKa deTOHa b 
deananopHbix Kawepax nponapHBaHiia”, JIoKJiajbi 
Rilem, MocKBa, (1964).
(L. A. Semenov, M. I. Podurovsky and N. N. Vol- 
kovsky, “Steam treatment of concrete in non
pressure steaming chamber”. Reports of Rilem, 
Moscow, (1964).)

74. M. T. Bjiacona, 3. JI. JJaniomeBCKafl, PI. B. KpamieHKo,
“0 Bbidope cocTasa ueMeniOB zi.aa Octohob h pacr- 
BopoB, nosBepraeMbix KapTKOBpeweHHOH repMO- 
B.aa>KHocTHOH odpadoTKe”. HeMCHT, I4o. 2, 22-26, 
(1960).
(M. T. Vlasova, Z. L. Danyushevskaya and I. V. 
Kravchenko, “On selection of composition of ce
ments for concretes and solutions subjected to short
cut steam treatment”. Cement, No. 2, 22-26, 
(I960).)

75. C. A. MupoHOB, JI. A. MajiHHiina, O. E. Kopojiesa,
B. <t>. XBOPOCTHHCKHH, MeTOAbI KpaTKOBpeMCHHOH 
TenjioBoft odpadoTKH deTona h nepcneKTHBM hx 
npHMeneHHH npu npOH3BOvacTBe cdopnoro xejieao- 
deroHa. MocKBa, CrpoiiHSAaT, (1964).
(S. A. Mironov, L. A. Malinina, O. E. Koroleva 
and V. F. Khvorostyansky, “Methods of temporary 
steam treatment of concrete and prospects of their 
application on prefabricated reinforced concrete 
production”. Stroiizdat, Moscow, (1964).)

76. B. F. CitpaMTaeB, T. VI. PopqaKOB, M. M. KanraiH,
“IIoBbiiueHHe MoposocTOHKOCTH nponapeHHoro 
deTOHa”. JloK.Trajbi Rilem, MocKBa, (1964).
(B. G. Skramtaev, T. I. Gorchakov and M. M. 
Kapkin, “Increase of frost-resisting properties 
steamed concrete”. Reports of Rilem, Moscow,
(1964).

77. J. Kilian, “A klinkerösszetetel hatasa a höerlelt beto-
nok szilardnlasara”, Epitöanyag, 17, No. 8, 288-294 
(1965). '

78. K). M. ByTT, B. B. TuMameB, “flopTJiaHAueMeHTbi c
3a;iaHHoii KpncTa.7i.7iHHecKH CTpyKTypoii h noay- 
HCHHC H3 HX OCHOB6 BblCOKOKaMCCTBeHHblX 
iieMCHTOB”, PKypnaji BcecoK)3H0ro xHMHnecKoro 
odmecTBa hm. 4- H. MenflejieeBa, t. 10, Ho. 5, 
551-558, (1965).
(Yu. M. Butt and V. V. Timashev, “Portland cement - 
with fixed crystall structure and production of high 

quality cements on their basis”. The Journal of All
union Society of Chemistry after D. I. Mendeleev, 
V. 10, No. 5, 551-558, (1965).)

79. H. B. KpaBqeHKO, M. T. Bjiacona, B. 3. KDaosHq,
“‘J’asoBbiii cocTaB h crpyKTypa BbicoKonpouHbix h 
ocododbicTpoTBepaeioniHx ueMeHTOs”, Tpy^bi 
HHHLJeMeHTa, Bbin. 20, 3-23, 26^10, (1964).
(I. V. Kravchenko, M. T. Vlasova and B. E. Yudo- 
vich, “Phase composition and structure of high- 
strength and extra-rapid-hardening cements". Pro
ceedings of All-union State Research Institute of 
Cement Industry, Issue 20, 3-23, 26-40, (1964).)

80. JI. H. JIonaTHHKOBa, “K neTporpa^Hn peMeHTHoro
KJiHHKepa”, SKcnepHMeHT b TexmmecKOH Munepa- 
jiofhh h nerporpatjiHH, H3A. Hayxa, MocKBa, 120
126, (1956).
(L. Ya. Lopatnikova, “On petrography of cement 
clinker”. Experiment in Technical Mineralogy and 
Petrography, Publishing House “Nauka”, Moscow, 
120-126, (1956).)

81. JI. J). EpmoB, BbicoKonpoqHbie peMeHTbi, FocTexH-
. 3Ä3T, YCCP, (1952).

(L. D. Ershov “High strength cement”. Gostekhiz- 
dat, Ukrainian Soviet Socialist Republic, (1952).)

82. M. M. CbiHCB, B. H. Kopneeß, “Hernpyioiiine aoßasKH
yjiyqtnaroT CBOitcTBa ueMenTa”, HeMeHT, Ho. 5, 
3-5, (1964).
(M. M. Sychev and V. I. Korneev “Dehydrating ad
mixture improves cement’s properties". Cement, 
No. 5, 3-5, (1964).)

83. B. H. fOnr, Ochobm TexHOJioruH BSDKymiix BemecTB,
npOMCTpoHHaaaT, MocKBa, (1951).
(V. N. Yung, “Foundations of technology of bind
ing materials”. Promstroiizdat, Moscow, (1951).)

84. A. E. IIIeÜKHH, QM.Pohk, “BbicoKonpoqbie fibiCTpor-
sepÄeromHe iieMCHTbi”, Honoe b xhmhh h tcxho- 
jiofhh iieMCHTa, CrpoifflsaaT, MocKBa, 93-111, 
(1962).
(A. E. Sheikin and S. M. Royak, “High-strength 
rapidhardening cements”. News in Chemistry and 
Cement Technology, Stroiizdat, Moscow, 93-111, 
(1962).)

85. A. E. IHeitKHH, A. fl. JlnfiMan, Fyn Hsn-CsHb, L[. J\.
VpbeBa, JI. A. XanaHueBa, “BbicTpoTBepaeiomiiH 
nopT.'iaH/meMeHT ajih npoHSBOACTBa cßopnoro 
jKejiesofieTOHa”, Bctoh h tKCAesoßcTOH, Ho. 2, 68
71, (1959).
(A. E. Sheikin, A. Ya. Libman, Gun Tszya-Sen, 
Ts. D. Ur’eva and L. A. Khapantseva, “Rapid 
hardening portland cement for prefabricated rein
forced concrete production”. Concrete and Rein
forced Concrete, No. 2, 68-71, (1959).)

86. 3. PaHHCAopij), “Bjihhhhc cocTasa nopTAaHAHCMCHTa
na pesyjibTaT nponapHBaHHfl”, JI,OKJiaAbi Rilem, 
MocKBa, (1965).
(Z. Rainsdorf, “Influence of composition of port
land cement on the result of steaming”. Reports of 
Rilem, Moscow, (1965).)

87. C. A. MnpOHOB, “Hei<OTopbie o6o6meHHSi no Tcopun
H TCXHOJIOFHH yCKOpCHHH TBCpACHHH fiCTOHa”, 
JjoKJiaabi Rilem, MocKBa, (1964).
(S. A. Mironov “Some generalizations on the theory 
and technology in concrete hardening acceleration”.



Reports of Rilem, Moscow, (1965).)
88. C.M. Pohk, A.O. HepKacona, E.T. flinmia, “Bjihahhc

TenjioBJia)KHOCTHOH oöpaGoTKH na TBepjei-iiie 
niaaKOHOpiviaHaueMeHTa”, JtoMa^w Rilem, Moc- 
KBa, (1964).
(S. M. Royak, A. F. Cherkasova and E. T. Yashi
na, “Influence of steam treatment on the harden
ing of portland slag cement”. Reports of Rilem, 
Moscow, (1964).)

89. B. H. FIodko, “TBepaeHiie mjiaKonopTJiaHAueMeHTa
npn nponapiiBawin”, UeMeHT, Ho. 1, 7-9, (1967). 
(V. N. Ponko “Hardening of portland slag cement”. 
Cement, No. 1, 7-9, (1967).)

90. H. Funk, “Über Kalk reiche Tobermoritphasen”,
Silikattechnik, 11, No. 8, 375-377 (1960).

91. A. E. UleHKHH, “PlyTH nojiyqewiH BbicoKonpoqHbix
Octohob”, Bctoh h AteJieaoOeTOH, Ho. 4, 113-118, 
(1957).
(A. E. Sheikin “Method of obtaining high-strength 
concretes”. Concrete and Reinforced Concrete, 
No. 4, 113-118, (1958).)

92. R. W. Carlson and L. R. Forbrick, “Correlation of
methods for measuring heat of hydration of ce
ment”, Industrial and Engineering Chemistry, vol. 
30, No. 7, 382-386 (1938).

93. L. E. Copeland and R. H. Bragg, “Self-desication in
portland-cement pastes”, American Society for Test
ing materials Bulletin, No. 204, 34-39, (1955).

94. G. H. Taplin, “A Method for following the hydration
reaction in portland cement paste”, Australian 
Journal of Applied Science, 10, No. 3, 329-345, 
(1959).

95. H. KapanqHHCKHH, A. Hees, “HccJiettOBaHiie hckoto-
pbix BonpocoB b oßjiacTH nponapuBaHiiH octohob”, 
XloKJiaAbi Rilem, Mocicna, (1964).
(N. Karapchinsky and A. Peev, “Research of some 
problems in the field of concrete steaming”. Reports 
Rilem. Moscow, (1964).)

96. T. M. BepKOBHH, “<I>H3HKO-XHMHHeCKHe OCHOBbl HH-
TeHcn4>HKaitHH npouecca TBepseHHH nopTJiaHjite- 
MCHTHoro acßecTopeMeHTa”, Tpypbi HHHAcGecTO- 
ueweHTa, Bbin. 15, 3-30, (1962).
(T. M. Berkovich, “Physicochemical foundations of 
intensification of hardening process of portland
asbestos cement”. Proceedings of Research Institute 
of Asbestos Working Industry, Issue 15, 31-37. 
(1962).)

97. E. C. MuxacieBCKaa, O. C. Bojikob, JI. H. ByAaHOsa,
T. M. BepKOBHq “B.nnHHue BoponeMeHTHoro ([tax- 
TOpa Ha KHHCTHKy rHApaTapHH peMeHTa h acöecro- 
peweHTa”, Tpypbi HHHAcGeCTOpcMOHTa, bwh. 15, 
31-37, (1962).
(E. S. Mikhailevskaya, O. S. Volkov, L. P. Bulanova 
and T. M. Berkovich “Influence of water-cement 
factor on kinetics of hydration of cement and as
bestos cement”. Proceedings of Research Institute 
of Asbestos Working Industry, Issue 15, 31-37, 
(1962).)

98. A.C. Mhpohob, TeMnepaTypHbifi (jtaKTop b TBep/iemm
beTOHa, MocKBa, (1948).
(A. S. Mironov “Temperature factor in hardening 
of concrete”. Moscow, (1948).)

99. A. C. riaHTejieeB, B. B. THMatueB, “06 ycKopeHim 

TBeppeHHn SeTOHa b ycjiOBHHX BHßponpoxaTa”, 
Tpypbi MXTH hm. J). H. MenpejieeBa, MocKBa, 
Bbin. 36, 116-128, (1961).
(A. S. Panteleev and V. V. Timashev, “On accelera
tion of concrete hardening in the conditions of 
vibration rolling”. Proceedings of Moscow Insti
tute of Chemical Technology after D. I. Mendeleev, 
Moscow, Issue 36, 116-128, (1961).)

100. 3.51. SpniJiep, “HccjiepoBaHite npopeccoB TBeppeHHH
HOpTAaHApeMCHTOB HpH HpOHapHBaHHH ÖeTOHOß”, 
KaHAiipaTCKaa AHccepTapHH, MocKBa, MXTH hm. 
H. H. MenpeAeeBa, (1963).
(E. Ya Ershler, “Research on hardening processes 
of portland cements in steaming concretes”, 
Dissertations of Candidates, Moscow, Moscow 
Institute of Chemical Technology after D. I. 
Mendeleev, (1963).)

101. Pe^epar coioKjiaaa HepmiHa, “K eonpocy o nose-
achhh peweHTOB npH nponapHBatiHH”, Bropofi 
MetKAynapoAHbiH KOHrpecc no ßeTony b BncOa- 
pene, roccTpoiin3/raT, MocKBa, 16-22, (1960).
(Report from the Lecture by Chernina, “On the 
problem of behaviour of cements in steaming”, 
2nd International Congress on Concrete at Wies
baden, Gosstroiizdate, Moscow, 16-22, (I960).)

102. H.H. rioAypoBCKHH, E.C. CaBHH, “K Bonpocy openm
xanecTBa TenjiOBjiaxHOH oßpaöoTKH SeTona”, 
CöopHHK TpypoB PHCH, Poctob/Aoh, Bbin. XV, 
(1958).
(N. I. Podurovsky and E. S. Savin, “On the prob
lem of appreciation of quality of steam curing con
crete” Collection of Proceedings of RISI, Rostov/ 
Don, Issue XV, (1958).)

103. C. M. Pohk, X. M. JlefiGoBnq, “O peMCHTe ajis

ycKpeHHoro npoiisBOACTsa npepnapHTeAbHO nan- 
pHtKCHHblX ÖeTOHHblX KOHCTpyKPHH”, TpyAb! 
HHHLJeMeHTa, MocKBa, bhh. 13, 63-72, (1960).
(S. M. Royak and Ha. M. Leibovich, “On cement 
for accelerated production of the prestressed con
crete constructions”, Proceedings of All-Union 
State Research Institute of Cement Industry, 
Moscow, Issue 13, 63-72 (I960).)

104. PeiJiepaT aokabab OAbcona, “Bahshhc TevinepaTypH
na TsepACHHe öeroHa”, II MoKAynapoAHbiii KOH
rpecc b BncdaAene no Gctoiiv, FoccTponHSAaT, 
MocKBa, 11-15, (1960).
(Report from the Lecture by Olson, “An influence 
of temperature on hardening of concrete”, 2nd 
International Congress on Concrete at Wiesbaden, 
Gosstroiizdat, Moscow, 11-15 (I960).)

105. JI. A. CiMbHCHKO, H. B. MaxaiwiOB, H. A. PeÖHHAep,
“Bbl6op, OHTHMaAbHOrO BpeMCHH BbIAep>KHBaHHfl 
6eTOHa nepeA riiApOTepMaAbHoii oßpaöoTKoii” 
Z(AH CCCP, 162, Ho. 6, 1342-1345, (1965).
(L. A. Silchenko, N. V. Mikhailov and P. A, 
Rehbinder, “Selection of optimum aging time for 
concrete before hydrothermal treatment”, Report 
of the Academy of Sciences of the USSR, 162, 
No. 6 1342-1345, (1965).)

106. K). C. MaAHHHH, M. M. KanmiH, “HswepeHne mcto-
AOM KOHTpaKItHH HpOpeCCOB TBepAeHHfl HCMCHTa 
npn nponapHBaHHn”, UeMenT, Ho. 6,23-26, (1958). 
(Yu. S. Malinin and M. M. Kapin, “A measuring 



method of contraction process of hardening cement 
in steaming”. Cement, No. 6, 23-26, (1958).)

107. 0 T. Mne/uioB-rieTpocsiH, A. F. BynaKOB, <I>. A.
JlaTbiines, F. B. ’-JecHOK-CMOTpuq, “0 Bußope 
TeXHOJIOFHH aBTOMaTHSHpOBaHHOrO HSrOTOBJICHMfl 
KpyitHOpaSMCpHBIX CTpOHTC.tbHbIX 
CTpOHTe.ibHbie MaTepnajibi, Ho. 8, 16-18, (1961). 
(O. T. Mchedlov-Petrosyan, A. G. Bunakov, F. A. 
Latyshev and G. V. Chesnok-Smotrich, “On selec
tion of technology of automatic production of 
large-sized building articles”, Building Materials, 
No. 8, 16-18, (1961).)

108. T. C. Powers, Journal Portland cement Accociation
Research Developm. Labs, No. 28, (1961).

109. H. B. MaxafijiOB, E. E. KajiMbiKosa, “Uccjie/toBaHne
CTpyKTypHO-MexaHHHCCKMX CBOMCTB peMeHTHblXX 
nacT npn noMomn ajiacTOBiicKoauMeTpa”, /(AH 
CCCP, 99, Ho. 4, 573-576, (1954).
(N. V. Mikhailov and E. E. Kalmykova, “A re
search of structure-mechanical properties of ce
ment pastes by elasto viscosimeter”, Report of 
the Academy of Sciences of the USSR, 99, No. 4, 
573-576, (1954).)

110. B. B. HepnoropeHKo, H. F. FpaHKOBCKHH, “Flccjie-
AOBaniie CTpyKTypHOMexaHmrecKiix h spyrax 
cbohctb ueMeHTHoro Tecra npH ero nepexoae 
or BflSKo-naacTHiHoro coctohhhh b ynpyro- 
xpynKoe”, Kojuiohähmh Htypnaji, 25, Ho. 5, 600
605, (1963). .
(V. B. Chernogorenko and I. G. Grankovsky 
“Research on structural, mechanical and other 
properties of cement paste as it turns from plastic 
condition into elastobrittle condition”. The Kol
loid Journal, 25, No. 5, 600-605, (1963).)

111. Aurich Bauingenieur Heinz, “Zum Einfluß der
vorlagerungszeit bei der Wärmebehandlung von 
beton”, Betonstein-Zeitung, 29, No. 3, 143-149 
(1963).

112. G. Y. Kunsrt, “Küeso tenyezök hatasa a görölessel
szibarditott betonra”, Epitoanyag, 14, No. 11, 
382-396 (1962).

113. J. Riha, “Schnellverfahren zur Beschleunigung der
erhärtung von beton, II. Teil”, Baustoffindustrie, 
6, No. 3,71-73(1963).

114. S. Reinsdorf, “Wärmebehandlung von beton bei
niedrigen temperatur”, Baustoffindustrie, 4, No. 
11, 282-284, (1961).

115. JI. A. Kaücep, H. B. MaptaMOB, JI. H. HaH^iMOBa,
“TeMnepatypHbie rpajueiiTbi b Gctohc cöopi-n.ix 
KOitCTpyKHiiii, no/itiepraCMbix nponapHBamuo, h hx 
BjiHHHue Ha KauecTBO h ^ojiroBCHHOCTb OeTona”, 
ZIoK.naaw Rilem, MocKsa, (1964).
(L. A. Kaiser, N. B. Mar’yanov and L. I. Panfilova, 
“Temperature gradients in concrete of prefabri
cated constructions subjected to steaming and 
their influence on quality and durability of con
crete”. Reports of Rilem, Moscow, (1964).)

116. M. K. HMameB, K). M. ByTT, B. M. KojiShcob,
“BjiHHHiie npetiBapHTe^bHoii Bi.i.aepacKii na (jaop- 
MHposaHHe CTpyKTypbi nponapennbix oßpaanoB 
H3 KJiHHKepHbix MHHepajioß”, Tpyaw MXTH mm. 
fl. H. MeHACJieeBa, Bbin. 50, 96-100, (1966).
(M. K. Imashev, Yu. M. Butt, and V. M. Kol- 
basov, “Influence of preliminary keeping of 
steamed articles of clinker minerals for structure 
forming”. Proceedings of Moscow Institute of 
Chemical Technology after L. I. Mendeleev, Issue 
50, 96-100, (1966).)

Written Discussion

Jern Jessing and Poul Nerenst

In the principal paper by Butt, Kolbasov and Tima- 
shev (1) it is clearly demonstrated, that data from 
practice or research on accelerated hardening of 
concrete often are conflicting. This is not surprising, 
as experience has only been collected during a relati
vely short period. It shall be attempted in the fol
lowing to perform a systematic discussion of these 
factors, even if it is not based on experimental 
research. ,

Rate of the Hydration Process

The curing of concrete at elevated temperature 
results in an acceleration of the hardening, i.e. the 
physical and chemical reactions in the cement-water- 
aggregate system proceed at a higher rate. The direc

tion and rate of reaction are in general controlled by 
the driving potentials of the system. The hydration of 
cement depends primarily on

the chemical potential,
the temperature and
the pressure.
The chemical potential is determined by the nature 

and concentration of the reacting components, i.e. 
of the cement type and of the ratio of water to cement. 
For a given concrete mix these parameters will be 
constant.

The temperature history of the system (tempera
ture as function of time) will depend on several 
factors: the initial temperature of the concrete mix, 
the amount of heat generated by hydration, the tem
perature difference between the system and its sur



roundings and the thermal characteristics of the 
system.

As to the pressure, we are concerned only with 
thermal curing at temperatures below 100°C, i.e. 
the pressure is considered constant and equal to the 
atmospheric pressure, unless the curing takes place 
in closed, rigid forms.

It seems an established fact, that the course of the 
hydration reaction and the end products are sub
stantially the same within a temperature range from 
20°C to 100°C (1), (2). Although the temperature 
might influence the habit of the hydrated compounds 
(size and form of particles etc.), these problems have 
only in part been clarified, and we shall in the follow
ing assume identical hydration products at all tem
peratures below 100°C.

Destructive Processes

The mechanical properties of hardening concrete 
depend on the new structure formed during the hydra
tion. Changes in the thermodynamic potentials may 
give rise to other physical processes, which may dam
age the formation of new structure in cement paste.

Two causes of harmful processes in concrete harden
ing at elevated temperatures are considered:

a. changes of temperature,
b. cnanges of water vapour pressure.

Changes of Temperature

A temperature change will cause volume changes in 
concrete. As the concrete components have rather 
different coefficients of thermal expansion (water 
about 10 times those of solids), they dilate differently. 
The resulting strain differences may damage the 
structure of concrete, if its internal cohesion and 
adhesion have only attained low values.

If the temperature change occurs, because the 
ambient temperature is higher than that of the con
crete body, heat will be transferred to concrete, 
predominantly to its surface layers. This may cause 
temperature gradients and an uneven stress distribu
tion, leading to crack formation.

If the temperature of the surrounding atmosphere 
is below the concrete temperature, heat transfer 
from concrete may reverse the mechanism just de
scribed, which in a similar way could damage the 
concrete.

Changes of Water Vapour Pressure

Changes in the pressure of water vapour may have 
detrimental effects, when cement paste or aggregate 

contain air-filled pores or bubbles of entrained air. 
In that case water may change phase within the system,
i.e.  evaporate or condense, which in turn entail 
consumption or liberation of heat.

Pressure changes caused by differences between 
the external and the internal vapour pressure may 
have more serious consequences:

If the relative pressure of water vapour is higher 
in the surroundings than in concrete, vapour will 
condense on its surface. Directly this may only 
be an advantage, but as condensation liberates heat, 
it may be harmful indirectly, by increasing the surface 
temperature and producing temperature gradients 
in the concrete body.

If vapour pressure is higher in concrete than in 
the curing medium (as it will be, if both are saturated, 
but the temperature of concrete the highest one), 
evaporation will take place at the concrete surface. 
This produces gradients of vapour pressure within 
the concrete and lead to transport of water (by flow 
or by diffusion) through the structure. The displace
ment of water will produced a hydraulic pressure, 
which the paste may not be able to resist.

Classification of Variables

In order to understand the physical processes and 
treat them mathematically, it is necessary to discuss 
the factors, which determine the temperature history 
of the concrete body and those, which determine the 
vapour pressure history. In practice it is possible to 
accelerate the hardening process by varying a great 
number of factors. Some of these are given by the 
characteristics of the materials and their mix propor
tions, i.e. the chemical and geometrical properties and 
the state of the concrete. Other factors are inherent 
with the curing conditions, i.e. the resistance to heat 
and moisture flow through the boundary of the con
crete body and the temperature and humidity of the 
surrounding medium. The variables are listed systema
tically in Table 1.

Discussion of Variables

Among the parameters in Table 1 those directly 
related with the structure will be treated separately. 
Air content and aggregate content are omitted as they 
can be considered constant. The parameters directly 
influencing heat and mass transfer are dealt with 
more comprehensively.

Cement Types

Cements differ with respect to clinker compound



•paste defined in accordance with T. C. Powers.

Table 1. Classification of variables

Materials

Chemical and physical properties of the system:
Cement type (compound composition and fineness)
Volume fraction of cement) .... *
Volume fraction of water flnitlal paste Porosity
Volume fraction of air
Volume fraction of aggregate

Geometrical characteristics of the system:
Volume of concrete body) , - x
Surface of concrete body) S ape ^actor

Initial state of the system:
Temperature
Vapour pressure

Curing

Boundary conditions:
Heat insulation of concrete
Moisture insulation of concrete

External conditions:
Initial temperature of surrounding medium 
Initial vapour pressure of surrounding medium 
Temperature changes as function of time 
Vapour pressure changes as function of time

composition and fineness. It is rather well known how 
the hydration rate may be increased by selecting a 
optimal combination of these characteristics. Whether 
it may also be possible to obtain cement types 
especially suitable for thermal curing seems not 
sufficiently clarified; there are indications, that C3A 
becomes unfavorable as temperature is raised (3), 
but this may result also indirectly from excessive 
temperature differentials due to the rapid hydration 
and heat development of the aluminate compounds.

The Volume Fraction of Cement

The cement content if of importance absolutely as 
well as in relation to the amount of water. A high 
cement content will generate more heat (and vice 
versa) and a high w/c ratio will in general accelerate 
hydration (4). The w]c ratio on the other hand will 
also change the mechanical properties of the paste, 
which may or may not enable the structure to with
stand destructive forces.

The Volume Fraction of Water

The volume fraction of water shall initially and 
during hydration be sufficient to make continuous 
reaction with cement possible. The amount of free 
water will change due to chemical and physical ad
sorption during gel formation. The content of free 
water, its temperature, and the structure of the 
cement-water system determines the water vapour 
pressure in concrete, which in turn is responsible for 
a possible vapour transfer to or from environments. 
The increasing fineness of the structure connected 
with the gel formation will lead to lowering of the 
vapour pressure (self-desiccation).

The Vapour Pressure History

The history of vapour pressure in concrete will 
depend on its water content in relation to its changing 
pore volume (coefficient of saturation). The pore 
volume comprises capillary capacity of paste, the 
possible porosity of aggregate and the content of air. 
As water is consumed by hydration and, simultane
ously, the capillary capacity of paste is changing, a 
mathematical formulation of the vapour pressure 
history will be rather difficult to arrive at.

The problems of moisture transfer are in many 
ways analogous with heat transfer. It might, therfore, 
be possible to use an approach similar to that referred 
to above in connection with the temperature history, , 
in order to calculate the vapour pressure history. 
Several important aspects of moisture transfer in 
connnection with the drying of concrete have been 

' The Temperature History

The temperature of a concrete member as function 
of time is determined by its geometrical and thermal 
properties and the heat development during hydration. 
Under certain assumptions the rate of temperature 
changes within a body placed at an environmental 
temperature different from its own can be calculated 
by means of the time constant defined as

SkF

when V = volume of concrete member 
cb = specific heat of concrete 

Rj = density of concrete
k • F = coefficient of heat transmission multi

plied by surface area

A method for a successive computation of the 
concrete temperature was developed by Nerenst, 
Rastrup and Idron (5):

N = N6 + (Q - Qo) - f A(N - NJAt
C6-K.6 0 T

where N = concrete temperature
N6 = initial concrete temperature
N„ = temperature of surroundings
C = cement content 
t = time ,

Q = heat development of cement Q(z)

The heat development must be known (as a table 
or a curve) Q = Q(/) at constant temperature. By 
means of a time-temperature function it is possible 
to convert curing time at one (constant or varying) 
temperature into curing time at another (constant) 
temperature, see e.g. Rastrup in (6).



treated by Pihlajavaara (7), (8). For the moisture 
loss by evaporation, for the moisture loss due to 
fixation of water by hydration and for the moisture 
gain due to carbonation expressions are derived, 
which might be used for calculation under certain 
conditions.

Protection against Destructive Processes

Whether a potentially destructive mechanism will 
actually damage the mechanical properties of the 
concrete will depend on the newly formed structures 
ability to accommodate the stress and strain pro
duced by the mechanism in question. As paste struc
ture is gaining in strength and rigidity, it seems pos
sible to avoid or disminish the adverse consequences 
if the harmful processes can be delayed or postponed 
to a later stage of the hydration. At a certain degree 
of hardening damage is prevented because the me
chanical properties have reached a sufficiently high 
level, i.e. the concrete has become immune against 
the destructive processes. This is also in agreement 
with the empirically established rules of maximum 
heating rates and necessary preheating periods (9), 
(10).

On the other hand it should be noticed that some 
properties of cement paste will develop in a direction, 
which will not make it easier for the solid structure 
to accommodate the influences which may be exerted. 
Flow or diffusion of water through the paste caused 
by vapour pressure differences may thus be met with 
increasing resistance as the permeability of cement 
paste decreases during hardening. The pressure 
gradient will become greater and the hydraulic pres
sure in paste may grow to a value, which leads to 
rupture.

The negative effects can, however, also be counter
acted by external means, in the first place by using 
different form types. The form of the concrete member 
will always mean that concrete and curing medium is 
separated, i.e. a certain isolation against heat and 
moisture transfer is obtained. As most of the damaging 
processes are caused by temperature and vapour 
pressure differences the mould will provide some 
protection. In principle 4 different cases can be met 
with as shown in Table 2.

It shall be mentioned, that the application of a 
highly effective heat insulation has little sense as we 
are dealing with hardening of concrete at elevated 
temperatures.

Further, it will be possible to avoid harmful proces
ses by using closed, rigid forms, which show no 
thermal expansion. By this means the water vapour

Table 2. Influence of form type on heat and mass transfer

Heat 

exchange no exchange 
(adiabatic)

Moisture ■
exchange

impermeable 
elastic covering

impermeable 
heat insulation

exchange no form vapour permeable 
heat insulation

exchange is excluded and the damage due to the too 
rapid and different dilations of the components under 
temperature rise in concrete can largely be avoided.

Combined Effect of Accelerating 
and Destructive Processes

It will appear from the above, that the temperature 
history of concrete is controlling both the rate of 
hydration and destructive processes; the vapour 
pressure within the concrete is decisive for another 
potentially destructive mechanism. The combined 
effect of accelerating and destructive processes may 
be illustrated by using a superposition principle in
troduced by Nerenst and Plum (11) in a discussion 
of the effect of freezing on green concrete:

The increase in hydration rate, which may be 
obtained at elevated (constant) curing temperatures, 
is illustrated in part (a) of Fig. 1. As the reactions are 
supposed to be the same in all cases, an identical 
degree of hardening will eventually give the same 
mechanical properties, if destructive processes are 
prevented.

In Fig. lb is shown, how the hardening proceeds, 
if the temperature is increased from e.g. 20°C to 80°C 
after a preheating period of some hours. If the tem
perature is raised at rate of 20 deg/hour, it is assumed 
that the actual temperature history can be substituted 
by a stepwise temperature increase of 20 deg. every 
hour. We may now construct the resulting hardening 
curve by using parallel bits of the appropriate harden
ing curves valid for constant curing temperatures. 
We are still assuming the absence of harmful processes.

In practice such processes are often difficult to 
avoid. According to the foregoing discussion they 
may be avoided if curing takes place in impermeable, 
rigid forms. At the time of form removal, however, 
the energy stored in concrete, because expansion was 
suppressed, will be released, and damage may occur, 
if the strength is not sufficient to prevent it. This is 
depicted in Fig. 1c, where the different curves show, 
that different reductions in mechanical strength must



Fig. 1. Combined effect of accelerating and destructive processes
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be expected in dependence of the total temperature 
increase (AN) during the heat treatment. The reduc
tion will further be a function of the degree of harden
ing obtained at the moment of form removal. The 
point at which the reduction becomes zero, indicates, 
the degree of hardening, at which the concrete has 
obtained immunity to destructive processes. In a 
rather formal way Fig. 1c may be used to predict the 
final part of the hardening curve after moulds have 
been removed: The curve corresponding to the actual 
temperature increase (AN) from Fig. 1c is placed along 
the abscissa in Fig. 1 d. At the time for form removal 
the reduction r is to be expected. The hardening curve 
is then lowered a corresponding amount and may 
after this procese after the appropriate curve from 
Fig. la.

Concrete moulds will normally be open or partly 
open. In this case the amount of destruction will 
depend on the rate of temperature increase. In Fig. 
le is shown how the quality reduction will depend on 
the heating rate and be a function of the degree of 
hardening attained, when heating starts. The con
struction of a resulting hardening curve is in this 
case more complicated, as the quality will be reduced 
continuously during the whole period of temperature 
raise. An example is shown in Fig. If.

Conclusion

The inconsistency of the great amount of informa
tion, which is available on high temperature curing 
of concrete, might in the authors opinion be over
come, if the many parameters are dealt with according 
to the physico-chemical nature of their influence. It 
might even be possible to handle the problem mathe
matically, if the development of certain properties 
can be established at different temperatures (isotherms) 
and if it can be proved, that these properties are 
identical, when destructive processes are prevented, 
e.g. by hardening in impermeable, rigid moulds. It 
is further a necessity, that temperature functions are 
formulated for the range 20°C~100°C, and to clarify 
the effect of harmful mechanisms.

The increasing use of prefabricated concrete ele
ments makes it important, that research within this 
field is carried out with a similar intensity as earlier 
in the field of concreting at low temperatures.
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Synopsis

In the production of prestressed concrete it is required in Australia that a minimum 
strength of 4000 lb/sq.in. on cylinders be obtained before transfer of prestress is permitted. 
Where steam curing is used the concrete is proportioned to give this strength at the end of the 
steam-curing cycle. For a given steam treatment variations in the cement characteristics 
result in a wide range of cement factors necessary to achieve this strength.

This report relates the cement factor required to satisfy the above strength requirement 
to the phase composition of the cement used.

An empirical relation is also obtained between the cement properties and the rate of 
development of strength under fog curing for up to 91 days, and the gain in strength of 
steam-cured concrete with subsequent fog curing to 28 days.

Introduction

Previous papers (1, 2, 3) have reported the results 
of a study of the optimum steam-curing conditions 
for high strength concrete. In the latter paper (3) 
the influence of cement characteristics was reported. 
To obtain a predetermined compressive strength 
after a particular steam-curing cycle it was found 
necessary to adjust the mix proportions to suit the 
cement used. It was also found that the 28-day 
compressive strength of concrete cured with steam. 

then with fog ranged from 98 to 124 per cent of the 
strength of concrete continuously fog cured.

An estimate of the cement factor necessary to meet 
the specification requirements was obtained from the 
standard 7-day tests for cement strength. A more 
accurate relationship was desired and to this end an 
analysis was made of the rates of strength develop
ment in relation to the chemical properties of the 
cement.

Mix Proportions of Concrete

Table 1. Chemical and phase composition of the cements tested (%)

Cement No.

Chemical composition Phase composition

SiO2 A1A Fe2O3 CaO MgO so3 Na2O K2O Loss on 
ignition

Total 
alkalies

c4af C3A C3S C3S

1 19.9 6.8 3.4 65.5 0.7 2.0 0.03 0.26 1.5 0.2 10 12 12 59
2 20.5 6.2 4.2 64.5 0.7 2.1 0.02 0.20 1.5 0.15 13 9 19 53
3 22.7 5.0 5.2 63.2 0.6 1.7 0.02 0.17 1.3 0.13 16 4 36 39
4 20.8 4.5 4.3 62.9 2.0 2.8 0.52 0.57 2.2 — 13 5 14 48
5 21.7 4.1 3.7 64.4 1.95 2.33 — — 0.88 — 11.2 4.4 18.6 58
6 23.0 3.6 4.3 64.4 0.85 ' 2.35 0.15 0.53 0.81 — 13.1 2.2 27.7 50.6

Tables 1 and 2 show the chemical and physical 
properties of the cements tested. These represent 

cements from four Australian States.
The target compressive strength at the end of the 

steam treatment chosen was the minimum transfer 
strength of 4000 lb/sq.in. on cylinders, (5000 lb/sq.in. 
on 4-in. cubes), as required by the Code of Prestressed



Concrete CA 35 (Standards Association of Australia 
1963). The slump of these mixes was maintained at 
around 2 in. The steam cycle chosen had a delay 
period of 4 hr from mixing, a 10 degC/hr temperature
time gradient, and an isothermal (constant tempera
ture) period of 6 hr at 80°C.

Table 3 sets out the compositions of the mixes 
that satisfy the above requirements. The cement 
factor ranged from 575 to 842 lb/cu.yd. The former 
value was that obtained for a “high early strength” 
cement and the latter for a “low heat cement”.

The specimens were compacted for 10 sec on a 
table vibrator having a frequency of 3000 cycles/min.

It is usually considered desirable to reduce the sand 
content as the cement content is increased. Fig. 1 
shows the relationship between the absolute volumes 
of the cement and sand used in this work, where a 
unit increase in the absolute volume of cement was 
balanced by a unit reduction of the sand content.

Table 3 also shows the grading of the sand and 
basalt aggregate used, and the compresseve strength 
of the concrete at the end of the steam treatment.

Fig. 1. Relationship between the absolute volumes of cement 
and sand

Normal
Setting time Standard mortar compressive strength 

(Ib/sq. in.)
Specific surface area 

(sq. cm/g)

Table 2. Physical properties of the cement tested

No. As supplied 
by 

associationt

As measured 
by 

authors

of paste 
(%) Initial Final 1 day 3 day 7 day 28 day

1 3300 3820 25.5 105 165 6550 8900 10450
2 3500 3560 24.5 90 150 — 6100 8000 9700
3 3650 3700 23.5 90 165 _ 4350 5800 8550
4 3650 3510 25.2 150 210 3940* 6580* 7300* 8660*
5 3080 3100 — 120 225 — 5250 6600 8500
6 2990 3000 — 175 225 — 6250 7700 9200

•As tested by authors f Cement and Concrete Association of Australia

Table 3. Composition of concrete mixes and compressive strength after steam treatment

Cement 
No.

Mix proportions to make 1 cu. yd 
of concrete (dry weight, lb) Water/cement 

ratio, W, by 
weight

Compressive 
strength 

(Ib/sq. in.)
Grading of aggregate

After steam 
treatment*

B.S.S.
Sieve No.

% Passing, by

Sand

weight

StoneCement Sand
5/8-in. 
Stone

1 575 1265 2030 0.542 5160 3/4 in. — 100
2 646 1190 2000 0.486 5150 3/8 in.

4
0

3 842 1051 2020 0.37 5220 7 100 —

4 676 1182 2005 0.49 4820 14
25

93.4
59.6

—

5 791 1043 1990 0.45 4960 52 23.2 —
6 766 1084 1985 0.425 5200 100 4.5

♦Average of two replicates



Compressive Strength of Fog-Cured Concrete

Fig. 2 shows the development of compressive 
strength with fog curing up to 91 days for three of the 
cements tested. These results are tabulated in the 
previous report (3). With up to 7days of fog curing 
there was little difference between the compressive 
strengths obtained from each cement, but with longer 
periods wide variations occurred. Inspection of the 
plotted results suggested that they could be represented 
by two straight lines on a log-linear plot, except for 
cement No. 5 for which the graph was one straight 
line to 91 days. The two cements high in C2S (No. 
3, 6) have a second gradient steeper than the initial 
gradient. That is, they gained strength faster than if 
the initial gradient had continued, but because the 
function is a log-linear one, the absolute gain in 
strength in a given time interval is lower than that 
obtained during the early period.

The prediction of the strength at any age is depen
dent on the knowledge of these gradients, the age at 
which one gradient is replaced by the other, and the 

strength at particular age. In Table 4 the actual values 
of the parameters of the concrete strengths are set out 
for each of the six cements tested.

Abrams (4) made predictions of the 28-day compres
sive strength based on the ratio K/7", where w was 
the water/cement ratio by apparent volume. Taylor 
(5) suggests that nowadays the relationship is closer 
to K/5"’. The terminology of apparent-volume is not 
completely satisfactory and it is more appropriate 
to think of the exponent as 1.5 W, where W is the 
water/cement ratio by weight.

From trial mixes, and also from those reported in 
this paper, the value of K was found to vary from 
21,200 to 30,600 lb/sq.in. depending on the cement 
used, strength being determined from 4-in. cubes. The 
variation for any one cement was of the order of 
±1000. A correlation between the value of K and the 
chemical composition of the cement was sought, 
but there appeared to be no unique relationship. This 
could be expected from the strength-age relationships,

KEV:

o l2^|JREP\|ICATE} FOG CURED

A Is* REPLICATE] 5TEAM CURED
* 2nd H 1

MAXIMUM 28-DAV COMPRESSIVE STRENGTH FOR
D STEAM PLUS FOG CURING 

___ ■, ACTUAL
STEAM PLUS FOG CURED —THEORETICAL

FOG CURED ;——^THTOREnCAL

Fig. 2. Relationship between

(c) CEMENT No.l

AGE (DAVS)

compressive strength and age



in that the 28-day strength lies sometimes along the second gradient portion, 
initial gradient portion and sometimes along the

Table 4. Values of parameters in concrete strength relations

Cement 
No. sl.SW

Compressive strength 
(Ib/sq. in.) Ki 

(Ib/sq. in.)
V—

3500
so3/c3a

Gradient constants

A
(1 day)

B 
(91 day)

L 
(Initial)

M 
(Second)

F 
(Steam & Fog)

1 3.71 1670 9000 6200 1.044 0.167 4660 1850 2530
2 3.24 1800 9730 5820 1.009 0.234 4380 3200 2850
3 2.44 1770 13180 4320 1.028 0.425 3900 7800 4400
4 3.27 1510 8460 4940 1.0 0.560 4300 2900 2960
5 2.96 1650 9450 4880 0.941 0.530 4000 4000 3200
6 2.79 1770 10140 4940 0.926 1.07 4130 4730 4050

Compressive Strength at 1 Day

It was therefore assumed that the above form of 
relationship between strength and water/cement 
ratio .should be related to a time prior to the change 
of gradient, and the strength at 1 day was chosen. 
Values of K, were obtained from the expression K] = 
A5*-5,,r, where A is the compressive strength at 1 day, 
and these values were systematically compared to the 
other characteristic parameters. The best correlation 
was established between Kj and the initial gradient 
constant, the straight line obtained (Fig. 3) having 
the form:

K, = 2.25L - 4300 [1]

where L is the initial gradient constant.
Further investigation was then done to relate this 

gradient to the phase composition.
Lerch (6) studied the influence of additions of SO3 

to mortar mixes made from a wide range of cement 
types in order to establish optimum SO3 contents. 
The optimum amount depended not only on the 
amount of C3A present, but also on the alkali content 
of the cements. As the SO3 content was increased up 
to the optimum, the compressive strength at 1 day 
and subsequent ages increased.

The SO3 contents in the cements used in this work 
were close to optimum values. The results obtained 
must be considered with this in mind. Deviations in 
SO3 content from those given in this report may vary

Fig. 3. Relationship between K i and initial gradient constant

Equation [1], In normal cement manufacture it is 
unlikely that large deviations would in fact occur and 
therefore the formula should generally hold for the 
grade of concrete made in this work.

Another fact arising from the work of Lerch is 
that the ratio of the optimum SO3 content to the C3A 
content varies in his work from 0.21 for a C3A con
tent of 14.3 per cent, to 0.79 for a C3A content of
2.4 per cent. That is, as the C3A content decreases, 
the optimum SO3 content decreases at a slower 
rate.

Initial Gradient Constant

The initial gradient constant was believed to be 
related to the proportions of C3S, C3A, C2S, and to 

the specific surface area of the cement. By successive 
variations in the constants appropriate to each



Fig. 4. Relationship between X and SO3/C3A ratio

phase component, the following was obtained.
Initial gradient constant =

L = 50(C3S + (X)C3A + OJSC.S)^/-^ [2] 

where (X) is a function, (see Fig. 4), of the ratio of SO3 
to C3A, (for optimum or near-optimum values of 
SO3 content), and S is the specific surface area, 
measured by Rigden air-permeability apparatus.

The formula is a ‘rate’ expression and as such the 
coefficients of the components do not mean that only 
a portion of the constituent is acting, but rather that 
the activity of the various constituents differs. Thus 
the most active phase is the C3A (since (X) is greater 
than 1), followed by the C3S and then the C2S.

Second Gradient Constant

A direct relationship between the second gradient 
constant and the chemical phase composition was 
not immediately found. When the ratios of the se- 
cond/initial gradients were compared with the ce
ment composition, however, a linear relationship 
was established, as shown in Fig. 5.

Gradient ratio, M/L, = 6R — 2.36 [3]

where 50(C2S + 0.5 CjS)^/^

Expanding the above expression, and substituting 
for L from Equation [2] we obtain:

Second gradient constant =

M = 3003^0(C2S + °-5C3S)

- 2.36{50a/5^q(C3S + (X)C3A + 0.75C2S)}

= 50(0.64C3S + 4.23QS - 2.36(X)C3A)a/5^q

[4]
Thus for the second stage of the strength develop
ment the activity of the C2S is seven times as large 
of the C3S, whilst the influence of C3A is negative.

Although the initial and second gradient con
stants, and the 1-day compressive strength may be 
calculated from Equations [1], [2] and [4], it is impos
sible to predict the strength development completely 
since the time at which the former gradient gives way 
to the latter is still unknown. Various attempts to 
relate the change-over point directly to the phase 
composition failed. Another approach was to relate 
the ratio of the 91-day and 1-day compressive 
strengths to the phase composition.



Fig. 5. Relationship between M/L and R

Compressive Strength at 91 Days

To obtain a relationship it was necessary to first 
divide the ratio of 91-day to 1-day compressive 
strength, B/A, by the term VS/35OO. The result is 
designated by Q. It was found (Fig. 6) that Q is related 
to R by the expression:

Q = 8.2R+1.3 [5]

where R is as defined above. Thus, substituting for 
Q, the 91-day compressive strength, B, was found to 
be: -

B-A(8.2R+1.3)V3^>

where A is the compressive strength at 1 day.

Prediction of Cement Factor

Fig. 7 shows the relationship between the cement 
factor and the initial gradient constant. The higher 

the initial gradient, the lower the cement factor neces
sary to achieve the grade of concrete specified in the



5000 work. The equation of the straight line relationship 
is:

Cement Factor = 2230 — O.357L [7]

700 600
CEViENT FACTOR (ib/cu.yd)

Fig. 7. Relationship between initial gradient constant 
and cement factor

Prediction of Water/Cement Ratio
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Fig. 8. Relationship between cement factor 
and water; cement ratio

From Table 3 it can be seen that as the cement 
factor increases the water/cement ratio required 
(under the circumstances of decreasing sand content) 
is decreased. This relationship is shown in Fig. 8. 
For mixes having a cement factor of 800-900 lb/cu.yd, 
a decrease of 100 lb/cu.yd in cement resulted in an 
increase of about 0.1 in the water/cement ratio, where
as for the leaner concretes (600 lb/cu.yd cement 
factor) a similar decrease necessitated an increase 
of only 0.05 in the water/cement ratio.

From the information on the chemical composi
tion of the cement it is possible, using the above expres
sions, to calculate the cement factor and water;/ 
cement ratio necessary to produce a concrete having 
the properties specified for this work.

Compressive Strength of Steam-Plus-Fog-Cured Concrete

As mentioned earlier in the report, the 28-day compressive strength of steam-plus-fog-cured con-



crete ranged (depending on the cement) from 98 to 
124 per cent of the strength of concrete continuously 
fog-cured for 28 days.

The steam-cured concrete had a steam maturity 
of about 1200 deg Chr (based on 0°C) which is equi
valent to about 2.3 days at 21 °C. If the compressive 
strength following steam curing is plotted on Fig. 2 
at this age, then the rate of development of strength 
during the subsequent fog-curing to 28 days is, for 
cements No. 1, 2 and 4 approximately the same as 
the secondary rate development of the continuously 
fog-cured specimens. For those cements high in C2S 
(No. 3 and 6) the rate of development during the fog 
curing is lower than the secondary rate of develop
ment of continuously-fog-cured specimens, but higher 
than the initial rate. The gradient constant for the 
steam plus fog curing condition has been designated 
by F.

Fig. 9. Relationship between F(M and L]M

Fig. 9 shows the relationship between F/M and 
L/M, from which Equation [8] has been obtained.

F = 0.4(L + M) [8]

Accuracy of Strength Prediction

Table 5 sets out the various physical constants of 
the mixes used in this work, calculated from the 
above equations. Comparison with the actual values 
used shows that the prediction of the concrete pro
perties is very good. The cement factor was predicted 
to within ±5 per cent, the 1-day compressive strength 
to within +11.2, —6.1 per cent, and the 91-day 
compressive strength to within +7.1, —4.8 per cent.

The greatest difference between the theoretical and 

the actual strength values occurred in the case of 
cement No. 4. In Table 3 it will be noted that the 
compressive strength after the steam curing is 280 
lb/sq.in. below the average value of 5100 lb/sq.in, 
taken in this work. Thus if in this case the original 
mix proportion had been adjusted to obtain the higher 
“ex-steam” compressive strength, then the difference 
between the theoretical and actual strength develop
ment would have been less.

Table 5. Calculated values of properties of concrete

Cement 
No. L

Gardient constants

(Ib/sq. in.) _

Compressive strength 
(Fog cured) 
(Ib/sq. in.)

Cement factor 
(Ib/cu. yd)

M F 1 day 91 day

Theo
retical

Error Theo
retical

Error Theo
retical

Error Theo
retical

Error Theo
retical

Error Theor- 
retical

Error Theo
retical

Error 
%

1 4710 +1.1 1890 4-2.2 2640 +4.3 6300 + 1.6 1700 + 1.8 9020 +0.1 550 -4.3
2 4340 -0.9 3560 + 11.2 3160 + 10.9 5470 -6.0 1690 -6.1 9610 -1.2 680 + 5.3
3 3960 + 1.5 7750 -0.64 4680 + 6.4 4610 + 6.7 1770 0 13100 -0.6 818 -2.9
4 4270 -0.7 2820 -2.8 2840 -2.0 5320 + 7.7 1680 + 11.2 9140 + 7.1 705 +4.3
5 4040 + 1.0 3880 -3.0 3170 -0.95 4790 -1.8 1720 +4.2 9460 0 790 0
6 4110 -0.5 5010 + 5.9 3650 -11.0 4950 +0.05 1690 -4.6 9650 -4.8 760 -0.8

Limitations of Empirical Formula

The expressions obtained in this work apply only 
to concrete mixes having the same type of ingredients. 
Variations in the grading of the sand aggregate, the 
maximum particle size of the stone, the strength level 

after steam curing and the workability desired will 
all affect the relationship.

Although the six cements tested cover a wide range 
of chemical and physical properties, they all have one 



aspect in common and it is that the change-over point, 
from the initial to the second gradient, occurs at ages 
later than one day. If a cement is so chemically con
structed to produce a rapid early strength growth 

in the first 24 hours, followed by a lower rate of 
strength growth thereafter, then it is anticipated that 
such a cement would not follow the pattern of 
results outlined in this report.

Conclusions

Although the expressions are purely empirical, 
it is believed that they may provide the basis for some 
theoretical explanations at a later date.

It is possible to predict with reasonable accuracy 
the strength-age relationship of fog-cured concrete, 
proportioned to give a compressive strength of 5100 
lb/sq.in. after a steam cycle giving a maturity of 
about 1200 degChr. Prediction can also be made of 
the development of strength of steam-cured concrete 

with subsequent fog curing to 28 days.
The cement factor necessary to produce the above 

strength can be predicted from the chemical charac
teristics.

The important characteristics of the cement, from 
the point of view of the above predictions, are the 
proportions of C3S, C3A, C2S, the specific surface 
area and the SO3/C3A ratio.

References

1. R. K. Lewis, “Steam curing of lightweight concrete.
The effect of delay prior to steaming and of tempera
ture-time gradient”, Const. Review, 36, No. 2,20-25 
(1963).

2. R. K. Lewis, “The effect of maximum temperature and
maturity on the steam curing of lightweight con
crete”, Const. Review, 37, No. 4, 23-29 (1964).

3. R. K. Lewis, “A summary of investigations of steam
curing of concrete related to cement characteristics”, 
Const. Review, (In press).

4. D. A. Abrams, “Design of concrete mixtures”, Struc
tural Materials Research Laboratory, Lewis Insti
tute, Chicago, Bulletin No. 1, Dec. 1918.

5. W. H. Taylor, Concrete Technology and Practice,
2nd ed., p. 30 (Angus and Robertson Ltd., Sydney, 
Australia, 1965).

6. W. Lerch, “The influence of gypsum on the hydration
and properties of portland cement pastes”, A.S.T.M. 
Proc. 46,1252-1292 (1946).



Supplementary Paper III-91 Heat of Hydration of Portland Cement 
during Steam Curing under Atmospheric Pressure
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Synopsis

The hydration processes of cement during steam curing are so complicated that it has 
not been made clear as yet. As a clue for solving the problem, the authors tried to measure 
the rate of heat liberation of cement paste taking place during steam curing.

The calorimeter used for this purpose consisting of a pair of conduction calorimeters; 
one for sample and other for dummy. As both calorimeters are equal in heat capacity, effects 
on change of curing temperature can be canceled and only the heat of hydration of cement 
paste during steam curing can be measured.

Using the calorimeter, the influence of various curing cycles on the rate of heat libera
tion of cement was investigated. The relation between peaks of heat liberation and strength, 
and the mechanisms of hydration at every peak were studied.

Introduction

As the steam curing of concrete is one of the 
methods effective for hardening acceleration, for 
obtaining the high strength at early ages, for reducing 
drying shrinkage and so on, it has become popularly 
employed in the manufacture of precast concrete. 
The properties of steam cured concrete are affected 
by many factors, e.g. time of presteaming, rate of 
heating, etc. At present, the conditions of steam 
curing process are determined only by experience 
alone. While physical properties of steam-cured 
concrete have been described in detail by many 
authors, hydration process of cement during steam 
curing has not been made clear as yet. In order to 
find suitable steam curing conditions for manufac
turing concrete products of excellent quality, it is 

necessary to clarify the hydration process of cement 
taking place during steam curing.

The conduction calorimeter is a very useful appa
ratus for studying hydration process at room tem
perature, but it cannot be used during steam curing 
because it is so designed as to determine the heat of 
hydration at a constant temperature. In order to 
measure the rate of heat liberation of cement during 
steam curing, two twin-type calorimeters were de
signed and tested.

The heat liberation curves were obtained by the 
calorimeters and the characteristics of reactions 
occurring at every step of steam curing were in
vestigated.

Calorimeter

The conduction calorimeter developed by Lerch
(1) has such a structure as is shown in Fig. 1 and it 
is useful for studying the kinetics of hydration of 
cement at early ages.

A sample container made of copper was packed 
with fresh cement paste, placed on a conduction tube 
and it was then covered with a Dewar’s vessel. The

♦Research Laboratory, Nihon Cement Co., Ltd., Tokyo, 
Japan.

heat of hydration evolving in the sample container 
flows down through the conduction tube and is 
released subsequently into the water which is kept at 
a constant temperature by means of thermo bath. 
At the top side (A) and the bottom side (B) of the 
conduction tube, thermodetectors were placed and 
the difference of temperatures between A and B, 
which is in proportion to the rate of heat evolution of 
cement, was determined.

When the curing temperature rises during steam



Fig. 1. Schematic structure of conduction calorimeter and 
twin-type conduction calorimeter

curing, which is the rise of the temperature of water 
in the thermo bath, heat flows from B to A. Hence, 
it gives us false information as if endothermic reaction 
is occurring in the cement paste during the heating 
period.

In order to remove the structural defect of the 
conduction calorimeter, an additional conduction 
calorimeter having the same thermal properties 
was set in parallel. The container was packed with 
inactive substance which was equal to the sample 
in heat capacity, and this was used as a dummy. 
By detecting the diference of temperature between 
A and A’, the rate of heat liberation of the cement 
can be obtained without being disturbed by the 
temperature change. Twin-type calorimeters such 
as Calvet’s calorimeter, the conduction calorimeter 
designed by Danielsson (2) and the microcalorimeter 
designed by the Oyo-Denki Lab. (3) are reported. 
The authors, however, designed two kinds of twin
type calorimeters as follows:

(1) The Oyo-Denki Lab.’s microcalorimeter of 
special design

The Oyo-Denki Lab.’s microcalorimeter consists of 
(1) an Al base block about 28 kg in weight similar to 
the block of DTA apparatus, (2) an insulator to keep 
the block at uniform temperature and (3) covers with 
mixing parts. The authors’ microcalorimeter consists 
of only an Al block as shown in Fig. 2. Sample con
tainers are 54 X 35 mm in size and are made of 
copper. The one for a dummy was filled with about 
27 g of fly ash paste and the other was filled with 
about 25 g of cement paste. Each containers were 
placed on each thermoelement in the Al block. The 
calorimeter was set in a steam curing bath. As mea
surement was disturbed by water drops falling on 
the containers, which condensed on the ceiling of the 
steam curing bath, covers were placed over the 
openings of the Al block to shut out water drops.

Fig. 3. Structure of twin-type calorimeter

This calorimeter, however, has one weak point. 
Water condenses on the sample container and ther
moelement during cooling period of steam curing 
and disturbs the measurements of the heat liberation.

(2) Twin-type calorimeter devised by the authors

Another twin-type calorimeter as shown in Fig. 
3 was designed and tested.

A glass test tube was filled with cement paste, 
sealed with a rubber stopper and placed in a 
Cu tube (A). Another glass test tube was filled with



Fig. 4. Comparison between the two calorimeters

an inert substance used as a dummy, which had 
almost the same heat capacity as the cement paste, 
and was placed in a Cu tube (B). At the space between 
the Cu tubes (A) and (B), 10 thermocouples arranged 
in series were installed and were connected with a 
recorder. The Cu tubes were set in an outer large 
Cu vessel. The relation between electromotive force 
of the thermocouples and the rate of heat liberation 
was determined by standardized electric heater and 

it showed linear relation up to about 500 cal/hr., 
but lost its linearity when over 500 cal/hr. This is 
probably due to the temperature difference between 
the tube B and the outer vessel, , which is caused by 
the accumulation of heat in tube B, into which much 
more heat flows from the tube A than that which 
flows from the tube B to the outer vessel when the 
heat generation in the tube A is high.

At the period in which curing temperature rises 
at high rate, e.g. at the rate of 40°C/hr, the tem
perature difference between the outer and the inner 
Cu vessel reaches as much as 2°C. If the diameter of 
outer vessel can be decreased, the temperature differ
ence between the outer and the inner vessels being 
reduced, the relation between the electromotive 
force of the thermocouples and the rate of heat 
liberation can be improved.

(3) Comparison between both calorimeters

Curves of the rate of heat liberation shown in 
Fig. 4, were obtained by each calorimeters using 
the same program of steam curing. The results 
obtained were almost the same. According to the 
test results, whether the air surrounding the cement 
paste is saturated with water vapour or not seems 
to be of little importance to the rate of hydration 
of cement.

Measurement of Volume Changes of Cement Pastes during Steam Curing

Much has been reported on the volume change of 
cement paste at early ages during constant tem
perature curing, but there are only a few reports on 
that occurring during steam curing.

The volume of cement paste decreases by early 
hardening process, which is called “intrinsic shrink
age" or “autogenous shrinkage". But, the volume 
increases with the rise of curing temperature. As 
both shrinkage and expansion take place during 
steam curing, complicated volume changes were 
noted.

Homma’s method (4), which is available for 
determining volume changes of cement paste at 
constant temperature, was applied to obtain the 
informations on the volume changes taking place 
during steam curing. Fresh cement paste was filled in 
a thin rubber container having a capacity of about 
20-30 ml, taking cares not to bring air bubbles into 
the container, and this was sealed tightly with a ba
kelite stopper having a curved surface so as to prevent 
occurrence of void between the stopper and cement 
paste, as shown in Fig. 5. The sample thus prepared 

was suspended in water kept at a given temperature 
and was connected with a chemical balance, and its 
weight in water was measured. When the sample paste 
shrinks, its weight in water increases. The contracted 
volume of cement paste can be obtained by multi
plying density of water at a given temperature by the 
increased weight of sample in water. During steam 
curing, the surface of water in the thermo bath was

Fig. 5. Rubber container and bakelite stopper for 
measuring volume change



Fig. 6. Apparatus for measuring the rate of heat liberation 
and the volume change

covered with liquid paraffin so as to keep it at con
stant level. Water which had been boiled to expel 
dissolved air was filled in the thermo bath, so as to 
prevent the clinging of air bubbles on the sample by 
heating and causing thereby a decrease of weight of 
the sample in water. By an automatic recording ther
mal balance reconstructed for this purpose, changes 
of weight in water were determind. The apparatus is 
shown in Fig. 6.

Effects of SO3 Contents in Cement on the Heat Liberation Curves during Steam 
Curing

By mixing gypsum with normal portland cement 
clinker, cements having various SO3 contents (1.8, 
2.3, 2.8 and 3.3%) were prepared. The fineness of the 
cements was about 3600 cm2/g by the Blaine method. 
After the cement paste with W/C = 0.4 was cured at 
25°C for 5 hours, it was heated at the rate of 20°C/hr 
up to 75°C and cured at this temperature thereafter.

The results are shown in Fig. 7.
The heat liberation curve of the sample cured at 

20°C is also shown for reference. As the cements of 
four kinds gave nearly the same heat liberation curves 
at 20°C, the curve representing them is that of the 
cement with 1.8% SO3 content.

Just after beginning of heating, the rates of heat 
liberation curve showed lower values than the one 
cured at 20°C, but a little later it increased rapidly in 
every case of cements.

Eleven hours after mixing, the rate of heat liberation 
of cement paste cured at 20°C reached the highest 
peak and this figure was 2.2 cal/g.hr. During steam 
curing, the peaks of heat liberation curve appeared 
at the hours 8 to 9 after mixing, and their heights 
were about 12 or 13 cal/g.hr., which were 5 to 6 times 
higher than that of sample cured at 20°C.

After passing the peaks, the rate of heat liberation 
of steam cured sample decreased rapidly and fell 
below 0.5 cal/g.hr. at 15 hours.

Sample paste prepared from cement with 1.8% 
SO3 showed two peaks of heat liberation at 7, and 9.5

Fig. 7. Effects of SO 3 contents in cement on the heat liberation 
curves during steam curing

hours after mixing, and that with 2.3% SO3 also 
showed two peaks at 8 and 9 hours after mixing. 
They had two different hydration steps. The first 
peak may be dependant on rapid hydration of alu
minate phase in cement and this will be discussed 
later. The latter peak depends on hydration of alite. 
The samples prepared from cement with 2.8% and 
3.3% SO3 showed only one peak, because the two 
hydrations occurred almost simultaneously.

Effects of Time of Presteaming on Strength and Heat of Hydration

The time of presteaming is one of the most impor
tant factors which affects the strength of steam cured 
concrete products. O.P. Mchedlov-Petrosyan, A.G. 
Bunakov and Ju. L. Vorodyov (5) stated that the 

optimum preheating time would be determined from 
the heat liberation curve of concrete, and that the 
time immediately after the curve passes the peak 
should be chosen. In this section, the relation between 



the rate of heat liberation and compressive strength 
of specimens cured at various presteaming times and 
by the same steam treatment is discussed.

Specimens for strength test (05 X 10 cm) were 
prepared by molding a mixture of 1241 g of portland 
cement, 2308 g of natural sand and 517 ml of water, 
and for the calorimeter test the same mixture was 
filled in a test glass tube. The specimens for strength 
test in molds and the specimens for heat liberation 
test placed in the twin type calorimeter mentioned 
above were cured at 20°C for a given period of time, 
and then heated in a steam curing bath. Conditions 
of steam curing were as follows;

Temperature of presteaming 20°C

Time of presteaming (hours) 1/4, 1/2, 1,2, 4, 8 and 16 
(7 levels)

Rate of heating 20°C/hr.

Temperature of isothermal curing 85°C

Time of isothermal curing 5 hr.

Rate of cooling 20°C/hr.

When the temperature fell to 30°C in the cooling 
period, the specimens were brought out of the steam 
curing bath, taken out of the molds and then cured 
in water at 20°C. The compressive strength was exam
ined 1 hour after the specimens were brought out of 
the steam curing bath and 28 days after mixing.

Fig. 8 shows the results of the strength test and 
Fig. 9 gives the rate of heat liberation.

The thick line in Fig. 9 shows a heat liberation of 
cement hydrated at 20°C. According to the view of 
Mchedlov-Petrosyan et al., the presteaming time of 
8 to 9 hours seems to be most appropriate, because 
the heat liberation curve at 20°C shows the maximum 
at 8 hours. Compressive strength at 28 days increased 
with the increase of presteaming time up to 4 hours, 
and decreased when presteaming time was longer. 
Compressive strength at 1 hour after steam curing 
showed higher value with the increase of the pres
teaming time. Considering the above results, it may 
be concluded that the presteaming time should be 
determined in accordance with the conditions neces
sary for practical performances instead of heat lib
eration curve of concrete.

The heat liberation curves of the test samples cured 
with presteaming time shorter than 4 hours had two 
sharp peaks appearing at a intervals of 1 to 2 hours, 
the first peak being due to the hydration of aluminate 
and the second due to the hydration of silicate. With 
4 hours’ presteaming, both reactions occurred almost

Fig. 8. Effect of the time of presteamig period on strength

Fig. 9. Effect of time of presteaming period on the rate 
of heat liberation

at the same time. With longer presteaming period, 
a low and gentle peak appeared. With 16 hours curing 
at 20°C, the hydrated products covered the surface 
of the unhydrated cement particles, the rate of diffu
sion of water through the film of the hydrated prod
ucts fell, and the rate of heat liberation of cement 
decreased to almost zero. When the sample was heated 
at this condition, the diffusion of water through the 
film of hydrated products was activated by rising 
temperature and the hydration became active again. 
But the rate of heat liberation decreased again in a 
short time, presumably due to filling up of the cap
illary pores of cement paste with hydration products 
appearing as a result of the hydration. This may be 
the reason why a steam cured mortar showed high 
strength immediately after steam curing, but exhibi
ting relatively low strength development at the later 
stage.



Hydration of C3S during Steam Curing

C3S used in this investigation was made from the 
mixtures of chemical reagents heated repeatedly 
in an electric furnace until free CaO content fell below 
0.1 %. It was pulverized to the fineness of 3600 cm2/g 
by the Blaine method, and the sample paste was 
prepared with W/C3S = 0.4. The pastes were cured 
under following conditions;

No. 1 2 3 4 5

Presteaming period (hr) 2 5 2 5

Rate of heating (°C/hr) 20

Temperature of isothermal curing (°C)
cured at 
20°C 60 80

Time of isothermal curing (hr) 17.5 14.5 15.5 12.5

Rate of cooling (°C/hr) 20

The results are shown in Figs. 10-14.
The rate of heat liberation of C3S cured at 20°C 

(No. 1), began to rise from about 3 hours after mixing, 
passed through the maximum about 10 hours after 
and decreased gradually thereafter. The volume of 

C3S-paste continued to shrink until 24 hours after 
mixing and it was high in proportion to the rate of 
heat liberation.

The rate of heat liberation in curing No. 2 was 
closely equal to that of No. 1 until 1.5 hours after 
start of heating. It may be concluded from the results 
that nucleation process of calcium silicate hydrate is 
not accelerated by heating. After the paste had reached 
the potential sufficient for nucleation, the hydration 
of C3S was accelerated by the rising temperature and 
the rate of hydration increased rapidly. At 4.9 hours 
after mixing, the rate of heat liberation reached the 
maximum and its peak was 18.1 cal/g.hr., which was 
3 times as high as No. 1. The rate of heat liberation 
then dropped rapidly and 9 hours after mixing it was 
less than 2cal/g. hr. The C3S-paste expanded after 
the beginning of heating, but shrank after the end of 
the dormant period.

With longer presteaming time, (No. 3 and No.5) 
the rate of heat liberation increased as soon as the 
heating began.



Fig. 12. Hydration of C3S, presteaming time 5 hrs, 
curing temperature 60°C (No. 3)

Fig. 13. Hydration of C3S, presteaming time 2 hrs, 
curing temperature 80°C (No. ■'f)

So

Fig. 14. Hydration of C3S, presteaming time 5 hrs.
curing temperature 8(FC (No. 5
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Fig. 15. DTA curves of C3S paste curves at 80°C 
(above') and 20°C (below) (24 hours aftermixing)

The highest rate of heat liberation was 23.0 cal/g.hr. 
of No.5. The height of the peak of No.3 was nearly 
equal to that of No.2. With isothermal curing at 60°C, 
the height of the peak of heat liberation curve de-



creased proportionally to the length of presteaming 
time, but the situation was quite contrary at 80°C.

Amounts of nonevaporable water of C3S-paste at 
24 hours after mixing were as follows, and practically 
no difference was observed among them; No. 1 10.5 %, 
No. 2 9.1%, No. 3 10.1%, No. 4 11.2% and No. 5

11.6%.
The hydration products in the pastes occurring 

when cured at the raised temperature were thought 
to be of the same kind as those occurring when cured 
at 20°C according to DTA (see Fig. 15).

Hydration of j9-C2S during Steam Curing

jff-C2S having 1 % Cr2O3 content as stabilizer was 
prepared by heating a mixture repeatedly until free 
CaO disappeared and was ground to the fineness of 
2800 cm2/g by the Blaine method. Sample paste 
prepared with W/C2S = 0.4 was cured in accordance 
with the program shown in Fig. 16.

It shows that the rate of heat liberation was in
creased by heating but it did not reach 1 cal/g.hr. 
even when heated at 80°C, and that the sample pastes 
did not harden in 24 hours. It may be concluded 
therefore that the steam curing has only a small 
effect on the rate of hydration of ß-C2S.

Fig. 16. Rate of heat liberation of C2S 
at various curing conditions

Hydration of C3A during Steam Curing

C3A prepared by burning a mixture of chemical 
reagents in an electric furnace was ground to the 
fineness of 3100cm2/g by the Blaine method. Mixing 
of 800 g of C3A and 160 g of gypsum (88/z under) 
was made. In consideration of the fact that low 
W/solid-ratio may possibly hinder perfect hydration 
owing to lack of water, the sample pastes were pre
pared with W/solid = 1. The prepared samples were 
cured at 20°C (Fig. 17) and treated in accordance with 
the programs shown in Fig. 18 and Fig. 19.

The reaction of C3A with gypsum was accelerated 
with the rising temperature and all gypsum in the 
mixture were spent at early ages. After the gypsum in 
the mixture were totally consumed, the hydration 
proceeded rapidly and the paste hardened. Results 
of DTA (Fig. 20) shows that the hydration product 
formed before the disapperance of gypsum was 
trisuphate hydrate and this later became monosulphate 

and C3AH6. W. Lieber (6) reported that C3A reacts 
with gypsum at high temperature and forms trisulfate 
hydrate. The results of DTA show that the formation 
of trisulphate hydrate will take place as long as 
gypsum remains in paste.

The paste was expected to expand with the forma
tion of trisulphate hydrate, but it showed contraction 
through the curing period except at the time of 10 
hours after mixing. This may be due to the presence 
of large amount of water in the paste.

The paste expanded at the beginning of steam 
curing because of the expansion of free water in the 
paste. When the rapid hydration occurred with the 
disapperance of gypsum, the volume of paste con
tracted at a high rate. After that, the rate of con
traction gradually decreased in case of 60°C curing, 
but the paste expanded in case of 80°C curing and the 
rate of expansion gradually decreased with the
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12 hr
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1/2 hr

curing temperature 80° C

Fig. 18. Hydration of C3A + Gypsum paste, presteaming time 
2 hours, curing temperature 60° C .

2 hr

Fig. 20-1. DTA curves of C3A + Gypsum cured at 20°C



1/2 hr

TEMPERATURE (*0)

Fig. 20-2. DTA curves of C3A + Gypsum cured at öO^C

1/2 hr

TEMPERATURE (*0)

Fig. 20-3. DTA curves of C3 A + Gypsum cured at 80°C

lapse of time.
The degrees of hydration of C3A after 24 hours 

were 75, 65 and 63 % with curing temperatures of 20, 
60 and 80°C respectively. It shows that the rate of 
hydration of C3A after 24 hours decreases with the 
rise of temperature. The amount of non-evaporable 
water has the same tendency as the rate of hydration; 

40.7% for 20°C, 31.4% for 60°C and 30.1 % for 80°C 
(on ignited base). The difference between the amounts 
of non-evaporable water for 20°C curing and that for 
60°C and 80°C was probably due to the difference in 
ratios of monosulphate-C4AHn solid solution to 
C3AH6 of these samples.

Hydration of C4AF during Steam Curing

C4AF prepared by burning a mixture of chemical 
reagents in an electric furnace was ground to the 
fineness of 4200 cm2/g by the Blaine method.

In the hydration of system C4AF + gypsum, the 
formation of trisulphate hydrate decreases the calcium 
concentration in the liquid phase. It seems that the 
hydration of C4AF in portland cement was different 
from that of the mixture of C4AF and gypsum, be
cause the former proceeded in the solution of high 
calcium concentration and the latter in low concen
tration. For this reason, 360g of C4AF was mixed 
with 54 g of Ca(OH)2 and 108 g of gypsum (<88/z).

The sample pastes were prepared with W/solid 
= 0.5. The prepared samples were cured under three 

kinds of heat treatment as shown in Figs. 21-23.
The rate of heat liberation for curing temperature 

of 20°C is small until 24 hours, except for a certain 
period after mixing when rapid reaction takes place. 
The pastes contracted at nearly constant rate. The 
DTA curve of the paste at 24 hours shows that large 
amount of gypsum still remains (see Fig. 24) (en
dothermic peaks at 150° and 180°C).

The rate of heat liberation of paste cured at 60°C 
increased as soon as heating started. When it reached 
to 6 or 7 cal/g.hr., the heat liberation curve kept a 
constant level until 10 hours. At 11 hours, a steep 
peak appeared. It was caused by the rapid hydration 
of C4AF taking place immediately after the gypsum



Fig. 21. Hydration of C4AF + Gypsum + Ca(OH)a 
cured at 20° C

Fig. 23. Hydration of C4AF + Gypsum + Ca(OH)j paste, 
presteaming time 2 hrs, curing temperature 80°C

Fig. 22. Hydration of C4AF + Gypsum + Ca(OH)2 paste, 
presteaming time 2 hrs, curing temperature 60° C

8O‘C CTBIHG 5 hr

Fig. 24. DTA curves of C4AF + Gypsum + Ca(OH)z paste

in the mixture had been spent for the formation of 
trisulphate hydrate. The paste hardened at this hy
dration. While the gypsum remained in the paste the



hydration product was trisulphate hydrate, but after 
the disappearance of gypsum trisulphate hydrate was 
decomposed and formed C3(A, F)H6 and mono- 
sulphate-C4(A, F)Hn solid solution. The paste ex
panded during the heating period and shrank at the 
early period of isothermal steam curing. The rate of 
volume contraction decreased gradually with the 
lapse of time and at 8.5 hours the paste began to 
expand. It may have been caused by the formation 
of trisulphate hydrate. The rapid hydration of C4AF 
caused by the disappearance of gypsum brought 
about the volume contraction of the paste. After the 
peak of heat liberation, the rate of volume con
traction fell rapidly to almost zero.

The reaction of C4AF with gypsum was more 
accelerated at 80°C than at 60°C curing, and the peak 
of heat liberation closed by the disappearance of 

gypsum in the paste occurred at early ages. After the 
appearance of the peak, the rate of heat liberation 
fell down to 1 or 2 cal/g.hr. The hydration product 
was trisulphate hydrate at first but after reaching the 
peak monosulphate-C4(A, F)Hn solid solution hydrate 
and C3(A, F)H6 resulted. The paste expanded during 
the heating period and contracted after the rapid re
action owing to the disappearance of gypsum in the 
mixture took place. The cycle of contraction and ex
pansion and contraction occurring in 60°C curing, ex
pansion first by heating and contraction caused by 
rapid hydration, did not take place in 80°C curing. 
After reaching the peak of heat liberation the paste 
expanded. After the disappearance of gypsum in the 
paste, the hydration of the phase containing alumina 
caused contraction of the paste by 60°C curing and 
expansion of the paste by 80°C curing.

Hydration of Normal Portland Cement during Steam Curing

Studies of hydration process of normal portland 
cement during steam curing were made from the 
scopes of the heat liberation and volume change. 
It was studied in relation to the results of hydration 
of each compounds mentioned above.

Normal portland cement used for the experiments 
had components of 48% C3S, 28% C2S, 9% C3A, 
9% C4AF and 3.1% CaSO4 according to Bogue’s 
formula. Sample pastes were prepared with W/C 
= 0.4 at 20°C. The pastes were cured by 8 kinds of 
heat treatments as follows; 

No. 1 2 3 4 5 6 7 8

Time of presteaming (hr) 2 5 1/2 1 2 5 10

Rate of heating (°C/hr) 20

Temperature of isothermal
cured 
at 60 80curing (°C) 20°C

Time of isothermal curing (hr) 17.5 12.5 17.0 16.5 15.5 12.5 7.5

Rate of cooling (°C/hr) 20

The heat liberation of sample No. 1 cured at 20°C, 
was small during the dormant period which lasted 
for about 2 hours, but it increased after that period 
and reached the maximum at 9.5 hours. Its peak was 
2.8 cal/g.hr. The rate of heat liberation decreased 
gradually thereafter. The sample contracted con
tinuously up to 24 hours after. When the rate of heat 
liberation reached the peak, the contraction rate of 
volume also reached the maximum. SO3 as calcium 
sulphate contained in the cement paste decreased with

the lapse of time and was almost completely spent 
for the formation of trisulphate hydrate at 12 hours. 
In the paste of C3A + gypsum mentioned above, 
the rapid hydration occured when gypsum in the 
paste was totally spent for the formation of trisul
phate hydrate. In the paste prepared from portland 
cement, however, a peak which should have been 
caused by the disappearance of gypsum did not 
appear.

In the heat treatment of No. 2, the heat liberation 
curve of the cement paste showed that the hydration 

Fig. 25. Hydration of normal portland cement 
cured at 20°C (Nd. 7)



of cement still remained in the dormant period after 
the beginning of heating.

The paste expanded due to the thermal expansion 
of water. After 3 hours, curing temperature rose to 
above 40°C, the rate of heat liberation increased 
rapidly and the hydration of cement changed from 
the dormant period to the active period. The change 
of volume altered from expansion to contraction. 
At 5 and 6.5 hours after the mixing two peaks of 
heat liberation occurred. The first was the sharp and 
high peak (17 cal/g.hr.) accompanied by the con
traction of the paste. It appears to be that this peak 
of heat liberation was caused by the hydration of 
aluminate owing to the disappearance of gypsum. 
Gypsum in the cement paste decreased rapidly during 
the period of 2 to 5 hours after mixing and SO3 as 
calcium sulphate dropped to only 0.05 % at 5 hours 
(as shown in Fig. 26). The latter peak was gentle and 
shaped like a shoulder of the first. It seems that this 
peak arose from the hydration of silicate. The hy
dration of silicate in C3S-paste caused the volume of 
paste to contract as described above, but in the case 
of portland cement paste, it caused a slight expansion. 
Results of DTA show that before the appearance of 
the first peak, trisulphate hydrate (endothermic peak 
at 120°C) was formed, but this product decreased 

in course of time to form monosulphate-C4AHn 
solid solution hydrate (endothermic peak at 220°C). 
Both of the endothermic peaks became broad and 
indistinct after 1 week.

In case of No. 3, the rate of heat liberation and the 
rate of volume change showed the same tendency as 
those in No. 2. The height of earlier peak caused by 
absence of gypsum was lower than that of No. 2.

A notable difference between hydration processes 
at 60°C curing and at 80°C curing is shown by the 
heat liberation curves of No. 2 and No. 6. Three peaks 
appeared in the heat liberation at 80°C curing, the 
first at 4.8 hours, the second at 5.1 hours and the last 
at 6 hours. The former two were not so sharp as the 
last, and these peaks appeared successively one after 
another. As free CaSO4 dropped to the minimum at
4.5 hours, it seems that the first peak came to appear 
by the rapid hydration of aluminate owing to the 
absence of gypsum. SO3 as calcium sulphate in
creased again at 5 hours. At this time the temperature 
of curing was 80°C. DTA curves show that trisulphate 
hydrate was found formed up to 4.5 hours and at 
5 hours trisulphate hydrate and monosulphate 
hydrate appeared. After 5.5 hours, endothermic peaks 
became indistinct. P.P. Budnikov and Ya. Erschler 
(7) reported that the transition of hydrosulpho

Fig. 26. Hydration of normal portland cement, presteaming 
time 2 hrs, curing temperature 60° C (No. 2)

Fig. 27. Hydration of normal portland cement, presteaming 
time 5 hours, curing temperature 60° C (No. 3)



Fig. 28. Hydration of normal portland cement, presteaming 
time 0.5 hr, curing temperature 80°C (No. 4)

Fig. 29. Hydration of normal portland cement, presteaming 
time 1 hr., curing temperature 80°C (No. 5)

compounds into the low sulphate takes place; this 
was accompanied with the release of free CaSO4 under 
the influence of high temperature and a liquid phase 
saturated with Ca(OH)2. From the facts of increase 
of free CaSO4 and disappearance of tri-and mono
sulphoaluminate hydrates as shown by DTA, it may 
be concluded that the second peak appeared owing 
to the partial decomposition of aluminate hydrates.

The third peak was the highest of all and it was 
caused by the accelerated hydration of silicate phase.

At every step of hydrations, the volume con
tracted in high rate. After the occurrence of the 
third peak, the volume expanded for a while, but 
thereafter the paste maintained its constant volume.

In both cases of shorter and longer presteaming 
period than that of No. 6, two peaks appeared. With 
shorter presteaming period (No. 4 and No. 5), the 
amount of SO3 as gypsum decreased with the lapse of 
time, but as the release of SO3 occurred before SO3 
in cement was spent for the formation of trisulphate 

hydrate, a peak of heat liberation due to the disap
pearance of gypsum did not appear. Therefore, the 
first peak is considered as showing the hydration 
owing to the release of SO3 and the second as showing 
the hydration of silicates.

With longer presteaming period (No. 7 and No. 
8), gypsum in cement was used up for the formation 
of trisulphate hydrate during the heating period and 
a peak of heat liberation caused by the rapid hy
dration of aluminate appeared. When the curing 
temperature was raised up to 80°C, trisulphate hy
drate formed should have decomposed, as was shown 
in the case of No. 8, that is, SO3 as gypsum dropped 
to the amount less than 0.1% at 12 hours and in
creased to 0.2% at 13.5 hours. The peak of heat 
liberation was accompanied with the decomposition 
of trisulphate hydrate, perhaps overlapped with a 
large and sharp peak caused by the hydration of 
silicate.

In all of the cases except No. 7, the paste con-



. Fig. 30. Hydration of normal portland cement, presteaming 
time 2 hrs, caring temperature 80° C (No. 6)

Fig. 31. Hydration of normal portland cement, presteaming 
time 5 hrs, curing temperature 80° C (No. 7)

Fig. 32. Hydration of normal portland cement, presteaming 
time 10 hrs, curing temperature 80°C (No. 8)

Fig. 33-1. DTA curves of normal portland cement paste cured 
at 20°C (No. 7)

tracted when the hydration of silicate took place, 
and in case of No. 7, it expanded. This expansion 
may be attributed to the hydration of silicate taking
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Fig. 33-2. DTA curves of normal portland cement paste cured 
at 60°C (No. 2)

place after the hardening of the paste.
Shorter presteaming time brought about a heat 

liberation curve with a sharp and eminent peak, 
but sharpness and height of the peak decreased with 
length of presteaming time. This may be due to the 
extent of early hydration of cement.

By 60°C isothermal curing, a heat liberation curve 
having one sharp and high peak and another gentle 
peak were obtained, the first owing to the disap
pearance of gypsum and the latter due to the hy-

0 500

4.5 hr

1000

Fig. 33-3. DTA curves of normal portland cement paste cured 
at 80°C (No. 6)

dration of silicate. At the temperature of 80°C, a 
heat liberation curve having a low peak, due to the 
disappearance of gypsum, and a high peak, due to 
the hydration of silicate, were obtained.

General Conclusion

For a better understanding of the hydration pro
cess of cement taking place during steam curing under 
atmospheric pressure, the authors tried to determine 
the rate of heat liberation, and were able to obtain 
useful informations on the effects of steam curing on 
the rate of hydration, the steps of hydration and so 
on. For this purpose, twin-type calorimeters were 
designed and tested. In addition, they triöd to deter
mine the volume change taking place during steam 
curing.

The rates of heat liberation were measured under 
various conditions of steam curing, and the hy
drations occurring during process which caused to 
reveal peaks of heat liberation were studied.

Generally speaking, one or two peaks of heat 

liberation took place. These peaks were caused by 
the hydration of silicate, which was accelerated by 
heating 3 or more times higher than when cured at 
20°C, and by the hydration of aluminate which was 
caused by the disappearance of gypsum. In some 
cases, these hydrations took place simultaneously. 
In the case of isothermal curing at 80°C, another 
peak of heat liberation appeared by the hydration of 
aluminate which may have been caused by a partial 
decomposition of trisulphate hydrate into an un
known phase.

The paste cured at 20°C continued contracted at 
a low rate for 24 hours. During the steam curing 
period, it expanded as soon as heating started, but 
it again began to contract with the appearance of



the first peak of heat liberation. The rate of volume when cured at 20°C. 
change during steam curing was greater than that
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Synopsis

In order to investigate the laws governing the acceleration of concrete hardening at 
elevated curing temperatures, the course of a number of physical and chemical properties of 
cement mortar was followed. At four levels of curing temperature, the compressive strength, 
sound velocity, internal damping, electrical resistance, alkalinity, and content of non- 
evaporable water were determined intermittently or continuously at ages from | hour to 24 
hours.

The data obtained show that the effect of temperature on the development of mechanical 
properties can with moderate accuracy be accounted for by means of concrete maturity, but 
only within certain intervals. When the curing temperature exceeds 45°C, the mechanical 
properties seem to be impaired and after 24 hours lower values than those obtained by 
curing at 25°C can result.

The rates by which physical and chemical properties develop have been examined by 
differentiating the basic curves. This has revealed certain relations between the hydration 
processes and the mechanical properties and has permitted identification of the reaction of 
water with C3S and C3A, respectively. The methodology applied appears promising for 
future studies of concrete hardening.

Scope

The use of curing methods, which accelerate the 
hardening of concrete, becomes increasingly impor
tant for the building industry. For ordinary concrete, 
acceleration is most frequently achieved by an increase 
in the curing temperature. The investigation reported 
in this paper was undertaken in order to obtain 
knowledge on the influence of temperature on the 
course of the hardening process, especially as regards 
such properties which are of immediate practical 
importance.

Four temperature levels were chosen: 25°C, 45°C, 
60°C, and 80°C, as it was desirable to cover as wide 
a range as possible with the equipment at hand.

For practical production, the most pertinent pro
perties are the workability of fresh concrete, the 
setting time, and the strength and rigidity of the 
hardening concrete. As no apparatus for measuring 

strictly reological properties was available, one 
settled for determining the dynamic modulus of 
elasticity as well as the internal damping immediately 
after mixing and moulding and intermittently during 
the rest of the experiment. Strength was measured 
at certain intervals by compression tests of cylinders.

The intension was to explain the effect of the curing 
temperature by the changes it produces in the chemical 
and physical processes during hydration; therefore, 
it was attempted to follow these by different means. 
The content of non-evaporable water was determined 
in two ways: 1) by subtracting the content of evapor- 
able water found by drying and weighing of broken 
pieces of test cylinders from the original content of 
water and 2) by intermittent observation of volume 
contractions caused by the chemical fixation of 
water. Temperature and electrical resistance were 
recorded continuously during the whole test. Also 
the pH-value was recorded continuously, but only 
during the first stages of hydration.



Materials and Techniques

Materials

A cement mortar, made as specified by RILEM- 
Cembureau in the method of testing strength of 
cement (1), was used in the investigation. The cement 
was of the rapid-hardening portland type with a 
fineness of 3930 cm2/g (Blaine) and a chemical 
composition as shown in Table 1. Setting time deter
mined by the Vicat method was about 180 min (initial 
set) and 290 min. (final set). The mechanical strength 
of prisms made of standard mortar (according to 
RILEM-Cembureau) is shown in Table 2. Danish 
standard sand and destilled water was used. The 
ratio of water to cement was 0.5, and the ratio of 
paste to sand also 0.5 (by weight).

Mixing and Curing •

The ingredients were mixed in accordance with 
the specification, and the mortar was introduced 
directly from the mixing bowl into the moulds, 
which were mounted on a vibrating table. The mortar 
was placed in three layers, each being compacted by 
a steel rod under simultaneous vibration. Moulding 
lasted about. 4 min. The acrylic moulds consisted of 
14 cylinders (40 x 8 cm) and a rectangular box 
(5 X 10 x 20 cm).

Table 1. Chemical analysis and compound composition 
(per cent) of cement used in test

SiO, 20.8 CaCO4 4.1
Aloög 4.86 CjAF 6.7
fc2O3 2.19 9.2
CaO 64.7 CoS 54
MgO 1.20 c2s 19
SO3 2.42
loss on ignition 2.72

98.89

Free CaO 2.03
K2O 0.75
Na2O 0.31

Table 2. Mechanical strength of cement used in test determined 
by the RILEM-Cembureau method (data from 4 series)

Bending strength Compressive strength

age, days 1 3 7 1 3 7

mean value, kg/cmS 
standard deviation

38.6
1.6

71.4
0.8

74.8
1.3

139
4

357
6

453
4

The 14 cylinders were used as follows (Fig. 1): 
12 for the determination of compressive strength 
at ages from 30 min to 24 hours, 1 for measuring the 
electrical resistance between two copper electrodes 
mounted at top and bottom, and 1 cylinder finally 
for temperature recording by means of a thermistor 
inserted into the center of the cylinder. The box was 
used to determine wave velocity and damping, but 
also a thermistor was introduced, because the bigger 
dimensions of the box would make it more difficult 
to avoid deviations from the prescribed temperature 
level. All cylinders and the box were placed in a 
waterfilled tank (see Fig. 2), where the temperature

Fig. 1. Mounting of mortar cylinders (from left to right):
Acrylic moulds (lined with PVA-sheet before filing)
Moulds closed with glass plates (specimen for strength test)
Mortar cylinder with thermistor (specimen for recording of 

temperature) ' ’
Moulds provided with copper plates (specimen for recording 

of electrical resistance)

Fig. 2. Storage tank with thermostat and agitator for circulation 
of water. In the background the pH-meter and the multiple
channel recorder can be seen



was held constant by a thermostat. Mixing, moulding, 
mounting and placing in the bath was completed 
within 15-17 min. after cement and mixing water 
was brought into contact.

Compressive Strength

When the mortar cylinders had reached the pre
scribed age, they were taken out of the curing tank, 
demoulded with care, and subjected to compression 
at room temperature within 2-3 min after the end 
of the curing period. A beam testing machine with the 
loading brought about by shot flowing into a pan 
(see Fig. 3) was used to determine compressive

(a)

strength values below 5 kg/cm2; the loading rate was 
about 10 kg/cm2 per sec. At failure, the flow stopped 
automatically, and the compressive strength was 
calculated by weighing the amount of shot. When 
cylinders had attained higher strength, a hydraulic 
Mohr and Federhaff compression machine was used, 
ajusted to the same loading rate as above. The cylin
ders failed distinctly in shear, even at very early 
ages. -

Wave Velocity and Damping

Fig. 4 shows two electro-acoustic transducers 
lowered 20 mm into the rectangular moulding box 
to which were glued on both sides hollow cylindrical 
liners, closed against the mortar by a “window” of 
1.0 mm thick acrylic sheet. One transducer acts as 
a transmitter, the other one as a receiver, both of 
them operating by virtue of the piezo-electric effect 
of barium titanate. 50 times per second, an electrical 
condenser is discharged across the crystal of the 
transmitter, the resonant frequency of which is 100 kc 
per sec. A short train of longitudinal waves of this 
frequency is thereby transmitted through the mortar 
and, on the arrival to the receiver, forces the crystal 
here to vibrate in its fundamental frequency, identical 
with that of the transmitter, thus producing an 
electrical signal in step with the short wave train.

On the electrically produced time scale of an oscil
loscope, this signal is used repeatedly (50 times a 
second) as a trigger of an arrival mark, and the dis
tance, in micro-seconds, is read from here to a starting 
mark, caused on the same scale by a signal at every 
one of the repeated onsets of the transmitter crystal. 

(b) .
Fig, 3. Compressive test for low strength mortar cylinders

Fig. 4. Electro-acoustic transducers in contact with mortar 
in acrylic box



By subtracting from this figure the passing time of a 
wave directly from the transmitter to the receiver 
and with only two thin acrylic sheets, as those forming 
the windows of the box, placed in between—the net 
passing time through the mortar is found. Dividing 
this passing time into the local thickness of mortar 
(261 mm), yields the sound velocity c, which is 
related to the dynamic modulus of elasticity 5dyn by 
the equation

c = Vvf

where p is the mass of a unit volume of mortar. Figs. 
8 and 11 below show Edyn, calculated on this basis, 
versus curing time. Intervals between readings of 
passing times were of 5-15 min. in the beginning; 
later on they were increased to 1 hour or more.

As a basis for relative evaluation of damping capa
cities was measured the strength of the electrical 
signal from the receiver, the transmitter being at all 
times driven with one and the same fixed voltage of 
the apparatus (Cawkel). '

Provided that the maximum receiver voltage V is 
proportional to the amplitude of the first wave of 
the arriving wave train, the parameter log(l/F) 
should be a growing function of the damping which 
this wave has undergone by passing through the mor
tar, and eventual changes in it should be ascribed to 
gradual hardening of the cement paste. Now, certain 
contributions to total internal damping will be con
stant and independent of the mortar such as: the 
resistance against transmission of acoustical energy 
from transmitter through contact with vaseline to 
thin acrylic sheet, from here to mortar, and from this 
material to the corresponding layers on the receiver 
side. In this brief investigation, no correction has been 
attempted for these complications, and as is seen 
from Fig. 11, rather sudden and characteristic changes 
are obvious in “damping expression” log(l/F) as a 
function of curing time.

When possible, the damping capacity of the mortar 
was measured and calculated at the same times as 
the sound velocity.

Alkalinity (pH-Value)

The alkalinity of the cement mortar was determined 
by means of the cell:

Glass electrode | mortar pH | saturated
calomel electrode.

The sample was taken directly from the mortar 
mix and put into an acrylic tube (30 x 5 cm). On the 
pH-meter, single values are read to calibrate indica-

Fig. 5. Electrodes inserted in mortar for registration ofpH-value

tions on the recorder (see Fig. 5).
The curves cannot be used for an absolute deter

mination of the alkalinity, as the pH-meter was not 
stable during the entire experiment. In order to save 
the electrodes, the recording was switched off after a 
few hours, when the mortar had set.

Non-Evaporable Water

The content of non-evaporable water in the cement 
paste was calculated on the basis of evaporable water 
content in the mortar.

From the center of cylinders crushed in the strength 
test two samples of about 10 g were taken and their 
weight determined by means of an analytical balance. 
The sample was pounded if necessary and immersed 
in alcohol to stop hydration. After evaporation of 
water and alcohol, the sample was dried for 24 hours 
at 105°C and the weight loss determined.

Volume Contraction

It has been suggested by W. Czernin (2) that the 
degree of hydration in cement paste may be deter
mined by observation of the contraction which results 
from the increase in density accompanying the che
mical fixation of water. To avoid the volume changes 
of water, which may be difficult to control during the 
temperature rise, the original procedure was modified 
and a special device developed.



Fig. 6. Device for determination of volume contraction 
in cement paste

Water and cement was mixed by hand with a w/c- 
ratio of 0.5. Paste with 20-25 g cement was filled into 
a glass cylinder, evacuated during 15 min. hand com
pacted, and weighed. The cylinder was mounted in a 
holder with a graduated dilatometer tube (see Fig. 
6), and submerged in water, the temperature of which 
was controlled by thermostat and did not deviate 
more than l/10-l/20°C from the curing temperature 
aimed at (in the 80°C test, however, differences about 
1/2°C occurred at the end of the curing period). 
The tube was loosely covered with a glass cap to 
reduce evaporation. It was calibrated along its length 
in hundredths of a ml, which allowed estimation 
of thousandths by means of a magnifying glass.

Observations

For each temperature level, three identical test 
series were carried out in order to ensure reproduci
bility. For those measurements which were under
taken at fixed times (strength and evaporable water), 
the three results were averaged, and mean values 
are used in the diagrams. For other quantities, which 
were recorded continuously or read at convenient 
intervals, averages have been formed when appro
priate; in illustrations, however, typical curves 
selected among the three possibilities at hand have 
been used. Mean curves would not have been suitable, 
as interesting details might escape by the procedure.

Compressive Strength

Mortar cylinders were tested for compressive 
strength at the following ages: 1, 1^-, 2, 2-|-, 4, 6, 8, 
10, 12, 16, and 24 hours. At curing temperatures 
60°C and 80°C the 8 and 10 hours measurements 
were omitted, and tests were made at 3 and 9 hours’ 
age instead. In Table 3 are presented mean values 
and standard deviations from a statistical treatment, 
and the means are plotted in Fig. 7. It appears for 
curing at all 4 levels that after initiation of the strength 
development, the early stages of the hardening process



temperatures (indicated points are average of three observations)

Table 3. Compressive strength of mortar cylinders cured at 
different temperature levels; m = average; s = standard 
deviation (kg*cm1)

age 25°C 45°C 60°C 80°C

(hours) m s m s m J m s

0.66 0.72 0.84 1.18
0.07 0.04 0.03 0.18

0.75 0.93 1.26 4.98
0.06 0.05 0.07 0.18

0.89 1.35 2.38 10.7
0.07 0.12 0.16 0.5

0.98 2.73 8.1 24.3
0,09 0.16 1.7 0.9

1.21 5.49 19.2 52.4
0.07 0.4 1.4 1.3

29.3 81
2.6 4

2.92 38.0 78 110
0.07 0.7 10 6

8.7 84 110 113
0.6 4 11 6

23.1 121 149
1.1 8 6

9 135
3

10 53.1
0.6

140
11

84 157 149 139
6 4 15 4

105 216 180 156
6 6 11 2

165 228 190 164
4 17 11 4

may fairly well be approximated by exponential 
growth curves (straight lines in diagram with logari
thmic abscissa). At first the lines are parallel, but for 
the specimens cured at 60°C and 80°C the curves 
deflect, which results in strength values at 24 hours’ 
age not much higher than those obtained by curing 
at 25°C. -

Dynamic Modulus of Elasticity and Damping

Readings of the travelling time for sound waves 
were carried out with regular intervals as soon as a 
signal transmitted through the mortar could be picked 
up. As is seen in Fig. 11 it was possible at the lower 
temperatures to take readings of passing times as 
early as 15-25 min. after mixing. At the higher tem
peratures it lasted somewhat longer before signals 
from the transmitted wave were strong enough to 
affect the arrival mark trigger. This difference in 
sensibility may be explained by the decreased piezo
electric effect of the transducers at elevated tempera
tures; if this physical explanation were not realistic, 
it would look paradoxical that quicker hardening, as a 
result of higher temperature, should give increased 
internal damping in the mortar. After a relatively 
short period the readings gave a constant value, 
probably because contact failed between hardening 
mortar and form. Curves of the damping capacity



Fig. 8. Typical curves for the development of dynamic modulus 
of elasticity at different curing temperatures

are presented in a later section of this paper.
Typical curves of the development of Edyn at the 

four temperature levels are shown in Fig. 8 (because 
of their abundance, not all observations are marked). 
From the 25°-curve it may be noticed, that the growth 
is rather regular within the first 24 hours, but the 
development, maybe, takes place within two separate 
periods: before and after curing in about 400min. 
(this graduation is discernible in all three identical 
test series). The depicted curves for higher curing 
temperatures show similar features. Moreover, all of 
the curves seem simply to be parallel in the beginning. 
The transition from the first to the second part of the 
Edyn development occurs at still earlier ages and at 
still lower values of Edyn as the temperature rises. The 
second part of the elasticity increase, further, seems 
to be less intense at higher temperatures, which 
results in an obviously lower modulus at 24 hours’ 
age.

Electrical Resistance ' ■

From typical graphs of the electrical resistance of 
the mortar cylinder, as produced by the recorder for 
each temperature level, a number of single points 
were selected and plotted in Fig. 9a-d as resistivity 
(ohm cm).

The four curves show some common characteri

stics: an initial slight decrease of the resistance is 
superseded by an increase, which becomes less and 
less pronounced as the curing temperature is 
raised. The subsequent local maximum appears to 
occur at a time which is particularly sensitive to 
temperature changes: it moves from about 450min. 
at 25°C to 180 min at 45°C, 90 min. at 60°C and about 
60 min. at 80°C. The decrease in resistance following 
the maximum point, results in a second minimum, 
and a final increase covers the rest of the examined 
curing period.

Volume Contraction and Non-Evaporable 
Water Content

Typical curves for the volume contraction in cm3 
per 100 g cement is shown in Fig. 10 for the 4 tempera
ture levels. At 25°C the readings were continued 
beyond the 24 hours’ period in order to facilitate 
comparison. It is noted that the curve at 45°C show 
a perceptible parallelism with that at 25°C, but this 
is not the case for those at 60°C and 80°C. The 60°- 
curve is roughly parallel with the foregoing for curing 
times below 150 min., but turns off and is at times 
beyond 1000 min. lower than the 45°-curve.

The 80°-curve hardly shows any tendency to paral
lelism at all, at the most during the first 50 min. The



Fig. 9a.
cured at 25° C

Fig. 9b.
cured at 45°C

Fig. 9c.
cured at 60° C

Fig. 9d.
cured at 80° C

Fig. 9. Typical curves for the variation in electrical 
resistivity of cement mortar

increase is then impaired during the next 50 min, is 
again intensified for a period, but merges slowly with 
the 60°-curve along the rest of its course.

The volume contraction can be used as a measure 
of the degree of hydration. According to Powers and 
Brownyard (3), the specific volume of the non-evapor- 
able water is reduced by 24 per cent. The amount of 
non-evaporable water is, therefore, related directly 
to the volume contraction; the reduction of the speci
fic volume of adsorbed water is negligible in compari

son. The amount of non-evaporable water at complete 
hydration can be calculated from the clinker composi
tion of cement as indicated by Copeland, Kantro and 
Verbeck (4):

= 0.226(C3S) + 0.194(C2S: 0.982)

+ O.51O(C3A) + 0.097(C4AF)
+ 0.149(CaCO4)

= 0.219 g water per g cement



Fig. 10. Volume contraction of cement paste cured 
at different temperatures

Table 4. Content of non-evaporable water in cement mortar 
after curing at different temperatures; m = average, s = 
standard deviation (per cent by weight of fresh mortar)

age 25°C 45°C 60°C 80°C

(hours) m s m s m s m s

0.62 0.82 0.92 1.75
0.09 0.18 0.15 0.32

0.69 0.42 0.83 1.53
0.10 0.09 0.11 0.17

0.66 0.51 0.79 1.87
0.03 0.14 0.07 0.22

0.46 0.45 1.61 2.40
0.08 0.12 0.09 0.15

0.55 0.48 1.90 3.07
0.08 0.14 0.24 0.21

2.22 2.79
0.15 0.12

1.24 0.67 2.82 3.39
0.08 0.30 0.16 0.36

1.22 1.98 3.03 3.38
0.18 0.07 0.31 0.28

1.23 2.73 3.98
0.06 0.14 0.24

3.61 3.43
0.29 0.09

2.11 2.64 3.22
0.13 0.09 0.60

2.02 2.58 3.38 3.93
0.19 0.19 0.11 0.18

2.20 2.65 3.75 3.38
0.14 0.25 0.22 0.23

3.69 3.70 4.03 4.45
0.15 0.10 0.17 0.23

This corresponds to a volume contraction of 5.25 
cm3 per 100 g cement. The y-axis in Fig. 10 could 
therefore have been calibrated also in degree of hydra
tion, with curves aiming at an asymptote Av = 5.25 
cm3 per 100 g.

The content of non-evaporable water determined 
by weighing and drying mortar samples, ought to 
result in values comparable with those obtained indi
rectly by the volume contraction. The sources of error 
inherent in the later method are, however, so signifi
cant that only the magnitude in general and the main 
tendency can be confirmed. Average values and stand
ard deviations are presented in Table 4. The amount 
of non-evaporable water in the units used in the 
table (per cent by weight of fresh mortar) should at 
complete hydration be 4.87 per cent.



Discussion and Results

The methods used in this investigation have brought 
about some novel features of the hardening process 
and the effect of temperature. The determination of 
initial set, the development of mechanical properties 
in consequence of the chemical reactions during 
hydration, and time-temperature functions for 
concrete cured at temperatures between 20°C and 
100°C, are particularly interesting and seem to 
indicate fruitful fields of future research.

The Setting Time

The development of rigidity in cement paste or 
mortar is usually characterized by the setting time 
determined e.g. by the Vicat needle or a similar pene
tration test. Physically, the initial set may be inter
preted as the emergence of a continuous solid struc
ture from the original dispersion of coarse solid 
particles in an aqueous solution.

Therefore, a determination of wave velocity and 
damping was aimed at as soon as possible after mixing, 
in order to detect early changes in these properties. 
Typical curves are shown in Fig. lla-d, and it appears 
that the dynamic modulus of elasticity in the beginning 
remains on a low, fairly constant level corresponding 
to the low rigidity of water. The moment, when the 
rigidity with certainty starts to grow, can be deter
mined rather precisely, and it is believed that a th
rough network of solid matter exists in the paste at 
that time.

The internal damping is plotted in the same figures. 
As long as setting has not begun, the mobility of the 
system causes a considerable loss of energy. When 
continuity is established in the paste by formation of 
hydrates, this should be reflected by a decrease in the 
damping curve, as is actually the case in Fig. Ila 
and b, where the deflection points of damping are 
even more distinct than those of the elasticity. As 
damping became smaller with rising temperature it 
was increasingly difficult to obtain a discernible early 
signal, which is evident in Fig. 11c and d.

Another interesting detail may be observed from the 
damping curves: in the interval observed, the decrease 
markedly takes place at two different rates. The age 
at which the rate changes is 140 min at 25°C, 105 min 
at 45°C, and 70 min at 60°C (at 80°C the point could 
not be determined).

Chemical Reactions and Mechanical 
Properties

As concrete hardens, several chemical reactions are 
in progress in the cement paste. The reactions result 
in the formation of new solid compounds with mech
anical properties depending on the structure of the 
hydrates. Because of the complex nature of the hydra
tion, it has been considered rather difficult to inter- 
prete the mechanical properties of hardening cement 
paste in detail as regards the processes going on be
tween water and single clinker compounds. Usually, 
the broader concept of relations between net fractions 
of reacted cement and physical properties is accepted. 
In order to throw some light on these matters, the 
principle of comparing rates was put to use. As read
ings for a number of properties had been made con
tinuously or with short intervals, it was possible to 
calculate differentials with respect to time for the 
dynamic modulus of elasticity, for the electrical 
resistivity, and for the volume contraction. Maxima 
and minima on the differentiated curves will corre
spond to inflection points on the basic curves.

The results are interesting.
Firstly, the differential curves are reproducible. 

This is demonstrated in Fig. 12, where the changes in 
resistance, for the three parallel test series run at 45°C 
are shown as an example. It should be noticed that 
all the main features are repeated in each of the 3 
curves. For the volume contraction, the reproducibi
lity was only ascertained by a few duplications.

Secondly, it is possible to identify several chemical 
reactions and establish their connection with the 
development of mechanical properties. In the identi
fication, also the observations of mortar temperature 
(see Fig. 13) and of alkalinity proved useful.

The Differential of the Dynamic Modulus 
of Elasticity

The differential of the dynamic modulus of elasti
city is at 25°C clearly developing during two stages 
(A and B) separated by a minimum, approximately 
450 min after mixing (Fig. 14a). The first stage (A) 
is subdivided with a local minimum at about 230 min 
and peaks after curing in 210 and 300 min. One may 
further notice that the beginning of the temperature 
rise (which occurs somewhat later in the box than in 
the cylinders due to the size effect) coincides with the 
second maximum after curing in 590 min.



Dynamic modulus of elasticiy and internal damping factor log(^) 
cement mortar w/c 0.5

cured at 25° C
Fig. 11b.

cured at 45° C

Fig. 11c.
cured at 60° C

Fig. lid.
cured at 80° C

Fig. 11. Typical curves of dynamic modulus of elasticity 
and internal damping of cement mortar
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Fig. 12. Differentials of the electrical resistivity as determined 
in three mortar cylinders cured at 45°C

At 45°C the picture has not changed principally, 
the events only happen a little earlier, and peaks are 
more pronounced (Fig. 14b).

The first stage (A) has its maxima approximately 
after 125 and 165 min.; the separating minimum 
arrives after 185 min., and the peak in the second 
stage (B), which is now the highest one, comes after 
200 min. Here, again, it seems that the temperature 
rise starts shortly after the highest peak. A very early 
peak (about 100 min.) and a rather late one (about 
350 min) may be distinguished.

Important changes are noted at 60°C (Fig. 14c): 
the highest peak (in stage B) occurs after curing in 
only 115 min. That this peak actually corresponds to 
the one about 200 min at 45°C, is substantiated by its 
position relative to the temperature peak. The two 
stages are divided by the minimum at 125 min., and 
the second stage (A) is still characterized by 2 peaks, 
situated at app. 150 and 180 min. The final decrease 
now precedes a second, rather faint peak on the 
temperature curve.
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Fig. 13. Typical recordings of temperature in mortar cylinders 
cured at different temperatures

The early peak and the late secondary one may 
still be discerned.

At 80°C (Fig. 14d), the first peak occurs after 75 
min., the separating minimum after 85 min, and the 
two smaller peaks after 115 and 170 min. The two 
temperature maxima arrive shortly after the declines 
of the differential curves.

The curves shown in Fig. 14a-b are typical, and 
the values mentioned above refer to these curves. The 
ages at which the extreme values of elasticity differen
tial and temperature occurred are summarized in 
Table 5. These times are averages of 3 observations, 
if available.

The Differential of the Electrical Resistivity

The differential of the electrical resistivity at the 
four temperature levels is illustrated in Fig. 15a-d, 
on which recordings of the pH-value are also shown.



Fig. 14. Differentials of dynamic modulus of elasticity for 
cement mortar cured at different temperatures

Table 5. The occurrence of characteristic values of the elasticity 
differential; temperature in mortar box and strength indicated 
for comparison (min after mixing')

Curing temperature 25°C 45°C 60°C 80°C

Start of 100 60 37 38

Start of temperature rise (165) (130) 110 90

Stage 
A

. - - £xE
Maximum 1 of 203 128 153 112

Minimum 1 of kt 223 138 183 148

X< • -X c kE
Maximum 2 of — 285 163 201 164

Separating minimum of 470 183 138 90

Strength = 10kg/cm2 390 190 150 105

Stage Start of temperature rise 450 210 125 75

B Peak of 585 212 122 75

Temperature maximum 610 250 145 90

be found. The resistivity is reduced during the first 
125 min., but some change is perceived a little earlier 
(after curing in 100 min.); this is approximately at 
the same time as the first increase in elasticity is no
ticed. The resistance subsequently grows untill an 
age of 460 min. (A), but the change starts some 80 
min. before and leads to a second negative area (i.e. 
falling resistivity) with a marked peak (B) at 540 min, 
which coincides with the temperature maximum. 
The resistivity increases once more during the rest of 
the observed period, but the differential seems to fall 
off at an age about 960 min. In this case the recording 
of alkalinity was discontinued rather early and does 
not supply much information.

At 45°C, the course is largely the same, but some 
acceleration is obvious. The negative part ends at 
76 min. and the first maximum is reached at 130 
min. The negative peak (B) covers the period from 170 
to 205 min. and corresponds to the temperature maxi
mum. The second maximum is situated at 330 min. 
and is more pronounced. The pH-value increases 
as the differential decreases and assumes negative 
values, i.e. corresponds to rising conductivity.

At 60°C, the first negative differential comes to an 
end after 56 min., and the positive area (A) hardly 
starts to build up, at 73 min., before the steep decline 
begins and results in a peak (B) at about 96 min.; 
again coincidence with the temperature maximum is 
noted. In the second positive region, a faint deflection 
point (or perhaps a secondary minimum separating 
A and B) is observed after curing in 170 min., and at 
this age the second temperature maximum is found. 
In the positive region a first maximum lies at 210 
min and maybe a second one at 270 min. The pH- 
value rises as the negative peak occurs, i.e. from 90 
to 110 min.

Finally, for curing at 80°C, the resistivity differential 
starts with low negative values at a minimum about 
45 min after mixing, but increases rapidly to a narrow 
positive maximum at 52 min. The negative peak (B) 
is broader and less intense, setting in from 58 to 76 
min. The second positive area shows two distinct 
maxima (B and A) and maybe more. The negative 
peak (B) corresponds still to the first temperature 
maximum and the relative minimum in the positive 
area to the second temperature maximum.

The alkalinity increases at the peak after (45 min 
and) after 60 min. Averages of the extreme values for 
the three curves at each temperature level is presented 
in Table 6.

The curve for curing at 25°C consists of 4 parts in 
which indications of the two stages A and B may

The Differential of the Volume Contraction

The differential of the volume contraction is shown



Fig. 15b.
cured at 45°C

Fig. 15. Differentials of the electrical resistivity and 
the alkalinity both determined for cement mortar

in Fig. 16 for the four curing temperatures. They are 
perhaps—at least with the technique used in this 
investigation—less informative than the previous 
differentials, but some remarkable features were 
found.

At 25°C, the most intense hydration produces a 
peak at 710 min (stage B). The most distinct peak is 
at 45°C after 170 min., at 60°C after 130 min. and at 
80°C after 45 min. This peak seems to move from 
right to left across a region (stage A) with a relatively 
high hydration rate. The region is probably charac
terized by two smaller peaks, which also increase

Table 6. The occurrence of characteristic values of the resistivity 
differential; temperature in mortar cylinder indicated for com
parison (min. after mixing)

Curing temperature 25”C 45°C 60°C 80°C

Stage 
A Start of temperature rise

120

140

76

85

59

75
50

70

Start of temperature rise 470 165 83 68

465 169 83 55

Stage
B Negative peak of ~~ 555 192 96 64(42)

Temperature maximum 585 202 105 57

585 203 104 74

Fig. 15c.
cured at 60°C



Fig. 17. Mutually corresponding curves for resistivity differen-
tial, differential of modulus of elasticity, differential of volume 
contraction, temperature, and alkalinity for mortar cylinders 
cured at 45t*C

Table 7. The occurrence of characteristic values of the volume 
contraction differential; temperature in mortar cylinders 
indicated for comparison (min. after mixing)

Curing temperature 25°C 45°C 60aC 80°C

Stage 
A

Maximum of Az
Maximum temperature

320

3 SO

280

270

180

175

140

145

Stage Peak of 710 260 135 45
B AZ

Maximum temperature 585 202 105 57

somewhat in intensity and also move from right to 
left, but more slowly than the highest peak. The 
region in question is, at’250C, found after curing in 
300-350 min., at 45°C after 150-350 min., at 60°C 
after 100-250 min., and at 80°C after 90-180 min. 
In Table 7 are presented the times when the maxi
mum and the peak occur at the four curing tempera
tures.

Interpretation

Interpretation of the findings is based on Copeland 

and Kantro’s account of the early reactions in cement 
paste (5): When cement is mixed with water, the “im
mediate” heat of hydration causes a temperature rise, 
which is not observed in this experiment, as mounting 
etc. lasted about 15 min. After a period extending 
from 1 to 3 hours (presumably at room temperature), 
1 or 2 subsequent temperature peaks may be expected, 
caused by the hydration of the clinker minerals.

It was possible in the three differentiated curves 
to ascertain at least two different stages or processes, 
each characterized by its maximum rate and with a 
certain sensitivity to temperature changes. This is 
illustrated by Fig. 17 which shows in one diagram 
five curves obtained by curing at 45°C.

Considering first the course of events at 25°C, it 
may be assumed, that the first reaction at the end of 
the dormant period takes place between C3A and 
water; this will cause a heat development, which can 



be perceived as a slight, but lengthy temperature 
increase (Fig. 13). The formation of hydrates gives 
the system some rigidity, which is seen from the mo
dulus of elasticity (Fig. 14), but the solid matter will 
decrease the mobility of ions, i.e. the electrical resisti
vity will increase (Fig. 15a). When C3S begins to 
react, calcium hydroxide is formed, i.e. the alkalinity 
will grow (which is not covered by Fig. 15a), the 
temperature shows a marked peak (Fig. 13), the 
electrical resistivity falls rapidly in consequence of 
the ion activity, but increases again as new solid 
matter is formed (Fig. 15a), which is also reflected 
in a second, different increase in the modulus (Figs. 
8 and 14) and in the strength increment, manifest only 
at this age (Fig. 7).

As the temperature is raised this sequence of the 
processes changes. At 45°C, the order is largely the 
same (see Fig. 17), but at 60°C the C3S reaction 
appears prior to the C3A reaction. This picture is 
repeated at 80°C, but there are indications of three 
reactions: the resistivity shows 2 negative minima, 
one at 40-45 min. and another at 60-70 min. (Fig. 
15d). As both C3S and C2S produces calcium hydro
xide during hydration, this seems a reasonable expla
nation also of the small changes in the pH-curve, 
which can be distinguished. Hereby may further be 
explained, why the temperature rise (start to maxi
mum) in stage B, which for curing at lower tempera
tures coincides almost exactly with the negative peak 
in the resistivity differential (See Table 5), at 80°C 
seems to be somewhat displaced to the left—as it 
ought to be because the hydration of C3S and C2S 
will both release heat.

Time-Temperature Functions and 
Reaction Rates

By definition a time-temperature function is a 
variable /(0) by which the duration t of a process 
at one temperature 9 can be converted to the dura
tion ta of the same process at another temperature 
0a:

ta=^9>t
For concrete hardening at low and normal tem

peratures, the effect of the temperature level on con
crete properties is often taken into account by the use 
of time-temperature functions, and this has also been 
attempted for accelerated hardening at curing temper
atures not exceeding 100°C. Different forms of time
temperature functions have been proposed, some 
empirical (6) and some based more or less on the 
Arrhenius equation (7). Much seems to indicate, that 
at least two processes govern the early stages of 

hydration; therefore, a time-temperature function 
derived from the Arrhenius equation cannot be expec
ted in detail to give an accurate description of pro
perties dependent on these processes.

If one wants, nevertheless, to apply a time-temper
ature function, it is necessary either to consider only 
phenomena resulting from a single process or to 
accept certain deviations. Both approaches have been 
tried on data obtained in the present investigation.

It was attempted to find the reaction rates by appli- 
cating the Arrhenius equation on such characteristics 
of the hydration process which seemed to depend on 
only one reaction. Characteristic points belonging to 
three different properties, but depending, presumably, 
on the same reaction (C3S hydration) were chosen: 
the peak of the ^„j-differential, the peak of the p- 
differential, and the peak of the Av-differential. At 
the higher curing temperatures, some of these events 
occurred before the mortar temperature had reached 
the presupposed level. It was decided in such instances 
to transform the periods, during which acceleration 
was achieved at all, in time at the proper temperature, 
by means of the Nurse-Saul maturity concept, and 
to discount the period, when no acceleration took 
place. In Tables 8-10 are shown the observed time, 
the correction and the “reaction rate” taken as the 
reciprocal of the time.

Table 8. Determination of reaction rate by means 
of the Eiya-differential peak

AE , --peak 25°C 45°C 60°C 80°C

Observed occurrence 585 212 122 75
Corrected time 565 173 88 35
Reaction rate (nominal) 1.77 5.75 11.4 28.6

Table 9. Determination of reaction rate by means 
of the p-differential peak

t?-peak 25°C 45°C 60°C 80°C

Observed occurrence 555 192 96 64
Corrected time 535 170 72 34
Reaction rate (nominal) 1.87 5.90 13.9 29.4

Table 10. Determination of reaction rate by means 
of the ^/-differential peak

A(Av) .-L^t-peali 25°C 45°C 60°C 80°C

Observed occurrence 710 260 135 45
Corrected time 680 233 103 16
Reaction rate (nominal) 1.47 4.29 9.7 62.5



peak of elasticity differential peak of resistivity differential

peak of volume contraction differential different maturity functions

Fig. 18. Reaction rates and time-temperature functions



The logarithms of the rates are plotted in Fig. 18 
versus the inverse of the absolute temperature. The 
almost straight lines obtained indicate a fairly good 
agreement with the Arrhenius formula '

rate = constant •e"e/5r

in which Q is the activation energy, R is the gas con
stant and T is the absolute temperature.

The elasticity line and the resistivity line give by 
calculation the same slope from which the activation 
energy is found to Q = 29.6 kcal/mol. The three 
points from the volume contraction, which forms a 
straight line, gives Q = 28 kcal/mol. This is not in
consistent with the reaction energy of C3S.

In the following, a range of variation about 25% 
(±12.5%) is regarded as acceptable.

For the compressive strength it is possible to con
vert the curing times at 45°C, 60°C and 80°C to curing 
time at 25°C within limited ranges of the compressive 
strength (see also Fig. 7):

25°C: /25(25) = 1.00 (by definition)
45°C: /25(45) = 2.15 (valid for all observed 

values)
60°C: /25(60) = 2.81 (<7C < 120 kg/cm2)
80°C: /25(80) = 4.15 (^ < 110 kg/cm2)

The values of the time-temperature function are

shown in Fig. 17d. -
For the dynamic modulus of elasticity, the follow

ing values of a time-temperature function may be 
found under the same conditions (see also Fig. 8):

45°C: /25(45) = 1.87 (Ed,n < 2.35.105 kg/cm2) 
60°C: /25(60) = 2.47 (Ed,n < 2.05.105 kg/cm2) 
80°C: /25(80) = 3.30 (Ed,a < 1.60-105 kg/cm2)

Finally, it was attempted to apply the principle in 
the same way on the volume contraction, but with 
less success because only intermediate intervals 
could be used without excessive variations:

45°C:/25(45) = 2.76 (1.1 < Ay < 3.7cm3/100g) 
60°C:/25(60) = 4.52 (0.5 < Ay < 2.8 cm3/100g) 
80°C:/25(80) = 5.35 (0.8 < Ay < 2.6 cm3/100 g)

Also the time-temperature functions obtained by 
the modulus of elasticity and by the volume contrac
tion are depicted in Fig. 18d.

With good approximation, the calculated points 
are on a straight line, with the exception of the one 
corresponding to Ay at 80°C. This confirms that the 
development of concrete properties by curing at 
temperatures from 25°C to 80°C can be described by 
means of maturity functions (sum of products time 
and temperature).

Conclusion

It was possible to establish a series of facts, which 
allow the following interpretations:

1. Curing at elevated temperatures below 100°C 
accelerates the development of mechanical properties. 
The acceleration can be accounted for by means of 
the concrete maturity, but at ages of about 24 hours 
the quality obtained by curing above 45°C may be 
impaired due to other influences.

2. By curing at temperatures above 45°C it seems 
that the hydration of C3S is accelerated in particular, 
and in cases where this process starts before the hydra
tion of C3A, the mechanical properties may be in
jured.

3. A comparison of the development of physical 
and chemical properties during the hardening of 
concrete—according to the applied rather simple 
methods—already appears promising. Further detail
ed insight in hydration processes will no doubt result

from a more refined technique based on the same 
principles. '

Additional Investigation

The investigation reported in supplementary paper 
III-108 has been supplemented with a test series 
carried out by Mrs. Karen Monsted, in which the 
gypsum content of the cement was increased. This 
retarded and flattened peak B. The original interpre
tation of the reactions A and B as, therefore, not 
correctly. When peak B occurs later with higher 
gypsum contents, it must represent a reaction with 
C3A. This interpretation provides, in addition, an 
explanation of the strength decrease at high curing 
temperatures: the formation of solid structure by the 
hydration of C3S might be disturbed, because the 
ettringite is not stable at high temperatures, but is 
transformed into monosulphate. -
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Oral Discussion

Hideo Teramoto

Generally, before high-temperature curing to accel
erate hardening of concrete, pre-curing is performed 
at normal temerature for several hours. Also, the 
temperature rise is made to be gradual. It is con
sidered raising temperature without precuring or sud
denly raising temerature will have adverse effects on 
strength and other properties of concrete.

The authors cure mortar specimens immediately 
after molding by placing them in water tanks main
tained at 25°C to 80°C. It is wished to know the reason 
or purpose of these tests in which curing methods 
which are rarely used in actual practice were adopted.

Author’s Closure

John Jessing

The remarks by Mr. H. Teramoto touches upon 
a important question, and I am happy for this oppor
tunity to discuss it.

The purpose of our investigation was not to imitate 
curing conditions in practise, because the procedures 
which are used generally will confuse the different 
influences on the hydration process. Our purpose 
was—as a first step—to investigate the influence of 
the temperature level on the hydration process and 
mechanical properties. The next step might be to 
find the influence of temperature changes on the 
hydration process and mechanical properties. A 
more detailed presentation of the principal point of 
view is given in the written discussion in session III 
by Jessing and Nerenst, and I beg to refer to this.
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Synopsis

H. F. W. Taylor reviewed the science of hydrous calcium silicates and, more recently, 
some practical applications of the findings. With this background, this paper is developed 
partly around the results of examinations of 24 commercially produced autoclaved products. 
The binders were strongly to poorly crystallized tobermorite, C5S6H5. Some contained a low 
lime tobermorite gel designated C5_6S6 Hn for given reasons. Laboratory tests to explain the 
difference between Taylor’s C-S-H(I) and C5_6S6 Hn lead to a tentative conclusion (with 
reservations) that C-S-H(I) is a poorly to well-crystallized variety of tobermorite. On the 
other hand, C5_6S6 Hn is the precursor of the Lock Eynort tobermorite, the phase found as a 
binder in the commercial products.

The gel-crystal phase composition of the binder relates to physical properties of the 
products. This is an area of future fruitful research. The possible important effects of ion 
(Al3+, Fe3+, SO42”, etc.) substitution in the lattice of tobermorite on properties is discussed. 
Possible techniques of differentiating between gel and crystal phases in a binder are reviewded.

Introduction

The chemistry of autoclave curing of concrete is 
essentially the chemistry of the reaction of CH with 
S and/or silicates in high-temperature steam at high 
pressure. Portland cement may supply all the C 
and part of the S or silicates. Any additional S 
required is supplied as ground quartz or other 
reactive siliceous materials such as fly ash, shale 
fines, oil shale ash, aggregate fines, etc. The CH for 
production of sand-lime brick, fine grain (sand) 
concrete, and similar products is available as quick
lime, hydrated lime, by-product lime including 
nepheline slurry (largely jSC2S), etc. The principal 
requirements of lime and S are that both be suffi
ciently reactive to yield binders of satisfactory quality 
and at competitive costs.

Autoclave curing according to Bessey (1) was 
first applied in Germany in 1898 for curing sand
lime brick. The new industry grew rapidly in several 

countries. About two to three decades after this 
start, autoclave curing extended into commercial 
production of concrete block and products, asbestos
cement products, cellular concrete, thermal insulation 
and structural light weight calcium silicates, calcium 
silicate fillers and other products. Concrete now being 
developed for the upper temperatures of evaporator 
chambers in sea water desalting plants is another 
autoclaved material.

The growth of the industry, worldwide, was 
especially rapid in post World War II years. A large 
variety of products made from several different raw 
materials are being produced in large volume in the 
Soviet Union. The status of the industry there was 
reported in a Rilem Symposium (2). A review of 
that symposium including comparison of the autoclave 
curing industries in the Soviet Union and the United 
States was published (3). Proceedings of a sym
posium (4) in London in 1964 documents the status 
of the autoclaved calcium silicates especially of 
sand-lime brick. The report. of AC1 Committee 



516, High Pressure Steam Curing (5), describes 
modern practices and properties of autoclaved 
products mostly in the United States and Canada. 
Taylor (6) reviewed the importance of the chemistry 
in the industry. Important relations between proper
ties and chemical nature of the binders were summar
ized by Hansen (7). Volzhensky (8) reported on the 
impact of autoclave curing on the structural concrete 
industry in the Soviet Union. These relatively recent 
reports reflect the strong sustained growth of, and 
progress within, the industry. Bessey (9) predicted 
further extensive increase in use of autoclave curing 
in the field of concrete structural products.

Undoubtedly chemistry will play an increasingly 
important role in the advances to be made. During 
the first three to four decades of the industry, chem
istry made only small contributions. In 1929, Thor
valdsen and Shelton (10) discovered aC2SH in 
autoclaved cement pastes, but the significance of 
the discovery remained obscure for over 20 years. 
The earlier attempts to identify the binders of sand
lime brick by optical microscopy and XRD (11, 12) 
were unsuccessful. These research tools lacked suffi
cient resolution. Also, reference phases prepared 
under controlled laboratory conditions were not 
always available. In 1952, Taylor (13) identified by 
XRD the binder of a commercially produced sand

lime brick which later was recognized as tobermorite. 
This and other investigations were the forerunners 
of the chemistry of autoclaved products.

The early practical advances were achieved almost 
entirely through empirical approaches. Correlations 
of physical properties, generally strength and shrink
age, with the kinds and compositions of the raw 
materials and conditions of autoclaving supplied 
information applied in the production. The contribu
tion of chemistry to the technology, however, has 
made sizable advances during the past 10 to 20 
years. Projections based on these accomplishments 
indicate increasing usefulness of basic chemical 
research in the industry. This paper is a review of 
the contributions of chemistry to the technology. 
An attempt is made to direct attention to areas of 
chemical research which appear to have considerable 
promise.

The rather extensive basic chemical research on 
hydrated calcium silicates conducted during the past 
20 years, and areas of related technology, is given 
in excellent review reports by Taylor (6, 14, 15, 16) 
and by Heller and Taylor (17).

A new mineral addition to the family of hydrous 
calcium silicates is jennite, NC8S3Hn, recently 
described in detail (18).

Background Relating to Binders

The first laboratory experimental results showing 
effects of high-pressure steam on strengths of portland 
cement specimens were published in 1911 by Wig 
(19). Several similar studies on cement with and 
without additions of silica (20, 21, 22, 23, 24, 25) 
were conducted. Woodward (21) and Menzel (24) 
demonstrated that drying shrinkage was markedly 
reduced by autoclaving. Miller (20) and Thorvaldson 
(23) reported that specimens cured in the autoclave 
had significantly better resistance to sulfate attack 
than normally cured products. Menzel (24) developed 
the optimum silica replacement for cement for maxi
mum strength and minimum shrinkage, this being 
about 40 % silica and 60 % cement by weight. Mironov 
and Malinina (25) reported extensive results of tests 
on various proportions of different cements and 
pure clinker phases with silica for different steam 
pressures and times of curing. Their results showed 
that the binders having highest strengths had C/S 
ratios of 0.9 to 1.0. They demonstrated that the 
optimum S content of specimens autoclaved at 

175°C was 1.0 to 1.5%. With exception of results 
by Bozhenov and Kavalerova (26), to be discussed, 
the binder compositions most frequently reported 
were 0.9-1.0 C/S. The mineral of the binder was 
generally not identified.

The XRD reexamination of tobermorite from 
Tobermory, Scotland, by Claringbull and Hey (27) 
supplied data on a most important reference standard. 
Data like Taylor’s (13) showed the binder of an 
industrial product was tobermorite. The XRD data 
on a lime-silica product disclosed in a U.S.A, patent 
(28) was in complete agreement with the Claringbull- 
Hey data. The exact formula, C5S6H5 was deduced 
by McConnell (29). The average values of complete 
analysis of several preparations (showing the complete 
tobermorite pattern) for C,S,C, free C and free S 
(30, 31) gave a C/S ratio of 0.83 in excellent agree
ment with the 5C:6S (0.833) value reported by 
McConnell.

An application of chemistry was made (32) in 
the interpretation of the minimum and maximum 



strength in Menzel’s strength vs silica replacement 
relation. The low strength was attributed to aC2SH 
and the maximum strength to a phase of 0.9 to 1.0 
C/S. Butt and Krzheminski (33) and Butt, Rash- 
kovich, and Danilova (34) reported similar findings 
on autoclaved calcium silicates made of calcium 
silicates and silica. Malinina (35) associated low 
strength with aC2SH and high strength with a phase 
of 0.8-1.0 C/S.

The C/S ratio, generally reported 0.9-1.0, is sub
stantially higher than the 0.83 C/S ratio of tobermo- 
rite. Further, the 0.9-1.0 C/S binder reported in 
one investigation (32) exhibited an exotherm at 
about 83O-84O°C which pure tobermorite does not 
show. These inconsistencies were reconciled by studies 
(31), to be discussed, showing that 1.18% S was 
replaced by 1.00% A in the tobermorite lattice. 
In a 1.0 C/S raw mix containing 4.0% A the actual 
C/(S+A) ratio is close to 0.83. The A-substituted 
tobermorite, unlike pure C-S tobermorite, exhibited 
an exotherm at about 830-840°C. The XRD patterns 
of tobermorite and A-substituted bobermorite were 
identical except for a small increase of the basal 
spacing at 11.3Ä to about 11.5-11.7Ä by A substi
tution.

In order to develop reference standards from raw 
materials used commercially, pastes of cement and 
ground quartz, shale, pumice or slag fines were 
autoclaved (36) following a plant cycle with 8 hours 
at 175°C. The sample having C/(S+A) ratios of 
O.8-O.9 gave satisfactory XRD patterns for tober
morite. It was, therefore, assumed that the commer
cially produced counterparts also contained to
bermorite as binder.

The most readily synthesized calcium silicate 
using CH and ground quartz is xonotlite, C3S5H. 
It forms rapidly at 200°C and higher temperatures. 
At temperatures around 200°C, xonotlite would be 
expected to be the binder in many commercially 
produced products. Most raw materials contain

Identification of Binders

Results of XRD examinations of binders of 22 
commercially produced autoclaved products, two 
deep oil well cements autoclaved in the laboratory 
and several reference samples have been published 
(45, 46). Out of the total of 24 commercial products, 
the binders of 22 were reported to be tobermorite 
in different degrees of crystallinity and some con
tained Cs_6S6Hn (the formula, CSHn, previously

sufficient A12O3 to stabilize tobermorite, and only 
a few tenths of a percent of A12O3 retard xonotlite 
formation. Tobermorite forms first and is stabilized 
by the A12O3 in the lattice. Xonotlite has very low 
drying shrinkage compared to tobermorite (37) 
and has been patented (38) as a high-temperature 
thermal insulation. Xonotlite may form in sand-lime 
brick made with pure silica sand and pure CH and 
cured at temperatures around 200°C. Bessey (1, 39) 
reported some very low drying shrinkage of samples 
of sand-lime brick in which he found microscopically 
long needle-like crystals (morphologically similar 
to xonotlite crystals). Based on similar observations 
including XRD, it was suggested the binder was 
xonotlite (40). .

Other calcium silicate hydrates beside tobermorite 
and xonotlite have capabilities as binders and were 
discussed by Taylor (6). Bozhenov and Kavalerova 
(26) autoclaved nepheline slurry, CH and CSH 
mixtures of 2.3 C/S. At temperatures of 225°, 265°, 
310°C they reported presence of tobermorite gel, 
gyrolite, xonotlite, aC2SH and C3SH2, with highest 
strength obtained on products autoclaved at 265°C. 
It is not known if so high a temperature (265°C) is 
economically feasible using cement and quartz.

The equilibria involving gyrolite and the related 
phase truscottite (or reyerite), Z-phase of Assarsson 
(41) and other phases as xonotlite and tobermorite 
were described by Harkins (42). Taylor (6) reported 
that gyrolite and the Z-phase can be synthesized 
at pressures used commercially. It may be speculated, 
however, that a relatively high silica concentration 
in solution would be required (6, 40, 42, 43, 44).

The high costs of silica gel or silica glass to supply 
silica for solution may militate against gyrolite and 
related phases as binders for commercial products. 
Taylor (6) discussed other possible related binders 
but technological results are still too limited to permit 
drawing conclusions about practical use of these.

in Commercial Products

used has been modified for reasons to follow). The 
two unidentified binders might have been poorly 
crystallized tobermorite and C5_6S6Hn but inter
ference of aggregate and calcite lines in the XRD 
patterns precluded positive identification.

Only two of the samples contained a phase other 
than tobermorite or C3_6S6Hn in more than trace 
amounts. One asbestos-cement product contained 



in the order of 7-12% «C2SH. A sand-lime brick 
contained a significant, but not major, amount of 
C3SH13. Information was not available on raw 
materials, and proportions, or autoclaving conditions 
and, therefore, no explanation can be advanced for 
the presence of these extraneous phases. Other phases 
were present in some of the samples but on basis of 
very weak intensities of the strongest XRD lines 
of such phases, the amounts were regarded as traces 
generally less than 1 %. Among these were cement 
clinker phases, CH (0.0-0.7%), gyrolite, C3SH1 5, 
aC2SH and perhaps others. The hydrogarnets were 
not detected. The trace amounts of CH, coexisting 
with residual silica (which always was present as 
excess fines or aggregate), may appear surprising. 
It has been observed (47) that residual clinker phases 
persisted in autoclaved asbestos-cement samples 
immersed in saline water for 20 years. The explanation 
is that the residual clinker phases are completely 
surrounded by impervious hydration products. This 
explanation may also apply to the presence of the 
phases named above, and still others. Aitken and 
Taylor (48) detected several phases in cement or 
cement-silica pastes autoclaved for different periods 
of time. The time of autoclaving was less for some 
samples, and more for others, than usually used in 
commercial production. Kennerley (49) examined 
nine grout samples exposed to temperatures up to 
225°C in geothermal bores. Exclusive of CC and 
CH, the binders of the cement grouts were largely 
aC2SH and, of cement-pozzolan grouts, one or more 
of the “tobermorite family” depending on C/S ratio. 
Xonotlite, hillebrandite, and yC2SH were detected 
in lesser amounts.

The identification (45, 46) of tobermorite was 
based on the three strongest XRD lines of this phase, 
11.3, 3.07, and 2.97Ä. A second parameter, the ratio 
of intensities of the 2.97/3.07Ä lines, was introduced 
for purpose of differentiating between Taylor’s 
C-S-H(I) (intensity ratio equal to 0.0) and to
bermorite (intensity ratio equal to 0.70-0.80). Also 
this parameter was useful in identifying tobermorite 
in samples containing calcite. Low-lime tobermorite 
gels were described by Kalousek (50, 30) and Neese 
(51) as a series of solids of composition C4S5Hn 
(actually revised later to C5S6Hn), CSHn, C5S4Hn, 
and C4S3Hn. The C4S3Hn, synthesized only at room 
temperature, decomposed into C5S4Hn and aC2SH 
in an autoclave at 175°C (52). Not being a stable 
autoclave product, it is not considered further in 
this paper.

The C5S6Hn and CSHn were prepared as separate 
solids characterized only by composition and an 

exotherm at 830 ± 5°C. The only difference between 
the two, detectable instrumentally, was in the much 
stronger intensity of the exotherm exhibited by CSHn. 
The intensity difference is of little diagnostic value 
in the examination of samples under consideration. 
Because of the uncertainty relating to separate identi
fication of these two phases, and because they fre
quently coexist, the formula C5_6S6Hn has been 
adopted for use in this paper. The possibility of a 
solid solution between the two has not been estab
lished but cannot be excluded.

C5S4Hn exhibits a characteristic exotherm at 
860 ± 5°C and is readily detected when present with 
the other gel phases of the series. Furthermore, the 
3.0-3.1Ä spacing was exhibited at 3.02-3.03Ä by 
C5S4Hn and at 3.04-3.05Ä by C5_6S6Hn, both prod
ucts having been synthesized hydrothermally. In the 
earlier report (30) attention was not directed to this 
difference because of the coincidence of the strong 
3.035Ä line of calcite with the corresponding line of 
Cs_6S6Hn. A compilation of XRD data by Glen 
(53) for tobermorite and related phases shows the 
3.0-3.1Ä spacing at 3.O6-3.O8Ä for tobermorite and 
C-S-H(I), and at 3.02-3.03Ä for related gel-like 
phases. The hazard and uncertainty of differentiating 
between C5S4Hn and C5_6S6Hn by XRD are recog
nized. However, because of the extensive DTA 
results characterizing these two solids, it seemed 
desirable to direct attention of possible application 
of XRD for this purpose. This differentiation applies 
explicitly to samples prepared by autoclaving.

In recent tests (54), CH and tripoli in a 0.83 C/S 
were used in following the sequence of reactions start
ing with C3S4Hn and terminating with tobermorite 
at 175°C. In another series, the formation and crys
tallization of C-S-H(I) was followed using a Type I 
portland cement and tripoli mix, the C/(S + A) 
ratio was 0.83 in most tests and the mixes were auto
claved at 175° and 205° C for different periods of 
time.

The DTA results of the representative samples of 
the CH-tripoli mix are included in Fig. 1 (curves 1, 
2, 3, 4) and the XRD results are given in Fig. 2. The 
5-hour sample (curve 1, Fig. 1) exhibited an exotherm 
at 860°C and an XRD spacing at 3.02Ä. The binder 
was considered to be essentially C5S4Hn. In Fig. 2, 
XRD curve 1 is of a 4-hour sample and curve 2 is of 
a companion 4-hour specimen made with a mix con
taining 2 % added CC. The XRD curves are the same 
except for a small peak of calcite at 3.O35Ä. The 
3.02Ä spacing is that of C5S4Hn, the presence of 
which was confirmed by DTA (the curve being near
ly the same as that of the 5-hour sample). The 6-hour
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Fig. 1. DTA results. No. 1, 2, 3, and 4, on CH-S mixes auto
claved at 175°C for 5, 6, 6-1/3, and 8 hours, respectively; and 
No. 5, 6, 7, and 8 on cement-S mixes autoclaved at 175° for 
4 and 8 hours, and at 205°C for 24 and 96 hours, respectively

2 9, DEGREES

Fig. 2. XRD tracings on CH-S mixes No. 1, 2, 3, 4, 5, and 6 
autoclaved at 175°C for 4, 4, 5, 6, 6-1/3, and 8 hours, respec
tively. No. 2 contained 2 percent CC

sample showed exotherms at 860° and 835°C indi
cating presence of both CsS4Hn and C5_6S8Hn. This 
result was confirmed by the 3.02Ä and 3.04Ä peaks 
in the XRD patterns. In an attempt to obtain essen
tially pure C5S6Hn, the mixes were removed from 
the autoclaves at 20-minute intervals. The 6-1/3-hour 
sample was essentially well-crystallized tobermorite, 
not CsS6Hn. DTA indicated presence of a little 
C5S6Hn and XRD measurements revealed 4.5% 
quartz. The composition of this tobermorite, cor
rected for the free S, was 0.92 C/S. The 8-hour sample 
contained no residual C5S6Hn and only a trace of 
quartz and, therefore, the sample was essentially pure 
tobermorite.

The Type I cement-tripoli mix autoclaved at 175°C 
showed early formation of C-S-H(I) gel as indicated 
by the 3.09Ä line in the XRD pattern (curve 1, Fig. 
3). The C-S-H(I) persisted as a phase over broad 
variations in autoclaving conditions, 175°C for 4 to 
96 hours and 205°C up to 96 hours, with change of 
C (S + A) from 0.83 to 0.60, with increase in W/S 
ratio to 0.8 from 0.6, and with replacement of tripoli 
by quartz. The only variation was changes in inten
sities of the XRD spectrum, the line intensity in
creased with increase in time and temperature of 
autoclaving. Representative XRD patterns are com
piled in Fig. 3. The DTA results are included in 
Fig. 1 as curves 5, 6, 7, and 8. Only Sample 8 (curves 
at 205° for 96 hours) showed a small endotherm at
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Fig. 3. XRD tracing on cement-S, mixes No. 1, 2, and 3 auto
claved at 175° C for 4, 8, and 24 hours and No. 4 and 5 at 
205°C for 24 and 96 hours



200°C, compared to the 260-270°C endotherm of 
tobermorite. The exotherm at 850°C in the 4-hour 
sample (curve 5) decreased to 835°C after 8-hour 
curing at 175°C. This behavior is also shown by well- 
crystallized A-substituted tobermorite.

Present results showing that C5_6S6Hn is a pre
cursor of tobermorite of the Lock Eynort type sub
stantiate the earlier results (30). The C-S-H(I) in 
present tests appeared to be a sinlge phase occurring 
in different degrees of crystallinity, depending on 
curing conditions and other variables mentioned.

Applying the above considerations, representative 
results on the commercially produced products and 
reference sample made with a Type I cement-ground 
quartz mixes are discussed. In Fig. 4 are presented 
XRD results on a 62.5% cement: 37.5% S samples 
autoclaved for 8 and 16 hours at 163°C by tracings 
No. 1 and 2, respectively. Samples No. 3 and 4 are 
commercial asbestos-cement products showing the 
weakest (No. 3) and strongest (No. 4) XRD patterns 
on these products. (These combinations of cement

Fig. 4. XRD tracings (No. 1 and 2) on 62.5: 37.5 cements: S 
autoclaved at 163°C for 8 and 16 hours, respectively. No. 3 
and 4 on commercial products and No. 5 and 6 on 50: 50 
cement: S and 50: 30: 20 cement: S: asbestos autoclaved 
16 hours at 163°C

and quartz caused nucleation of tobermorite crys
tals unlike the combinations discussed in previous 
paragraphs in which C-S-H(I) was formed. All 
attempts, some already mentioned, to determine 
the cause of nucleation of C-S-H(I) were unsuccess
ful.) Sample No. 5 is a laboratory product made with 
a 50% Type 1 cement: 50% S mix and No. 6 is the 
same mix with 20% asbestos fiber replacement. The 
more intense XRD lines of Sample No. 6 suggests 
that asbestos promoted crystal growth. All six sam
ples (1-6) were considered to be tobermorite, No. 1 
and 3 being poorly crystallized and also probably 
contained significant amount of C5_sS6Hn.

31 28 9 5 31 28 9 5

26, DEGREES

Fig. 5. XRD tracings of concrete block (No. 7 and 8), concrete 
brick (No. 9), cellular concrete (No. 10), sand-lime brick 
(No. 11) and calcium silicate thermal insulation (No. 13)



Present results on the 3.04Ä line permits some 
modification of previous interpretations on the phase 
compositions of the binders. In laboratory samples 
prepared with care to prevent carbonation, it may be 
assumed that the 3.04Ä line was due to C5_6S6Hn, 
not CC. On this basis, Sample No. 1 contained a 
relatively large amount of C5_6S6Hn which is not 
surprising, considering the relatively mild extent of 
autoclaving, 8 hours at 163°C. The XRD result on 
Sample No. 3 (commercial product) compared to 
that of No. 1 suggests that C5_6S6Hn, probably in 
significant amount, was also present in Sample No. 
3, provided that the latter was not contaminated with 
CC. At the present state of knowledge it may be 
assumed that if tobermorite is poorly crystallized, 
some C5_6S6Hn may be present. However, before any 
conclusion to this effect can be drawn, more critical 
methods of testing for the crystalline tobermorite and 
C5_6S6Hn will be required.

In Fig. 5, the patterns of concrete blocks (No. 7 
and 8), concrete brick (No. 9), cellular concrete 
(No. 10), sand-lime brick (No. 11), deep oil well 
cement (No. 12) and calcium silicate thermal insu
lation (No. 13) are representative of autoclaved 
products. Large calcite contaminations in most sam
ples tended to mask, or masked, the 3.07 and 2.97Ä 
lines. Samples exhibiting the 11.3Ä line, such as 
Sample No. 13, were considered to contain tober
morite even though the 3.07 and 2.97Ä lines were 

completely submerged in the strong calcite line. 
In this pattern other lines of tobermorite were appar
ent. The binder of Sample No. 8 could not be even 
tentatively identified because of absence of the 11.3Ä 
line and the masking of the 3.07 and 2.97Ä lines, if 
present.

Application of the intensity ratio, 2.97/3.07 of 
0.70-0.80, as a test for tobermorite, assuming absence 
of C-S-H(I), is misleading on “over autoclaved” 
CH-S products. A partial transformation of tober
morite to xonotlite causes a drop of this ratio to values 
of 0.5 and less as illustrated by results of Soo-Lee and 
Gon-Chen (55).

The apparent absence of C-S-H(I) in the group 
of 24 commercial products is surprising. Its occur
rence as a binder should not be precluded in other 
products. Still incomplete current studies on binders 
(for possible commercial application) made with 
cement and fly ash showed presence of C-S-H(I). 
C-S-H(I) is apparently another modification of 
tobermorite. Another modification was reported by 
Grothe, Schimmel, and zur Strassen (56) in a labor
atory produced sand-lime brick. As mentioned, 
attempts to ascertain cause of nucleation of C-S-H(I) 
were unsuccessful. This may not be due to the R2O3 
in the cement or fly ash. Sauman (57) obtained 
C-S-H(I) in autoclaved mixtures of )?C2S and quartz 
powder.

Ionic Substitutions in Lattice of Tobermorite

Basic Studies

In studies of substitution of Al3+ in the lattice of 
tobermorite, the compositions of the mixes were 
computed generally to a 0.83 C/(S + A) ratio. On a 
weight basis 1.00% A replaced 1.18% S. The tober
morite with substituted A exhibited the same XRD 
pattern as the A-free tobermorite except for a small 
increase in values of the basal spacing with increasing 
amounts of A. Up to 5-6% A was substituted before 
a hydrogarnet, C3ASH4, was detected by XRD as a 
second phase. Diamond (58) in similar experiments 
reported A substitution up to 10 %; A in excess of 10 % 
and up to 15%, however, did not appear as a hydro
garnet. In autoclaved pastes, made from CH and 
shale, a hydrogarnet was not detected with 10% addi
tion of A (36). Glenn (53) reported A substitution in 
tobermorite made with CH and bentonite.

Diamond (58) also substituted several percent of 

F, using goethite as source of F, into tobermorite. 
Later experiments (59) with new starting materials of 
same apparent descriptions lead to substitutions of 
less F than in the previous tests. Unpublished results 
by the writer on samples prepared with C2F and 
C4AF (the latter supplying equal amounts of A and 
F) led to a tentative conclution that F was substituted 
in tobermorite. Reproducibility of results, however, 
was poor. Furthermore, using mix compositions 
computed on assumption that the F substituted for 
the C yielded indirect evidence that some of the Fe3+ 
assumed octahedral coordination and occupied Ca2+ 
positions. The difficulty in attempts to substitute F 
may be due to the larger ionic radius, 0.64Ä, of the 
Fe3+ compared to 0.50 and 0.41Ä of Al3+ and Si4+, 
respectively. More recent tests (60) on pastes made 
of CH, tripoli and goethite in C/(S + F) ratio of 0.83 
and autoclaved at 175°C for 8 and 16 hours again 
yielded uncertain results. More intensive curing, 
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anti goethite', Jm this experiment the F did not 
stabilize the tofamwite lattice as A does. The 
F-bearimg tobermorite or the pirccuirsor gel which 
presumably formed wais entirely decomposed by the 
protonged autoclaving at 2WC, The DTA tracing 
showed no exotherm at 835°C, a result previously 
reported (59).

At room temperature, Copeland, Bodor, Chang, 
and Weise (60) reacted high-lime tobermorite gel 
with aluminates, ferrites, and sulfates. The F substi
tuted in amount of 7,1 % and the product had a C/S 
ratio of 1,52. A in amount of 5,0% substituted in a 
solid of 1.50 C/S ratio. It is apparent that tober
morite and high-lime tobermorite gel have approxi
mately the same capacities for AF+ but different 
capacities for Fc3+. On basis of present knowledge 
on substitution of F, it may be speculated that the 
F enters the lattice of the intermediate gel in the 
course of the reactions. In the recrystallization of 
tobermorite gel to low-lime gel and then to tober
morite some or all of the F, depending on intensity 
of autoclaving may be expelled. Obviously, no defi
nite conclusion may be drawn, and more research 
is required on Fe3+ substitution.

Diamond (58) reported substitution of several 
percent of M into tobermorite. The results (58, 59) 
tended to be somewhat erratic, perhaps for some 
such reason as relates to F substitution.

At room temperature, Copeland, Bodor, Chang, 
and Weise (60) substituted 7.4% S into high-lime 
tobermorite gel and the product had a C/S ratio of 
1.76. Studies (61) on autoclaved pastes of CH, trip
oli and CSH cured at 175°C and 205°C for 8 to 72 
hours indicated that 1.2 to 1.9% S (presumably as 
SO43- substitution for SO/-) entered the lattice. 
The average amount was 1.6% S.

Phases other than Tobermorite in the Pastes

The A, etc., in a paste not substituted in the tober
morite lattice obviously appears as some other phase. 
The most probable second phase with A and F is a 
member or members of the hydrogarnet solid solu
tion of composition, C3 ((Aj-^-FJlHs-^-SJ). As 
mentioned, C3ASH4 formed as the second phase 
with substituted tobermorite of composition 
Cs(S + A)6H5 and another unidentified hydrogarnet 
(31) formed in pastes having a composition of 6C/6 
(S + A). A hydrogarnet was not detected in any of 

the 24 commercially produced products (45, 46). 
Akaiwa and Sudoh (62) autoclaved pastes of Type 
1 cement, 55%, Type I cement: 45% slag, and Type 
I cemient: 40% quartz flour. Hydrogarnet was found 
only in the pastes made with slag and autoclaved at 
250°C, Aiken and Taylor (48) detected hydrogarnet 
sporadically and in small amounts in autoclaved ce
ment and cement-silica pastes. Kalousek, Curtis, and 
Schmertz(63)and Kalousek (52) reported only a trace 
amount of hydrogarnet in one clinker paste cured 
at room temperature, as a metastable phase. Cope
land, Kantro, and Verbeck (64) detected a hydro
garnet in small amount in a Type V cement paste 
cured for 14 years at room temperature.

The distribution of F in autocalved products is not 
definitely known because of uncertainties about the 
amounts substituting. The possibility that some of 
the F may appear as goethite of hematite has been 
indicated in scattered tests. Further experimental 
evidence is required for ascertaining distribution of 
this constituent in autoclaved products.

The conclusion that hydrogarnets do not form in 
autoclaved products except sporadically and in small 
amounts may be made with one exception. A hydro
garnet can generally be expected in products made 
with fly ash, slag, etc., of high A content and used 
in relatively large amount. -

The S in excess of about 1.6% has been observed 
to appear as either anhydrite or a substituted apatite 
in pastes autoclaved at 120° to 200°C (61). The apa
tite is the mineral ellestadite with composition of 
C)OS3S3H.

Applied Studies

Published data on the effects of substituted ions 
on properties of tobermorite are still small in number. 
The results on optimum S content of steam-cured 
products has been reviewed (61). The amounts of S 
for optimum strength have not been published, but 
scattered results including extrapolation indicate 
that less than 1 % S might be the amount for optimum 
performance.

Noorlander (65) reported data showing that 
drying shrinkage of autoclaved sand-lime brick 
decreased progressively with increasing amounts of 
kaolin or gibbsite added to the raw mix. Based on 
experience described in this report, it may be assumed 
that the A substituted in the lattice of tobermorite. 
The data are reproduced in Fig. 6 as drying shrinkage 
vs A content computed as percentage of tobermorite 
using a value of 9% of C added to the sand. The
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shrinkage decreased with increasing amount of A. 
The lowest shrinkage reported occurred at 6% A on 
basis of the assumed composition. This result sug
gests that minimum shrinkage may be associated with 
an optimum A content. The shrinkage reduction 
from 0.3% (zero A) to 0.11% with an optimum A 
addition is significant.

Data reported in a patent (66) on effect of A sub
stitution on reduction of drying shrinkage at high 
temperatures (108° to 649°C) of calcium silicate 
thermal insulation are reproduced in this paper. The 
results, in turn, are compared with results of similar 
products containing chloride. The experiments were 
designed on the assumption that drying shrinkage at 
these high temperatures might be reduced by sub
stitution of Cl for the OH in the crystal lattice. The 
mixes made of CH, diatomite, tripoli, kaolinite and 
CaCl2 had a C/(S + A) ratio of 0.83. The amount 
of Cl was not counted, it being assumed that Cl 
replaced OH. Autoclaving was at 186°, 192°, 198°, 
203°, and 208°C. Only at 208°C was drying shrinkage 
reduced. This reduction amounted to 50% for speci
mens containing a total A content of 7 % and Cl of 
5.1%. Tests for free CaCl2 were negative. XRD 
patterns were the same for samples with and without 
added CaCl2.

The flexural strength (Fig. 7) was at an optimum 
value at 7% A content in specimens containing no 
CaCl2. The strength of the sample containing 5.1 % 
Cl and 7% A was about the same as that without 
Cl (the variations are apparent in Fig. 7). Drying

Fig. 8. Drying shrinkage at 538°C vs AljOj rontent, 
with and without added CaCh

shrinkages at 538°C of the 0.0 and 5.1% Cl speci
mens cured at 208°C are shown in Fig. 8. Shrinkage



of the 0.0% Cl specimens decreased only slightly 
with increasing A contents to 7.0% and then in
creased slightly with more added A. The 5.1% Cl 
addition caused a large shrinkage reduction compared 
to the 0.0% Cl samples. The lowest shrinkage oc
curred with 7 % A addition.

Actual proof was not developed, nor is such con

clusion drawn, that the Cl substituted for the OH. 
The unusual effect of Cl on drying shrinkage at 
elevated temperature appears to merit further study.

The probable modification of properties of tober- 
morite products by lattice substitution to obtain 
optimum properties appears to be a potentially 
rich area for basic and applied research.

Kinetics

In an aqueous dispersion of CH and S, the CH 
dissolves rapidly and Ca2+ are available immedi
ately for reaction. The S dissolves slowly at room 
temperature but the rate of solution increases with 
increasing temperatures. Greenberg (67), and Halstead 
and Lawrence (68) used solubility data of CH and S 
in studying the kinetics of the reaction. Both reached 
the conclusion that rate of solution of S, or more 
specifically the availability of the silicate ions in the 
reaction zone, was the rate-determining step.

The manner of deposition of films of reaction 
products on the S grains and properties of such 
encapsulating deposits have been studied in recent 
years. Moorehead and McCartney (69) exposed 
large crystals of quartz to a solution saturated with 
CH in an autoclave at 235° and 335°C. They deduced 
the following sequence of reactions: (1) The S dis
solved as H3SiO;_, (2) the silicate and Ca2+ formed 
a deposit of a calcium silicate hydrate on the quartz 
surface, (3) xonotlite crystals nucleated on the reaction 
product film and the deposit of this phase grew out
wardly into the liquid phase, and (4) the rate of 
reaction was governed by the rate of diffusion of the 
silicate ions through the deposit surrounding the 
quartz crystal. The solution of the quartz finally 
destroyed the initial quartz-calcium silicate hydrate 
interfacial bond and the residue of the quartz crystal 
was likened to a nut in a shell. Kondo (44) reacted 
quartz and silica glass of 5-10 micron size with CH 
at temperatures of 80° to 216°C. From analytical 
data collected, he computed the thickness of the 
films to be 0.5 and 1.0 microns for the silica glass 
and quartz, respectively. The rate of diffusion of the 
ions through the deposit was considered to be the 
rate-determining step. Krzheminski, Rashkovich, 
Sudina, and Varlamov (70) using a specially designed 
XRD spectrometer placed over the CH-S mixture 
in an autoclave obtained a continuing record of the 
reaction. The nature of the calcium silicate hydrate 
was reported to vary with increasing distance from 
the surface. Only at later periods of reaction did the 

rate of diffusion through the film of reaction prod
uct become the rate-determining step. Logginov, 
Rehbinder, and Abrosenka (71) reported that the rate 
of formation of the reaction products decreased with 
increasing thickness of the film deposit. After a certain 
lapse of time the thickness of the film became uniform 
and the rate of reaction was then governed by the rate 
of diffusion. Assarsson (72) autoclaved CH with S, 
silica gel and different silicate minerals. He reported 
the films of reaction products nucleated on the 
surface of the silica and silicates. The subsequent rate 
of reaction depended on the availability of the Ca2+ 
and silicate ions to the surfaces of the reaction pro
ducts already formed.

There is general agreement that the rate-determining 
step in the reaction of CH and S is the diffusion of 
ions through the reaction products surrounding the 
S grains. Direct evidence of the occlusion of CH 
crystals by surface deposits is not so well documented 
as is that of S grains. Kalousek (73) compared the 
relative rates of reaction of large crystals of CH, 
up to 85 microns across, to freshly slaked C (the 
crystals being submicron in size) with sodium silicate 
at 25°C. The small crystals reacted rapidly, but the 
reaction with the large crystals proceeded to com
pletion very slowly. Microscopic examinations 
revealed that the large CH crystals, although etched, 
remained surrounded by presumably nearly im
pervious reaction products for months. Dry mixtures 
of C and S, with subsequent addition of mixing water 
were compared (74) to mixtures prepared by addition 
of the S to CH suspensions freshly prepared by slaking 
C in hot water. The latter gave more uniform and 
reproducible results in autoclave curing. These and 
similar experiences indicated that unless the CH is 
thoroughly dispersed, it tends to form agglomerates. 
Such CH agglomerates may become surrounded by 
deposits of reaction products and behave like large 
individual crystals of CH. The Soviets practice (2) 
of fine grinding of CH with silica sand for improving 
quality of fine grain concrete may relate to a greater 



availability of CH for reaction by preventing the 
occlusion of agglomerates of CH by deposits of 
reaction products.

It has been observed (6, 30, 44, 50, 51, 70, 75, 76) 
that reaction of CH and S at temperatures of about 
125°C to 200°C proceeds through stages. The first 
reaction product is a lime-rich phase generally called 
lime-rich tobermorite gel of probable composition of 
C7S4Hn (30, 51, 52, 77). The phase reacts with residual 
S to form C5S4Hn and further reactions with residual 
S results in formation of CSHn followed by C5SsHn 
provided the raw mix had a 5C:6S composition. 
If the C.S is less than 5:6, residual silica remains. 
Kalousek (30) using a 0.83 C/S (5C/6S), 4.0 W/S mix 
and curing at 175°C, and Neese (51) with a 0.33 C/S, 
1.85 W/S mix, and curing at temperatures of 140° 
to 200°C reported highly similar results. The sequence 
of reactions was: 7C + 4S + Hn —► C7S4H3 
C5S4Hn CSHn CsS6Hn — C5S6H3, Neese’s 
final product coexisted with S. The time of formation 
of the different compositions varied between the two 
investigations. This difference is attributed to effect 
of W/S ratio. The lower the water content, the slower 
is the rate of formation of the products. Others 
(30, 55, 78) have reported similar effects of W/S on 
rate of reaction. In CH-S mixes of 0.8 C/S made 
with 4.0-20.0 W/S, compared to a 1.0 W/S, the 
rate of reaction was markedly increased (55). The 
effects of W/S have not been as systemically studied 
on CH-S as with portland cement pastes. A W/S 
ratio of 1.0 using CH and S gives a stiff paste due to 
the large surface area of the CH and such value of 
W/S would be considered low. An early attempt (36) 
to produce lime-cement-sand and gravel block on a 
concrete block machine was unsuccessful due to high 
water requirements with attendent low strengths. 
The Soviets (2) have surmounted this problem by 
using dead burnt lime and retarders to prevent hy
dration of the C until after the products were molded 
and heat applied to the forms.

The preceding discussions do not apply fully to 
silica gel, compared to quartz. Replacement of silica 
gel for quartz in a 0.8 C/S mix (30) increased the time 
of formation of tobermorite to 72 hours, compared 
to 8 hours for quartz. Increasing the C/S to 0.83 of 
the silica gel mix reduced the time from 72 hours to 
24 hours. It was postulated that C5S6Hn, the pre
cursor of tobermorite, was stabilized by the higher 
silica concentration in solution in the 0.8 C/S mixes 
due to persistence of free silica gel. Soo-Lee and 
Gon-Chen (55) using C/S ratios of 0.80 and 0.85 
obtained essentially the same results mentioned for 
silica gel. Gaze and Robertson (79) in parallel ex

periments using ground quartz in one mix and 
diatomite in the other obtained tobermorite and 
C5_6S6Hn, respectively. The difference could have 
been due to a higher silica concentration in the 
CH-diatomite mix.

Nucleating agents are surfaces of solids possessing 
cell-size domains of about the same size as that of 
the solid to be nucleated. As already discussed, 
quartz surfaces (69) may become a substrate on which 
nucleating points may form, such as those for 
xonotlite. The number of nucleating points in such 
case would be obviously proportional to the surface 
areas of the quartz.

Funk (80) measured qualitatively the rate of hy
dration of j8C2S with and without addition of lime
rich tobermorite gel and aC2SH at temperatures of 
25° to 120°C. The mixture of ßC2S with the added 
gel hydrated more rapidly than in absence of the gel 
and the product was high-lime tobermorite gel. The 
mix containing the added ocC2SH also hydrated more 
rapidly and the product of hydration was only aC2SH. 
Funk reported that hydration of ßCzS without addi
tion was a solid-state reaction; and with the additions 
a through-solution mechanism applied. Sauman (57) 
reported marked acceleration of the hydration 
of )?C2S in a 50 % /?C2S: 50 % quartz powder by addi
tions of CH, C3S and yC2S. He offered no explanation, 
but it may be inferred that the CH, as such or origi
nating from hydrolysis of C3S, reacted with the quartz 
to form the lime-rich gel, and this, as in Funk’s 
test, served as nucleating agent. It is not apparent 
how yC2S accelerated hydration unless its lattice as 
such served to nucleate the reaction product. The 
simplest explanation of the acceleration of hydration 
of ßCzS by nucleating agents is the diffusion of the 
Ca2+ and silicate ions away from the surfaces of the 
ßCzS crystals. The thickness of reaction deposit 
around the ßCzS crystals would thereby be decreased. 
The dissolving ions with a thinner deposit to permeate, 
would diffuse from the residue crystals of ßC2S at 
a faster rate with attendant acceleration of hydration.

The formation of aC2SH by hydrothermal reaction 
of CH and S is erratic and unpredictable; other 
lime-rich products frequently form (74). A patented 
process (81) describes selective formation of «C2SH 
by additions of NaOH or NaF to the raw mix. The 
mechanism was not described, but both additions 
decrease concentration of CH in the solution, and 
this may be a factor in formation of aC2SH.

The mechanism of nucleation, either spontaneously 
from super-saturated solution.or by epitaxial crystal-, 
lization, of the different calcium silicate hydrates is 
not understood. The process may be governed by 



the species of the ions formed and their concentrations 
under the conditions of the experiments. Information 
on concentrations of both ions at room temperatures 
has been published. Very little is known definitely 
of the species of the ions formed at hydrothermal 
temperatures. Taylor advanced some speculative 
interpretations which merit mention here as a 
guide to further research in a neglected area. The 
Ca2+ may exist as such, or as Ca(OH)+ or 
Ca(H2O)(OH)". The silicate ions may be present as 
HgSiCV, H2SiOi", HSiO2- or condensed polysilicates. 
The species of ions and concentrations of these un
doubtedly have an effect on the type of phase that 
uncleates either spontaneously or epitaxially. Taylor’s 
(6) suggestions on relations between kind of silicate 
ion in solution and types of product are presented 
diagrammatically in Fig. 9. For example, H3SiO7 
forms the intermediate products which recrystallizes 
to gyrolite. The methods of analysis for kind and 
amounts of silicate ions developed by Lentz (82), 
and Funk and Frydrych (83) would appear to be 
means for testing Taylor’s hypothesis.

Only at temperatures up to about 200°C, the phase 
C7S4Hn forms initially in reaction between CH and
S. At temperatures above 200°C, this phase may no 
longer form. Bozhenov and Kavalerova (26) reported 
formation of gyrolite at 225°C from a 2.3 C/S mix. 
Kondo (44) observed gyrolite formation at 216°C 
as the initial reaction product. The experimental 
data are still too few to define the temperature above 
which the CH and S form species of ions favoring 
the nucleation of a product other than C7S4Hn.

The preponderance of evidence relating to the 
kinetics of reactions of CH and S points to through- 
solution mechanisms. Solid state reactions in hy
drating cements were discussed by Hansen (8) and of 
/?C2S by Funk (80). Steinour (85) and Mielenz and 
Peppier (86) critically reviewed Hansen’s hypothesis, 
particularly the improbability of diffusion of such 
ions as H3O+ and OH into the structures of the solid 
reactants.
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Fig. 9. Taylor's (6) diagrammatic relation between degree of 
crystallinity and C/S ratio of solution

Most generally the binders in commercially auto
claved products are metastable phases. The only 
exception appears to be xonotlite. Peppier (87) in 
study of the system C-S-H at 180°C allowed up to 
6 months for attainment of equilibrium starting with 
both saturated and undersaturated solutions of the 
starting materials. He concluded that only two 
ternary phases were stable, xonotlite and hillebrandite. 
Roy and Harker (88) presented compatibility dia
grams of the system C-S-H at temperatures up to 
l,000°C. They cautioned about the uncertainties on 
the attainment of equilibrium, especially at the lower 
temperatures used in commercial autoclaving.

The preceding discussions were concerned with 
the kinetics of CH and S. No comparable research 
results are available on cement and S. This system 
is more complex because the cement clinker grains 
become encapsulated by reaction products. Further 
the calcium silicates form initially as lime-rich phases 
which later become reactants with S so long as it is 
available. When S availability for reaction is de
creased, as it appears to be at times, the lime-rich 
gel may crystallize as aC2SH.

Relation of Binders and Properties

Most of the commercially prepared samples which 
were examined were made with cement and ground 
quartz or perhaps some other siliceous fines. Mixes 
prepared with cement require substantially less water 
than those made with lime. This larger water require
ment for CH-S mix may be surmounted partly by 
forming the stiff mixes under high pressure.

Taylor, Moorehead, and Cole (78) compressed 
CH-S mixes with 0.23 W/S under high pressures 
and obtained very high strengths. XRD and electron 
microscopy revealed the binder to be possible 
C5_6S6Hn (89) of fibrous habit. Very dry mixes, 
0.06 W/S, of CH and S contained (90) some free CH 
and some C5S4Hn (as suggested by reported DTA 



results) and other phases after curing at 180°C for 
16 hours. In such very dry mixes, water may be ex
hausted by self-desiccation and, therefore, the hy
dration reactions may stop.

Very little data appears to have been published 
showing the effects of C5_6S6Hn in a binder consisting 
partly of tobermorite on strength of dense products. 
Sanders and Smothers (91) published results indicating 
increasing strength with increasing amount of 
tobermorite formed in dense products made with 
cement and S. In highly watered suspensions of CH 
and S, 3.0 to 6.0 W/S, used in manufacturing light
weight thermal insulation and structural products, 
strength was markedly higher with tobermorite as 
binder compared to C5_6S6Hn (92). No reason can 
be advanced to explain why a highly compacted 
product with C5_6S6Hn has high strength and the 
same phase in a product of low density gives inferior 
strength, far less than due to effect of increased water 
content.

Strength results were not available on the commer
cial products examined (45, 46). Because all products 
were marketed, many under specifications, there 
was no reason to believe that any had poor strengths 
independently of binder phase composition. Sauman 
(93) on basis of detailed tests concluded that optimum 
strength was obtained for product containing a 
binder consisting of tobermorite and “CSH” (pre
sumably C5_6S6Hn).

Correlation of type of binder with strength of 
product requires attention to possible “overauto
claving” of the product. Prolonged autoclaving of 
dense products may cause strength reduction from 
an optimum value. Bessey (94) suggested that either 
a change in crystal form of the tobermorite or an 
inversion of one phase into another (for example, 
tobermorite to xonotlite) could cause strength reduc
tion. The destruction of the quartz-calcium silicate 
hydrate interface through solution of the S and 
diffusion outwardly of the silicate ion (69) would be 
another factor causing strength loss. This effect has 
not been established for quartz-tobermorite or other 
aggregate-binder interfaces. However, until proven 
or disproven, the Moorehead-McCartney effect is a 
factor suspect of causing strength reduction of 
“overautoclaved” products. -

The beneficial effect of increasing autoclave tem
perature for accelerating formation of binder of 
satisfactory strength in the approximate temperature 
range of 140-200°C is well documented. Much less is 
known about the effect of increasing temperatures 
between 200-225°C to 350°C on cement-silica or lime- 
silica products. Binders prepared by autoclaving a 

raw mix of 2.3 C/S gave maximum strength at 265°C 
(26). At temperatures above 265°C, the phases were 
more strongly crystallized, and those below this tem
perature were more gel-like. The reaction products 
differed in phase makeup at different temperatures. 
The two effects mentioned by Bessey (94) and that by 
Moorehead and McCartney (69) may have contri
buted to the strength decreases at temperatures above 
265°C. It does not necessarily follow that a given 
binder if well crystallized may have lower strength 
than if poorly crystallized. Xonotlite may be such an 
example. On the other hand, the composition of the 
tobermorite—C5_6S6Hn binder may relate to the re
lative amounts of these two phases present.

Effects of temperatures at 260° to 300°C have been 
reported (95) on a 1:2 mix of hydrated lime and 
quartz fines mixed with 8% of water. Time to tem
perature (300°C) in the autoclave was 20 minutes. 
After holding times of I minute and 100 hours at 
300°C, the compressive strengths were 23,800 and 
18,500 psi, respectively. The CH was combined in 
the total autoclave time of 21 minutes at this tem
perature. XRD revealed no recrystallization of the 
binder in 100 hours. Strength loss was attributed to 
the Moorehead-McCartney effect.

Another factor which will have to be considered 
in relating strengths to degree of crystallinity will 
be the amounts of substituent ions in the lattice. 
Properties may relate to amount of substituent ions 
while the binder retains approximately a constant 
crystal size so far as differentiation between gel-like 
and crystalline phases is concerned.

Frost resistance relates to porosity of autoclaved 
products. The Soviets (2) report that binders con
sisting of gel and crystals, or gels alone, have lower 
porosities, and therefore higher frost resistance, 
than well-crystallized binders. Control of porosity 
is amenable through control of intensity of auto
claving. . ,

The markedly better resistance of autoclaved pro
ducts to sulfate attack compared to normally cured 
products, has been recognized for some time (23, 
96, 97). Such improvement is of a particular interest 
in application of asbestos-cement and concrete pipe 
in soils containing sulfate. The improvement in part 
has been attributed to removal of CH by combination 
with the S or silicates during autoclaving. The in
activation of the A-bearing phases to reaction with 
S to form ettringite has been attributed to several 
mechanisms, no one of which has been substantiated 
experimentally. Autoclaved Type I and Type V 
cement products tend to show equal resistance to 
sulfate attack. The assumption that hydrogarnets, 



known to be immune to sulfate attack, are formed 
does not appear to be tenable. It is doubtful that 
hydrogarnets are usually present in significant 
amount, if at all. It is well established that sulfate 
resistance is increased by decreased permeability of 
the cement paste. If the A-substituted tobermorite, 
as such, is resistant to S attack low permeability of 
the autoclaved product or concrete would not be a 
requirement. Some of the samples of autoclaved 
asbestos-cement pipe that were examined contained 
well-crystallized tobermorite and others contained 
poorly crystallized tobermorite with some C5_6SeHn. 
It would be interesting to compare such products 
for sulfate resistance and also for strength.

In the United States and Canada, autoclaving as 
a method of curing gained favor because of drying 
shrinkage reduction (4). Tobermorite shrinks about 
one-half as much as tobermorite gel.

A further improvement due to autoclaving, and 
inferred from Noorlander’s (66) results, is the shrink
age reduction by substitution of A in tobermorite. 
The effects of optimum S and F for minimum shrink
age and maximum strength remain to be explored 
experimentally. Tobermorite is not the binder of 
lowest shrinkage among autoclaved calcium silicate 
hydrates. aC2SH undergoes much less shrinkage but 
at the cost of sizable strength loss. The effects of 
reactive siliceous additions, W/C ratios, and curing 
time and temperature may be summarized in a gener
alization (4): “Those factors which increase strengths 
of cement-silica pastes also increase drying shrink
age.” '

Effects of autoclaving on other properties (creep, 
porosity, adsorption, etc.) have been described in the 
Rilem (2) and AC1 reports (4).

Determination of dependable relations between 
nature of the binder, principally gel-crystal composi
tion, and physical properties of the products should 
prove highly useful in advancing the technology. 
The gel-crystal composition should be amenable to 
control through predetermined autoclave cycles and 
choice of starting materials. No single method is yet 
established for this purpose. XRD appears to give a 
qualitative indication of degree of crystallinity. Use
fulness of this method should increase as differen
tiation between gel and crystals is more fully resolved 
by other methods in conjunction with XRD. BET 

nitrogen surface areas of 38, 38, 45, 70, and 86 m2/g 
were reported (98) for binders of autoclaved blocks 
made with pumice, sintered shale, shale, cinders and 
silica sand and gravel, respectively. The nitrogen 
surface areas were 43 (36) and 50 m2/g (30) for tober
morite, and about 160-180 m2/g (30) for C5_6S6Hn. 
The surface area results suggest that the binder of 
the sand and gravel, and cinder blocks contained some 
high surface area phase, presumably C5_6S6Hn. 
A substituted tobermorite exhibits a higher surface 
area than pure tobermorite (59) and this factor would 
have to be considered in application of surface area 
results for the suggested purpose.

DTA might prove useful only in examining prod
ucts containing little or no A. The A-substituted 
tobermorite shows an exotherm at about the same 
temperature as C3_6S6Hn.

Uncertainties still exist on usefulness of electron 
microscopy for defferentiation between gel and crys
tals on the grid collected from liquid suspensions of 
the test sample. The sample on the grid is not neces
sarily representative of the major phase. This diffi
culty may be subject to correction by application of 
the scanning microscope (99) in conjunction with a 
replication method (60). Techniques of preparing 
the surface for replication offer opportunities for 
innovations. An earlier report (30) that C5_6S6Hn 
was of fibrous morphology was later revised on bases 
of new results (92) that the morphology was of a 
crinkled foil variety in agreement with observations 
by Grudemo (100). Now recently, (89) the crystal 
habit of this phase was reported to be fibrous. It 
is not certain which of the two habits represent 
C5_6S6Hn. Perhaps both are present and method of 
sample preparation for examination is a factor as to 
which is collected. On the other hand, excessive 
illumination, even though of minimal intensity re
quired for resolution, may account for the crinkled 
foil habit. Examinations of various phases (92) using 
minimal and intensive illumination showed the crin
kled foil crystals unaffected by intense illumination 
while other were altered, some significantly. The 
possibility that the crinkled foil may be an artifact 
cannot be excluded. Budnikov and Strelkov (101) 
discussed similar difficulties experienced in electron 
microscopic examination of cement pastes.

Summary .

1. A large background of scientific information has binders of concrete products during the past 20 
been developed on hydrous calcium silicates as years.



2. Results on 24 autoclaved commercial products 
indicate the binder to be well to poorly crystalli
zed tobermorite. The latter (in some samples) 
coexists with Cs_,6S6Hn gel, proposed to be the 
precursor of tobermorite.

3. Lattice substitution in tobermorite of AF+, Fe3+, 
SO2", etc., may significantly aifect the proper
ties.

4. The gel-crystal composition of the binders appears 
to be an important area for research for explaining

and controlling properties.
5. Kinetics of the reactions of CH and S are closely 

dependent of the rate of diffusion of the ions 
through the reaction products encapsulating the S 
grains.

6. More remains to be learned about the effects of 
W/S ratios on properties of CH-S products.

7. Results suggest that Taylor’s gel, C-S-H(I), may 
differ from the low-lime gels described by 
Kalousek and Neese.
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Written Discussion

Waldemar C. Hansen

This is to be limited to a discussion of through- 
solution reactions and the reactions which have been 
referred to, by various authors, by such terms as 
topochemical, solid-state, solid-liquid and in situ re
actions. Kalousek, concludes that the preponderance 
of evidence points to a through-solution mechanism 
for the reaction of silica with calcium hydroxide and 
he refers to a paper published by me in 1959 pertaining 
to solid-state reactions in portland cement pastes. 
Two, more recent, papers (1 and 2) review some of 
the literature on such reactions. From these reviews, 
and from other literature which was not included in 
those papers for example (3 and 4), it seems that one 
must conclude that compounds such as silica and the 
cement minerals cannot dissolve in an aqueous medium 
without undergoing a reaction with the ions of water 
and possibly other ions from the medium. That is, a 
reaction must occur at the surface of the solid particle 
which overcomes the ionic forces that bind the ions 
to one another in the solid. For example, when silica 
reacts with water the surface of the particle is con
verted to a silicic acid. The ions of this acid, probably 

by further hydration, can separate from the unreacted 
solid and diffuse into the liquid. In other words, the 
silicic acid dissolves in the water and any silicic acid 
that precipitates from the solution was formed by 
a through-solution mechanism. However it was not 
formed by the dissolution of silica which, after dis
solving, reacted with the water to form silicic acid.

The evidence in the literature points to the conclu
sion that compounds such as calcium oxide and the 
cement minerals, which form reaction products with 
water having relatively low solubilities, become coated 
with a layer of the reaction product; which, after 
reaching some thickness, ruptures or spalls forming 
a number of small particles or crystallites. This 
exposes fresh surfaces of the reactant to the liquid 
phase. These colloidal sized particles, because of their 
size and probably because of an almost amorphous 
nature, have higher solubilities than the solubility of 
larger and more nearly perfect crystals of the reaction 
product. Hence they tend to dissolve and recrystallize 
as relatively large and perfect crystals. It seems 
reasonable to assume that some of these colloidal 



particles act as nuclei for the crystallization of the 
dissolved material.

According to Kalousek, Funk found that additions 
of either a lime-rich tobermorite gel or alpha-C2SH 
to pastes of beta-C2S accelerated the rate of hydration 
of the C2S. Also that the final product in each case 
was the same as the added material. It seems that 
this acceleration can be explained on the basis that 
the solubility of the topochemical product formed on 
the surfaces of the C2S grains was greater than that 
of either of the additives. Accordingly these materials 
acted as nuclei to remove the dissolved calcium silicate 
and prevented the solution from becoming saturated 
with respect to the topochemical coating. It seems 
that under such conditions the coating might be dis
solved almost as rapidly as it formed, whereas, in the 
absence of added nuclei, no nuclei were present until 
the topochemical layer formed its own, probably 
after a layer ruptured.

According to Vyrodov, supplementary paper, “On 
some aspects of theory of solidification and strength 
formation of cement-stone and concrete,” Baikov 
believed that the cement minerals reacted topochemi
cally with water and that these more or less amorphous 
reaction products were the binder of the cement paste. 
Some dissolution and recrystallization of these pro
ducts occurred, but this was not essentially a part of 
the mechanism which caused hardening and the 
development of strength.

Taylor, principal paper, “The calcium silicate 
hydrates,” suggests the following in the formation 
of C-S-H. A high C/S product is formed on the 
surfaces of the crystals of C3S and C2S. This probably 

is composed initially of Ca2+, H2SiO^, and OH" 
ions and H2O molecules and has a C/S ratio close 
to that of the starting material. A second product is 
formed by dissolution and reprecipitation of this 
product. Further anion condensation may occur 
within this material, either by « transformation 
or by repeated dissolution and reprecipitation. It is 
seen from this that Taylor believes that it is possible 
for these reaction products to develop better crystal
linity without dissolving and recrystallizing from 
solution. It seems that there may be no need to postu
late that the original topochemical product has to 
dissolve before it can improve its crystallinity. When 
the cement minerals react in the presence of relatively 
large amounts of water and possibly also under high- 
pressure steam curing much of the topochemical 
reaction product probably dissolves and recrystallizes, 
but with W/C ratios of practice and at atmospheric 
temperatures probably very little of this product 
dissolves. However there might be considerable in 
situ rearrangement of the structure as the cement 
paste ages.

It seems that cement technologists should accept 
the conclusions that (a) the cement minerals react 
topochemically with water and possibly other ions 
from the liquid phase of the cement paste, (b) these 
reaction products will dissolve to some limited extent 
to yield relatively large and nearly perfect crystals 
and (c) the second step is of relatively little impor
tance in the development of the properties of the 
hardened paste cured at atmospheric pressure but 
may be of greater importance for pastes cured at 
elevated pressures.
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Written Discussion

Jaromir Jambor

Synopsis

The aim 
tween phase

of the research project discussed in this paper was to find a relationship be- 
constitution and strength of hardened cementitious pastes. Specimens of 



hardened pastes containing different types of binding new-formations were used for the in
vestigation. These cementitious pastes were made of mixes of Ca(OH)2, C3A and C3S with 
ground siliceous materials and were left to harden for different periods of time at tempera
tures 20°C, 80°C and 175°C.

The phase constitution of hardened cementitious pastes was studied by X-ray phase 
analysis, by a complex thermal analysis, by electron microscopy and by chemical analysis. 
Over-all porosity and compressive strength of specimens were determined by usual methods.

The results have shown that the strength of hardened cementitious pastes is given by 
the type and the volume of binding new-formations developed in the pastes.

Among the pastes containing the same volume of binding new-formations the highest 
strength was developed by those, in which the tobermorite—like phases were found as bind
ing new-formations. The drop of relative strength (P) of pastes, depending on the type of 
binding new-formations developed in the pastes, is characterized by the following sequence:

Tobermorite-like phases (100% P)—> CSH I (56 to 62% P) —> mixture of 70 to 
80% gehlenite hydrate and 20 to 30% CSH I (28 to 32% P) mixture of 70 to 80% 
of hydrogarnet phase and 20 to 30% of CSH I (13 to 20% P) —> C3AH6-hydrogarnet 
phase (3 to 4% P).
The strength of pastes containing the same type of binding new-formations is given 

by a power function of volume-0 occupied in the paste by the binding new-formations and 
may be expressed by the general formula: '

P = <?03 + Z>02 + c0
The relationship between the strength and the phase constitution of cementitious 

pastes may be in practice biased by internal flaws of their macrostructure developing, as 
a rule, in the early stage of their hardening.

Introduction

In his principal paper “High temperature steam 
curing of concrete at high pressure” (Part III, Session 
5) G. L. Kalousek (1) discusses the present knowledge 
of interrelations between the type or constitution of 
the binder, developed in autoclaved products and 
their physico-mechanical properties. The results of re
search work made by W. H. Taylor, D. R. Moorehead 
and N. F. Cole (2), further by W. F. Cole and D. R. 
Moorehead (3), by D. L. Sanders and W. J. Smothers 
(4), by G. L. Kalousek and A. F. Prebus (5), by Z. 
Sauman (6) and by others justify the opinion that the 
value of strength of autoclaved products depends to a 
considerable extent on the development and contents 
of tobermorite as well as on the relative presence of 
tobermorite and C5_6SsH„ in binding new-formations, 
developed in these products in the course of auto
clave treatment. G. L. Kalousek points out in this 
connection several factors, which may influence 
the strength of autoclaved products—it is above all 
the overautoclaving, the degree of crystallinity and 
the surface area of the binding new-formations, the 
amounts of substituent ions in the lattice etc. At the 
same time Kalousek stresses the fact, that the deter
mination of dependable relations between the con
stitution of the binder and/or the binding new-for
mations and the physico-mechanical properties of 
autoclaved products is of great importance for 

further progress in the technology of their production.
The statements, pronounced in the general report 

are in principle correct, however they should be 
supplemented by the statement that the elucidation of 
interrelationships between the over-all phase con
stitution and the physico-mechanical properties be
comes an important presupposition of the future 
improvement of technology of production not only of 
autoclaved products but also of cementitious pastes 
and concretes, hardening at normal temperature, 
and/or under higher temperature, and under normal 
pressure.

Among the other papers, dealing with these prob
lems, it is necessary to recall the work of T. C. 
Powers (7, 8, 9), who found that the strength of cement 
paste is a power function of the volume of hydration 
products developed in the paste and summarily 
denoted as cement gel, and that with increasing volume 
of cement gel the strength of the paste increases too 
approximately according to the cubical relationship. 
Similar results have been obtained by Giertz— 
Hedström (10), J. Jambor (11, 12), F. M. Lea and 
F. F. Jones (13) and others.

Owing to the importance of this problem, the 
presented paper contains some new data concerning 
the relationship between crystallo-chemical phase 
consitution and strength of hardened cementitious 
pastes, which supplement the data of principal paper 
report presented by G. L. Kalousek and elucidate 



further this problem. These data have been determined 
by a long-time research program carried out by the 
Institute of Construction and Architecture of the 
Slovak Academy of Sciences in the course of the 
recent years.

Methods Used

For the purpose of study of relationships between 
the phase constitution of hardened cementitious pastes 
and their compressive strength a selection has been 
made from a large number of test specimens which had 
been used for the study of the influence of different 
curing on the strength of cementitious pastes of differ
ent composition. But for insignificant exceptions, all 
specimens showing visible cracks or other damage 
capable of influencing the compressive strengths were 
excluded from the selection.

Preparation of Test Specimens

For the preparation of cementitious pastes homog
enized mixes of convenient siliceous powdered 
materials with 34%, 50% and 64% by weight of 
powdered Ca(OH)2 were used. Further, mixes of the 
same siliceous materials with 50% by weight of C3A 
and/or of C3S were used. The mixing water was added 
in a quantity necessary to prepare a paste of normal 
consistency (according to the Czechoslovak standard 
CSN 72 2110). After a 3 minute homogenization cube 
specimens with 2 cm edge were moulded. These 
specimens were compacted by rodding and were left 
to set in moist air of 97 to 100% relative humidity 
and under the temperature of 20°C. The subsequent 
curing of the specimens proceeded in one of the fol
lowing three ways.

a. The test cubes were demoulded and left to 
harden in water at the temperature 20-21 °C for a 
period 90 and/or 180 days. In the case of some of the 
pastes it was necessary to prolong the period of 
humid atmosphere curing of specimens before their 
immersion in water.

b. The test cubes (in moulds) were put into a steam 
chamber and cured in a saturated steam medium at 
the temperature 80°C. The temperature - rise was 
controlled so as to let the temperature attain the value 
of 80°C during 120 minutes. The total period of steam 
curing was 24 hours.

c. The test cubes (in moulds) were put into a pres
sure vessel and cured in a saturated steam medium 
at the temperature 175°C and under the overpressure 
about 8 atm. The heating process was controlled so as 

to let the temperature attain the value of 175°C in the 
pressure vessel in the course of 120 minutes. The total 
period of high temperature steam curing was 24 hours.

After the conclusion of the curing period 6 test 
specimens of each paste were dried at 100°C and their 
bulk density (unit weight) and compressive strength 
were determined. The crushed specimen fragments 
were further disintegrated, homogenized and used for 
determination of the true density (specific weight) and 
of the over-all phase constitution of the hardened 
paste.

Testing Methods

The chemical composition and the approximate 
specific surface of the initial materials, used for the 
preparation of cementitious pastes, as well as the com
pressive strength, the bulk density and the true density 
specimens were determined by usual methods.

In order to determine the over-all crystallo-chemical 
phase constitution of hardened pastes a combination 
of the following methods was used:

a. X-ray powder diffraction (XRD) analysis, used 
for the determination of the type of binding new- 
formations contained in the hardened paste, of the 
presence of unbound Ca(OH)2 and CaCO3 and of the 
contents of nonhydrated C3A and/or C3S.

b. Complex thermal analysis used for the deter
mination of the contents of the free Ca(OH)2 and 
CaCO3 in the hardened paste and at the same time 
as a check of the XRD analysis.

c. Electron microscopy used as a check of the XRD 
and thermal analyses.

d. Chemical analysis used for the determination 
of the approximate content of the unreacted siliceous 
admixture and in combination with the previously 
listed methods for the determination of the approxi
mate over-all content and the composition of the 
binding new-formations.

Diffractograph Micro 111 made by the company 
C. H. F. Miiller in Hamburg was used for the XRD 
analysis. The apparatus consists of a strictly stabilized 
source of X-rays, of a precision goniometer with a 
proportional counter and of a transistorized measuring 
and registration equipment. Quantitative determina
tion of non-hydrated C3A and C3S in the hardened 
pastes was obtained by the method of the internal 
standard.

Thermal analyses were made by means of a complex 
thermoanalytic equipment, namely the Derivatograph, 
delivered by the company MOM, Budapest. This 
equipment allows a simultaneous differential thermal 
analysis (DTA), a thermogravimetric analysis (TG) 



and a derived thermogravimetric analysis (DTG) on 
the same specimen. The equipment includes a precision 
registration device allowing a reliable quantitative 
evaluation of the thermogravimetric analysis. A 
sufficiently accurate determination of the weight reduc
tion due to the decomposition of Ca(OH)2 or CaCO3 
was possible owing to a simultaneous evaluation of the 
DTG record.

The electron microscope used for the microscope 
analysis was a Czechoslovak Tesla BS-242 table 
model. Specimens were prepared by the normal techni
ques from dilute water suspensions of finely ground 
samples on collodium films. Ultrasound treatment 
was chosen for perfect disintegration of the samples 
in suspension.

Modified Steopoe’s method (14) was used for the 
chemical analysis of hardened pastes. This method is 
based on the fact that when solving a hardened paste 
in HC1 with d = 1.12 (under simultaneous cooling) the 
unreacted siliceous admixtures separates in the form of 
an unsoluble residue whereas the other components of 
the specimens enter into the solution. From the con
tents of CaO, SiO2 and A12O3 assessed in the solution 
the share of the above mentioned oxides bound in 
Ca(OH)2, CaCO3, C3A and C3S was subtracted. The 
remaining parts of soluble CaO, SiO2 and A12O3 give 
the approximate composition and over-all contents 
of the binding new-formations, contained in the paste. 
This method is not perfectly accurate due to the fact 
that in solving the finely ground paste in HC1 a 
certain share of the unreacted siliceous admixture 
mainly R2O3 enters into the solution too. This must be 
taken into account mainly in the case of cementitious 
pastes made of siliceous admixtures with higher R2O3 
content and with low contents of the binding new- 
products.

Materials Used

The following siliceous materials were used for the 
preparation of the cementitious pastes:

1. dacite tuff (pozzolanic material of high activity);
2. fly ash (pozzolanic material);
3. activated kaolin made by burning for 2 hours 

at 650°C of washed kaolin (pozzolanic material 
of high activity);

4. ground washed siliceous sand (practically pure 
^-quartz).

All the used siliceous materials were ground to the 
maximum grain size of 90 microns.

The following binders were used for the prepara
tion of the pastes:

a. Powdered calcium hydroxide-Ca(OH)2 made of 

selected lumps of pure quicklime slaked with 45 % of 
water and passed through a 200-micron aperture sieve;

b. Tricalcium aluminate—C3A—prepared by five 
times repeated burning of granules pressed of chemi
cally pure CaCO3 and A12O3 mixed in molecular pro
portion 3: 1. The burning temperature was 138O°C

c. Tricalcium silicate-C3S-prepared by five times 
repeated burning of granules pressed from a mixture of 
chemically pure CaCO3 and SiO2 mixed in molecular 
proportion 3:1, to which 0.5% admixture of fine 
CaF2 was added as mineralizer. The burning tempera
ture was 1380°C.

After the last burning of C3A as well as C3S were 
ground to the maximum grain size of 90 microns and 
their composition was checked both by chemical 
and XRD analysis.

The results of the chemical analysis as well as of the 
XRD analysis and of the microscope examination of 
the original samples of materials used for the prep
aration of the pastes are given in Table 1.

Results and Discussion

Phase Constitution of Hardened Pastes

The results of the study of phase constitution of 
hardened pastes, as well as the approximative com
position of binding new-formations, calculated on the 
basis of chemical analysis, are given in Tables 2 to 5.

Among the non-binding phases in the studied pastes 
in the first place the unreacted residue of the siliceous 
admixture and CaCO3 were identified. In most of the 
pastes the free Ca(OH)2 was found, too. This free 
Ca(OH)2 was, however, not identified only in pastes 
prepared of mixes containing C3A and was present 
only in smaller quantities in pastes prepared of a mix 
of activated kaolin with 34 % by weight of Ca(OH)2, 
as well as of a mix of activated kaolin and C3S. In the 
pastes made of mixes of siliceous materials and clinker 
minerals residues of non-hydrated C3A and/or C3S 
have been identified in addition to the above men
tioned non-binding phases. Exceptions were only 
pastes made with C3A which were subjected to auto
clave treatment (pastes No. 133, 233, 333 and 433). 
In these pastes no non-hydrated C3A has been found 
by XRD—analysis and hence its perfect hydration 
may be assumed.

The binding new-formations identified in pastes of 
similar constitution and subject to the same treatment 
have mostly shown considerable similarity. Disre
garding some secondary binding phases, which were 
present in some of the pastes in smaller quantities, the



Table 1. Chemical and mineralogical composition of the used materials

Material

Chemical composition ( %)

Results of XRD—and 
microscopic analysis

Specific 
surface 

according 
to Blaine 
(cms/g)

Ignition 
loss at

Insoluble
A12O3 Fe2O3 CaO MgO so3

Undeter
mined 
residue

residue

100°C 1000°C

Dacite tuff 4.68 8.51 — 65.07 11.12 1.74 5.80 2.19 0.47 0.42
Partially decomposed vitreous 

' phase 65-75 %, cristobalite 4- 
chlorite + biotite < 20 %

14,061

Fly ash 0.32 1.10 — 53.67 25.28 7.83 7.79 1.98 1.48 0.53
Vitreous globular particles 
often hollow 75-85%; mullite 
4-3-quartz <35%; carbon

2,743

Activated kaolin 0.12 1.41 — 53.61 44.02 0.22 0.26 0.15 — 0.21
Amorphous phase 4- residues 
of damaged kaolinite crystals 
85-90%; y3-quartz <10%

17,294

Ground silicious
0.16 0.07 98.34 1.29 traces — — 0.14 ß- quartz > 98 % 2,160

Powdered cal
cium hydroxide 0.36 23.58 0.16 — 0.57 73.40 1.81 traces 0.12 Practically Ca(OH)2 only —

Tricalcium 
aluminate- C3A — 0,55 — 37.32 — 62.10 — — 0.03 Practically C3A only 3,972

Tricalcium 
silicate- C3S — — 1.54 25.92 2.12 70.20 — — 0.22 Practically C3S only 4- 0.52% 

free CaO
3,842

Table 2. Approximate phase constitution of cementitious pastes hardening under different conditions 
and approximate composition of their binding new-formations

Paste 
number

Paste 
composition

Curing Type of 
binding new- 
formations 

(determined 
by XRD- 
analysis)

Approximate phase constitution of 
hardened pastes ( % by weight) Approximate over-all 

composition of binding 
new-formations 

(calculated on basis of 
chemical analysis)

Temper-

C’C)
Time 
(days)

C3A
Unreacted resp. Ca(OH)2 CaCO3 

f

Binding 

ormationsshare C3S

101
20

90 II 36.2 — 8.9 4.5 49.7 Co.97:S:R0.10:H1.59

102 Dacite tuff 66% ISO II 31.1 — 6.5 8.7 53.0 Q.88:^:R0.07;H1.58

103 Ca(OH)2 34% 80 1 11 43.2 — 12.8 18.7 24.8 C^i89:S:Roao:H8el6

104 175 1 I 32.2 — 1.2 15.4 50.7 C-0.89 : S: Rq.09 : Hq.SI

111 90 II 23.2 — 17,3 11.3 47.4 Ci.i3:S:R0.n:H1.75

112 Dacite tuff 50% 180 II 18.7 — 14.8 14.8 51.0 C().9ß:^:R0.08:Hi.69

113 Ca(OH)2 50% so 1 II 29.2 — 14.3 25.3 30.8 Ci.33:S:Ro.o8:H2.41

114 175 1 I-II 17.2 — 6.2 23.1 53.2

131
Dacite tuff 50 %

C3A 50%

20 90 V 35,3 5.0 — 6.6 52.5 Cg.-tg-'A.'So.ig." H6.28

132 80 1 V 35.3 10.0 4.9 49.4 ^2-53:^:So.l5:^ß.8S

133 175 1 V 32.4 — 5.1 62.2 ^2-56: A: ^0-34 : H>70

141
Dacite tuff 50%

C3S 50%

20 90 II 31.3 8.0 7.6 6.7 45.9 S: Ro-io'Hi.ts

142 80 1 II 33.7 15.0 6.3 7.1 37.5

143 175 1 I 32.1 15.0 3.3 9.0 39.9

following five characteristic types of new-formations 
have been established in the studied pastes:
Type I. The binding new-formations were constituted 

mostly by tobermorite and/or by its mixture with 
CSH I. This type of binding new-formations, 
referred to on the subsequent pages by a sum-



Table 3. Approximate phase constitution of cementitious pastes hardening under different conditions 
and approximate composition of their binding new-formations

Paste 
number

Paste 
composition

Curing Type of 
binding new- 
formations 

(determined 
by XRD- 
analysis)

Approximate phase constitution of 
hardened pastes (% by weight)

Approximate over-all 
composition of binding 

new-formations 
(calculated on basis of 

chemical analysis)
Temper-

co
Time 
(days)

Unreactec
c3a 
c's" Ca(OH)2 CaCO3 

f

Binding

Drmations

201 90 IT 41.1 — 12.9 9.5 36.1 Co.95:5 •' Ro.33 : ^2.02

202 Fly ash 66% 180 II 38.5 — 13.9 7.4 39.4 Co.aßi S:Ro.34:H2,52

203 Ca(OH)2 34% 80 1 II 46.4 — 14.2 16.4 22.7 Ci.io"S:Ro.32:H1.75

204 175 1 I 27.5 — 7.5 9.6 55.0 C0.84:S:R0.21:H1.18

211 90 II 28.4 — 22.2 15.3 33.6 C1.06:S:R0.26:fi2.36

212 Fly ash 50% 180 II 23.7 — 16.2 15.5 43.8 Ci.i5:S:Ro.3i:H2.59

213 Ca(OH), 50% 80 1 11 33.3 — 17.9 17.3 31.1 C1.70:S:R0.21:H].61

214 175 1 I-II 14.2 — 18.4 5.7 61.3 Ci.o4'S:Ro.20:H112g

231
Fly ash

C3A

50%

50%

20 90 V 38.8 5.0 — ' 5.4 49.9 C2.6pA:So.24:H5.4o

232 80 1 V 37.4 10.0 — 4.5 47.7 ^2.5t: A:So.2o:H5.31

233 175 1 V 34.9 — 4.8 59.9 C2.70 ■ A: S0.25: H5i20

241
Fly ash

C3S

50%

50%

20 90 II 32.5 8.0 8.7 7.4 43.0 Q.O9:S:Ro.17:^1.91

242 80 1 II 38.5 15.0 7.7 7.4 31.0 C1.35:S:R0.24:Hi,56

243 175 1 I 35.3 15.0 5.3 8.7 35.3 CM7:S: Ro.2g:tii.23

Table 4. Approximate phase constitution of cementitious pastes hardening under different conditions 
and approximate composition of their binding new-formations

Paste 
number

Paste 
composition

Type of 
binding new- 
formations 

(determined 
by XRD- 
analysis)

Approximate phase constitution of 
hardened pastes ( % by weight)

Un- C3A Binding

Approximate over-all composition of 
binding new-formations (calculated 

on basis of chemical analysis)Temper-
CC)6 Time 

(days)
reacted 
share

rc3s Ca(OH) vaCc/<
formations

301
Activated 
kaolin 66%

20
90 III 34.1 — 1.9 8.1 55.3 c1.87 A:S:H6.0()(69%) + Cg.^iSiH^l %)

302 180 III 30.6 — 0.6 7.9 60.4 C1.7L A: S: HQ,oo(82 %) + Cq,p0:S:H082(18%)

303 Ca(OH)„ 34% 80 1 III 42.6 — 5.1 10.2 41.6 {-'2.00 A: S: H4.ea(80%) + Co.80:S:H0.6l)(2O%)

304 175 1 - IV 35.4 — 0.7 7.6 55.9 C2.05 A: S: H4.ro(78 %) + Co.«,: S: ^.^(22 %)

311
Activated 
kaolin 50%

20
90 IV 17.0 — 6.9 11.6 64.8 {-2.29 A:S:H4.30(71 %) +

312 180 IV 16.0 — 4.6 11.2 67.3 {-2-25 A: S: H4i70(79 %) + C0igQ:S:H2<50(21 %)

313 Ca(OH)2 50% 80 1 IV 28.2 — 9.6 13.0 48.6 C3.OO A:S: H4.00(74%) + CL10:S:H1.51(26%)

314 175 1 IV 11.9 — 0.6 12.0 75.0 {-'2*34 A:S:H4.00(77%) + C0.8():S:H0.f)5(23%)

321
Activated 
kaolin 34%

90 IV 8.3 — 20.6 13.9 56.8 {-■2.78 A:S:H5.90(67%) + C1.0l):S:H.,5O(33%)

322 180 IV 8.1 — 16.0 15.4 60.3 C2«78 A: S: ^.„0(79%) + CKOO:S:H2.ffi(21 %)

323 Ca(OH), 66% 80 1 IV 12.6 — 16.9 20.2 50.0 Cs.oo A:S;H4.(i0(75%) + C1.61:S:H1.n(25%)

324 175 1 IV 5.0 —• 2.6 23.7 68.4 C3.00 A:S:H3.72(74%) + CL46:S:H0.5()(26%)

331 Activated 
kaolin 50 %

HC3A 50%

20 90 V 38.5 5.0 — 5.5 50.5 {--2.54: A: so. 24: H5,65

332 80 1 V 38.1 10.0 — 4.3 47.0 {-•2.33: A: so, 18: H6,25

333 175 1 V 37.2 — — 3.8 58.8 {^2.59: A: Sq.26 : H5,57



* M the case df these ypatiLcs the calcuil ationi is subject to irblatively great error.

Talble 5. A'Ftpi’oximMe p/hase «constitution o(f «cementitiouspastes hardening «unäer «äiffemtt «conditions 
«end approximate «composition <e#f if heir «binding mewdformations

Paste 
mniniiber

Paste 
iconiposftiaii

•Curing Type 'pf 
ibindiing mew- 

ifomrititioBs 
((determined 

Iby XIRID- 
analysis)

AippMximalte iplhase'eonstitdtion'öf 
(hardened (pastes <(% by weight) Approximate over-all^omposition of 

ibintiing new-Tormations^calcultited 
ion (basis'df4hemicdl andbysb)

Uiemper-

TO ((days)

Un- 
Te acted 
'Share

c3a 
rcesp. 
C3S

(Ca(QiBfi)2 (C^GOg
(Binding 

iformdtions

3411 2© w mil 2112 Si© <0.7 4.4 (63.4 : A:S:M0.aj(6-8%) +«C0.80:‘S:IHot6(32%)

342 IkaoUin 50 %
CgS 50%

SO ' 1 IV 33-6 15.(0 2.3 3.11 45vS «Cg.«: A :S ifflj.ojCM %) + ICo.«,:«:»,., i@6 %)

343 175 1 irv 35,3 1510 mo 4.7 43'6 -Cg.,»: A :S :Ma.6iS(76%) + <C0.„:-S:IH0.si(24 7f>
-402

sand <66%
Ca((OH)2 34%

20 ISO m 59.4 — 11'95 115.1 3.3 ^1107 : 'Ro.gs :lM2.22*

403 SO I mi <61,3 — 175 '9.1 1115 ^a-TO:®0J19 :®4^01*

404 175 1 i 46.-8 — 2.3 11 ILS 36!6 (Co.95 :tRoio2-:®o.er

4112

-sand 38)%
Ca(«Wi)2 58)%

20 ISO mi 463 — 33.-9 13.3 5.-9 *£41,60 :IR0.?4:®I2.88*

413 SO 1 m 443 — 20!© 11'9.4 15,7 ;tS ^0.117 :®3.97*

414 173 1 i 303 — 1'9.1 SIS 415 ^-o. 92: ®-0-02: ®0.B4

431

•sand 50%
C3A 50%

30 ^0 V 42.3 510 — 4.'9 475

432 SO 1 V 425 1(0/0 — 3,3 43.« ^s.va •* Ai'So-n :®5.ü5

433 175 1 V 40.-9 — — 4.4 54.4 *iCs.76-: A:<so.iih

441

sand 30%
C3S 50%

20 -90 II 45^ (6.5 '9.3 S.-6 30.4 ^J.45: 'S: Ro. 07:- 92

442 SO 1 II 45.4 13.-0 S.7 <6/6 23.-6 ^1.38 :<S: ®-0i08

443 175 1 I 38.» 1310 3.3 S.l 36.(6 :Roj96 :I^1.08

marizing name of “tobermorite-like phases'”, 
gave diffractometer traces showing in addition to 
the CSH I diffraction lines also distinct charac
teristic diffraction lines of tobermorile, especially 
1L3 Ä; 3.07 Ä and 2.97 Ä, and/or diffraction lines
5.5 Ä; 2.27 Ä and 2.14 Ä. The binding new-forma- 
tions of this type have been identified even in 
pastes prepared of mixes of siliceous materials with 
Ca(OH)2 and with C3S and subjected to autoclave 
treatment under a pressure of 8 atm. and at 175°C 
for 24 hours. Exceptions were pastes prepared of 
activated kaolin (i.e. No. 304, 314, 324 and 343) 
in which the tobermorite-like phase have not been 
found.

Type II. The binding new-formations were mostly 
produced by CSH I and/or by its mix with CSH II. 
This type of binding new-formations has been 
identified by the characteristic diffraction lines 
3.02-3.06 A; 2.76-1.81 A; 1.82 A and other as 
well as by differential thermal analysis and electron 
microscopy. CSH I and/or its mixture with CSH II 
has been identified as the principal binding phase in 
most of the studied pastes hardening at the tempera
ture of 20°C and 80°C, except the pastes prepared 
with CjA as well as pastes made with activated

Ikaiolim..
Type III.. Hie bimdimg mew-formatioms, which were 

mosttly comstituited by a mixtuite of about 70 to 801% 
of gehlemite hydirate-C2 ASH, and 20 to 30 % CSH L 
Im the diffractometer traces this type of binding 
new-formations was characterized by diffraction 
line of gehlenite hydrate 12.4 A; 6.2 A; 4.16 A; 
2.48 A etc. in addition to the CSH I diffraction lines. 
The presence of gehlenite hydrate in binding new- 
formations was proved by electron microscopy, too. 
The binding new-formations of this type have been 
identified only in hardened pastes made of a mix of 
activated kaolin with 34% of Ca(OH)2 and harden
ing at 20°C and 80°C (paste No. 301, 302, 303) as 
well as in the paste made of activated kaolin with 
50% of C3S hardening at 20°C (paste No. 341).

Type IV. The binding new-formations, which were 
mostly constituted by a mixture of about 70 to 80% 
of hydrogarnet phase C3ASeHs_$„ with 20 to 30% 
CSH I. This type of binding new-formations was 
characterized by the diffractometer traces, apart 
from CSH I diffraction lines, by diffraction lines 
approximately 9.8 A; 5.0 A; 3.31 A; 3.01 K‘, 2.77— 
2.71 A; 2.26 A; 2.01 A and other. It may be inferred 
from the foregoing values, that the constitution 



of the hydrogarnet phase varied between the 
constitution of C3AH6 and that of plazolite- 
C3AS2H2 and hence its approximate constitution 
may be assumed to be C3ASH4. The binding new- 
formations of this type have been established in all 
pastes prepared of mixes of activated kaolin with 
50% and 66% by weight of Ca(OH)2 and further, 
in the paste made of activated kaolin with 34% 
of Ca(OH)2 autoclaved at 175°C (No. 304), as well 
as in pastes made of activated kaolin with 50% of 
C3S, hardening at 80 and 175°C (No. 342 and 343).

Type V. The binding new-formations, which were 
mostly constituted by C3AH6 and/or the hydro
garnet phase with a small contents of SiO2 the 
constitution of which came very near C3AH6. 
This type of binding new-formations has been 
identified by the characteristic diffraction lines 
5.09-5.13Ä; 4.4M.44Ä; 3.32-3.25 A; 3.12-3.14 
A; 2.78-2.80 A; 2.28-2.30 A; 2.026-2.04 A and 
1.67-1.68 A. The lowing of the above values of 
spacings were established for pastes prepared of 
active siliceous materials whose SiO2 took a more 
pronounced part in the reaction processes and 
further in pastes hardening under higher tempera
tures. The binding new-formations of this type were 
identified in all pastes in which C3A was used as the 
cementitious substance.
Typical instances of diffractometer traces of pastes 

containing individual types of binding new-formations, 
as described above, are shown in Fig. 1. and 2. The 
complex thermoanalytic records of some pastes are 
shown in Fig. 3 to 6.

In the pastes prepared of mixes consisting of sili
ceous sand with Ca(OH)2, hardening at the tem- 
peraure 20 and 80°C (pastes No. 402, 403, 412 and 
413) the identification of the type of the binding new- 
formations could not be carried out quite reliably. 
The results of the XRD-analyses justify, however, 
even in this case the opinion, that the new-formations 
in question are a mix of CSHI and CSH IL

Some diffraction lines in the diffractometer traces of 
the studied pastes as well as the results of electron 
microscopy have shown that in addition to the above 
mentioned main types of binding phases even some 
secondary binding phases are found in most of the 
studied pastes in smaller quantities. In the pastes made 
of mixes with C3A the presence of C2AH8 as well as 
of the gel-like A1(OH)3 could be found. In the pastes 
made of mixes with fly-ash and hardening at a tem
perature of 20°C solitary crystals of ettringite have 
been identified. In a number of cases the identification 
of these secondary phases was not feasible owing to 
their low content.

The results of chemical analyses as well as the com
position of binding new-formations and their over
all contents in the pastes, as obtained by calculation 
on the basis of the former, are in good agreement with 
the above described results of XRD, microscopic and 
thermal analyses. Certain differences of the calculated 
over-all composition of the binding new-formations 
from the theoretical values should be accounted for 
by the limited accuracy of the applied chemical analy
sis and further by the fact that the eventual presence of 
secondary phases was not taken into consideration. 
For the same reasons it is necessary to admit certain 
error of the calculated values of the over-all contents 
of the developed binding new-formations. These 
errors do not have, however, any relevant influence on 
the conclusions of the investigation.

Compression Strengths and Their Relation 
to the Phase Constitution of the Hardened Pastes

The obtained values of bulk density, true density 
and compression strength of the studied hardened 
pastes are given in the first part of Tables 6 to 9.

Compressive strength as well as bulk density of 
individual pastes vary within wide limits depending 
on the composition and method of curing of these 
pastes. Highest values of strength have been attained 
by pastes made of mixes of siliceous materials with 
C3S and on the contrary the lowest were the values of 
strength of the pastes made with C3A. Strength of the 
pastes autoclave-treated at 175°C exceed in most cases 
highly the values of strength of corresponding pastes 
hardening at a temperature of 20°C or 80°C. In the 
case of pastes made of mixes of siliceous materials 
with Ca(OH)2 and hardening at a temperature of 20°C 
their strength is usually proportional to the activity 
of the siliceous admixture. All these statements show 
that compressive strength of hardened cementitious 
pastes essentially depends on the same factors as their 
phase constitution.

In order to clarify the mutual relation between the 
phase constitution and compressive strength of 
hardened cement pastes, the over-all porosity of in
dividual pastes was computed and their phase con
stitution expressed in % by weight has been converted 
to % by volume, with respect to their over-all poro
sity and/or to their over-all volume of solid phases. 
The following values of true density were used for the 
calculation of volume occupied by individual solid 
phases contained in the pastes: C3A = 3.00 g/cm3, 
C3S = 3.13 g/cm3, Ca(OH)2 = 2.23 g/cm3, CaCO3 = 
2.71 g/cm3, unreacted residue of dacit tuff 2.16 g/cm3, 
fly-ash = 2.13 g/cm3, activated kaolin = 2.46 g/cm3,



Fig. 1. Typical diffractometer traces of hardened pastes con
taining the type I (traces a, b) and the type II (traces c, cZ) 
of binding new-formations:
a—paste No. 104; b—paste No. 404; c—paste No. 203; 
d—paste No. 241.

j5-SiO2 sand = 2.62 g/cm3, CSH I = 2.25 g/cm3, 
tobermorite-like phases = 2.45 g/cm3, mixture of 
gehlenite hydrate and CSH I = 2.32 g/cm3, mixture of 
hydrogarnet phase and CSH I = 2.50 g/cm3 and the 
C3AH6-hydrogarnet phase = 2.52 g/cm3. The over-all 
constitution of the studied pastes, expressed in % by 
volume is shown in the second part of Tables 6 to 9.

As a result of mutual comparison of values pre
sented in Tables 6 to 9 and apparent relationship 

may be found between the compressive strength and 
the type as well as volume of the binding new-forma- 
tions developed in the studied pastes. This relation
ship is represented in Fig. 7 in which the values of 
compressive strength of all studied pastes are given 
in dependence on the over-all volume of the binding 
new-formations developed in the pastes. If the negative 
influence of macro structure flaws in the hardened 
paste (e.g. cracks) is disregarded the obtained results



Fig. 2. Typical diffractometer traces of hardened pastes con
taining the type III (trace e), the type IV (traces fg') and 
the type V (trace h) of binding new-formations:
e—paste No. 302; f—paste No. 313; g—paste No. 314; 
h—paste No. 133.

entitle to the opinion, that the compressive strength 
of a hardened cementitious paste is given only by the 
type and by the over-all volume of the binding new- 
formations contained therein, regardless of the initial 
composition of the paste and of the method of its 
curing.

An intensive influence of the type of binding new- 
formations developed in the paste on its compressive 
strengths is shown by the comparison of compressive 
strength of pastes having almost the same over-all 
contents of binding new-formations, only of different 
type. The highest values of strength have been obtained



Fig. 4. Original derivatograph trace of paste No. 132 (dacite 
tuff 50% + C3A50%—steam-cured for 24 hours at 80°C)

Fig. 3. Original derivatograph trace of paste No. 102 (dacite 
tuff 66% + Ca(OH)234%—cured for 180 days at 20°C)

for pastes, in which tobermorite-like phases have been 
identified as the binding new-formations. If strength 
of this type of pastes is taken as basis and evaluated by 
100%, then the pastes containing approximately the 
same over-all volume of binding new-formations, 
only of different type, have the following values of
compressive strength.

Type of binding new-formations Compressive
developed in the paste: strength 

(per cent):
Type I. Tobermorite-like phases 100
Type II. CSH I
Type III. Mixture of about 70 to 

80% gehlenite hydrate and 20

56-62

to 30% CSH I 28-32

Type IV. Mixture of about 70 to
80 % of hydrogarnet phase
and 20 to 30% CSH I 13-20

Type V. C3 AH6-hydrogarnet phase 3-4
The above given values of strength of pastes with 

different types of binding new-formations apply only 
to pastes containing an over-all quantity of binding 
new-formations up to about 30% by volume. It is, 
however, probable that the same relative values of 
strength would result for pastes with a higher over-all 
content of binding new-formations. The presented 
comparison proves anyway a fundamental influence 
of the type of binding new-formations developed in the 
paste on its strength. The clarification of the proper 
cause of the different influence of individual types of



Fig. 5. Original derivatograph trace of paste No. 314 (activated 
kaolin 50% + Ca(OH)250%—autoclaved for 24 hours at 
I75OO

binding new-formations on strength of hardened 
cementitious pastes exceeds the frame of this paper 
and will be discussed in a special paper.

The strength of pastes, containing the same type 
of binding new-formations is in the first place a 
function of volume occupied by the binding new- 
formations in the paste. The functional relationship 
of the compressive strength and the volume of 
binding new-formations is different for pastes with 
different type of binding new-formations. Fig. 7 shows 
characteristic curves plotted by graphical fitting of 
values corresponding to pastes, containing the same 
type of binding new-formations. These curve express 
functional relationships of compressive strength 
depending on volume of binding new-formations of 
Type I to V, as specified above.

Although the functional relationships of compres
sive strength and volume of binding new-formations 

Fig. 6. Original derivatograph trace of paste No. 443 (ß-quartz 
sand 50% + CäS50%—autoclaved for 24 hours at 175°C)

differ from each other for pastes with different types of 
binding new-formations, the relationships in general 
may be expressed with sufficient accuracy by a func
tion of third degree

P =a93 + b92 + c9

where P = compressive strength
9 = volume of binding new-formations devel

oped in the paste, expressed as a percent
age of volume of the paste

a,b,c = constants describing the variation of the 
curve, the value of which depends of the 
type of binding new-formation.

After substitution of the corresponding values the 
following formulae have been derived for the sug
gested functional relationships and/or for the calcula
tion of strength of pastes with binding new-forma
tions of Type I to V:



Fig. 7. Relationship between compressive strength and the type 
as well as volume of binding new-formations developed in the 
pastes

I. For pastes containing binding new-formations of 
type I (tobermorite-like phases);

P =O.1803 - 5.O9302 + 50.150
II. For pastes containing binding new-formations of 

Type II (CSH I);

P = O.O27503 - O.O502 + 2.250
III. For pastes containing binding new-formations of 

Type III (mixture of about 70 to 80% of gehlenite 
hydrate and 20 to 30% CSH I);

P = 0.001103 + O.467502 - 3.540

IV. For pastes containing binding new-formations of 
Type IV (mixture of about 70 to 80% of hydrogarnet 
phase and 20 to 30% CSH I);

P = -O.OO503 + O.47502 - 3.750

V. For pastes containing binding new-formations 
of Type V (C3AH6-hydrogarnet phase);

P = O.OO32703 - O.125202 + 2.1460

The determined values of strength of most of the 
studied pastes correspond to the reported functional 
relationships of the compressive strength and the 
volume of the binding new-formations. Some devia
tions from these relationships may be explained by the

Table 6. The physico-mechanical properties and approximate phase constitution of hardened pastes (in % by volume)

Paste 
number

Paste 
composition

Curing Type of binding 
— new-formations

(determined by 
XRD-analysis)

Bulk 
density 
(g/cm3)

True 1 
density 
(g/cm3)

Compressive 
strength 
(kg/cmS)

Approximate phase constitution of hardened

all 
porosity

pastes (% by volume)

Temper-
a(toc)e Time

(days)

C3A

C3s' Ca(OH)2 CaCO3
Un

reacted 
share

Binding 
new-for
mations

101 90 II CSH I 0.915 2.270 214.2 59.7 — 3.7 1.6 14.9 20.1

102 tuff 66% 180 II CSH I 0.924 2.271 207.3* 59.3 — 2.7 3.0 13.1 21.9

103 Ca(OH)2 34% 80 1 II CSH I 0.941 2.299 76.2 59.1 — 5.4 6.5 18.5 10.5

104 175 1 I Tobermorite 
related phases

0.921 2.325 446.2 60.4 — 0.5 5.2 13,3 20.6

111 90 II CSH I 0.889 2.325 167.4 61.8 — 6.8 3.7 9.2 18.5

112 tuff 50% 180 II CSH I 0.896 2.320 197.4 61.4 — 5.9 4.8 7.6 20.3

113 Ca(OH)2 50% 80 1 II CSH I 0.909 2.351 87.1 61.3 — 5.8 8.5 12.0 12.4

114 175 I I-II Tobermorite 
related phases

0.890 2.341 437.4* 62.0 — 2.5 7.6 6.9 21.0

131

Dacite 
tuff

C3A

20 90 V C3AHg-hydro- 
garnet phase

1.161 2.403 28.9 51.6 2.0 — 2.9 18.9 24.6

132 50%

50%

80 1 V C3AH6-hydro- 
garnet phase

1.166 2.412 21.4 51.6 4.0 — 2.2 18.9 23.3

133 175 1 V C3AH6-hydro- 
garnet phase

1.153 2.404 36.2 52.1 — 2.2 17.0 28.7

141
Dacite 
tuff

20 90 II CSH I 1.379 2.315 725.4 40.4 3.6 4.7 3.3 19.8 28.2

142 50% 80 1 II CSH I 1.375 2.372 347.0 41.8 6.6 3.9 3.6 20.8 23.3

143 C3S 50% 175 1 I Tobermorite 
related phases

1.362 2.336 695.6 41.6 6.6 2.1 4.6 20.3 24.9

♦Test specimens showed individual very fine cracks.



Paste 
number

Paste 
composition

Curing Type of binding 
■ new- formations 

(determined by 
X-ray analysis)

Bulk 
density 
(g/cm3)

True Compressive

Approximate phase constitution of hardened 
pastes (% by volume)

Temper-

CQ
Time 
(days)

density
(g/cm3)

strength
(kg/ctn3) °all 

porosity

c3a

c3s
Ca(OH)2 CaCO3

Un
reacted 

share

Binding 
new-for
mations

201 90 II CSH I 1.042 2.254 164.3 53.7 — 6.0 3.6 20.3 16.4

202 Fly a$h 66% 180 II CSH I 1.047 2.250 183.0 53.4 — 6.4 2.8 19.3 18.1

203 Ca(OH)3 34% 80 1 II CSH I 1.055 2.292 70.1 54.0 — 6.1 6.1 23.2 10.5

204 175 1 I Tobermorite 
related phases

1.061 2.311 524.6 54.0 — 3.5 3.7 13.7 25.1

211
20 -

90 II CSH I 0.969 2.322 132.0 58.3 — 9.4 5.3 12.9 14.1

212 Fly ash 50% 180 II CSH I 0.977 2.324 175.3 58.0 — 6.9 5.5 11.0 18.6

213 Ca(OH)2 50% 80 1 II CSH I 0.984 2.339 101.0 57.9 — 7.6 6.1 15.2 13.2

214 175 1 I-II Tobermorite 
related phases

0.992 2.341 492.4 57.7 — 7.9 2.0 6.5 25.9

231

Fly ash 50%

20 90 V C3AHß-hydro- 
garnet phase

1.253 2.327 29.7 ‘ 46.2 2.1 — 2.5 23.8 25.4

232 80 1 V C3AH6-hydro- 
garnet phase

1.270 2.365 33.2 46.3 4.3 — 2.1 23.1 24.3

233 175 1 V CgAHg-hydro- 
gamet phase

1.250 2.335 46.2 46.5 — — 2.3 21.2 30.0

241 20 90 II CSH I 1.350 2.279 492.2 40.7 3.4 5.2 3.7 21.0 26.0

242 Flay ash 50%
C3S 50%

80 1 II CSH I 1.367 2.350 237.0 41.8 6.4 4.6 3.6 24.8 18.8

243 175 1 I Tobermorite 
related phases

1.345 2.320 479.6 42.0 6.4 3.2 4.2 22.8 21.4

limited accuracy of methods used for the determination 
of the phase constitution of the pastes and/or for the 
determination of the over-all volume of binding new- 
formations developed in the paste. The second cause 
of some of the deviations may be internal microscopic 
flaws (cracks) in the macrostructure of hardened 
pastes. These flaws did not appear visibly on the 
specimens, but their existence and their eventual 
negative influence on the obtained values of com
pressive strength of some of the pastes cannot be 
excluded.

1 Conclusion

The reported results of studies concerning the 
influence of the type and volume of binding new- 
formations developed in the cementitious paste on its 
compressive strength explain and overcome to a cer
tain extent the differences of opinion of various 
authors as to what is the proper cause of high strength 
of hardened cementitious paste and what are the 
measures to be taken to attain this strength.

The statement that the type of binding new-forma- 
tions developed in the paste is of a decisive influence 
on their strength and that the values of strength (P) of 
various pastes decrease depending on the type of the 
developed binding new-formations according to the 
sequence: tobermorite-like phases (100% P) CSH I 
(56-62 % P) —> mixture of gehlenite hydrate and CSH 
I (28-32 % P) —> mixture of hydrogarnet phase and 
CSH I (13-20% P) —* C3AH6-hydrogarnet phase (3
4% P), is in good agreement with the results ob
tained by G. L. Kalousek, M. Adams, A. F. Prebus, 
L. D. Sanders, W. J. Smothers, W. H. Taylor, Z. 
Sauman and others (1, 2, 3, 4, 5, 6). Most of these 
authors attribute the decisive influence on the 
strength of hardened paste precisely to the type of 
the developed binding new-formation, usually to to- 
bermorite.

On the other hand, the statement that the strength of 
the cementitious paste, the type of the binding new
formation being the same, is a power-function of 
volume occupied in the paste by the binding new- 
formations and which may be expressed by the



♦Test specimens showed individual very fine cracks.

Paste Paste
Curing Type of binding 

- new-formations 
(determined by 
XRD-analysis)

Bulk 
density 
(g/cmJ)

True 
density 
(g/cm3)

Compressive 
strength 
(kg/cm2)

Approximate phase constitution of hardened 
pastes (% by volume)

number composition Temper
ature 
(°C)

Time 
(days)

Over
all 

porosity

C3A
resp. Ca(OH)2 CaCO3
C3S

Un
reacted 
share

Binding 
new-for
mations

301

20 -

90 III Gehlenite 
hydrate + CSH I

0.950 2.401 194.2 60.5 0.8 2.8 13.0 22.8

302 Activated 
kaolin 66 %

180 III Gehlenite 
hydrate + CSH I

0.952 2.396 214.3 60.2 — 0.3 2.8 11.7 25.0

303
Ca(OH)2 34%

80 1 III Gehlenite 
hydrate + CSH I

0.920 2.416 72.2 61.9 2.2 3.5 15.8 16.6

304 175 1 IV Hydrogarnet 
phase + CSH I

0.922 2.428 103.1 62.0 — 0.3 2.6 13.1 21.9

311

20 -

90 IV Hydrogarnet 
phase + CSH I

0.985 2.411 146.2 59.2 — 3.1 4.2 6.7 26.8

312 Activated 
kaolin 50%

180 IV Hydrogarnet 
phase + CSH I

0.988 2.390 167.2 58.7 — 2.1 4.1 6.5 28.6

313
Ca(OH)2 50%

80 1 IV Hydrogarnet 
phase + CSH I

0.952 2.415 78.2 60.6 — 4.2 4.6 10.8 19.8

314 175 1 IV Hydrogarnet 
phase + CSH I

0.927 2.425 159.2 61.8 — 0.3 4.1 4.4 29.4

321 90 IV Hydrogarnet 
phase 4- CSH I

0.936 2.373 120.6 60.5 8.8 4.9 3.1 22.7

322 Activated 
kaolin 34%

180 IV Hydrogarnet 
phase + CSH I

0.942 2.367 125.0 60.2 — 6.9 5.5 3.1 24.3

323 Ca(OH)2 66% 80 1 IV Hydrogarnet '
phase + CSH I

0.929 2.407 81.6 61.4 — 7.1 7.0 4.7 19.8

324 175 1 IV Hydrogarnet 
phase + CSH I

0.927 2.432 141.2* 61.9 1.1 8.2 1.9 26.9

331

Activated 
kaolin 50%

C3A 50%

20 90 V CgAHfj-hydro- 
gamet phase

1.127 2.521 27.6 55.3 1.9 — 2.3 17.5 23.0

322 80 1 V C3AH6-hydro- 
garnet phase

1.162 2.560 29.5 54.7 3.9 — 1.9 17.7 21.8

333 175 1 V C3AH6-hydro- 
garnet phase

1.158 2.550 32.7 54.6 — — 1.6 17.0 26.8

general formula

P = tzfl3 + bö1 + c9

which is in good agreement with the results of T. C. 
Powers as well as other authors who have considered 
the increasing quantity and hence the volume of the 
binding new-formations as the principal cause of the 
strength’s growth of hardened cementitious pastes 
(7, 8, 9, 10, 11, 12, 13). '

The obtained results have confirmed that both 
groups of opinions are justified, although their 
validity is limited by certain conditions. The statement 
that the strength of hardened cementitious paste is 
given both by the type and by the over-all volume 
of the binding new-formations contained therein, 
is in full agreement with the theory of P. A. Rehbinder 

(15, 16, 17).
The obtained results concerning the relationship 

between the phase constitution and the strength of 
hardened cementitious pastes apply, as stated earlier, 
only to pastes in which no apparent or hidden flaws 
of macrostructure are present, capable of affecting 
negatively the values of strength. According to our 
experience these internal flaws of macrostructure of 
cementitious pastes made in practice appear very 
frequently. They appear usually as a consequence 
of internal stresses developing in hardening pastes in 
the course of recrystallization of phases, under thermal 
shocks and often also as a consequence of an incon
venient control of hydration kinetics of binders, etc. 
An important influence on the possibility of propaga
tion ofcracks in macrostructure of hardened cementi-



*Test specimens showed individual very fine cracks.

Paste 
number

Paste 
composition

Curing Type of binding 
• new-formations 

(determined by 
XRD-analysis)

Bulk 
density 
(g/cm3)

True 
density 
(g/cm3)

Compressive 
strength 
(kg/cm1 2 3 * *)

Approximate phase constitution of hardened

all 
porosity

C3A

C3S*

pastes (% by volume)

Temper-
CC)6 Time 

(days)
Ca(OH)2 CaCO3

Un
reacted

Binding 
new-for
mations

341 20 90 HI Gehlenite
hydrate + CSH I

1.240 2.356 536.5 47.3 3.2 0.4 2.1 10.8 36.2

342 kaolin

C3S

50%

50%

80 1 IXf Hydrogarnet 
phase + CSH I

1.120 2.430 135.2 53.8 5.6 1.1 1.3 15.4 22.8

343 175 1 IXr Hydrogarnet 
phase + CSH I

1.076 2.436 71.3* 55.8 5.4 0.5 1.9 15.5 20.9

403

fl-SKDg

Ca(OH)2

20 180 II Probably CSH I 
+ CSH II

1.072 2.512 <5.0 57.2 9,5 6.0 24.7 2.6

403 66%

34%

80 1 II Probably CSH I 
+ CSH II

1.296 2.510 26.4 48,3 — 10.2 4.4 30.5 6.6

404 175 1 I Tobermorite 
related phases

1.283 2.529 521.4 49.3 — 1.3 5.4 22.4 21.6

412
/3~SiOa

Ca(OH)2

50%

20 180 II Probably CSH I
4- CSH 11

1.013 2.473 <5.0 59.0 — 15.4 5.0 17.9 2.7

413 80 . 1 II Probably CSH I 
+ CSH II

1.079 2.484 24.2 56.6 — 9.7 7.7 18.6 7.4

414 175 1 I Tobermorite 
related phases

1.170 2.440 507.6 52.0 — 9.8 3.7 13.3 21.2

431

c3a

20 90 V CgAHg 1.377 2.588 27.4 46.8 2.3 — 2.5 22.3 26.1

432 50%
50%

80 1 V CjAHs 1.417 2.610 32.4 45.7 4.8 — 1.7 23.0 24.8

433 175 1 V C3AH6-hydro- 
gamet phase

1.408 2.565 38.0 45.2 — — 2.3 22.0 30.5

441
3-sioa 
c3s

20 90 II CSH I 1.666 2.401 502.6 30.7 3.6 7.3 5.5 29.2 23.7

442 50%
50%

80 1 II CSH I 1.654 2.560 214.5 35.3 8.0 6.5 4.0 29.1 17.5

443 175 1 I Tobermorite 
related phases

1.651 2.466 1307.4 33.0 7.0 2.5 5.0 25.0 27.5
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tious paste due to the developing internal stresses is 
exerted by the contents, by the character and the 
distribution of the non-binding phases present in the 
paste. The possibilities of a spectacular restriction 

or even elimination of flaws development in the 
macrostructure of hardened cementitious pastes will 
require further research.
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Written Discussion

Surinder K. Chopra

Kalousek’s excellent review bring out important 
gaps in the existing knowledge on the relations be
tween binders and strength properties of autoclaved 
products prepared from lime and siliceous fines. A 
study on this topic is reported below and a probable 
mechanism of strength development in autoclaved 
products moulded under pressure has been sug
gested.

Five different mixes of lime and fines, designated 
as E, F, G, H and I were prepared from pure hydrated 
lime and a high purity ground quartz sand, raw and 
calcined fly ash samples, granulated slag (Indian) 
and foamed slag (British) respectively. The two sam
ples of fly ash, raw and calcined, had a fineness of 
2763 and 3466 sq. cm. per g. (Blaines) respectively 
while the remaining three materials had a specific 
surface of 3200 ± 50 sq.cm per g. The ratio of hy
drated lime to fines in the mixes E, F, and G was 30: 70 
parts by weight. In the other two mixes, e.g. H and I, 
the ratio of lime to slag fines was 10: 90. These mix 
ratios had been selected in the light of the earlier 
work of Midgley and Chopra (1) except that a ratio 
of 10: 90, instead of 5: 95, was chosen for lime-slag 
mixes as the Indian slag has a CaO/SiO2, ratio lower 
than that of the British granulated slag.

In order to analyse the respective effects of factors 
such as porosity, degree of hydration, and nature of 

hydration products etc. on the strengths of mixes of 
lime with fines, preparation of cylindrical compacts 
from the moist mixes at a uniform porosity was con
sidered desirable. Earlier Midgley and Chopra had 
moulded their specimens from different lime-fines 
mixes at a uniform pressure of 2 tons per sq.in. Since 
this process does not ensure a uniform degree of com
paction of the different lime-fines mixes, which in 
turn may influence the strengths of autoclaved speci
mens, the effects of moulding pressure on deforma
tion (i.e. degree of compaction), density and porosity 
of cylinderical compacts prepared from the moist 
mixes at varying W/S ratios were studied after Lecna- 
zar (2). Relationships between moulding pressure 
and deformation, and porosity were determined for 
each of the five mixes at varying W/S ratios (0 to 0.24) 
and were interpreted in the form of curves. The mould
ing pressure for each mix corresponding to a W/S 
ratio of 0.12 (commonly employed in practice for 
sand-lime bricks) was chosen from the curves so that 
all the moulded compacts (3 in. ht x 2 in. dia), were 
at the same final porosity. The data in Table I show 
that the average final porosity was 0.33 ± .02 (a 
lower variation in porosity was not found practi
cable). The data further revealed that if a uniform 
pressure of 2 tons per sq.in. is employed for moulding 
compacts from these moist mixes at a W/S ratio of



Porosity Properties of compacts after autoclaving

* L stands for lime, R for raw, C for calcined, g for granulated and f for foamed slag. 
Not reliable because of presence of unbumt carbon.

Table 1.

No.
Mix composition (before 

autoclaving) Porosity ‘
Non-evaporable Surface area 

of solids
Density of 

solids

Average Average mg/g sq m/g g/cc

E 30 L*: 70 Quartz sand 0.32 0.318 0.059 78 2.49
F 30 L: 70 Fly ash (R) 0.35 0.341 0.122** 71 2.51
G 30 L: 70 Fly ash (C) 0.32 0.354 0.089 68 2.64
H 10 L: 90 Slag (g) 0.33 0.311 0.062 38 2.73
I 10 L: 90 Slag (f) 0.31 0.38 0.025 - 18 2.93

0.12, the porosity of the compacts may vary within 
wide limits i.e. 0.193 to 0.319 in the series under 
consideration.

The green compacts were autoclaved in a laboratory 
autoclave (Cenco) at a pressure of 160 psi for 16 hours 
and were tested for water absorption, compressive 
and tensile (splitting) strengths. Compacts were 
crushed and lightly pounded to prepare a granular 
sample passing No. 30 and retained on No. 80. U.S. 
Sieves. The granular samples were dried under vacuum 
(3) for the determination of non-evaporable water 
by determining loss in weight up to 650°C in a ther- 
mogravimetric balance. The other determinations 
made on the granular samples were density using 
Kerosine oil and B. E. T. surface areas by water 
vapour absorption after Ludwig and Pence (4). The 
autoclaved products were also examined with the 
help of X-ray powder diffraction and differential 
thermal analyses for identifying the hydration products 
formed.

The data on compressive strengths, non-evapora- 
ble water contents, surface areas, porosities etc. of 
compacts of different autoclaved lime-fines mixes are 
summarized in Tables 1 and 2 and show that strength 
development does not bear any simple relationship 
either with the B. E. T. surface areas or nonevaporable 
water contents. Though the data in Tables 1 and 2 
indicate in a general way that strengths are low when 
total porosity is higher, the explanation of strength 
development in terms of porosity values also suffers 
from limitations as shown little later.

11.4 Ä-tobermorite was the main cementitious 
phase in lime-fly ash mixes F and G; and poorly 
crystallized tobermorite was present in lime-quartz 
and lime-granulated/foamed slag mixes in order of 
decreasing amount. Xonotlite was detected only in 
lime-quartz mixes. Some CSH (probably C5S4H„ 
according to Kalousek) was also present in lime-quartz 
and lime-granulated slag mixes, a C2SH was present 
in both mixes (H and I) of lime and slag; the quantity 

being more in lime and foamed slag mix. A hydro
garnet, C3ASH4, was formed in both the mixes of 
lime and fly ash (F and G). The composition of hydro
garnet phase in the lime-slag mixes was C3 AS2H2 thus 
confirming earlier results of Midgley and Chopra. 
In all the mixes Ca(OH)2 had been consumed almost 
completely.

As in the past, it is difficult to correlate strength 
with the formation of calcium silicate hydrate phases 
except that poor strengths of lime-foamed slag mix 
are probably due to the formation of aC2SH. The 
problem of choosing between tobermorite and “CSH” 
phase for high strengths has been discussed by 
Kalousek in the principal paper and the data of this 
study is also not conclusive. Interpretation has to 
wait till more is known about the gel-crystal composi
tion of the binders. The densities of the C3ASH4 and 
C3AS2H2 are 3.00 (by calculation) and 3.13 g/cc 
respectively (5) and are higher than those of lime and 
fly ash or slag fines from which they are formed. If 
hypothetical equations are written after Hansen (6), 
it is found out that their formation from their com
ponents results in an increase in porosity of the com
pacts which could affect strengths adversely. Since 
according to Satava (7) porosity is a more important 
factor than the nature of solid phase formed by a 
hydrothermal reaction, the final total porosities of 
the autolcaved compacts were calculated on the 
assumption that the specific volume of combined 
water is not different from that of evaporable water 
and are reported in Table 1. The data show that an 
increase in porosity on autoclaving is probably an 
important cause of lower strengths in lime-fly ash/ 
foamed slag mixes.

The principal stress, which in the case of unconfined 
compression is the compressive strength, is known to 
increase rapidly with an increase in cohesion and also 
with an increase in the friction angle. Cordon and 
Gillespie (8) believe that in high strength concrete the 
total bond strength between aggregate particles and 



paste controls the cohesive value and as the quality 
of paste increases, failure in bond controls the strength 
of concrete.

Mixes of lime and aggregate fines could be likened 
to those of cement and fine aggregate. Presence of 
smaller-sized particles is known to increase both cohe
sion and angle of friction. On application of high 
moulding pressure little water was found to squeeze 
out from lime-fines mixes even at water/solid ratios 
above 0.12 and lower than 0.24. It may therefore be 
inferred that most of the added water was held tightly 
by lime (having internal surface as well) and therefore 
its contribution towards promoting deformation and 
thereby adhesion could be a variable factor. Since 
the compacts for compressive strength test were pre
pared at a W/S ratio of 0.12 and different loads were 
applied for achieving the same value of porosity, 
and adhesion between particles is improved by appli
cation of pressure, differences in degree of adhesion 
could have arisen at the stage of moulding the com
pacts themselves. All the above mentioned factors 
account for the green strength of the compacts.

As a result of hydrothermal reactions the strengths 
of compacts increased manifoldly. For example, the 
compressive strength of compact H(10 lime: 90 slag) 
was about 950 psi after curing in 99 per cent relative 
humidity for 28 days and 9,203 psi after autoclaving 
at 160 lbs per sq. in. for 16 hours, the increase being 
ten times. Similarly, Midgley and Chopra had found 
the strengths of compacts containing 95-100 parts of 
slag fines with 0 to 5 parts of lime ranging between 
3,780 to 8,589 psi. Surely, presence of this small 
quantity of lime cannot result in the formation of 
hydration products in any large quantity and it alone 
cannot account for this manifold increase in strength. 
The increase in strength could be primarily due to 
the strengthening of the primary bonds resulting 
from bridging between particles in contact, where 
surfaces are under pressure or deformed, and hydrate 
or react more readily. Solid state reactions are postu
lated for the formation of primary bonds. The forma
tion of Bernal’s welds by intergrowth of the lattices 
of crystals in contact due to some re-arrangement of 
the lattice as postulated by Lea (9) in explaining bond 
of cement to aggregate is also quite likely. The adhe
sional strength of the interparticulate bridges (10) 
and the number and strength of welds seem to be 
important factors in governing the strength and other 
properties of the compacts. Though difficult to assess, 
some information on this was obtained by subjecting 
the cylindrical compacts to direct tensile stresses by 
performing the splitting test (11). The results are 
reported in Table 2, together with the ratios of com-

Table 2. Water absorption and strength of cylindrical specimens 
' {Autoclaved for 16 hours at a pressure of 160 psi)

Water
Specimen absorption Crushing Splitting Ratio

designation after strength strength 3/4
48 hours lb/in2 lb/in2
per cent

1 2 3 4 5

E (0 7.67 11,614 907
(ii) 7.71 12,445 901
(iii) 7.39 10,666 770 13.4
Av. 7.59 11,545 859

F (i) 12.52 3,899 416
(ii) 12.06 4,413 398
Av. 12.54 4,156 407 10.2

G (i) 7.59 4,743 630
(ii) 8.47 4,566 703
(iii) 10.37 4,636 771
Av. 8.81 4,648 701 6.6

H (i) 5.18 8,418 980
(ii) 6.53 10,486 861
(iii) 4.91 8,704 1141
Av. 5.54 9,203 994 9.2

I (i) 10.54 2,780 230
(ii) 6.44 2,568 211
(iii) — — 288
Av. 8.49 2,674 243 11.0

pressive to splitting strengths under columns 5. The 
ratios in mixes F, G and H are different from those of 
E and I.

A lower ratio (Table 2) indicates comparatively a 
better adhesion of cementitious phase particles to 
other particles in the system (excluding those of cal
cium hydroxide if present). Because in the present 
study, the fineness of reactants, W/S ratio and poros
ity etc. of the compacts were nearly the same, the 
major factors responsible for differences in adhe
sional strengths would be the nature of surfaces, shape 
and surface texture of particles and their mutual orien
tation etc. It is therefore not surprising to find better 
adhesional strengths of reactive solids i.e. two samples 
of fly ash and a granulated slag against ground quartz 
and foamed slag. The reason of the relative inactivity 
of the latter has been explained earlier by Assarson 
(12). Briefly, the explanation of strength development 
in pressure-moulded lime-fines products could be as 
follows:

Application of pressure improves the adhesion 
between particles by formation of primary interparti
culate bridges. Strengthening of the latter forms an 
initial framework during early periods of autoclaving. 
Increase in strength can take place by a further con
version of the reactants into reaction products of high 
specific surface i.e. by increasing the cohesion. 
Alternatively, the strengths can also be increased by 
increasing the number and strengths of welds i.e. 
working through adhesion, through a judicious choice 
of materials and methods both the approaches can



lead to high strengths. However, the practical limita- certain degree will reduce strength through an in-
tion in either case is the aggregation which beyond a crease in porosity.

References

1. H. G. Midgley and S. K. Chopra, “Hydrothermal
reactions between lime and aggregate fines”, Mag. 
of Concrete Res. 12 pp. 73-82 (1960).

2. F. J. Lecnazar, “Reactivation of prematurely hydrated
portland cements”, J. Sei. and Industr. Res. 21 D, 
No. 2 pp. 33-38 (1962).

3. L. E. Copeland and John C. Hayes, “The determina
tion of non-evaporable water in hardened portland 
cement pastes”, Research & Development Labora
tories of the Portland Cement Association, Bulletin 
47, pp. 1-9 (1953).

4. N. C. Ludwig and S. A. Pence, “Properties of port
land cement pastes cured at elevated temperatures 
and pressures”. Proc. Am. Concrete Institute, 52, 
pp. 673-687 (1956).

5. C. O. Smith, “Identification and qualitative chemical
analysis of minerals”, D. Van. Norstand Company 
Inc. 1953. pp. 283.

6. W. C. Hansen, Discussion of the paper “Portland-
pozzolana cement by G. Malquori”, Chemistry of 
Cements, Proceedings of the Fourth International 
Symposium, 2, pp. 1000 Washington (1960).

7. V. Satava, “A study of the process of hardening of lime
and silica at 175°C. The relation between the struc

ture and strength of hardened materials”, Inter
national Symposium on Autoclaved Calcium silicate 
Building Products, Society of Chemical Industry, 
London (1965). (preprint).

8. W. A. Cordon and H. A. Gillespie, “Variables in con
crete aggregate and portland cement paste which 
influence the strength of concrete", J. Am. Con. 
Inst., 60 no. 8, pp. 1029-52 (1953).

9. F. M. Lea, “Cement Research: Retrospect and pros
pect”, Chemistry of Cements, Proceedings of the 
Fourth International Symposium, 1, pp. 5-8, 
Washington (1960).

10. S. J. Gregg, “The surface chemistry of solids”, Chap
man and Hall Ltd., London, 1961, p. 168.

11. C. K. Romesh and S. K. Chopra, “Determination of
the tensile strength of concrete and mortar by split 
test”, Indian Concrete Journal 34, no. 9, pp. 359-57 
(1960).

12. G. O. Assarson, Discussion of the paper “Hydrother
mal reactions in the system CaO-SiOj-HzO and 
the steam curing of cement and cement-silica pro
ducts”, Chemistry of Cements, Proc Fourth Interna
tional Symposium. 1, pp. 190-194, Washington 
(1960).

Author’s Closure

George L. Kalousek

Dr. Jambor has presented a remarkable paper. The 
numerous quantitative results on kinds and amounts 
of binder phases, densities, etc. (and the compounding 
of these data for construction of Fig. 7), is a monu
mental achievement. The results either supply, or 
suggest, answers to several important questions on 
relation of type and volume of binder to strength.

Curve I in Fig. 7 representing tobermorite, or tober- 
morite plus some C-S-HI, shows this binder to have 
higher strength than the poorly crystalized C-S-H 
of Curve II for the “binder-space ratios” studied. 
(The term binder-space ratio is analogous to Power’s 
gel-space ratio and is adopted for this discussion as a 
matter of simplification and consistence with Powers’ 
term.) Dr. Jambor’s equations relating strength to 
binder-space ratio shows that strength is approxi
mately proportional to the cube of the binder-space 

ratio (expressed in percent). In this respect his rela
tions’ are in argument with that of Powers and Reh
binder. Type II binder, mostly poorly crystalized 
C-S-H, is more closely related to cement gel than the 
other four binders under discussion. A direct compari
son (not made) of the curves for Type II binders and 
cement should prove interesting and informative. 
Allowance would have to be made for the volume of 
CH and small amounts of other hydrates per cent 
with C-S-H in cement gel. Jambor included only the 
binding phases in computing the binder-space ratio.

The Type II binder is C-S-HI or C-S-HI plus 
some C-S-HII. Presence of C5_sS6Hn in some of the 
samples is suspect but not in others. The presence of 
Cs_6S6Hn in the pastes of low binder-space ratios 
seems improbable on basis of strength results (zero 
or near zero) discussed in the, principal paper. Com
parable strength of C-S-HI at binder-space ratios of 
7.5- to 15.0-per cent range from 20 to 100 kg/cm2. 
On the other hand, extraordinarily high strengths 
have been reported (references 78 and 95 in P. P. III
5) for lime-silica specimens formed under high pressure 



of which the binder was probably C5 .6S6Hn. It follows 
that C5_6S6Hn is a binder of superior strength in dense 
products and an inferior one in products of low 
density.

It is possible that Curve II is a composite of several 
curves, one not differing much from the other except 
as mentioned for C5_6S6Hn and C-S-HI. A direct 
comparison of C-S-HI—space ratio curve with the 
C-S-HII—space ratio curve and in turn with the 
gel-space ratio curve (the latter corrected for free CH, 
etc.) should prove informative. The techniques deve
loped by Sereda and associates at the Division of 
Building Materials, National Research Council of 
Canada using compacts with controlled porosities 
should be found highly effective.

Comparison of Curve IV (C-S-HI—hydrogarnet) 
and Curve V (hydrogarnet) permits evaluation of 
additiveness of strength of the two binders. Hydrogar
net (Curve V) is a binder of very low strength. The 
values presented in related tables of data, and which 
were applied in construction of Curve IV, were used 
to compute the C-S-HI—space ratio of the Type IV 
binders; these ranged from about 5 to 8 per cent. 
Similarly the hydrogarnet-space ratios had computed 
values of about 15 to 20 per cent. Over these binder
space ratios, the strength of C-S-HI ranges from about 
20 to 50 kg/cm2, and hydrogarnet from about zero to 
20 kg/cm2. The sums of the strengths of these binders 
at any given binder-space ratio are only a small 
fraction of the strengths shown by Curve IV. This 
observation is interpreted to mean that the C-S-HI 
binds together the particles of the hydrogarnet.

Dr. Jambor’s technique should prove especially 
usedul in clarifying the relation of binder-space ratio 
to strength of calcium aluminate cements. These 
cements form two composite binders: The metastable 
CAH10-C2AH8 which possesses high strength, and 
the equilibrium hydrogarnet-alumina gel/gibbsite 
composite which is generally thought to be of low 
strength. Manufactures urge lowest possible water 
content to avoid strength retrogression due to trans
formation to the stable phase. Limited data obtained 
by the writer indicate that using very low-water con
tents and curing at relatively high temperature, the 
pastes contained the stable phases as binder and had 
superior strength. The question arises: Did not many 
structures made with calcium aluminate cement with 
low-water content undergo transformation or partial 
transformation to the stable phases without serious 
strength loss?

Dr. Chopra’s results on binders of different poro
sities and consisting of different phases are an inter
esting addition to the data already reported. His 

hypothesis on the effects of pressure forming for 
securing high strength is also of interest.

Drs. Soroka and Sereda (supplementary paper 
No. III-34) studies on pressure molding of hydrated 
cement and gypsum compacts, and corresponding in 
situ hydrated samples of different porosities appear 
to contribute much to the understanding of inter
particulate bonds. The hypotheses presented are 
expected to be useful in explaining the third power 
increase in strength with increasing values of binder
space ratio.

The technology of pressure forming, long known 
to the sand-lime industry, should become increasingly 
more sophisticated and important to the industry 
as knowledge of the fundamentals of high binder
space ratios is increased. The opportunities in the 
field of autoclave curing of precast ware, allowing a 
variety of single and composite binders, appear espe
cially bright.

Dr. Hansen’s discussion directs attention to an 
apparent contradiction of through-solution vs topo
chemical reactions. The term through-solution is 
often used loosely in the sense that it does not include 
steps in the overall reaction between a solid and solu
tion such as quartz and CH solution. The following 
hypothesis is mentioned, not as an explanation, but 
rather to direct attention to a sequence of reactions 
which may occur. '

The Si4+ in quartz is a part of a crystalline lattice 
and is strongly bonded to 0--. The surface of a quartz 
grain is disordered to some depth due to breakage of 
interionic bonds during grinding and subsequent 
redistribution of surface charges. According to Weil 
the disordered surface consists of 0 screening the 
Si4+. A solution of CH supplies Ca2+ to combine with 
the 0" and OH" with the Si4+. This may be regarded 
the first step of the reaction. Some of the Si-0 bonds 
in the surface “layer” of the quartz would not yet be 
broken. The surface complex of randomly orientated 
Ca2+, Si4+ and OH-, called the “quartz-CSH com
plex," would be firmly bonded to the quartz through 
the still unbroken Si-O bonds. As the reaction con
tinues with the Ca2+ and OH-, the remaining Si-O 
bonds in the surface layer are broken. A C-S-H, 
possibly C7S4Hn is formed. During the formation of 
this hydrate, a new layer of the quartz-CSH complex 
is formed. The C7S4Hn remains bonded through 
surface charges to the underlying layer of the quartz- 
CSH complex. Partial hydrolysis of the C7S4Hn 
would supply silicate ions to solution. The reactions 
in the two suggested steps would continue with Ca2+ 
and OH- diffusing inwardly through the reaction 
products.



The presence of free CH assures high Ca2+ concen
tration and continued formation of C7S4Hn. After 
the free CH is depleted, the reaction of the residual 
quartz continues. The C7S4Hn becomes the supply 
of Ca2+ ions.

The C7S4Hn in the interior of the reaction products 
and at the interface with the quartz-CSH complex 
supplies through solution the Ca2+ and OH- to con
tinue the reaction with the quartz. Eventually in this 
zone, which extends outwardly, the composition of the 
C-S-H reaches the stable ratio of 5C: CS and supply 
of Ca2+ is depleted. At this stage actual solution of 
the quartz may begin.

This alternate reaction of direct solution of the 
quartz is suggested by studies of Moorehead and 
McCartney (reference 69, p. p. 111-5). The silicate 
ions diffuse outwardly through the reaction products 

to continue formation of C-S-H of successively lower 
C/S ratios. This reaction would occur through solu
tion.

It is recognized that the model just presented is 
highly speculative even though consistent in gross 
features with results on kinetics studies. Some evidence 
in the literature supports a through-solution mechani
sm, others a topochemical reaction. It is probable that 
the condition of the test and stage of the reaction are 
factors determining the type of reaction occurring. 
Obviously, more direct evidence (which is difficult to 
obtain) will be required for an entirely acceptable 
conclusion.

Dr. Hansen’s explanation of the mechanism of 
Funk’s seeding experiments appears logical to the 
writer.
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Synopsis

Mechanical strength of hydrated calcium silicate cured in autoclave is affected by the 
contents of calcium sulphate in the raw mixtures and the optimum content was around 2 % of 
SO3. The possibility of introduction of sulphur into tobermorite at the elevated temperatures 
was examined.

Sulphur tends to be separated from the substituted tobermorite gel to form CaSO4.
In the hydrothermal reaction products of the hardened mass of which raw mixture 

contains calcium sulphate, there exists a mineral, hydroxyl ellestadite Caj 0(8104)3(804)3 • 
(OH)2, known as a mineral of apatite group.

The condition in which hydroxyl ellestadite is formed was revealed. When the CaO/SiO2 
molar ratios of mixtures exceed 1, hydroxyl ellestadite is produced coexisting with xonotlite, 
hillebrandite, portlandite and anhydrite according to the chemical composition of the 
mixtures.

However, when the ratios were less than 1, anhydrite was the only SO3-bearing phase 
coexisting with quartz, xonotlite and gyrolite. Some properties of the synthesized hydroxyl 
ellestadite were measured by means of optical, X-ray and thermal analysis and so on, and 
compared with the results of the earlier investigators. Formation of hydroxyl ellestadite 
and its relation with the coexistence with alumina were discussed. Chemical composition 
and thermal decomposition of this mineral were also discussed.

Introduction

Calcium sulphate is usually added to portland ce
ment clinker as a form of gypsum to control its setting 
time.

When cement is mixed with water at ordinary tem
peratures below 100°C, the calcium sulphate reacts 
with tri-calcium aluminate to form calcium sulpho
aluminate hydrates, C3A-3CaSO4-32H2O and C3A- 
CaSO412H2O. Kalousek (1) reported that the SO3 
content calculated from both calcium sulphoaluminate 
hydrates determined by D. T. A. could not account 
for all the SO3 in the paste and suggested the introduc
tion of sulphur into tobermorite gel in the paste, 
perhaps as SOJ-. '

Copeland, Bodor, Chang and Weise (2) observed 
the formation of substituted tobermorite in the reac
tion of tobermorite gel with aluminate, ferrite and 

sulphate after bottle-shaking and ball-milling. The 
measured maximum amount of substitution was one 
atom of substituents, such as Al, Fe and S, to 6 
atoms of Si.

Above 100°C, calcium tri-sulphoaluminate hydrate 
decomposes to monosulphoaluminate hydrate and 
calcium sulphate hemi-hydrate and at higher tempera
tures to calcium aluminate hydrate and anhydrite.

However, the influence of SO3 on the mechanical 
strength of autoclaved building materials and the 
reaction of SO3 in the autoclave hydration are not 
clear so far (3, 4).

The present authors (5) tested the mechanical 
strength of the autoclaved mass of various mixes of 
portland cement, quartz sand, slag and gypsum and 
examined the SO3-bearing phases in the mass by X- 
ray diffraction, D.T.A., I. R. and so on. The authors 
made clear the conditions of formation of hydroxyl 
ellestadite in the hydrothermal reaction in this 
paper.



Mechanical Strength of Autoclaved Concrete

In the course of the investigation of autoclaved 
concrete, the authors (5) examined various mixes, 
considering many factor such as CaO/SiO2 molar 
ratio, alumina content, SO3 content, curing tempera
ture and time, etc.

The authors found that the SO3 content affected 
the mechanical strength of the hardened mass, and 
discovered that the optimum content of SO3 was 
around 2 % in the raw mixture.

A few examples are shown in Fig. 1.
The materials used and the treating conditions were 
as follows:

Materials:
White portland cement clinker—pulversized to the 
fineness of Blaine 3870 cm2/g.
Quartz sand—pulverized to the fineness of Blaine 
5260 cm2/g.
Gypsum—chemical reagent calcium sulphate 
di-hydrate.
Table 1. shows chemical compositions of these 
materials.

Treating Condition
Specimens of 10 X 10 X 70 mm. were set in a 17Z 
autoclave. The temperature was raised to 179°C 
(saturated steam pressure 10 kg/cm2) in 2 hrs., 
and then kept at the same temperature for the 
following 5 hrs. and lowered to room temperature 
in the next 2 hrs. Fig. 1. Mechanical strength of the autoclaved mass 

in connection with SO3 content

Table 1. Chemical compositions of raw materials

Material
Chemical composition ( Fineness

- Blaine
(cm2/g)ig, loss insol. res. SiO2 Fe2O3 A12O3 CaO MgO SO8 Total

white cement clinker 0.9 0.3 24.1 0.2 4.8 67.1 1.5 0.3 99.2 3,870
quartz sand -0.4 — 96.1 2.2 1.3 — — — 99.3 5,260

gypsum 20.99 — — — — 32.52 — 46.59 100.10 —

Introduction of Sulphur into Tobermorite Lattice

Tobermorite gel of which CaO/SiO2 molar ratio 
was 1.2 prepared from burnt lime and silica gel at 
60°C, then the mixture of the gel and about 6% of 
gypsum was ball-milled with 9 parts of distilled water 
for 6 days, as previously stated (2). Then the product 
was filtered and dried in a vacuum desiccator.

X-ray examination shows no crystal other than 
tobermorite gel. According to the chemical analysis 

this tobermorite contained the SO3 of 6.08% on 
ignited base, i.e., SO3/SiO2 molar ratio was 0.156. 
The substituted gel was treated at 133°C, 158°C and 
179°C respectively in an autoclave. X-ray diffraction 
patterns of the treated gel were shown in Fig. 2.

From these experiments, at the elevated tempera
tures, sulphur seems to be separated from the sub
stituted tobermorite gel to form CaSO4.



H: Calcium Sulfate Hemi-hydrate

Fig. 2. X-ray diffraction patterns of the substituted tobermorite 
gel, original, and after autoclaved at 133PC, 179°C, respectively

Formation of Hydroxyl Ellestadite

In the preliminary experiments of hydrothermal 
reaction, starting with any combination of raw 
materials containing calcium and silica, such as 
portland cement clinker, C3S, C2S and calcium oxide 
or calcium hydroxyde with quartz or silica gel, and 
one of calcium sulphates, such as gypsum, hemi
hydrate and anhydrite, hydroxyl ellestadite is easily 
formed if the chemical composition of the raw mix
ture and the reaction temperature are suitable. So, 
the present authors conveniently used the followings 
as raw materials for determining the conditions of 
formation of hydroxyl ellestadite.

Lime: Analytical grade chemical reagent calcium 
carbonate was burnt at 1200°C for 20 hrs.

Silica: Two kinds of silica were used. One was 
fine quartz (<2/z) and the other was silica gel. The 
main difference is that the quartz requires higher 
temperature than silica gel to react. The quartz 
was mainly used because of its easy detection by 
X-ray. Table 2 gives analytical data of these silica.

Gypsum: Chemical reagent calcium sulphate di
hydrate.

The raw mixtures, composition of which were 
stoichiometric to those of the circles shown in Fig. 
3, were kept in Ni-crucibles with small amounts of 
distilled water and treated in a 17/ autoclave.

Hydrothermal Treatment

It was recognized by the present authors that 
hydroxyl ellestadite was formed at temperatures a 
little higher than 100°C, but not at just 100°C even

Table 2. Chemical composition of silica

Material
Chemical composition (%)

ig. loss SiO2 A12O3 + Fe2O3 CaO K2O + Na2O

quartz 
silica gel

1.55
11.23

97.00 0.18 trace —
86.12 0.58 trace 0.55



by the long treatment of 2 months.
It is difficult to establish the phase equilibrium 

under 200°C, because of the slow rate of formation 
of the minerals appearing in the system CaO-SiO2- 
CaSO4-H2O at such temperatures.

Therefore, a temperature of 235°C (saturated 
steam pressure 30 kg/cm2) was chosen with the reac
tion time of 100 or 200 hrs. The reaction tempera
ture of the autoclave was controlled within ±1°C.

Detection

The reaction products obtained were dried in 
vacuum desiccator. Detection of the phases in the 
products were made by X-ray diffraction analysis 
and infrared absorption analysis.

Results

The results are shown in Fig. 3. The SO3-bearing 
phases detected are as follows:

Anhydrite, when the CaO/SiO2 molar ratio of the 
raw mixture is below 1.
Hydroxyl Ellestadite, when the CaO/SiO2 molar 
ratio of the raw mixture is larger than 1. This 
mineral is known as a mineral of apatite group 
(6).

Fig. 3. Hydrothermal reaction products in the system 
CaO-SiO2-CaSO4-H2O at 235°C

Properties of Hydroxyl Ellestadite

A sample of hydroxyl ellestadite was prepared 
from the raw materials mentioned before.

According to the X-ray diffraction examination, 
it contained a small amount of residual quartz. The 
properties of this synthesized sample were as follows :

Optical and X-ray Properties

Average refractive index: nD = 1.632 ± 0.002
Birefringence: B g 0.002
Shape: hexagonal prism with pyramidal ends
Extinction: parallel extinction
Elongation: negative
Space group: C^, P63/m
Unit cell: a = 9.484 A

c = 6.927 Ä

Table 3 shows X-ray data of hydroxyl ellestadite 
synthesized by the authors.

Density

d = 2.96 ± 0.01 g/cm3

Chemical Composition

Table 4 gives the analytical data of the sample.

Table 3. X-ray powder diagrams of the synthesized 
hydroxyl ellestadite (Cu Ka)

No. dobs. dealc. hkl I No. dobs. d..u. hkl * I

1 8.23 8.213 100 1 21 2.0755 2.076 113 1
2 5.31 5.295 101 1 22 2.0540 2.054 400 w
3 4.75 4.742 110 w 23 2.0127 2.013 203 1
4 4.11 4.107 200 1 24 1.9572 1.9566 222 3
5 3.92 3.914 111 1 25 1.9056 1.9031 132 2
6 3.54 3.534 201 w 26 1.8850 1.8842 230 1
7 3.466 3.465 002 3 27 1.8526 1.8528 123 3
8 3.194 3.192 102 1 28 1.8185 1.8185 231 2
9 3.109 3.105 120 2 29 1.7932 1.7923 140 2

10 2.8355 2.833 121 10 1.7663 402
11 2.799 2.797 112 5 1.7665 303
12 2.739 2.738 300 6 31 1.7314 1.7320 004 2
13 2.650 2.648 202 3 32 1.6937 1.6946 104 w
14 2.550 2.546 301 1 1.6542 223
15 2.314 2.312 122 1 1.6552 232
16 2.2805 2.278 130 3 34 1.6218 1.6218 133 1
17 2.245 2.244 221 w 35 1.5988 1.5984 501 w
18 2.221 2.223 103 w 36 1.5532 1.5523 240 1
19 2.1672 2.164 131 1 37 1.545 1.5441 331 1
20 2.15 2.148 302 w

Table 4. Chemical composition of the synthesized 
hydroxyl ellestadite

Chemical composition ( %)

Material insol. ig. CaO " SiO2 so3 total

Hydroxyl 
ellestadite 1.90 3.71 51.96 17.76 24.71 100.04



Fig. 4. The stability of hydroxyl ellestadite in hydrating cement

Stability in the Hydrating Cement

The mixture of portland cement, 16% of the syn
thesized hydroxyl ellestatite and 4% of quartz 
(5-10/z) was hydrated at room temperature. Quartz 
was used as an internal standard. The water-cement 
ratio was 0.5. After various length of time, hydroxyl 
ellestadite, in the hydrating mixture, was pursued 

Fig. 5. D.T.A. and T.G.A. curves of the synthesized 
hydroxyl ellestadite

by X-ray diffraction analysis. The results are shown 
in Fig. 4.

Thermal Properties

Fig. 5 shows D. T. A. and T. G. A. curves of the 
synthesized hydroxyl ellestadite.

Discussion

Mechanical Strength

Almost all of the specimens measured of their mech
anical strength, contained 11 Ä tobermorite, CSH(I), 
or tobermorite gel, Of course, the conditions at which 
the specimens were treated were far from the equili
brium. As a result, unreacted clinker minerals, quartz 
and slag remained in the hardened mass.

The reason why the strength showed a maximum 
of around 2% of SO3 content in the raw mixtures was 
not clear. But, the formation of hydroxyl Ellestadite 
tends to reduce the strength of the specimens.

Hydroxyl Ellestadite in CaO-SiOz-CaSO^t-HzO

At the saturated steam temperature of 235°C, 
hydroxyl ellestadite coexists with portlandite, hille
brandite, xonotlite and anhydrite, but not with gyro- 
lite and quartz, while anhydrite coexists with gyrolite, 
xonotlite, portlandite and hydroxyl ellestadite, but 
not with hillebrandite. At lower temperatures, hydro
xyl ellestadite will coexist with tobermorite, CSH(I), 
CHS (II), tobermorite gel and a-C2S hydrate, as 
seen in the hydrothermal products (5) the mechanical 
strength of which were measured.

Hydroxyl Ellestadite coexisting with Hydrogarnet

(i) A synthesized hydroxyl ellestadite was treated 

with C3A in an autoclave at the temperature of 
235°C for 100 hrs. The phases detected were 
hydroxyl ellestadite, hydrogarnet and a small 
amount of anhydrite.
The cell dimension of the hydrogarnet type 
mineral shows little substitution of SiO2 occured.

(ii) The mixture of silica gel, burnt lime, gypsum and 
C3A the stoichiometry of which is the same as 
that of the former experiment, was also treated 
in the same way.
The reaction products were anhydrite, hydrogarnet 
portlandite and hydroxyl ellestadite.
The cell dimension of the hydrogarnet shows the 
composition of about C3AS0.7H4 6
From these results, it is concluded that hydroxyl 
ellestadite is considerably stable coexisting with 
hydrogarnet, and both minerals could exist in 
the autoclaved mass of raw materials which con
tain A12O3 and SO3 components.

Stability in the Hydrating Cement

Experiments about the stability of hydroxyl ellest
adite in the hydrating cement at room temperature 
up to 800 days show that this mineral is unstable in 
the hydrating cement.



X-ray Diffraction and Chemical Composition

The properties of the synthesized hydroxyl ellesta
dite should be compared with those reported by the 
previous investigators.

Dihn and Klement (7) reported the unit cell dimen
sion as a = 9.54 Ä c = 6.99 Ä. These values are 
somewhat different from those measured by the 
authors.

The density calculated from the cell dimension and 
the ideal formula of Ca10(SiO4)3(SO4)3(OH)2 is 
3.07 g/cm3.

The formula calculated from the chemical composi
tion of the sample synthesized by the authors is 
Ca9.4(SiO4)3(SO4)3.1(OH)4.2

The deviation from the ideal formula is commonly 
observed in the formations of hydroxyl apatite 
Ca10(PO4)6(OH)2 (8).

Thermal Properties

D.T.A. Curve of the hydroxyl ellestadite is smooth 
as usually observed on the mineral of the apatite 
group.

From the T. G. A. curve of the synthesized hydroxyl 
ellestadite, two types of water seem to exist.

At the temperatures from 200°C to 800°C, this min
eral loses progressively one of two types of water, and 
loses the other at 860°C. X-ray diffraction patterns 
and infra-red absorption of the original sample of the 
synthesized hydroxyl ellestadite and the sample heated 
at 800°C, 900°C and l,300°C, respectively are shown 
in Fig. 6.

The comparison between the infra-red absorption 
of the original sample and that of the sample heated 
at 800°C shows slight difference in the regions around 
1,450 and 3,400 cm-1. The former is related to the 
contamination of CO2. The later is related to OH 
vibration and the absorption of the original seems 
broader than that of the other.

The second stage in the T.G.A. curve is of course 
the thermal decomposition of this mineral as seen 
in Fig. 6. Hydroxyl ellestadite decomposes on heating 
in the air to Ca„Si2O„+7 (n = 5 — 6), anhydrite and 
water at 860°C, then to dicalcium silicate and anhyd-

15 20 ' 25 30 35 40
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wave number (cm--1-)

Fig. 6. X-ray diffraction patterns and infra-red absorption of 
the synthesized hydroxyl ellestadite, original and heated at 
800°C, 900°C and 1300°C

rite with or without calcium oxide at 1230°C.

CamSi3S3Om+15(OH)2 —> Ca„Si2SO„+7
+ 3CaSO4 + H2O

Ca„Si2SO„+7 Ca2SiO3 + CaSO4(+CaO)

Ca„Si2O„+7 is a mineral which is commonly ob
served in sulphate ring of the rotary kiln for cement 
burning (9), (10).
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Synopsis

The physical properties of aerated concrete under the autoclave process were investigated 
on the basis of (i) heat transfer (ii) linear changes and (iii) mechanical properties.

The apparent thermal diffusivities K were derived from the measurement results on 
temperature profile of a cylinder by using Fourier’s heat flow equation. The average value of 
K during the heating-up period with a rate of 0.75 ~ 1.0°C/min to 180°C and the early stage 
of soaking at the temperature was approximately 4 times as large as that" determined for 
the final product.

The values of K and their variation with the autoclave time schedule and with the posi
tion in the specimen suggested that heat transfer in concrete was promoted both by the 
presence of liquid water and by the movement of vapor or liquid in the specimen.

By the application of these values to Fourier’s equation again, the temperature profiles 
of a slab of 20 cm thickness at successive time were determined. The temperature difference 
between surface and center was 120°C when the surface was heated up to 180°C with a rate 
of l°C/min. Seven hours soaking at this temperature was required for this difference to 
become less than 5°C.

A simple apparatus by the “Differential Optical Lever Method” was devised for succes
sive measurement of linear change of specimen under autoclave process.

In a specimen without additives, almost the same expansion-shrinkage phenomena were 
observed for various compositions (cement-siliceous sand-blastfurnace slag), Specimen sizes 
(2.5 cm^ X 10 cm and 20 X 20 x 60 cm) and bulk densities (0.5 g/cm3, 1.8 g/cm3), and the 
mean coefficient of expansion during heating-up period to 180°C was 9 ~ 10 x 10-6/°C.

Augmented expansion was observed in the heating-up period for the specimen added with 
light-burnt MgO, but it was observed in the soaking period when dead-burnt MgO was 
added. This tendency was irrespective of other factors, whereas the amount of expansion 
somewhat influenced by compositions, sizes and bulk densities of the specimen. The exces
sive addition of MgO led to disruption of the specimen.

In view of thermal stress, it is concluded that the thickness of 20 cm was approximately 
estimated to be the upper limit for a slab to be securely produced under the autoclave con
dition carried out in this study.

Introduction

The use of autoclaves is an essential process in the 
manufacture of aerated concrete.

Many difficulties during this process are encountered 
which are ascribed to the fact that young age concrete 
is subjected to water vapor having high temperature 
and high pressure and their comparatively rapid 
changes with time. Unsuitable conditions produce 
various kinds of defects in the product i.e., cracks of 
various shapes within or on the surface of the product 
and nonhomogeneity of mechanical strength in its 
inside. For purposes of improving such phenomena.

’Research Laboratory, Asahi Glass Co., Ltd., Yokohama, 
Japan.

and in addition, determining the best autoclave time 
schedule, it is essential to investigate chemical and 
physical properties through the autoclave process.

There have been many reports about the chemical 
reactions, especially hydration mechanisms and their 
equilibriums. In the case of physical properties, how
ever, only a few papers have been written. The reasons 
seem to be as follows:
1) Difficulties in the measuring technique under the 

condition of saturated steam at high temperature 
filled in an autoclave.

2) The effect of the material size is one of the import
ant factors to measure these properties. The speci
men of fairly large size must be subjected to the 



test so that the results are applied to concrete 
of manufactured size.

The gradients of temperature, vapor pressure 
and moisture content along a cross-section of 
concrete, which are very important problems for 
manufacturing, are developed only when the 
specimen is large enough. Size effect on the volume 
change also must be discussed.

Physical properties concern with the problems on 
defects of product and determination of best auto
clave condition on the basis of the relationships in the 
following categories:

i) Mechanical properties
ii) Volume change

iii) Heat transfer
iv) Movement of moisture
Several investigations concerned with these sub

jects were recently reported.
N. I. Dybrovna, et al. (1) and C. A. Mironov, et 

al. (2) followed the volume changes due to hydraulic 
movement during the autoclave process by the dif
ferential voltage transformer (DVT). Weight changes 

were measured by also N. I. Dybrovna, et al. (1) and 
K. F. Lomunov, et al. (3) by using a balance equiped 
to an autoclave.

A. I. Avakov, et al. (4) followed also the volume 
changes by strain gauge buried in concrete.

In addition, temperature profiles were determined 
by the C-A thermocouple for a cubic or a slab in 
these investigations.

The relationships of these informations to the me
chanical properties were discussed by C. A. Mironov 
(2) and A. I. Avakov (4).

P. Smallwood (5) calculated temperature distribu
tions for a brick during autoclave process assuming 
that the relevant properties of the specimen are con
stant during autoclaving. -

Also at the Research Laboratory of Asahi Glass 
Co., Ltd. some studies of these subjects under steam 
curing condition have been carried out in these few 
years. Then some ideas of the methods for measure
ment will be submitted and the several results ob
tained will be discussed in this paper.

Heat Transfer in Concrete

Most of the products at factories are slabs and 
blocks of various sizes. The slabs are not suited to 
laboratory work due to their large width and length. 
Therefore any expedient experimental method must 
be devised. '

Heat transfer in concrete under steam curing de
pends on two mechanisms, i) heat conduction in 
solids and ii) the movement of moisture. Either can 
be dealt with by Fourier’s equation. The latter is, 
however, more complicated because of the conden
sation—vaporization mechanism of water in concrete. 
Therefore, one way is, as a first approximation, to 
assume only the mechanism i) for heat transfer 
phenomena observed experimentally. Then, by the 
deviations from the theory, mechanism ii) might be 
presumed.

The testing results from a long cylinder can be 
applied to the treatment of a large slab and satisfac
tory results may be derived. The reason is that the 
thermal diffusion is unidirectional in a cross-section 
perpendicular to a longitudinal direction for both 
cases. On the basis of such a concept, the heat transfer 
phenomena are investigated in this paper.

Method of Measurement

A cylindrical specimen of 20 cm^ X 60 cm was 

moulded which was designed so as to be a product 
with bulk density of 0.5 g/cm3 after autoclave curing. 
At the same time C-A thermocouples were buried 
in concrete, along the longitudinal axis and the center 
cross-section perpendicular to the axis (Fig. 1). This 
specimen was preliminarily cured at 40°C, and above 
90% R. H. for 15 hrs.

Fig. 1. Long cylindrical specimen of aerated concrete set in 
autoclave having 200 lit. in content. CA-thermocouples are 
buried in concrete and drawn out of autoclave through flange



The joints through which the thermocouples are 
drawn out of the autoclave had to be of the same 
material as the thermocouples to prevent the develop
ment of a contact potential.

Before heating-up, the autoclave was evacuated 
to —500 mmHg.

The specimen was heated in the autoclave to a 
temperature of 180°C and a vapor pressure of 10 atm 
(heating-up period) and kept under this condition 
for 8 hrs (soaking period). Then the water vapor in 
the autoclave was blown off through a leakage value 
in order to cool to 100°C and atmospheric pressure 
in approximately 30 min (blow-off period), and the 
autoclave was opened and the specimen was immedia
tely removed from the autoclave in the atmosphere 
at 20°C (cooling-period). Variations in temperature 
over this whole cycle was recorded.

Computation Procedure

From the data on the temperature distribution 
along the longitudinal direction, it was confirmed that 
thermal diffusion along that direction near the center 
cross-section was completely negligible.

The apparent thermal diffusivities K were computed 
as a function of the time, the temperature and the 
position along the radial direction of the cylinder by 
the analytical solution of Fourier’s heat flow equa
tion (6). The values of K obtained were applied again 
to the analytical solution of Fourier’s heat flow equa
tion for a infinite slab of 20 cm thickness, so that the 
temperature profile of the slab under the autoclave 
process was derived.

The values of K were computed by the application 
of the respective datum on temperature at a desired 
time and position in the cross-section to heat flow 
equation under the following initial conditions for 
each period.

Heating-up period: Temperature in the whole 
body is constant (25°C) at initial time (t = 0).

Soaking period: The initial temperature distribu
tion is adapted in itself to be parabolic in a range 
of r = 0~7.5 cm at initial time (r = 0).

Cooling period: Temperature in the whole body 
is constant (100°C) at initial time (r = 0).

Therefore the results given in Table 1-a, b, c, mean 
the average values from each initial time to the desi
red time.
The reason why such computations were carried out 
are as follows:
1) Heat flow equation is analytically solved only 

for the cases of simple initial conditions.

Table 1-a. Thermal diffusivity K (cm2lmin), 
during heating-up period at rate of TCjmin.

t = heating time
r = distance from center of cylinder along radial direction.

t
Temperature 

of vapor 
(°C) 7.5

y* (cm)
05.0 2.5

30 55 0.41 " ' 0.29 0.19 0.12
60 85 0.51 0.41 0.29 0.27
90 115 0.70 0.50 0.33 0.29

120 145 0.80 0.52 0.37 0.34
150 175 1.19 0.56 0.41 0.40
155 180 1.38 0.57 0.42 0.40

Table 1-b. Thermal diffusivity K (cm2lminf 
during early stage of soaking period, 

t = time soaked at 180°C.

/
Temperature 

of vapor 
(°C) 5.0

r(cm)
2.5 0

20 180 0.15 0.20 0.25
40 180 0.16 0.26 0.29
60 180 0.22 0.31 0.32
80 180 0.31 0.40 0.42
85 180 0.33 0.40 0.42

Table 1-c. Thermal diffusivity K (cm1 /min), 
during cooling period, 

t = cooling time

t 
(min)

Surface 
temperature 

(°C) 10 7.5 5.0 2.5 0

15 62 0.22 0.57 0.91 1.08 0.92
30 52 0.23 0.43 0.61 0.67 0.63
60 45 0.20 0.27 0.37 0.42 0.42

120 36 0.18 0.22 0.24 0.26 0.46
240 28 0.14 0.15 0.15 0.15 0.15

2) Average value of K has the advantage for the 
practical application.

3) The results by this method give suggestions for 
one of the purposes of this study which is to know 
qualitatively the mechanism of heat transfer.

Most of these computations were carried out by 
IBM 360.

The values of film thickness of heat transfer were 
derived from the experimental data by the following 
ordinary procedure:

This value is equal to a distance from the surface 
of a cylinder or a slab to the point at which the tan
gent line of temperature-distribution curve at the 
surface intersects with a horizontal line showing 
ambient temperature.

Results

The results of measurement of temperature distri-



in cross-Section ( Cm )

Fig. 2a. Temperature profiles during heating-up and soaking 
period when long cylinder of 20 cm<j> is heated at rate of 
TCjmin

Fig. 2b. Temperature profiles for' long cylinder of 20 cm^> 
during blow-off and cooling period .

bution for a cylindrical specimen are illustrated in 
Fig. 2-a, b. The surface temperature of the cylinder 
was equal to that of ambient saturated steam at any 
time of heating and soaking period, whereas for cool
ing period it was higher than the ambient temperature. 
Therefore the film thickness of heat transfer was 
treated as zero for heating and soaking period, and 
for cooling period it was determined to be approxi
mately 2.0 cm as a mean value for this period by the 
method described before. It should be noticed, how
ever, that this value would be largely varied by the 
ambient condition of cooling.

During the heating-up period, K increased with the 
temperature or with the time and was larger near the 
surface than at the center of the cylinder. The average 
value of K for the whole cross-section during heating- 
up period with a heating rate of l°C/min was 0.40 
cm2/min as shown in Table 1-a.

Heating rate of O.75°C/min resulted in approxi
mately the same values of K and the same tendency 
of the variation.

At the initial stage of the soaking period, K decre
ased once, but gradually increased again to reach 
0.42cm2/min (Table 1-b).

For the blow-off period no temperature difference 
in the cylinder was observed. Then K value is con
sidered to be infinite. After the specimen was removed 
from the autoclave, however, temperature gradient 
in a specimen developed again.

The values of K at the initial stage of the cooling 
period were relatively high and gradually decreased 
with time.
For an infinite slab of 20 cm thickness the following 
results were computed.
1) The heating-up period and the early stage of the 

cooling period: Assuming that heating rate = 
l°C/min from room temperature to 180°C and 
average thermal diffusivity K = 0.40 cm2/min, 
temperature at the center reaches 60°C at the end 
of heating period, and 7 hrs soaking at 180°C 
is required for the temperature difference to be 
less than 5°C.



2) The cooling period: Assuming that K = 0.6 
cm2/min at 30 min after the specimen is removed 
from the autoclave, temperature difference be
tween the surface and the center is 40°C, which is 
a maximum temperature difference during this 
period.

Discussion

Thermal diffusivities K of the final product having 
a bulk density of 0.5 g/cm3 have been determined 
to be 0.10 cm2/min at room temperature, and it some
what increases with temperature to a value 0.13 
cm2/min at 200°C (7). Therefore the average values 
of K in a specimen during heating-up period obtained 
above corresponded to 4.0 times of the value of the 
final product. Their variations with time, tempera
ture and location are also extraordinarily large.

The moisture movement phenomena which consist 
of the three mechanisms shown below may be assumed 
from such a tendency.

i) The driving force for the movement of water 
vapor is its pressure gradient attributed to tempera
ture gradient which has been at first originated from 
the time lag of heat conduction in solids.

The water vapor which reaches lower temperature 
field condenses there to raise the temperature by the 
heat of condensation.

ii) If the heat is transfered to any low temperature 
field by the heat conduction process, the liquid water 
which had been stored there evaporates for the rees
tablishment of the equilibrium water vapor pressure, 
thus the rate of temperature rise is reduced by the heat 
of vaporization.

For the above two cases the condensed liquid water 
may also diffuse in a specimen due to the gradient of 
water content and play a role of heat transfer.

iii) If at any time, capillaries connecting a pore to 
the others are sealed with condensed water to some 
degrees and in addition temperature of that region 

rises further, the pressure of the air which has per
meated into the pores by that time increases, and 
forces condensed water to come out of the capillaries 
or of the pores.

During the heating-up period, the mechanism i) 
is superior to ii), whereas at the early stage of the 
soaking period ii) is superior to i). The water con
tent in the specimen gradually increases up to 180°C. 
On the contrary at the early stage of the soaking period 
mechanism ii) plays a significant role, since only 
inside temperature increases with time.

In addition, the moisture movement from inside 
to outside of the specimen will be derived from the 
mechanism iii) at the later stage of the heating-up 
period and the early stage of the soaking.

These movements of moisture will appear more dis
tinctly near the surface than at the center because of 
a larger temperature and pressure gradient at the sur
face. Therefore values of K vary more significantly 
there.

The phenomena of the inside pressure increase and 
the weight diminution at the end of the heating period 
or at the early stage of the soaking period have been 
observed by K. F. Lomunov, et al. (3). The differences 
in K along the radial direction decrease as the temper
ature differences disappear after a few hours’ soaking 
at 180°C.

During the blow-off period, a violent movement of 
water vapor from inside may also be suggested by the 
fact that no temperature difference in a specimen was 
observed. At an early stage of cooling, relatively 
high values of K indicate that the water vapor con
tinue to move towards the outside.

Then, values of K approach to that of the final 
product as the specimen continue to be cooled and 
dried for long hours.

The violent moisture movement in concrete may 
have a influence upon the mechanical properties 
under autoclave process.

Linear Change during Autoclave Process

As mentioned in the “Introduction”, two kinds of 
methods have been reported on the continuous mea
surement of linear change during the autoclave pro
cess. The DVT method is rather simple and precise, 
whereas the method by straingauge needs a special 
adhesive agent having an endurance for moisture at 
high temperature, and a correction for such a condi

tion. Common difficulty for both methods lies rather 
in their expensiveness as equipment.

The linear changes during steam curing are a 
function of i) thermal expansion of solid part of 
concrete, ii) hydraulic movement and iii) hydration 
reaction. Linear changes by hydration reaction of 
usual silicates are not so large as compared with ther- 



mal expansion or hydraulic movement, but some 
hydration reactions, for example the reaction of MgO 
+ H2O = Mg(OH)2 dealt with in our investigation, 
are known to show extraordinarily high expansion. 
If such a reaction is contained in the usual system 
of silicates, it sometimes becomes an origin of 
fracture.

Augmented expansion of this reaction, however, 
can be used effectively for balancing the expansion of 
the concrete part with that of the reinforcement part 
or sometimes for manufacturing prestressed concrete.

In this section a simple apparatus for measurement 
of linear change is presented and some results are 
discussed concerning the above problems.

Apparatus and Method

An apparatus was devised by which the linear 
change of concrete in an autoclave could be measured 
successively on the basis of the principal “Differential 
Optical Lever Method”. Fig. 3-a, b, c show this 
apparatus, Its principal features are as follows:

The linear change of the specimen placed hori
zontally in a quartz tube is transfered to the rotation 
angle of a mirror through a quartz rod and a stain
less steel part. At the same time, the linear changes 
of the quartz rod and the stainless steel part are 
cancelled by those of another quartz rod and stain
less steel part with same lengths. This dilatometer is 
set in an autoclave.

A small pyrex-glass window is attached through 
the flange of the autoclave. Light is allowed to come 
into the autoclave through this window, to be re
flected by the mirror and to focus on a scale placed 
outside. The location of the light spot on the scale is 
recorded automatically by taking a photograph at 
regular intervals.

The mirror was made of the Pt-Rh alloy, which 
was the only material that could withstand corro
sion by water vapor at high temperature. Both 
the mirror and the window glass were heated by 
two nichrome heaters which were fitted inside and 
outside the window glass.
Before the measurements, the accuracy of this 

apparatus was calibrated by a rod of steel of which 
expansion coefficient was already known. The linear 
change of the specimen of 2.5 cm0 X 10 cm in a 
whole cycle of autoclaving was measured by this 
dilatometer. The same method can be applied easily 
to a specimen of larger size. In our investigation, 
however, only a maximum expansion of the larger 
specimen of 20 X 20 X 60 cm during the autoclaving 
cycle was measured by the simple method of recording

Fig. 3a. Dilatometer in which specimen of 10 cm in length is 
inserted. It is consisted of quartz tube and rod, stainless steel 
part and Pt-Rh minor

Fig. 3b. Dilatometer set in autoclave of 5 lit, in content and 
Pyrex-Glass window through flange. The window is fitted with 
nicrome heater on each of its inside and outside.

Fig. 3c. Overall apparatus for successive measurements of linear 
change of concrete in autoclave. Location of light spot focused 
on scale placed outside of autoclave, which corresponds to 
rotation angle of mirror shown in Fig. 3-a, b, is photographed 
at regular intervals ■ 



the linear change of the specimen on a ground glass 
plate by a carbon rod previously attached to the speci
men. By this method, the information on the size 
effect of the specimen could be obtained satisfactorily. 
The specimens for both methods were previously 
stored under 40°C above 90% R. H. for 12 hrs. 
Autoclaves of 5.0 liters and 200 liters content were used 
for a small size and a large size specimen respectively. 
The specimen in an autoclave was heated to 180°C, 
10 atm vapor pressure at a rate of l°C/min, soaked 
under this condition for the desired period and cooled 
to room temperature.

The influences of the addition of MgO on volume 
change were investigated both for batch composi
tions (cement-siliceous sand-blastfurnace slag) and 
for bulk densities (0.5 g/cm3, and 1.8 g/cm3). The 
starting materials were ground to approximately 
3000 cm2/g. The bulk densities were controlled both 
by the additives and by water-cement ratio. Two kinds 
of MgO were used, one was light-burnt MgO (900 ~ 
1000°C), another was dead-burnt MgO (1700°C).

Results and Discussion

Characteristic of Expansion-Temperature Curve

As seen in Fig. 4 the expansion-temperature curve 

without MgO during heating-up period is almost linear, 
but has a slightly S-shaped characteristic. The aver
age coefficient of expansion is 12.5 X 10"s/°C for the 
temperature range of 80°~150°C, whereas it is 8.0 X 
10"6/°C for both in lower and higher temperature 
range.

The average value up to 180°C from room temper
ature is 10 x 10-s/°C (9 x 10~6/°C for cement-sand 
system), which is almost the same order as the coef
ficient of thermal expansion of the starting material,
i.e.,  that for cement 14 X 10'6; siliceous sand 11 X 
10-6; concrete with crushed slag 10.6 X 10"s (9).

From these data it may be said that the expansion
temperature relation depends mainly on the thermal 
expansion of the solid part in concrete and secondarily 
is slightly deformed to an S-shaped characteristic 
by the other mechanisms. To account for this charac
teristic, it seems necessary to describe the hydraulic 
movement in concrete.

The effects of the moisture behavior on thermal 
expansion of concrete have been investigated by seve
ral authors. According to them, there is a maximum 
of the thermal coefficient at an intermediate state of 
wetness, which is 70% R. H.. Powers (8) explained 
this mechanism by saying that there are capillary 
water and a water fixed in the gel that is constituted 

Fig. 4. Linear change during a whole autoclave cycle 
Conditions: heating rate rCjmin; specimen size 2.5 cm<i> 
x 10 cm; bulk density O.Sgjcm3; burning temperature of 
MgO, dead-burnt MgO (1700oC); composition, slag rich 
system (----- ) and siliceous sand or cement rich system (------)



by the hydration phase; a change in temperature 
destroys the equilibrium between two kinds of water, 
then requires a transfer of water between the two 
phases. The delay in this transfer results in the addi
tional dilation that disappears after reestablishment 
of the equilibrium.

L. Hermite (9) and Honma (10) suggested that the 
reduction of the surface tension of the capillary water 
with the temperature increase diminishes the shrinkage 
pressure which results in additional expansion.

In the present study, the specimens absorb water 
to achieve a highly humid situation in their interior 
in the heating period as previously mentioned and, 
in addition, continuously change their quality by 
hydration reaction. These conditions seem to be expla
ined by the several theories above.

The slight shrinkage in the early stage of the soaking 
period also seems to be connected with the moisture 
movement in concrete.

The Effect of bulk Densities and Sizes

The amount of expansion and its tendency to vary 
with time elapsed during the autoclave process were 
almost the same for the specimen of density of 0.5 
g/cm3 and 1.8 g/cm3 in the case of no addition of 
MgO (Fig. 6). The larger size specimen of 20 x 20 X 
60 cm also showed the same amount of expansion 
and variation tendency as the smaller one (2.5 cm0 X 
10 cm) (Fig. 5). The following assumptions are based 
on these informations.

i) Moisture movement in concrete has scarcely 
any significant role for expansion phenomena in the 
autoclave process, although it should be remembered 
that there may be a little influence of it as mentioned 
in the former section, namely overall linear change 
in autoclave process depends on the thermal expansion 
coefficient of the solid part of concrete.

In other words, it can be said that the concrete 
under autoclave process has permeability and Young’s 
modulus large enough for moisture movement and 
its force in concrete respectively.

ii) The summed-up length of the solid parts along 
the linear direction is a base length for calculating the 
amount of expansion or shrinkage as long as the solid 
parts are continuously linked. Then the amount of 
expansion or shrinkage is independent of the porosity 
of the concrete.

The Effect of the Addition of MgO

Augmented expansion effect of dead-burnt MgO 
was observed mainly in the early stage of the soaking 
period at 180°C. This tendency was irrespective of 
the various compositions, bulk densities or the speci-

Soakivig" "tivvxe C kv )

Fig. 5. Size effect developed during the soaking period 
Conditions: composition, slag rich system; specimen sizes, 
20 x 20 X 60 cm (----- ) and 2.5 cmiji X 10 cm (- —) the
others are the same with Fig. 4

Fig. 6. Influences of bulk density during the soaking period 
Conditions: composition, slag rich system: bulk densities 
1.8 g/cm3 (---) and 0.5 gjcm3 (----- ); the others are the
same with Fig. 4

men sizes, but the sensibilities of MgO were some
what different for each case. In the case of the speci



men having a bulk density of 0.5 g/cm3, the addition 
of more than 2 % of MgO led to extraordinarily high 
expansion. An addition of 4% of MgO caused fine 
cracks across each other or disruption, and 10% of 
MgO caused dusting (Fig. 4). These are typical damages 
arising from the differences in the expansion character
istics of the different phases. In view of compositions, 
the specimens having a large percentage of blastfur
nace slag showed a higher resistibility to expansion 
effect by MgO than siliceous or cement rich composi
tions (Fig. 4). Compared with that of 0.5 g/cm3, the 
expansion of MgO in the specimen having a bulk 
density of 1.8 g/cm3 continued to develop for a longer 
period of 20~24 hrs (Fig. 6).

A large size specimen reduced the expansion effect 
of MgO (Fig. 5).

The expanding effect by light-burned MgO was 
completed during the heating-up period to 180°C 
as seen in Fig. 7. _

From the above data, some practical and useful 
informations could be drived. .
1) The time when augmented expansion of MgO 

develops is controlled mainly by the selection of 
its burning temperature.

2) The amount and type of MgO has to be changed 
with the compositions, densities and dimensions 
of the specimen.

3) Too much addition of MgO causes cracks due to 
difference in the expansion characteristics of 
different phases.

4) The coefficient of shrinkage during the cooling 
period is approximately equal to that of the

Fig. 7. Influences of burning temperature
Conditions: composition, slag rich system; burning temper
atures of MgO, light-burnt MgO (900-7000°C) (------) and
dead-burnt MgO U700°C') (------ )," the others are the same
with Fig. 4

specimen without addition of MgO irrespective 
of the amount of MgO added to the specimen.

There develops, then, the accumulated compressive 
stress due to the augmented expansion of MgO in 
the case of a reinforced concrete product.

It is considered to be advantageous also in reducing 
the tensile stress which develops during the cooling 
period due to thermal stress. ,

Mechanical Properties and Thermal Stress

Investigation of the process of development of 
mechanical properties during autoclave reaction is 
conclusively important for determining the time 
schedule of autoclaving.

Moreover determination of the actual stress in a 
concrete material under a given condition of heat 
transfer requires data on mechanical properties. In 
the previous sections we treated heat transfer and 
linear change of concrete. Therefore in this section 
the problem of thermal stresses will be discussed by 
using the some results of measurement on Young’s 
modulus and mechanical strength.

Experimental Method

The blocks having the same shape and dimensions 

as that used for the test on the temperature distri
bution were subjected to measurement of mechanical 
properties in room condition. The blocks had been 
soaked for 0~8 hrs at 180°C and 10 atm.

The test pieces of 3.5 X 3.5 X 16 cm were cut at 
several locations along the radial direction in an 
original block so that direction of the longitudinal 
axis of the test piece coincides with that of the original 
block and also the center cross-section perpendicular 
to the longitudinal axis of the test piece coincides with 
that of the original block. ,

Young’s modulus and mechanical strengths of 
these test pieces were determined. Sound velocities 
were measured and from the data, Young’s modulus 
E (kg/cm2) was calculated by the following equation.

E=pu2jg [1] 



where, p = bulk density of specimen (kg/cm3) 
u = sound velocity in concrete (cm/sec) 
g = acceleration of gravity (cm/sec2)

The strengths for 0 hr soaking specimens were esti
mated from the experimental data on the Young’s 
modulus by the empirical equation [2], since the 
specimen was too fragile to subject to usual mechani
cal strength test.

E = 4500V(k9Fc [2]

where, Fc = compressive strength (Kg/cm2)

This equation was obtained by the revision of 
Purins’s empirical equation for ALC products (7), 
E = 3000V0^Fc, on the basis of the experimental 
data on E and Fc of 2 hrs soaking specimens. Tensile 
strengths Ft (kg/cm2) were calculated by the Kano’s 
equation (7) for concrete.

Fc = 2.66F/1-44 [3]

This equation has been shown to be in good coinci
dence with ALC products.

From the data on expansion coefficient, tempera
ture distribution and Young’s modulus, the thermal 
stress both in a cylinder of 20 cm^ and in a large slab 
of 20 cm thickness were estimated by the equation 
given in Table 2, where Poisson’s ratio was assumed 
to be 0.3.

In the case of the initial stage of cooling period, the 
possibility of the surface crack due to sudden change 
in temperature was discussed also on the basis of the 
values of Biot’s modulus and nondimentional time.

Results and Discussion

Mechanical Properties

Experimental and calculated results are given in 
Table 3-a, b, c, d. Variations in mechanical properties 
(Young’s modulus and mechanical strength) along the 
cross-section were most distinct in the block soaked 
for 2 hrs at 180°C after the end of the heating-up per
iod. It should be remembered that temperature dif
ference in like size specimen disappeared at 1.5 hrs’ 
soaking (Fig. 2-a). These variations decreased in the 
specimen at longer soaking time. This tendency means 
that the time lag for heat transfer in concrete is 
accompanied by that for the development of mechani
cal properties.

Thermal Stress and Failure

If the specimen was perfectly elastic, the inner ten
sile stress of 0.8 kg/cm2 for a cylinder (20 cm0) and 
1.8 kg/cm2 for a slab (20 cm thickness) should be

Table 2. Computation equation for surface 
and center stressesS11}

Shape Surface Center

Long cylinder i^^(Ta - Ts)
1 - H

2(l-^)<Ta Tc>

Infinite slab Eq Eq
1 - p 1 - /£

E = Young’s modulus.
a = coefficient of thermal expansion.
Ta, Ts, Tc == average, surface and center temperature, respectively, 
p, — Poisson’s ratio.

Table 3-a,b,c,d. Experimental and calculated results of 
mechanical properties of cylinder

a. Soaking time = 0 hr.

Distance Young’s Compressive Tensile
from modulus, strength, strength.

center. E(kg/cmr) Fc Ft
r (cm) X 10-4 (kg/cm2) (kg/cm2)

0 0.33 0.6* 0.35**
4 0.33 0.6* 0.35**
8 0.33 0.6* 0.35**

b. Soaking time = 2 hrs.

0 1.54 12.8 - 3.3**
4 1.78 19.3 4.0**
8 1.97 20.6 4.2**

c. Soaking time = 4 hrs.

0 1.99 32.5 5.7**
4 2.01 31.8 5.6**
8 2.16 33.0 5.7**

d. Soaking time = 8 hrs.

0 2.01 35.1 6.0**
4 2.09 34.2 5.9**
8 2.30 35.5 6.0**

♦Calculation from equation (2) 
♦♦Calculation from Kano’s equation.

developed at the end of the heating-up period, which 
were considerably larger than the tensile strength of 
the material at that time (0.35 kg/cm2 for cylinder as 
seen in Table 3-a). Then the inner crack might be 
predicted to arise for both shapes.

The stress, however, must be relaxed more or less 
during hardening process, then the values of 0.8 kg/ 
cm2 and 1.8 kg/cm2 may be somewhat reduced.

The surface tensile stresses of the cylinder and the 
slab at the initial stage of the cooling period, 6.0 
kg/cm2 and 9.0 kg/cm2, respectively, were approxi
mately comparable to the tensile strength at that time.

If the stress is completely relaxed only during heat
ing-up period and after that the specimen is perfectly 



elastic, the surface tensile stress of 0.8 kg/cm1 2 for the 
cylinder and 1.8 kg/cm2 for the slab should be deve
loped at the time at which the temperature distribu
tion in the specimen disappear. These values are cer
tainly noticed to be lower than the tensile strength at 
that time (4.2 kg/cm2 for cylinder). Therefore the pos
sibility of the inner crack during hardening process 
(heating-up and early stage of soaking period) is 
reduced. In addition, these tensile stresses are ac
cumulated to the tensile stresses developed at cooling 
period and the possibility of the surface crack slightly 
increases.
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of aerated concrete under autoclave process” (in 
Russian), Stroitel Materialy 11 (8) 25-27 (1965).

2. C. A. Mironov, M. Ya. Krivitskii and A. N. Schast-
nyi, “Temperature distribution and deformation of

On a basis of these approximate estimation con
cerning thermal stress, it is concluded that the thick
ness of 20 cm is the upper limit for a slab to be securely 
produced under the autoclaving condition carried out 
in this investigation.

Furthermore it should be noticed that failure phe
nomena under autoclaving process might be affected 
also by the drastic movement of moisture in concrete, 
or heterogeneous linear changes due to the different 
phases contained in concrete as pointed out in pre
vious sections.

Summary

(1) For a cylindrical specimen of 20 cm^, average 
value of apparent thermal diffusivity K during the 
hardening process (the heating-up period and the 
early stage of the soaking period) under the heating 
rate of 1.0~0.75°C/min in autoclave process was 
determined to be approximately 4 times as large as 
that determined for the final product.

(2) From the values of K and their variation with 
autoclave time schedule and the position in the speci
men, it was presumed that heat transfer in concrete 
was affected both by the presence of liquid water in 
concrete and by movement of vapor or liquid in con
crete.

(3) The temperature profiles of a slab of 20 cm 
thickness at successive times were determined. The 
temperature difference between surface and center 
was 120°C when the surface was heated up to 180°C 
with a rate of l°C/min. Seven hours soaking at this 
temperature was required for this difference to be less 
than 5°C.

(4) By the application of the principal “Differential 
Optical Lever Method”, a simple apparatus was 
devised for successive measurements of linear change 
of specimen under autoclave process.

(5) Almost the same expansion-shrinkage pheno
mena in the case of no addition of MgO were observed 

for various compositions (cement-siliceous sand
blastfurnace slag), specimen sizes (2.5 cm0 X 10 cm 
and 20 x 20 x 60 cm) and bulk densities (0.5 g/cm3 
and 1.8 g/cm3).

(6) Augmented expansion was observed in the 
heating-up period for the specimen added with light- 
burnt MgO, but it was observed in the soaking period 
when dead-burnt MgO was added. This tendency was 
irrespective of other factors, whereas the amount of 
expansion somewhat influenced by compositions, 
sizes and bulk densities of concrete. Excessive addition 
of MgO caused disruption of the specimen.

(7) In view of thermal stress, it is concluded that the 
thickness of 20 cm was approximately estimated to be 
the upper limit for a slab to be securely produced 
under the autoclaving condition carried out in this 
study.
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of Calcium Silicate Hydrate Synthesized by Hydrothermal Reaction
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Synopsis

In the present investigation, it was studied about the influence of the addition of the 
foreign components, such as beryllium, zinc, and alkaline compounds, on the strength and 
the reaction rate of hydrothermal synthesized products.

Addition of beryllium and zinc even in quantities up to 0.1-0.4 per cent, can appreciably 
delay the progress of hydrothermal reaction, deteriorating seriously the development of the 
strength of the reaction product at the usual hydrothermal condition (160-180°C, 3-6 hours). 
They, however, do not entirely stop the hydrothermal reaction, but merely lower the rate of 
the reaction. The manner of the hydrothermal reaction does not be changed substantially by 
the addition of the poisoning compounds, as recognized from the molar ratios of the hydrated 
substances. '.

The addition of alkali in minor quantities can promote the reactivity as well as the 
strength development of the product. The promotion of the strength may be explained by 
the increased reactivity of quartz and the formation of a compound of system R2O-SiO2- 
H2O in the hardened product. Alkalies added in quantities above 0.3 per cent, however, 
generally tend to retard the reaction and deteriorate the development of the strength of the 
reaction product. Addition of alkali causes a marked decrease of the water absorbing 
capacity of the hydrothermal product.

Introduction

Many investigators have studied about the factors 
affecting the strength of hydrothermally synthesized 
calcium silicate hydrate (1), namely,

i) CaO/SiO2 molar ratio
ii) the temperature and the duration of an autoclaving
iii) the physical properties of the starting materials, 

especially crystalline modifications, crystallinity, 
and fineness of the siliceous material

iv) the compacting pressure and the amount of mixing 
water applied at the moulding ,

v) the addition of some foreign components

Of these, we were interested particularly in the 
factor (V). Since these were already some studies on the 
influence of A12O3 (2) and MgO (3), the present in
vestigation was undertaken to determine the influence 
of the addition of beryllium, zinc, lithium, sodium and 
potassium on the strength of the hydrothermally 
synthesized products. The presence of them even in 
minor quantities was known to have rather remarkable 
influence, either favourable or unfavorable, on the 
strength of the products of hydrothermal synthesis. 
The results of these experiments are reported below.

Methods and Conditions of Experiment

Material

The principal components, CaO and SiO2, were 
obtained from slaked lime of analytical reagent and 
high-purity quartz respectively, whose chemical 
compositions and physical properties are shown in 

Table 1. By X-ray and thermal analysis, it was shown 
that this slaked lime was contaminated with a little 
amount of calcium carbonate. '

Preparation of Specimen 1

Autoclaved specimens were prepared by the follow-



1 by air permeability.
2 by water vapour adsorption.

Table 1. Properties of raw materials

ig. loss SiO2 A1A FCflOg CaO MgO Na2O k2o Total
Surface

(cmS/g)

Quartz powder 0.2 97.2 1.2 0,2 0.6 0.0 0.1 0.6 100.1 2200t

Hydrated fime 23.2 n.e. n.e. n.e. 76.7 n.e. n.e. ' n.e. 99.9 313002

ing method. Slaked lime and quartz powder were 
weighed out in quantities corresponding to a CaO/ 
SiO2 molar ratio of 0.60 and these were thoroughly 
mixed up with prescribed amounts of the selected 
foreign components, e.g. BeO, ZnO. Then water was 
added to the mixed powder in a quantity correspond
ing to a water-powder ratio of 0.55, followed by 
thorough kneading.

The paste thus prepared was placed into a mould 
2x2x8 cm. After 8 to 12 hours the paste was 
autoclaved under the prescribed conditions, followed 
by demoulding.

Analysis of Free Lime and Quartz

Quantitative Analysis for Free Lime

According to the method of quantitative analysis 
for free lime in portland cement clinker, the specimen 
prepared by the procedure described above was 
treated in glycerine-ethanol solution with Sr(NO3)2 as 
catalyst and titrated with ammonium acetate solution. 
Thus the amount of unreacted lime in the specimen 
was determined.

Quantitative Analysis for Unreacted Quartz

In the analysis for unreacted silica, following the 
method of Steope, a pulverized sample was rapidly 
dissolved in 1 N HC1 solution containing 5 per cent 
NaCl, then washed with a solution of 5 per cent 
Na2CO3 and 5 per cent NaCl by weight, and finally 

washed in succession with 1 per cent HC1 solution and 
hot water. The ignited residue represented the amount 
of unreacted silica.

Analysis in a blank test of slaked lime-quartz mix
ture prior to hydrothermal synthesis gave a result of 
56.9 per cent which was considered to be satisfactory 
against the calculated value of 57.5 per cent.

Determination for Combined Water 
of the Hydrate

In the determination for combined water of hy
drothermal hydrate, there are three factors which make 
the result inaccurate, namely the crystalline water due 
to unreacted slaked lime, the error due to contamina
tion with carbon dioxide and the water physically 
adsorbed by calcium silicate hydrate. Therefore, for 
accurate determination of combined water in the 
hydrate, the errors resulting therefrom had to be 
corrected against the result of a thermal gravimetric 
analysis. Namely, the loss due to slaked lime at 500°C 
and that of calcium carbonate over the range of 690 
to 850°C were deducted from the weight loss over the 
temperature range of 100 to 85O°C and the remain was 
recorded as the amount of combined water. The 
correction of physically adsorbed water was carried 
out by keeping the specimen in vacuum for 8 to 10 
hours. In a thermal analysis (DTA and TGA) the 
temperature was raised at a rate of 10°C/min.

Influence of Addition of Beryllium and Zinc

The presence of beryllium or zinc compounds in 
the system even in minor amounts or trace can rather 
seriously retard the progress of hydrothermal synthe
sis, as seen from Table 2 showing the result of synthe
sis 180°C—6 hours. As seen from the tabulated data, 
beryllium and zinc, added in quantities up to 0.1-0.4 
per cent either in the form of oxide or sulphate, retard 
the hardening reaction and lower the development of 

the strength. The lowering effect, however, depends on 
the conditions of the hydrothermal treatment, as it is 
shown in Fig. 1.

To clarify the retarding effect due to such com
ponents, an experiment was made with some zinc 
compounds, whose result is shown in Table 3. To make 
easy identifing the reaction product, the experiments 
were carried out with a CaO/SiO2 ratio of 1.0 and



1 Surface area of starting mixture; 2.6 m2/gr. "
2 These figures contain the amounts of CaO contaminated by CO2 (up to 0.6% in most cases). The ratio CaO/SiO2 is corrected as to CO2 contamination.

Table 2. Chemical compositions and physical properties of the hydrates 
synthesized with addition of beryllium and zinc compounds

Composition of mixture (%) Reacted amounts ( %) Molar ratio of hydrate
Compressive 

strength 
(Kg/cm2)

Surface

(m2/gr)

Apparent 
sp. 

gravityCaO SiO2 Minor 
components CaO2> SiO2 CaO/SiO2 H2O/SiO2

36.24 63.75 — 36.17 26.05 1.49 1.46 253 68.71 2.17

36.19 63.76 BeO 0.06 36.19 24.76 1.55 1.31 261 62.5 2.03
36.17 63.72 0.11 10.88 1.79 5.48 2.72 0 3.2 n.e
36.09 63.58 0.33 13.95 0.74 — — 0 3.6 n.e

36.10 63.61 BeSO4 0.29 36.10 22.86 1.68 1.34 190 48.1 2.08
36.00 63.43 0.57 33.82 18.00 1.98 1.82 120 28.9 2.03
35.59 62.71 1.70 21.41 5.48 4.09 2.65 117 21.1 2.12

36.17 63.72 ZnO 0.11 36.17 25.14 1.53 1.46 247 75.9 1.91
36.13 63.65 0.22 36.13 23.18 1.66 1.60 200 54.8 2.00
36.05 63.51 0.44 12.37 0.61 — — 0 5.2 n.e

36.13 63.51 ZnSO4 0.22 36.13 26.31 1.47 1.46 231 53.0 1.95
36.05 63.51 0.44 34.55 21.95 1.66 1.63 215 45.3 2.00
35.89 63.24 0.87 3.36 0.00 — — 0 4.8 n.e

Fig. 1. Effect of adding zinc oxide on the strength 
of autoclaved products

with a larger proportion of mixing water (water/ 
solid = 1) in a stainless steel container.

The amount of unreacted silica in the products 
synthesized at 200°C was difficult to be determined, 
because there were many troubles in the filteration 
called for by the Steope method. According to the 
results from X-ray analysis, some amounts of quartz 
(unreacted silica) were recognized in the products at 

200°C-6 hours, but in the case of 200°C-12, 24 hours 
treatments the trace of quartz was not found. These 
results were also confirmed from the curve in Fig. 2. 
The compositions of the hydrates formed at 200°C-6 
hours were not calculated, because the amount of 
unreacted quartz could not be estimated by X-ray 
analysis from the point of accuracy.

The progress of hydrothermal reaction can be 
discussed from the amount of the reacted silica and 
tobermorite gel formed, the degree of crystallization of 
tobermorite, the converting rate of tobermorite into 
xonotlite, and the surface area etc., the data of which 
were shown already in Table 2 and 3. The details of 
such findings are summarized in Fig. 2 to Fig. 8 and 
will be explained below.

Fig. 2 shows the influence of a presence of zinc 
compound on the reaction rate. From Fig. 2 it is noted 
that the reactivity of quartz is lowered remarkably 
when the reaction temperature is lower and reaction 
time shorter. These results are important from the 
industrial point, because these conditions are usual in 
autoclaved concrete industry. These lowering effect, 
however, decreases with increasing maturity of auto
claving. The dependence of silica’s reactivity on the 
kind of zinc compound added has not been confirmed 
yet.

The typical change of hydrate phase with increasing 
maturity of hydrothermal treatments determined by 
X-ray analysis, is shown in Fig. 3. The diffraction 
pattern by X-ray alters from (1) through (2) and (3) to 
(4) with increasing hydrothermal treatments. In the 
figure, (1) is the X-ray pattern of tobermorite gel



Fig. 2. Influence of addition of zinc compounds on the reactivity 
°f quartz. The molar ratio of starting mixture is CaO- 
SiO2 = 1.0

Fig. 3. Typical X-ray diffraction patterns of the autoclaved
products. Notations in the figure are as follows; T: tober-
morite, X: xonotlite, Q: quartz, C: calcite. The patterns 
vary from 1, through 2, 3 to 4 with increased autoclave

(near amorphous tobermorite), (2) that of semi
crystalline tobermorite with the peak of 11 Ä, (3) 
that of crystalline tobermorite in coexistence with 
xonotlite and (4) that of xonotlite. The results of 
identification of hydrate are tabulated in the final 
column of Table 3. From Table 3 it is known that the 
addition of zinc compound results in delaying the 
crystallization of tobermorite and conversion of 

Fig. 4. Differential thermal analysis curves of hydrothermal 
products not containing poisoning compounds. Molar ratios 
of the starting mixtures are CaO: S1O2 = 1

tobermorite into xonotlite.
In a differential thermal analysis, as seen from Fig. 

4, the formation of tobermorite in hardend product is 
indicated by a characteristic peak, resulting from 
the exothermic reaction due to ^-wollastonite. The 
said peak appeared at a temperature range 81O-83O°C. 
The peak grows higher with increasing amount of 
tobermorite. Then the peak drops rather sharply 
with conversion of tobermorite into xonotlite and

continues dropping until the said conversion is com
pleted. The analysed results of DTA, not shown here, 
well agreed with that of X-ray analysis.

The evolution of the combined water in a thermal 
gravimetric analysis is plotted in Fig. 5. The gradual



Table 3. Chemical compositions and physical properties of the hydrates synthesized 
with addition of zinc compounds (CaO/SiC>2 = 1.000)

Hydrothermal 
condition Amounts of 

Zn-compd1) 
(%)

Unreacted amounts
(%)'>

Properties of hydrate

- Molar ratios)
■ of peak2'

(°C)

Surface

(m2/gr.)
Phases5)Temp. Duration 

(hr) SiO2 CaO CaU/SiU2 H2O/SiO2

— 37.8 24.7 1.83 1.44 824 n.e. Ca(OH)2, Q
ZnO 0.04 49.1 38.7 4.60 3.32 840 // Ca(OH)2, Q
ZnSU4 0.79 46.5 38.7 2.23 2.34 n.e. Ca(OH)2, Q
ZnCl2 0.69 48.0 39.0 3.22 1.97 845 Ca(OH)2, Q

— 30.8 11.5 1.85 2.23 846 34.2 Ca(OH)2, Q, Tob-gel
140°C 12 ZnO 0.40 38.0 38.5 — — 846 3.9 Ca(OH)2, Q

ZnbU^ 0.79 31.0 9.7 1.99 1.81 846 4.0 Ca(OH)2, Q, Tob-gel
ZnCl2 0.69 35.3 17.0 2.04 2.30 855 4.2 Ca(OH)2, Q, Tob-gel

— 22.7 3.36 1.69 1.62 853 47.8 Tob-gel, Q, Ca(OH)2
ZnO 0.40 28.0 13.0 1.58 1.65 843 35.5 Tob-gel, Q, Ca(OH)2
ZnSOi 0.79 21.6 3.29 1.55 1.55 850 55.4 Tob-gel, Q, Ca(OH)2
ZnCl2 0.69 25.2 2.48 1.90 1.99 843 50.8 Tob-gel, Q, Ca(OH)2

26.8 9.53 1.61 1.68 850 55.3 Ca(OH)a, Q, Tob-gel
ZnO 0.40 50.2 38.1 — 7.22 815 4.0 Ca(OH)2, Q
ZnSOj 0.79 48.4 38.7 3.32 3.86 830 5.5 Ca(OH)2, Q, Tob-gel
ZnC12 0.69 39.6 24.9 2.09 2.89 n.e. 23.7 Ca(OH)2, Q, Tob-gel

— 19.0 0.99 1.552 1.490 ’ 842 49.8 Ca(OH)2, Q, Tob-gel

160°C ZnO 0.40 22.8 0.68 1.785 1.740 839 63.7 Ca(OH)<,, Q, Tob-gel
ZnSO4 19.9 19.9 1.84 1.587 1.493 840 42.9 Ca(OH)2, Q, Tob-gel
ZnCl=> 0.69 20.2 0.72 1.654 1.614 826 55.5 Ca(OH)2, Q, Tob-gel

12.9 0.09 1.341 1.210 829 67.8 Tob-gel, Q
ZnO 0.40 15.6 0.37 1.436 1.276 827 63.5 Tob-gel, Q
ZnSO4 0.79 16.0 0,51 1.447 1.340 824 60.0 Tob-gel, Q
ZnClg 0.69 15.1 0.33 1.417 1.330 820 60.7 Tob-gel, Q

17.2 0.51 1.489 1.560 827 67.9 Q, Tob-gel
ZnO 0.40 23.0 5.40 1.552 1.500 846 39.0 Tob-gel, Q, Ca(OH)2
ZnSO4 0.79 24.3 5.96 1.608 1.510 846 27.0 Tob-gel, Q, Ca(OH)2
ZnClg 0.69 25.4 3.69 1.776 1.820 836 29.3 Tob-gel, Q, Ca(OH)2

6.74 0.00 1.167 1.030 820 59.6 Tob., Q

180°C ZnO 0.40 10.4 0.14 1.168 1.123 820 71.0 Tob-gel, Tob., Q
ZnSO4 0.79 13.8 0.14 1.382 1.285 820 60.0 Tob., Tob-gel, Q
ZnCl2 0.69 9.53 0.13 1.241 1.066 820 52.5 Tob,, Q

3.19 0.00 1.055 0.344 820 24.4 Tob., X
ZnO 0.40 3.85 0.00 1.076 0.575 808 30.9 Tob., X
ZnSO4 0.79 3.60 0.00 1.083 0.599 818 32.4 Tob., X
ZnCl2 0.69 4.50 0.00 1.098 0.648 824 33.1 Tob., X

n.e 0.00 n e n.e 821 35.0 X, Tob., Q
ZnO 0.40 n.e 0.00 n.e n.e 815 62.7 Tob., X, Q
ZnSO4 0.79 n.e 0.00 n.e n.e 805 40.8 Tob., X, Q
ZnClg 0.69 n.e 0.00 n.e n.e 810 29.6 X, Tob., Q

0.04> 0.00 1.00 0.222 793 21.0 X, Tob. (trace)

200°C ZnO 0.40 0.0 0.00 1.00 0.406 806 20.0 X, Tob.
ZnSO4 0.79 0.0 0.00 1.00 0.262 797 20.0 X, Tob. (trace)
ZnClg 0.69 0.0 0.00 1.00 0.320 801 26.2 X, Tob. (trace)

__ 0.0 0.00 1.00 0.222 800 16.5 X
ZnO 0.40 0.0 0.00 1.00 0.350 797 15.9 X, Tob.
ZnSO4 0.79 0.0 0.00 1.00 0.236 800 13.9 X, Tob.
ZnCl2 0.69 0.0 0.00 1.00 0.247 798 21.8 X

These figures in ignited base.
2) Exothermic peak relating to the formation of ^-woollastonite.
3) Corrected values as to CO2 contamination.
4) Estimated from X-ray analysis
»> Q.; quartz, Tob-gel; tobermorite in low crystalinity, Tob; tobermorite with 11Ä peak, X; xonotlite.

loss of weight over the range of 100 to 800°C increased 
with increasing amount of tobermorite formed and 
begins to decrease as the formed tobermorite is con
verted into xonotlite. Since, as shown later in Fig. 8, 
CaO/SiO2 ratios intimately relate to the amount of 
hydrated silica, it can be used as a measure for the 

progress of the reaction. But, when the conversion of 
tobermorite into xonotlite begins, H2O/SiO2 ratios 
change sharply, while CaO/SiO2 ratios are indifferent 
to the progress. It is clear that a progress of synthesis 
can be known reasonably from both ratios, as shown 
in Fig. 6. Considering these ratios tabulated in Table 3,



- Temperature

Fig. 5. Themogravimetric curves of hydrothermal products not 
containing posioning compounds. Molar ratio of the starting 
mixtures is CaO: SiOi = I. Autoclaved conditions as follows; 
(1) 740°C - 6 hrs, (2) 16O°C - 12 hrs, (3) 200°C - 6 hrs, 
(4) 200°C — 12 hrs, (5) 200°C — 24 hrs. Dashed line was 
extrapolated by substracting the weight loss due to Ca(OH)2 
from the original one

Fig. 6. Change in morlar ratio of the hydrates with the progress 
of the reaction. These results were obtained with the autoclaved 
products containing or not containing zinc compound

it is also concluded that an addition of zinc lowers the 
rate of hydrothermal reaction and conversion of 
tovermorite into xonotlite.

Fig. 7. Change in surface area of the products. Surface area was 
determined by vapour adsorption with the aid of BET equation

Fig. 7 shows the change in the surface area of the 
hardened product. Comparing these results with that 
of the X-ray analysis and differential thermal analysis, 
it is known that the surface area of the hardened 
product increases with progressive formation of 
tobermorite and starts decreasing sharply as it is 
converted into xonotlite.

Fig. 8 shows the relationship between CaO/SiO2 
ratio of the formed hydrates and the amount of hy
drated silica in the product. It is recognized that this 
relationship can be plotted in a curve regardless of a 
presence of zinc and beryllium compounds. Since 
either CaO/SiO2 ratios or H2O/SiOz ratios of the 
hydrate formed are not influenced by the addition of 
zinc compounds, it comes to the conclusion that zinc 
compounds do not have any effects on the composition 
of the hydrates formed in the products. Only to be 
noted is that the result of differential thermal analysis



Reacted silica (%)

Fig. 8. Relation between the reacted silica and molar ratio of 
the hydrate. Molar ratios of the starting mixture are CaO: 
SiOz = 0.6 in upper experiment and 1.0 in lower one res
pectively

of the products containing ZnCl2 indicated a some
what broader peak at 820°C compared with the 
hardened products of other systems (Fig. 9) and the 
change in surface area was of somewhat different 
pattern, suggesting somewhat different physical pro
perties of the formed hydrates.

From the results of the experiments above men
tioned, it is known that by addition of zinc or beryl
lium compounds

i) the rate of the reaction between CaO, SiO2, 
and H2O is decreased appreciably with resultant drop 
in strength of the reaction product under usual

Fig. 9. Change in the DTA curve caused from the kind of the 
added compounds. Broader peak is recognized in the case 
ofZnCXz

hydrothermal condition,
ii) but the substantial pattern of the reaction and 

the compostion of the hydrate are not affected,
iii) and the growth of tobermorite and xonotlite 

as well as crystal phase conversion thereof is inter
fered in some degrees.

Influence of Addition of Alkali

The addition of alkalies shows remarkable influence 
on the properties of the hydrothermally hardened 
products as well as zinc and beryllium compounds. 
To be noted, however, is that alkalis, unlike beryllium 
or zinc, can promote the hydrothermal synthetic 
reaction in some cases.

Table 4 shows the results of this series of experi
ments. In this experiments lithium was added in a 
form of oxide, sodium and potassium in a form of 
hydroxide, which were prepared in a form of aqueous 
solutions of fixed concentrations, for the convenience 

of the procedure.
The influence of an addition of alkalies on the reac

tivity of quartz is as illustrated in Fig. 10. While the 
addition of alkalies in minor quantities can somewhat 
promote the reactivity of quartz, but it lowers reac
tivity if it is added in larger quantities (above 0.3 
per cent). The lowering effect is least significent with 
lithium and becomes stronger with potassium and 
sodium. As already mentioned above, important is the 
fact that the addition of alkalies in minor quantities 
can promote reactivity between CaO and SiO2.



1) Not corrected values as to CO2 contamination. Molar ratios of CaO/SiO2 and H2O/SiO2 will be lowered by the correction up to 0.01-0.03.

Table 4. Chemical composition and physical properties of the hydrate synthesized with the addition ofKiO

Temper- Duration

Composition of mixture (%) Properties of hydrate

Si°2 CaO r2o
Reacted amount Molar ratio1) Temp, 

of peak 
(°C)

Compressive 
strength 
(Kg/cm2)

Bulk 
density

App. sp. 
gravitySiO2 CaOD CaO/SiO2 H2O/SiO2

63.83 36.17 — 11.74 22.18 2.02 1.98 811 105 1.14 2.08
63.74 36.11 Li2O 

0.13 13.98 23.28 1.78 - 138 1.24 1.94
63.61 36.04 0.34 13.30 25.06 2.02 1.98 787 199 1.42 1.64
63.17 35.79 1.02 14.70 21.46 1.56 149 1.43 1.76

3 hrs 63.72 36.10 Na2O
0.17 11.88 20,69 1.98 114 1.32 1.91

63.56 36.01 0.42 10.18 18.38 1.93 2.09 800 109 1.44 1.62
63.02 35.70 1.27 7.16 15.85 2.37 29 1.47 1.85
63.71 36.09 K.2U 

0.18 12.10 21.78 1.93 125 1.28 1.84

63.53 35.99 0.46 11.91 20.75 1.87 1.65 832 100 1.26 1.84
62.95 35.66 1.37 9.30 17.40 2.00 68 1.41 1.70

63.83 36.17 —. 16.92 26.44 1.67 1.47 843 175 1.20 2.06

63.74 36.11 Li2O 
0.13 17.56 26.80 1.64 209 1.25 1.92

63.61 36.04 0.34 19.44 27.34 1.51 1.42 793 240 1.40 1.61
63.17 35.79 1.02 18.27 24.18 1.42 169 1.41 1.61

6 hrs 63.72 36.10 Na2O
0.17 14.53 23.75 1.75 165 1.31 1.86

63.56 36.01 0.42 13.44 20.65 1.65 1.66 803 121 1.41 1.62
63.02 35.70 1.27 8.47 14.24 1.80 31 1.41 1.82

63.71 36.09 K2O 
0.18 16.93 27.26 1.73 155 1.24 1.94

63.53 35.99 0.46 16.20 25.42 1.68 1.57 838 156 1.32 1.83
62.95 35.66 1.37 10.61 18.13 1.83 84 1.37 1.64

63.83 36.17 — 23,78 34.70 1.56 1.44 821 194 1.12 2.05

63.74 36.11 Li2O 
0.13 24.94 31.99 1.37 320 1.25 1.73

63.61 36.04 0.34 22.39 29.25 1.40 1.18 772 235 1.35 1.57
63.17 35.79 1.02 24.21 28.00 1.24 168 1.31 1.57

3 hrs
63.72 36.10 Na2O

0.17 22.98 31.82 1.48 300 1.34 1.75

63.56 36.01 0.42 21.01 29.28 1.49 1.20 819 265 1.41 1.63
63.02 35.70 1.27 11.07 21.28 2.06 83 1.40 1.58

63.71 36.09 k2o 
0.18 26.48 34.92 1.41 210 1.18 1.89

63.53 35.99 0.46 23.85 33.70 1.51 1.35 824 275 1.36 1.75
62.59 35.66 1.37 14.72 27.04 1.97 150 1.41 1.59

63.83 36.17 — 26.05 36.17 1.49 1.46 821 247 1.16 2.09

63.74 36.11 Li2O 
0.13 30.76 35.46 1.24 1.33 802 352 1.45 1.66

63.61 36.04 0.34 26.14 34.23 1.40 1.51 827 248 1.45 1.59

63.17 35.79 1.02 23.78 30.60 1.38 1.49 769 191 1.37 1.65

> 6 hrs 63.72

63.56

36.10
36.01

Na2O 
0.17 
0.42

29.72
23.03

35.36

32.46

1.27

1.51

1.12
1.40

820
803

330 
300

1.34

1.41

1.59

1.55

63.02 35.70 1.27 12.65 23.40 1.98 2.09 774 118 1.44 1.57

63.71 36.09 k2o 29.37 36.09 1.32 1.31 821 294 1.19 1.87

63.53 35.99 0.46 25.45 35.62 1.79 1.48 818 300 1.29 1.73

62.95 35.66 1.37 17.42 29.69 1.90 2.12 833 174 1.40 1.59

Fig. 11 shows the relationship between the bulk 
density and the apparent specific gravity (by an im
mersing method in water) of the hardened products. 
A marked difference between the products containing 
and not containing alkali is noted from the figure. 
While the bulk densities increase progressively with 
increasing addition of alkali (see Table 4), the tendency 
is reversed with regard to the apparent specific gravities 
which decrease with increasing addition of alkali. 

This phenomenon comes from the fact that the alkali 
containing products are more compact and less water 
permeable (less absorbent). As seen from Fig. 12, the 
apparent specific gravities of the hardened products 
decrease with increasing amount of alkali added and 
with increasing amount of the reacted silica. There
fore, this tendency may be attributed to the forma
tion of the hydrate in the system R2O-SiO2-H20, 
which is likely to impart water impermeability to the
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Fig. 10. Influence of adding alkalies on the reactivity of quartz

product, (see also Fig. 14).
From Table 4 it is clear that alkali containing pro

ducts have substantially higher strength than expected 
from the amount of reacted silica. For instance, 
Na2O containing product synthesized under condition 
of 180°C-3 hours is stronger than plain product, 
although the amount of reacted silica is smaller than 
that of the corresponding ones. Supposing that this 
phenomenon had something to do with the apparent 
specific gravity or bulk density of the hardened pro
duct, we plotted in Fig. 13 the strength of the hardened 
products as function of the ratio of the amount of 
reacted silica by apparent specific gravity. Since ap
parent specific gravity intimately relates to the bulk 
density (see Fig. 11), the said relation may as well be 
plotted with the product of reacted silica and bulk 
density on the axis of abscissa.

Judging from the results of Fig. 12, Table 4 and 
Fig. 13, it is clear that an addition of alkalies has 
considerable influence on the physical properties of the 
product synthesized by hydrothermal reaction.

The curve in Fig. 14 is the relationship between the 
CaO/SiO2 ratio of the formed hydrate and the amount 
of reacted silica in the products. It is noted from the 
figure that the CaO/SiO2 ratios of the hydrate formed 
in the products containing alkali are 0 ~ 0.2 lower 
than that of the hydrate not containing alkali at the 
same amount of reacted silica. These differences are 
larger with potassium, sodium and lithium in this 
order and also with increasing amount of alkali added. 
This means that the said differences are roughly pro
portional to the molar fraction of alkali in the pro
ducts. It is then apparent that the hydrate of the system 
R2O-SiO2-H2O, in addition to calcium silicate



2.2

5 • 0 Na20 0.2-1.2%
1 12 X KzO 0.2~l.4% 
< '

1.0*------- 1---------------- 1----------------L_ l <

1.0 1.2 1.4 1.6

Bulk density
Fig. 11. Relation between bulk density and 

apparent specific gravity of the products
Reacted Silica t%)

Fig. 12. Decrease of apparent specific gravity caused front the 
increasing addition of alkalies and the increased amount of 
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hydrate, is likely to be formed in the products.
Assuming the formation of alkali silicate hydrate, 

there rises the suspicion that the increase of silica’s 
reactivity by addition of alkali in a minor quantity, 
as shown in Fig. 10, is due to the reaction of R2O on 
SiO2. This suspicion, however, can be denied on the 
ground that the reactivity of silica decreases with 
increasing addition of alkali beyond a certain limit and 
that the increase of silica’s reactivity with addition of 
minor amounts of alkali is by far more remarkable 
than might be expected from the reaction with the 
added alkali.

So, taking all these into consideration, it is con
cluded that an addition of alkali up to 0.3 per cent:

i) promotes silica’s reactivity,
ii) imparts a high degree of water impermeability 

to the hardened products, substantially improving the 
strength of the products even if the amount of reacted 
silica remains the same,

iii) appears to give rise to formation of a hydrate of 
system R2O-SiO2-H2O, besides calcium silicate hy
drate, in the hardened products and accordingly 
results in lower CaO/SiO2 ratios of the hydrate com
pared with that of the hydrate not containing alkali.

An addition of alkali in larger quantities above 0.3 
per cent, however, is generally detrimental, causing a 
drop of the strength of hardened product.



Fig. 13. Relation between the compressive strength and the ratio 
(amount of reacted silica!apparent specific gravity)

Fig. 14. Relation between reacted silica and molar ratio 
(CaO/SiOz) of the hydrate

Discussion

Reaction in the Presence of Beryllium and Zinc

Oxides of beryllium and zinc are almost insoluble in 
water (solubility of BeO and ZnO are 5-20 X 10"6 g/ 
100g water and 4.2 X 10'4 g/100g water respectively) 
but are soluble as hydroxide in alkaline solutions. On 
the other hand their salts are water soluble but react 
with base quantitavely precipitating their hydroxide. 
For instance, according to Hazel et al (4), zinc sulphate 
titrated with sodium hydroxide or sodium silicate 
produces the precipitation of hydrated zinc oxide. 
Under the conditions of his study, no zinc silicates 
were formed, but peptizing effect of silica on the zinc 
precipitates was observed, and also observed the 
mutual coagulation of hydrated zinc oxide and silica. 
A similar example of reaction is observed by Britton 
(5). When 0.02 M BeSO4, 0.02 M ZnSO4, and 0.02 
M CaCl2 solution were titrated with 0.102 N Na2O: 
2.16 SiO2 solution, precipitation of their hydroxide 
took place at pH 5.31, 5.25 and 10.07 respectively. 
As may be seen from these examples, oxide or sulphate 
of beryllium and zinc is converted in the alkaline 
solution containing silica into the corresponding 
hydroxide which precipitates at lower pH of 5 to 6 
compared with calcium. At the beginning of hydro

thermal reaction, hydroxide of beryllium or zinc is 
supposed to be adsorbed in a form of insoluble colloid 
onto the surface of quartz prior to the reaction between 
lime and silica and thus seriously interfers with dis
solving of quartz. There appears no chemical reaction 
to take place between zinc hydroxide and silica, the 
apparent combination accounted for by mutual ad
sorption. It is presumed that the progress of the 
hydrothermal reaction is apparently retarded by a 
thin film of hydroxide formed by said mutual adsorp
tion and the normal reaction rate is restored when this 
thin film has been destroyed under progress of reac
tion. The facts that the drop in reactivity of quartz 
appeared seriously in low temperature and short 
duration and decreased with rising temperature and 
prolonged duration (see Fig. 2), is reasonably under
stood by the hypothetic film of hydroxide mentioned 
above.

Acceleration of Reaction by Addition 
of Alkali

According to Kalousek (6), there is a close relation 
between Na2O concentration and the solubility of 



CaO and SiO2 in the solution. For instance, in aqueous 
solution containing 20 g Na2O/Z, the solubility of CaO 
is lowered to 0.02-0.03 g/Z compared to 0.5-0.6 g// in 
lime water. On the other hand, the solubility of SiO2 
increases gradually as Na2O concentration of the solu
tion increases. This tendency is maintained essentially 
even at still higher temperatures.

In the present series of experiments, the addition of 
alkali amounted up to 1.5 percent which corresponds 
to about 15 g/Z mixing water. Within this range the 
solubility of CaO decreases sharply with increasing 
addition of alkali, whereas the solubility of SiO2 
increases slightly. The observed influence of the 
addition of alkali on the rate of hydrothermal reaction 
may, therefore, be explained by the fact that the 
solubility of silica is raised by addition of alkali in 
minor quantities (up to 0.3 per cent), whereas addition 

in larger quantities of alkali retards the rate of the 
reaction through lowering of the solubility of lime.

As to hydrates of system R2O-SiO2 formed with 
addition of R2O, it is reported by Kalousek (6) that 
Na2O/SiO2 ratios can vary from 0 to 0.25 according to 
Na2O concentration. While accurate molar ratios of 
R2O/SiO2 could not be obtained from the present 
series of experiments, it was observed that R2O/SiO2 
molar ratios were almost common with Li2O, Na2O 
and K2O, in most cases ranging from 0.0 to 0.2.

It has been already pointed out that the strength of 
the hardened product is promoted rather remarkably 
by addition of alkali and this may be attributed to the 
binder-like function of sodium silicate hydrate, re
sulting from addition of alkali, for calcium silicate 
hydrate.

Conclusion

By the present study on the influences of the addi
tion of beryllium, zinc and alkali compounds on the 
rate of hydrothermal synthetic reaction of calcium 
silicate hydrate, it is concluded as follows:

i) An addition of beryllium and zinc even in 
quantities up to 0.1-0.4 per cent, can appreciably delay 
the progress of hydrothermal reaction, deteriorating 
seriously the development of strength of the reaction 
product at the usual hydrothermal condition (160
180°C, 3-6 hours). The deteriorating effect is not 
affected by the kind of the compounds e.g. oxide or 
sulphate.

ii) An addition of beryllium and zinc, however, 
does not entirely stop the hydrothermal reaction, but 
merely delay the progress of the reaction. This is sup
ported from the results that the mixtures containing 
the poisoning compounds can hydrate as well as the 
one not containing them at an increased autoclaving. 
The hydrothermal reaction is not changed substan
tially by the addition of the poisoning compounds, as 
known from the molar ratio of the formed hydrate. 
But from the identification of the existing phase by 
X-ray analysis, it is found that the addition of them 
has some retarding effects on the crystallization of 
tobermorite and the conversion of tobermorite into 
xonotlite. Its retarding effect on the reaction rate 

may be attributable to its tendency to form hydro
xide over quartz surface and to interfere with the 
dissolving of quartz. This will explain the fact that the 
said retarding effect is less significent when the reac
tion temperature is higher and the reaction time is 
longer.

iii) The addition of alkali in minor quantities can 
promote the reactivity as well as the strength develop
ment of the reaction product. The promotion of the 
strength of the product by addition of alkali may be 
explained by the increased reactivity of quartz and the 
formation of a compound of system R2O-SiO2-H2O 
in the hardened product. Added alkali in quantities 
above 0.3 per cent, however, generally retards the reac
tion, deteriorating the strength development of the 
product. In this case, the retardation of the reaction is 
explained by the effect of added alkali to lower the 
solubility of CaO.

iv) The addition of alkali causes a marked decrease 
of the water absorbency of the hydrothermal reaction 
product, while the bulk density of the product in
creases with its addition. This fact is very interesting 
from the point of view of the autoclaved product which 
is less permeable to the water than the conventional 
one.
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Explanatory Notes

Abbreviations.
The following symbols, which have been universally 
recognized by cement chemists for formulating 
more complex compounds, are used interchangeab
ly with the respective oxide formulas throughout 
this book:

C = CaO, S = SiO2, A = A12O3, F = Fe2O3,
M = MgO, N = Na2O, K = K2O, H = H2O, 

Less common abbreviations of this type are defined 
as they occur.

Commonly used abbreviations of more general 
nature are as follows:

DTA = differential thermal analysis
EPMA = electron probe micro analysis

IR = infrared ■
NMR = nuclear magnetic resonace 
psi (or p.s.i.) = pounds per square inch 
rh (or RH) = relative humidity 
w/c (or W/C) = water — cement ratio 
XRD = X-ray diffraction

Identification Number of Supplementary Papers
Example: Supplementary Paper III—50, III is 

session III and 50 is the arrival number of con
tribution. This number coincides with the number 
used in the preprint of papers distributed in advance 
of the symposium. '
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SESSION IV-1 USE OF SURFACE ACTIVE AGENTS IN 
' ■ CONCRETE ■

Principal Paper Use of Surface-Active Agents in Concrete

Richard C. Mielenz*

Synopsis -

This report summarizes use of surface-active organic substances in portland cement 
concrete to cause air entrainment, reduce water requirement, control rate of setting and 
hardening, and otherwise modify properties of the fresh and hardened product. Surface
active substances causing air-entrainment are positively adsorbed at air-water interfaces and 
may be adsorbed at water-solid interfaces, particularly on granules of cement. Widely used 
air-entraining admixtures are anionic. Complex relationships determine the efficiency of 
air entrainment, void size distribution, and effects on viscosity in fresh concrete. Data show 
the importance of interchange of air among bubbles prior to stiffening of the concrete. A 
separate relationship of durability factor and air-void spacing factor occurs for each cement
admixture combination in air-entrained concrete as water-cement ratio and water content 
are varied.

Water-reducing, set-controlling admixtures employed to substantial extent in concrete 
construction are salts of sulfonated lignin, water-soluble hydroxy acids and their salts, and 
carbohydrates. They can be combined with accelerators, catalysts, air-entraining compounds, 
or other substances for specific purposes. Water-reducing, set-controlling admixtures modify 
the properties of fresh and hardened concrete primarily by activity at the interface of mixing 
water and cement, but the mechanisms are not understood completely. Engineering proper
ties of concrete containing water-reducing, set-controlling admixtures can be evaluated by 
standard testing procedures. Expanded research on use of surface-active organic substances 
as admixtures is recommended as a part of continued progress in the technology of portland 
cement concrete.

Introduction

Technical and scientific application of organic, 
surface-active additives and admixtures in portland 
cement mixtures was initiated about 1936 with the 
introduction of air-entraining agents and organic 
materials that reduce water requirement for given 
consistency, change time of setting, and modify other 
properties of concrete (1). These materials are surface
active agents. This paper summarizes knowledge of 
their function and use in concrete. Most applications

♦Product Development, Master Builders, Division of Martin 
Marietta Corporation, Ohio, U.S.A. 

of these agents are based on empirical tests and experi
ence because basic data and theory are too sparse 
to permit quantitative prediction of the effects that will 
be produced in concrete. Ultimately, research data 
should provide a quantitative basis for their selection 
and control as additives and admixtures for concrete.

The scope of this paper is as follows: Application 
of water-soluble organic materials to entrain air or 
to reduce water requirement and control setting and 
hardening of portland cement concrete through phys
ical-chemical activity at air-water and water-solid 
interfaces.



Air-Entraining Admixtures for Concrete

■ Materials for Air Entrainment

Air-entraining agents for concrete are organic 
substances that promote formation of minute air 
bubbles in concrete during the mixing operation and 
subsequently inhibit coalescence, dissolution, or escape 
of the bubbles until stiffening of the matrix has occur
red. The active constituents of the agents are posi
tively adsorbed at air-water interfaces and may be 
adsorbed or chemisorbed at the surface of portland 
cement and aggregate in an aqueous medium. Air
entraining admixtures marketed in the United States 
of America have been classified into seven groups (2):

Group A—Salts of wood resins
Group B—Synthetic detergents
Group C—Salts of sulfonated lignin
Group D—Salts of petroleum acids
Group E—Salts of proteinaceous materials . 
Group F—Fatty and resinous acids and their salts 
Group G—Organic salts of sulfonated hydrocarbons 
Surface-active agents in general may be classified 

as follows by their physical-chemical properties (3):
1. Anion-active compounds
2. Cation-active compounds
3. Nonionic compounds '

In the first class, the hydrocarbon structure contains 
negatively charged hydrophilic groups, such as 
COO-, SO3, and OSOj, so that large anions are 
released in water. Conversely, if the hydrocarbon ion 
is positively charged, the compound is cation-active. 
Compounds composed of positively and negatively 
charged organic ions are said to be amphoteric. 
Nonionic compounds release no ions into aqueous 
solutions. Surface-active compounds of all these 
classes can cause air entrainment in concrete, but 
their efficiency and the characteristics of the air void 
system vary widely.

Use of Air-Entraining Admixtures

Anionic surface-active agents are the most widely 
used as air-entraining admixtures in concrete mixtures 
for general construction. All of the products tested 
by the Bureau of Public Roads (4) are of this type. 
In concrete mixtures at plastic consistency, anionic 
surface-active agents are used at rates about 0.002 
to 0.5 per cent by weight of the cement content11 to 
produce air content of 5 to 6 per cent, or a cement 

paste-air void ratio of about 3.5 to 6 by volume. 
Salts of wood resins, synthetic detergents, salts of fatty 
and resinous acids, and organic salts of sulfonated 
hydrocarbons, which are most widely used as air
entraining agents, typically are employed at rates 
of 0.002 to 0.06 per cent, based upon the active con
stituents of the admixture. In tests of diverse anionic 
detergents, including both sodium and organic salts, 
in concrete with water-cement ratio about 0.45 by 
weight* 21 and slump of 3 to 4 in., air content of 5 to 6 
per cent was achieved by use of the admixture at rates 
of 0.002 to 0.006 per cent.

11 Rate of use of the admixture will be expressed as per cent by 
weight of the cement content unless otherwise noted.

21 Water-cement ratio is expressed by weight throughout this 
report. . .

When an air-entraining admixture is used in con
crete simultaneously with a water-reducing admixture, 
the rate of use of the air-entraining agent is less than 
that otherwise required to produce the same air con
tent, even when the water-reducing admixture does not 
cause air entrainment when used alone. For example, 
in tests of water-reducing retarders, Grieb, Werner, 
and Woolf (5) found that the requirement for the air
entraining admixture was reduced 14 to 100 per cent 
at constant cement content and slump.

So far as the author is aware, no commercial air
entraining admixtures for concrete are based upon 
cationic surface-active compounds; data on their 
effects in concrete are scanty. Bruere (6) gives data on 
dodecyl trimethyl ammonium bromide as an air
entraining agent in cement pastes. Satisfactory void 
systems were developed with its use at rates of 0.010 
to 0.075 per cent. Unpublished data are available on 
a group of seven cationic surfactants tested in concrete 
with a calcium lignosulfonate used at the rate of 0.16 
per cent. Water-cement ratio was 0.47 and slump was 
3 to 4 in. The air content of concrete containing the 
lignosulfonate as the only admixture was 3.0 per cent. 
When the cationic agents were added at rates of 0.0015 
to 0.0067 per cent, air content was 5.2 to 5.7 per cent. 
The agents were a fatty amide, a fatty amine, dodecyla
mine acetate, dodecyl trimethyl ammonium chloride, 
and hexadecyl trimethyl ammonium chloride. The air
void system was not evaluated microscopically, but the 
properties of the fresh concrete indicated that the air 
bubbles were stable. Conversely, cationic n-alkyl dime
thyl amines from two sources produced air content of 
1.7 to 3.2 per cent when used at rates as high as 0.033 
per cent.



Nonionic surface-active agents comprise natural 
products, condensation products of fatty substances 
and their derivatives with ethylene oxide, products 
obtained' by condensation of phenolic compounds 
having side chains with ethylene oxide, and miscella
neous nonionic compounds possessing solubilizing 
polar groups (3). Condensation products of phenolic 
compounds having lateral chains with ethylene oxide 
have been used as admixtures for concrete, especially 
in non-plastic mixtures, such as are used in the molding 
of concrete products, to which they impart a plas
ticizing effect without substantial entrainment of air. 
However, nonionic surface-active agents generally are 
not effective as air-entraining agents for concrete 
because of instability of the bubbles in the fresh 
mixture (6-8).

Bubble Formation and Dissolution

Because of the presence of hydrophobic and hydro
philic portions in the molecule of the surface-active 
compound, an air-entraining compound is concen
trated at air-water interfaces, with the hydrophobic 
portion preferentially oriented toward the air (9, 
p 68; 10, p 99). The process is a dynamic one during 
and following mixing of concrete because the volume 
of bubbles increases as air is supplied from several 
sources, and the air-water interface is subject to many 
influences (11). The amount of air originally incor
porated in the mixture can be decreased by escape of 
bubbles, and Landgren (12) detected consumption of 
a part of the oxygen by oxidation reactions, such as 
with metallic iron, ferrous iron, or sulfide sulfur in the 
cement.

As each air-water interface develops, the surface
active agent is concentrated there at a rate charac
teristic of the substance, its concentration in solution, 
and environmental conditions, such as temperature. 
The adsorbed film decreases surface tension, possibly 
by 20 dynes/cm or more, decreasing the rate at which 
the bubbles dissolve, the tendency of bubbles to 
coalesce, and the work necessary to produce bubbles 
of given surface area.

However, the stability of the bubbles is not related 
directly to the surface tension, at least as measured 
at equilibrium. Maximum stability is obtained at a 
concentration of surface-active substance such that the 
ratio of instantaneously developed surface tension to 
the equilibrium surface tension is at a maximum (13). 
Important factors in foam stability are low equilib
rium surface tension, moderate rate of attainment of 
surface tension, and high viscosity. Important also in 
determining the rate of coalescence of bubbles is the

like electrostatic charge that exists at the interface 
containing ionic surfactants; the charge tends to 
repell such bubbles from one another (14). These fac
tors have not been related quantitatively to air entrain
ment in concrete. Examination of a series of three 
concrete mixtures that differed only in the proportion 
of an anionic surface-active agent necessary to produce 
nominal air content of 3.0,6.5, and 8.8 per cent showed 
that air content increased with increased concentra
tion of the agent, and specific surface (a) of the void 
system increased from 603 to 737 to 1112 in.2/ip.3 (8). 
The increased concentration of agent allowed increased 
bubble formation and stabilized more ■ very small 
bubbles. '

In water solution, the surface-active agent is soluble 
to varying degree in the bulk of the liquid and indivi
dual molecules are interchanged between the adsorbed 
film and the liquid (9). When the surface of the bubble 
is stretched, as with distortion of the bubble, surface 
tension is increased and additional molecules of the 
agent move into the interface. Because this process 
is not instantaneous, the increased surface tension 
tends to restore the bubble to its original surface 
area. Hence, the bubbles can sustain short-time 
loads. The adsorbed film formed in water at con
centrations ordinarily used in production of air
entrained concrete is highly permeable to air (11); 
hence, in an air-water system, bubbles dissolve at rates 
related to the excess of pressure to which the air is 
subjected. At diameters less than 50/r, the rate of dis
solution is very rapid. In solutions containing a high 
concentration of calcium ion, many anionic surfac
tants will precipitate as calcium salts. Such salts 
precipitated in the adsorbed film further stabilize 
bubbles and, if present in sufficient concentration, 
may prevent the complete dissolution of the bubble.

Although the principles stated above are universally 
accepted for water-air systems, their application to 
air-entrained concrete has been questioned on the basis 
that distances between bubbles in air entrained con
crete are too great and solubility of air in water is too 
low to allow transmission of appreciable amounts of 
air between bubbles. Bruere (15) concluded that 
cement pastes mixed at a water-cement ratio of 0.45, 
using a high-speed (1000 rpm) electric mixer, showed 
no evidence of rearrangement of bubbles of air after 
cessation of mixing. The void system was compared 
among pastes with normal stiffening time, pastes 
caused to stiffen in about three minutes by addition of 
ammonium carbonate, and pastes caused to remain 
fluid for four hours by addition of citric acid. Similar 
pastes prepared in an atmosphere of nitrous oxide 
contained a coarser void system than that produced 



by air entrainment, but the specific surface did not 
vary significantly with two hour variation in the period 
during which the pastes remained fluid. Bruere con
cluded that interchange of nitrous oxide occurred 
among bubbles of nitrous oxide during mixing but not 
following fabrication of specimens. He concluded 
also that the differing results obtained with nitrous 
oxide and air relate to the higher solubility of nitrous 
oxide in water.

The latter conclusion is not justified inasmuch as the 
transmission of gas between bubbles is controlled by 
the rate at which the gas molecules diffuse through the 
aqueous solution and the surface tension relationship 
characteristic of the two gas-liquid systems, rather 
than by the solubility of the gases in water. In both 
instances, the aqueous phases in the cement pastes 
prepared by Bruere were saturated for nitrous oxide 
or for air, respectively; hence, rearrangement of bub
ble sizes is controlled by net transfer of gas, rather than 
by net uptake of gas by the solution.

Several factors distinguish cement pastes from con
crete. Most important are the relatively low water
cement ratio (0.45) used by Bruere, the mixing 
procedure, and the lack of aggregate to entrap bubbles 
large enough to escape from cement pastes. The rela
tionship establishing the rate of interchange of air is 
(H): 

dB aDv\ 111 /ix

where dx and dT are respective diameters of a small 
bubble losing air and a large bubble gaining air, 
B = mass of air transported, a = area of the surface 
of the small bubble, D = a diffusion coefficient, 
y = surface tension at the gas-solution interface, and 
T = average distance between the surface of the bub
bles.

Hence, significant transfer of air requires juxta
position of small bubbles possessing high internal 
pressure and large bubbles, such as those greater 
than 100/f in diameter, in which excess pressure is 
negligible. Values of a observed by Bruere in rapidly 
stirred pastes are 1900 to 2500 in.2/in.3, magnitudes 
that are not observed in normally compacted con
crete and that show the virtual absence of large bub
bles that could effectively produce high values for the

On the contrary, a in neat cement pastes mixed in a 
drumtype concrete mixer at water-cement ratio of 
030 to 0.60 was 570 to 1330 in.2/in.3 and spacing factor 
(L) (16,17) was 0.0127 to 0.0063 in., values that are 
common in concrete of that water-cement ratio (11). 
Air content determined microscopically was always

higher than that indicated by pressure meter to be in 
the fluid cement paste and the difference in these 
values increased as the water-cement ratio increased. 
These relationships indicate significant interchange 
of air between bubbles following casting of the speci-' 
mens, since transmission of air from a small bubble 
of high internal pressure to a large bubble of lower 
internal pressure causes an increase in air-void volume. 
Any change of level of the top of the fresh specimen 
before hardening might be partially or wholly offset 
by bleeding and settlement. In fact, such increase of 
air-void volume may be a mechanism by which air 
entrainment decreases bleeding and settlement of 
concrete.

To examine these concepts on bubble rearrange
ment, two series of three air-entrained concrete mix
tures were prepared using Type I portland cement, 
crushed dolomite coarse aggregate of nominal 1-inch 
maximum size, and neutralized Vinsol resin as an 
air-entraining admixture to entrain 5-6 per cent of air 
as determined by pressure meter on the fresh concrete 
(Table 1). Water-cement ratio was 0.41—0.49, 
0.61—0.67, and 0.81—0.87, respectively. Each series 
included four mixtures as follows: Concrete with no 
other admixture, concrete with calcium chloride 
added at the rate of two per cent by weight of the 
cement, and two mixtures containing mucic acid to 
achieve retardation of setting as determined by bond 
pin pull-out procedure (18). In the intermediate series, 
the desired retardation was not achieved. In two of the 
series, extended retardation was achieved at the higher 
rate of use of the mucic acid, but the concrete was 
hard at 24 hr. and developed strength normally 
thereafter.

Parameters of the air-void system were determined 
by the modified point-count procedure (17) on small 
slabs sawed from 6-inch cube specimens (Table 1.). 
As has been established previously (8) a decreases 
markedly as water-cement ratio increases (Fig. 1.). 
So strong is this relationship that other factors influ
encing a can be discerned only at relatively constant 
water-cement ratio.

The series prepared at the lowest water-cement 
ratio shows a relationship of oc and rate of hardening 
that is consistent with qualitative predictions of the 
air-diffusion concept, a for the accelerated concrete 
was 930in.z/in.3, whereas that of the reference mix
ture was 851 in.2/in.3, in contrast to a value of 690 
in.2/in.3 for the two retarded mixtures. Conversely, 
the other two series show essentially constant values 
of a regardless of time of setting,3 > the values being 
580 to 625 in.2/in.3 for the intermediate series and 
373 to 444in.2/in.3 for the series of highest water-



Table 1. Relation of time of setting of concrete to specific surface of the air-void system

Series 

mixtures

AEA/ 
ml per 
1001b 

cement

Chemical admixtures, 
per cent by wt. of cement

Water
cement

by weight

Slump 
(in.)

Air 
content1 2 

(%)

Time of 
setting3 

(hr.)

Slump after
45 min.4 

(in.)

Specific 
surface5 
(in."')CaCh Mucic acid

A 56.9 2.0 — 0.49 5-1/4 5.0 1-1/2 1/4 930
B 56.9 .—. — 0.47 5 4.6 5-3/4 2-1/4 850
C 46.3 — 0.053 0.42 5 5.8 7 2-3/4 690
D 42.5 — 0.106 0.41 6 6.0 ---6 1 690

A 41.5 2.0 __ 0.65 4 5.4 3-1/2 3/4 625
B 47.3 — — 0.67 5-1/2 6.2 8 3-1/2 580
C 41.5 — 0.027 0.63 5-1/4 6.6 7-1/2 3-1/4 590
D 35.7 — 0.053 0.61 5-1/2 6.4 8-1/2 3 615

A 42.5 2.0 __ _ 0.85 5-1/4 6.4 4-1/2 1-1/2 370
B 34.0 — — 0.87 6 4.2 8 1-3/4 645
C 2$. 5 — 0.053 0.85 6 5.2 8-1/2 2 395
D 25.5 — 0.106 0.81 6 5.0 —6 1-1/4 445

1 3/4-jn. nominal maximum size sand and gravel aggregate; water-cement 
ratio = 0.49.

2 ASTM Designation: C 457 (17)
3 Determined gravimetrically on the fresh concrete compacted by rodding.

stable end value of a appears to be about 600 in.2/in.3 
at a water-cement ratio of about 0.65 and about 400 
in.2/in.3 at a water-cement ratio about 0.85.

Tests along similar lines were conducted by O’Neill 
(20) and by Zipparro (21). The air-entraining admix
tures used by Zipparro were sodium dodecyl sulfate 
(anionic), cetyl trimethyl ammonium bromide (ca
tionic), and a polyethyleneoxy derivative (non
ionic); supplementary tests were performed on con
crete containing purified saponin, Vinsol NVX, and 
Darex AEA. Some of Zipparro’s data are shown in 
Tables 2 and 3.

The specific surface (a) of the air voids in concrete

1 12 per cent neutralized Vinsol resin solution.
8 Determined by pressure meter (ASTM C 231) (19)
3 Time following mixing to attain bond pin pull of 5 psi.
4 Slump cone specimen cast immediately following mixing; cone lifted after 45 min.
5 Modified point-count procedure (ASTM C 457) (17)
6 Excessively retarded, but hard at 24 hr.

WATER-CEMENT RATIO BY WT.

Fig. 1. Effect of varying w/c and setting time on air void size in 
concrete.

cement ratio. These relationships appear to relate to 

the magnitude °f in equation 1, particularly as it is 

influenced by the pressure gradient, namely, the factor 
( j------j-Y This effect is most notable for the third
\d1 d2J
series for which very low values of a prevail, indicating 
values of bubble size in which excess pressure is 
virtually nil. An a of 400in.2/in.3 corresponds to an 
average bubble diameter of about 300/z. In void sys
tems of this specific surface diffusion of gas is very 
slow even in gas-water systems because of the limited 
pressure gradient. In these concrete mixtures, the

31 *Data for the reference mixture in the high water-cement 
ratio series (Mix III B) are not considered (and are not include 
in Fig. 1.) since the desired air content was not achieved and 
a is anomalously high for the indicated water-cement ratio.

Table 2. Effect of vibration time and type of agent on the air
void system of concrete1 

(Data from Zipparro (21))

Void parameters determined by 
microscopical linear 
traverse procedure2

Type of agent

Time of 
vibration

Air 
content 
(%)3

Air 
content 

(%)

Specific 
surface 
(in.-1)

Spacing 
factor, 

(in.)

Saponin 0 6.07 6.09 994 0.0047
60 6.07 4.89 1004 0.0051

180 6.07 4.14 863 0.0064
Nonionic 0 5.67 6.49 480 0.0094

60 5.67 5.03 467 0.0108

Cetyl trimetbyl
180 5.67 4.23 429 0.0127

ammonium bromide 0 5.87 7.08 797 0.0054
60 5.87 5.44 662 0.0073

180 5.S7 5.05 570 0.0088
Na dodecyl sulfate 0 6.07 6.29 772 0.0059

60 6.07 4.69 793 0.0066
180 6.07 4.26 841 0.0065



Table 3. Effect of time of initial set and. type of agent on the 
' , void system of concrete1

{Data from Zipparro (21^

Air-entraining 
admixture

Time of 
initial 

set, (hr.)1 2

Air 
content 

(%)’

Void parameters determined 
by microscopical 

linear traverse procedure4

Air 
content 

(%)

Specific 
surface 
(in.-i)

Spacing 
factor 
(in.)

Vinsol NVX 4 5.87 6.41 1013 0.0045
15 6.07 7.48 663 0.0061

Darex AEA 4 5.67 6.63 866 0.0051
15 6.48 6.79 579 0.0076

Saponin 4 6.48 5.90 1171 0.0040
15 6.48 5.27 1229 0.0040

1 3/4-in. nominal maximum size sand and gravel aggregate; water-cement 
ratio = 0.49 by weight; retardation achieved by use of citric acid as an admix
ture.

2 ASTM C 403. (19)
3 By gravimetric method on the fresh concrete.
4 ASTM C 457.

containing the two non-ionic or the cationic agents 
decreases immediately with vibration or after initial 
vibration but for the concrete containing the anionic 
agent increases consistently with vibration. Whether 
these effects are characteristic of these classes of 
admixtures cannot be stated on the basis of the availa
ble data. Increasing a or decreasing void size is the 
trend that would be expected from prior work on 
anionic agents (23). The contrary change observed in 
the mixtures containing the non-ionic or the cationic 
agent can be explained only by coalescence of bubbles 
(an unlikely possibility) or differential dissolution of 
small bubbles and passage of the air into larger bub
bles.

Table 3 shows the effect of retardation of setting 
upon a, namely, an increase in average void size. 

1 3/4-in. nominal size sand and gravel aggregate

Table 4. Calculated rate of air diffusion in selected concrete mixtures'- 
(Data from O'Neill (20'))

Item
Concrete mixture

1 2 3 4

Water-cement ratio by wt. 0.49 0.75 0.49 0.49
Type of agent * Vinsol NVX Vinsol NVX Vinsol NVX Dodecyl Na 

Sulfonate
Concentration of agent, per cent by wt. of cement 0,0154 0.0152 0.0302 0.0053
Air content, per cent 7.18 10.22 10.71 9.39
Specific surface, in.-1 823 698 966 1046
Spacing factor, in. 0.0055 0.0037 0.0031 0.0032
Surface tension of filtrate, dynes'cm. 69.57 65.54 69.57 71.37
Average diameter of voids losing air, microns 70 58 63 64
Average diameter of voids gaining air, microns 220 232 255 255
Relative rate of air transfer, gm/sec x IO-13 55 32 97 149

Table 5. Effect of time of setting on air-void parameters of concrete1 
(Data from O’Neill (20))

Admixture
Water-cement 

ratio by wt.
Accelerated, normal 

retarded2

Void parameters determined by linear traverse procedure3

Air content
(%)

Specific surface 
(in.*1)

Spacing factor 
(in.)

Accelerated 8.76 738 .0050
Vinsol NVX 0.49 Normal 7.18 823 .0055

Retarded 9.46 633 .0055

Vinsol NVX 0.75 Normal 10.22 ' 698 .0037
Retarded 12.35 567 .0037

Triton X-100 0.49 Normal 10.71 966 .0031
Retarded 12.51 6C8 .0042

Triton X-100 0.49 Normal 8.27 577 .0068
Retarded 8.19 624 .0063

Dodecyl Na Sulfate 0.49 Normal 9.39 1046 .0033
Retarded 9.33 669 ’0052

1 3/4-in. nominal maximum size sand and gravel aggregate.
2 Acceleration achieved by use of ammonium carbonate at the rate of 0.60 per cent; retardation obtained by use of citric acid at the rate of 0.275 pet 

cent (w/c - 0.49) or 0.395 per cent (w/c = 0.75). Time of initial setting 4 hr. without set-controlling admixture and 15 hr. with the retarder (ASTM C 403) (19) • 
setting time of accelerated mixture was not reported.

2 ASTM C 457. (17)



This effect is not observed with use of saponin, pos
sibly because of the extraordinarily thick adsorbed 
film at the air-water interface (6).

O’Neill (20) compared air-void parameters among 
concrete mixtures in which varying time of setting 
was achieved by use of ammonium carbonates as an 
accelerator or citric acid as a retarding admixture. 
He reports that air content determined gravimetrically 
on the fresh concrete was consistently lower than that 
determined microscopically. He concludes that this 
effect relates to diffusion of air from small bubbles 
to larger bubbles before setting of the cement paste 
matrix.

Using the diffusion rate relationship (equation 1) 
and surface tension values determined on filtrates 
extracted from the fresh concrete mixtures, O’Neill 
gives estimates relative to rates of diffusion of air for 
four of his mixtures (Table 4), but the results cannot 
be expressed as weight or volume of air involved in the 
diffusion process for any given quantity of concrete. 
The parameters of the air-void systems in the hardened 
concretes are shown in Table 5. The effect of type 
of agent upon chord size distribution is shown in 
Fig. 2 and the effect of retardation or acceleration is 
shown in Fig. 3 for representative mixtures.

The data are consistent with the concept that diffu
sion air from small bubbles to large can effect a signi
ficant change in the parameters of the air-void system. 
Apparently, a about 600in.2/in.3 at a water-cement 
ratio of 0.49 is a stable end value. In other words, 
interchange of air apparently occurs at an insignificant 
rate if the average void size is larger than about 250 p, 
at this water-cement ratio. O’Neill found (Table 4)

that the average diameter of air bubbles gaining air 
was 220 to 254 p. Hence, if the average size of all the 
voids is in this range, further transfer of air is extre
mely slow. ■

The values found by O’Neill for the diameter of 
bubbles losing air (58 to 70 /z), corresponding to a 
of 2630 to 2180 in.2/in.3, may be compared with a 
found by Bruere (15) for rapidly stirred cement pastes 
in which no diffusion of air was indicated. His values 
were 1500 to 2500 in.2/in.3 at water-cement ratio of 
0.45. This comparison supports the conclusion that 
the range of void sizes in those cement pastes was 
insufficient to permit measurable transfer of air 
under the conditions of testing. A conclusion that 
diffusion of air between bubbles of various sizes can 
occur in concrete under ordinary conditions is con
sistent also with some of the findings of Larson, 
Mangusi and Radomski (23), who observed decrease 
in specific surface of the voids with retardation of 
setting in two of three series of tests. The stable end 
value of a achieved after a 35-hr delay in setting was 
641 in.2/in.3 at a water-cement ratio of 0.397.

The extent to which a at cessation of mixing is 
controlled by water-cement ratio in contrast to inter
change of air among the air bubbles is undecided. 
Moreover, any quantitative evaluation of these factors 
presents a difficult experiment inasmuch as they are 
not independent. High water-cement ratio and water 
content of concrete contribute to reduction of a 
because shearing action during mixing is less and they 
likewise facilitate diffusion of air through the matrix. 
These factors are considered in detail by Powers (24).

Fig. 2. Effect of setting time of concrete on distribution of 
chord lengths of air voids determined by microscopical linear 
traverse. Dodecyl Na sulfonate and Triton X-100 used as the 
air-entraining admixtures. After O'Neill (20).

Fig. 3. Effect of setting time of concrete on distribution of 
chord lengths of air voids determined by microscopical linear 
traverse. Neutralized Vinsol resin used as the air-entraining 
admixture. After O’Neill (20).



Adhesion of Bubbles to Cement and Aggregate

The three classes of air-entraining agents cause 
generation of bubbles having differing ionic charge 
relationships: anionic surface-active agents produce 
bubbles that are negatively charged; cationic agents 
cause bubbles to be positively charged; and non
ionic agents do not induce an appreciable charge on 
the bubble. Development of an ionic charge is con
sidered to be an important factor promoting resistance 
of bubbles to coalescence (14).

Moreover, various types of surface-active agents 
respond differently to surfaces of cement granules 
or particles of aggregate that carry ionic charges. 
Anionic surface-active agents are positively adsorbed 
at the surface of particles of cement (11, 25, 26). 
Those including a large hydrophobic anion free from 
closely spaced polar groups are bound to the surfaces, 
probably through calcium ions that in turn are held 
ionically in the silicate or aluminate structure of the 
cementitious compounds. As a result, the surface is 
rendered hydrophobic and adherence of air bubbles 
is facilitated. Mielenz, Wolkodoff, Backstrom and 
Flack (11) reported contact angles of 46°00' and 
81°3O' for bubbles formed in aqueous slurries of 
portland cement in the presence of either of two com
mon anionic air-entraining agents of this type.

Surfaces of aggregate particles may carry either 
net positive or negative charge in aqueous suspensions, 
depending upon the composition and molecular 
structure of the constituent minerals, the pH of the 
aqueous phase, and any contamination of the sur
faces, but a net negative charge is typical of quartz 
and common rock-forming silicates (9). Bruere (6) 
has shown that finely ground quartz does not adsorb 
sodium dodecyl sulfate or sodium abietate from water 
solution, but adsorption was observed in the pre
sence of calcium hydroxide and the quartz adhered to 
entrained air bubbles. This effect is thought to be the 
result of adsorption of calcium ions onto negatively 
charged locations on the mineral surfaces, followed 
by interaction of the calcium ions and the organic 
anions.

Unlike the anionic organic ions just discussed, in 
which closely-spaced polar groups are absent, the 
anion of some anionic surface-active agents includes 
or is composed of polar groups that can interact 
with charged sites in surfaces of cement granules or 
constituents of aggregates (26). In fact, the adsorp
tion or chemisorption so effected may dominate, 
leaving a net residual negative charge at the surface 
of the solid particles (27). The like charge causes a 
decrease in interparticle attraction and possibly a net 

repulsion, which in turn causes a decrease in degree of 
flocculation or dispersion of the finely divided solids. 
Air bubbles in such a slurry do not adhere to particles 
of cement because the adsorbed organic anion is 
likewise negatively charged. Also, with sufficient 
concentration of polar groups within the anion, the 
surfaces of the affected solids are hydrophilic and 
so are not conducive to preferential displacement of 
water by air. The outstanding surface-active agents 
in this class from the standpoint of wide use are salts 
of sulfonated lignin.

Bruere (6) demonstrated that the cation from ca
tionic surface-active agents likewise is adsorbed by 
portland cement in aqueous mixtures, presumably 
at negatively charged sites in the surface. Tetradecyl 
ammonium bromide and some alkylamine hydro
chlorides effect flotation of finely ground quartz in 
aqueous slurries, freshly ground quartz being nega
tively charged in neutral or alkaline media (9). When 
Bruere used tetradecyl ammonium bromide at rates 
less than 0.05 per cent, the surfaces of cement were 
rendered hydrophobic. At higher concentration, a 
second layer of cations apparently is adsorbed, with 
the polar end oriented toward the aqueous phase. The 
cement granules then are hydrophilic and adhesion 
of bubbles decreases as the concentration of the agent 
is increased. "

Nonionic surfactants may or may not be adsorbed 
on particles of cement or aggregate. Bruere (6) found 
that saponin is adsorbed by cement in aqueous mix
tures whereas a condensation product of ethylene 
oxide with a nonionic alkyl phenol apparently was not 
adsorbed appreciably. The cement granules remained 
hydrophilic and no bubble adherence occurred.

Adsorption and bubble adherence modify viscosity 
and bleeding of cement pastes. Anionic surface
active agents that make cement hydrophobic increase 
viscosity of the paste even in the absence of air entrain
ment apparently because of an increase in interparticle 
attraction (6). This effect is more pronounced in the 
presence of air bubbles in part because of the linkage 
that is established between cement granules and air 
bubbles. The increase in viscosity is greater than is 
expected from the increase in surface area of the sys
tem resulting from the entrainment of air. A cationic 
air-entraining agent increased the paste viscosity to 
a maximum as its concentration increased, but at 
higher concentration the viscosity decreased. These 
effects apparently were caused by initial formation of 
a hydrophobic surface, followed by development of 
hydrophilic surfaces when a second layer formed. 
In the absence of air entrainment, both saponin and 
calcium lignosulfonate decreased paste viscosity 



because of the development of hydrophilic surfaces 
and decrease of interparticle attraction; this effect 
was overcome by entrainment of air. The factors that 
contributed to increased paste viscosity likewise 
decreased bleeding of pastes.

Except for anionic air-entraining agents that render 
cement hydrophilic, most notably soluble salts of 
sulfonated lignin, which are usually used at rates of 
0.10 to 0.50 per cent, air-entraining admixtures appear 
to effect insignificant change of hydration reactions 
because of the low rate at which they are used rela
tive to the cement content. Kelly and Bryant (18) 
noted small differences in rate of hardening of con
cretes containing either of two anionic air-entraining 
agents. Kreijger (28) detected small changes in heat 
of hydration for both C3S and C3A in the presence 
of anionic agents. He observed no significant change 
in heat of hydration with use of nonionic surface
active agents.

Geometry of the Air-Void System

The bulk of air voids in air-entrained concrete 
mixed to a plastic consistency are spherical or nearly 
so, especially in sizes less than about 1000 //, because 
the air bubbles were enclosed within the viscous 
matrix that was under hydrostatic head imposed by the 
superimposed concrete. In well proportioned concrete 
of plastic consistency, voids of irregular shape molded 
against particles of aggregate are infrequent.

Air voids are retained within unhardened concrete 
by viscosity of the cement paste matrix, adherence to 
granules of cement and, to some extent, to particles 
of aggregate, and mechanical entrapment. Comparing 
the air void system in concrete with that of cement 
paste at the same water-cement ratio and compacted 
similarly, Mielenz, Wolkodoff, Backstrom and Flack 
(11) concluded that over half of the air content of 
entrained air concrete may be retained by entrapment 
among the aggregate. For two anionic agents of good 
quality, the average void size in the hardened concrete 
and hardened cement paste was the same or nearly so, 
whereas for an anionic agent of intermediate quality, 
the average void size in the concrete was significantly 
greater than that found in the cement paste. Hence, 
for these agents, air entrainment depended to differ
ing degree upon the entrapping effect of aggregate.

The average size of air voids is affected by other 
factors, notably the kind and concentration of surface
active agent, water-cement ratio, and the kind and 
amount of compaction (6,11,8,22,29). Increased 
roughness of surface of aggregate, increased tem
perature, and decreased slump are reported to decrease 

average void size (22). Bruere (30) showed that mixing 
time and speed are important factors; mixing time, 
type of cement, and presence of calcium chloride did 
not greatly modify void size in pastes. Grading of 
fine aggregate produced minor change of average air 
void size in concrete, although the effect in mortars 
undoubtedly is appreciable.

Bruere (29) studied the effect of combinations of 
surface-active agents upon air entrainment in rapidly 
stirred cement pastes. He concluded that particular 
combinations could be employed to produce bubble 
systems of especially high a under given conditions of 
mixing. However, the findings are not applicable 
directly to concrete mixtures because of the high 
proportion of air bubbles that are retained in con
crete by entrapment among the aggregate.

Contrary effects can be produced by introduction 
of surface-active chemicals that decrease the stability

Table 6. Effect of an aliphatic alcohol on air-void system of 
concrete1

Item
Concrete mixtures2

1 2 3

Cement content, lb/yd3 520 441 448
Water content, lb/yd3 257 233 246
Water-cement ratio by wt. 0.49 0.53 0.55
Air content, per cent3 6.8 8.6 6.4
Slump, in. 44 4J 4
28-day compressive strength, psi4 
Microscopically determined parameters 

of the air-void system5

4Ö00 3230 4480

Air content, per cent 9.49 11.98 6.25
Specific surface, in.-1 734 700 635
Spacing factor, in. 0.0048 0.0044 0.0065

1 Type IA cement (ASTM C 175) (31); sand and gravel aggregate of 1-in. 
nominal maximum size.

2 Mixture No. 1 contains no admixture; Mixture No. 2 contains a calcium 
lignosulfonate water-reducing admixture (0.266 per cent); Mixture No. 3 con
tains calcium lignosulfonate admixture (0.266 per cent) and 1-decanol (0.0008 
per cent).

3 ASTM C 231 (19)
* ASTM C 39 (19)
5 Modified point-count procedure (ASTM C 457) (17)

of adsorbed films of air-entraining admixtures. Table 
6 comprises data on three concrete mixtures containing 
an air-entraining portland cement (ASTM Type IA) 
(31). Addition of a water-reducing admixture based 
upon calcium lignosulfonate (0.266 per cent) and 
reduction of cement content increased air content of 
the fresh concrete as indicated by the pressure meter 
from 6.8 to 8.6 per cent and that of the hardened 
concrete as determined by the microscopical point
count procedure from 9.49 to 11.98 per cent. An ali
phatic alcohol 1-decanol was added to an equivalent 
concrete mixture at the rate of 0.008 per cent, the air 
content being reduced to 6.4 per cent as determined 
by the pressure meter or 6.25 per cent as determined 
by the point-count procedure, a was decreased (aver
age void size increased) and spacing factor (Z) 



increased, although not critically. A higher rate of 
use to further reduce the air content might increase 
L above the range that should correlate with satis
factory freezing and thawing resistance of concrete.

Data show that within narrow limits L is an inherent 
characteristic of a given air-entrained concrete mix
ture following completion of mixing (8, 22). Little 
change in the L is observed in concrete mixtures sam
pled before application of any compactive effort and 
after differing modes of compaction, even though the 
air content is decreased substantially. In concrete 
that was vibrated internally for 2 and 50 seconds,

Effect of Air Entrainment on Some

Air entrainment is employed for two main reasons 
in modern construction: (1) improved resistance of 
the concrete to freezing and thawing and (2) improved 
working qualities of the fresh concrete. Optimum 
use of air entrainment requires change in the propor
tioning of the mixture. Powers (24, 32) recently dealt 
with the factors influencing the proportioning of 
air-entrained concrete. Consequently, no detailed 
discussion of these matters is required here. Using 
data from actual concrete mixtures containing neu
tralized Vinsol resin. Powers (32) shows that the 
change in water content effected with change of air 
content at constant consistency and aggregate grading 
is a linear function of the cement content. At cement 
content less than about 835 lb per cubic yard, each one 
per cent of air replaces 20 to 25 per cent of that volume 
of water (about 3.4 to 4.21b), the remainder being 
compensated by a decrease in the aggregate content.

' Warris (33) found that air entrainment reduces water 
content of concrete at given consistency at an average 
rate of 0.3 times the increase of air content. The change 
decreases as cement content increases, becoming nil 
at 400 kg per cu. m. (674 lb per cu. yd.) or above.

Powers (32) contrasts such behavior in equivalent 
mixtures in which air entrainment is effected by use 
of calcium lignosulfonate, showing that the relative 
volume of water displaced at given consistency is 
increased 6 to 50 per cent over that effected by neu
tralized Vinsol resin. The net reduction in water 
requirement increased with increased cement content. 
Independent data obtained in a large series of concrete 
mixtures containing a Type I portland cement (about 
440 lb per cu. yd.) and 1-inch nominal maximum size 
sand and gravel aggregate together with' a calcium 
lignosulfonate water-reducing admixture (0.266 per 
cent) show a consistent reduction of water content 
with increasing air content, the typical value being

Backstrom, Burrows, Mielenz and Wolkodoff (8) 
found that air content was decreased from about 
7 per cent to 6.60 and 1.20 per cent, respectively. 
The decrease was accomplished by reduction in the 
number of air voids in all sizes from 20 to 4000 ji; 
there was no evidence of disruption of large bubbles 
into smaller ones. Since bubbles whose diameter after 
2 seconds of vibration is less than 80 microns are 
unlikely to escape from concrete, the data appear to 
show that the internal vibration promoted dissolution 
of the smallest bubbles.

Engineering Properties of Concrete

about 8.3 lb per cubic yard for each one per cent of 
air entrained by any of a wide variety of air-entrain
ing admixtures.

Powers (32) notes that the water-content vs air 
content relationship for the mixtures containing 
neutralized Vinsol resin is like that characterizing the 
mixture containing no air-entraining agent, whereas 
the locus representing concrete containing the calcium 
lignosulfonate is displaced from the position repre
senting the mixture containing no surface-active agent. 
He concludes that the effect is caused by adsorption 
of lignosulfonate and change of interparticle attrac
tion. The findings do not deny adsorption of neu
tralized Vinsol resin; rather, the adsorption does not 
modify the water-cement-air content relationship to 
appreciable degree.

' The kind and extent of the changes produced in 
concrete mixtures by air entrainment depend upon 
many factors. To evaluate some of these effects in a 
particular combination of cement and aggregates, three 
series of concrete mixtures were prepared, as follows:

Series I Constant slump (3 to 4 in.) and air 
content (5.5 ±0.5 per cent by pressure 
meter) with varying cement content 
and water-cement ratio (nominally 0.44 
to 0.62).

Series II Nominally constant cement content 
, (about 525 lb per cu. yd.) and air content

(5.5 ± 0.5 per cent by pressure meter) 
with varying slump (2 to 7 in.)

Series III Constant proportion of air-entraining 
admixture and cement content (about 
525 lb per cu. yd.) and varying slump 
(2 to 7 in.)

Each series comprised eight concrete mixtures:



Air-entraining admixture Water-reducing admixture

1. Neutralized Vinsol resin’
2. Neutralized Vinsol resin’
3. Alkyl aryl sulfonate

None
Calcium lignosulfonate
Calcium lignosulfonate

*12 per cent solution

Each group of mixtures included two concretes 
containing neutralized Vinsol resin as the only admix
ture, three concretes containing neutralized Vinsol

resin and the calcium lignosulfonate, and three con
cretes containing the alkyl aryl sulfonate and the 
calcium lignosulfonate (Table 7). All of the concrete 
mixtures contained a Type I portland cement from a 
single source, nominally 1-in. maximum size, crushed 
and graded dolomite coarse aggregate, and natural 
sand, all meeting applicable specifications of the Amer
ican Sosiety for Testing and Materials. Specimens 
were prepared from each concrete mixture as follows:

Table 7. Data on concrete mixtures relating water-cement ratio, water content, and air-void parameters1

Series2 Mix3

Air-entraining admixture4 Cement
— content

(lb/cu.yd.)

Water 
content 

(lb/cu.yd.)
Water-cement 

ratio by wt.
Slump 
(in.)

Air content,5
(%)-

28-day 
compressive 

strength
(psi)8Agent Amount

A VR 45 ml 596 269 0.45 3 5.4 5530
B VR 13 ml 524 234 0.45 4 5.8 5950
C AAS .060 lb 528 236 0.45 3-1/2 5.0 6390
D VR 11 ml 434 234 0.54 3 5.8 4850
E AAS .045 lb 442 237 0.54 4 5.5 4850
F VR 31 ml 428 266 0.62 4 5.6 4020
G VR 9 ml 377 236 0.63 3-1/2 5.2 3840 -
H AAS .045 lb 378 237 0.63 3 5.0 3820

A VR 45 ml 522 247 0,47 2 5.2 5700
B VR . 12 ml 518 218 0.42 2 5.6 5980
C AAS .211 lb 524 221 0.42 2 4.3 6650
D VR . 10 ml 518 230 0.44 4-1/4 5.4 5600
E AAS .045 1b 517 231 0.45 4-1/2 5.8 6120
F VR 30 ml 522 275 0.53 6-1/4 5.1 4830
G VR 9 ml 517 235 0.45 6-1/2 6.0 5250
H AAS .038 lb 516 238 0.46 6-3/4 5.9 5230

A VR 34 ml 533 238 0.45 1-3/4 4.0 6390
B VR 10 ml 533 225 0.42 1-1/2 3.2 6930
C AAS .045 lb 533 221 0.41 2 3.5 6490
D VR 10 ml 516 233 0.45 4-3/4 5.4 5610
E AAS .045 lb 517 230 0.45 4-3/4 5.4 5620
F VR 34 ml 509 271 0.53 6-1/2 5.8 4700
G VR 10 ml 510 242 0.47 6-3/4 5.6 5120
H AAS .045 lb 510 235 0.46 , 6-3/4 6.0 5140

1 1-in. nominal maximum size crushed dolomite coarse aggregate, natural sand, and Type I portland cement.
2 Series I: Nominally constant slump and air content; varying cement content and water-cement ratio.

Series II: Nominally constant cement content and air content but varying slump.
Series III: Constant proportion of air-entraining admixture; varying slump.

3 Mixes A and F in all of the series include neutralized Vinsol resin (VR) as the only admixture (12 per cent aqueous solution). 
Mixes B, D, and G include neutralized Vinsol resin (VR) (12 per cent solution) and calcium lignosulfonate (0.266 per cent). 
Mixes C, E, and H include alkyl aryl sulfonate (AAS) and calcium lignosulfonate (0.266 per cent).

4 per 100 lb of cement
s ASTM C 231 (19).
0 ASTM C 39 (19).

Size Number Test

6- by 12-in. cylinder 3 28-day compressive 
strength (ASTM C 39) (19)

3- by 4- by 16-in. prism 3 Freezing and thawing re
sistance (ASTM C 290) (19)

4- by 6- by 6-in. prism 1 Microscopical determination 
of the air-void system 
(ASTM C 457) (19) 
(magnification 150 dia.)

Series I shows the effect of air entrainment when 
water-cement ratio and cement content vary over a 
wide range (Table 8). Durability factor (DF) and 
compressive strength decline as water-cement ratio is 
increased. For the concretes containing the calcium 
lignosulfonate, spacing factor (Ä) decreased greatly 

as water-cement ratio increased from about 0.44 
to about 0.53, this change being related mainly to a 
simultaneous increase in specific surface (a) of the 
voids. As the water-cement ratio increased to about 
0.62, a decreased and L increased. However, these 
changes were not reflected in the DF. The effect of 
varying water-cement ratio upon the void system in 
the concrete containing neutralized Vinsol resin as the 
only admixture cannot be discussed as well because 
only two concretes were prepared in this series. How
ever, the results demonstrate thatZ decreased slightly 
as water-cement ratio increased from about 0.44 to 
about 0.62, whereas DF decreased significantly.

No general correlation is indicated between L and



Microscopically determined parameters2

Table 8. Air-void parameters and freezing and thawing dura: 
bility factor for concrete relating water-cement ratio, water 
content, and air-void parameters^

Change Specific Spacing
content nF air surface factor Durability

Series Mix (%) content4 (in."1) . (in.) factor3

A 5.03 -0.4 957 0.0050 49
B 5.54 -0.3 543 0.0079 67
C 4.96 -0.0 501 0.0091 66
D 5.95 +0.2 694 0.0053 46

I E 5.48 -0.0 630 0.0065 49
F 6.74 +1.1 760 0.0046 28
G 6.44 + 1.2 476 0.0068 25
H 5.19 + 0.2 512 0.0080 31

A 5.06 -0.1 1047 0.0044 46
B 6.17 + 0.6 839 0.0044 425
C 2.82 -1.5 539 0.0107 31
D 6.43 +1.0 800 0.0045 42
E 5.38 -0.4 658 0.0066 416
F 6.21 + 1.1 860 0.0049 345
G 8.02 +2.0 772 0.0038 51
H 6.95 + 1.0 599 0.0057 45

A 3.95 0.0 778 0.0065 31
B 3.83 +0.6 575 0.0088 52
C 4.62 +1.1 543 0.0085 59
D 6.33 +0.9 746 0.0050 51
E 4.89 -0.5 680 0,0060 49
F 6.64 +0.8 774 0.0050 34
G 5.86 +0.3 668 0.0061 42
H 6.16 + 0.2 672 0.0057 33

1 See Table 7 for mixture proportions, and 28-day compressive strength.
2 Modified point-count procedure, ASTM C 457 (17)
3 Rapid freezing-thawing in water, ASTM C 290 (19); durability factor com

puted after 250 cycles; average of 3 specimens except as noted. The specimens 
in each series were tested simultaneously. '

4 Difference obtained by subtracting air content of fresh concrete determined 
by ASTM C 231 (19) from air content of hardened concrete determined micro
scopically.

5 Average of two results; for Mix II-B one specimen having durability 
factor of 2 and for Mix II-F one specimen having durability factor of 6 were 
disregarded.

6 One specimen only; two specimens broken in handling.

DF such as would be predicted from the theory cover
ing the function of air voids during freezing of con
crete (34). Rather, each combination of admixtures 
produces its own relationship between L and DF. 
Any value of DF correlates with values of L which are 
least for concrete containing neutralized Vinsol resin 
alone, maximum for concrete containing the alkyl 
aryl sulfonate and the calcium lignosulfonate, and 
intermediate for concrete containing neutralized 
Vinsol resin and the calcium lignosulfonate.

Another interesting phenomenon is the relation
ship of air content of the fresh concrete as determined 
by the pressure meter to that of the hardened concrete 
determined microscopically. For the concretes at a 
water-cement ratio close to 0.44, the hardened concrete 
contains less than 0.4 per cent less air than is indicated 
by the pressure meter test of the fresh concrete. At 
water-cement ratio of about 0.62, the hardened con
crete contains 0.2 to 1.2 per cent more air than indi
cated by the presure meter in the fresh concrete. The 
relationship of these factors at water-cement ratio 
of 0.53 is intermediat .

In Series II, slump was fixed at about 2, 4^-, and 
6^ in., whereas the proportions of the air-entraining 
admixture were adjusted to produce air content of 
5 5 0.5 per cent while cement content was held
nominally constant. The desired air content was not 
achieved for the concrete containing the alkyl aryl 
sulfonate with the calcium lignosulfonate when the 
slump was 2 in. Water-cement ratio ranged from 
0.42 to 0.53.

In Series II, water-cement ratio and water content 
increased as the slump was increased from 2 to 
6-3/4 in. Air content of the hardened concrete and the 
difference between the air content of the fresh concrete 
indicated by the pressure meter and that of the hard
ened concrete also increased (Fig. 4). The latter effect 
was more pronounced than in Series I. Again, the 
maximum divergence was found in the mixtures con
taining neutralized Vinsol resin. As slump increased, 
a decreased when neutralized Vinsol resin was used 
(with or without the calcium lignosulfonatc) but in
creased slightly in the concrete containing the alkyl 
aryl sulfonate and the calcium lignosulfonate. Simul
taneously, L for the concrete containing the calcium 
lignosulfonate decreased, whereas that for the concrete 
containing neutralized Vinsol resin as the only admix
ture increased slightly.

As slump increased, DF in each group of concretes 
changed, increasing when the concrete contained the 
calcium lignosulfonate and decreasing when neu
tralized Vinsol resin was the only admixture. Again, 
no general relationship was exhibited between L and 
DF (Fig. 5). Within each group of mixtures containing 
the same admixtures, a consistent correlation is 
indicated, DF increasing with decrease of L. For the 
concrete containing the alkyl aryl sulfonate and the 
calcium lignosulfonate and gauged to a slump of 
2 in., the air content was 4.3 per cent as determined by 
pressure meter in contrast to the specified range of 
5.5 ±0.5 per cent and the air content determined 
microscopically was only 2.82 per cent.

Series III simulates a condition in which water 
content and slump are increased without purposeful 
modification of cement content or rate of use of the 
air-entraining admixtures. The quantity of air-entrain
ing admixture employed was that necessary to pro
duce air content of 5.5 ± 0.5 per cent when slump 
was 4^-in. Water content was increased 331b to 

. increase the slump of the concrete containing neu
tralized Vinsol resin as the only admixture from 
1-3/4 to 64- in., whereas the increase required for 
similar change of slump when the calcium lignosul
fonate was present was only 14 to 17 lb per cubic 
yard.



Fig. 4. Difference in air content of hardened concrete from that 
of fresh concrete.

As the water content and slump were increased, 

DURABILITY FACTOR - percentair content indicated by the pressure meter increased. 
However, no consistent increase occurred in the differ
ence between the indicated air content of the fresh 
concrete and that determined microscopically on the 

Fig. 5. D.F. vs. spacing factor with three admixture combina
tions.

hardened concrete. With increase in slump under the 
stipulated conditions, L tended to decrease, in part 
because of the increase in air content, a tended to

air-entraining admixture, regardless of the presence 
or absence of calcium lignosulfonate. Conversely,

increase when the calcium lignosulfonate was present, 
whereas no change was observed when neutralized 
Vinsol resin was used as the only admixture. Compres
sive strength decreased considerably as the slump 
was increased.

DF remained essentially constant over the range 
of slump when neutralized Vinsol resin was used as the

DF of the concrete containing the alkyl aryl sulfonate 
and the calcium lignosulfonate decreased linearly 
as slump was increased, although DF at the highest 
slump was essentially equal to that of the concrete 
containing neutralized Vinsol resin as the only admix
ture. Again, individual relationships were established 
between L and DF for each admixture system.

Water-Reducing and Set-Controlling Admixtures for Concrete

Hansen (35) concluded that organic water-reducing 
retarders include the configuration H-C-OH and that 
their effect results in large part from adsorption of the 
molecule or large anions on exposed surfaces of cement 
granules. He suggested that the anions may be ad
sorbed by Ca++ ions in the solid surfaces, and that 
large anions and molecules of appropriate structure 
and composition also may be adsorbed by hydrogen 
bonding through OH groups to O" ions in the solid 
surfaces (36). He proposes that salts analogous with the 
C3A-3CS-32H and C3A CS-12H can form with 
substitution in their crystal structure of organic 
molecules, such as salts of hydroxy acids and ligno
sulfonates (36, 37). Although such action probably 
occurs for retarding compounds of smaller molecular 
size, such isostructural analogues of the sulfoalu

minates cannot develop by intracrystalline accommo
dation of lignosulfonates, whose molecular, weights 
range from about 2,000 to 100,000 (38).

According to Steinour (39,40), the effective mole
cular configuration is a stable OH group that is not 
subject to ionization or ionizes only slightly, and he 
found a relation between degree of retardation and the 
number of un-ionized or undissociated OH groups 
per molecule of the admixture. He concluded that their 
action in retarding hydration of cement is mainly or 
entirely adsorption by hydrogen bonding on both the 
calcium silicates and tricalcium aluminate. In a study 
of cement pastes containing each of 13 calcium salts 
of simple organic acids, Danielsson (41) concluded 
that retardation of setting is the result of adsorption 
of molecules on surfaces of the cement and that the 



retarding capacity increases exponentially with the 
number of groups capable of forming hydrogen bonds 
with surfaces of the cement grains.

According to Taplin (42), the group HO-C—C = O 
is an important compound of some organic substances 
that retard hydration of portland cement. He con
cluded that for an organic substance to retard portland 
cement hydration and setting the molecule must con
tain at least two oxygen atoms each bound to a single 
but different carbon atom in such a way that the oxy
gen atoms can approach each other. Conversely, a few 
organic substances, such as oxalic acid, were found not 
to retard hydration of portland cement even though the 
specified atomic grouping is present. Effectiveness of 
the individual components varied widely with location 
and arrangement of the OH groups in the molecule. 
Kennerley, Williams and St. John (43) concluded 
that retardation of setting appears to be associated 
with presence of OH groups, particularly if two car
boxyl groups are present also. They note that when the 
carboxyl groups of tartaric acid are changed to alcohol 
groups, an accelerating action is produced. They 
suggest that at least four carbon atoms are necessary 
in order that significant retardation will be effected.

A widely used classification of water-reducing and 
set-controlling admixtures for concrete comprises 
four groups (44) based upon hydroxylated, organic 
substances.

1. Lignosulfonic acid and its salts
2. Modifications and derivatives of lignosulfonic 

acid and its salts
3. Hydroxy acids and their salts
4. Modification and derivatives of hydroxy acids 

and their salts
To these classes may be added:

5. Carbohydrates and polyols
6. Modifications and derivatives of carbohydrates 

and polyols
Classes 1 and 2 constitute the largest volume of use 

in construction to this time. The products are based 
mainly upon calcium or sodium, less commonly, 
magnesium or ammonium, salts of sulfonated lignin 
resulting from the sulfite process of paper manufac
turing. Calcium lignosulfonates are the most common. 
The lignosulfonate usually will have been processed 
by any of several methods to partially or completely 
remove wood sugars that are a constituent of raw 
sulfite liquor. However, the lignosulfonates used as 
admixtures for concrete are a complex mixture of 
many substances resulting from the degradation of the 
wood. Kennerley, Williams, and St. John (43) con
cluded that a large part of the set-retarding action of 

lignosulfonates is due to the presence of wood sugars, 
and they found that unrefined lignosulfonates often 
produce excessive air content.

Products of Class 3 include organic acids and their 
salts, such as sodium, calcium, potassium, or trietha
nolamine salts of gluconic acid. Hydroxyacetic acid, 
hydroxylated adipic acid, tartaric acid, citric acid, 
mucic acid, and the like, together with their water
soluble salts, are included in this class.

Class 5 includes such substances as simple sugars, 
disaccharides, and water-soluble polysaccharides as 
well as some sugar derivatives, such as sorbitol.

Classes 2, 4, and 6 are modified by processing or are 
blended with organic or inorganic accelerators, cata
lysts, air-entraining agents, or, rarely, air-detraining 
agents. Accelerators or catalysts can completely 
overcome the retarding effect of the main constituent 
so that the admixture performs in concrete as a water
reducing agent or water-reducing accelerator (Types 
A and E, respectively, of ASTM Designation: C 494) 
(19).

This classification does not include materials that 
have been used to limited extent in concrete as water
reducing and set-controlling admixtures for concrete, 
such as hydroxyethyl cellulose and related polymers 
and various water-soluble silicones, such as salts of 
methyl- and ethyl-siliconates. These materials are not 
discussed because of the meager information that is 
available. Some data on silicone admixtures are given 
in the recent International Symposium on Admixtures 
for Mortar and Concrete (45-48), and elsewhere (49).

Mechanism in Cement Hydration

The mechanism through which water-reducing, 
set-controlling admixtures modify the hydration, 
setting, and hardening process in hydraulic cement 
mixtures is believed most widely to be adsorption 
or chemisorption of the organic molecule at the solid
water interface on particles of cement and products 
of hydration (35, 36, 39). This action is accompanied 
by others if the admixture includes supplementary 
materials and, moreover, the modification of the course 
of cement hydration effected by the formation of the 
adsorbed film at the solid-liquid interface will itself 
generate secondary changes in the hydration and 
setting process. Suzuki and Nishi (50) concluded that 
organic substances that retard hydration of portland 
cement do so by reaction with the cement to form in
soluble compounds that precipitate in the cement 
paste and on surfaces of the cement granules. Differ
ences in effects of various compounds were thought 
to arise in differing stability, solubility, and mor



phology of the precipitated substances. Those sub
stances whose calcium salts are only slightly soluble 
delay or stop hydration and retard setting of concrete 
as a result of formation of an insoluble layer on the 
cement grains. Organic substances whose calcium 
salts are highly soluble do not cause substantial change 
in hydration and setting of portland cement. They 
recognize the possibility of adsorption or chemi
sorption of the organic compound or ions on surfaces 
of cement or hydration products. In reality, the pro
cesses of adsorption and precipitation are hardly 
separable if the organic phase interacts with intact 
surfaces of the solid phases.

The effects that are to be expected from adsorption 
or chemisorption of hydroxylated organic compounds 
or precipitation of insoluble organic compounds on 
cement granules include:

1. Change of rate of hydration of constituents of the 
cement.

2. Change of rate of interaction of sulfate with 
constituents of the cement.

3. Change of concentration of substances in the 
mixing water, including change of pH value.

4. Change of rate of formation of hydration prod
ucts.

5. Change of particle size and crystal habit of 
hydration products.

6. Formation of products of reaction of the admix
ture and the cement or the hydration products.

The hydroxylated admixtures are adsorbed to 
differing degree by the constituents of portland cement. 
For example. Blank, Rossington and Weinland (51) 
show maximum uptake of calcium lignosulfonate 
from water solution by C3 A and much smaller uptake 
by C4AF, C3S, and C2S, the amounts decreasing in 
that order. Seligmann and Greening (52) found that 
99 per cent of sucrose was removed from 5 cc. of one 
per cent aqueous solution in seven minutes by one 
gram of C3A. Similar conclusions and data are given 
by other workers (27, 51, 53, 54).

The results obtained in water differ from those 
obtained in other media, such as alcohol, wherein no 
hydration of the cement has occurred. The preferen
tial order of uptake of Salicylic acid in ethyl alcohol 
solution is

C3S > C2S > Type I portland cement
> C3A = C4AF = 0 (51).

Addition of small amounts of water to the alcohol 
solution greatly increases the uptake in the presence 
of the aluminates, showing that the adsorptive power 
of the aluminates in water is caused primarily by the 

hydration products. The amount of salicylic acid 
taken up in the presence of C4AF increases as the 
proportion of water increases, presumably because 
more hydration product is formed in given time. With 
C3A, C2S and C3S, maximum uptake of salicylic acid 
occurs with minor proportions of water in the alcohol 
solution, from which Blank, Rossington and Wein- 
Ian d (51) concluded that water and salicylic acid 
compete for adsorption on calcium aluminate hydra
tion products, C3S, and C2S. They state: “Certain 
modified properties of cement due to admixture addi
tion are a result of preferential adsorption of the ad
mixture by the hydration products of tricalcium alu
minate and tetra-calcium aluminoferrite, thereby 
rendering them inactive and allowing the main cement
ing compounds (C3S and C2S) to control the reac
tion.”

Manabe and Kawada (55) found that the amount 
of lignosulfonate removed from solution in aqueous 
suspensions of portland cement increased as the 
concentration of the lignosulfonate increased. Equi
librium was established rapidly when the ligno
sulfonate was used in amounts less than 0.5 per cent, 
but the uptake continued over the course of 30 minutes 
at high concentrations. Multimolecular adsorption 
occurred, the amount of calcium lignosulfonate ad
sorbed being 350, 470, 510, and 540 mg per 100 g. 
of cement at water-cement ratio of 0.4, 0.5, 0.6, 0.7, 
and 1.5, respectively. The amount easily adsorbed 
as a monolayer is provided by use of calcium ligno
sulfonate at the rate of 0.3 per cent; at higher con
centrations the monolayer is completed and multi
molecular layer adsorption occurs with still higher 
concentrations of the lignosulfonate.

Crepaz and Raccanelli (54) and Russian workers 
(53, 56-58) also emphasize the uptake of hydroxyl
ated admixtures by hydration products. Any such 
action must be an important factor in cement hydra
tion since it will slow down crystallization, alter the 
extent of supersaturation of the solution phase, and 
change the form of the hydration products. Crepaz 
and Semenza (59) and Young (60) show by electron 
microscopy change of habit of hydration products 
of C3A in the presence of a lignosulfonate and the 
former show that the calcium-aluminoferrite phase 
in the presence of the admixture characteristically 
produces small agglomerations of crystals. Earlier 
work in this field is reviewed by Young. Crepaz and 
Raccanelli (54) postulate that these changes result 
from preferential adsorption of the lignosulfonate on 
certain crystallographic planes of the crystals.

Feldman and Ramachandran (61) suggest that the 
rate of hydration of C3A is decreased by adsorption 



of SO;2 ions on exposed surfaces of the crystal, and 
further that adsorption of SO;2 ions on hexagonal 
hydroaluminates inhibits their conversion to cubic 
hexahydrate. Both of these mechanisms will retard 
the hydration of C3A. They correlate these concepts 
with earlier conclusions of Russian workers (62-64), 
who studied the effect of surface-active agents oh 
hydration of C3A, and the observation by Sersale 
(65) that, at room temperature, a small amount of 
calcium lignosulfonate retards the conversion of the 
hexagonal hydro-aluminates to C3AH6.

Roberts (66) found that sucrose (0.1 per cent) 
decreased the amount of calcium and alkali hydroxide 
released in cement pastes initially, but a slight increase 
was observed at one day and no change thereafter. 
A slight increase in concentration of A12O3 and Fe2O3 
was detected at six hours (with one per cent addition 
of sucrose appreciable quantities of these substances 
were found in solution), suggesting formation of a 
soluble complex with the sucrose. Similar results have 
been reported for saccharose (50). The concentrations 
of calcium and sulfate were increased significantly 
to age 7 days, except that at 7 days the concentration 
of calcium was slightly decreased relative to the fil
trate from the reference paste.

Seligmann and Greening (52) observed great accel
eration of the reaction of gypsum with C3A in an 
aqueous mixture with sucrose, causing formation of 
large amounts of the high-sulfate calcium sulfoalu
minate. They concluded that solid C3A sorbs sucrose 
to produce a surface that does not permit formation of 
an impermeable layer of the sulfoaluminate. Thus, 
the usual immediate retarding effect of gypsum on the 
reaction of C3A did not occur. After the initial accel
erated reaction, further reaction of gypsum and C3A 
was somewhat retarded.

Calcium lignosulfonate increases calcium and sul
fate concentration during the early period of hydra
tion of cement; supersaturation with respect to 
Ca(OH)2 and CaSO4-2H2O commonly occurs (66
68). With delay in time of addition of the admixture 
to the paste during mixing, the composition of the 
solution is intermediate between that obtained from 
the untreated cement paste and that obtained from the 
paste to which the admixture was added at the start 
of mixing (66, 68). Similar results are reported by 
Farkas and Dodson (68) and by Goetz (69) for a salt 
of a hydroxy acid.

Seligmann and Greening (52) examined pats of 
pulverized C3S and water containing small proportions 
of lignosulfonate admixtures by X-ray diffraction to 
determine the rate of calcium hydroxide formation. 
Hydration was delayed indefinitely. In the presence 

of alkalies, delayed set occurred. The alkali appeared 
to react with the lignosulfonate on surfaces of C3S 
to destroy the hydration-inhibiting effect. Such an 
action is consistent with Swenson and Thorvaldsen’s 
observation (70) of early degradation of lignosulfonate 
in cement pastes and concrete.

Study of mixtures of sodium calcium aluminate, 
C3S, CaO, Ca(OH)2, and gypsum provides valuable 
information on the action of a calcium lignosulfonate 
admixture (52). The particular commercial admixture 
selected by the authors is reported elsewhere (71) to 
include about 12 per cent of residual wood sugars. 
The effect of the lignosulfonate anion in contrast to the 
effect of the sugars is not distinguishable in the data. 
The ability of the admixture to inhibit release of 
Ca++ from C3S was found to be an important factor 
in its effect on hydration of the aluminate. In the pre
sence of Ca(OH)2, the admixture produced only 
slight retarding effect initially and substantial retarda
tion at 17 hr. Substitution of C3S for Ca(OH)2 
resulted in acceleration of hydration of the aluminate 
in the presence of the admixture, and the acceleration 
was increased greatly by agitation of the mixture, 
presumably because of exposure of fresh surfaces of 
the aluminate to continued reaction. This accelera
tion was accompanied by considerable heat genera
tion.

The author concludes that C3S will not produce 
setting in the presence of a lignosulfonate unless some 
minimum quantity of sodium or potassium is present. 
In the absence of appreciable concentration of dis
solved Ca(OH)2 lignosulfonate produces accelerated 
hydration of C3A comparable to the initial effect of 
sucrose. The immediate acceleration is decreased by 
delayed addition of the admixture so as to permit ini
tiation of the hydration reactions, and the setting of 
the mixture typically is retarded more than would 
result from earlier addition of the same proportion 
of the admixture.

Available data show that water-reducing, set
controlling admixtures do not change significantly 
the nature of the hydration reactions or the composi
tion of the reaction products (44). The rates of the 
reactions are modified, the reactions of the calcium 
aluminates being accelerated or retarded initially as 
outlined above, and the silicate hydration and setting 
retarded unless the retardation effect is compensated, 
as by use of accelerating chemicals or application of 
heat.

The relative importance of interaction of the hydrox
ylated admixtures with anhydrous constituents of 
portland cement in lieu of interactions with hydra
tion products is conjectural. The data of Blank, 



Rossington and Weinland (51) indicate the importance 
of the latter reactions whereas others emphasize 
uptake of the admixture by the unhydrated cement, 
especially C3A. Bruere (72) explained the increased 
effectiveness of water-reducing, set-retarding agents 
when added to portland cement mixtures after a 
preliminary mixing period as being the result of dimin
ished availability of anhydrous surfaces upon which 
adsorption could be accomplished because of accu
mulation of immediately-formed hydration products. 
Contrariwise, sorption of the admixture upon the 
hydration products formed on surfaces of the cement 
granules might be more effective in delaying additional 
hydration than is their direct adsorption on anhydrous 
surfaces, and sorption on separate particles of hydra
tion products may modify the development among 
the hydration products of the adhesive forces that 
otherwise would lead to setting.

Effect of Cement Composition

Chemical and compound composition of the cement 
influences the effects that are produced by hydrox
ylated admixtures in concrete (43, 73-75). The factors 
involved are not well understood nor are they quan
titatively predictable. Consequently, concrete contain
ing the proposed materials should be tested to select 
the admixtures and rate of use that will yield optimum 
results in the work. Such testing should be conducted 
in concrete, preferably utilizing the mixing facilities 
that are proposed for use in the construction.

The content of aluminates is the most important 
factor influencing the effectiveness of hydroxylated 
admixtures in terms of water-reduction, retardation, 
and strength development of concrete (58, 73, 74). 
The effectiveness generally decreases as the content 
of C3A increases. However, inasmuch as the content 
of C3A in commercial cements typically decreases 
as the content of the calcium-aluminoferrite phase 
increases, and vice versa, tests performed upon cements 
of varying Al2O3/Fe2O3 ratio do not permit easy 
determination of the relative significance of the 
content of C3A and of the ferrite phase. Crepaz and 
Raccanelli (54) conclude from tests of ground clinkers 
of varying Al2O3/Fe2O3 ratio that the effect of a ligno
sulfonate admixture on hydration of C3S in producing 
extended retardation relates more to the amount of 
the ferrite phase than to the amount of C3A. They 
believe the ferrite phase produces gelatinous hydration 
products that accumulate on surfaces of the calcium 
silicates under some conditions, with resulting pro
longed retardation of setting in the manner described 
by Lerch (76) for under-sulfated low alkali cements 

of high C4AF content. This process may explain the 
prolonged retardation produced by a lignosulfonate 
admixture on setting of concrete containing a low- 
alkali cement of high C4AF and low C3A content that 
caused problems in tunnel lining construction in 
California (71).

Kawada and Nishiyama (77) show that C2F takes 
up much less calcium lignosulfonate from aqueous 
solution than does C4AF, except at concentrations of 
the admixture less than about 100 mg/cc.

The efficiency of hydroxylated admixtures in water 
reduction and retardation depends also upon alkali 
content of the cement, their effectiveness decreasing 
with increased alkali content (74). However, Selig
mann and Greening (52) conclude that some, as yet 
undetermined proportion of alkalies must be available 
to overcome the retardation of hydration and setting 
that otherwise could be caused among the calcium 
silicates. Apparently, the alkalies promote breakdown 
of the adsorbed film of the hydroxylated compounds 
so that hydration can proceed. The admixture can 
control the availability of alkalies to the extent that 
sodium is combined in calcium aluminate or sodium 
and potassium are components of the silicates; if 
hydration of these compounds is retarded, the con
centration of alkalies in the solution phase will be 
decreased.

The effect of hydroxylated admixtures upon early 
hydration reaction and setting is influenced also by the 
type and amount of calcium sulfate that is present in 
the cement as an interground addition. The relation
ships are complex (37, 78). In a cement-water mixture, 
the immediately developed concentration of sulfate 
can be low because of deficient quantity of calcium 
sulfate or because the calcium sulfate is in the form of 
the slowly-soluble natural anhydrite. Conversely, the 
immediately developed concentration of sulfate can 
be higher than the saturation concentration for gyp
sum because of the presence of substantial amounts 
of the hemihydrate or soluble anhydrite phases. The 
excessive concentration of calcium sulfate will lead 
to false setting tendency of the mixtures if precipitation 
of gypsum occurs following cessation of mixing and 
prior to completion of placing of the concrete. The 
time of precipitation depends not only upon the degree 
of supersaturation but also upon the presence of gyp
sum crystals or other particles that can serve as crys
tallization nuclei. With complete destruction of 
original gypsum during the cement manufacturing 
operation, no nuclei suitable for immediate precip
itation of gypsum remain so that the precipitation 
and consequent stiffening may be delayed until after 
removal of the concrete from the mixer, with resulting 



problems in handling and placing of the concrete (72). 
Conversely, if suitable nuclei of gypsum remain, the 
precipitation usually will occur in the mixer, stiffen
ing will be overcome by continued mixing, and no ill 
effects or only some increase in water requirement for 
given consistency may be the practical result. Manabe 
(67) concluded that granules of portland cement 
might also serve as crystallization nuclei for gypsum, 
and Hansen (37) suggested that crystallites of calcium 
sulfoaluminate might serve a similar role.

Addition of a hydroxylated admixture to the 
cement-water system can effect any of several changes 
relative to these phenomena. The previously noted 
increase in concentration of calcium sulfate that typ
ically occurs in the presence of a lignosulfonate and 
(at least some) salts of hydroxy acids may lead to 
premature stiffening or an aggravated degree of stiffen

' ing as the result of precipitation of gypsum in the 
cement paste matrix. Loss of slump of concrete 
associated with use of these admixtures has been 
reported by several authors (52,79, 80). In other 
instances, these admixtures may decrease or eliminate 
loss of slump; Goetz (69) shows for a particular 
combination of cement and a salt of a hydroxy 
acid that false setting of the cement paste is delayed, 
apparently because the admixture reduced the ability 
of solids in the mixture to serve as nucleii for pre
cipitation of gypsum. Seligmann and Greening (52) 
show the effectiveness of sucrose in decreasing false 
set of cement paste, this result being due to consump
tion of calcium sulfate in an accelerated production of 
high-sulfate calcium sulfoaluminate from C3A.

Seligmann and Greening (52) and Palmer (81) 
cite an instance of early stiffening that is akin to 
flash set of the C3A induced in a low-sulfated cement 
as a result of early depletion of the available calcium 
sulfate; this action is apparently the result of accelera
tion of initial reaction of C3A by a lignosulfonate. 
In this instance, as is reported above, setting of the 
silicates did not occur normally, possibly because of 
insufficient alkalies to remove adsorbed lignosulfonate 
from the silicates or because of precipitation of iron- 
bearing hydration products on the silicates. Their 
data suggest that sucrose would produce an effect 
similar to that of the lignosulfonate. But a salt of 
hydroxy acid apparently did not cause abnormal retar
dation of setting under these conditions (91).

Reduction of Water Requirement.

ASTM Specifications C 494 (19) require that a 
water-reducing admixture for concrete reduce water 
requirement by five per cent or more with respect to 

the water requirement of the comparable concrete 
mixture not containing the admixture. At rates of use 
typically employed in construction, commercially 
available water-reducing admixtures allow 5 to 12 
per cent of water reduction at equal air content, the 
average being 6 to 8 per cent.

The physical-chemical causes for reduction of water 
requirement are not completely understood, apart 
from the mechanical results of entrainment of air 
bubbles. Powers (32) concluded that it is a consequence 
of adsorption of the admixture upon surfaces of the 
cement grains. Bruere (6) shows that calcium ligno
sulfonate used at rates ranging from about 0.020 to 
0.080 per cent progressively reduces viscosity of cement 
pastes in which air entrainment was avoided by impo
sition of a vacuum during the mixing operation. He 
believed this effect to be the result of adsorption of the 
lignosulfonate on the cement granules with consequent 
development of hydrophilic surfaces.

Ernsberger and France (27) described the uptake of 
lignosulfonate anions by portland cement and the 
development in dilute aqueous suspensions of a high 
degree of dispersion of the cement as indicated by 
increased time of sedimentation. Maximum dis
persion was obtained with 0.5 g of calcium lignosul
fonate per 100 g of cement, and amounts ranging from 
0.2 to 0.4 g/g were highly effective. Electrophoretic 
observation of cement-water suspensions demonstrated 
that cement particles in distilled water did not migrate 
in an electrical field whereas cement particles sus
pended in a calcium lignosulfonate solution moved 
toward the anode, indicating existence of a negative 
charge on the particles. They attributed the negative 
charge to adsorbed lignosulfonate anions, and the 
dispersion of cement to mutual repulsion of the parti
cles. Similar observations were made with respect to 
salts of hydroxy acids in unpublished work. Scripture 
(82) concluded that reduction of water requirement 
results from the dispersion; mixing water that other
wise would be trapped among the flocculent cement 
is made free to contribute to fluidity of a mortar or 
concrete mixture.

Prior and Adams (44) point out that acquisition of 
an electrical potential by a particle with adsorption 
of an ion will orient water dipoles around the particle 
to form a sheath which acts mechanically to prevent 
close approach of adjacent particles. In concrete 
mixtures, the adsorption may effect only a reduction 
of interparticle attraction, rather than development of 
forces of repulsion. Hence, each cement particle is not 
free to act independently of others but the decrease 
in interparticle attraction permits greater mobility 
of particles. They conclude that water freed from the 



flocculated system is available to lubricate the mix
ture. Another or a supplementary concept may be 
that to achieve the same level of interparticle forces 
of attraction, a lesser distance of separation is required 
when the forces of attraction are reduced through 
adsorption of the hydroxylated admixture; hence, 
a lesser proportional volume of interstitial water is 
required for given viscosity.

Cordon (83) shows that a lignosulfonate admixture 
reduces the amount of water that is required to change 
slump of concrete to given extent, as was discussed 
previously in this report (Table 7). That is, by intro
duction of the admixture, the concrete mixture is 
made more sensitive to water content in relation to 
consistency.

Workability

Workability of concrete cannot be measured by a 
single parameter since it is an expression of diverse 
properties, namely, (1) compactibility, (2) mobility, 
and (3) stability of the fresh mixture (84). An evalua
tion of workability should consider not only the mag
nitude of these properties, but also the relationship 
of their magnitude to time after completion of mixing 
and to the properties of the hardened concrete.

By use of a retarding admixture, the period of time 
following completion of mixing and preceding the onset 
of setting can be extended (85). Purposeful retarda
tion in excess of a week has been produced by use 
of a water-reducing retarder so as to permit continuity 
of placing operations under special conditions. Wal
lace (86) concluded that a lignosulfonate water-reduc
ing retarder “appeared to loosen the mix and improve 
mobility of the concrete during vibration. However, 
the greatest benefit from a workability viewpoint was 
obtained through lengthing the hardening period. 
This kept underlying layers alive longer and enabled 
them to be knitted together with subsequently placed 
concrete.”

Whether use of a water-reducing admixture will 
improve workability of concrete as apart from effects 
of delay of setting and aside from the effects of accom
panying air entrainment has been the subject of critical 
discussion (79) even though numerous reports of 
observations of such effects in practice have been 
published (87). Pertinent technical data are meager.

Desov (46) found that a lignosulfonate greatly 
reduced viscosity of cement paste relative to that of 
cement paste without a chemical admixture. The 
effect considerably exceeded that produced by soaps 
of wood resins used as an air-entraining admixture. 
Nishi (7) shows that for concretes of equal slump and 

water-cement ratio, with and without a lignosulfonate 
admixture, mortar screened from the concrete contain
ing the admixture had substantially greater flow than 
did mortar screened from the reference mixture, even 
at equal air content and lower cement paste content 
of the mortar. Ashworth (75) reported that sucrose 
improved workability of concrete as measured by 
compacting factor when used at the rate of 0.05 
per cent.

Conversely, as is noted above, consistency of con
crete as measured by slump can decrease more rapidly 
with use of a water-reducing admixture, regardless 
of its effect on time of setting, than occurs in an equiva
lent mixture without such an admixture. To the extent 
that slump is a measure of workability in these in
stances then workability will be decreased, at least 
after some period of time during which the concrete 
has been handled. Hughes and Bahramiam (88) 
concluded that the Vebe test (89) is a very satisfactory 
measure of the ease with which the concrete can be 
vibrated into place, this method being superior to the 
slump test for this purpose. Della Libera (90) reported 
that slump loss of concrete containing a water-reduc
ing admixture may be more or less than that of the 
equivalent concrete without the admixture, but loss 
of workability as indicated by the Vebe apparatus is 
less. He illustrates observations for a concrete contain
ing a lignosulfonate admixture for which slump loss 
during the first two hours after mixing was about 3 cm 
whereas no appreciable change occurred in the Vebe 
measurement of workability.

Skeen (91) evaluated workability of concrete con
taining each of four surface-active agents: (1) an 
anionic air-entraining agent, (2) a nonionic agent 
consisting of condensation products of polyethylene 
oxide with substituted phenols, (3) an air-entraining 
agent consisting of a triethanolamine salt of sulfo
nated hydrocarbons, and (4) an impure calcium 
lignosulfonate. Mixing of the concrete was conducted 
under reduced atmospheric pressure to hold air 
entrainment at a minimum. Workability was mea
sured as a “compacting factor", that is, the ratio of 
the weight of the fresh concrete in a test vessel after 
compaction in a standard manner to the maximum 
weight attainable by vibration (92). Skeen concluded 
that agent 2 above, improves the working qualities 
and agent 4 provided marked improvement in working 
qualities of the concrete when used at rates of 0.15 
and 0.30 per cent. ■

Heat of Hydration

Forbrich (73) experimented with mixtures of cal- 



ciutil lignosulfonate, orthohydroxy benzoic acid, and 
calcium chloride to determine their effect upon hydra
tion of C3A, C3S, and portland cement. He classified 
orthohydroxy benzoic acid and other substituted 
hydroxy benzoic acids as catalysts in the hydration 
and setting of portland cement mixtures inasmuch 
as the small rates of use to achieve such action pre-' 
elude the possibility that the effect is a consequence 
of direct combination with any phase of the cement.

Calcium lignosulfonate used alone delayed the time 
of rapid heat evolution by C3A and greatly retarded 
heat liberation from C3S. Orthohydroxy benzoic 
acid slightly retarded heat liberation of portland ce
ment and C3S, whereas that of C3A was slightly 
accelerated. Calcium chloride increased the maximum 
rate and amount of heat liberated by portland cement 
and C3S during the first 24 hours, but had little effect 
on C3A. By combination of the three agents in various 
proportions, early heat liberation of portland cement 
could be controlled in almost any direction.

Combinations containing calcium chloride typically 
had little effect upon total heat liberation from a 
group of portland cements after seven days. Con
versely, a combination of calcium ligno sulfonate and 
the catalyst, used at the rate of 1.065 per cent, slightly 
decreased heat release at three days but at 28 days 
six of seven cements showed increased heat genera
tion up to 12 per cent with respect to heat evolved 
by the cement without admixture. Moreover, For
brich observed that use of the formulated admixtures 
increased compressive strength of concrete at given 
age and increased the ratio of strength of concrete 
to heat released from cement pastes. That is, the 
admixture appeared to increase the efficiency of the 
cement in producing strength per unit of hydration 
as expressed by heat generation.

Danielsson (41) found that heat of hydration at 
28 days was not notably altered by the use of a group 
of calcium of simple organic acids, in spite of retarda
tion of setting and initial heat release.

Polivka and Klein (74) concluded that setting time 
of mortar as determined by a penetration test can be 
calculated as a function of the time required for a 
paste of the same cement to reach maximum heat 
of hydration. Kennerley, Williams and St. John et al 
(43) found also that the maximum rate of increase 
in temperature of cement paste correlates with phys
ical hardening of the paste. Consequently, setting of 
portland cement mixtures with and without water
reducing, set-controlling admixtures seems to be deter
mined by the degree of hydration attained. In view 
of the interaction of chemical admixtures and hydra
tion products of cement, the rate of hydration and 

the rate of setting could be quite different.

Bleeding and Settlement

Water-reducing, set-controlling admixtures influ
ence the rate and capacity of fresh portland cement 
mixtures to bleed and settle under the influence of 
gravity. Lignosulfonates typically reduce the rate and 
capacity of bleeding even when the air content of the 
test mixture is equal to that of the reference mixture 
not containing a chemical admixture (93, 94). Con
versely, hydroxy acids and their salts commonly 
increase the rate and capacity of portland cement 
mixtures to bleed and settle at given air content and 
degree of retardation of setting (91, 93, 94).

Kreijger (28) studied the effect of surface-active 
agents on the bleeding properties of cement pastes 
and mortars. He concluded that at given water
cement ratio anionic water-reducing, set-controlling 
admixtures reduce bleeding rate more than can be 
accounted for by air entrainment, whereas anionic 
air-entraining admixtures reduce bleeding rate and 
capacity in closer relation to the effect of air content 
as deduced by Powers (95). Kreijger gives the follow
ing equations for cement pastes at water-cement 
ratio — 0.5.

For anionic, water-reducing admixtures: 

^=l-10x -(2).

= 1 - 10x (3)
tl

For anionic air-entraining agents (rendering cement 
granules hydrophobic) and nonionic water-reducing 
admixtures: .

= 1 - 4.0x (4)

% = 1 - 4.0x (5)
fl

where:
Q and Qx are respectively bleeding rate for cement 

pastes without and with the admixture; H and Hx 
are respectively bleeding capacity of cement pastes 
without and with the admixture; and x is the air 
content. Equation 4 is considered to be valid to maxi
mum air content of 14.5 per cent, whereas equation 
2 is considered to be valid to air content of 4.1 per 
cent.

Equations 2 and 4 are compared by Kreijger with 
that calculated for his cements from the theoretical 
formula given by Powers (95) in which no account is 
taken of any physical-chemical effects of the admix-



tures. The resulting formula is stated as

= 1 - 2.45a: (6)

Hence, for the cement admixture combinations used 
by Kreijger both types of admixtures produced effects 
other than mere incorporation of air bubbles. In 
view of other data, it is questionable whether Equa
tions 2 and 3 can be applied to the broad spectrum 
of hydroxylated anionic water-reducing compounds.

Kreijger (28) concluded also that bleeding rate of 
concrete can be calculated from bleeding rate of ce
ment paste when an admixture is employed, provided 
the same concentration of admixture is used in each 
mixture.

Manabe and Kawada (55) found that portland 
cement is dispersed by addition of calcium lignosul
fonate to aqueous suspensions in amounts up to 0.3 
per cent, this concentration corresponding to that 
necessary to produce the readily formed portion of a 
monomolecular layer over the cement granules. At 
this concentration, maximum stability of the suspen
sion (10 g. cement in 15 ml. of aqueous solution) was 
attained. At higher concentrations further dispersion 
of the cement occurred and coarse particles separated 
from the suspension, causing progressive decrease in 
volume of the suspension at given time following 
cessation of shaking.

Bruere and McGowan (96) evaluated several 
polyelectrolytes that produce flocculation through 
increased particle attraction in cement pastes, mortars, 
and concrete. Discussion of admixtures of this type 
is outside the scope of this paper.

Stress-Strain Relationships

When used at rates that provide reduction of water 
requirement and the time of setting appropriate for 
general construction, water-reducing, set-controlling 
admixtures typically increase compressive strength 
of concrete significantly (97). Unless setting is unusu
ally retarded, the increase in compressive strength 
is apparent at 24 hours and at 7 and 28 days the in
crease is in the range from 10 to 20 per cent, and may 
be substantially higher. The strength increase, ex
pressed in proportion to the strength of the reference 
concrete not containing the admixture, usually is 
greater at 3 and 7 days than at 28 days and later. The 
improvement in compressive strength is related in 
part to the reduction in water-cement ratio, but the 
increase in strength typically exceeds that expected 
from change in water-cement ratio (98). The effect of 
calcium lignosulfonate used at 0.266 per cent is shown

in Table 7 for air-entrained concretes of differing 
cement content, water-cement ratio, air content, and 
slump. Based upon analysis of data obtained by testing 
of a lignosulfonate admixture in concrete in combina
tion with 26 portland cements and 36 combinations 
of aggregates, Mielenz (87) adduced the following 
relationships of 28 day compressive strength and void 
cement ratio: ' '

Sa = 8518 - 1830Kz (7)
' Sp = 8190 - 1992 Vp (8)

Where Sa = 28 day compressive strength of the 
admixture concrete, psi; Sp = 28 day compressive 
strength of the concrete without admixture, psi; 
Va and Vp = void-cement ratio by volume of the 
concretes. These relationships indicate that on the 
average, at constant air and cement content, an in
crease of 19 per cent in 28 day compressive strength 
can be expected even if the water reduction effected 
is only 5 per cent. If a water-reducing retarder is used 
at rates sufficient to effect extended retardation, 
early strength may be decreased but later strength 
will be increased, provided the concrete is properly 
cured and protected and provided the air content 
is in the proper range. -

Flexural strength of concrete at given cement and 
air content typically is increased by use of water
reducing, set-controlling admixtures, but the improve
ment is proportionally less than that effected in com
pressive strength. Similar conclusions may be reached 
relative to their effects upon tensile strength, shearing 
strength, and modulus of elasticity (80). Abrasion 
resistance of surfaces and bond with reinforcement 
are related to compressive strength of concrete, and 
so typically are likewise improved.

Only very limited data are available on the effect 
of water-reducing, set-controlling admixtures on 
creep of concrete. Some recent data are given by Hope, 
Neville and Guruswami (99) for normal weight con
crete and by Jessop, Ward and Neville (100) for 
concrete containing lightweight aggregate. Each report 
is based upon tests in which only one portland cement 
(Type III, high early strength) was used. Use of a 
water-reducing retarder based upon either lignosul
fonate or salts of a hydroxy acid was found apparently 
to cause an increase in creep of the normal weight 
concrete. In the tests of the lightweight concrete, a 
lignosulfonate retarder appeared to increase creep 
whereas a retarder based upon a salt of a hydroxy 
acid seemed to reduce creep under most of the condi
tions applied. The authors recommend caution in 
generalization of their observations in consideration 
of other cement-admixture combinations.



Available information on the effect of hydroxylated 
admixtures upon the structure, texture, and composi
tion of the cement paste matrix of concrete and upon 
development of bond of cement paste to aggregate 
particles is insufficient to explain quantitatively the 
observed changes in stress-strain relationships that are 
induced. Except for changes in the composition of 
calcium aluminate hydration products that may 
occur under some circumstances, such as formation of 
analogues .of the high-sulfate calcium sulfoaluminate 
(36), the hydration products of portland cement appear 
to be the same in spite of the presence of the surface
active admixture, but rates of hydration of the several 
constituents, sequence of formation of the hydration 
products, and crystal habit and size distribution of the 
hydration products are changed. Therefore, the change 
in properties of concrete may arise in large part in the 
altered texture and structure of the hydrated cement 
paste. This concept is consistent with conclusions of 
several workers who observed by electron microscope 
change of crystal size and habit of hydration products 
of tricalcium aluminate and of calcium aluminofer- 
rites and changes in the morphology of hydration 
products of C3S and C2S (54, 57, 60,101-103). Hope, 
Neville and Guruswami (99) cite the observation of 
change in size and shape of crystals formed by hydra
tion of C3A in the presence of lignosulfonate to account 
for the indicated changes in magnitude of creep of 
concrete.

Although these modifications within the matrix un
doubtedly affect stress-strain relationships in hardened 
concrete, the possibility of modification of boundary 
relationship among the hydration products and be
tween the hydration products and aggregate particles 
should not be overlooked.

Drying Shrinkage

The effect of water-reducing, set-controlling admix
tures upon drying shrinkage of concrete is a matter 
of concern with respect to performance of the concrete 
in service. Standard tests of drying shrinkage, such as 
ASTM Designation: C 157 (19), typically specify use 
of unrestrained specimens of small size that are 
cured initially in moist air in the molds, then briefly 
in moist air or lime water, and then are dried in air, 
usually at 23.0 ± 1.1 °C. and 50 i 4 per cent relative 
humidity. These conditions cause more rapid drying 
and greater shrinkage than occurs in structural 
members and slabs in service, and they produce an 
optimum environment for shrinkage of the cement 
paste matrix by carbonation (104). Moreover, such 
procedures neglect any internal cracking that would 

be an important manifestation of shrinkage stress yet 
will reduce the indicated shrinkage strain. Della 
Libera (90) reported lesser cracking of concrete 
pavements and structures with use of a lignosulfonate 
admixture.

Water-reducing, set-controlling admixtures produce 
varying results in such accelerated tests. For no admix
ture of these types is any substantial reduction of dry
ing shrinkage shown consistently. Some hydroxylated 
admixtures cause an increase in drying shrinkage even 
when water content is reduced. At early periods, the 
increase may be 100 per cent or more relative to 
the length change of the reference concrete. However, 
the changes are most pronounced at early ages and 
they decrease with passing time, possibly with reversal 
of the relationship to the reference concrete after 
several months of drying. Increases in early drying 
shrinkage are greatest when the admixture includes 
constituents that accelerate the hydration and setting 
process, so as to partially or completely overcome the 
set-retarding action of the hydroxylated component. 
The resulting change in drying shrinkage depends on 
many factors, most important of which are the charac
teristics of the cement and aggregate (105).

Bruere and Newbegin (106) determined the effect 
of various water-reducing, set-controlling admixtures 
on accelerated drying shrinkage of concrete beam 
specimens. The admixtures included calcium ligno
sulfonate, mixtures of calcium lignosulfonate and 
calcium chloride, mixtures of calcium lignosulfonate 
and triethanolamine, sodium gluconate, and sucrose. 
After seven days of drying at 50 i 3 per cent relative 
humidity, the drying shrinkage of the concrete con
taining the admixtures was increased 30 to 110 per 
cent (for one cement-aggregate combination) and 0 
to 50 per cent (for a second cement-aggregate com
bination), whereas after 168 days of drying the respec
tive changes in drying shrinkage were —6 to 6 per cent 
and — 8 to 0 per cent. The authors conclude that 
“the effects of admixtures on shrinkage (of concrete) 
after 14 days of drying are not indicative of their 
effects after longer periods of drying.”

Helmuth and Turk (107) showed that drying shrink
age of portland cement pastes in a carbon dioxide
free atmosphere is dependent upon how the drying is 
carried out and how long the pastes were stored moist 

- after hydration was substantially complete. For exam
ple, ultimate drying shrinkage at a low relative humidity 
was greatly reduced by prior storage at intermediate 
relative humidity, rather than direct exposure to the 
low humidity following curing. Also, they found that 
prolonged moist curing can substantially reduce the 
shrinkage that occurs on first drying at low relative 



humidity. They conclude that irreversible changes 
occur in the structure of the hydration products during 
moist curing with the result that shrinkage upon dry
ing is reduced. These results indicate the error that 
can arise in extrapolation of results obtained in accel
erated drying of small specimens to predict perform
ance of structures and pavements in service. An 
important contribution would result if the Helmuth- 
Turk studies were repeated to evaluate the effect of 
water-reducing, set-controlling admixtures on the 
magnitude of delayed drying shrinkage.

The cause of any increase in drying shrinkage that 
may relate to use of a water-reducing, set-controlling 
admixture is not understood completely. The effect 
may result from increased proportion of cement that 
is hydrated at given time, this possibility being most 
pertinent to performance of admixtures containing 
an accelerator or catalyst. The magnitude of shrinkage 
does not correlate directly with loss of water when 
concretes with and without a water-reducing, set
controlling admixture are compared. For example, 
in a series of concrete mixtures containing 511 to 
516 lb of cement per cu. yd. and 5.4 to 5.8 per cent of 
air with slump of 3-| to 4 in., drying shrinkage during 
180 days was 0.045 per cent linearly for the concrete 
containing no water-reducing admixture whereas that 
of five concretes containing lignosulfonate water
reducing retarders was 0.054 to 0.058 per cent; yet 
weight loss was 3.31 per cent for the reference con
crete and 3.04 to 3.20 per cent for the specimens 
containing the water-reducing admixtures. The ratio 
of lineal shrinkage to weight loss increased consistently 
as the water-cement ratio decreased. The test was 
performed in accordance with ASTM Designation: 
C 157 (19), using 3- by 4- by 16-in. beams.

The relationship appears to be like that shown by 
Roper (108) for cement pastes with water-cement ratio 
of 0.35 and 0.50, respectively. For given weight loss 
expressed as a percentage of the weight of the paste 
at given relative humidity, substantially greater 
shrinkage occurs in the paste of lower water-cement 
ratio. The loss of weight occurring at relative humidity 
down to about 90 per cent is accompanied by little 
shrinkage. At relative humidity from 90 to 40 per cent, 
a substantial increase takes place for each increment 
of weight loss. Roper concludes that the first type of 
water is that contained in macropores of the cement 
paste, whereas the second type ofwaterisheld by capil
lary condensation so that its loss' creates capillary 
compression of high magnitude.

In other words, considering the case in which the 
water-reducing admixture is incorporated in the con
crete mixture without reduction of cement content, 

the water-cement ratio is reduced thereby. Presumably, 
the excess of water that is present in the reference 
concrete to provide the specified consistency, will 
exist in larger openings (Roper’s macropores) in the 
cement paste. Loss of this water will effect little shrink
age and the time required for its movement through 
and out of the concrete will delay the initiation of loss 
of water from the small capillaries in which significant 
capillary tension can develop. Meanwhile, the relative 
smaller proportion of water that is present in macro
pores of the cement paste within the concrete containing1 
the admixtures is lost sooner and loss of water within 
capillaries is initiated quickly, with resulting early 
development of relative humidity within the concrete 
at levels in which high capillary tension can develop. 
In tests of water-reducing and air-entraining admix
tures Kondo and Hideshima (109) found that drying 
shrinkage of concrete is less with use of water-reducing 
admixtures based upon calcium lignosulfonate than 
for the reference concrete or concrete containing 
conventional air-entraining admixtures; in these tests 
drying was accomplished at an ambient relative 
humidity of 70 to 80 per cent.

If the use of the admixture is accompanied by a 
reduction of cement content so as to maintain the- 
water-cement ratio constant or nearly so, decrease of 
relative humidity within the concrete still will be more* 
rapid than within the reference concrete because of the 
higher water content of the latter concrete. ,

Although the above conditions and processes are 
qualitatively valid and germane to explanation of the 
effect of hydroxylated admixtures on drying shrinkage" 
of concrete, they cannot afford a complete com-* 
prehension of the mechanical and physical-chemical 
processes involved because of the effects of such admix
tures upon the texture and structure of the cement 
paste as well as upon its physical properties such as 
permeability, tensile strength, and creep character
istics. For example, Stupachenko (47) studied pore 
size distribution and porosity of hardened cement 
pastes and mortar by absorption of benzol and use of 
the mercury porosimeter. He reported that use of a 
lignosulfonate admixture at the rate of 0.25 per cent 
did not significantly change the total porosity, but the 
volume proportion of pores with radius of 500 to 
1000 Ä was decreased 8 per cent in the mortar (water
cement ratio = 0.5) and 30 per cent in the cement 
paste (water-cement ratio = 0.25) whereas the pro
portion of pores measured by the mercury porosimeter 
(radius = 100 to 65,000 Ä) was increased about 11 
per cent in each instance. For the reference mortar 
without admixture, pores with diameter greater than 
1 p, constitute about 21 per cent of the total porosity 



in contrast to 25 per cent for the mortar with the ligno
sulfonate admixtures, and pores having diameter 
greater than 1000 Ä constitute 40 per cent and 52 
per cent of the two mortars. Stupachcnko concluded 
that the cement paste containing the admixture should 
be more permeable to water and other fluids than is 
equivalent cement paste without the admixture; 
this conclusion would not necessarily relate to the 
concrete as a whole. These factors also will influence 
the rate and magnitude of drying shrinkage under 
given conditions of exposure.

Wallace and Ore (80) found that so-called auto
genous shrinkage of concrete, that is, shrinkage occur
ring in sealed specimens for which no moisture loss 
is permitted, is reduced by use of a lignosulfonate 
admixture. The reduction was observed at all periods 
to an age of five years.

Resistance to Freezing and Thawing

Resistance of concrete to the effects of freezing and 
thawing depends mainly upon the air content, dis
tribution of air voids in the cement paste matrix, and 
the degree of saturation of the aggregate and the 
matrix (34,110). However, the quality of the cement 
paste as defined by water-cement ratio and extent of 
hydration is an important factor both because of the 
physical properties of the hardened matrix and because 
of the influence of the fresh cement paste upon the 
geometry of the air-void system. Also, as has been 
noted (Table 8), the specific relationship of the param
eters of the air-void system, such as the air-void 
spacing factor, and resistance to freezing and thawing 
is affected by the composition and rate of use of the 
air-entraining agent and any chemical admixtures that 
may be present. Wallace and Ore (80) found that the 
average freezing and thawing resistance of concrete 
containing any of several water-reducing, set-control
ling admixtures was 39 per cent greater than that of 
comparable reference concretes. In studies by the 
Bureau of Pubfic Roads (5), concretes containing 
each of 22 water-reducing retarders were about equally 
resistant or more resistant to freezing and thawing 
as were the comparable reference air-entrained con
cretes without a water-reducing admixture. Concretes 
containing each of the three remaining admixtures of 
the 25 tested showed somewhat less resistance to 
freezing than did the reference concretes. Other reports 
also show reduced resistance to freezing and thawing 
of concrete containing individual water-reducing 
admixtures (111, 112). So far as the present author 
is aware, such instances of reduced resistance to 

freezing and thawing correlate with deficiencies 
of parameters of the air-void system, such as excessive 
spacing factor (or unprotected paste volume) and 
deficient air content.

Additional research is necessary to establish quan
titatively the parameters of the air-void system and the 
cement paste matrix that control the resistance of the 
matrix of concrete to effects of freezing and thawing. 
Larson, Cady and Malloy (113) concluded that Phil- 
leo’s protected paste volume concept (114) evaluated 
by a new procedure that they propose, provides the 
best indication of resistance to freezing and thawing. 
Price (115) found that total air content determined 
microscopically does not correlate significantly with 
dilation of concrete in a freezing and thawing test 
but that air content based upon voids less than 1000 p. 
in diameter correlates at the 90 per cent confidence 
level, and a higher degree of correlation results with 
elimination of all voids larger than 500 p.

Warris (116) emphasizes the importance of the 
degree of saturation of concrete at time of freezing, 
including the partial or complete filling of air-voids, 
as a basic factor in the resistance to distress. This 
condition is not contemplated in the several analyses 
noted in the previous paragraph. Moreover, con
sideration should be given to the ease with which air 
voids of differing size are filled by water under con
ditions of capillary absorption and hydraulic flow. 
Bache, Idorn, Nepper-Christensen and Nielson (117) 
show from observation of deposits of calcium hydrox
ide in air voids that voids near surfaces in contact 
with water can readily fill with water; however, the 
deposits were virtually restricted to voids larger than 
50 p in diameter. Noting that small voids should 
fill with water faster than do larger voids because of the 
pressure-solubility relationship of air contained in a 
bubble (11), these authors suggest that the cement 
paste adjacent to large voids may be less dense and 
more permeable than that close to small voids. Slate 
(118) suggests that the hydrophobic film at the inter
face of entrained air bubbles impedes entry of water 
into the voids after hardening of the concrete. These 
are matters for further study.

Considering the above factors, it appears that air 
voids that are most important for protection of the 
cement paste of concrete from damaging effects of 
freezing are those of intermediate size, such as 50 to 
500 p, that are less likely to fill with water prior to 
freezing than are smaller voids, yet are small enough 
to provide efficient distribution of the available air 
volume and a relatively large specific surface for entry 
of water into the voids during freezing.



Urgently Needed Research

Air-Entraining Admixtures

1. Techniques for measurement of bubble size, pro
portional volume, and distribution in fresh concrete.

2. Further evaluation of factors controlling the pro
portional volume and geometry of the air-void system 
in hardened concrete, including effects during mixing 
and following mixing, particularly bubble dissolution 
and enlargement.

3. Evaluation of parameters determining the freez
ing and thawing resistance of concrete that is saturated 
with water or nearly so, including geometry of the void 
system in relation to the cementitious matrix of the 
concrete and properties of the matrix.

4. Determination of properties and composition of
air-entraining admixtures that will provide optimum 
effects on workability, bleeding, and settlement of 
fresh concrete and yet will produce a satisfactory 
air-void system in hardened concrete. .

5. Discovery of the properties and composition of 
air-entraining admixtures that will produce air-void 
systems of optimum efficiency in hardened concrete, 
that is, adequate protection of the matrix at minimum 
air content.

6. Evaluation of factors controlling the rate and 
degree of filling of air voids prior to freezing, including 
such factors as void size, structure of the cement paste 
and its variation with proximity to voids, and the 
nature of the void-cement paste interface.

7. Determination of the mechanism by which air 
entrainment in concrete affects permeability and ab
sorption of water, such as improved uniformity by 

reduction of bleeding and segregation, change of 
capillary structure of the matrix, and properties of 
the interface between air voids and the matrix.

Water-Reducing, Set-Controlling Admixtures

8. Development of water-reducing admixtures that 
accelerate setting and early strength development of 
concrete, without introduction of adverse effects on 
other properties.

9. Development of water-reducing admixtures to 
further improve and maintain working qualities of 
fresh concrete, including avoidance of undesirable 
stiffening, control of time of setting, minimizing 
bleeding and settlement, and improvement in placing 
and finishing qualities.

10. Development of water-reducing admixtures 
that will reduce appreciably the volume change of 
hardened concrete, including drying shrinkage and 
creep.

11. Evaluation of the effect of water-reducing 
admixtures on bond of the cement paste matrix and 
the surface of aggregate particles.

12. Definitive studies on effects of admixtures upon 
stress-strain phenomena in concrete, including such 
properties as strength, elasticity, creep, and resistance 
to cracking, in relation to changes of composition, 
texture, and internal structure of the matrix and phys
ical-chemical processes at matrix-aggregate bound
aries.
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Oral Discussion

Norihiro Kudo

Dr. Mielenz states that the activity of surface-active 
agents as set-controlling agent is due to the formation 
of insoluble film by their adsorption or chemisorp
tion to the surface of cement grains.

There is a set-retarding agent, on the Japanese 
market, which is the mixture of water-soluble silico
fluoride and some acids. It is probable that this retarder 
also makes insoluble film or layer on the surface of 
cement grains by the reaction of its ingredients and Ca- 
ion of cement, and the thickness of this laver is pro
portional to the dosage, subsequently the retarding 
effect of this retarder is proportional to the dosage.

Fig. 1 shows the initial set of concrete containing 
three types of retarding agents. The silicofluoride type 

retarder indicates the proportional retarding action, 
which is quite preferable property as set-controlling 
agent. Though the retarding effect of these retarding 
agents reduces slightly, this inclination does not 
change at 30°C.

Compressive strength of these concretes at 7 days 
is shown in Fig. 2. This tendency does not change at 
28 days of age. As shown in this figure, the overdosage 
of the organic type retarding agents, say, more than 
1.0% of cement weight, makes fatal defect in concrete 
structure.

Since surface-active agents are originally used as 
water-reducing and/or air-entraining agent, it must be 
thought that their set-retarding effect is a sort of “side
effect", that is to say, there are some doubts and anxiety 
to use such kind of surface-active agents as set-con
trolling agents. I’d like to ask Dr. Mielenz for some 
comments on this point.
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Oral Discussion

Udo Ludwig, Hans E. Schwiete and K. Seiler

1. During the study on the reaction mechanism of 
some special retarders we found out that with silico- 
fluorid type retarders after short time the reaction 
products with lime (Mg(OH)2, CaF2 and C2_3 S-aq) 
had a surface area that is equal to that of the unhy
drated cement. Therefore we are in the opinion that 
in this case the retardation is due to a coating of 
reaction products on the surface of the clinker grains 
or on the active centers of the clinker surface.

2. With organic additives (hexites and polyhy
droxy carbonic acids) lime reacts in solutions under 
formation of less solid phases with less surface area 
(Table 1). Therefore we assume an addition reaction

Fig. 2.

of the organic molecules on the clinker surface or on 
the active centers. Proving this idea we mixed the 
portland cement with optimum addition of retarder 
and W/C = 0.35. As a function of the time we made 
a suspension with a total water content of 200 ml. 
By filtration the water was seperated from the solid 
phase. The organic substances were determined by a 
method from Springer (2). The results are given in 
the following Table 2.

From Table 2 you see the rapid initial decrease of 
the retarder concentration and here with the fixation 
of retarding molecules on the clinker surface. The 
general aspect of the retardation on the beginning 
of cement hydration is for the silico-fluorid and 
the organic retarders the same: less lime liberation 
and sulphate and water fixation. From special interest 
is that retarded mortars and concretes must be wetted 
thoroughly for a longer time for they have initially a 
higher open porosity.

The chemical measurement of fixation of organic 
molecules by Springer-method was conducted by 
Dr. K. D. Pohl.



Table 1. Reaction of retarders with lime saturated solutions

Research 
No.

Starting mixture ret 
[ml] CaO 

[g]

Reaction 
l[h]e

CaO 
(filtrate) 

[g/U

C/S-ratio 
of CSH-phase

Weight 
of the solid 

[g]
surface 
[m2/g]

pH 
(filtrate)

1 10,5 3.4 0.51 0.575 2.25 5.3782 109.0
2 MgSiFe 10.5 4.1 0.5 1.040 2.70 5.6476 100.7
3 5 0/o 10.5 3.4 24 0.580 2.25 5.3538 116.0
4 10.5 4.1 24 1.051 2.70 5.6700 102.6

5 <<R„ 10.0 4.1 0.5 0.564 2.70 6.6782 60.5
6 “R” 10.0 4.5 0.5 0.805 2.97 7.0104 83.9
7 “R” 10.0 4.1 24 0.673 2.49 6.5272 61.3
8 “R” 10.0 4.5 24 0.834 2.90 6.8325 81.6

9 “N” 6.0 3.79 0.5 1.280 3.3433 10.7
10 “N” 6.0 4.00 0.5 1.349 3.5506 11.2
11 “N” 6.0 3.79 24 1.364 3.2323 11.5
12 “N” 6.0 4.00 24 1.321 3.5697 11.6

13 «P» 15.0 3.90 0.5 1.180 4.3464 32.1
14 «P» 15.0 4.00 0.5 1.194 4.3948 33.4
15 “P” 15.0 3.90 24 1.126 4.4216 33.2 13.0016 “P” 15.0 4.00 24 1.133 4.5830 35.3

“R” industrial retarder (main compound: MgSiFß)
“N” industrial retarder (main compound: Hexite)
“P” industrial retarder (main compound: Polyhydroxy carbonic acids)

Table 2. Combination of the retarders “N” and “P” on the 
portland cement as a function of the hydration time

Retarder
Hydration Used ml of 

In KaC^O? Content of retarder 
in the filtrate 

L%150 ml solution 
[ml]

“N” _ 3.53 100.0
««N” 5 0.97 27.5
“N” 15 0.80 22.7
«N" 30 0.72 , 20.4
"N” 240 0.38 10.8

“P” 3.62 100.0
«p» 5 2.05 56.5
<«p” 15 1.61 44.5
»p» 30 1.20 33.2
«p» 240 0.80 23.8
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Oral Discussion

Richard A. Kuntze and P. Hawkins

Dr. Mielenz has indicated that several effects must 
be expected when hydroxy compounds are added to 
portland cement. For example, a change in the rate 
of interaction between sulfate and C3A may result in 

an increased or decreased formation of calcium 
sulfoaluminate (ettringite). This is of particular interest 
with respect to false set, since our own work has in
dicated that ettringite contributes to this type of early 
stiffening of cement paste (1).

Seligmann and Greening (2) reported that the for
mation of ettringite is increased by sucrose whereas 
ligonsulfonates have a negligible effect. In contrast, 
Goetz (3) has found that hydroxy acids decrease the 
formation of ettringite even if hemihydrate is present 
in the cement. Our own work has shown that some 
hydorxy acids are capable of delaying the crystalliza
tion of gypsum by direct retardation of the hydration 
of hemihydrate (Fig. 1). Consequently, false set of 
cement may be affected by these materials by reducing 
the amount of ettringite formed and by delaying the 
crystallization of gypsum.

Hydroxy acids differ widely in their effect on the 
crystallization of gypsum depending not only on 
their molecular configuration, but also on the con
centration of Ca(OH)2 (Figs. 2 and 3). Therefore, if 
the effect of the hydroxy acids is just sufficient to 
produce gypsum crystallization after the mixing 
is completed, false set may be obtained with a cement 
that otherwise does not show this behaviour. Alter
natively a false setting cement may appear to behave 
normally, if the crystallization of gypsum is delayed 
until testing is completed.

In contrast to hydroxy acids, little or no effect on 
the crystallization of gypsum has been observed with 
sucrose or lignosulfonates. In view of this difference 
in the behaviour between hydroxy acids and other 
hydroxy compounds such as lignosulfonates, we would 
like to ask Dr. Mielenz if observations made in prac



tice support or disagree with the results obtained 
by us.
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Oral Discussion

Geoffrey J. Frohnsdorff

Since the understanding of the mechanism of hydra
tion of C3S and alite is of great interest to us all, I 
would like to make some comments on this subject 
and to ask Dr. Mielenz if he agrees with them.

Since C3S, unlike C3A, does not normally react 
rapidly and continuously on being mixed with water, 
it seems reasonable to consider its hydration to be 
“self-retarded”. This suggests that an understanding of 
the mechanism of the self-retardation is a prerequisite 
to understanding the retarding or accelerating effects 
of surface active agents and other additives.

The study of the mechanism is difficult because it 
appears that a number of consecutive and concurrent 
reactions are involved and, even when present in minute 
amounts, the products of the reactions may have large 
retarding effects on the reactions in which they are 
formed. A continuing need in studying the effects of 
additives on the hydration of C3S or cement is to 
design experiments which, at least partially, separate 
the reaction steps. Some ways in which this may be 
done are illustrated by:

1) TheworkofDr.Kondo(l) in which the hydration 
of C3S in water extracted from a C3S paste was 
compared with the hydration carried out in

; distilled water.
2) The work of Drs. Dolch and Compbell (2) in 

which they studied the earliest reactions of C2S 
in a very large quantity of water or aqueous 
solution (W/C = 2000) so as to avoid the com
plications caused by formation of new solid 
products; this technique might prove valuable 
in studies of surface active agents or other 



admixtures by helping to show their effects on 
initial rates of hydrolysis of cement compounds.

3) The work of Dr. Bruere (3) who showed the effects 
on cement hydration of delayed additions of 
retarders.

I would like to suggest that understanding of the 
effects of the retarders and accelerators would be 
significantly aided by extensions of methods to which 
I have just referred. I would like to ask Dr. Mielenz if 
he agrees with this point of view.
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Oral Discussion

. John H. Taplin

Would Dr. Mielenz care to make a comment on 
the suggestion that I made to Dr. Lieber in session II, 
namely, that retarders may act by delaying the nuclea
tion of a calcium silicate hydrate and that the adsorp
tion of retarders on anhydrous clinker mineral surfaces 
may be unnecessary for retardation.

Author’s Closure

Richard C. Mielenz

Mr. Kudo has provided data on time of setting and 
compressive strength of concrete containing each of 
three types of set-retarding chemical admixtures that 
are identified as silicofluoride, organic acid, and lignin 
types, respectively. By their nature water-soluble 
salts of hydroxy acids and of lignosulfonic acid are 
water-reducing retarders for portland cement mix
tures; hence, it is not appropriate to designate their 
set-retarding action as a “side-effect.” Although the 
retardative action of these types of organic admixtures 
can be partially or completely overcome by suitable 
intermixture with accelerating agents, salts of hydroxy 
acids and lignosulfonates are widely and successfully 
employed as set-retarding admixtures in construction.

In his tests, Mr. Kudo extended the rate of use of 
the organic admixtures well beyond the proportions 
in which they normally are used in portland cement 
mixtures for' general construction. Unfortunately, 
he has not identified the chemical composition of the 
two organic admixtures so that it is not possible to 
state an optimum rate of use for these products to meet 
the requirements of typical construction. In parti
cular, note should have been made as to whether the 
rates of use indicated are for the active constituent 
or an aqueous solution. However, calcium lignosul
fonates usually are used at rates in the range 
0.15 — 0.40 and salts of hydroxy acids in the range 
0.05 — 0.10 percent by weight of the cement content 
of concrete.

The low maximum strength reported for the con
crete containing the lignosulfonate relative to that for 
the concrete containing the organic acid type admix
ture probably relates to air entrainment. The air-en
training efficiency of differing lignosulfonates varies 
widely and may be a basis for selection of a product 
for use in concrete. In any event, comparative tests 
like those shown should be conducted at equivalent 
air content or the air content and proportioning of 
each concrete mixture should be stated for the reader.

Mr. Kudo refers to “doubts and anxiety” about 
use of organic surface active agents in concrete. 
There is no basis for such concern provided the prod
uct approved for use conforms with carefully pre
pared specifications, such as A.S.T.M. Designation: 
C 494, Standard Specifications for Chemical Admix
tures for Concrete, and provided proper dispensing 
procedures are employed so as to control the rate of 
use of ■ the admixture within close limits, usually 
±3 percent of the amount required.

Kuntze and Hawkins have summarized valuable 
information on the effect of various hydroxy acids on 
time of setting of plaster of Paris, and they apply 
this information to an interpretation of reactions of 
calcium sulfate in portland cement mixtures. They 
note the report of Seligmann and Greening (52)*  
on accelerated ettringite formation in the presence 
of sucrose. Not noted is the observation by Seligmann 
and Greening of similar behavior in the presence of 
a lignosulfonate in the absence of appreciable amounts 
of calcium hydroxide. These latter authors also confirm 
the observation of others that calcium lignosulfonate 
retards the setting of plaster by delaying the preci
pitation of gypsum.

*Numbers in parentheses refer to references appended to the 
principal paper.

In any event, as is stated in the principal paper. 



numerous factors influence the development of a 
stiffening tendency (or lack thereof) in concrete. 
Practical experience is in accord with the findings of 
scientific work in this field. The C3 A content and alkali 
content of the cement, the form and amount of cal
cium sulfate addition, any aeration of the cement, 
the composition and rate of use of any chemical 
admixtures and the sequence of addition of the con
crete-making materials and the mixing cycle employed 
in preparation of the concrete, ambient conditions, 
■such as temperature, and job conditions, such as 
distance of haul and timing of placing and finishing 
operations—all together determine whether loss of 
working qualities will occur in specific concrete con
struction. Under particular circumstances, either a 
hydroxy acid salt or a lignosulfonate may alleviate 
or aggravate premature stiffening of concrete. If the 
action is a false setting tendency, the problem may 
arise either because early precipitation of gypsum 
that otherwise would occur during mixing of the con
crete is delayed to the interval when the concrete is 
being handled and worked, or because precipitation 
of gypsum that otherwise would be delayed until 
after completion of placing is caused to occur during 
the period when the concrete is being handled and 
worked. Inordinate delay of stiffening, combined with 
premature finishing of unformed surfaces, can lead 
to unsoundness of the surfaces because of interference 
with normal process of bleeding and settlement of the 
concrete (93). In cements that are deficient in avail
able calcium sulfate, either because of low SO3/A12O3 
ratio or because the calcium sulfate is in the form of 
slowly soluble anhydrite, a flash setting related to 
inadequate retardation of C3A may induce an irrever
sible stiffening of the concrete prior to completion 
of placing. These matters have been discussed by 
Seligmann and Greening in relation to practical prob
lems.

The data supplied by Ludwig and his coworkers are 
interesting but they cannot be discussed in detail 
because they do not provide complete information 
on the systems and procedures utilized in the inves
tigation. Presumably, the mixtures referenced in Table 
1 do not include portland cement or ground portland 
cement clinker, but the text of the discussion is con
fusing in this respect. The condition of dryness of the 
solids should be known in order that the significance 
of the reported weight of precipitated material can 
be established. Likewise, their statement that the 
specific surface of reaction products of lime and 
magnesium silicofluoride is equal to that of unhy
drated portland cement is surprising considering their 
reported values of 100— 116m2/g in contrast to 

usual values of 0.3 — 0.5 m2/g for commercial portland 
cement. I am unable to identify the substance desig
nated as “hexite.” Can it be a hexose or hexatol?

Ludwig et al conclude from their data that the 
retardative action of the silicofluoride and of the 
organic agents arises from deposition or interaction 
at the anhydrous surfaces of granules of portland 
cement. On the contrary, the data provided with the 
discussion do not separate such effects from those 
that would arise if the admixtures interact with hydra
tion products that either are plated over the surfaces 
of the clinker components or are dispersed in the 
mixing water. Such distinction requires carefully 
developed experiments that involve delayed addition 
of the admixtures, use of non-aqueous media, and 
detailed study of the composition and morphology 
of the resulting cement paste matrix. Such procedures 
have been explored, as is noted in the principal paper, 
and such work is now in progress in several labora
tories.

I agree with the comments of Dr. Frohnsdorff 
relative to the techniques that should be applied in 
the study of hydration of C3S or alite. The recom
mended procedures should be supplemented by study 
of cement-admixture reactions in non-aqueous or 
partially aqueous systems, as was initiated by Blank 
et al (51). Moreover, the solid products and solutions 
should be studied chemically and the morphology of 
the solid products should be established, as by scan
ning electronmicroscopy.

I agree with Dr. Taplin’s suggestion that chemical 
retarders may act by delaying the nucleation of a 
calcium silicate hydrate. However, the reactions and 
physical-chemical effects of the surface-active agents 
are considerably more complex than can be explained 
by a single mechanism.

Likewise, adsorption of chemical retarders on anhy
drous surfaces of clinker compounds may not be an 
essential aspect in the cement-admixture interaction. 
However, this concept does not deny the probable 
significance of uptake directly upon such anhydrous 
surfaces. Data by Blank et al (51) indicate that water 
molecules and molecules of hydroxylated chemical 
admixtures compete for sites on anhydrous surfaces, 
a situation that will always give water the statistical 
advantage in a practical concrete mixture. In this 
connection it is worthwhile to recall the independent 
work of Polivka and Klein (74) and of Kennerley 
et al (43), who found close correlation between release 
of heat of hydration and time of setting of portland 
cement pastes, regardless of the presence or absence 
of a water-reducing, set-controlling admixture. Their 
data indicate that setting is determined largely by the 



quantity of hydration products produced, a conclusion 
that, if confirmed, will depreciate the significance of 

any action of chemical retarders on nucleation of the 
products of hydration.
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Synopsis

Creep data under conditions of drying of neat cement pastes with two water-reducing 
and set-retarding admixtures are presented. To find the possible mechanism of action of the 
admixtures the following factors have been investigated experimentally and are discussed: 
the magnitude and rate of loss of water from the given pastes at higher temperatures, density 
of hydrated cement paste, surface tension of the solution of admixture in water, and mor
phology of the hydrated paste as revealed by electromicrographs. Some relation between 
the ease with which water can move within and out of the paste and creep is shown to exist, 
but it is suggested that all the other factors be further studied, too.

Introduction

Admixtures have been used in concrete for sometime 
with many beneficial effects (1, 2). Not all the effects 
are, however, understood or even well-known: among 
these is the influence of admixtures on creep, a prop
erty of considerable, and indeed increasing, impor
tance in the design and performance of concrete 
structures.

At the 1967 RILEM International Symposium on 
Admixtures for Mortar and Concrete there were 
presented two papers (3,4), arising from work at The 
University of Calgary on the influence of water-reduc
ing and set-retarding admixtures on creep of concrete 
made with lightweight and normal weight aggregates. 
Little other work in this area has been published. 
The earlier two papers (3, 4) dealt with the creep 
behaviour of concrete at the phenomenological level. 

In the present paper, an attempt is made to study the 
mechanism through which two selected water-reducing 
and set-retarding admixtures affect the creep of neat 
cement paste under conditions of drying.

There is an important limitation of the present 
work that should be mentioned. The behaviour of 
admixtures, insofar as influence on the properties 
of concrete is concerned, is not simply related to the 
ASTM classification (1) of the admixture and is often 
sensitive to the properties of the actual cement used. 
As far as creep is concerned, earlier work (3, 4) show
ed that admixtures, even when belonging to the same 
ASTM classification, vary widely in their influence. 
Thus no generalization from the present experiments 
is possible: the paper describes no more than the 
effects of the particular admixtures.

Previous Work

In earlier tests (3, 4) creep of concretes containing 
four water-reducing and set-retarding admixtures 
was studied. The effects of an admixture were deter
mined by a comparison with an admixture-free, or 

plain mix, which had the same workability and the 
same compressive strength at the time of application 
of the sustained load; such mixes were termed corre
sponding mixes. Thus the concrete with an admixture 
had a reduced cement content as well as a reduced 
water content compared with the corresponding plain 
mix. As a result, the volumetric content of cement 
paste in the concrete with an admixture was lower, too.



Now, the influence of cement paste content on creep 
is such that a concrete with a lower paste content 
(i.e. with an admixture) would be expected (5) to 
exhibit less creep than the corresponding plain mix. 
In fact, in nearly all the tests the opposite was the case. 
Thus the quantity of the cement paste per unit volume 
of concrete cannot account for the influence of admix
tures on creep. Furthermore, tests on four admixtures 

have indicated that there is no simple correlation be
tween creep and the chemical group to which the 
admixture belongs. It appears, therefore, that an 
explanation of the influence of admixtures on creep 
must be sought in the quality of the paste, viz. the 
physical structure of the gel or the properties of the 
water.

Theoretical Considerations

Cement paste has been shown to be the seat of creep 
in concrete, the influence of the aggregate being mainly 
a restraining one (6). Although creep occurs under 
conditions of hygral equilibrium between the concrete 
and the ambient medium, such creep being known as 
basic creep, additional creep takes place if moisture 
is lost from the concrete while under sustained load; 
this is known as drying creep (7). While the exact 
mechanism of creep is still under discussion, it seems 
likely that creep is closely associated with movement 
of moisture in the cement gel, this movement being 
induced by the applied load. Support to this statement 
is lent by the fact that cement paste containing no 
evaporable water does not creep (8).

Powers (9) suggested that diffusion of moisture 
within the cement gel gradually dissipates mechani
cally induced swelling. The situation is that within 
the gel there exist voids of different sizes, on the sur
faces of which there are formed films some 13Ä thick, 
providing wide enough space is available between 
adjacent solid surfaces. When this is not the case, 
adsorption is hindered, and when a compressive 
stress is applied to a cement paste specimen, the films 
in the areas of hindered adsorption are subjected to 
an additional pressure which is brought to a state 
of equilibrium by diffusion of water from these wedge
shaped crevices into wider spaces. A part of creep can 
be explained by this diffusion process.

It could be postulated that if moisture movement is 
rhe essential element in creep, then the speed or ease 
of this movement is a factor in creep. It follows that 
changing the characteristics of moisture movement 
in cement paste might change its creep behaviour. 
One way of effecting such a change is to alter the prop
erties of water in the cement paste, e.g. the surface 
tension of the water. Another way would be to alter 
the physical structure of the gel in which the moisture 
movement takes place, i.e. of the solid-water interface. 
It should be explained that the term water is taken 
to mean in reality a solution of salts such as exists 

in hydrated cement paste.
The presence of admixtures can affect the surface 

forces existing between the water and the gel, with 
the result that, under an applied sustained stress, 
the movement of moisture will be facilitated. It is 
known that some admixtures reduce the surface 
tension of water, and this could result in an increased 
magnitude and rate of creep. However, it is also 
possible that admixtures affect the morphology of 
the gel so that the surfaces along which moisture has 
to move are changed.

A morphological change was observed by Young (10) 
in the case of hydrated C3A when calcium lignosul
phonate was added: instead of the usual hexagonal 
platey structure there were acicular interwoven 
crystals. This behaviour was, however, not confirmed 
(11) in the case of hydration of C3S with the same 
admixture.

Even if the behaviour of C3A with an admixture 
were the same under conditions existing in a hydrat
ing cement paste as in Young’s tests on pure C3A, the 
presence of an acicular crystal structure of C3A may 
not be important. Tamas (12) points out that alumi
nates represent only a minor part of portland cement 
and their hydration products are not only small in 
absolute amount but also have a specific surface 
negligible in comparison with the products of hydra
tion of the silicates. He believes, therefore, that it is 
the hydration of the silicate phase that is changed 
by admixtures. More specifically, there is activation 
or de-activation of the reaction between the silicate 
phase and water, so that with a retarder there is a 
lower amount of tobermorite gel formed at a given 
time. Such behaviour represents a change in structure 
which may be responsible for a variation in creep 
characteristics of the paste.

Another type of structural change which could 
occur in hydrated cement paste due to the presence 
of an admixture is that associated with the geometry 
and distribution of pores. These properties influence 



permeability and strength and may well affect drying 
creep, which involved movement of moisture from the 
gel. If this is correct, then the paste with a higher creep 
should also show a higher loss of water due to a sus
tained load than a nominally similar paste without 
an admixture and with a lower creep. Furthermore, 
high-temperature drying should lead to a differential 
loss of water in the two pastes, if the admixture indeed 
affects the size and distribution of pores in the hydrated 
paste.

To resolve the mode of influence of admixtures on 
creep, it would be useful to answer the following 

questions.
1. Do the admixtures used in the previous tests on 

concrete (3) alter the surface tension of the 
mixing water ?

2. Do the admixtures alter the structure of the 
cement gel in a manner likely to influence creep ? 
Specifically,
(a) do they affect the density of the gel?
(b) do they affect the morphology of the gel?

3. Does either of the changes under 1 or 2, or both, 
lead to a more rapid or a higher loss of moisture 
from the specimen of hydrated paste?

Experimental

The tests consisted basically of a comparison of the 
properties of 6 by 12 in. cylinders of neat cement 
paste with and without an admixture; two admixtures 
were used. The properties involved were: the modulus 
of elasticity of the paste, creep under conditions of 
drying, density of the hydrated paste, morphology 
as revealed by a scanning electron microscope. In 
addition, the surface tension of the mixing water for 
a series of admixture concentrations was determined.

The same cement was used as in the previous inves
tigation (3); this was a Type III high early strength 
portland cement, whose properties are given in 
Table 1. Two commercially produced admixtures were 
used. According to the ASTM classification, they are 
water-reducing and set-retarding. Admixture A be
longs to Class 3 (hydroxylated carboxylic acid) and 
admixture B to Class 1 (lignosulphonic acid). The 
descriptions A and B refer to the same admixtures 
which were used in the earlier investigations (3, 4). 
The admixtures were used in amounts prescribed 
by the manufacturers to achieve normal water-reduc
ing and set-retarding effect.

The mixing water was ordinary tap water at a tem
perature of approximately 21 °C.

The water-cement ratio of the plain mix specimens 
was 0.4. For the specimens containing an admixture 
the ratio of the weight of water plus admixture to the 
weight of the cement was 0.4.

All the specimens were demoulded at the age of 24

Table 1. Properties of cement

Bogue compound composition, % Alkali content, %
so, %

Blaine 
specific 
surface, 
cm2/gc3s C2S C3A C4AF Na2O k2o

56.0 17.0 9.0 6.0 0.12 0.38 2.75 5060

hours and thereafter stored in water at a temperature 
of 21°C. The creep specimens were loaded at the age 
of 28 days, the nominal stress-strength ratio at loading 
being 0.50. The load was applied in a testing machine 
incorporating a load-maintaining device and sustained 
for 12 hours. The test environment had a relative 
humidity of 50 ± 5 per cent and a temperature of 
21°C. Thus the specimens were drying while undergo
ing creep so that both basic and drying creep took 
place. The extent of the latter is, however, not known 
as the water first lost from a specimen exposed to 
load and to drying for so short a time (12 hours) is 
capillary water. Such removal of capillary water may, 
however, facilitate the movement of gel water, pos-

Table 2. Creep data

Admixture
Time
since Nil A B

loading,
hours Creep, Rate of Creep, Rate of f—'rAA'p Rate of

IO-» creep, 10-ß IO"® creep, 10-6 creep IO-0
per hour per hour per hour

1 560 415 680
185 125 260

2 745 540 940
120 75 150

3 865 615 1090
105 65 120

4 970 680 1210
80 70 100

5 1050 750 1310
75 35 756 1125 785 1385
65 50 807 1190 835 1465
65 40 808 1255 875 1545
55 40 709 1310 915 1615
55 30 7510 1365 945 1690
55 30 7511 1420 975 1765
50 35 6012 1470 1010 1825



Table 3. Strength, stress-strength ratio, secant modulus of 
elasticity, density, and void content

Property
Admixture

Nil A B

Strength, psi, at 28 days 10,650 10,880 11,100
Stress-strength ratio 0.52 0.51 0.50
Secant modulus of elasticity at a
stress-strength ratio of 0.5 x 108 psi 2.28 2.34 2.06
Density at age of 25 min., g/cm3 1.921 1.867 1,835
Void content, per cent 1.5 4.2 5.9

sibly by inducing a state of tension in the liquid.
The results of the creep tests are given in Table 2. 

Table 3 lists the strength, the actual stress-strength 
ratio at application of load, and the secant modulus 
of elasticity at a stress-strength ratio of 0.50, deter
mined at the same time.

In the moisture loss tests, specimens cured in fog 
at a relative humidity of 100 per cent for 28 days were 
dried in an oven at 105°C. The results are presented 
in Table 4.

Additional tests were made on the density of the fresh 
cement paste. Here a known volume of compacted 
fresh paste, 25 minutes old, was weighed with a 
sensitivity of 10-s. The results are presented in Table 3.

Table 5 gives the surface tension of water with the 
admixtures in different concentrations. An arbitrary

Table 4. Relative loss of water on heating

Time since start 
of heating, 

hours

Relative loss of water for admixture

Nil A B
1 1.000* 1.000 1.000
2 1.719 1.423 1.744
5 1.999 1.819 2.026

10 2.064 1.940 2.102
50 2.120 2.018 2.178

*represents saturated surface dry condition.

Table 5. Relative surface tension of water with admixture

Admixture content in 
water by weight, 

per cent

Relative surface tension with admixture

A B

0 100 100
0.006* 99.9 __
0.06* — 96.9

50 98.5 79.8
100 97.3 . 74.5

Benzene, on 
same scale

' 39.7 .

♦as prescribed by the manufacturer and used in the actual mix.

scale is used in which the surface tension of pure 
water is 100 and that of benzene is 39.7. The surface 
tension was determined using a capillary rise and fall 
technique.

Discussion of Results

From Table 2 it can be seen that, compared with the 
plain mix, admixture A decreases and admixture B 
increases creep for the 12-hour period under test. 
When the same admixtures were used in concrete 
(3, 4) a qualitatively similar effect was observed for 
periods under load up to 150 days.

Table 5 shows that for the concentration of admix
tures used in the present tests the effect of admixture 
B is to reduce the surface tension of the water by about 
3 per cent; admixture A appears to have no effect. 
While the creep of the paste with admixture B is higher 
than that of the plain mix, in the case of admixture 
A there is no accord between the effect of the admixture 
on the surface tension and on creep. It seems thus 
that the surface tension effect can do no more than 
contribute to the influence of the admixtures on creep.

The data on density (Table 3) are of interest: both 
admixtures cause a decrease in the density of the 
hydrated paste: about 3 per cent in the case of admix
ture A, and approximately 4 per cent for B. The 
difference between the two admixtures may be due 
to the slight air-entraining properties of admixture B 

(about 1 per cent in excess of the plain mix). A reduc
tion in density can be interpreted to mean a less 
well-packed gel which may permit easier movement of 
moisture, and hence a higher magnitude or rate 
of creep. However, the decrease in density was not 
accompanied by a decrease in strength, compared with 
the plain mix, and may mean increased hydration 
of the mixes with an admixture. Since the main product 
of hydration—gel—is responsible for creep, the pre
sence of more gel could account for higher creep. 
This possibility does not, however, explain the differ
ence between the creep behaviour of mixes with admix
ture A and B. In any case, the amount of gel present 
should be checked by measurement of the degree 
of hydration—a test which was not performed.

The electron micrographs showed no significant 
morphological difference between the mixes with 
and without an admixture. The magnification was 
15,000 times, which is inadequate to resolve the 
changes in the gel structure; for this, a magnification 
ten times greater would be necessary. An indirect 
indication of the structure of the hydrated paste is 



obtained from the values of the secant modulus for 
the different mixes. Specifically, in comparison with 
the plain mix, the mix with admixture A has a higher 
secant modulus and a lower creep; the converse is 
the case with admixture B. This behaviour was pre
viously found also to exist in concretes with and 
without the same admixtures, both with lightweight 
and normal weight aggregates (3, 4).

Perhaps the most significant results obtained in the 

Summary of Possible

It is possible that the increased creep of the mix 
with admixture B, compared with the plain mix, 
can be accounted for by a greater ease of moisture 
movement within and out of the paste and a lower 
surface tension of water with this admixture. These 
two phenomena are likely to be related to one another. 
There is also a possibility of a change in the gross 
morphological structure when this admixture is used.

In the case of admixture A, the creep is lower than 
in the plain mix. The moisture loss of the mix with 
the admixture was lower than for the plain mix, but 
the rate of loss was higher in the former case. If this

present investigation concern the moisture loss from 
the different mixes when subjected to higher tem
perature. Table 4 shows that, relative to the plain 
mix, the mix with admixture A loses less moisture 
(and exhibits less creep); the opposite is the case with 
admixture B. As pointed out earlier, the water actu
ally lost is probably mostly capillary water but its 
movement may well affect the internal movement of 
gel water—a factor in creep.

Effects of Admixtures

trend continues, it is possible that the ultimate loss 
of water will be higher in the mix with the admixture. 
There is no comparable rate-effect in the creep of the 
two mixes, but it is interesting to recall that in the 
earlier tests (3, 4) on concrete with admixture A, the 
rate of creep decreased only slowly with time so that 
the long-term creep was in most cases higher than for 
the plain mix. It is conceivable, therefore, that the pre
sence of admixture A leads to a similar increase in 
creep as in the case of admixture B but with a delay. 
The reason for this still unconfirmed behaviour of 
cement paste with admixture A is not known.

Tentative Conclusions

1. There appears to exist a relation between the ease 
with which water is lost from hydrated paste 
on heating and the magnitude of creep of mixes 
with and without the admixtures used in the pre
sent tests.

2. The influence of admixture B on the surface 
tension of water appears to be in accord with the 
influence on the magnitude of creep; there 
is, however, no such relation in the case of admix
ture A. It is, therefore, not possible to correlate 
the surface tension effect with creep.

3. The density of paste 25 minutes old and creep 
are related in the case of the mix with admixture 

B, as compared with the plain mix, but again no 
such relation exists for admixture A. Thus, the 
density and creep cannot be correlated.

4. It is possible that admixtures affect the gross 
morphology of the hydrated paste, and therefore 
the shape of the stress-strain curve and the creep. 
A confirmation at the level of gel particle size is 
still required.

5. It seems from the above that the mechanism 
through which admixtures influence creep is 
still uncertain. The present paper has suggested 
some of the possible mechanisms, which it is 
proposed to examine in more detail in the future.
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Supplementary Paper IV-45 Effects of Organic Compounds 
on the Hydration Reactions of Tricalcium Aluminate

Kenneth E. Daugherty and Milton J. Kowalewski, Jr.*

Synopsis

At one time it was believed that the hydroxyl-carbon groups found in many organic 
admixtures might be responsible for the retardation of the reaction of water molecules with 
cement compounds. It was theorized that the reduced rates and the associated set-delays were 
a result of hydrogen bonding of the hydroxyl-carbon groups to cement compound surfaces.

A more modern theory stated that the a-hydroxyl carbonyl groups was responsible for 
the set-delay produced in portland cement on the basis that many set-retarding agents con
tain or hydrolyzed to give this functionality.

In order to investigate reactions of compounds containing a-hydroxyl carbonyl groups 
with cementitious materials, the effects of 13 well-characterized, interrelated organic com
pounds on the hydration reactions of tricalcium aluminate were examined at 25°C. The 
organic compounds contained various types and numbers of hydroxyl groups and carbonyl 
groups. The compounds were: acetic acid, glycolic acid, DL-mandelic acid, glyceric acid, 
ketomalonic acid di-sodium-salt, ethylene glycol, glycol aldehyde, sucrose, D-(+)-trehalose, 
D-(+)-glucose, fructose, mannitol and sorbitol.

The principal means of investigation was to study the disappearance of tricalcium 
aluminate and the appearance of new hydrated phases by X-ray diffraction. The method 
employed in this paper of using a C3A-C3AHS calibration curve appeared to be a useful 
method for quantitatively following the course of the hydration of C3 A, both in the presence 
and absence of organic compounds. For each organic compound, results were obtained 
covering the period from 22 minutes to 64 days. Sucrose was investigated more intensively 
as compared to the other organic compounds.

It was found that the hydroxyl groups tend to retard the hydration of tricalcium alumi
nate and carbonyl groups tend to accelerate the hydration of tricalcium aluminate. The a- 
hydroxyl carbonyl group itself does not appear to be important in retarding the hydration 
of tricalcium aluminate though it may be for other cement compounds. Various effects of 
the blocking action of organic compounds preventing the hexagonal hydroaluminates from 
forming the cubic hexahydroaluminate are discussed.

Possible mechanisms for the hydration of tricalcium aluminate in the presence of 
hydroxyl and carboxyl groups are considered. ‘

It has been shown in many investigations that 
compounds containing hydroxyl and carbonyl groups 
are important factors in influencing hydration rates 
and possibly the hydration products of portland 
cement and its constituents. This paper is concerned 
with the effects of organic compounds on the hydra
tion reaction of C3A, and also the role of hydroxyl 
and carbonyl groups on the hydration of C3A to the 
hexagonal hydroaluminates, C2AHS and C4AH„, and 
then subsequent conversion to the cubic hydroalumi-

♦Technical Center, American Cement Corporation, Riverside 
California, U.S.A. ’ 

nate, C3AH6.
This paper examines the effects of 13 well-charac

terized, interrelated organic compounds on the hydra
tion reactions of C3A in the absence of other ions 
such as sulphate and calcium. The organic compounds 
contain various types and numbers of hydroxyl and 
carbonyl groups. The compounds studied were: 
acetic acid, glycolic acid, DL-mandelic acid, glyceric 
acid, ketomalic acid di-sodiumsalt, ethylene glycol, 
glycol aldehyde, sucrose, D-(+)-trehalose, D-(+)- 
glucose, fructose, mannitol and sorbitol. Sucrose was 
investigated more intensively than the other organic 



compounds.
The hydration of C3A in the absence of organic 

compounds was also studied to provide a control 
against which to measure the effects of organic com
pounds. Reactions in which C3A hydrated more 
rapidly than C3A alone were considered to be acceler
ated by the organic compound. Conversely, those in 
which C3 A hydrated more slowly than C3A alone were 
considered to be retarded by the organic compound.

This investigation is part of a broader study aimed 
at understanding the interaction of selected organic 
compounds with inorganic compounds found in 
cementitious materials.

Forbrich (1) stated that calcium lignosulfonates 
delayed the time of rapid heat evolution of C3A, and 
that orthohydroxybenzoic acid (salicylic acid) had 
a slight accelerating effect on the hydration of C3A. 
Prior and Adams (2) listed some categories of set
retarding admixtures such as lignosulfonic acids and 
hydroxylated carboxylic acids that are designed to 
delay initial and final set in a controlled manner. 
Vivian (3) found that carbohydrates such as sugars, 
starches, cellulose and hydroxylated carboxylic acids 
had marked retarding actions on the hydration of 
portland cement.

Stein (4) observed that in the early stages of the 
hydration of C3A at normal temperatures, the for
mation of C2AH8 and C^AHj 3, rather than of C3AH6, 
was favored. The conversion of the hexagonal hydro
aluminates (C2AH8 and C4AH13) to C3AH6 could 
accelerate the hydration of C3A by removal of the 
layer of products formed around the C3A grains by 
a solution mechanism. The rate of reaction at the sur
face and passage of H2O through the layer of hexa
gonal hydroaluminates controls the overall reaction. 
Stein indicated that dislocations intersecting a sur
face have a significant influence on the hydration rates.

Segalova, Seloveva and Rebinder (5) observed that 
polar ions in solution can retard the reaction by adsorb
ing on sites formed by defects and dislocations in the 
crystalline structure.

Blank, Rossington and Weinland (6) found that 
calcium lignosulphonate and salicylic acid in aqueous 
solution were more strongly adsorbed on C3A and 
C4AF than on C3S and C2S. This also confirmed the 
previous work of Ernsberger and France (7).

According to Young (8), lignosulphonates favored 
the formation of C2AH8 and C4AH13 with respect to 
C3AH6 and modified their crystal habit. Such a mor
phological change can be regarded as a physical 
consequence of adsorption as postulated by Rebinder 
(5). Young demonstrated that lignosulphonates defi
nitely inhibited the change from the hexagonal hydro

aluminates to C3AH6 under normal conditions. 
Additions of gypsum and lime did not alter the se
quence of reactions.

Chatterji (9) has commented that (i) pure salts of 
lignosulphonic acids were inferior retarders to com
mercial lignosulphonates; (ii) the reducing sugars 
were the main active ingredients of the commercial 
calcium lignosulphonates; and (iii) a mixture of 
reducing sugars and the pure lignosulphonates was 
a better retarder than either of the compounds alone. 
Chatterji also found that higher strength development 
and a lower rate of hydration went hand in hand with 
the thinness of hexagonal hydroaluminates.

Feldman, Ramachandran and Sereda (10,11) studied 
the influence of gypsum and calcium carbonate upon 
the hydration character of C3A. They found that 
the degree to which gypsum retarded the hydration 
of C3A at a particular temperature was affected by 
(i) the concentration of SO42- ions on and around 
the surface of the C3A; (ii) the rate of reaction of 
SO42- ions with the hexagonal hydro-aluminates; 
and (iii) the reaction of the hexagonal hydroaluminate 
layer around the C3A grains. They have also observed 
that during hydration the C2AH8 and C4AH13 are 
stabilized if the temperature was low and that increased 
amounts of CaCO3 progressively inhibited C3AH6 
formation.

Van Aardt and Visser (12) have shown that C3AH6 
is unstable at low temperatures and, in the presence 
of Ca(OH)2 at 5°C, a metastable compound thought 
to be C4AH19 was formed.

Hansen (13) pointed out that the organic materials 
used for prolonging the period during which a cement 
slurry remains sufficiently fluid for transporting by 
pumps at elevated temperatures generally contained 
one or more hydroxyl carbon groups. Hansen (14) 
also suggested that these organic compounds were 
adsorbed on the cement surfaces so that they retarded 
the adsorption of hydronium ions on the cement 
mineral surfaces and slowed down the setting reaction.

Steinour (15) suggested that the activity of retarding 
was due to hydrogen bonding of the hydroxyl groups. 
Hydroxyl carboxylic acids such as tetrahydro-adipic 
acid may undergo intermolecular association by 
hydrogen bond formation whereby a hydroxyl group 
in one molecule may react with a hydroxyl group in 
another molecule. Steinour also suggested that com
pounds with several hydroxyl groups appeared gener
ally to be strong retarders in portland cement pastes.

Stein (17) concluded that all polyalcohols exhibited 
a retarding action on portland cement hydration. 
With the use of gypsum, ettringite coatings on the 
C3 A were replaced by ^AH, 9 formations that created 



heat. Eventually the C4AH19 formation dissipated 
and more hydration occurred toward the final C3AH6 
phase.

Seligmann and Greening (16) have found that 
materials which cause retardation of set, such as suc
rose or lignosulfonates, can also produce a large 
initial acceleration of the hydration reactions of port
land cement paste. They found that 1 g of C3A will 
remove 99 % of the sugar from 5 cc of a 1 % sucrose 
solution within 7 minutes. Gypsum or Ca(OH)2 did 
not interfere with the process. They also showed that 
if the C3 A were allowed to hydrate for several minutes 
in the absence of sucrose and then sucrose was added, 

the sorption of the sucrose was reduced.
Taplin (18) studied a wide range of set-retarding 

agents on portland cement. Surprisingly, he found 
that they nearly all contained the a-hydroxyl car
bonyl group.

Bruere (19) found that a, a-trehalose (D-(+)- 
trehalose) possessed only weak retarding properties 
in portland cement pastes whereas all of the other 
sugars studied in his investigation were powerful set
retarding agents. D-(+)-trehalose did not contain 
the a-hydroxyl carbonyl group nor did it form this 
group in an alkaline medium. Bruere found that the 
other sugars either contained the a-hydroxyl carbonyl 

Table 1. List of the organic compounds used.

Compound name Empirical formula Compound structure Molecular weight

1 Acetic acid C2H4O2
H 0

1 II
H------ C-------C-------OH

1
H

60.05

2 Glycolic acid CjHiOa
OH 0

1 11
H------ C-------C-------OH

1
H

76.05

3 DL-mandehc CgHsOj
__  OH 0

C. v/-------? C 0H

H

152.14

4 Glyceric acid CsHoO,
OH OH 0

H C-------- C C---- -OH

H H

106.08

5 Ketomalonic 
di-Na-salt ' CaNaaOs

0 0 0
11 II 11

NaO----- C---------C-------C------ ONa
162.01

6 Ethylene 
glycol CaHgOj

OH OH 
! 1

H------ C------- C H
1 1

H H

62 07

7 Glycolic 
aldehyde CaHjOa

OH 0
1 11

H------C—C-------H
1

H

60 05

8 Sucrose Ci aHg jOi i

OH 

H-C-H 0H

\0H H / 0—\ H <5/1

gV_____v \i_______y\

H 1 r i—Ih-c-h
H OH OH H

342.30

9 D-(+)- 
trehalose C12H22O11

OH

H-C-H
1 ? °H

H OH h

342.30

10 D-( + )- 
glucose CgHi 3O1)

OH OB OH OH OH 0
I 1 1 1 1 11

H------C-------C-------C-------C-------C-------C------ H
II 1 1
H H H H H

180.16

11 Fructose CgHi aOg
OH 0 OH OH OH OH

1 II 1 1 1 1H----c---- c----c-----c- c —c-------H
1 Illi
H H H H H

180.16

12 Mannitol CgHijOo
OH Oll OH II H o"h

1 1 1 1 1 1
H------ C------ C------ C-------C-------C-------C-------H

1 1 1 1 1 1
H H H OH OH H

182.17

13 Sorbitol CgHuOg
OH OH UH H OH OH

1 1 1 1 1 I
H ? ? c\ y ? v h

_______________ H H H OH H H
182.17



group or were capable of forming it in an alkaline 
medium, such as exists in portland cement paste. 
Bruere (20) supported Taplin’s (18) beliefs that the 
a-hydroxyl carbonyl group was the active adsorbing 
group in many set-retarding agents in portland cement 
paste.

From a review of the literature mentioned above, it 
was thought that the adsorption of a-hydroxyl car
bonyl groups on C3A might play a major role in 
governing the effectiveness of retardation. Also, 
it was of interest to the authors to determine the 

relationships of carbonyl and hydroxyl groups rela
tive to the set-retardation of C3A hydration in the 
absence of sulphate and calcium ions. With this in 
mind, the effects of simple, well-characterized, inter
related, water-soluble organic compounds contain
ing varying numbers and types of hydroxyl and car
bonyl groups were studied in the hydration reactions 
of C3A. (See Table 1). Special emphasis was placed on 
sucrose because it is the best characterized and best 
known of the common retarders.

Reagents

C3A Preparation

Many methods have been suggested for the pre
paration of C3A. Among them are those of Van 
Aardt and Visser (20), and Seligmann and Greening 
(21). However, the following method was found to 
be more effective in yielding high purity C3A with 
little difficulty:

Two moles of A1(OH)3 and a 1/1000 mole excess 
of A1(OH)3 and 3 moles of CaCO3, all of Baker analy
tical reagent grade, were blended in a ball mill for 
approximately 12 hours. The blended powder was 
transferred to platinum crucibles (100 gram capacity) 
and heated in an electric furnace for 2 hours at 900°C. 
The crucilbes containing the calcined material were 
then transferred to a Leco electric furnace for at 
least 6 hours at 1455°C. The material was air-cooled 
to room temperature and ground to —200 mesh 
(—74 microns) in an agate ball mill. It was felt that 
the use of a glove box was unnecessary. Some material 

was also ground to —325 mesh (—43 microns). The 
sieves used throughout this investigation were Tyler 
Standard Screen Scale Sieves.

The X-ray powder diffraction analysis showed no 
trace of CaO or C12A7 or other impurities. (Fig. 1). 
The pattern was in excellent agreement with the C3A 
pattern of Swanson, Gilfrich and Ugrinic (22). The 
C3A was also analyzed by Diamond (23) and his 
analysis was in excellent agreement with the authors. 
The free lime chemcial analysis by the method 
described by Lea and Desch (24) showed less than 
0.1% CaO.

The C3A was stored under desiccation using 
Ascarite and Anhydrone. The C3A is believed to be 
of the highest purity available. The —200 mesh C3A 
had a surface area of 0.46 m2/g. The surface areas 
were determined by N2 adsorption using a Perkin- 
Elmer-Shell Model 212 Sorptometer (BET method). 
The —200 mesh material was used throughout the 
investigation unless otherwise noted.



C3AH6 Preparation

A number of methods have been suggested for the 
preparation of C3AH6 including those of Stein (25), 
and Van Aardt and Visser (26). The following method 
was found to be particularly effective in yielding 
high purity C3AHS with little difficulty:

C3A was mixed with distilled H2O and ice chips 
at a H2O/C3A ratio of greater than 10 for 60 minutes 
at 25°C in a Spex mill. The ice had melted by this 
time and the container was placed in a 15°C chamber 
for 16 hours. The samples, which were completely 
hydrated, were then heated to 150°C for 2 hours in 
order to drive the intermediate metastable C2AH8 and 
C4AH„ compounds to C3AH6.

X-ray powder diffraction analysis showed that the 
material was completely hydrated with no detectable 
traces of C3A, C2AH8, C4AH„ or other impurities. 
The X-ray pattern was in excellent agreement with the 

pattern described by Thorvaldson, Grace and Vig- 
fusson (29) (Fig. 2).

The C3AHS had a surface area of 1.7 m2/g as deter
mined by N2 adsorption.

Organic Compounds

The compounds used in this study were well-charac
terized and of reagent grade purity (See Table 1). 
Acetic acid (No. 1), glycolic acid (No. 2), glyceric 
acid (No. 4), ketomalonic acid di-sodiumsalt (No. 5), 
ethylene glycol (No. 6), D-(+)-trehalose (No. 9), 
mannitol (No. 12) and sorbitol (No. 13) were obtained 
from Aldrich Chemical Company. DL-mandelic acid 
(No. 3) and fructose (No. 11) were obtained from 
Matheson, Coleman and Bell. Glycol aldehyde 
(No. 7), sucrose (No. 8), and D-(+)-glucose (No. 10) 
were obtained from Allied Chemical Corporation.

Instrumentation

X-ray Diffraction Analysis

The X-ray diffraction analyses conducted through
out this investigation were at 25°C using nickel- 
filtered copper Ka radiation at 45KV and 35 mA 
and a Norelco proportional counter and diffractome

ter. The X-ray scanning was conducted at a rate of 
2° 20/min with a 2° divergence slit, a 2° scatter slit, 
a 0.006 inch receiving slit and a time constant of 4 
seconds. An automatic sample changer described in 
the paper by Berger, Frohnsdorff, Harris and Johnson 
(28) was employed for routine sample analysis.

Method of Analysis

100-

Preparation of Standard Calibration Curves

A series of 16 samples (Table 2) were prepared 
ranging from 100 mole % C3AH6 and 0 mole % C3A 
to 0 mole % C3AH6 and 100 mole % C3A. The 
samples were weighted to a 1/10 of mg, blended in an 
agate mortar, funneled to produce a homogeneous 
material, blended again, funneled again, and blended 
again in order to produce the samples for X-ray powder 
diffraction analysis. The loss in the overall preceding 
operation was less than 1 %.

X-ray diffraction patterns were run on each smaple. 
An example of the pattern produced with 35.27 mole 
% C3A and 64.73 mole % C3AH6 is found in Fig. 3. 
The intensities were determined for the 33.3°20, 
41.T29 and 59.7°20 peaks of C3A and the 39.3°20, 
44.4 29 and 54.6 29 peaks of C3AH6. The preceding

2 40-
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Fig. 3. X-ray powder diffraction pattern of 35.27 mole% C3X 
• and 64.73 mole % C3AH6.



Table 2. Data collected from X-ray diffraction patterns of samples containing varying mole percentages of C3A relative to CsAHg.
Data plotted in Fig. 4. '

% C3A Relative 
to % C3AH6 Relative intensities of C3A and CsAHg peaks Ratios of C3A to C3AH0

No. %
c3a c3ah8 C3A 

33.3°
C3A 
47.7°

C5A 
59.3°

® 
c3ah8 

39.3°

®
CsAH, 
44.4°

®
C3AH9
54.6° ® ®

®
 
1 @ age

Aver
age 

x 3.333

1 0 100 6 0 0 67.5 59.5 31.5 0.089 0 0 0.030 0.100

2 3.48 96.52 6.5 3.0 2.5 55.5 53.5 29,0 0.118 0.056 0.087 0.087 0.290

3 7.88 92.12 9.5 4.0 4.0 45.5 45.0 25.0 0.209 0.088 0.160 0.152 0.507

4 13.45 86.55 ' 20.0 5.0 6.5 56.5 55.5 28.25 0.354 0.090 0.23 0.225 0.750

5 17.36 82.64 22.5 6.5 7.5 46.5 45.5 24.5 0.485 0.143 0.306 0.311 1.037

6 20.73 79.27 26.0 8.0 9.5 51.5 49.5 27.0 0.505 0.162 0.352 0.340 1.133

7 30.51 69.49 40.0 8.0 12.0 44.0 43.5 22.5 0.91 0.184 0,533 0.542 1.807

8 45.14 54.86 61.0 17.0 17.0 34.0 32.5 17.5 1.795 0.523 0.970 1.096 3.653

9 55.14 44.86 73.5 23.0 26.5 31.0 32.0 16.0 2.37 0.72 1.66 1.58 5.267

10 64.73 35.27 72.0 23.5 22.0 23.0 25.5 12.0 3.13 0.921 1.83 1.96 6.533

11 72.33 27.67 74.5 20.0 25.0 18.0 19.5 9.5 4.15 1.025 2.64 2.605 8.683

12 78.83 21.17 45.0 15.5 19.0 8.0 10.0 4.75 5.62 1.55 4.00 3.72 12.40

13 89.32 10.68 93 34.5 31.5 4.5 8.25 3.0 20.7 4.18 10.5 8.79 29.30

14 92.96 7.04 93 29.5 35.5 4.0 7.5 2.25 23.3 3.94 15.8 14.35 47.83

15 97.04 2.96 93 29.5 30.0 3.5 5.0 1.0 26.6 5.90 30.0 24.20 80.67

16 100 0 123 38.5 40.0 3.0 6.0 0 41.0 6.4 00 00 00

100% C3AH6 and 0% C3A and 100% C3A and 0% 
C3AH6. The theoretical curve can be seen as a dotted 
line in Fig. 4.

C3A/C3AH6 ratios were then calculated from the 
intensity ratios I33.3O20/I39.3°25, I47.7O29/I44.4°29, 
and I59.3°20/I54.6°20. The three ratios were then 
averaged and, for convenience, multiplied by a cons
tant 3.333 in order to produce a graph of per cent 
unhydrated C3A vs ratio of C3A/C3AH6 with 0.01 in 
the lower left hand corner (Fig. 4). The calculations 
were greatly facilitated by the use of a time-sharing 
computer which saved many hours of calculations.

The calibration curve (Fig. 4) was then used for 
computing from X-ray diffraction data the per cent 
hydration of C3A in samples hydrated in the presence 
of the organic compounds.

The calibration curve agreed well with the theore
tical curve based on mass absorption coefficients for 
peaks were selected because of their high intensities 
and little interference.

Preparation of C3A Samples 
with Organic Compounds

A series of 7 samples was prepared for each organic 

compound (Table 1). Each sample contained 10 mg 
of organic compound, 1 g of C3A and 0.6 ml of dis
tilled H2O. A standard solution was prepared for 
each organic compound containing 167 mg of organic 
compound and 10 ml of distilled H2O. A volume of 
4.2 ml of this solution was added to 7 g of C3A in 
a 25 ml beaker and mixed by hand for 2 minutes with 
a glass stirring rod.

The resulting mixture had a H2O/C3A ratio of 0.6 
and contained 1 % by weight of organic compound to 
C3A. A H2O/C3A ratio of 0.40 is the stoichiometric 
ratio necessary to hydrate C3 A to C3AH6. The samples 
were divided immediately into 7 equal-sized portions 
and placed in 7 ml glass vials and capped with plastic 
snap-top lids. The samples were then transferred to 
an environmental chamber held at 25 °C. The quantity 
of H2O evaporated from these vials was less than 1.5 
weight % of sample in the first 5 days.

The samples were stored in the chamber for 22 
minutes, 90 minutes, 6 hours, 24 hours, 4 days, 16 
days and 64 days. The samples were desiccated im
mediately upon removal from the chamber using a 
Welch vacuum pump, a glass vacuum desiccator and 
an Anhydrite drying tower. The samples were desic
cated for 12 hours and the hydration reactions were



Fig. 4. Calibration curve used in the analysis of C3A-C3AH6 
’ mixtures.

----- Plot of the X-ray peak intensity ratio of C3A/C3 AH6 •3333 
for different molar ratios of C3A and C3AH6 (0 mole % 
unhydrated to 100 mole % unhydrated). Data taken from 
Table 2.

-----Plot of the theoretical curve for different molar ratios of 
C3A and C3AH6 computed from mass absorption coeffi
cients for pure C3A and pure C3AH6.

Fig. 6. Plot of the per cent hydration of C3A samples mixed 
with organic compounds vs time in minutes (M), hours (ff), and 
days (Z>).

The numbers refer to the following compounds found in Table 
1 in order of decreasing hydration:

C3A = normal hydration with no organic compounds
11 = fructose
10 = D-(+)-glucose
12 = mannitol
9 = D-(+)-trehalose
8 = sucrose

13 = sorbitol

Fig. 5. Plot of the per cent hydration of C3 A samples mixed with 
organic compounds vs time in minutes (Mf hours (.Hf and 
days (.D).

The numbers refer to the following compounds found in Table 1 
in order of decreasing hydration:

3 = DL-mandelic acid
1 = acetic acid
6 = ethylene glycol
2 = glycolic acid

C3 A = normal hydration with no organic compounds
7 = glycol aldehyde
5 = ketomalonic acid di-sodium-salt
4 = glyceric acid

Fig. 7. Effect of varying concentrations of sucrose on the hydra
, lion of C3A after 24 hours hydration at 25°C.

arrested. The samples were ground to —325 mesh ' 
in an agate mortar and analyzed by X-ray diffraction, j 
The samples before and after grinding were kept ; 
in the glass vials with the lids in place. The samples I 
in the glass vials with the lids removed were then 1 
heated to 160°C in an oven for 12 hours in order to 
convert any hexagonal hydro-aluminates to the stable ::



cubic C3AH6. Lea and Desch (29) have stated that the 
metastable hexagonal hydroaluminates convert more 
rapidly with rising temperature to the stable cubic 
C3AH6. The samples were again analyzed by X-ray 
diffraction without grinding. The extent of the hydra
tion of the C3A to C3AH6 after the heat treatment 
is found in Fig. 5 and 6. The hydration of C3A in 
the absence of other organic compounds is also plotted 
in Figs. 5 and 6. These curves were obtained in an 
identical manner as the C3A samples containing 
organic compounds.

Preparation of C3A Samples with Sucrose' "

The effect of sucrose on the hydration of C3A was 
studied in greater detail than for the other compounds 
because of wide interest in this particular compound.

Sucrose was dissolved in distilled H2O and added 
to C3A in a series of different molar concentrations 
at a H2O/C3A ratio of 1.0. This was done in the man
ner described in the previous section.

The samples were stored for 24 hours in the chamber 
at 25°C, vacuum desiccated as described previously, 
heated as described previously and analyzed by X-ray 
diffraction. (Fig. 7).

Results and Discussion

Quantitative X-ray diffraction has been found to be 
a convenient method for following the hydration of 
C3A with time (Fig. 4). The results following these 
hydration reactions have been found to be reproducible 
to within ±3% of the quantity present.

The results of the data in Fig. 5 and Fig. 6 are self- 
explanatory for the per cent hydration of various 
organic compound-C3A mixtures with time on a log 4 
basis. However, it should be pointed out that during 
the first 22 minutes the hydration of the organic 
compound-C3 A mixtures was very rapid. C3 A hydrated 
43%, the sugars and sugar derivatives hydrated less 
than 10% and a couple of the acids hydrated better 
than 50 %. It is interesting that mandelic acid which 
contains an a-hydroxyl carbonyl group is an accel
erator and sucrose which forms an a-hydroxyl carbonyl 
group as an alkaline medium (19) is a retarder of C3A 
hydration.

The hydration of C3A is believed to proceed through 
the initial formation of the metastable phases of 
C2AH8 and C4AH„ followed by their subsequent 
transformation to the more stable phase, C3AH6, 
which is the only stable aluminate hydrate existing 
over a wide range of temperatures (30).

2C3A + (n + 8)H2O C2AH8 + C4AH„ 
2C3AH6 + (n - 4)H2O

Some of the organic compounds block the hydration 
at the metastable phases while others permit the 
reaction to proceed to C3AH6. In general, the accel
erators (acids) permit the hydration to proceed to 
C3AH6 while the retarders (sugars and sugar deri
vatives) block the reaction at the metastable phases. 
Table 3 lists the organic compounds and indicates their 
effectiveness in blocking the hydration of C3A at 1 

Table 3. Interpretation of data listedfor compounds in increasing 
effectiveness of blocking the formation of C3A hydrates based 
on data taken from X-ray powder diffraction patterns at a 
H2O/C3A ratio of 0.6 and a temperature of 25°C.

2C3A + (» + 8)H2O —>■ C2AH8 + C4AH„
—» 2C3AH6 + in - 4)H2O

Based on effectiveness of hydration evaluated in 2 ways:
(/) at I day
(2) at 64 days

Compound 
No.

Compound 
name 1 Day 64 Days

3 DL-mandelic acid — —
1 acetic acid —. —
2 glycolic acid — —
4 glyceric acid 

C3A (no organic
—

addition) — —
6 ethylene glycol + —
7 glycol aldehyde + —

12 mannitol + —
11 fructose + —

5 ketomalonic acid 
(di-Na-salt)

+ +

8 sucrose 4-
10 D-( + )-glucose + >
13 sorbitol + +

9 D-(+)-trehalose + +

Symbols:
+Organic compound blocks the hydration ofCaA at the metastable phases 

CaAHg and CjAH,.
—Organic compound does not block the hydration of CsA at the metastable 

phases CgAHs and CrAHn and the stable phase CsAHe is formed.

day of hydration and at 64 days of hydration.
The —325 mesh C3A hydrated more rapidly than 

the —200 mesh C3A. The hydration increase was on 
the order of 7%.

Fig. 7 clearly demonstrates that sucrose in small 
concentration acts as an accelerator and in higher 
concentration acts as a retarder. Sucrose in a concen
tration of 0.27 mole % corresponds to 0.34 weight %. 
Sucrose was found to effectively retard the hydration 
of C3A at concentration levels as high as 20 mole % 



in C3A.
The initial acceleration effect in Fig. 7 for sucrose 

has been observed for all of the sugars and sugar 
derivatives found in Table 1 at concentration levels 
of 0.25 mole % relative to C3A.

Additions of 0.2 mole % free lime relative to C3A 
to the sucrose-C3A samples shifted the curve in Fig. 7 
to the right.

A possible explanation for the preceding results 
might be the following: In concentrations of 0.3 
mole % or less relative to C3A the organic materials 
complex or chelate with available calcium ions (and 
other cations) in solution and on the surface of the 
C3A. These reactions might affect the rates of solution 
of C3A and the solution, precipitation or nucleation 
of the hydration products in a manner which ac
celerates hydration. -

After the available calcium is tied up, the organic 
material is adsorbed on the surface of the C3A. This 
adsorption may be chelation with calcium in the C3A, 
complexation, or surface adsorption depending upon 
the type of organic molecule. In general, chelates and 
complexes at high pH levels are stable and have low 
solubilities in water if they are relatively free of groups 
that can be hydrated. The greater the size of the hydro
carbon groupings, the lower will be the solubility 
in water (31). These concepts might prove useful in 
determining the effectiveness of organic compounds 
as retarders and accelerators.

Organic compounds with more insoluble calcium 

salts would be expected to form more closely packed, 
more impervious sheaths around the C3A. This might 
prevent H2O from further attacking the C3A. The 
organic layers could prevent the intermediate products, 
C2AH8 and C4AH„, from transforming to C3AH6. 
Retardation of hydration would be the result.

Sucrose can form many different complexes with 
calcium and similar organic molecules can be expected 
to behave similarly. Among the calcium complexes 
of sucrose that can form in lime solutions are 
Cl2H22O, t ■ CaOH, (C12H22O1,), Ca and (C12H22On) 
Ca-O-Ca(C12H22On) (32).

Some compounds such as ethylene glycol appear to 
be effective retarders in early hydration reactions and 
accelerate hydration in later stages.

The mechanism of retardation and acceleration of 
organic compound-C3A systems is open to speculation 
and further work is aimed at examining these phe
nomena. It is without question that the type of organic 
compound and the rates of solution, nucleation and 
precipitation of the various species in the hydrating 
system are important.

Various instrumental means of investigating organic 
compound-C3A reactions were considered. For this 
particular study X-ray diffraction was found to be 
more directly applicable, however, it is to be expected 
that the supplementary use of calorimetry, electron 
microscopy, and other techniques will lead to a bet
ter understanding of the mechanism of hydration of 
organic-cementitious materials.

Conclusions

The following conclusions apply to a temperature 
of 25°C, a H2O/C3A ratio of 0.6 and 0.1 weight % 
to 1.0 weight % additions of organic compounds to 
C3A:

1. Water-soluble organic compounds containing 
hydroxyl, carboxyl or carbonyl groups act as 
either accelerators or retarders for the hydration 
°f C3A depending upon their concentration levels 
and composition.

2. The a-hydroxyl carbonyl group itself does not 
appear to be especially important in the hydra
tion of C3A, though it may be for other cement 
compounds.

3. The carboxyl group (acids) tends to accelerate 
C3A hydration and the hydroxyl group (sugars) 
tends to retard hydration.

4. Mandelic acid is a strong accelerator for the 
hydration of C3A. •

5. Of the compounds examined, sorbitol is the most 
effective retarder of C3A hydration on a weight 
basis.

6. Some organic compounds appear to block the 
conversion of C2AH8 and C4AH„ to C3AH6 
while others permit the C3AH6 to be formed 
readily:
(a) In general, the organic acids permit the hydra

tion of C3A to proceed to C3AHS.
(b) In general, sugars and their derivatives, 

block the hydration reactions at C2AH8 
and C4AH„.

7. A simple organic compound containing a car
boxylic acid group and zero or one hydroxyl 
group will accelerate C3A hydration and a simple 
organic compound containing two or more 
hydroxyl groups will retard C3A hydration.
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Oral Discussion

Shigeaki Koide

A discussion of influences of some organic groups 
on the hydration process of tricalcium aluminate is 
of much interest. The actions of the groups, however, 
for the hydration of CA are different from that just 
mentioned in the paper. We have found that the 
carboxyl group has always retarded the hydration 
process of CA irrespective of its concentration and 
the species of compounds, and lowered the heat libera
tion during hardening. The effect is especially marked 
when the group were contained in the chelate com
pounds, for instance, EDTA which produces the 
sexadentates with a high stability constant. On the 
other hand, such chelate compounds that produce 
tetradentates or sexadentates with rather low stability 
constants have been less effective. On the basis of 
the results, the retarding action of the group is con
sidered to be due to the ligand compounds tempora
rily produced between Ca++ or aluminum ion and 
carboxyl group.

On the retarding or accelerating mechanism of the 
hydration process of tricalcium aluminate in the 
presence of the organic groups, we should like to 
ask the author’s opinion.

We appreciate the comments of Mr. Shigeaki 
Koide.

We agree that the reactions of various organic 
groups are different for monocalcium aluminate 
(CA) as compared to tricalcium aluminate (C3A). 
In this paper, only the results of our studies with 
CjA are described. The work that we have done with 
CA also indicates that the carboxyl and hydroxyl 
groups generally retard hydration. We have some 
evidence, however, that this is not always true.

The retarding action of the organic functional 
groups on C3A, CA and other similar compounds is 
considered to be due to the ligand compounds pro
duced between the calcium ions, aluminate ions and 
the organic groups. The concentration and type of 
hydroxyl and carboxyl groups will determine the 
stability constants, as well as complex or chelate 
formation.

In our paper we have considered complexes to be 
those which are produced when a metal ion combines 
with an electron donor. A chelate is a substance that 
has combined with a metal and contains two or more 
donor groups so that one or more rings are formed. 
Our views on the retarding and accelerating mecha
nism of the hydration process of C3A in the presence 
of organic groups are found in the results and discus
sion section of our paper. We have found no reason 
to alter our views and they correlate well with the 
thoughts of Mr, Shigeaki Koide.
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Synopsis ,

Abnormally long setting times occurred in the concrete at two sites of the Quebec Hydro
Electric Power Commission’s project on the Manicouagan River. The project was supplied 
at the time with a low-heat portland cement from three manufacturers.

Data is presented showing field performance tests and preliminary tests undertaken for 
acceptance of the admixture. Data outlining the history of cement supply is reviewed.

A conclusion is reached that the slow setting was due to an overdosage of calcium 
lignosulphonate admixture with a low SO3 type of portland cement.

Introduction

Full development of the Manicouagan and Outardes 
rivers was begun in the autumn of 1959. These rivers 
flow parallel and close to one another, emptying into 
the Gulf of St. Lawrence near Baie-Comeau, a seaport 
located about 400 miles’ northeast of Montreal, 
Canada. The development comprizes seven power
houses with a total installed capacity of 5.5 million 
kW.

Manicouagan 5 is a multiple-arch dam requiring 

over 2,900,000 cubic yards of high strength concrete 
for its construction. The Manicouagan 2 dam is a 
hollow-joint gravity structure requiring a little under 
1,000,000 cubic yards of lean concrete in its mass, and 
3,000 psi concrete on its faces.

Because of the logistics of the entire development 
project, the same low-heat portland cement was used 
for both dams.

Field Observations at Manic 2

In September 1963, the green-cutting crew noticed 
that sections of a 1,000 cubic yard monolith had not 
yet set. Inspection indicated that concrete had stopped 
hardening at the initial set while adjacent concrete had 
hardened normally. Field laboratory tests showed that 

with the cement we had in stock in the laboratory, 
long delays in the time of set were obtained only by 
quadrupling the dosage of the water reducing retarder 
(Table 1).

Table 1. Effect of a calcium lignosulphonate admixture on the compressive strength development of an air-entrained concrete made with 
a low-heat portland cement (LAB No 631017)

Pounds per yd3 % wt. cement 
admix

Inches 
slump

%
Air

Compressive strength, psi
Cement Water 3-day 7-day 28-day 91 -day

360 232 0.3 1 4.2 ♦ ♦ 3210 4400
360 230 0.45 1 1/2 4.3 * ♦ 2725 3485
360 225 0.6 2 3.0 755 1335 3025 4070
360 206 1.2 2 3/4 1.2 Nil 60 * 3800
250 205 0.3 2 1/4 5.2 ♦ * 1295 1920
250 210 0.45 3 4.0 ♦ 705 1455 2330
250 197 0.6 ' 1 1/4 2.7 655 995 1930 2035
250 1.2 2 1/2 1.5 Nil 60 1195 2515

•Cylinders not taken.
Field tests at Manic 2, September 1963.



Since the field personnel were positive that no more 
than double dosage had occurred, investigations were 
then directed to the cement. Attention was also di
rected to a similar case of slow-hardening concrete 

reported by Tuthill (1).
Further studies made during the winter slack season 

showed that difficulties corresponded to arrivals of 
cement from one of the three suppliers.

Field Observations at Manic 5

The commercial grade, de-sugarized, calcium ligno
sulphonate type of water-reducing agent used at 
Manic 2 having been proved unsatisfactory, a pro
prietary mixture with a long history of successful 
application was accepted for use at this site. Batching 
of concrete with this admixture started on the 18 th of 
May, 1964.

On the 20th, it was noticed that standard cured 
samples of concrete were not setting. But the acceler
ated cured concrete sample showed normal results 

averaging 4,995 psi after 48 hours in a water bath 
maintained at 170°F ± 2°. At the end of two weeks, 
all the standard-cure cylinders showed a potential 
strength of almost 4,200 psi.

The concrete placed in the field was observed for the 
next 9 days with no apparent development of set. 
Because production delays were becoming intolerable, 
the field staff proceeded to remove 620 cubic yards of 
“soft" concrete at a total cost (direct cost and lost 
production time) of six times the original in-place cost.

Performance Tests, Manic 5

The first series of tests evaluated the admixture in 
mixes used for compressive strength testing of cement 
(2). Results are shown in Table 2. It can be seen that 
mixes prepared with cement A had a long hardening 
period and the compressive strength after 5 days was 
extremely low. But a reduction of dosage to 0.15% 
of admixture restored considerably the rate of strength 
gain. The compressive strengths with the reduced 
dosage for cement A were similar to those with 0.3 % 
addition to cement B. Subsequently, tests were done 
on over 50 samples of cement A that were taken from 
three 6,500-ton shipments received from manufacturer 
A during the period under review. All showed excess 
retardation of around 4| days with relatively low 
compressive strength obtained at 7 days. But the 90-

Compressive strength 
Admixtures, % wt. cement 2" x T” cubes,

1:2.75 mortar, 
air water reducing age p.s.i.

Table 2. Effect of a calcium lignosulphate proprietary admixture 
on compressive strength development for two different low-heat 
cements

A-l nil nil 3d 1495
A-l 0.1 nil 3d 1250
A-2 nil nil 3d 1535
A-l nil 0.15 3d 1000
A-2 nil 0.15 3d 925
A-l nil 0.3 5d 112
A-l 0.1 0.3 5d 172
B nil nil 3d 1745
B nil 0.3 3d 925

day strengths were all well above our specified values.

Discussion

Performance tests prior to these setting “failures” 
had shown that low-heat cement showed excess retar
dation with admixtures. One potential supplier of 
admixtures had reported early in 1963 that his product, 
although satisfactory from the standpoint of strength 
benefit, would not be acceptable on the basis of the 
rate of hardening results. His graph of Proctor pene
trometer results with cement No. 630110 shows an 

8-hour retardation for the final set.
Further studies on 5 different admixtures were 

done and it was found that all retarded the hardening 
of concrete for approximately the same period. Since 
this retardation was acceptable to the field staff, 
one of the admixtures reported on Fig. 1 was accepted 
and was the one eventually involved in the excess 
retardation reported at Manic 5.



Fig. 1. Effect of five different lignosulphonate admixtures 
on early age strength development.

When the admixtures were testedin 1963, the charac
teristics of cements were as shown in Tables 3 and
4. All are low C3A, moderately-high alkali cements 
ground to an average 3290 cm2/gm fineness. The low 
heat of hydration requirement combined with high 
strength also dictates low additions of gypsum to the 
clinker (3). It is therefore probable that the time for 
initial set is determined by the exhaustion of the gyp
sum (4). Fig. 2 shows the effect of gypsum on the 
setting time of a cement made by manufacturer A. 
In order to stay within the specified setting times, lower 
percentages than needed for optimum performance 
were most probably used, as is indicated by the phys
ical data of these cements shown in Table 5.

Effect of Calcium Lignosulphonate . 
on the Setting Characteristics 
of Low Heat Portland Cement 

from Plant A.

Further tests on the setting characteristics of cements 
P-143-l-to-6 showed that the retarding effect of the 
admixture was very pronounced for cements contain-

Table 3. Physical characteristics of low-heat portland cements

Test Quebec hydro 
specification

Cement 
No. 621115

Cement
No. 630110

Cement
No. 631017 A-l

Table 2 
A-2 B

Blaine fineness 
cm8/g 3200 ± 200 3170 3170 3279 3474 3376 3270

Autoclave expansion, % 0.1 max. 0.1 0.09 0.03 0.08 0.05 . 0.07
Heat of hydration 

cal/g 7 d. 62 ± 3 max. 59.7 60.0 61.3 62.4 61.9 59.2
Vicat initial set hrs ± 45 min. 3:00 3: 10 5: 20 4:20 4:25 3: 15
Vicat final set 5l/a hrs ± 45 min. 5:30 5:30 6:00 4:25 6:00 5: 50
Compressive strength 
2" x T* mortar cubes 
p.s.i.

3 day 1400 min. 1607 1710 1823 1548 1675 2030
7 * 2210 2370 2700 2435 2525 3000

28 * 4208 4170 5040 4775 4813 5010
91 , 5600 min. 6277 6380 5975 6075 5825 6550

Note: Compound compositions determined by method shown in ASTM Standard C-150-65

Table 4. Chemical characteristics of low-heat portland cements

Test 
%

Quebec hydro 
specification

Cement 
No. 621115

Cement 
No. 630110

Cement
No. 631017 A-l

Table 2 
A-2 B

SiOj 23.5 23.4 23.4 22.7 22.8 23.1
A12O9 4.6 4.7 4.4 4.5 4.8 4.7
FesOs 4.2 4.2 3.4 4.5 4.4 3.9
CaO 61.5 61.5 62.3 63.1 62.8 62.3
MgO 2.9 2.9 2.4 2.7 2.8 2.6
so3 2.08 2.05 2.06 1.27 1.31 2.01
Loss on ignition 0.6 0.6 0.2 0.6 0.5 0.5
Na2O 0.28 0.28 0.25 0.16 0.15 0.24
K2O 0.78 0.78 0.68 0.55 0.65 0.80
Insoluble residue 0.29 0.29 0.23 0.26 0.59 0.26
Free lime 0.7 max ' 0.26 0.26 0.09 0.49 0.34 0.31
Water soluble alkali 0.79 0.79 0.70 0.52 0.58 0.77
C2S 46. 45. ■ 41. 32. 35. 40.
C3S 29. 29. 35. 44. 40. 35.
CSA 5% 5.1 5.3 4.9 4.4 5.3 5.7
C.AF 13. 13. 12. 13. 13. 12.
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Fig. 2. Influence of gypsum on setting properties of low heat 
portland cements from manufacturer “A".

ing 1.1 % SO3. It was concluded that the dosage of the 
admixture should not exceed 0.2% for cements 
containing less than 1.6% SO3 and that the normal 
dosage of 0.3 % could be used with cements around 
2% SO3.

Having discounted the possibility of a high sugar 
content lignosulphonate being used, and the possi
bility of overdosage of the admixture and delayed 
addition of the admixture, then the SO3 content of 
these cements determined the dosage of the retarding 
admixtures. Seligmann & Greening (5) reported that, 
for the similar case reported in California (1):

“The observed excessive retardation resulted from 
a combination of factors and a chain of events that 
ultimately caused a lack of sufficient alkali release 
during the early hydration of the cement.”
Table 4 illustrated a significant drop in alkalies 

for cements A-l and A-2, which could be a contribu
tory factor in this instance.

Table 5. Physical characteristics of cements from manufacturer A used in laboratory investigation of effect of gypsum content

Cement no. P-143-2 P-143-4 P-143-1 P-143-5 P-143-6 P-143-3

so,, % 0.72 1.15 1.33 1.67 1.97 4,61
Time of set
Vicat initial (hrs) 0:01 3:05 4:45 5:10 5:20 5:25
Vicat final (hrs) 2:00 4:35 6:20 6:45 7:00 7:05
Autoclave expansion, % — 0.06 0.07 0.05 0.04 0.03
False set 10,0,0, 5O+.5O+, 50+.50+, 50 + , 50 + , 50+,50+, 50 + , 50+,

0,x 50+,48+, 48+,45+> 50+,50+, 50+, 50 + , 50+, 50 + ,
50+ 50+ 50+ 50+

Compression 3 days 1530 1515 1568 1683 1975 1753
strength (psi)

of mortar cubes 7 days 2518 2338 2150 2339 2688 2353
28 days 4250 4733 4442 4513 4492 4050
90 days 4675 5238 5339 4988 4950 5100

Heat of hydration
cal/g 7 days 64.6 63.1 58.2 56.9 60.0 52.2

Conclusion

Whenever preliminary studies show a tendency for 
an admixture to retard excessively the set of a cement, 
careful consideration should be given to its use in the 
field. If used with low C3A and low SO3 cements, 
each shipment of these sensitive cements should be 
checked in order to avoid delays in construction due 

to excessive retardation.
When very long retardation periods are required, 

the effect of overdosages of the retarder should also 
be tested in order to establish a limit. The required 
dosage should be well within this limit in order to allow 
for field errors.



Post Scriptum

Both of these dams were completed without the use 
of retarding admixtures. The cement specification was 
also changed to allow wider latitude in setting times, 

thus permitting optimum addition of gypsum. This 
cement has since been used successfully in concretes 
with admixtures.
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Supplementary Paper IV-89 Investigations on the Method of Test for Setting 
Time of Concrete Especially of Concrete Containing Water Reducing Admixture

Jiro Okabe, Koji Nakajima and Takuji Yoshihara*

Synopsis

Time of setting is one of the most important properties of concrete. Setting time of 
concrete depends upon the hydration velocity of the cement in concrete. Therefore, the rate 
of the setting of cement has a much significance for the use of cement in mortar and concrete. 
However, the setting time of cement is determined by the tests on cement paste and have not 
much significance for the estimation of the setting time of concrete.

In order to determine the setting time of concrete, the penetration resistance method is 
being used widely. This method requires concrete whenever the setting time is determined. 
For convenience, use of mortar in lieu of concrete is being tried sometimes. However, it has 
not been clarified whether or not the mortar sieved from concrete and the mortar prepared 
by a mortar mixer give the same setting time.

In order to establish the testing method by using mortar in lieu of concrete, the accuracy 
of this method is examined and the effects of the change in proportion, mixing condition and 
temperature on the setting time are studied. The following results are obtained.

(1) The setting time of concrete can be determined by using the mortar prepared by 
a mortar mixer.

(2) The setting time of the mortar is influenced by various factors, especially when the 
admixtures are used.

(3) Therefore, the test should be performed as follows: 1) The water-cement and 
sand-cement ratio shall be identical with that of the concrete, 2) The same materials as in 
the concrete shall be used, 3) The same mixting sequence shall be used, 4) The mixing 
period of the mortar shall be determined depending upon the kind of the mixer used.

The effects of various factors on the setting time of the concrete or the mortar containing 
the admixture are also discussed.

Introduction

Time of setting is one of the most important prop
erties of concrete. The acceleration of the time of 
setting and hardening of concrete is required in the 
precast concrete industries, and in cold weather 
concretings, while the retardation of the time of setting 
and hardening of concrete is also required for the 
manufacture of the massive concrete and in hot 
weather concretings. Consequently, set controlling 
admixtures for accelerating and retarding the setting 
time have been widely used in concrete manufacture.

Setting time of concrete depends upon the hydra
tion velocity of the cement in concrete. Therefore, the 
rate of the setting of cement has a much significance 
for the use of cement in mortar and concrete. In the 
specification of cement, the requirements for the 
initial and final set of cement are prescribed. Initial

’General Research Laboratory, Sanyo Pulp Co., Ltd., 
Iwakuni, Japan. 

and final set of cement are defined by the methods of 
testing that determine the time when neat cement 
paste shows an arbitrary defined resistance to a 
particular deformation (1). However, setting time of 
cement is determined by the test on cement paste 
made with a water-cement ratio and a mixing condi
tion which are completely different from that of con
crete. Indeed, this test is normally made for the pur
pose of finding out the false set of cement. Therefore, 
the setting time of cement have not much significance 
for the estimation of the setting time of concrete. 
Especially for the concretes containing water reducing 
and set controlling admixtures, it is impossible to 
know the time of setting of concrete from the test for 
cement paste (2). The reaction velocities of the process 
of setting can be determined by many other methods. 
These include the measurements of change in electrical 
conductivity (3), electrical potential (4), heat evolu-



tion (5), etc. However, these are not being used as the 
practical method to determine the setting time. In 
order to determine the setting time of concrete, the 
penetration resistance method (6) is being used widely. 
This method provides a procedure for determining 
the times of initial and final setting of concrete by 
measuring the penetration resistance of the mortar 
sieved from the concrete mixture (Concrete method). 
Unfortunately, the concrete test requires great quan
tities *of materials and a long time. And the results 
obtained vary widely with the change in the places 
and dates of testing, materials used and mixing condi
tions. •

As a more convenient method, use of mortar in lieu 
of concrete has been tried occasionally (Mortar 

method). However, it has not been clarified whether 
or not the mortar sieved from concrete and the mortar 
prepared by a mortar mixer give the same setting time. 
It was observed in our laboratory that, when water 
reducing admixtures are used, the setting time of the 
concrete differed widely from that of mortar prepared 
by a mortar mixer.

Hence, the investigation on the use of mortar in 
lieu of concrete is carried out when lignosulphonate 
water reducing admixture, water reducing and retard
ing admixture and water reducing and accelerating 
admixture are added to cement.

Furthermore, the effects of various factors on the 
setting time are investigated by using mortar test.

Experimental

Materials

Cement
Normal portland cement is used. The quality con

forms to the specification of normal portland cement 
in JIS (Japan Industrial Standard) R 5210 (7). In Table 
1, the composition and the physical properties of the 
cement is shown.

Table 1. Composition and physical properties of cement

Ignition

(%)

Tricalcium 
silicate 

(%)

Tricalcium 
aluminate 

(%)

Initial

(hr-min)

Final

(hr-min)

0.6 50.0 9.0 2-40 3-58

Fine Aggregate
River sand at Nishiki river (Iwakuni, Japan) is 

used. Specific gravity, absorption, fineness modulus 
and maximum size of the sand is 2.59, 1.80%, 3.04 
and 5.0 mm, respectively.

Coarse Aggregate
River gravel at Nishiki river is used. Specific gravity, 

absorption, fineness modulus and maximum size of 
the gravel is 2.64, 1.20%, 7.10, 25 mm, respectively.

Admixtures
Three kinds of lignosulphonate water reducing 

admixtures which conform to the specifications of 
Type A (Normal), Type D (Retarding) and Type E 
(Accelerating) water reducing admixture in ASTM 
C494-65T, respectively, are used.

Test for Setting Time of Concrete 
(Concrete Method)

The initial and final setting time of concrete are 
determined with the penetration resistance apparatus 
(Proctor penetration resistance needle) according to 
ASTM C403-65T. ■

Test for Setting Time by Using Mortar in Lieu of Concrete 
(Mortar Method) ■

The mortar mixer used is of the ASTM C305 type 
(8). Mortar is mixed by the following methods.

1. Saturated surface dry fine aggregate, cement and
water or an admixture solution are placed in the bowl, 
then mixed at the slow speed (140 rpm) for three 
minutes (Method Ml). '

2. Saturated surface dry fine aggregate and cement 
are placed in the bowl and premixed at the slow 
speed for 1 minute, the mixer is stopped and water or 
an admixture solution is added to the mixture, then 
mixed again at the slow speed for three minutes 
(Method M2).

The initial and final setting time of the mortar are 
determined by the method prescribed in ASTM 
C403-65T.

As the amount of the mortar prepared by this mixer 
is not enough to prepare the specimen, the mixing is 
performed twice and the first mortar mixture is placed 
in the lower part of the test container.

Preparation of Concrete
A revolving drum tilting mixer (size is 2 ft3) is 

used. Proportions of the concretes are indicated in 



Table 2. The concretes are mixed by two methods as 
follows.

1. Fine aggregate, coarse aggregate and cement are 
placed in the mixer, then water or an admixture solu
tion is added. After all the materials have been 
introduced into the mixer, the concrete is mixed for 
three minutes (Method Cl).

2. Saturated surface dry fine aggregate, dry coarse 
aggregate and cement are mixed for 1 minute without 
water addition, then water or an admixture solution 
is added and mixed for three minutes (Method C2).

Table 2. Proportions of concretes

Kind 
of 

admixture

Slump

(cm)

Air

(%)

Water 
Cement 

(%)

Sand Sand Cement

(kg/m=)
Aggregate

(%)
Cement 

(%)

7.3 2.0 52.7 40 254 300
Type A 7.9 4.8 45.0 37 233 300
Type D 8.7 4.2 45.0 37 233 300
Type E 7.9 4.2 45.0 37 233 300

nnnf* 18.4 1.3 63.3 44 268 300
Type A 18.1 3.8 53.1 41 250 300
Type D 18.0 4.4 53.1 41 250 300
Type E 17.3 4.0 53.1 41 250 300

Results and Discussions

Applications of the Testing Method 
by Using Mortar in Lieu of Concrete

It was observed occasionally that the setting time 
determined by using the mortar in lieu of concrete 
(Mortar method) was not identical with that deter
mined by using the mortar sieved from the concrete 
(Concrete method). Therefore the factors affecting 
the setting time was studied. After the extensive work, 
it is concluded that both methods give the same results 
when the same proportion, mixing sequence, mixing 
period and temperature are used.

The initial and final setting times of concretes are 
determined by testing mortars sieved from the concrete 
mixtures in accordance with ASTM C403-65T. The 
proportions of concretes are shown in Table 2, and 
the times of setting are shown in Table 3.

In this method, the mixing of concrete is carried out 
according to the Method Cl. That is, after all the mate
rials has been introduced into mixer, the mixing is 
started. The mixing is continued for 3 minutes. The 
materials are kept at 20°C and the experiment is 
carried out at 20°C.

The setting time of mortars is determined by the 
Mortar method. The same cement and fine aggregate, 
the same water-cement, sand-cement ratio and the 
same temperature, as those used in the Concrete 
method are used, and after all the materials have been 
introduced into the mortar mixer, the mixing is started 
and continued for 3 minutes. The results are shown 
also in Table 3.

In order to find out the causes of discrepancies 
which were observed occasionally between the setting 
times in both methods, the effects of proportions, 
mixing sequence, mixing period and temperature on 
the setting time of the concrete are investigated in 
details.

Influence of Mixing Sequence
The influence of the mixing sequence on the setting 

time of concrete is studied. In Table 4, the results are 
shown.

Table 3. Setting time of concrete determined by the concrete 
method and mortar method

Kind 
of 

admixture

Slump

(cm)

Time of setting (hr-min)
concrete method mortar method
initial final initial final

none 5-16 7-17 5-20 7-15
Type A 7.5 5-18 7-10 5-10 7-10
Type D 6-26 8-30 6-35 8^10
Type E 4-15 6-05 4-15 6-05

none 5^15 7-35 5-50 7^45
Type A 6-00 8-05 6-03 8-10
Type D 7-10 9-25 7-10 9-15
Type E 5-00 7-00 5-30 7-00

Concretes and mortars are mixed by the Method Cl and Ml.
Proportions of concretes are shown in Table 2.
Proportions of mortars are the same water-cement and sand-cement ratios 

as that of corresponding concretes. -

Proportions of concretes are the same as that shown in Table 2.

Table 4. Influence of mixing sequence on the setting time of - 
concrete. ,

Kind 
of 

admixture
Mixing 
method

Slump

(cm)

Air

(%)

‘ Time of setting 
(hr-min) 

initial final

none Cl
C2

7.2
8.0

2.1
1.9

5-16
5-23

7-17
7-20

Type A Cl
C2

5.5
8.0

4.7
5.0

5-18
7-10

7-10
9-00

The change in the mixing sequence brings about an i 
unexpected remarkable effects on the setting time. That . 
is, when the cement and the aggregate are premixed ] 
before the admixture solution is added, the setting time 
of the concrete is delayed by two hrs. for the Type A | 
admixtures. >



The effect of the mixing sequence on the setting time 
of mortar is shown in Table 5.

Table 5. Influence of mixing sequence on the setting time of 
mortar.

Kind 
of 

admixture

Mixing 
method

Water 
Cement 

(%)

Sand 
Cement 

(%)

Time of setting 
(hr-min)

initial final

none Ml
M2 52.7 254 5- 55

6- 40
8- 30
9- 05

Type A Ml
M2 45.0 233 6-25

9-20
9-05

11-50

Type D
Ml
M2 45.0 233

7-50
12-10

10-20
15-10

Type E Ml
M2 45.0 233

5- 05
6- 40

6-45
8-40

In the Mortar method, the same phenomena as in 
the Concrete method are observed. When the cement is 
premixed with fine aggregate before the admixture 
solution is added, the setting time of the mortar is 
delayed by two to five hrs. depending upon the kind of 
admixture used. '

In our preliminary experiment, the same delaying 
phenomena are observed for the mortar containing 
other kinds of Type A admixture (^-naphthalene sul
phonic acid-formaldehyde condensation product) 
and retarders (sugar, glucose etc.). V. H. Dadson and 
E. Farkas studied (9) on the delayed addition of set 
retarding admixtures to the concrete. The addition of 
lignosulphonate and hydroxylated carboxylic acid to 
concrete two minutes after the mixing has been started, 
increases their efficiency as retarder. G. M. Bruer 
studied (10) on the set retarding effects of calcium 
lignosulphonate and citric acid in cement paste made 
with water-cement ratio of 0.35 by weight, and showed 
that when the cement was premixed with water, then 
mixed again with the retarder solution, the setting time 
of the paste were considerably longer than when the 
retarder was added to the dry cement with the mixing 
water. These authors pointed out that the effect of 
delayed addition is much greater in cement with higher 
tricalcium aluminate content. Bruer explained these 
phenomena as follows. When cement was premixed 
with water for a few minutes, gypsum in cement had 
ample time to dissolve and coat the tricalcium alu
minate. Consequently, when the retarder was added 
to the premixed cement, the tricalcium aluminate is 
unable to absorb it and a large amount of the retarder 
was available to retard the silicate hydration reaction. 
Dadson and Farkas also supported this theory.

The delaying phenomena observed in this study 
may relate to the delayed addition. During the premix

ing, the cement reacts with a small quantity of water 
which is absorbed in the sand. This can be proved by 
the fact that when the oven dry sand is used in place 
of the saturated surface dry sand, no delaying pheno
menon is observed. It is very interesting that such a 
minute amount of water brings about the delayed 
addition phenomenon and not only retarding admix
ture but Type A and Type E admixtures also exhibit 
the delaying of the setting time.

In the performance of the testing by the method 
using mortar in lieu of concrete, the effects of the mix
ing sequence on the setting time should be recog
nized. This premixing method (Method M2) is being 
used as the mixing method for the preparation of 
mortar in JIS R5201 (11). But this mixing method 
should be avoided in the test for the setting time by 
using mortar, if the concrete is not prepared by the 
premixing method (Method C2). It is concluded that, 
as concretes are usually mixed by Method Cl, the 
mortar used in the Mortar method shall be mixed 
by Method Ml in order to know the setting time of 
the concrete.

Influence of Mixing Period
Influence of mixing period on the setting time is 

studied. The concrete is mixed by the Method Cl for 
three and six minutes. The results shown in Table 
6 indicate that the extension of the mixing period 
brings about a decrease in the setting time by about 25 
to 45 minutes.

Proportions of concrete are the same as that shown in Table 2. 
Concretes are mixed by the Method Cl.

Table 6. Influence of mixing period on the setting time of 
concrete

Kind Mixing Slump Air Time of setting
of period (hr-min)

admixture (min) (cm) (%) initial final

3 7.2 2.1 5-16 7-17
6 6.8 2.1 4-55 6-45

Type A 3 5.5 4.7 5-18 7-10
6 6.8 4.8 4-50 6-55

The effect of the mixing period on the setting time 
is also studied by the Mortar method. The results are 
shown in Table 7.

In the Mortar method (Method Ml), the mixing 
period shall be decided so that the setting time of the 
mortar may reach to the same setting time as that 
obtained by the Concrete method. In our experi
ment, the same mixing period as in the concrete mixing 
is necessary for the Mortar method (three minutes). 
This period, however, shall be varied depending upon 
the kind of the mixer used. -



Table 7. Influence of mixing period on the setting time of 
concrete

Kind of 1
admixture

Mixing period Time of setting (hr-min) 
initial final

none
1
3
6

5-55 7-55
5-10 7710
4-50 6-30

Type A
1
3
6

5-55 8-10
5-10 7-10
4-50 6-35

Type D
1
3
6

7-50 10-35
6-35 8-40
5-35 7-30

Type E
1
3
6

5-05 6-50
4-10 6-05
3-50 5-20

Proportions of mortar: W/C = 52.7%, S/C = 252% for no admixture 
mortar

W/C = 45.0%, S/C = 233% for admixture mortar
Mortars are mixed by the Method Ml,

Influence of Proportions of Concretes
Table 3 indicates that the setting times of concretes 

vary with change in the proportions and the concretes 
with higher consistencies give longer setting times.

The influences of the changes in water-cement 
ratio and sand-cement ratio of the mortar on the 
setting time are studied by the mortar test. The results 
are shown in Fig. 1.

The setting time varies widely when the propor
tions of the mortar are varied. It seems to be seen a 
linear correlation between the setting time and the 
consistency of the mortar.

In the Mortar method, the proportions of the mortar 
shall be identical with that of the concrete.

Influence of Temperature
Influence of temperature on the setting time is 

studied by the Mortar method. The results are shown 
in Fig. 2.

The effect of the temperature on the setting time of 
the mortar is remarkable. The mortars containing the 
type D and E admixtures exhibit greater deviation in 
the setting times from the mortar without admixture 
when the temperature of the mortars is lowered.

In the Mortar method, the same temperature shall 
be used as in the Concrete method.

Effects of Various Factors on the Setting Time 
of the Concrete or the Mortar Containing 

the Admixtures

In Table 8, the specified requirements for the setting 
times of the concretes containing various types of 
admixtures are summarized.

—®— Initial setting time of the mortar without admixture
■—X—■ Initial setting time of the mortar containing type A 

admixture
Final setting time of the mortar without admixture 

-- X-- Final setting time of the mortar containing type A 
admixture

Fig. 1. Influence of the proportion and concistency of mortar 
on the setting time.

Fig. 2. Influence of temperature on the setting time of mortar.



Table 8. Specifications for the setting time of water reducing admixtures for concrete

ASTM C 494-65T BR* JSMS**

Type A Type D Type E Type B Type C Type D

Normal Retarding Accelerating Retarder Normal Retarder Accelerating

Initial
max. ±1 + 3 -3 +4 ±1 + 3 -3
mm. + 1 -3 + 1 + 1 -0.5

Final
max. ±1 + 3 + 3 ±1 + 3 -0.5
min. -i

Figs, in the Table indicate the deviations of the setting time from reference concrete without admixture, in hr.
♦ see reference (12)
** see reference (13)

In these specifications the setting time of concrete 
is determined as prescribed in ASTM C403-65T. 
Proportions and mixing methods are specified in the 
respective specification. The effects of the retarding 
and accelerating admixtures are expressed as the 
deviations of the setting time of the concrete or mortar 
containing the admixtures from the standard concrete 
or mortar without admixture. As the setting time of 
concrete is affected by the various factors as mentioned 
above, the deviation of the setting time is also affected 
by the factors such as proportions, mixing sequence, 
mixing period and temperature. In order to exhibit 
the effect of the proportions, the deviations of the 
setting times of the concretes containing the admix
tures from concrete without admixture are calculated 
from Table 3 and shown in Table 9.

With increasing the slump of the concrete, the 
deviation of the setting time increases for Type A and 
D admixtures and decreases for Type E admixture. 
This fact indicates that the efficiency of the set accel
erating admixture decreases with increasing the con
sistency of the concrete.

The effect of the mixing sequence is very important 
as shown in Tables 4 and 5. When the concrete is mixed 
by Method C2, the setting time of the concrete con
taining the admixture is delayed by more than 2 hrs. 
than that of the concrete mixed by Method Cl. 
While, the concrete without the admixture is affected 
by the change in the mixing method to a much smaller 
extent. Accordingly, when the concrete is mixed by 
Method C2, the qualities of the admixtures expressed 
as the deviation of the setting time do not conform to 
the requirements in the specification.

The effect of the mixing period is shown in Fig. 3.
When the mixing period is varied, the deviations 

of the setting times of the mortars are constant for the 
Type A and E admixtures, but for the Type D admix
ture, the deviation decreases with the extension of the 
mixing period.

The effect of the temperature is also remarkable as

Table 9. Deviation of the setting time from no admixture 
concrete.

Slump 
of 

concrete

Deviation of the setting time of the concrete (hr-min) 
containing

Type A 
admixture

Type D 
admixture

Type E 
admixture

initial final initial final initial final

7.5 0-02 0-07 1-10 1-30 1-01 1-12
18.0 0-15 0-28 1-25 1^18 0-45 0-37

Proportions of concretes are shown in Table 2.

Fig. 3. Influence of the mixing period on the deviation of the 
setting time of the mortar containing various admixtures from 
the mortar without admixture.

shown in Fig. 2. The Type E admixture can be used 
more effectively in the lower temperature.

These results indicate that the efficiency of these 
admixture varies with the change in the various factors 
mentioned above. In establishment of the specifica
tion for chemical admixture, the testing method for 
the setting time should be decided under the considera
tion of these factors.

On the other hand, in the use of the admixture it 
must be recognized that the efficiency of the set con-



trolling admixture varies with the change in the pro- admixture may not conform to the requirement in 
portions, mixing method and temperature in actual the specification.
job condition and in some case, the quality of the

Conclusion

In order to determine the setting time of concrete, 
especially of the concrete containing various types of 
admixtures, the method using mortar in lieu of con
crete (Mortar method) is studied.

When the admixtures are used, the results obtained 
by this method are influenced profoundly by various 
factors. Therefore, the mortar test should be per
formed as follows.

1. The proportions of the mortar for the test shall 
be identical with that of the concrete.

2. The same materials as in the concrete shall be 
used.

3. The same mixing sequence as in the concrete 
shall be used.

4. The mixing shall be continued until the setting 
time of the mortar reaches to the setting time obtained 
by the concrete test.

This method is more convenient than concrete test 

and gives the practical information on the setting 
time of concrete, and gives more accurate and repro
ducible results than concrete test. This method can 
be used for determining the effects of various variables 
such as cement, mixture proportion, mixing method, 
temperature and admixtures upon the setting time of 
the concrete.

The effect of the retarding and accelerating admix
ture on the setting time of the concrete are investigated 
and it is clarified that the efficiency of these admixture 
varies with the change in proportions, mixing sequence, 
mixing period and temperature. The significance of 
the effect of the mixing sequence is pointed out.

Therefore, in estabfishment of the specification for 
chemical admixture, the testing method for the setting 
time should be decided under consideration of these 
factors.
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Supplementary Paper IV-107 Study on the Admixture for Aerated Concretes 

Including Maleic Anhydride Modified
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Synopsis

Various kinds of surface active agents are now used as air-entraining agent (AE agent) 
or dispersant for cement, but there are few which are effective as foaming agent, one of 
admixtures for aerated concrete. Various basic tests have been performed on the foaming 
agents, in which a maleic anhydride modified resin, a product of recent synthetic chemistry, 
is utilized.

Utilization of Maleic Anhydride Modified Resin in Foaming Agent

Well known as surface active agents for the cement 
admixture are salts of resin acids, salts of alkylbenzene 
sulphonic acids, salts of lignin sulphonic acids, non
ionic agents, etc., but since the foaming agent is 
different from the ordinary air-entraining agent 
(AE agent) and thus requires introduction of a large 
amount of air (5 % to 80 % larger than the air-entrain
ing agent requires), the foaming agent must have a 
high foam stability and consequently must have a 
good effect in reducing the bleeding of concrete. For 
this purpose it seems that, if there is a higher surface 
activity in the cement paste and further, if there is 
a group of atoms capable of forming a primary bond
age with calcium ion, Ca2+, in the paste, the stability 
of foam film would be more effective.

On the basis of the foregoing concept, an attempt 
has been made to utilize as a foaming agent a maleic 
anhydride modified resin prepared by adding maleic 
anhydride to abietic acid, a main component of resin 
acid of the anionic surface active agent, to introduce 
carboxyl groups (-COOH), that is, hydrophilic groups, 
into a molecule.

That is, total three carboxyl groups (-COOH) are 
involved in a molecule by the maleic anhydride modi
fication, and thus the electronegativity is increased and 
the ability for bonding Ca2+, Al3+, etc. is enhanced.

Maleic anhydride modified resin

In that case, it is also possible to allow the abietic 
acid to react with other unsaturated polybasic acid 
than maleic anhydride, for example, fumaric acid.

Said resulting maleic acid copolymer is saponified, 
and after addition of a foam stabilizer thereto, is 
uniformly emulsified, whereby an admixture is pre
pared.

Heretofore used as foaming mixtures have been 
a glue-resin mixture, saponine-resin mixture, protein
hydrolysate, etc.

In addition, a foam stabilizer, such as sodium sili
cate, has been added thereto, but there have been 
problems in the stability and storability of the product. 
However, the foaming agent of maleic anhydride 
modified resin is hardly deteriorated in quality even 
if it should be stored for a long time, for both main 
component and additive are the products of synthetic 
chemistry. '



Basic Property Test

The basic property tests of maleic anhydride-modi- 
fied resin (M.R.) foaming agent were conducted ■ 
according to the test procedure for the surface active 
agent for concrete. That is, these tests were to deter
mine the correlation of the foaming agent with its 
utility by conducting the tests as itemized below prior 
to the concrete test.

(i) Quantitative determination of solid matters 
(evaporation residue)

(ii) Specific gravity
(iii) pH (hydrogen ion concentration) of dilute 

solution
(iv) Viscosity ■ .
(v) Surface tension (specific surface tension and 

specific boundary tension)
(vi) Foaming capacity and stability

(vii) Dispersibility (rate of bleeding)
Among the foregoing items, the solid matters, 

specific gravity, viscosity, etc. relate to workabilities, 
such as dilution, mixing, etc., and the surface active 
actions has an important correlation with foaming, 
wetting, emulsification, dispersion, etc. Further, as 
to the hydrogen ion concentration, the pH that is 
very far from the neutral point (pH-7) must be avoided. 
The concentration, at which the AE agent or foaming 
agent can demonstrate its characteristics to a maxi
mum as a cement admixture, resides around the so- 
called critical micelle concentration (C.M.C), which 
can be inferred from a surface tension-concentration 
curve. In the testing procedure for the surface active 
agent for concrete the specific surface tension or 
specific boundary tension is determined according to 
the testing procedure, for the synthetic detergent, 
JIS K3362 (drop count meter), but in the present test, 
Du Notiy’s surface tension balance (Photo 1) was used. 
To determine the viscosity viscotester (Photo 2) was 
used. '

Fig. 1 shows a surface tension-concentration curves 
obtained by testing 4 kinds of commercially available 
typical surface active agents for cement.

Resin acid chloride, non-ionic agent, alkylbenzene 
suphonic acid chloride, and lignin sulphonic acid 
chloride were used as said four kinds of surface active 
agents. .

As to the relations between concentration and sur
face tension, the M.R. foaming agent has a large 
percentage decrease in surface tension next to the 
non-ionic agent, and salt of alkylbenzene sulphonic 
acid, and its normal applicable concentration as 
foaming agent ranges between 0.05 and 0.2%.

As to the dispersibility test, Fig. 2 shows a result of 
determination on the amount of water separated from 
the cement paste having a water-cement ratio, w/c, of 
65%.

The result reveals that the M.R. foaming agent 
has the least bleeding capacity.

Results of the research for basic properties of 
maleic anhydride modified resin and other commerci
ally available surface active agents are shown in Table 
1.

Photo 1. Du Nolly's surface tension balance

Photo 2. Viscotester



Concentration (%)

Fig. 1. Change in surface tension with concentration.

PL ( non — addition )

Settling time (min) --------- r—

Fig. 2. Bleeding of cement paste using a surface active agent 
(wjc = 65 %).
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Table 1. Basic properties of M.R. foaming agent and other 
surface active agents

M.R 
foaming

Surface-active agents

V D c L

Color Yellowish 
liquid

Brown 
liquid

Brown 
liquid

Yellow 
viscous 
solution

Yellow 
powder

Solid 
matter(%)

14.1 20.5 10.7 23.1 91.1

S.G (g/cc) 1.028 1.065 1.027 1.025 50% solution
1.229

pH 8.4 11.4 9.4 7.2 5.7
Viscosity 

(C.p)
30 92 5 600 10

Setting Test

Admixture for aerated concrete, either foaming 
agent or gas forming agent, must not contain any 
substance that retards the setting of lime or cement, 
because if the setting or hardening is retarded, there 
is a fear of disintegration of the formed foams.

Influences of M. R. foaming agent and said four 
kinds of surface active agents for concrete upon the 
setting time of the cement were comparatively stud
ied. The result is shown in Fig. 3.

In addition, change in setting time when the M. R. 
foaming agent was employed together with calcium 
chloride or sodium fluoride as accelerating agents, 
and the influence of methylcellulose (MC) water
soluble polymer, which has been recently used as 
an admixture for cement, and further the influence 
of organic acid (succinic acid) when used as a retarder, 
were studied. The results are shown in Figs. 4-7.

The setting test was conducted according to the Fig. 3. Relation between percentage addition and setting time

cement physical test procedure, JIS R 5201. The



Percentage addition of Ca* Ci2

Fig. 4. Influence of calcium chloride on set.ing time

Percentage addition of

Fig. 6. Influence of methylcellulose on setting time

result of quality test of the cement used is the same 
as that of the cement used in the following section 4, 
aerated Mortar Test.

As shown in Fig. 3, when the M.R. foaming agent 
and other commercially available surface active 
agents for concrete were used alone one by one, the 
relations between percentage addition, % wt. (percent 
by weight of cement) and setting time did not greatly 
influence the setting phenomena of cement in more or 
less normally usable amount, except for the lignin 
sulphonic acid agent.
. At 1 % addition, both the initial and the final setting

Percentage addition of Na2 StF# (%")

Fig. 5. Influence of sodium silico-fluoride on setting time

Percentage addition of C4H60j($)

Fig. 7. Influence of succinic acid on setting time

were about 30 minutes retarded by use of the M. R- 
foaming agent as well as the C and D surface active 
agent, but when the V surface active agent was used, 
the setting was further retarded.

In the case where the M R. foaming agent was used 
together with an accelerating agent, the initial and the



final setting were accelerated by increasing the per
centage addition when calcium chloride, CaCl2, was 
used, but in case sodium silico-fluoride was used, 
considerably retarded setting was observed, to the 
contrary, up to 0.5% addition and an almost instan
taneous setting was attained with increasing the per
centage addition. Further, when succinic acid,C4H6O4, 
ch2-cooh ,, , . , ,

I , was added as an organic retarder, thech2-cooh
retarded setting was observed with the increase of 
the percentage addition. When succinic acid was used 
together with non-ionic surface active agent, a more 
retarding effect was obtained than that when the M.R. 

foaming agent was used.
When methylcellulose, M.C., which has been 

recently used especially as an admixture for masonry 
mortar, was added, somewhat retarded setting was 
observed as shown in Fig. 6, but such a phenomenon is 
a general trend observable when a hydrating sub
stance is added. As an exception, an abnormal setting 
reaction was observed when the lignin surface active 
agent was simultaneously used. In addition, when 
the foaming agent was used together with silicate 
material bentonite as a pouring material, no influence 
was observed up to about 2 % addition.

Aerated Mortar Test

The maleic anhydride modified foaming agent can 
be used both in an aerated concrete, wherein the light
weight aggregates are used (the ordinary aggregates 
may be used together), and in a heat-insulating aerated 
mortar, wherein only fine aggregates are used. But 
the amount of the maleic anhydride modified foaming 
agent to be added must be decided in view of the 
specific weight or strength of the desired concrete or 
mortar, and a required amount of air must be intro
duced therein.

In the present test, a M.R. foaming agent was added 
to the standard sand mortars in various mixing pro
portions, and the amount of M.R. foaming agent to 
be added was varied from 0.01 to 1.0% wt. Bending 
strength, compressive strength, drying shrinkage, air 
amount, etc. were studied as a basic test for aerated 
concrete for concreting at site or precasting.

Materials Used

Cement: ordinary portland cement (quality test 
result is shown in Table 2).
Fine aggregates: standard sands obtainable at Toyo- 
ura, Yamaguchi-prefecture, Japan
Admixture: maleic anhydride modified resin foaming 
agent

Mixing

Mix proportion used in the present test is shown in 
Table 3.

Table 3. Mixing proportions of aerated mortar

Mixing 
proper- Cement

(g)

Standard

(g)

Water

(cc)

W/C

(%)

Percentage 
addition of 

foaming agent 
(%)

1:2 520 1,040 312 60 0, 0.01,0.05
0.1,0.2,0.3
0.1,0.2,0.3
0.5, 1.0
(Total 8 kinds)

1:3 400 1,200 320 80

1:4 350 1,400 350 100

Testing Procedure

The test was conducted according to the cement 
physical testing procedure, JIS R 5201, and an asphalt 
mixer (experimental use; volume: about 10 1) was 
used for mixing. After determination of flow value,

Table 2-1. Chemical compositions of cement used

Ig. Loss 
(%)

MgO 
(%)

SO3 
(%)

SCaOSiOa
(%)

3CaOAl2O3 
(%)

Ordinary 
portland 
cement

0.7 1.5 2.0 45 9

Table 2-2. Physical properties of cement used

Specific 
gravity

Fineness Setting times

Flow

Bending strength (kg/cm2) Compressive strength (kg/cm3)

Blaine’s 
specific 
surface 
(cm2/g)

Residue 
on 88g 

(%)e

Water 
content

(%)

Initial

(hr-min)

Final

(hr-min)
3 days 7 days 28 days 3 days 7 days 28 days

3.16 3,350 2.0 27.2 2-16 3-20 243 31.6 47.6 70.2 130 232 409



Percentage addition of foaming agent(%)
Fig. 8. Relation between percentage addition of foaming agent 

and air content

Percentage addition of foaming agent (^) 

Fig. 10. Relation between percentage addition of foaming agent 
- and flow value

2.5

Percentage addition of foaming agent C

Fig. 9, Relation between percentage addition of foaming agent 
and weight per unit volume of fresh mortar

a standard mortar specimen (4 x 4 X 16 cm) was 
prepared. As to the curing, both high humid air 
curing (humidity: 80%, temperature: 20°C) for the 
strength test and low humid air curing (humidity: 
50 %, temperature: 20°C) for the drying shrinkage test 
were carried out.

Results and Discussion

(i) The relation between the amount of added foam
ing agent, amount of air, and the weight per unit 
volume of fresh mortar are shown in Figs. 8 and 9.

With the increased amount of M.R. foaming agent, 
the amount of air was increased, and a point of 
flection corresponding to the critical micelle con
centration (C.M.C.) was observed around 0.1 — 0.2% 
addition of M.R. foaming agent. The relation between 
the percentage addition (concentration) of the M.R. 
foaming agent and the amount of air was in an expo
nential curve, and the increase in the amount of air 
was in proportion with the amount of adsorption at 
the boundary and accorded with the Freundlich’s 
adsorption isotherm formula.

(ii) As to the relation between the amount of M.R-



Air content ( %)

Fig. 11a. Relation between air content and compressive strength 

foaming agent and the flow value, the flow value 
considerably increased with increasing amount of 
M.R. foaming agent up to 0.1 — 0.2%, but on the 
contrary decreased with further amount of M.R. 
foaming agent, as shown in Fig. 10. Such a pheno
menon seems to be due to an increase in viscosity of 
cement paste with increasing amount of foaming 
agent.

(iii) The relation between the change in the amount 
of air and the compressive or bending strength are 
shown in Fig. 11-a, 11-b.

In every mixture, the strength decreased with in
creasing amount of air. The higher the amount of air, 
the higher the percentage decrease in strength. How
ever, the change in strength was small when the per
centage addition of M.R. foaming agent exceeded 
0.1%.

(iv) As to percentage drying shrinkage and percent
age decrease in weight, the larger the amount of 
cement used, or the larger the amount of air in the 
mortars at the same mixing proportion, the higher 
the percentage shrinkage in proportion with the 
amount of M.R. foaming agent added, as shown in 
Figs. 12-14.

(v) One example (1:3 mortar) of the test result of 
percentage water absorption is shown in Fig. 15. 
The standard mortar specimen was' dried until it 
reached a constant weight, and was dipped into water 
at a constant temperature of 20°C, whereby the rela
tion between the time and the percentage water absorp
tion was determined. The results reveal that at not

Fig. 11b. Relation between air content and bending strength

Fig. 12. Drying shrinkage and decrease in weight of aerated 
mortar (7; 2)

less than 0.5% addition of M.R. foaming agent.
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Fig. 13. Drying shrinkage and decrease in weight of aerated 
mortar [1: S')

Fig. 14. Drying shrinkage and decrease in weight of aerated 
mortar (/.- 4)

Fig. 15. Relation between dipping time and water absorption 
- of aerated mortar (7; 3)

a considerable water proof effect was obtained. 
Further, the mortar having 0.05 — 0.2 % of foaming 
agent, when about 10 — 20% of air was introduced, 
shows the same percentage water absorption similar 
to that of the plain mortar where no foaming agent 
was added. Such a phenomenon seems to be due to 
the fact that insoluble metal salts are formed be
tween maleic anhydride modified resin and calcium 
hydroxide in the paste as mentioned above.

Conclusion

As discussed above, the results of research of the 
basic property, setting and mortar tests of maleic 
anhydride modified resin having a special molecular 
structure when the maleic anhydride modified resin 
is utilized as a foaming agent reveal that it is effec
tive as an admixture for aerated concrete.
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SESSION IV-2 FLY ASH AND FLY ASH CEMENT

Principal Paper Fly Ash and Fly Ash Cement

Masatane Kokubu*

Synopsis

Classifying various researches regarding fly ash, the author first describes the chemical 
composition and physical properties such as particle shape, specific gravity and fineness of 
various fly ashes and discusses the influence of fly ash on workability, strength, volume 
change, heat of hardening, watertightness, durability, abnormal expansion due to alkali
aggregate reaction, etc. of concrete and establishes the practical limits of the effect of fly ashes 
in improving these properties of concrete. Next, as a result of summarization taking into 
consideration the various studies of chemical behavior of fly ash, it is found appropriate to 
theorize that the superior characteristics imparted to concrete by fly ash are due not only to 
the smooth, spherical particle shape, fine grain size and pozzolanic activity, but also to the 
acceleration of hydration reaction caused by replacement of fly ash particles in the floc 
structure of cement particles.

Although pozzolanic reaction is extremely complicated, it was possible to ascertain that 
the glass phase is the chief part of the phase composition contributing to pozzolanic reaction, 
the latter being governed by the surface area of the glass phase, and that increase in concrete 
strength from pozzolanic reaction has a close relationship with the SiO2 + AI2O3 content 
of fly ash, while other fruits of research which offer clues to the explanation of pozzolanic 
reaction are recognized. Also, the reasons for the marked effect in increase of long-term 
strengths of concrete even with pozzolanic reaction of a degree not reflected in test values of 
non-evaporable water and heat of hydration are discerned.

Further, from results of studies, practical methods of solving the problems involved in 
actual use of fly ash such as pack setting during storage, fluctuation of air content in air
entrained concrete, etc. are suggested. The problems relevant to fly ash cement are also 
discussed. -

Introduction

The idea of using the ash produced at the time of 
combustion of finely pulverized coal as a pozzolan 
for concrete has been in existence for a long time, 
research results having been published as early as 
1914. (1) The term “fly ash” first appeared in literature 
in 1937 (2) and it is from this time that research related 
to this material began to be actively conducted. 
Parenthetically, as it became possible to collect fly 
ash of high fineness, greater pozzolanic effect could 
be expected and the use of fly ash in concrete began 
to be seriously studied.

With the progress in research on facilities for econo
mically collecting good quality fly ash (3)(4)(5) the

‘Faculty of Engineering, The University of Tokyo, Tokyo, 
Japan. 

studies became even more intense, almost all of them 
being conducted in the United States. After the per
formance data of fly ash used at Hungry Horse Dam 
were published by the U.S. Bureau of Reclamation, 
(6) the use of fly ash in concrete for hydraulic struc
tures and various other structures spread all over the 
United States and in 1954 an ASTM standard on fly 
ash (See Appendix 1) was established.

In Japan, studies on fly ash were begun around 1950. 
This was a period when the demand for electric power 
showed a sudden growth and along with this there 
was great activity in constructing both hydroelectric 
and thermal power stations so that studies connected 
with fly ash were advanced rapidly. In 1958 a standard 
on fly ash (See Appendix 1) was established. The 
utilization of fly ash in European countries came at



about the same time as in Japan. In France, a standard 
on fly ash cement (See Appendix 2), in the U.S.S.R. 
and Great Britain, standards on fly ash (See Appendix 
1) were approved in 1963 and 1965 respectively.

Fly ash, besides being used as an admixture for 
cement and concrete, is used in considerable quanti
ties as an additive in celluar concrete, artificial light
weight aggregate, refractory materials, brick, in soil 
improvement and in asphalt as well as in abrasives, 
purifiers for polluted water, fertilizer and medicines, 
and there has been data from research in these fields 
published, but it is not within the scope of this paper 
to discuss these subjects.

It is difficult to say how much fly ash is being used 
as an admixture for cement and concrete in various 
countries of the world, but it is estimated the annual 
consumption in recent years has been around 1,500,000 
tons in the U.S.A., 1,000,000 tons each in Japan, 
France and Germany and 500,000 tons in Great 
Britain.

Since fly ash is a by-product of the combustion of 
pulverized coal, it is first necessary to have facilities 
for collection which will economically assure uni
formity of quality in order for the advantages of the 
material to be truly demonstrated. The advantages 
of good quality fly ash are the improvement of work
ability of concrete, improvement of strength, water
tightness and durability of concrete at advanced ages, 
alleviation of heat of hardening of concrete and reduc
tion of drying shrinkage, although probably, the 
foremost advantage of fly ash lies in the economy 
resulting from reduction of cement. When considering 
the fact that thermal power stations are going to 
great expense in disposing of the material as waste, 
the advantages of utilizing fly ash are even more 
marked.

These advantages of fly ash can be said to offset the 
shortcomings of portland cement. In concrete work, 
the qualities most desirable for the cement to possess 
will differ somewhat with the type of structure and 
peculiarities of the work. However, when it is at
tempted to obtain special portland cements which 
will completely satisfy the requirements of each pro

ject, it will generally be extremely uneconomical.
Under such circumstances, it is possible to obtain 

the properties desired of a concrete by modifying its 
nature through the use of a good quality fly ash as 
an admixture. Therefore, the true worth of a good 
quality fly ash is in economical improvement of the 
qualities of cement.

It is natural that fly ash cement should appear on 
the market for the reasons stated above. “Fly ash 
cement” is a term not yet generally accepted interna
tionally, but since “portland-pozzolan cement” would 
allow pozzolans other than fly ash to be included, 
this term will be used purposely according to the 
custom in Japan in order to avoid confusion in the 
discussions here.

It is natural for the quality of fly ash to differ ac
cording to quality, fineness and method of burning of 
the pulverized coal, collecting facilities, etc., and the 
chemical composition of fly ash varies considerably 
according to country. Still, it is extremely interesting 
that papers from various countries all list the before
mentioned advantages of fly ash.

Past research on pozzolans has been summarized 
and introduced by Lea (7) at the International Sym
posium on the Chemistry of Cement in 1938, theASTM 
Symposium (8) of 1949 and the symposium of 1953 
of the Italian Chemical Society. Malquori (10) also 
introduced such research at the International Sympo
sium on the Chemistry of Cement of 1960. These 
naturally include researches on fly ash.

The purpose of this paper is to summarize the 
results of research published in various countries, 
list the physical and chemical properties of fly ash, 
endeavor to solve the problems involved and clarify 
the various precautions to be taken in using the 
material.

There are almost 700 research reports on fly ash 
which have been published to date. As it will be 
impossible to cover all of these reports in this paper, 
only the representative ones of each topic discussed 
here will be referred to. It should be mentioned there 
do exist excellent papers which are not referred to due 
to lack of space.

Chemical Composition of Fly Ash

In the standards on fly ash of the U.S.A., Japan, 
U.S.S.R. and Great Britain, there are provisions for 
the amounts of silica (SiO2), moisture content, loss 
on ignition, etc. Although it is said the active por
tion of fly ash consists of silica and alumina, the poz- 
zolanic activity cannot be judged by chemical com

position alone. On the other hand, it is a fact that 
pozzolanic activity differs greatly with the SiO2 
content and it is natural for the quantity of SiO2 to 
be specified in the various countries. In the ASTM 
standard, the total amount of SiO, 4- A1,O, + Fe2O3 
is specified.



Examples of chemical composition of fly ash in 
various countries are given in Table 1 which shows 
there are great differences according to the country. 
These are only isolated examples, the data coming 
from different periods so that there may be little 
significance in making detailed comparisons. As far 

as Table 1 is concerned, the average values by country 
are 58-40% for SiO2, 27-21% for A12O3, 17-4% 
for Fe2O3 and 6-4% for CaO. These variations are 
due to the great difference in quality of coal between 
the various countries, the fly ash of Japan being 
conspicuously high in SiO2 content compared with

Table 1. Example of test results of fly ash in various countries

Country
Number of 
composite 

samples

Chemical composition (%) Molecular

SiOg 
AI2O3

Specific 
gravity

Specific 
surface

(cms/g)
ReferenceLoss on 

ignition SiO2 AlgOg FegOg CaO MgO SO3 NasO KsO Total

Japan

Av

R
12

0.73
1.23
0.06
1.17
0.36

57.96
63.27
53.41
9.86
2.94

25.86
28.35
22.88

5.47
1.32

4.31
5.90
2.82
3.08
0.81

3.98
6.74
1.04
5.07
1.64

1.58
2.09
1.00
1.09
0.44

0.34
0.81
0.02
0.79
0.26

1.49
2.36 
0.88
1.48 
0.44

2.15
3.15
1.73
1.42
0,38

98.40
99.27
97.48

1.79
0.57

3.83
4.31
3.47
0.84
0.29

2.14
2.23
1.96
0.27
0.08

3090
4150
1220
2930

890

U.S.A.

Av

R
V s

34

7.83
18.0
1.0

17.0
4.75

44.11
51.9
32.7
19.2
4.52

20.81
28.3
14.6
13.7
3.67

17.49
31.3
8.5

22.8
6.07

4.75
12.0
11.1
0.9
2.91

1.12
1.4
0.7
0.7
0.33

1.19
2.8
0.3
2.5
0.79

0.73
2.10
0.22
1.88
0.51

1.97
2.98
1.28
1.70 
0.46

99.73
100.55
97.94
2.61
0.53

3.71
5.76
2.93
2.83
0.67

2.40
2.69
2.14
0.57
0.14

3673
4795
2430
2365

750

(17)

Great 
Britain

Av

R
V s

14

3.86
11.70
0.60

11.10
3.62

46.16
50.70
41.40
9.30
2.53

26,99
34.10
23.90
10.20

2.50

10.44
13.50
6.40
7.10
2.11

3.06 
7.70 
1.70 
6.00
1.49

1.96
2.90
1.40
1.50
0.41

1.59
6.80
0.60
6.20
1.58

0.90
1.90
0.20
1.70 
0.51

3.26
4.20
1.80
2.40
0.72

98.22
102.90
96.10
6,80
1.60

2.92
3.19
2.52
0.67
0.16

2.10
2.33
1.90
0.43
0.13

5180
8100
2500
5600
1780

(11)

France

Av

R
V s

17

3.72
15.15
0.30

14.85
4.01

48.45
54.05
29.90
24.15

5.81

25.89
33.40
10.80
22.60

6.03

8.07
15,30
5.80
9.50
2.20

5.95
38.75

1.48
37.27
9.31

2.36
4.45
1.10
3.35
0.91

1.01
7.00
0.10
6.90
1.73

n = 15 
0.64 
0.85 
0.15 
0.70 
0.19

n=15
3.94
6.00
0.70
5.30
1.23

100.3 3.38
7.38
2.58
4.80
1.11

—

— (12), (60),
(64), (66),
(73), (74),
(84), (85),
(86)

Germany

Av

R
V s

9

9.65
20.10

1.48
18.62
7.14

41.13
49.54
34.10
15.44
5.38

24.39
29.35
21.06

8.29
3.43

13.93
20.88
8.37

12.51
4.64

5.06
11.81
2.18
9.63
3.37

1.85
4.26
0.75
3.51
1.15

0.77 
2.10 
0.12 
1.98
0.62 __

— 96.78
98.35
94.33
4.02
1.25

2.88
3.57
2.59
0.98
0,30

— —

(87), (88)

U.S.S.R.

Av

R
V s

15
—

55.08
62.08
47,90
14.18
5.20

25.97
37.15
20.71
16.44
4.57

7.83
12.01 
3.08 
8.93 
2.49

5.08
10.62
1.10
9.52
2.77

1.81
2.90
0.28
2.62
0.79

n = ll 
1.63 
3.78 
0.20 
3,58 
1.39

—

__

97.40 3.70
5.09
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(72), (77),
(89), (90)

R: Range
; Sample standard deviation

Samples Chemical composition (%)

Table 2. Chemical composition and phase composition of representative fly ashes of Japan

Nota
tion

Classifi
cation

Moisture 
content C SiOa AlgOa FeaOa CaO MgO SOa Na2O Kao

A Fly ash 0.10 0.93 59.30 24.99 3.77 3.27 1.69 0.12 0.88 2.53
B r 1.09 0.10 63.27 26.08 2.82 1.04 1.00 0.18 1.51 3.15
C r 0.05 0.06 59.93 25.97 3.50 4.39 1.12 0.02 1.06 2.21
D w 0.16 0.70 53.41 25.54 5.07 6.74 2.00 0.61 1.74 1.89
E v 0.19 1.23 53.82 25.63 4.68 5.80 1.90 0.58 2.15 2.03
F r 0.11 0.69 55.61 26.06 4.46 4.98 2.09 0.37 1.65 2.13
G • 0.18 0.98 55.52 26.43 4.72 3.81 1.78 0.81 2.36 2.02
H 0.09 0.52 60.75 26.14 4.37 2.49 1.12 0.25 1.32 2.31
I 0.15 1.12 59.86 27.21 3.70 2.59 1.20 0.28 1.31 1.73
J • . 0.20 0.77 57.68 28.35 4.08 2.68 1.05 0.65 1.50 1.90

K 

L

Coarse 
fly ash

0.10

0.08

0.97

0.69

58.20

58.19

25.02

22.88

4.67

5.90

4.52

5.47

2.09

1.89

0.04

0.14

0.98

1.45

2.04

1.89

Average 0.21 0.73 57.96 25.86 4.31 3.98 1.58 0.34 1.49 2.15



Table 2. (continued-2)

Samples Chemical composition (%)

Nota- S TiOa P2O5 LiaO SrO MnO BaO PbO ZnO NiO ASgOg

A 0.00 0.86 0.52 0.02 0.10 0.03 0.13 0.004 0.00 0.014 0.000
B 0,00 0.62 0.13 0.00 0.01 0.02 0.07 0.003 0 00 0.007 0.016
c 0.00 0.75 0.22 0.03 0.05 0.04 0.06 0.005 0.00 0 012 0.032
D 0.00 0.97 0.90 0.02 0.14 0.05 0.20 0.006 0.00 0.021 0.024
E 0.00 0.97 0.89 0.02 0.14 0.04 0.17 0.005 0.01 0.022 0.040
F 0.00 0.86 0.98 0.02 0.18 0.03 0.18 0.004 0.01 0.022 0.036
G 0.00 0.97 0.31 0.02 0.06 0.04 0.13 0.004 0,00 0.015 0.046
H 0.00 0.85 0.13 0.03 0.06 0.03 0.09 0.006 0.00 0.007 0.004
I 0.00 1.07 0.13 0.04 0.05 0.03 0.08 0.030 0.00 0.009 0.036

, J 0.00 0.93 0.13 0.01 0.05 0.03 0.08 0.004 0.10 0.010 0.010

K 
L

0.0D
0.00

0.77
0.63

0.70
0.70

0.03
0.02

0.11
0.17

0.04
0.05

0.13
0.12

0.003
0.003

0.02
0.01

0.017
0.017

0.000
0.000

Aver
age 0.00 0.85 0.48 0.02 0,09 0.04 0.12 0.006 0.01 0.015 0.020

Table 2. (continued-5)

Samples Chemical composition ( %) Molecular

Notation B2O3 Ga2O3

A 0.13 0.022
B 0.09 0.024
C 0.17 0.026
D 0.32 0.022
E 0.26 0.022
F 0.25 0.013
G 0.29 0.021
H 0.15 0.018
1 0.15 0.012
J 0.18 0.022

Total SiOa 
Al^Oa

99.41 4.02
100.23 4.27
99.70 3.92

100.53 3.55
100.60 3.56
100.74 3.62
100.52 3.56
100.74 3.94
100.79 3.73
100.42 3.47

Phase composition ( %)

Quartz Mullite Glass

1.9

71.1
76.9
72.9
84.4
80.9
82.7
79.6
78.7
79.5
69.4

2.4
0.5
0.4
2.4
2.7
2.3
2.7

26.5
22.6
26.7
13.2
16.4
15.0
17.7
19.5
20.5
29.2

Quartz 
+ Mullite compounds

15.0
13.3
15.7
7.8
9.2
8.0
9.8

12.0
13.3
18.2

11.5
9.3 

11.0
5.4
7.2
7.0
7.9
7.5
7.2

11.0

K 
L

0.15
0.16

0.022
0.021

100.62
100.48

3.97
4.31

11.8
8.6

12.7
13.9

24.5
22.5

72.4
72.2

3.1
5.3

Average 0.19 0.020 ' 100.47 3.83 8.9 12.4 21.1 76.7 2.2

Note 1. The flly ashes listed in Table 1 are identical to those in this table. The 10 varieties, A to J, are representative fly ashes widely marketed in Japan for use 
in concrete.

2. The trace elements of fly ashes were quantitatively analysed by the method proposed by Funato (91)
3. The quantitative analysis method of phase composition was as follows:

Quartz and Mullite: directly measured by intensities of X-ray diffraction tests.
Iron compounds : calculated from chemical components.
Glass : 100—(Quartz + Mullite + Iron compounds)

the fly ash of the U.S. and European countries.
The SO3 exists mainly in the form of calcium sulfate 

and according to recent studies, it has been ascer
tained that the pack setting of fly ash during storage 
is due to the influence of calcium sulfate.

It is thought the reason the MgO content is speci
fied in the ASTM standard is the considerations of 
harmful effects as in cement. Also, the alkali content 
is specified in ASTM, but in Japan there is almost no 
aggregate which may cause alkali-aggregate reaction 
and therefore there is no provision for alkali in the 
Japanese standard. ■

The loss on ignition is a measure of the carbon con
tent and in this respect also there is a great difference 

according to the country, the average values ranging 
between 10 and 0.7%. In the early reports, the neces
sity for moderately low carbon content is emphasized, 
but the effect on the properties of hardened concrete 
is negligible even when the carbon content of fly ash 
is high to a certain extent. However, when fly ash 
of high ignition loss is used for air-entrained concrete, 
control of air content becomes difficult in many cases 
and for practical reasons the amount of ignition loss 
must be carefully considered.

Along with chemical analysis, quantitative measure
ment of the phase composition of fly ash has been given 
importance in recent years.

The major phases composing fly ash are quartz, 



mullite and a comparatively large amount of glass. 
Of the chemical components, SiO2 exists in the form 
of quartz and glass phases while part of the A12O3 
exists as mullite and the remainder is contained in the 
glass phase. Needless to say, the mineral composi
tion will differ in a complex manner according to the 
quality and fineness of the pulverized coal, method of 
burning and other factors.

The results of analyses of 10 representative fly ashes 
now being marketed in Japan and 2 coarse fly ashes 
are given in Table 2. Table 2 also gives the phase 

compositions. A comparison of these with 7 out of 
14 British fly ashes reported by Watt and Thorne (11) 
is given in Table 3.

Table 3. Example of comparison of phase composition of 
Japanese and British fly ashes

Japanese fly ash British fly ash

Quartz 11.8-5.4% 8.5-2.2%

Mullite 18-8% 14-6.5%

Glass 84-69% 88-71%

Physical Properties of Fly Ash

Particle Shape of Fly Ash

Although the particle shape of fly ash differs some
what with size, the great part consists of spherical 
glass, in which quartz, small needle-shaped fragments 
of mullite and minute quantities of hematite or magne
tite are contained. In some cases the spheres exist 
linked together.

Most fly ash consists of fine and dense spherical 
particles, but there are cases of relatively large par
ticles having voids in the interiors. Some of the large 
particles are hollow spheres with openings which on 
occasion contain minute spherical particles resembl
ing the form of fish eggs. There are also shell forms 
and other irregularly formed particles interspersed 
in the fly ash.

It will be convenient to discuss particle shape of fly 
ash by the 4 classifications of spherical and rounded, 
rounded, irregular, and angular. .

Fig. 1 shows fly ash photographed by Terrier and 
Moreau (12) with an ore microscope while Fig. 2 
shows fly ash photographed by a scanning electron 
microscope.

The ratio of the mixture of porous particles with in
ternal voids and irregular shaped particles differs with 
the fly ash. One Japanese fly ash contained approx
imately 12% porous particles while a coarse fly ash 
contained approximately 20% (13). In any case it is 
an outstanding feature of fly ash that most of the par
ticles are spherical, something which is not seen in 
other pozzolans. This is thought to be the principal 
reason for the improvement of workability of concrete 
obtained with fly ash.

Specific Gravity of Fly Ash ■

The results of measurement of specific gravities of

j|Fig. 1. Example of fly ash photographed by ore microscope

Fig. 2. Example of fly ash photographed by electron scanning 
microscope -
Courtesy Japan Electron Optics Laboratory Co., Ltd. News
(in Japanese), p. 7, No. 1 (1967). .. , . ,



fly ash in the U.S., Japan and Great Britain are given 
in Table 1. Naturally, the specific gravity is higher 
the higher is the Fe2O3 content and the average values 
by country range between 2.10 and 2.40. ,

There is a report that the specific gravities of indi
vidual particles differ according to particle shape with 
apparent specific gravity being higher the smaller the 
particle (14). This substantiates the fact that porous 
particles are distributed in the fly ash. However, 
there is a report of greater specific gravity in the case 
of coarse-particled fly ash (15).

Fineness of Fly Ash

As fineness of fly ash is an important factor govern
ing pozzolanic activity along with the SiO2 content 
and also greatly affects the workability of concrete, 
all of the countries have attached importance to this 
aspect and specified limits and uniformity of fineness.

Regarding the procedure for determining fineness, 
there has been great discussion on whether sieving 
or the specific surface method measured by the air 
permeability apparatus should be used. At present 
most researchers use the specific surface method. 
This is because of the simplicity of this method and 
because it is possible to estimate the mean particle 
size (See Appendix 1, ASTM). When discussing the 
quality of fly ash from one plant, the specific surface 
area obtained by the air permeability method is highly 
reliable. However, when comparing with other fly 
ashes, it is thought there is a necessity for examining 
the reliability of the values as there are cases of devia
tion of test values due to differences in specific gravity, 
particle distribution, particle shape, carbon content, 
etc. There are a number of papers reporting it difficult 
to recognize a correlation between pozzolanic activity 
of fly ash and test values obtained by the air perme
ability method of measuring fineness (16)(17)(18). 
However, Brink and Halstead (17) state there is a 
relation between the quantity passing 44^ sieves and 
pozzolanic activity, while Watt and Thorne (11) 
surmise there may be a close relationship between 
fineness measurement values and pozzolanic activity 
in the case of disagglomerated ashes. Fig. 3 gives the 
results of tests on the 10 fly ashes listed in Table 2, 
these fly ashes considerably resembling each other in 
chemical composition. The compressive strength 
ratios obtained on mortar specimens at the age of 13 
weeks and the fineness values (See Appendix 1, JIS) 
present a comparatively clear correlation except for 
one fly ash.

Although there is disagreement on the above, there 
is no question that the fineness value of a fly ash is one 

guide to its quality. Also, the standard value of fine
ness is significant in providing a criterion in planning 
fly ash collecting facilities.

Table 1 also gives examples of the specific surface 
areas of fly ashes in various countries. In this case also, 
a wide difference is seen between countries, the average 
values being between 5,180 and 3,090 cm2/g.

Japanese coal is generally high in content of ash and. 
volatile matter while low in coking properties. There
fore, when this is burned in the form of pulverized 
coal, thermal explosion occurs within the flame and 
combustion gases and there is a tendency for the indi
vidual particles to become finely divided. It is thought 
that in the case of Japan, fly ash of high fineness and 
low carbon content can be obtained comparatively 
readily because of this. On the other hand, it might 
be considered that coal of other countries are higher 
in coking properties compared with Japanese coal with 
less volatile matter so that the abovementioned fine 
division does not occur when the pulverized form is 
burned and there is a smaller ratio of finely divided 
powder to be contained in the ash. This and the fact - 
that the SiO2 content is high as mentioned before are 
the distinguishing features of Japanese fly ash and 
as a result there are cases when there is considerable 
difference in the influence of fly ash on the properties 
of concrete between Japan and various other coun
tries.

Therefore, it is conceivable there would be consi
derable differences in the fly ashes of other countries 
which will complicate the discussions, but since fly

Fig. 3. Relation between specific surface of fly ash and relative 
compressive strength of mortar at 13 weeks. Relative com
pressive strength indicates ratio to compressive strength of 
mortar without fly ash. Fly ash replacement ratio, 25%.



ash is after all a by-product, this is inescapable.
The comparatively close resemblance of the Japanese 

fly ashes is because of identical periods of formation 
of coal strata and identical component plant material 
so that all coal mined in the country are the same in 
quality and also since only the portions meeting JIS 
specifications are sold on the market except in the case 
of coarse fly ash.

Strength and Other Properties

When discussing the physical properties of fly ash 
it is highly necessary to have test values of unit water 
content and strength when the fly ash is used in mortar 
or concrete, and all of the countries clearly designate 
the standards for these aspects (See Appendix 1). 
However, since the testing methods differ, direct 
comparison of the values will be avoided here.

Influence of Fly Ash on Various Properties of Concrete

Influence of Fly Ash on Workability of Concrete

That replacement of a portion of the cement with 
a suitable amount of fly ash when mixing concrete 
would improve workability was made clear in a paper 
by Davis et al (2) as early as 1937. It was suggested 
in this paper that suitable replacement ratios would 
be 30% or less for ordinary construction. Viewed in 
the light of present day common knowledge, however, 
the paper attributes surprisingly little to fly ash for 
the reduction in unit water content necessary to obtain 
a concrete of a given consistency. This probably 
is due to the fact that fly ash in those days were inferior 
to present day fly ash in quality and especially in 
fineness.

It is though that with the use of fly ash in the great 
volume of concrete in Hungry Horse Dam (arched- 
type concrete dam, construction begun in 1948, 
height 172 m, concrete volume 2,360,000 m3) as an 
impetus, exceptional progress was made in the tech
niques of collecting and producing fly ash in the 
United States. The interior concrete of this dam was 
a lean air-entrained concrete with a unit cement 
content of 111 kg/m3, unit fly ash content of 56 kg/m3 
(a replacement ratio of 33 % of cement with fly ash), 
air content of 3.7 % and slump of approximately 5 cm 
and the unit water content was only 88 kg/m3 (19). The 
reduction in unit water content was of course due to 
entrained air to a great extent, but nevertheless 
this was an epoque-making project in the use of fly 
ash in concrete.

The rate of reduction in the unit water content neces
sary for a given consistency obtained by replacing a 
part of the cement with fly ash will differ depending on 
the mix proportions of the concrete, the particle shape 
and fineness of fly ash, the fly ash replacement ratio, 
gradation of fine aggregate, etc. The results of tests on 
20 varieties of fly ash marketed in Japan with a replace
ment ratio of 25 % ranged between 11 and 4 % water 
reduction or an average of 7 % (18).

It was not possible to ascertain the unit water content 
reduction ratios for fly ashes of the various countries, 
but it is thought that a reduction of about 5 % can well 
be expected if the fly ash is of a suitable fineness.

The shape and surfaces condition of particles, and 
fine particle size are some of the reasons which can 
be thought of for the reduction of unit water content 
due to fly ash. It has been said from before, citing 
examples of microscopic photographs, that the main 
reason was the smooth spherical shape (6). Yamazaki 
also conducted studies of these factors (20) and apply
ing the immobile water factor proposed by Powers (21) 
and Steinour (22) regarding cement particles, or the 
factor related to the amount of water lying immobile 
on the surfaces of finely divided particles, rearranged 
the test results of bleeding rates of fly ash slurries to 
indicate the relation between shape and surface con
dition of fly ash and other finely divided particles and 
the water retention factor in discussing the effects of 
fly ash, and ascertained that the smooth spherical 
shape was the most important reason for the improve
ment of workability of concrete due to fly ash. When 
the fineness of fly ash increases, the effect of reducing 
unit water content of concrete is generally great. 
This is thought to be due to the higher rate of 
spherical particles with smooth surfaces the higher the 
value in fineness.

Yamazaki further states that the particles of fly 
ash in a dry state often present a floc structure from 
the mutual attraction of the particles, while some fly 
ashes are agglomerated, and establishes that when 
concrete is mixed using fly ash which present floc 
structures or agglomerates, the particles of fly ash are 
floculated and difficult to disperse (20). (See Fig. 4) 
If this flocculation were to be prevented, it is conceiv
able the effect of fly ash on the workability of con
crete would be improved further. As a practical means 
of prevention, there is the method of using fly ash 
in slurry form by mixing vigorously with water before
hand instead of using it as a powder. This method is



described later. There are many reports that state 
bleeding of concrete is reduced by replacement of a 
part of the cement with a good quality fly ash, but 
there are cases when rather the bleeding is increased.

(a) Fly ash particles dispersed in pure water.

(b) Flocculated fly ash particles in supematent liquid of 
cement paste.

(c) Fly ash particles in supernatent liquid of cement paste 
containing suitable amount of cement dispersing agent.

Fig. 4. Flocculation and dispersion of fly ash particles in water 
and supernatent liquid '

Influence of Fly Ash on Strength
' of Concrete ;

Although with some difference in degree, the poz- 
zolanic effects of fly ash, or the improvements in long
term strength, watertightness and durability, have been 
described in almost all reports since the advent of 
the material, which fact has been instrumental in 
causing it to be used in dam concrete and other 
concrete. These pozzolanic effects of fly ash will not 
only differ extremely according to the quality of the 
fly ash and the amount used, but also with the quality 
of cement, the mix proportion, the age and curing ■ 
conditions, but when about 25 % of normal portland 
cement is replaced with good quality fly ash and the 
concrete is cured at normal temperature in the pre
sence of adequate moisture, it is not seldom that the 
strength of the concrete will become greater than that . 
of concrete without fly ash within the age of 6 months.

It is a characteristic of concrete containing fly ash . 
to demonstrate strength increases over long periods, ; 
and especially, it appears there is ä tendency for : 
tensile strengths to be improved. (23) Fig. 5 is an i 
example of the relation between compressive strength ; 
and tensile strength of concrete containing fly ash : 
correlated to age (24) which shows tensile strength 
to be improved over that of concrete without fly ash ; 
at advanced ages. This can be said to be an advantage ; 
of fly ash offsetting to some degree the defects of • 
normal portland cement.

One disadvantage of fly ash when cement content 
is reduced is that the strength of concrete at early 
ages is reduced. One method of covering this disad-

Fig. 5. , Example of relation between tensile strength and com- ; 
pressive strength of concrete (Max. size coarse aggregate, 25 i 
mm; cement factor, 300 kglm3; slump, 6-7cm; specimens cured j 
in water maintained at 2I°C; test ages, 7 days-12 months). !

82 '3



vantage is to use more fly ash than the amount of 
cement reduction, the unit cement content and unit 
fly ash content being selected in a manner to obtain 
the required strength at the designated age (25). This 
is done in many cases in concrete pavements and other 
members, although of course the concrete mix must 
be selected in consideration of cost.

When fly ash is used for ordinary members, the mem
bers, unlike hydraulic structures, will gradually become 
dried and there will be a fear that strength increases 
at advanced ages cannot be expected. Stingley and 
Peyton (26) have reported on 1- to 10-year test results 
of beam specimens job-cured in exactly the same 
manner as concrete of an experimental pavement in 
Kansas in which flexural strengths of beams reached 
maximum values at about 1 year in the case of concrete 
without fly ash, while for concrete with fly ash, the 
strength increased for 3 to 4 years exceeding 70 kg/cm2 
after 3 years.

Tsukayama and Miyoshi (27) have reported on tests 
of cores and beams cut out of test pavement slabs at 
the age of 10 years. When the amount of fly ash used 
was adjusted to obtain 28-day compressive strength 
(curing in water at 21°C) equal to that of concrete 
without fly ash (curing in water at 21 °C), the compres
sive strength of the fly ash concrete pavement slab 
which was approximately 100% of that of the con
crete pavement slab without fly ash at 3 months, 
had increased to 120% at the age of 10 years. Further, 
the flexural strength ratio which was approximately 
80 % at the age of 3 months had increased to approxi
mately 150% at 10 years. In these tests also, it is 
indicated that the effect of fly ash is more pronounced 
in flexural strength than compressive strength.

Kokubu and Ito (28), on testing compressive 
strength of core specimens taken from concrete pave
ment slabs of first class national highways with 30 % 
replacement of cement with fly ash have reported 
that strengths which were 370 kg/cm2 at 3 months had 
increased to 610 kg/cm2 at the age of 9 1/2 years.

However, Legg (29) has reported that as a result 
of testing compressive strengths of core specimens 
cut out from concrete pavement slabs at ages of 28 
days to 5 years, the strength of concrete with fly ash 
which was more than 250 kg/cm2 at 28 days increased 
to more than 400 kg/cm2 at 5 years, but were still 
poorer than the strength of concrete without fly ash.

The strength of concrete containing fly ash is ac
companied by complicated factors as described pre
viously and it is not surprising that uniform results 
cannot be obtained in field tests. However, it is thought 
there have been no reports that the use of fly ash in 
an actual project has had bad effects, except in cases 

of especially high water-cement ratios of concrete.
The pozzolanic reaction of fly ash differs greatly 

with the temperature of the concrete, being more active 
the higher the temperature. Therefore, when fly ash 
is used for massive concrete the strength of concrete 
will be considerably greater than in the case of curing 
at normal temperature making fly ash advantageous 
from the viewpoint even of only strength. (2) Takano 
(30) on testing compressive strengths when a part of 
normal portland cement was replaced with fly ash and 
mixing and curing of the concrete was performed at 
temperatures of 10°C, 21°C and 30°C, states that 
strengths at 3 months or later are lower the higher 
the curing temperature in the case of concrete without 
fly ash whereas they are higher the higher the curing 
temperature in the case of concrete containing fly ash. 
In other words the use of fly ash alleviates the drop in 
the long-term strength gain ratio produced by high- 
temperature curing of concrete.

Stolnikov and Kind (31), in consideration of pre
cast concrete, has reported on normal pressure steam 
curing of concrete containing fly ash. This research 
was conducted with the thought to augment the reduc
tion in short-term strength when fly ash is used. In 
the intake pressure tunnel of Kurobegawa No. 3 
Power Station which passes through hot bedrock 
of temperatures 100°C or higher, the cement in the 
tunnel lining concrete was replaced 25 % with fly ash 
and excellent results were obtained (32). -

Influence of Fly Ash on Volume Change 
of Concrete

There is an extremely great number of papers which 
report that by replacing part of the cement with good 
quality fly ash, drying shrinkage of mortar and con
crete is reduced. Blanks (33) for example, has obtained 
test results as shown in Fig. 6. Blanks also states that 
autogenous shrinkage is somewhat reduced. These 
are features of fly ash different from other pozzolans 
which are said to be due to the reduction in unit 
water content necessary for the required consistency. 
There are, however, reports (34) which say that drying 
shrinkage increases somewhat more than for concrete 
without fly ash when fly ash of high carbon content 
and low fineness is used.

In performing tests of drying shrinkage with 
concrete specimens, it is normal for reduction in the 
amount of drying shrinkage not to be very pronounced 
in proportion with replacement of cement with fly 
ash, even when the fly ash used is of good quality. 
When beams of 10 cm X 10 cm cross sections are 
dried severely for 6 months and more, the reduction
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Fig. 6. Drying shrinkage of concretes. Measurements made 
on 10 x 10 x 75 cm beams fog cured 90 days, then dried at 
50% humidity, 2I°C.

in drying shrinkage barely reaches 15 to 20%. For 
a shorter period, at about a month of drying, there 
is very little difference seen, the reduction in drying 
shrinkage of concrete containing fly ash being only 
about 5% of that of concrete without fly ash. It is 
not possible for concrete members exposed to outdoor 
air to be dried as severely as in the above tests. Never
theless, it is clearly seen in experience with projects 
using fly ash that cracks accompanying drying are 
reduced. In other words, the degree to which the detri
mental effects of drying shrinkage are reduced is 
much more prominent than indicated by the drying 
shrinkage values obtained with concrete specimens. 
One of the reasons for this is that in almost all tests 
the shortening in length of a specimen due to drying 
shrinkage is measured along the central axis of the 
specimen. When this is done, it is impossible to obtain 
the shrinkage at the surface portion occurring with 
the drying.

Davis et al (2) sealed off 15-cm cube specimens on 
five sides allowing drying to occur from only one sur
face and measured shrinkage not only at the central 
axis, but also along an axis near the surface in dis
cussing shrinkage in the interior of the specimens. 
Nagataki (35) also sealed five sides of beam specimens 

and measured shrinkage at each of the surfaces that 
accompanied drying. Nagataki also studied tensile 
stresses occurring when drying shrinkage is restrained. 
As a result he has ascertained that when concrete with 
part of the cement replaced with fly ash is dried at 
relatively early ages, the difference in moisture content 
between surface portion and interior is alleviated and 
the tensile stresses produced by drying is reduced. 
This is thought to happen because in young concrete 
containing fly ash, the free water slightly to the inter
ior from the surface is in a readily evaporable con
dition. Therefore, it is thought even if the effect of 
fly ash in concrete indicated by drying shrinkage 
values obtained in normal methods of testing is small 
compared with the effect in cement paste or mortar, 
the role that good quality fly ash plays in preventing 
cracking of concrete is surprisingly great.

The above is an indication that it will often be 
reasonable to use fly ash not only for concrete in 
hydraulic structures, but also in various members 
in general. -

Influence of Fly Ash on Heat of Hardening 
of Concrete

When concrete is made replacing a portion of the 
cement with fly ash, the rate of evolution of heat of 
hardening of the concrete is retarded. The U.S. 
Bureau of Reclamation has conducted numerous 
experiments concerning heat of hardening of con
crete containing fly ash. (19) Davis et al (2) state 
that the value of the rate of reduction in heat of 
hardening of concrete at 28 days when fly ash is used 
is equal to approximately one-half of the percentage 
figure of fly ash replacement. The reason that the rate 
of reduction does not equal the percentage figure of 
fly ash replacement is the finely divided powder effect 
of fly ash, a matter to be discussed later.

One of the reasons for the extensive use of fly ash 
in dam concrete is this alleviation of heat of harden
ing, which makes it easier to regulate the temperature 
of the concrete reducing the fear of cracking from 
thermal stresses (24)(36).

Influence of Fly Ash on Watertightness 
and Durability of Concrete

Unless curing conditions are especially poor, the 
watertightness of concrete containing fly ash is im
proved. This is only natural when pozzolanic activity 
is considered. Davis (34) compared permeability coe
fficients of concretes of unit cement contents of 225 
kg/m3 at the age of 6 months, and states that the 
coefficient of concrete with 30% of cement replaced



Fig. 7. Permeability of concrete with and without fly ash.

with fly ash was 1/5 of that of concrete without fly 
ash, while with 50% replacement, the coefficient was 
reduced to 1/12. The U.S. Bureau of Reclamation and 
the Corps of Engineers have tested watertightness 
of lean concrete containing large-sized coarse aggre
gate and both have shown the effectiveness of fly 
ash in this respect. Fig. 7 illustrates the test results 
reported by Higginson (37) which indicate the marked 
improvement in watertightness obtained by use of 
fly ash. Yoshikoshi (38) has also carried out wide 
studies of fly ash, and especially in regard to water
tightness, originated a simple method of testing per
meability in which a concentric hole of small diameter 
was provided in a cylinder to obtain a thick-walled 
specimen and hydraulic pressure was applied from 
outer surface, and discusses in detail the effect of fly 
ash on watertightness of concrete. Going by this 
method, the same relation between the direction of 
concrete placement and the direction of permeation 
of water as seen in the field is obtained.

Fundamentally, the watertightness and durability 
of concrete structures depend a great deal on defects 
in workmanship at joints and other parts of concrete 
whenenver these defects exist. Therefore watertight
ness of a concrete structure will be greatly affected by 
whether or not workability of concrete is good. Other 
than in cases of grossly inferior quality of concrete or 
especially severe exposure conditions, the quality of 
concrete does not necessarily determine watertightness. 
When a good quality fly ash is suitably used, work
ability of concrete is improved to aid in reducing 
defects occurring at the time of concrete placement 

so that it is thought watertightness of concrete mem
bers will be improved even more. ■

By proper use of pozzolans in concrete, resistance to 
various kinds of aggressive waters is improved. It 
is even said that this is the principal reason for poz
zolans to have become used so actively. From the 
viewpoint only of resistance to action of aggressive 
water, there are other pozzolans which are superior 
to fly ash. However, there are many reports which 
state that this type of durability was improved by 
replacement of a part of the cement with fly ash (2)(23) 
(39)(40).

Even when workable concrete is carefully con
solidated, about 1 % of air bubbles is generally con
tained in the concrete, and depending on the cement 
and aggregate, the air may be as high as 2 % or more. 
These bubbles of air are not entrained air, but are 
effective to some degree in providing durability against 
freezing and thawing. When concrete is mixed with 
the addition of fly ash, the air bubbles are reduced 
due to the influence of the fine particles so that the 
air content of the concrete is reduced to about 0.5 % 
after consolidation. Therefore, when fly ash is used 
in concrete which is not air-entrained, it is customary 
for the performance of the concrete in freezing and 
thawing tests to be somewhat impaired. (23) However, 
there is a report saying that at an age of 5 months 
better results were obtained in freezing and thawing 
tests with a non air-entrained concrete containing fly 
ash compared with non air-entrained concrete without 
fly ash (41). This is believed to be due to the influence 
of pozzolanic effect of the fly ash.

It is needless to say that durability of concrete 
against freezing and thawing action will be vastly 
improved by entrainment of a suitable amount of 
air using a good quality admixture. Larson (42) 
established that this principle can be applied to con
crete containing fly ash. Parenthetically, as a result 
of measurement of the size and distribution of air 
voids on the surface of a sawed section of concrete 
containing fly ash and from results of freezing and 
thawing tests, Larson states that fly ash has no ill 
effects on air voids of hardened concrete and in com
parison of concretes of equal strength and air content 
there was no difference between concretes with and 
without fly ash. .

The freezing and thawing tests mentioned above are 
an extremely severe test of concrete differing greatly 
from the meteorological conditions to which concrete 
in the field is exposed. As the correlation between the 
results of these laboratory tests and durability of field 
concrete is a great problem which has not yet been 
solved, no attempt will be made here to discuss this 



matter. Even limiting the discussion to comparison 
tests for estimating the effect of fly ash, there are pro
blems remaining regarding test methods such as the 
age of concrete at which freezing and thawing should 
be commenced, the method of curing during this 
period, and the moisture conditions of specimens 
during freezing and thawing (34)(43).

Influence of Fly Ash on Alkali-Aggregate 
Reaction '

Alkali-aggregate reaction is mostly considered a 
problem in North America and apparently in Aus
tralia there has been some trouble (44), but it appears 
there have not been many cases in other parts of the 
world which have been reported.

The use of pozzolans to prevent alkali-aggregate 
reaction has been recommended by Stanton (45), 
Hanna (46), Lerch (47) and others. In many studies 
that have followed, it has been indicated that certain 
natural or artificial pozzolans are effective in reducing 
alkali-aggregate reaction while some other pozzolan 
have almost no effect. .

Meissner, as a result of comparative experiments 
of the effect of fly ash and 10 other pozzolans in con
trolling alkali-aggregate reaction, reported that fly 
ash, although not as much as opal and calcined shale, 
had considerable merit (48). Blanks (49) and Lerch 
(50) have also produced results of experiments which 
enable comparison to be made of the effect of fly ash 
versus other pozzolans.

Brinks and Halstead (17) experimented with 10, 20, 
35 and 50 % replacements respectively of cement using 
17 out of 34 varieties of fly ash listed in Table 1. 
Fig. 8 is an example of the test results which shows 
that a high percentage of replacement with fly ash 
(e.g., about 35% replacement of cement) is effective 
in controlling expansion from alkali-aggregate reac
tion in the case of all fly ashes. However, it is indicated 
at the same time that there is a pronounced difference 
according to the fly ash in the relation between the

Fig. 8. Effect of fly ash on expansion of alkali-reactive 
mortar at age of one year.

fly ash content and the effect in controlling expansion.
As described above, although fly ash is not the most 

suitable admixture for prevention of alkali-aggregate 
reaction, there is no question that it has a practical 
effect. It is a fact, however, that the effect of fly ash 
on alkali-aggregate reaction differs to some extent 
not only according to the aggregate and cement, 
but also the quality and the amount of fly ash used.

In testing the effect of admixtures in controlling 
alkali-aggregate reaction, the ASTM method (51) 
is widely used. However, this is an accelerated test 
using mortar specimens so that therexare many ques
tionable points remaining and it is desirable that pro
gress be made in studies regarding correlation to 
concrete in the field.

Chemical Behavior of Fly Ash in Concrete

Chemical Characteristics of Fly Ash 
in Concrete at Early Ages

The chemical composition and fineness of fly ash, 
as described previously, differ greatly according to 
country and even within the same country there are 
considerable differences according to the plant. 

Therefore, it is difficult to accurately describe the 
chemical characteristics of fly ash within concrete 
and it is especially so at early ages.

Yamazaki (52) disclosed that in concrete with fly 
ash cured at normal temperature, the strength of the 
concrete estimated from the void-cement ratio cal
culated considering fly ash not to be part of the cement 



is somewhat higher even at early ages when hardly 
any pozzolanic reaction has occurred. For example. 
Fig. 9 shows the results of compressive strength tests 
of concrete made to a given consistency adding fly ash 
while maintaining unit cement content at 290 kg/m3. 
Although water-cement ratio is slightly increased 
with increasing addition of fly ash, the concrete 
strength is clearly greater at the age of 7 days when 
very little pozzolanic reaction has occurred. Also, 
similar increases in concrete strengths are found when 
adding limestone powder which has no pozzolanic 
reactivity at all. The same phenomenon was seen with 
finely divided powders of gray wacke and silicious 
sand which too are considered to cause hardly any 
chemical reaction in cement paste. Yamazaki further 
experimented on the non-evaporable water in the 
cement paste portion of mortar in which finely divided 
mineral powders were used and pointed out these 
mineral powders, even when hardly causing any 
chemical reaction within the cement paste, brought 
about an increase in non-evaporable water per unit 
amount of cement equivalent to the increase in 
strength, in other words increased the amount of 
cement hydrated from early ages. Regarding the 
reason for this, Yamazaki theorizes that replacement 
by fly ash or other finely divided mineral powders in 
the floc structure constructed of cement particles ex
pands the available space in which hydration products 
are precipitated to increase the hydration of cement. 
This effect was named “finely divided powder effect."

Kawada (53) studied the hydration of cement paste 
at early ages when fly ash is added. As the actual 
water-cement ratio is changed by replacement of 
cement with fly ash, Kawada measured the rate of 
heat evolution of cement pastes (without fly ash) 
at various water-cement ratios for reference (See 
Figs. 10 & 11). According to the results, there is no 
great change in the time required for the rate of heat 
evolution curve to reach a peak according to water
cement ratio, but the rate of heat evolution per gram 
of cement is higher the lower the water-cement ratio. 
Further, up to one hour of addition of water, the 
amount of hydration heat shows almost no change 
with variation in water-cement ratio, but at 24 hours, 
the amount of heat is reduced when the water-cement 
ratio is increased. Next, Kawada took pastes with 
a constant water-cement and fly ash ratio of 0.4 in 
which a part of the cement was replaced with fly ash 
from which soluble components were removed by 
washing with water and measured the rate of heat 
evolution and the amount of heat evolution per gram 
of cement (See Figs. 11 & 12). With the increase in the 
fly ash replacement ratio, the time at which the rate

Percentage by Weight of Fly Ash to Cement, %

Fig. 9. Compressive strength of concrete made by replacing 
part of fine aggregate with fly ash. ( Unit cement content of 
concrete maintained at 290 kglm3, and therefore finely divided 
powder was added and was not replacement for cement.)

of heat evolution reaches a peak is somewhat quick
ened and also the peak is at a higher point. The fact 
that the heat of hydration per gram of cement is 
constant at one hour regardless of the amount of fly 
ash indicates that the amount of hydration reaction 
occurring within a short period of time after addition 
of water is not governed by the quantity of water or 
fly ash. The heat of hydration of paste without fly 
ash becomes lower with increased water-cement ratio 
at 24 hours, but in paste in which there is a replace
ment of cement by fly ash, the heat of hydration per 
gram of cement is conversely greater with the increase 
in the amount of fly ash. This appears to substantiate 
the appropriateness of Yamazaki’s theory of finely 
divided powder effect of fly ash.

In the above experiments, fly ash washed with water 
was used to exclude influence of the soluble com
ponents of fly ash. In the case of unwashed fly ash, 
the peak of heat evolution is only heightened a little 
and the time at which the maximum is reached is 
slightly retarded (See Fig. 12). The soluble components 
of fly ash . consist mostly of calcium sulphate, but the
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Fig. 10. Effect of water-cement ratio on rate of heat evolution.

content is extremely small while the rate at which 
they are leached out is slow, so that it is assumed 
the influence of the soluble components on initial 
chemical behavior of fly ash in concrete is of a negli
gible degree. Therefore, it is thought the effect of fly 
ash on cement hydration at early ages, is limited to 
the finely divided powder effect or the increase of 
cement hydration through the increase of available 
space for hydration products.

Method of Testing Pozzolanic Activity

Methods of testing pozzolanic activity of pozzolans 
have been studied by many researchers for more than 
one hundred years. However, since the varieties of 
pozzolans used in concrete are so myriad with pro
nounced differences in quality, and since the purposes 
of use of these pozzolans are also varied, it is extre
mely difficult to establish an appropriate test method 
for pozzolanic activity.

Lea (7) summarized and discussed the various 
methods of testing pozzolanic activity at the Interna
tional Symposium on the Chemistry of Cement held 
in 1938, while Malquori (10) also discussed > test 
methods at the Fourth International Symposium on 
Chemistry of Cement held in 1960. These reports 
and the discussions thereof all comprise information 
of great value, part of which are useful guides to 
research on methods of testing pozzolanic activity 
even today.

Moran and Gilliland (54) have discussed methods 
of testing pozzolanic activity dividing their studies 
into the 3 categories of tests on pozzolan alone, 
tests on pozzolan-lime mixtures and tests on poz-

0 10 20 30 40
F/C+F, %

Replacement Ratio of Fly Ash (F/C+F) 
and Water Cement Ratio (W/C) in Cement Paste

Fig. 11. Heat of hydration per gram of cement per various 
water-cement and fly ash ratios. Thoroughly washed fly ash 
with water-cement fly ash ratio maintained at 0.4.

zolan-portland cement blends. Although today, when 
research and testing techniques have progressed fur
ther and methods have been suggested which are 
combinations of various methods so that establish
ing of distinct classifications is difficult, if an attempt 
were to be made to classify the methods of testing 
pozzolanic activity which can be considered to be 
commonly used, it would result in the form given 
in Table 4. /

Forest and Demoulian (60) compared Steopoe’s 
method, (62) the method suggested in AFNOR P 
15-301, (65) the method in ASTM Designation: 
C 379-56T (61) and the method of Poliet and Chaus- 
son (60) using 6 pozzolans including 4 fly ashes. As 
a result, they have pointed out that the AFNOR



Fig. 12. Rate of heat evolution for cement per gram in paste 
with portion of cement replaced with fly ash. Water-cement fly 
ash ratio maintained constant at 0,4.

Table 4. Classification of methods of testing pozzolanic activity 
considered to be relatively frequently used

Classification Example of test 
method

Method testing strength by accelerated curing 
of pozzolan-lime mortar or pozzolan-portland 
cement mortar

ASTM C 593-66T(55)
ASTM C 402-65T(56)

Method adding 
pozzolan to lime 
solution

Quantitative 
measurement of

Chapelle*s method(57) 
Moran and Gilliland’s 

method(54)

Quantitative 
measurement of 
lime and alkali

AFNOR P 15-462(58) 
Italian standards 
ISO recommendation

No 1156(59)

Method treating 
pozzolan or 
pozzolan-lime 
mixture with 
acid or alkali

Quantitative 
measurement of S1O2

Florentin’s 
method(60)

Quantitative 
measurement of 
SiOa + AI2O3

ASTM C 379-56T(61)
Poliet and Chausson’s

method(60)
Austrian standards
Charisius’ method(66)

Quantitative 
measurement of 
S1O2 4- FegOg

Steopoe’s method(62)

Quantitative 
measurement of 
SiO2 -+ A12O3 + Fe2O3

Sestini and
Santarelli’s modi
fication of
Baire’s method(ll)

Feret-Florentin
method(63)

Quantitative 
measurement of 
insoluble residue

Guillaume’s method(64) 
AFNOR P 15-301(65)

Method measuring development of dissolution 
heat of pozzolan

Jambor’s method(66)

Remarks Besides the above, there are Lea’s niethod(67) of measuring 
electrical conductivity of pozzolan-lime solutions, a method 
of combining insoluble residue and development of dissolution 
heat of pozzolan (66) and Devillard’s method (68) of quantita
tively measuring lime by exposing mixtures treated with carbolic 
acid to ultra-violet rays. Also, petrographic analysis. X-ray anal
ysis and differential thermal analysis are sometimes effective.

P 15-301 method is a method of quantitatively measur
ing insoluble residue, and due to a portion being 
dissolved by acid at the beginning, it is not effective 
in predicting pozzolanic activity, that the method of 
ASTM Designation: C 379 is not sensitive enough 
for comparison of pozzolanic activity between various 
pozzolans, while the method of Poliet and Chausson 
showed a good correlation with results of strength 
tests.

Jarrige and Darques (69) examined Devillard’s 
method (68) in regard to fly ash and state that a good 
relation was obtained with results of strength tests 
at 3 months.

Watt and Thorne, (11) using the 14 fly ashes listed 
in Table 1 carried out detailed tests with the Feret- 
Florentin method (63) and the lime solution method, 
an application of the Feret-Florentin method to lime 
solutions. At the same time they compared testing 
methods using Sestini and Santarelli’s modification 
of Baire’s method, (11) Lea’s electrical conductivity 
method (67) and Moran and Gilliland’s method. 
(54) As a result, they found the Feret-Florentin 
method and the lime solution method to have good 
reproducibility and the best correlation with strength 
results of lime mortars at equal ages and curing tem
peratures. The correlation with strength at the age of 
3 months was especially good. However, it is stated 
that no correlation could be seen at advanced ages 
of one year or more. As one means of acceleratedly 
testing pozzolanic activity within a short period of 
time, it is conceivable to raise curing temperatures, 
but in the two methods above, there was very little 
relationship between 28-day to 1-year strengths of 
lime mortars tested after accelerated curing at tem
peratures maintained at 50°C and at 20°C, and it is 
stated that there is hardly any correlation between 
short-term chemical testing methods and long-term 
strengths of mortar. Watt and Thorne further con
cluded that chemical methods of testing were not 
suitable for estimating long-term strengths when 
fly ash is used in construction.

In the widely used standards of various countries, 
chemical methods of testing pozzolanic activity are 
specified, but these would more be criteria forjudging 
acceptability of various pozzolans. Because of the ex
tremely great number of pozzolans, it cannot be helped 
if the standards are inadequate in some respects.

The values of SiO2, A12O3, Fe2O3, etc. often spe
cified in standards are provided as a first-line limit 
of the chemical components necessary for a pozzolan 
and cannot be considered as having much significance 
in evaluating pozzolan and cannot be considered as 
having much significance in evaluating pozzolanic 



activity.
Needless to say, the value of a method of testing 

pozzolanic activity of a pozzolan does not depend 
only on reproducibility, speed and simplicity; the 
correlation with strength of standard-cured concrete 
or mortar is an important yard-stick.

Taking fly ash into consideration, since it can be 
thought it is used more frequently in concrete when 
strength is important compared to other pozzolans, 
the correlation with long-term strength especially 
becomes even more important. Thinking in such terms, 
the most effective method of testing pozzolanic acti
vity of fly ash would be a method based on strength 
of mortar or concrete obtained by accelerated curing. 
Even were this method of testing strength to be adopt
ed, a problem remains regarding the relationship 
with strength of concrete cured at normal temperature. 
For example, in ASTM Designation: C402-65T, 
(56) the pozzolanic activity index with portland cement 
is tested with accelerated curing, but it is noted that 
the index is for evaluating the degree to which fly ash 
contributes to longer strength development of con
crete and is not a measure of the compressive strength 
of concrete containing the fly ash.

The purpose of using fly ash is not solely to increase 
long-term strengths, but at times it will be to increase 
resistance of concrete to sulphate attack or to decrease 
leaching by soft water. Needless to say, it will then 
be necessary to perform pozzolanic activity tests 
which are in accordance with such purposes.

The Pozzolanic Reaction of Fly Ash

The pozzolanic reactions of various pozzolans have 
been studied by a great number of researchers from 
quite some time ago (7)(8)(9)(10). Regarding these 
studies, reference has already been made, but it is 
worthy of note that Malquori cites the crystalline 
chemical soundness of glass as governing pozzolanic 
activity of natural pozzolans. The major reports on 
pozzolanic reaction of fly ash made public since the 
Fourth International Symposium on the Chemistry 
of Cement may be summarized as in the following.

Guillaume (70) quantitatively measured CaO 
produced by hydration in cement paste containing 
fly ash, discussed the relationship between decrease 
in CaO with age and progress of pozzolanic reaction 
and suggested that pozzolanic reaction of fly ash began 
from an age of about 14 days. .

Jambor (66) states that pozzolanic reaction is defined 
as an reaction of SiO2 and A12O3 in fly ash with 
Ca(OH)2 to form calcium silicate hydration products 
and calcium aluminate hydration products and that 

evaluation of pozzolanic reaction must take into 
consideration not only the fixing capacity of CaO, 
but the process of reaction between fly ash and 
Ca(OH)2.

Shikami (71) tested reactions of various fly ashes 
added to CaO and CaSO4 suspensions and together 
with results of tests by Florentin’s method and other 
factors, demonstrated that fly ash was most reactive 
in a combined solution of lime and gypsum and also . 
that besides calcium silicate hydration products, 
other reaction products, such as aluminates like 
C3A-3CaSO4-32H2O also can be considered to be * 
produced. The production of calcium sulphoaluminate 
hydrates have been proven in electron microscope 
observations by Saji as will be described later (See , 
Fig. 19).

Pyachev (72) shows the results of strength tests on 
mortars made by adding fly ash to C3S, C2S, C3A, 
C3 A3 and C4AF respectively and states that the extent 
to which fly ash contributes to strength is governed by 
the C3S and C2S content in cement. Among other 
things, Pyachev also states that the reaction between 
C3S or C2S with fly ash differs greatly with curing 
conditions and that the amount of addition of fly 
ash to obtain maximum strength will be markedly 
different for standard curing and steam curing.

Terrier and Moreau (12) stated that pozzolanic 
reactivity of fly ash is governed by the latent heat of - 
devitrification of fly ash in differential thermal analy
sis and at the same time suggested that EPMA (Elec
tron Micro-Probe Analyzer) would be a suitable 
apparatus to determine the composition of pozzolanic 
reaction products at fly ash surfaces.

Venuat (73) conducted wide-scale experiments using 
2 different clinkers, 3 different fly ashes and gypsum in 
various mix proportions corresponding to F/(C + F) 
ratios of 20, 30, 40, 70 and 90%. Applying Feret’s 
coefficient (equation below) to strength test values of 
1:3 mortar in discussing pozzolanic reaction of fly 
ash, he has stated that pozzolanic reaction begins to 
appear from about the age of 28 days.

(r1 \2

(C \2 ’

c w /

where K; Feret’s coefficient
S: Compressive strength

-jy ". Cement-water ratio by weight 
pc: Specific gravity of cement 
Cr: Absolute volume of cement



V". Volume of water 
A: Volume of air

An example of the relation of the addition rate of 
fly ash to compressive strength is given in Fig. 13 in 
which it is shown that in comparison to strength 
in the case when fly ash is considered inert, the strength 
of mortar is slightly higher at 7 days and greatly 
higher at 90 days.

Ducreux and Jarrige (74) separated fly ash by 
sieving to obtain several fractions according to par
ticle size and further in some cases crushed these 
fractions to obtain fly ashes of various finenesses. 
Using these fly ashes the strengths of 1:3 mortars were 
investigated and the respective pozzolanic reactions 
were discussed by application of Feret’s coefficient and 
as a result it is stated among other things that fly ashes 
of 5 to 30/z particle size were highest in acitivity.

Sakurai et al (13) tested compressive strength of 1:2 
mortras made using 12 fly ashes listed in Table 1 with 
25 % replacement of cement by weight as well as the 
reactivity of fly ash to lime saturated solutions in 
which case the mol values at various ages of SiO2, 
A12O3 and Fe2O3 which had reacted with lime solu
tions were measured.

From the test results, Sakurai showed that Feret’s 
coefficient at ages of 28 days to 6 months had a 
close relationship with the mol values of SiO2 + 
A12O3 + Fe2O3 as illustrated in Fig. 14 and that the 
calculated value of the specific surface area of the 
glass phase, computed by multiplying the specific 
surface area of the fly ash obtained by the air-perme
ability method by the ratio of the glass phase content, 
also had a close relationship with Feret’s coefficient 
(See Fig. 15). Further, comparing the results of X-ray 
analysis of the residue after removal of reaction 
products from samples in which reaction with lime 
had occurred with results of X-ray analysis on the 
original fly ash, it was found that the ratios between 
quartz contents and mullite contents were exactly 
identical in both, but the percentages of the quartz 
and mullite contents were markedly higher in the resi
due than in the original fly ash (See Fig. 16). Similar 
tests were conducted on pulverized quartz sand in 
which case only 1.9% of the SiO2 reacted with lime.

These test results demonstrate that the glass phase 
is the major part of the phase composition of fly ash 
contributing to pozzolanic reaction in concrete with 
very little reaction on the part of the crystalline phases. 
It has also been ascertained that the SiO2/Al2O3 
value of the glass phase in the original samples of fly 
ash is very close to the ratio in the reaction products. 
This suggests that the products of pozzolanic reaction 
of fly ash contain not only calcium silicate hydrates

Fig. 13. Evaluation of pozzolanic properties of fly ash.
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Fig. 14. Relation between Ferefs coefficient of mortar con
taining fly ash and molecular amounts of reaction products of 
fly ash in saturated lime solution.
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Fig. 15. Relation between Feret’s coefficient and specific 
surface area of glass. Specific surface area of glass cal
culated from glass content of original fly ash. Curve inclined 
gradually with age becoming vertical at 7 days, but not shown in 
diagram. Curves illustrated show pozzolanic reaction progress 
at various ages. Deviation of Feret’s coefficient at same age 
and specific surface area of glass indicates difference of reac
tivity of each glass. ' '

but also calcium aluminate hydrates.
Thorne and Watt (11) tested crushing strength of 

lime mortar using 14 varieties of fly ash listed in Table 
1 (proportions by weight: fly ash 2.50, sand 2.0, lime 
1.0) as well as the amount of acid-soluble material 
(SiO2 + A12O3 + Fe2O3) by the lime solution method. 
Prior to the tests, the fly ashes were all washed exhaus
tively with water. This was in consideration of prevent-
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Fig. 16. Variation of intensity of X-ray diffraction. Relative 
intensity of crystal phases in each pair, (T) and (2), invariable, 
but absolute intensity increases from @ to (2) with dissolution 
of glass phase.

ing increase in error from agglomeration of fly ash 
particles.

As a result of the tests, little relationship was seen 
between increase in crushing strength from 28 days 
to 91 days and the silica content, alumina content, 
glass content, carbon content and density of fly ash, 
while the best correlation was found with the specific 
surface as determined by particle size analysis. On 
the other hand, no relationship whatsoever was 
recognized with the specific surface determined by 
the air-permeability method (See Fig. 17). It is also 
stated there was a close relationship between acid
soluble increments and specific surfaces and it is 
concluded that pozzolanic reaction occurring during 
this period is dependent on the surface area of the fly 
ash contributing to reaction.

It was also shown that the relationships between 
specific surface and acid-soluble increments with 
crushing strengths at advanced ages of 1 to 2 years

5

(by

Fig. 17. Crushing strength of fly ash mortars in relation to 
various characteristics of fly ashes.
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Fig. 18. Crushing strenth of mortars at 365 days in relation to 
SiOj and SiOi + AI2O3 contents of fly ashes.

were weakened, these strengths being closely related 
to the S1O2 content or the SiO2 + A12O3 content of 
the original fly ash (See Fig. 18) and that pozzolanic 
activity was governed by the content of reactive 
components in the fly ash. '

Saji (75) broke hardened cement-fly ash pastes at 
certain designated ages and preparing replicas by 
deposition from the fractured surfaces at which fly 
ash particles were exposed, made observations using , 
electron microscopes. Fig. 19 shows electron micros
cope photographs of specimens cured in water at 20°C 
with the left photographs indicating the surfaces of 
fly ash particles and the right photographs the surfaces : 
of cement hydration products with which fly ash had , 
been in contact. These photographs clearly show the ‘ 
progress of pozzolanic reaction with elapse of time, ( 
but it is worthy of note that before 140 days, the sur
faces of fly ash particles are comparatively simple while ;
the concave surfaces on the side of the hydration pro- J 
ducts in contact with the fly ash present a complex ; 
condition so that there is little symmetry in appearance 1



Fig. 19. Electron micrograph of ruptured surface of hardened cement paste containing fly ash.



between the two. This is thought to be because at 
early ages there is a rim between fly ash particles and 
cement hydration products, with pozzolanic reaction 
taking place in this rim, it being filled with reaction 
products as pozzolanic reaction progresses.

When concrete containing fly ash is adequately 
cured, there is marked increase in long-term strengths, 
but normally, even in these cases there are surprisingly 
little increases in non-evaporable water and heat of 
hydration. As an explanation for this, Yamazaki (52) 
points out that the products of pozzolanic’ reaction 
at advanced ages are formed in the thin rim between 
fly ash particles and cement hydration products, 
so that even with reaction of an extent which does not 
affect the non-evaporable water and heat of hydra
tion values, the pozzolanic reaction will serve to 
strengthen the bond between fly ash particles and 
cement hydration products. Fig. 20 shows the increase 
in strength accompanying increase in nonevaporable 
water to be higher the greater the age, which agrees 
with the abovementioned theorization. Yamazaki 
suggests that in discussing the relationship between mix 
proportions and strengths of mortars, if the volume 
of the solid phase of a unit volume of the cement paste 
portion is taken as a parameter, the latter’s relation
ship with strength may be expressed with a single 
curve regardless of whether different types of cement 
are used, whether admixtures are used or whether 

' curing temperatures and ages differ. It is stated that 
when fly ash particles and cement hydration products 
are strongly bound together, it is more reasonable 
to consider the unreacted portion of fly ash as a solid 
phase which governs the strength of mortar just as 
the unreacted portion of cement.

Homma and Kikuchi (76) tested flexural strengths, 
compressive strengths, and non-evaporable water at 
various ages of 1 :2 mortar made with 10 to 30% 
replacement of cement with fly ash cured at tempera
tures of 20° and 40°C and also performed X-ray 
diffraction of hardened mortar. They also took 
hardened specimens of cement paste mixed at a ratio 
of 70 (cement) to 30 (fly ash) and conducted tests 
by the BET Method for specific surface area to which 
N2 was adsorbed and for non-evaporable water. 
The Feret’s coefficient corresponding to the mortar 
strengths at various ages were obtained and the respec
tive ratios to the Feret’s coefficient corresponding to 
strengths of mortar without fly ash were calculated 
in discussing the influence of fly ash on the strength

Fig. 20. Development of Feret’s coefficient per non-evaporable 
water of hardened cement paste.

of mortar. It is stated that the age at which the Feret’s 
coefficient ratio exceeds 1 is around 20 days for curing 
at 20°C and around 5 days for curing at 40°C. The 
specific surface area of the hardened cement paste 
increased slowly with age when fly ash was not used, 
but when fly ash was added it reached a maximum 
value at a certain age and thereafter grew smaller. 
The age at which the maximum value is reached agrees 
generally with the age at which the effect of fly ash 
on strength began to appear as indicated by the Feret’s 
coefficient. It was also demonstrated that the quan
tity of non-evaporable water was increased when 
fly ash was used and that the increase was greater in 
the case of curing at 40°C than at 20°C. The Feret’s 
coefficient per percentage point of the non-evaporable 
water is as given in Fig. 20 showing that the strength 
gain per percentage point is greater when fly ash is 
used. The results of these experiments offer a key 
to the search for the structure of pozzolanic reaction 
products. However, it should be mentioned it is 
thought that at the beforementioned ages at which 
the effect of fly ash becomes pronounced, the finely 
divided powder effect of the fly ash plays a part along 
with the pozzolanic effect.



Problems in Use of Fly Ash as a Concrete Admixture

Influence of Carbon Content of Fly Ash

As mentioned before, even when a certain amount 
of carbon is contained in fly ash, so long as the carbon 
particles are not weak, it is not thought the difference 
in carbon quantity will have much effect on the various 
properties of hardened concrete.

Fedynin (77) tested 5 varieties of fly ash with igni
tion loss of 6, 12, 15, 25 and 28%. The results showed 
very little influence of high carbon content on strength, 
durability, wear resistance, etc. of concrete and Fedy
nin explains the reason for this to be the semi-coking 
or coking of pulverized coal so that the fly ash itself 
is strong and hard. Also, there is an example of a test 
pavement in the U.S.A, on which it is reported a fly 
ash of approximately 13 % ignition loss was used with
out any trobule. (29)

The reason the use of fly ash of small carbon 
content has been emphasized in a great number of 
reports in the past is probably because as the com
bustion in boiler furnaces is incomplete in the case 
of fly ash of high carbon content, the proportion of 
minute and smooth spherical particles is low and the 
effect on the various properties of concrete is weak
ened. -

However, when air-entrained concrete using fly 
ash is made, a considerable amount of the air-entrain
ing agent is adsorbed on the active carbon in the fly 
ash during mixing of concrete so that the effect of 
the agent is reduced. As a result, in order to obtain 
the required air content, it becomes necessary to 
increase the unit quantity of agent and it is not rare 
for this quantity to become several times the quntity 
sufficient when fly ash is not used (18)(23). There is 
an example of a project in which this quantity was 
increased by 11 times (29). Fine mineral powders 
have the characteristic of adsorbing admixtures by 
nature so that the increase in unit admixture content 
required is not restricted to the case of fly ash, but with 
the latter, the influence of active carbon is added to 
the abovementioned effect.

The ignition loss of fly ash has a close relationship 
with carbon content and there is a report which 
states that ignition loss and required unit admixture 
content are proportionate and suggests a method of 
calculating required unit admixture' content from 
ignition loss test values (42). However, the carbon 
content and required unit admixture content are not 
necessarily proportionate when the source plant of 
fly ash differs. When pulverized coal is burned and fly 

ash is produced, it is thought that in the uncombusted 
portion of coal maintained at high temperature the 
carbon will have been changed to various forms in 
which there would be portions with weak adsorption 
even in uncombustioned portions. Also since the 
fineness of uncombustioned carbon is not uniform, 
carbon content and required unit admixture content 
would not necessarily be proportionate. .

A further inconvenience is that the amount of air
entraining agent adsorbed by carbon differs with 
slight fluctuations in carbon content, which increases 
fluctuation in air content and in turn workability 
to make the control of air-entrained concrete difficult. 
There are countries in which adsorption quantities 
of methylene blue are measured by colorimetric tests 
to obtain an indication of admixture to be adsorbed 
by fly ash during mixing of concrete (18). Since 
adsorption of methylene blue and required unit AEA 
content are roughly proportionate, this method has 
proved useful in control of air-entrained concrete 
construction.

Pack Setting of Fly Ash during Storage '

There are fly ashes which become pack set during 
storage. This tendency is stronger in the case of fly 
ash of high fineness. When pack setting occurs during 
storage, conveying and weighing is made difficult in 
the case of bulk fly ash, while in the case of bagged fly 
ash weighing is difficult. This is the second of the pro
blems involved in the use of fly ash. Since Japan is 
a country of high humidity, the tendency for pack 
setting is pronounced, but it is unlikely that this is 
a problem limited to Japan. The pack setting of fly 
ash is a complicated phenomenon, hardening occur
ring with some fly ashes while not occurring with 
others.

Homma and Taniguchi (78) and Nagasako 
Homma (79) investigated the causes of pack setting 
in the case of various fly ashes and discovered that 
pack setting occurred because minute quantities of 
calcium sulphate existing on the surfaces of fly ash 
particles absorbed moisture from the atmosphere 
to act as a binder. Nagasako and Homma (79) also 
state that with the addition to fly ash of minute 
quantities of water of about 0.1%, calcium sulphate 
adhering to the particle surfaces is transformed into 
gypsum which will prevent pack setting, and that 
crushed coarse fly ash also would not pack set. Fur
thermore, it was found that fly ash blended with 20 % 



or more of crushed coarse fly ash is not readily pack set.

Use of Fly Ash in Slurry Form

Since fly ash is after all a by-product of combustion 
of pulverized coal, it is conceivable there is fear of 
some fluctuation in quality. Therefore, there are many 
standards of fly ash which contain provisions for uni
formity of quality. When such provisions are not 
clearly understood, some fluctuation in quality of 
fly ash will occur and this will constitute a cause of 
fluctuation in the quality of concrete. This is the third 
problem encountered when fly ash is to be used as an 
admixture.

Even when the quality of fly ash meets the require
ments on uniformity, as previously described, some 
amount of fluctuation in carbon content is unavoid
able unless the conditions under which fly ash is pro
duced are extremely good and it will be difficult to 
control air content and workability of air-entrained 
concrete. These and pack setting during storage pose 
the difficulties in using fly ash as an admixture.

Testing and research (80) were conducted to over
come these difficulties on the job at Okutadami Dam 
(gravity dam, height 157 m, concrete volume 1,630,000 
m3, period of concrete placement 1958-1961). As a 
result it was established that when fly ash was first 
vigorously mixed with water to form a slurry of a 
water-fly ash ratio of about 50% for storage in large 
quantities and then was used as necessary in this 
slurry form, it was splendidly made uniform to facili
tate control of concrete and that even a mixture of 
two different fly ashes could be used. Also, since pack 
set fly ash could be readily used, all of the abovemen
tioned difficulties were all nicely overcome. Further

more, the workability of concrete was improved pro
minently over the case of use of fly ash in powder form 
and it was even found that durability was somewhat 
improved. In addition, when the slurry method was 
adopted, the equipment required was limited to the 
slurry mixing tank, slurry storage tank, air compres
sor, slurry pumps and slurry pipes eliminating the 
need for such equipment as screw conveyors, air 
sliders, bucket elevators and fly ash silos so that 
equipment on the job could be reduced drastically. 
Also, the concrete batching plant is no longer soiled 
by scattering of fly ash in the air. Following Okuta
dami Dam, this method of using fly ash was adopted 
at a number of dam projects other than gravity
type, such as arched types and hollow-gravity types, 
all with good results.

The reasons workability and durability of concrete 
is improved when the slurry method is adopted are 
thought to be that the individual particles of fly ash 
are released by the breaking up of agglomerates and 
that air entrapped in the agglomerates is released. 
Thorne and Watt (11) demonstrated that crushing 
strength of lime mortar containing fly ash which 
was first exhaustively extracted with water was two 
to three times greater than the case when fly ash was 
used without treatment after collection and cited the 
increase in the surface area of fly ash made available 
for reaction by the breaking up of agglomerates. 
The ratio of this strength increase cannot be applied 
immediately to the ratio of strength increase obtained 
when fly ash is used in slurry form for concrete, but 
the results of the tests do suggest that the slurry method 
will at times be effective in increasing strength of 
concrete.

Problems Involving Fly Ash Cement

Apart from its role as an admixture for concrete, 
fly ash has been in use for some time as an additive 
to cement. The U.S. Bureau of Reclamation has been 
having fly ash cement manufactured under special 
specifications and has been using it in concrete dam 
construction. Some of the portland-pozzolan cements 
presently being marketed in the U.S.A, contain fly ash. 
In Japan, a Japanese Industrial Standard on fly ash 
cement was established in 1960 (See Appendix 2), 
and presently 3 types of such cement are on the market. 
In France, standards on fly ash cement were esta
blished in 1959 (See Appendix 2) and 6 types are now 
being marketed. The consumption of this type of 

cement is extremely large and comprises approxima
tely 1/3 of the cement manufactured in France.

The question of whether it would be better for fly 
ash to be used as an admixture for concrete or in the 
form of fly ash cement will depend on the economic 
structure and customary practice and is not a matter 
to be decided lightly. When in the form of fly ash 
cement, there is an advantage in that uniformity of 
fly ash is more easily secured. However, there are many 
cases in which it is more economical for fly ash to be 
used as a concrete admixture in power company 
construction and in other work. Also, since there is 
considerable difference in the quality of fly ash pro



duced at various plants, unless as a concrete admix
ture, it will generally be impossible to use good quality 
fly ash in the most suitable manner to compensate 
for defects in portland cement, or to increase or 
decrease as necessary the amount used according to 
type of member, dimensions of member, temperature 
and other factors.

The influence of fly ash on the various properties of 
concrete is basically the same whether it is used as an 
admixture when making concrete or whether it is 
used in the form of fly ash cement. The technical pro
blems involved in fly ash cement can be listed as the 
chemical composition and fineness of cement clinker 
and the method of blending the fly ash and the amount 
to be mixed in the cement.

There are numerous reports which state that the 
effect of fly ash differs with the type of cement when 
the fly ash is used to replace part of the cement. 
Davis (81) states that fly ash is more effective with 
normal portland cement and moderate heat portland 
cement than low heat portland cement, the reason 
being that these two types are high in C3S content.

Brink and Halstead (17) taking 10 cements of greatly 
different alkali content, tricalcium silicate content 
and mortar strength, compared strengths of 1 :2 
mortar made replacing 50% of cement with fly ash 
and reported that at the earlier ages (e.g., 28 days or 
less) the alkali in cement appeared to accelerate the 
reaction between cement and fly ash, but at the greater 
ages (e.g., one year or more) the strength was higher 
the higher the C2S content. Timms and Grieb (23) 
using two portland cements greatly different in alkali 
content, tested concretes made replacing part of the 
cement with fly ashes and reported that the effect of 
fly ash on strength and durability of concrete differed 
with cement.

In the studies of Stingley and Peyton (26) and 
Tsukayama and Miyoshi (27) on pavement concrete, 
it is reported that the effect of fly ash on strength was 
less in concrete made with moderate heat portland 
cement than in concrete made with normal portland 
cement.

There are reports (82)(83) which have stated that 
concrete made replacing a part of portland blast
furnace slag cement with fly ash demonstrated long
term strength equal to that of concrete without 
fly ash when the fly ash used was of good quality.

The chemical reaction in concrete between portland 
cement clinker and fly ash as mentioned previously 
is very complicated and differs not only with the quality 
of fly ash and the chemical composition of the clinker, 
but also greatly with fineness of the clinker. Judging 
from the fact that in all countries with the exception 

of France the production of fly ash cement is far less 
in comparison to the production of portland cement, 
it is doubtful that a portland cement clinker made 
esepcially for fly ash cement is being produced in 
any of the countries. It is thus natural that research 
in this direction has not progressed and it is extremely 
difficult to clarify a chemical composition of clinker 
suited to fly ash cement. At present, except for special 
cases, it is believed that so-called normal portland 
cement clinker is being used as material for fly ash 
cement.

The second problem of fly ash cement is whether in 
manufacture fly ash should be blended with ground 
portland cement clinker or whether clinker and coarse- 
particled fly ash should be mixed and ground together.

When coarse fly ash is ground, there is a fear that 
the smooth spherical shape will be lost. However, 
according to the work by Yoshikoshi (38). the part 
of the fly ash crushed when ground together with 
clinker is limited to the relatively larger particles so 
that the finer fly ash particles retain their smooth 
spherical shapes. Since the effect of fly ash in improving 
the various properties of concrete depends on the 
minute particles, it is believed the features of fly ash 
are retained even in the case of combined grinding. 
Actually, in this study by Yoshikoshi, it was shown 
that at the same degree of fineness, fly ash cement 
made by grinding coarse fly ash and clinker together, 
displayed roughly the same behavior as a blend of 
fine fly ash of the same chemical composition and 
a clinker ground separately in advance.

Venuat (84) has conducted a detailed study regard
ing finenesses of portland cement clinker and fly 
ash when manufacturing fly ash cement. Clinker 
ground to four different finenesses ranging between 
2,500 and 6,400 cm2/g and fly ash ground to three 
finenesses between 3,000 and 8,000 cm2/g were 
blended to make fly ash cements and mortar specimens 
were made of the respective strengths in 3 classes of 
mix proportions. From the results, Venuat points out 
the existence of a certain fineness of fly ash suited to 
a given fineness of clinker and that fineness of fly ash 
has a great influence on strength at early ages, but little 
on strength, drying shrinkage and durability at 
advanced ages.

Summarizing the abovementioned and other studies, 
it appears that the difference in the method of manu
facturing, whether by grinding fly ash and clinker 
separately or together, has a negligible effect on the 
various properties of fly ash cement. The fineness 
to be aimed for in grinding or the amount of fly ash 
to be blended should be determined upon testing to 
obtain cement of the required quality. In such a case,



it is important that fly ash cement ’ of the required this being the governing consideration in manufacture < 
quality should be economically obtained, at times of fly ash cement. >

Conclusions

It is of course a difficult matter to gather every piece 
of literature throughout the world, and especially, 
in the case of fly ash which is a by-product and more
over a material which has come into use only compara
tively recently, this difficulty becomes even greater. 
However, summarizing the various researches on fly 
ash and fly ash cement made public in various countries 
which it has been possible to obtain up to the present, 
it is believed the following can be said:

(1) Asa result of reviewing the chemical composi
tions, phase compositions, and physical properties 
such as particle shape, specific gravity and fineness 
of various fly ashes, it has been found that this material 
differs greatly by country and by plant within each 
country. As examples, in chemical composition, 
SiO2 ranged between 63 to 30%, A12O3 between 34 
to 11 %, Fe2O3 between 31 and 3% while CaO ranged 
between 39 to 1 %. Specific surface areas were between 
8,100 to 1,200 cm2/g. This is apparently due to dif
ferences in quality of coal, methods of burning, 
methods of collecting fly ash and other factors.

(2) On making an investigation of researches on the 
influences of various fly ashes with respect to work
ability, strength, volume change, heat of hardening, 
watertightness, durability against freezing and thaw
ing, durability against aggressive waters and abnormal 
expansion from alkali-aggregate reaction of concrete, 
it was found that the reports from all countries agree 
in emphasizing although with some difference in degree, 
that a fly ash of suitable chemical composition and high 
fineness, or in other words a good quality fly ash, 
will influence these properties benefitially. The marked 
effects with respect to workability, drying shrinkage, 
heat of hardening, watertightness and durability 
against agressive waters have already become common 
knowledge. The age at which the strength of concrete 
with about 25 % of the portland cement replaced with 
good quality fly ash exceeds that of concrete without 
fly ash is 3 to 6 months at 20°C moist curing. This 
age is reduced further when moist curing at higher 
temperatures is carried out indicating clearly that 
fly ash is of even greater advantage at high temper
atures. It is also shown that the effect of fly ash is 
more pronounced in tensile strength and flexural 
strength than in compressive strength.

However, in the reports of all countries, it is pointed 
out that these effects differ considerably depending on 

the quality of fly ash and there are even examples cited 
in which prominent effects were not noted.

(3) It has been made clear that entrained air intro
duced by the use of an admixture in concrete contain
ing fly ash is the same in size and distribution as 
entrained air in concrete without fly ash. Therefore, 
the durability against freezing and thawing of air
entrained concrete with fly ash is governed by concrete 
strength and air content as in the case of normal air
entrained concrete.

The amount of admixture required to obtain the 
desired air content often is increased extremely when 
fly ash is used. The reason for this is the adsorption 
of the admixture by carbon contained in the fly ash. i 
Since it is impossible to maintain fineness and carbon 
content of fly ash perfectly uniform, it is stressed 
that special attention must be given to air content, 
and in turn workability, when-fly ash is used with 
air-entrained concrete and there are simple testing 
methods which have been conceived for obtaining 
criteria for unit admixture content required to yield 
the specified air content.

However, it has been established by experience that 
when fly ash is first mixed vigorously with water to 
form a slurry and is stored in large quantities to be 
used as necessary instead of using it in powder form, 
the uniformity of fly ash will not only be maintained 
surely, but it will pose no difficulty to use pack set 
fly ash. On top of this, workability of the concrete is 
improved and also the method will result in more 
economy in many cases. .

As mentioned above, the quantity of carbon content 1 
will greatly affect fresh concrete but there is little ‘ 
influence on the various properties of hardened air- - 
entrained concrete. '

(4) The excellent properties imparted to concrete , 
by fly ash are not due only to the smooth, spherical ‘ 
particle shape, the high fineness and pozzolanic acti- • 
vity. The theorization that replacement of fly ash ■ 
particles in the floc structure of the cement particles 
to increase the available space around the cement ■ 
particles thus accelerating the hydration reaction also 
contributes to an extent has been indicated to be 
appropriate. When a finely divided powder such as fly ' 
ash is added, the strength of concrete becomes higher 
to some extent than the strength corresponding to the 
void-cement ratio even at early ages when there is 



still no pozzolanic reaction. Since it has also been 
indicated that the soluble components of fly ash are 
of minute quantity and the rate at which they are 
leached out is slow, the reason for this strength increase 
can be explained brilliantly by the above theorization.

(5) Pozzolanic reaction, even when limited to that 
of fly ash, is an extremely complex phenomenon 
which has not yet been fully explained. However, it 
has been clarified that the phase composition of fly 
ash related to pozzolanic reaction is chiefly the glass 
phase, that the pozzolanic reaction depends on the 
surface area of the glass phase, that the strength in
crease of concrete due to pozzolanic reaction has a 
close relationship with the SiO + Al2O3 content of fly 
ash, and that calcium aluminate hydrates are contained 
in the pozzolanic reaction products as well as calcium 
silicate hydrates. These are research results which 
provide a key to the explanation of pozzolanic reac
tivity.

(6) The effects of pozzolanic reaction seen in con
crete containing fly ash is somewhat different from 
the effects of other types of pozzolan. In concrete 
using fly ash, even with pozzolanic reaction of a degree 
not affecting the test values of non-evaporable water 
and heat of hydration, the strength of concrete at 
advanced ages is markedly increased when this reac
tion occurs. It has been established the reason for this 
is that the pozzolanic reaction products are formed 
in the rims between fly ash particles and cement hydra
tion products so that even a weak pozzolanic reaction 
is extremely effective at long-term ages in causing 
fly ash particles and cement hydration products to 
be strongly bonded together.

(7) In regard to the manner of testing pozzolanic 
activity of pozzolans,' there have been a great many 
methods which have been suggested from the past, 
each with its special features. In spite of this, at the 

present stage, there is still no test method with a 
close relationship to the long-term strengths of con
crete or mortar containing fly ash. However, if the 
objective is limited to fly ash, it is a fact that various 
studies on the properties of fly ash have progressed 
to a considerable degree, and there are many actual 
examples of use of fly ash in the field with results 
of long-time tests already published, and therefore, 
in the case of fly ash, there is not very much necessity 
to discuss the values of the various methods of testing 
pozzolanic activity from a broad point of view. It 
should be adequate for a suitable method to be selected 
and applied in accordance with the circumstances of 
each country.

(8) Fly ash cement is already widely used practi
cally, and good results have been reported. However, 
there is no generally accepted theory regarding the 
problems with respect to the chemical composition 
and fineness of cement clinker to be used in manufac
ture of fly ash cement, the method of blending fly ash, 
the quantity of fly ash to be blended, etc. This may 
appear strange, but probably is due to the different 
circumstances of each country. '

To summarize, fly ash is already being used in many 
areas as an important ingredient of concrete, the pur
pose of its use being not only economy, but also the 
improvement of the various properties of portland 
cement concrete. Parenthetically, a good quality fly 
ash will even augment the defects of portland cement. 
Therefore, the concept of fly ash as a by-product is 
already becoming something of the past. It is neces
sary to seriously consider collecting methods so that 
good quality fly ash can be made available economi
cally. The day when even greater lustre is added to 
these pearls born from coal through such efforts is 
looked forward to with great anticipation.
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Appendix 1 Standard Specifications for Fly Ash in Various Countries

L Specifications

CoiÄtm Ctedgnotioo, of standard: Year

MS A 62OT FIX ASH* 1958
USA. ASTM CSSMJT Tentative StptKi&ations, 1965

6» FLY ASH FOR USB AS AN (Fitst
ADMIXTURE IN PORTLANB
CEMENT CONCRETE!* jfcliedi

*195*)
B.S. 388$ S.pccificatioi», Sw PULVERIZED- 19«

FUEL ASH FDR USE IN 
CONCRETE*

U'.S.SK. QOiST 6269^63 BINDER ACTIVE 
MINERAL ADDITIVES

196$

Wets ! *

a, Metluods. <?$ sam(>liiag and testiaa are irKluded.
K WiwJs. et saw®!!«« «wi tetiw «e i» accordaiK« with th»

leqwwtote. o$ the ASJM DesJeeat: io» CM 1 andi C4Ä
d.. In tit® olhen c.ountess, thsre ernst sj>esi6catioii& far 8^ ash only mwuJ&e- 

tNm4 i» of «eifcial erodwtess, and, ttee an® non iodmsfal Ln this.

2. Chemical Requirements

Japan
JIS A 
6201

U.S.A.
ASTM 

C35O-65T

Great 
Britain 

B.S. 3892

U.S.S.R.
GOST 

6269-63

Silicon dioxide (SiOsX 
min. percent

45 — — 40.0

Silicon dioxide (SiO^) 
plus aluminum oxide

(AhOa) plus iron oxide 
min. percent

— 70.0 — —

Magnesium oxide (MgO)» 
max. percent

—■ —* 4 —

Sulfur trioxide (SOa), 
max. percent

— 5.0 2.5a 3

Moisture content» 
max. percent

1 3.0 1.5 —

Loss on ignition» 
max. percent

5 12.0 7.0b 10

Available alkalies as
Na2O» max. percent

— 1.5° — —

a. XVhyre- the weight of p.ialverized-fuel ash to be used in the mix is equal to 
ot greater than the weight of cement in the mix, a limit of 1.5 percent on 
the maximum sulphate coM©nit of the puiveriized-fiiiel ash to be used shaU 
aDDly.,

bu. UiaJtess otherwise agreed between purchaser and vendor»
c» Appliii^blie only when specifieally required by the purchase for use in con* 

caete contaiiMBig reactive aggregate and cement required to meet a limitation 
o® eofliitent of alkali^»



3. Physical Requirements

Japan 
JIS A 
6201

U.S.A.
ASTM

C35O-65T

Great 
Britain 

B.S. 3892

U.S.S.R.
GOST 

6269-63

Fineness:
Mean particle diameter. __ 9.0

microns, max.
Amount retained when 25

wet-sieved on No. 325 
(44-micron) sieve, max. 
percent

Specific surface, (Air 2700 Zone A.
permeability test), 
min. cm2/g

Compressive strength of 
mortar:
Percentage of control 100

1250“ up and 
to and in
cluding 
2750 
Zone B. 
Above 2750 
and up to 
and includ
ing 4250 
Zone C.
Above 4250, 
subject to 
a range not 
greater 
than 1500

at 7 days, min.
Percentage of control 63 100

at 28 days, min.
Percentage of control 80

at 91 days, min. 
Increase of drying 0.03

shrinkage of mortar 
bars at 28 days, 
max. percent 

Water requirement, 100 105
max. percent of 
control

Soundness:
Autoclave expansion 0.50

of mortar bars, max. 
percent

Pozzolanic activity index:
With portland cement, 85

at 28 days, min.
percentage of control 

With lime, at 7 days. 800
min. psi

Reactivity with cement 
alkalies:
Mortar expansion at 0.020«-

14 days, max. percent 
Uniformity requirements: 

Fineness and specific d
gravity

Water requirement 0
Air entrainment — f — —

a. By agreement between the purchaser and the vendor any other range of 
specific surfaces may be supplied.

b. The indicated test for reactivity with cement alkalies is optional and to be 
applied only at the purchaser’s request. The test need not be requested unless 
the fly ash is to be used with cement containing 0.60 percent or more of 
alkalies calculated as sodium oxide and aggregate that is regarded as dele- 
teriously reactive with alkalies in cement.

c. In tests on individual samples, the specific surface shall not vary more than 
450cm2/g from that of the preceding sample.

d. In tests on individual samples, the specific surface shall not vary more than 
15 percent, nor shall the specific gravity vary more than 5 percent, from the 
average established from the tests on ten preceding samples, or by all 
preceding tests if less than ten.

e. In tests on individual samples, the water requirement shall not vary more 
than 5 percent from that of preceding sample.

f. In addition, when air-entraining concrete is specified, the quantity of air
entraining agent required to produce an air content of 18.0 percent by 
volume of mortar shall not vary from the average established by the ten 
preceding tests, or by all preceding tests if less than ten, by more than 
20 percent.



Appendix 2 Standard Specifications for Hy Ash Cement in Various Countries

1. Specifications

Country Designation of standard Year Year first 
established

Japan JIS R 5213 FLY ASH 
CEMENT

1964 1960

France NF 15-302 PORTLAND 
CEMENT WITH 
SECONDARY 
CONSTITUENT

1964 1959

Others
1

a. In the other countries there exist specifications for fly ash cement only 
manufactured in case of pozzolanic cement, and these are not included in 
this appendix. The countries are as follows: Bulgaria, China, Czechoslo
vakia, West Germany, Greece, Hungary, Italy, Mexico, Netherlands, 
Portugal, Rumania, Spain, U.S.A. (ASTM and Federal), U.S.S.R., 
Yugoslavia.

2. Descriptions and Characteristics of Manufacture

a. In case of using coal ash, these are as follows:
CPAC 250 and 325 .. . 7.5, CP AC 400 ... 4

Japan JIS R 5213

Denomination Fly ash cement

Quality A class B class C class

Symbol —

Content of fly 
ash, percent

Under 10 Above 10 and 
up to and in
cluding 20

Above 20 and 
up to and in
cluding 30

Content of blast
furnace slag and 
fly ash, percent

— — —

Ratio of blast
furnace slag/fly 
ash

— —

France NF 15-302

Denomination Fly ash cement Blast-furnace slag 
and fly ash cement

Quality 250 325 400 250 325 400

Symbol CPAC 
250

CPAC 
325

CPAC 
400

CPALC
250

CPALC
325

CPALC
400

Content of fly 
ash, percent 15±5 15±5 7.5±2.5 15±5 15±5 7.5±2.5

Content of blast
furnace slag and 
fly ash, percent

— — — 15±5 15±5 2.5 ±2.5

Ratio of blast
furnace slag/fly 
ash

— — — 2/3
3/2

2/3
3/2

2/3
3/2

3. Chemical Requirements

Japan JIS R 5213

Fly ash cement

A class B class C class

Magnesium oxide (MgO), max, 
percent

5.0 5.0 5.0

Sulphur trioxide (SOs), max, 
percent

2.5 2.5 2.5

Insoluble residue, max, percent — —

Loss on ignition, max, percent 4.0 — —

France NF 15-302

Fly ash cement Blast-furnace slag 
and fly ash cement

CPAC 
250

CPAC 
325

CPAC 
400

CPALC
250

CPALC
325

CPALC 
400

Magnesium oxide (MgO) 
max, percent 5 5 5 5 5 5

Sulphur trioxide 
(SOs). max, percent 3.5 3.5 3.5 3.5 3.5 3.5

Insoluble residue, 
max, percent 19‘ 19» 11* 12.5 12.5 5.5

Loss on ignition, 
max, percent 6.5 6.5 5 8 8 4.75

4. Physical Requirements (Major items only)

Fineness:
Specific surface, cm2/g, min 2700 2700 2700

Time of setting (Vicat test):
Initial set, min, not less than 60
Final set, hr, not more than 10

60
10

Tensile strength:
1 day in moist air, 6 days in 

water, kg/cm2, min
1 day in moist air, 27 days 

in water, kg/cm2, min

Bending strength;
1 day in moist air, 6 days in 

water, kg/cm8, min
1 day in moist air, 27 days 

in water, kg/cm2, min

Compressive strength:
1 day in moist air, 6 days in 

water, kg/cm2, min
1 day in moist air, 27 days 

in water, kg/cm2, min

25 24

40 ' 38 36

110 . 100 90

220 210 200



4. Physical Requirements (continued)

France NF 15-302

Fly ash cement Blast-furnace slag 
and fly ash cement

CPAC 
250

CPAC 
325

CPAC 
400

CPALC
250

CPALC CPALC
325 400

Fineness:
Specific surface,

cm2/g, min — - — — — — —

Time of setting
(Vicat test):
Initial set, min, 

not less than
Final set, hr.

30 30 30 30 30 30

not more than — — — — — —

Tensile strength:
1 day in moist

air, 6 days in 
water, kg/cm5,

35 40 55 35 40 55
1 day in moist

air, 27 days in 
water, kg/cm2.

50 55 65 50 55 65

Bending strength:
1 day in moist

air, 6 days in 
water, kg/cm5.

1 day in moist
air, 27 days in
water, kg/cm2,

— __ — —

Compressive
strength:
1 day in moist

air, 6 days in 
water, kg/cm2,

160 210 315 160 210 315
1 day in moist

air, 27 days in 
water, kg/cm2, 
min 250 325 400 250 325 400

Remarks
Preparation of specimens for strength test:
JIS: Natural Toyoura sand to pass 297-/Z and be retained on 

110-/Z sieve. Specimens 4 x 4 x 16 cm. Mix 1:2. Water/ 
cement ratio 0.65. Compressive strength tests on broken 
prisms from bending strength test. The strength at any age 
shall be higher than the strength at the preceding age.

NF: Sand from Leucate (Aude) equal parts (tol. 10%). 0.5 — 
1mm, 1 —1.6 mm, 1.6 —2 mm. Specimens for tensile 
strength tests, eight shaped specimens, section 5 cm2, for 
compressive strength tests, 5-cm side cubes. Mix 1:3, 
water according to normal consistency of neat cement 
paste. Mortar pressed in by means of iron pestle (8 mm 
diam. by 20 cm) with round end.

Written Discussion

Hirotoshi Abe, Shigeyoshi Nagataki and Ryuichi Tsukayama

The Sub-Committee on Fly Ash was set up in 1957 
by Japan Society of Civil Engineers for the purpose 
of investigating the quality of fly ash and the method 
of its use. Since 1962, thirteen laboratories of the 
members in the committee has carried out the long 
term research upon neutralization of concrete con
taining fly ash and corrosion of steel bar embedded in 
the concrete specimens exposed to in natural condi
tions. The reason the committee took up this problem 
was because a discussion whether fly ash had a bad 
effect on neutralization and corrosion or not occured 
at a period when the demand of fly ash for reinforced 
concrete structure began to grow rapidly. Some of 
researchers eagerly stated that neutralization and 

corrosion would proceed faster in concrete contain
ing fly ash.

This research project is being performed under the 
leadership of Prof. Kokubu, the chairman of the 
committee. However, when Prof. Kokubu prepared 
the P.P. JV-2, this research could not be referred to 
because the test data had been obtained only up to the 
age of 2 years. Afterwards, the data at the age of 5 
years were studied, and many knowledges about the 
influence of fly ash on neutralization of concrete 
were made clear. The object of this discussion is to 
supplement the principal paper with these new data. 
Hereafter, the same tests are scheduled to be conducted 
at the ages of 10 and 20 years. .



Materials and Test Method

Cement and Fly Ash
The laboratories joining in the long term test made 

specimens with two types of cement, normal portland 
cement and moderate-heat portland cement, each 
being supplied from the same lot of a factory. Fly 
ash was also supplied from a single lot. The test 
results are shown in Table 1 and Table 2, indicating 
the typical products in Japan used in the test.

N = normal portland cement
M = moderate-heat portland cement

Table 1. Physical and chemical properties of cements 
UIS R 5201, 5202)

Type Fine-

cm2/g

Bending strength 
3d. 7d. 28d.

kg/cm2

Comp, strength 
3d. 7d. 28d. 

kg/cm2

Chemical composition
SiOa AhOs Fe2Os CaO

N 3220 32.9 48.1 72.8 132 227 416 22.5 5.3 3.0 63.6

M 3250 28.0 41.3 63.3 98 156 283 23.2 4.2 3.3 63.4

Table 2. Physical and chemical properties of fly ash 
(JIS A 6201)

Fine
ness 

cm2/g

Bend. 
7d. 28d.

%

ratio 
91d.

Comp.
7d.

str.
28d.

%

91d° Chemical composition 
SiOg AlgOs FegOa CaO 

%

3500 79 82 92 74 78 97 56.0 28.5 4.2 4.4

Aggregate
River gravel and sand were used, which were 

employed for daily work in each laboratory. The 
maximum size of the gravel was 25 mm. and the fine
ness moduli of the sands were 2.65-2.79. Specific 
gravities were 2.62-2.68 for gravels and 2.49-2.69 
for sands. Absorptions were 0.8-1.9% for gravels and 
1.8-2.7% for sands.

Mix Proportion of Concrete
Sixteen mixtures of concrete proportioned by 

combining four factors, per cent replacement of ce
ment with fly ash, unit cement-fly ash content, type of 
cement and slump were used. Besides these factors, 
concretes containing air-entraining agents or water
reducing agents were also tested in some laboratories. 
In the case of replacing 30 % of cement with fly ash, 
the reduction of unit water content ranged from 5 % 
to 9% for normal portland cement and from 6% 
to 7 % for moderate-heat portland cement. The amount 
of reduction depended on unit cement-fly ash content 
and slump.

Size and Type of Specimen
Cylinderical specimens, 15 cm. in diameter and 30 

cm. in height were used. In order to investigate the 

problem of corrosion, three polished steel bars, 9 mm. 
in diameter, were embedded in concrete. The coverage 
of steel bars were 20, 30, and 50 mm., respectively. 
To keep the coverage accurate during placement of 
concrete, special metal fittings were used.

Manufacturing of Specimen
Concrete was mixed in a tilting drum type mixer used 

for daily work in each laboratory. Concrete was 
carefully placed and compacted so as to keep the cor
rect location of steel, and not to make a defect in 
upper part of specimen due to bleeding.

‘ Curing
One or two days after placing, specimens were 

demoulded and then cured in water at 18-24°C till 
the age of 14 days. Subsequently, the specimens were 
stored in an outdoor exposing space of individual 
laboratory. All spaces were in good condition for 
sunshine and ventilation. The outer part of specimen 
was temporally moistened by rain, and dried by 
sunshine. Under these condition, the rate of neutrali
zation of concrete was slower than continuously dry 
condition. The temperatures in the exposing spaces, 
although depending on the location, were between 
-5°C and 35°C.

Neutralization Test
The neutralization of concrete and the corrosion of 

steel bar were scheduled to be tested at 2, 5, 10, and 
20 years. The depth of neutralized part from the outer 
surface was measured on inner surfaces exposed by 
cutting a specimen. A specimen was cut along two 
cross sections, 7 cm. apart from both top and bottom 
surfaces. Then the middle part was cut again along a 
vertical section including the center of the cylinder 
(See Fig. 1). The maximum and the minimum depth 
of neutralization and the area of neutralized part were 
determined by means of spraying phenol phthalein 
solution on the surface. The mean depth of neutraliza
tion was calculated according to the following formula.

cross section,

= R — V Bjit
vertical section,

where,
d = mean depth of neutralization, cm.

7? = radius of specimen, cm. 
h = height of specimen, cm. 
A = total area of section, cm2.
B = area of colored part, cm2.



Fig. 1. Sections ofspecimen for measuring the depth of neutrali
zation

Observation of Corrosion
Taking out steel bars from the specimen after 

measurement of neutralization, the extent of rusting 
was observed. In case of finding a corroded part, the 
area was measured and surrounding concrete was 
carefully investigated. "

Compressive Strength Test
Compressive strength was also tested at the age of 

28 days and 2 years on specimens manufactured simul
taneously with the specimens for neutralization test. 
The formers were cured in water at 20°C, and the Tat
ters were cured in the same procedure as the specimens 
for neutralization test.

Effect of Types of Cement, Use of Fly Ash, 
Cement-Fly Ash Content and Slump

Table 3 shows the test results at the ages of 2 years 
and 5 years. The clear relation between corrosion of 
steel and neutralization of concrete was not found out, 
because only small number of specimen showed the 
occurence of rust up to the age of 5 years. Accordingly, 
Table 3 contains only the mean depth of neutraliza
tion. Since the difference between laboratories due to 
the quality of aggregate and the location of exposure 
space are relatively small, Table 3 shows the average 
value of all laboratories.

The results show the influence of four factors, that 
is, type of cement, use of fly ash, unit cement-fly ash 
content and slump, on neutralization of concrete. 
Since some of the total combinations of these four 
factors were omitted, the influence of a special single 
factor could be known by averaging the data of pairs 
in which other three factors were kept constant. 
Fig. 2 shows the effect of each factor. The arrow line 
indicates the range of the data. Among the four 
factors use of fly ash and unit cement-fly ash content 
had major effect on neutralization of concrete. The 
type of cement and slump had only a slight influences 
on it.

Effect of Fly Ash
Effect of fly ash on neutralization are shown in 

Fig. 2-1. The mean depth of neutralization for concrete 
without fly ash was 0.24 cm. at 2 years and 0.49 cm. 
at 5 years, while for concrete replaced 30 % of cement 
with fly ash was 0.33 cm. at 2 years and 0.68 cm. at 
5 years. By replacing 30% of cement with fly ash 
neutralization of concrete progressed double as deep 
as concrete without fly ash.

Effect of Unit Cement-Fly Ash Content
In Fig. 2-2, the depth of neutralization showed 

marked decrease with the increase of unit cement
fly ash content.

Effect of Slump
Fig. 2-3 shows the effect of slump. The trend of 

slight increase with slump was observed, however, the 
increase was merely 0.1-0.2 cm. per 10 cm. variation 
in slump. •

- Effect of Cement Type
Fig. 2-4 shows the effect of the type of cement. The 

concrete which used moderate-heat portland cement 
showed a little greater increase in the depth of neu
tralization than the case of concrete which used normal 
portland cement. But, the difference between them 
which was less than 0.1 cm., appeared to be no essen
tial importance.



(2-1) Percent of replacement (2-2) Unit cement-fly ash content

Percent of Replaced 
Cement with Fly Ash 
F/C+F %

Unit Cement-Fly Ash Content 
C+F kg/m3

(2-3) Slump (2-4) Type of cement

Type of Cement
N = normal portland 
M= moderate-heat

Fig. 2. Effect of percent of replacement, unit cement-fly ash 
content, slump and type of cement on mean depth of neutraliza
tion of concrete



Table 3. Summerization of test results at the age of 2 and 5 years average of 8 laboratories

Cement

C + F

kg/m3

Slump F/C + F

%

w

kg/m3

w/c 
(W/C + F)

7.

Comp. str.
28 days

kg/cm3

Mean depth of 
neutralization

2 year 5 year 
cm.

N

330 15 0
30

177
165

54
72

(50)

348
271

0.15
0.40

0.20
0.50

5 0
30

158
149

48
65

(45)

414
318

0.05
0.25

0.10
0.30

290 15 0
30

177
161

61
79

(56)

283
210

0.30
0.60 ;

0.40
. 0.90

5 0
30

155
146

53
72

(50)

336
257

0.20
0.45

0.25
0.60

250 15 0
30

176
165

70
94

(66)

203
147

0.55
0.85

0.75
1.20

M

330 5 0
s 30

152
143

46
62

(44)

328 '
253

0.10
0.30

0.20
0.30

290 15 0
30

173
160

60
79 

(55)

206
169

0.35
0.60

0.45
0.95

5 0
30

155
145

53
71

(50)

250
196

0.25
0.50

0.35
0.70

Effect of Water Cement Ratio

The previously described results showed independ
ently the effect of each four factors. The depth of 
neutralization in an actual concrete mix consisted of 
the combination of these four factors could not be 
estimated from Fig. 2. Therefore, the data were 
analysed again as a function of water cement ratio. 
In case of using fly ash, the ratio of water to cement 
(IF/C) was adopted instead of the ratio of water to 
cement and fly ash (IF/C + F), because of the short 
period of curing in water.

Between the mean depth of neutralization and water 
cement ratio (IF/C), a strongly linear correlation was 
verified as in Table 4. (coefficient of correlation ranged 
from 0.976 to 0.995). The relation between water 
cement ratio and mean depth of neutralization, and 
between water cement ratio and the compressive 
strength at 28 days are shown in Fig. 3.

The trend observed in this figure could be summar
ized as follows: .

(1) The relation between water' cement ratio 
(IF/C) and the mean depth of neutralization might be 
expressed by different straight lines depending on use 
of fly ash and type of cement.

(2) The mean depth of neutralization was smaller

Table 4. Experimental formula for the relation between water
cement ratio and mean depth of neutralization of concrete

Cement F/C + F Experimental formula for neutralization
2 years 5 years

N

0 d = 2.20 WIC - 1.00 
(0.984)

d = 2.89 WjC - 1.36 
(0.976)

30 d = 2.05 WiC - 1.05 
(0.923)

d = 3.14 WiC - 1.68 
(0.976)

M

0 d = 1.79 1K/C- 0.95 
(0.994)

d = 1.79 WIC - 0.62
(0.978)

30 d- 1.78 WIC - 0.79 
(0.992)

d = 3.83 WjC - 2.07 
(0.995)

in parenthesis; coefficient of correlation 
d; mean depth of neutralization, cm. 
WIC; water-cement ratio by weight, 
N; Normal portland cement 
M; Moderate-heat portland cement

for concrete with fly ash than for concrete without 
fly ash so long as the comparison was made on the 
basis of equal water cement ratio.

(3) The difference in the gradient of the line in this 
figure, which is steeper for the data at 5 years than 
for the data at 2 years, indicates that the effect of water 
cement ratio increases with age.

(4) Irrespective as to whether using fly ash or not, 
the concrete of normal portland cement having the 
same compressive strength at 28 days showed the 
nearly equal depth of neutralization. For example, the 
mean depth of neutralization of the concrete having
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1.2
2 Years cement demonstrated the similar trend to those shown 

above.

o with fly ash
• without fly ash

80

Water-Cement Ratio %

5 Years

o with fly ash
• without fly ash o o

o

0.4

40 60 80 100

Water-Cement Ratio %

Fig. 4. Effect of water-cement ratio on mean depth of neutraliza
tion of concrete containing air-entraining agent and water
reducing agent

300 kg/cm2 of 28 days strength was 0.30 cm. for con
crete without fly ash and 0.32 cm. for concrete with 
fly ash at 2 years, and at 5 years 0.40 cm. and 0.42 
cm. respectively. The data for moderate-heat portland

Effect of Air-Entraining Agent 
‘ and Water-Reducing Agent

The neutralization test of concrete using air-entrain
ing agent or water-reducing agent are conducted at 
several laboratories. The tests results at 2 years and 
5 years showed that the mean depth of neutralization 
was slightly reduced by use of air-entraining agent 
or water-reducing agent. The relation between water 
cement ratio and the depth of neutralization are shown 
in Fig. 4. Since the separate data in each of three 
laboratories are plotted in this figure, some scattering 
of the data due to the difference in quality of aggre
gate and in the condition of exposure are observed. 
Nevertheless, the linear relation can be seen between 
water cement ratio and mean depth of neutralization. 
The reason of the reduction in the depth of neutraliza
tion by use of these agents is considered to be mainly 
due to the reduction in water content and water cement 
ratio.

Neutralization of Concrete Containing Fly Ash

The results of the exposure test described previous
ly indicate that there is a close relationship between 
water cement ratio and mean depth of neutralization. 
On the basis of this relationship, the depth of neu
tralization can be predicted. A survey of the relation 
between compressive strength and the mean depth 
of neutralization revealed that there was no essential 
difference for both concrete with and without fly ash, 
having the same 28 days strength. Consequently, 
the restriction to the use of fly ash in a reinforced 
concrete structure in fear of the increase of neutraliza
tion of concrete and corrosion of steel bar appeared 
to be unnecessary so far as the concrete mix is propor
tioned on the basis of 28 days strength, regardless of 
fly ash itself having the character of increasing the 
neutralization. But, since the above conclusion was 
obtained from the data on concrete cured in alternately 
wet and dry condition, different behaviors might 
appear with concrete placed indoors and kept dry. 

, Written Discussion

Toshio Sakurai -

It was my thesis that pozzolanic reactivity was to be Moreover I considered that the strength of mortar or
attributed to the solubility of the glass of fly ash (1). concrete containing fly ash could possibly be due to



the amount and structure of the outer product formed 
mainly by the dissolution of the glass. In this paper, as 
an extension of this consideration, I have formulated 
a conception regarding the relationship between the 
strength of mortar or concrete and the quantity of 
glass, that is, the effective surface area of fly ash.

I have attempted to explain the relationship between 
the Feret’s coefficient of mortar containing fly ash 
K and the curing time t in the following equation:

K = A log t + C
According to the result obtained, K vs t is a straight 
line as is shown in Fig. 1. The sample of higher early

Fig. 1. Relaliomhip between Feret’s coefficient of mortar con
taining fly ash and curing time.

strength seems to indicate a higher later strength, with 
no intersection of the lines. Accordingly, a factor A 
seems to show the effect of fly ash on the strength.

Table 1. shows the surface area of each fly ash 
measured by the air permeability method (second 
column) and the coefficient of pozzolanic reactivities 
given by Sakurai et. al. (1) (third column). The fourth 
column is the product of the second and third columns. 
This product may be considered to be the effective 
surface area of fly ash. The relationship between slope 
A obtained from Fig. 1 and this product, Seff, is 
indicated in Fig. 2.

These two are in an almost straight line relation
ship, as is shown in the Fig. Accordingly, it is possible 
to estimate the mortar strength after an arbitrary cur
ing time if the effective surface area of fly ash is known.

As stated above, it is clear that the properties of 
mortar or concrete containing fly ash are determined 
by the effective surface area of the fly ash.

Tablet. The properties of fly ashes.

Sample Surface area
Coefficient of 

pozzolanic 
reactivity

Seff

A 3650 1.35 4928
B 4290 1.36 5834
C 3560 1.60 5696
D 3100 1.65 5115
E 3800 1.45 5510
F 1620 2.53 4099
G 3200 1.60 5120
H 1230 2.47 3038
I 3290 1.49 4902
J 2870 1.50 4305
K 3570 1.26 4498
L 4070 1.60 6512

Fig. 2. Relationship between slope A obtained from Fig. 1 and effective surface area Seff.
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Oral Discussion

Bryant Mather

Kajii and Usui (14) are cited as having found that 
specific gravity increases with decreasing particle 
size. I found (1) that by grinding fly ash from a sur
face area of 1855 to 5860 cm2/g (air permeability) 
the specific gravity increases as follows:

This reversal of the relationship resulting in incre
asing specific gravity with increasing particle size is 
believed to reflect the differences in composition of 
the fractions, especially the increase in iron content 
with increasing particle size.

Surface Area, 
cm2/g,

Specific
Gravity

1855 2.44
3565 2.70
4250 2.74
4660 2.75 -
5860 2.78

In other work by Luke (2), where two fly ash sam-
pies were separated into size fractions by use of an
air classifier, the results were as follows:

Fly Ash A
Fineness

Specific (a.p.), Fe2O3,
Gravity cm2/g %

As received 2.41 2817 24.33
“Fine” 2.47 6061 19.87
“Medium” 2.60 1846 38.23
“Coarse" 2.92 1230 43.46

Fly Ash B
Fineness

Specific (a.p.), 
cm2/g

Fe2O3,
Gravity %

As received 2.52 8,824 19.63
“Fine” 2.53 10.714 16.46
“Medium" 2.64 3,030 37.38
“Coarse” 3.02 1,846 53.35

Author’s Closure

Masatane Kokubu

Messrs. Abe, Nagataki and Tsukayama, based on 
results of experiments on concrete of equal compres
sive strength in which depths of neutralization with 
time were equal whether or not fly ash was used, have 
concluded that the depth of neutralization from the 
surface of suitably placed concrete exposed to the 
atmosphere is dependent on the quality of the con
crete. In other words, they have concluded it is not 
necessary to restrict the use of fly ash in consideration 
of rusting of reinforcing steel in the case of suitably 
placed concrete.

Although only one variety of fly ash was used in this 
work, since the fly ashes marketed in Japan are all 
similar, it may be considered the test results are 
representative of Japanese commercial fly ash.

Since the test period of the above research is still 
short, it may not be proper to induce a decisive 
conclusion from the results. However, the author is 
in complete agreement with the conclusions of Messrs. 
Abe, Nagataki and Tsukayama and is looking forward 
with great expectation to the results of these tests 
which will be carried out for another 15 years.

The effective surface area of fly ash introduced by 
Dr. Sakurai is a factor which is thought to be useful 
in estimating the general outline of pozzolanic reac
tivity of fly ash by mineralogical means and his rese
arch work is of interest in this sense.

The author has heard with great interest Mr. Ma
ther’s discussion in relation to the particle size and 
specific gravity of fly ash and agrees with his opinion 
that when Fe2O3 contents of fly ashes differ the speci
fic gravity of the coarser fly ash can be greater. Since 
the iron contents of Japanese fly ashes are much less 
than those of other countries, we were unaware of 
this point.



Supplementary Paper IV-7 Hydrated Phases after Reaction of Lime 
with “Pozzolanic” Materials or with Blast Furnace Slags*

Riccardo Sersale and Paolo Giordano Orsini*

Synopsis

Products of reaction between saturated lime solutions and several materials, natural or 
synthetic, have been studied with different experimental techniques for a better understanding 
of the hydraulic binders hydration process.

Natural glasses (true pozzolanas), artificial glasses (blast furnace slags, industrial or 
synthetic), zeolites (herschelite, analcite), volcanic tuffs (neapolitan yellow tuff, rhenish 
trass, which are zeolitized equivalents of the corresponding pozzolanas), have been considered.

Maximum amount of lime fixed by each material has been determined. Reaction pro
ducts have been identified as follows:

1) Tobermorite-like calcium silicate hydrate and gehlenite hydrate from flegrean 
pozzolana. 2) Calcium silicate hydrate, tetracalcium aluminate and gehlenite, from neapoli
tan yellow tuff and rhenish trass. 3) Calcium silicate hydrate and gehlenite from zeolites. 
From herschelite also tetracalcium aluminate is produced. 4) Tetracalcium aluminate 
hydrate, calcium silicate, gehlenite and, probably, small amounts of hydrogarnets from blast 
furnace slags.

As it concerns the evolution of alumina contained in the reactants, an high content of 
A12O3 and CaO favours hydrogarnet formation. An increase of silica, corresponding to 
medium contents of SiO2 and AljOj favours gehlenite hydrate formation. Tetracalcium 
aluminate prevails when a silica rich glass, with small amounts of alumina, is used as 
reactant.

Identification of phases originated from different pozzolanic materials and from basic 
blast furnace granulated slags, after contact with lime, has been attempted by different 
investigators (1). It is well known, in fact, that composition, structure and relative abundance 
of new formed phases, influence technical behaviour of hydrated and hardened pastes.

In our Institute, emphasis has been given to the following topics:
—observation and identification of products;
—influence of reactants on the nature of hydrated phases;
—influence of environment, when reaction is carried either in excess liquid (“suspension”) 
or in conditions comparable with practical use (paste).

In this note we shall refer on the whole of our experimental results and on their inter
pretation.

Pyroclastic Materials: Products of Reaction with Lime (Suspension)

Reaction between lime and the following pyro- 
clastites, whose analyses are reported in Table 1, has 
been studied first:
1) Light pozzolana from Bacoli Naples, Italy; (2nd 

Flegrean volcanic period).
2) Dark pozzolana from Segni (Colli Albani volcanic 

region, Italy) (2).
3) Yellow neapolitan tuff from Ponti Rossi Naples, 

Italy; (2nd Flegrean volcanic period); zeolitized 
equivalent of flegrean pozzolana. Zeolite term

Tstituto Chimica Industriale, Fac. Ingegnerio, Universitä 
di Napoli, Napoli, Italy.

prevailing in the groundmass is herschelite (3).

Table 1. Chemical composition ofpyroclastic materials examined 
(,wt%; 105°C dry) -

1 2 3 4

SiOa 57,80 45.05 54.68 54.88
A12O3 (+ TiO2 + 18.34 17.46 17.70 19.55

MnsOt)
FeaOs 2.20 8.73 3.82 3.00
FeO 2.14 2.34 0.29 0.30
CaO 3.15 10.02 3.66 3.37
MgO 0.97 4.10 0.95 1.63
KgU 8.05 6.67 6.38 4.78
Na2O 4.18 2.22 3.43 4.23
H2O(T>110”C) 3.75 3.90 9.11 8.28■ , — —-------- ■

100.58 100.49 100.02 100.02



Fig. 1. Lime uptake of four pyroclastites:
1) Light pozzolana.
2) Dark pozzolana.
J) Yellow tuff.
4) Trass.

4) Trass from Krets (Andernach/Rhein, Germany; 
zeolite term prevailing in the groundmass is analcite 
(4).

These products, powdered to 230 mesh, have been 
kept in contact, at room temperature, with a saturated 
lime solution according to a standard procedure 
already described in a previous work (5). The plot of 
their lime uptake has been reported in Fig. 1.

In Table 2 are reported hydration products identified 
with X-ray diffraction analysis; interplanar spacings 
correspond to the strongest reflections.

Examination of this table confirms the existence of

Table 2. Products of reaction between pyroclastic materials 
tsee Table 7) and saturated lime solution. Interplanar spacings 
(Ä) correspond to strongest reflections.

1 2 3 4

C-S-H 3.05 3.07 3.05 3.05
1.83 1.82
1.66 1.67

c2ash8 12.62 12.51 12.61
4.18 4.20 4.24
2.80 2.88

C4AH13 7.92 7.92
2.88 2.92
2.79 2.80

CsA. CaCOs. 12H2O 3.80
7.67

C3ASs-C3AH8 2.02
5.05

a relation between products and reactants. In the 
case of pozzolanic glass, considering that the excess 
liquid phase cancels any variation of total alkalinity 
(due to alkalies released from pyroclastic materials in 
correspondence with the lime uptake), it can be 
deduced that, alumina content being constant, an 
increase of silica favours formation of gehlenite 
hydrate. This result will be confirmed in the case of 
synthetic glasses. In the case of zeolitized glasses 
(numbers 3 and 4 in Table 2) contemporary presence 
of gehlenite and tetracalcium aluminate among hydra
tion products cannot be explained on the basis of 
initial composition only (see analyses 1 and 3 in Table 
2) but must be ascribed to the role of alkalies, even in 
dilute solutions. The larger amounts of alkalies 
released from zeolitic groundmass lowers lime con
centration and favours formation of gehlenite hydrate.

Zeolites: Products of Reaction with Lime (Suspension)

Two zeolites, namely Herschelite from Aci Castello 
(Catania, Italy) and Analcite from Nova Scotia (North 
America) (8) have been studied with the same experi
mental procedure already described. These minerals 
have been selected because the zeolitic terms are 
prevailing in the volcanic tuffs previously investigated 
(yellow neapolitan tuff and Rhenish trass).

Chemical composition of specimens studied has 
been reported in Table 3. Products after reaction with 
lime, as identified by X-ray diffraction analysis, have 
been reported in Table 4. The plot of lime uptake, in 
Fig. 2, shows that amount and rate of lime fixation 
are higher for herschelite than for analcite in accord
ance with the corresponding results already reported 
in Fig. 1 concerning yellow neapolitan tuff and Rhe
nish trass.

Considering the nature of hydrated phases, obtained 
by action of saturated lime solution on pure minerals 
(Table 4), experimental conditions being equal, no 

tetracalcium aluminate was formed from analcite. 
This can be ascribed either to the higher silica content 
in analcite or to a larger amount of alkalies liberated 
which reduces lime concentration in equilibrium solu
tion.

Fig. 2. Lime uptake of two zeolites: Herschelite; Analcite.



Table 3. Chemical composition of zeolite minerals examined 
(,wt%; 105°C dry)

Herschelite Analcite

44.73 54.02
Aho» 21.18 22.93
FejOa tr. 0.32
FeO —
CaO 1.65 0.78
MgO — —
K2O 8.04 —
Na2O 4.53 13.05
H2O (T ;> litre) 19.62 8.40

99.75 99.50

Table 4. Products of reaction between pyroclastic materials 
(see table 3) and saturated lime solution

Herschelite Analcite

C-S-H 3.04 3.06
1.82 1.83
1.65 1.64

C4AH13 8.00
2.89
2.69

C2ASHa 12.40 12.51
4.12 4.25
2.89 2.92

Synthetic Glasses: Products of Reaction with Lime (Suspension).

With the same experimental procedure already 
described, hydration reaction of synthetic glasses 
with different composition, has been followed in 
order to ascertain the influence of chemical com
position of reactants (only major constituents are 
involved in this case) on the nature of products.

Attention has been particularly given to the evolu
tion of alumina contained in reactants, which is diffi
cult to follow because reaction products are not easily 
identifiable (9).

Three synthetic glasses have been prepared, with 
composition predisposed to formation of different 
hydration products (10).

Composition of different glasses has been reported 
in Table 5. Specimen No. 5, with mol ratio SiO2: 
A12O3: CaO = 1: 1: 1 is predisposed to formation of 
gehlenite hydrate, after fixation of suitable amount 
of “external” lime (lime from the Ca(OH)2 saturated 
solution).

Specimen No. 6, with a mol ratio 0. 4: 1: 2 is pre
disposed to formation of terms in the isomorphous 
series GroMu/arzVe-Tricalcium aluminate hexahydrate 
(C3AS3-C3AH6) (11), after fixation of suitable amount 
of “external” lime. Specimen No. 7, with mol ratio 
0. 6:1: 3. 5, is predisposed to the formation of terms 
in the same series, even without fixation of lime.

Lime uptake of three synthetic glass specimens is

plotted in Fig. 3. Hydrated phases, identified by means

Fig. 3. Lime uptake of three synthetic glasses with different mol 
ratio SiO2: A12O3: CaO
5) 1 : 1 : 1
6) 0.4: 1 : 1
7) 0.6: I : 3.5

Table 5. Chemical composition of synthetic glasses examined 
(wt%; 105°C dry)

5 6 7

SiO2 27.35 10.01 10.70
AlsOs 47.40 45.43 30.82
CaO 25.05 44.53 58.40

99.80 99.97 99.92

Table 6. Hydration products of synthetic glasses (see table 5) 
after contact with water

6 7

CsASHa 12.44
4.16
2.87
2.49

CsASs-CsAHg 5.04 5.04
2.76 2.76
2.26 2.26
2.01 2.01

A1(OH)3 minor amounts 4.85
4.37
4.32

Table 7. Products of reaction between synthetic glasses (see 
Table 5) and saturated lime solution '

5 6

C-S-H minor amounts 3.09
2.76
1.81

c2ash8 12.44
4.16
2.87
2.49

C3AS3-C3AH3 5.04 5.04
2.76 2.76
2.26 2.26

— 2.01 2.01
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of X-ray diffraction analysis, formed after reaction of 
different specimens with water or with saturated lime 
solution, have been reported respectively in Tables 6 
and 7. ,

Absence of tetracalcium aluminate among these 
products confirms its formation from alumina poor 

reactants only (12). High alumina content, on the 
contrary, causes formation of gehlenite hydrate if silica 
is correspondingly high, or hydrogarnets if, even at 
room temperature, lime content (constitutional or 
external) is high.

Blast Furnace Slags: Products of Reaction with Lime (Suspension)

Three blast furnace specimen have been considered. 
Their composition is reported in Table 8.

As these specimen show equal lime uptake, only 
one plot has been reported in Fig. 4.

Compounds, identified by X-ray diffraction analysis, 
formed during reaction of each specimen with lime are 
shown in Table 9.

Table 8. Chemical composition of blast furnace slags examined 
(wt%; 105°C dry)

8 9 10

SiOs 32.23 29,94 28.57
Al2o3 (+TiOs) 14.27 15.43 16.18
FegOg 1.87 1.64 5.12
MnaOi 0.21 0.79 0,44
CaO 41.63 41.31 36.29
MgO 5.17 6.51 7.91
Stot 0.86 1.24 1.39
Na2O 2.09 0.66 0.50
K2O 0.62 0.73 0.20
h2o (t > i io“c) 1.03 1.34 3.37

99.98 99.59 99.97

Table 9. Products of reaction between blast furnace slags (see 
Table 8) and saturated lime solution

8 9 10

C-S-H 3.04 3,04 3,04
1.82 1.83 1.83

C4AH1S ' 7.83 7.74 7.79
3.89 3.87 3.89
2.86 2.87

Among these products, besides tobermorite like 
calcium silicate hydrate and tetracalcium aluminate 
hydrate, it has been possible to identify some terms 
in the hydrogarnet isomorphous series (reflections at 
3.37 to 3.39 Ä and 2.29 to 2.30 Ä). Presence of these 
terms cannot be taken as certain. In any case their 
presence is not fundamental in order to explain the 
well known resistance of blast furnace cements to 
sulphate rich waters.

contact’ time (days)

Fig. 4. Lime uptake of blast furnace slags. Composition reported 
in Table 8.

Pyroclastic Materials: Products of Reaction with Lime (Paste)

Same specimen reported in Table 2, mixed with 
40% lime, have been used to prepare pastes. 40% 
water was added to the dry mixture. Homogeneous 
paste has been formed under pressure into small 
cylinders. These, after setting in a CO2 free atmo
sphere, have been kept at room temperature, under 
distilled and reboiled water. After five years the core 
of cylinders, isolated after crushing, has been ground 
avoiding atmospheric contamination'. The powder 
has been analysed with the methods of X-ray diffrac
tion.

Substances identified have been reported in Table
10. Gehlenite hydrate and calcium aluminate (or

Table 10. Products of reaction between pyroclastic materials 
(see Table 1) and lime, in paste.

1 2 3 4

C-S-H 3.04 2.96 3.02 3.01
2.75 2.78 2.78 2.79
1.82 1.83 1.82 1.86

CaASHa 12.69 12.10 12.39 12.37
4.19 2.87 4.20 4.21
2.87 2.49

C4AHi3 7.82
3.83
2.79

C3ACaCO312H2O 7.69 7.43 7.56
(2.87) 3.76 3.77

2.78 2.78

Value in parenthesis is common to other phases.



3. E.D. pattem from a plate in 2.
4. Isometric crystals of hydrogarnet

1. Crinkly foils of tobermorite.
2. Hexagonal thin plates of gehlenite and of tetracalcium alumi

nate hydrate
E.D. pattern from a plate in 2. , .

.tt series term (from synthetic 
glass No. 6) Carbon replica.

Photo 1



Photo 2 .
1. Hexagonal plates from pozzolana (reaction in paste)
2. Hexagonal plates from yellow tuff (reaction in paste)

carbo-aluminate) hydrate are constantly present 
besides tobermorite.

Products in Table. 2, corresponding to reaction in 
suspension, when compared to products in Table 10, 
corresponding to reaction in paste, reveal a close 
analogy between the two types of reaction, at least 
within the limits of specimens and of conditions 
experienced. A slight difference concerns pozzolanic 
glasses. Pozzolana from Segni, for instance, reacting 
in paste has given also gehlenite hydrate (6). This 
confirms that the relative amounts of gehlenite and 
calcium aluminate (or carbo-aluminate) besides 
chemical composition of reacting glass, is influenced 
by lime concentration in the environment.

Besides X-ray diffraction analysis, specimens have 
been subjected to microscope observation and to 
differential thermal analysis. Results obtained with 
these techniques are reported hereafter.'

Fig. 5. Differential thermal curves of:
1) Pozzolana after reaction in suspension
2) Pozzolana after reaction in paste

. 3) Blast furnace slag. .
4) Synthetic glass No. 5 (Table 5). ’
5)Synthetic glass No. 6 (Table 5).

after reaction (in suspension) of some material investi
gated, with lime solution. . ’ ’ ' ''

Micrograph No. 1 shows crinkly foils of tober- 
morite, other forms of tobermorite have been observed 
elsewhere (14). .

Micrograph No. 2 shows hexagonal crystals with 
basal lattice constant (see electron diffraction pattern 
No. 3) a0 = 5.73 Ä (15). This value being common 
to both gehlenite and tetracalcium aluminate, further 
discrimination between these compounds, with X-ray 
analysis, is necessary. '

Micrograph No. 4 shows monometric crystals of 
terms in hydrogarnet series produced after reaction 
of synthetic glass No. 6 with lime.

In Photo 2, optical micrographs concerning pastes 
from pozzolana (Bacoli) and from yellow tuff (Naples) 
are reported. In both cases. No. 5 and No. 6, packed 
hexagonal plates can be observed at high magnifica
tion. Specimens were obtained evaporating on the 
glass slide a drop of xylene suspension containing 
small fragment of pastes. Dispersion of fragments in 
xylene has been achieved by treatment with ultra
acoustic waves. ■

Microscope Examinations

Micrographs in Photo 1 show solid phase obtained

Differential Thermal Analysis

Differential thermal curves were obtained with a 



model D-200 Deltatherm analyzer (Technical Equip
ment Corp. U.S.A.) (16) on different reaction products 
and are reported in Fig. 5.

Curves No. 1 and No. 2 refer to pozzolana (Segni, 
No. 2 in Table 1) after reaction with lime, in suspen
sion and in paste respectively (Numbers between 
brackets indicate the amount of lime taken up). 
Their profiles are much alike if the peak at 550°C, due 
to non combined lime, is not taken in consideration. 
The most significant thermal effect is the exothermic 
one with maximum between 150°C and 200°C due 
to free water and fundamentally to tobermorite. A 
weaker endothermic effect follows slightly over 200°C, 
probably due to tetracalcium aluminate (or carbo
aluminate).

No peak corresponding to terms in the series of hy
drogarnets has been found between 300°C and 400°C. 
Curve No. 3 refers to a blast furnace slag (specimen 
No. 8 in Table 8) which has taken up around 10% 
lime. A first endothermic effect due to water, tober
morite and ettringite (17) between 150°C and 200°C 
is followed by a peak, at 200°C to 220°C, due to tetra
calcium aluminate hydrate (or to its solid solution 
with sulphate). Also in this curve thermal effects due 
to hydrogarnets between 300°C and 400°C are absent.

Curve No. 4 refers to synthetic glass No. 5 in Table
5. Besides an endothermic effect with maximum at 
200°C due to free water, tobermorite and mainly to 
gehlenite hydrate and a weaker effect with maximum 
around 225°C probably due to tetracalcium aluminate 
hydrate (or to the corresponding carbo-aluminate), 
a third effect, exothermic, with maximum between 
900°Cand 950°C can be attributed to the crystalliza
tion of gehlenite.

Curve 5 of glass No. 6 (Table 5) shows typical 
shape of terms of hydrogarnet series, considering that 
endothermic peak at 550°C is due to lime.

Results obtained with differential thermal analysis 
thus correspond to those obtained with X-ray diffrac
tion and microscope methods.

Conclusions

The whole of experimental results points out that: 
—Reactivity of zeolitized glasses (volcanic tuffs) 
to comparable to that of pozzolanic glasses (true 
pozzolanas).
—Stable hydrates originated after reaction of all 
pyroclastic products examined are: tobermorite-like 
calcium silicate, gehlenite, tetracalcium aluminate 
(or the corresponding carboaluminate). Formation 
of one or two alumina containing compounds depends 
upon composition of reactant and is influenced by the 

amount of alkalies released in correspondence with 
lime take up.
—Formation of tetracalcium aluminate hydrate is 
favoured when alumina poor glasses are used as 
reactant. Alumina rich reactants produce gehlenite 
or hydrogarnets. Formation of former or latter product 
depends upon silica and lime content of reactants.
—Among hydration products of blast furnace slags 
tobermorite and tetracalcium aluminate have been 
recognized. Neither gehlenite nor hydrogarnet have 
been detected via X-ray diffraction so that alumina 
in reactant slag seems to be in excess to the quantity 
engaged for reaction products. The problem of alu
mina collocation after reaction needs thus further 
investigation.
■—Stable hydrated phases after reaction with saturated 
lime solution are qualitatively the same as obtained 
after reaction in pasty state. Reaction in suspension 
has, obviously, an higher rate and an higher degree of 
completeness, while crystals, better shaped and with 
regular faces, are more suitable for identification.
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Supplementary Paper IV-17 Study of Reactions between CaO or 3CaO-SiO2 and 
ß-2CaO-SiO2 and Power Station Fly Ashes under Hydrothermal Conditions

Zdenek Sauman*

Synopsis

The author investigated the reactivity of ten types of power station fly ashes with CaO 
in a 3:1 ratio (by weight) under hydrothermal conditions—175°C/8 atm. The character of 
hydrosilicate, as well as of further reaction components formed during the 16-hour hydro
thermal process, was determined. The relative quantity of the tobermoritic phase was com
pared for the individual fly ash mixtures with the achieved strength values of porous silicate 
shapes; in the majority of cases an unambiguous relationship was found.

It was shown on the basis of C3S—fly ash reactions in various weight ratios that the 
maximum quantity of the tobermoritic phase was formed in the case of equal weights of both 
starting components. The reaction of ß-C2S with fly ash was stopped at its very beginning 
due to coating layers of silica gel around the /?-C2S grains or their agglomerations.

The author also studied the reaction of mullite with CaO or C3S and ß-C2S during 
the autoclave process, as most investigated fly ashes contain a significant quantity of mullite. 
In the first case is formed exclusively the hydrogarnet phase, in the second phase the hydro
garnet component with a smaller quantity of tobermorite. It was found that the main factor 
influencing the hydraulic properties of fly ashes is, beside a-quartz, the quantity and composi
tion of the glass phase, but above all the SiO2 content.

Introduction

The manufacturing technology of porous concretes 
employing power station fly ash as one of the main 
raw materials has until recently been based on empir
ical methods which made it in certain cases difficult 
to explain anomalies directly during the production 
of these materials. The reaction of various forms of 
SiO2 with CaO under hydrothermal conditions has 
received relatively very great attention from many 
authors during the last 10 or 15 years. The field of 
the reactions of fly ashes of different compositions 
with CaO in the course of autoclaving has, however, 
with regard the narrowly specialized subject, been 
given substantially less attention. Dery (1) studied 
the reaction products formed in the autoclaved mix
ture fly ash—lime exclusively with the aid of X-ray 
diffraction. Apart from other components, hille
brandite was determined.

Butt, Majer and Varshal (2) studied the phases 
formed during the autoclaving of fly ashes with lime 

»Research Institute of Building Materials, Brno, Czecho
slovakia.

at 8 and 16 atm. Apart from hydrosilicate components, 
belonging to the tobermorite group, there was deter- ( 
mined at a pressure of 16 atm. a phase corresponding 
with its composition to the mineral plazolite— 
3CaOAl2O3-2SiO2-2H2O.

Tun Soo-lee and Wang Yan-mou (3) investigated, 
chiefly by means of X-rays, the formation and charac
ter of the tobermoritic phase in mixtures fly ash—lime 
during the autoclave process.

The reactions of clinker minerals, mainly 3CaO • SiO2 ' 
and j9-2CaO-SiO2, with quartz sand in the course of 
the autoclave process were systematically studied by 
Bozhenov and Kavalerova (4), Kravchenko et al. (5) 
and further workers.

Volkov et al. (6) found by comparing the ratios of 
starting mixtures of alite and ß-C2S with quartz that 
maximum strength values were obtained—with the 
application of sand having a specific surface around 
3,000 cm2/g—for the case of a 50 % addition of alite 
and a 20% addition of belite to the sand at 8 atm.

Sauman (7) studied the anomalous hydration of 
ß-C2S in a mixture with quartz sand of a different 



fineness during the autoclave process.
Relatively little attention was given to the reaction 

of fly ashes with clinker minerals.
Watt and Thorne (8) compared the mineralogical, 

composition of 14 British fly ashes with compressive 
strength data for their mixtures with lime stored at 
normal temperature.

Simons and Jeffery (9) and Minnick (10) studied the 
relationship between the hydraulic properties of power 
station fly ashes and their mineralogical composition 
and pointed out the importance of the composition 
of their glass fraction and of further minerals. The last 
author determined especially the influence of the car
bon content and the ignition loss of fly ashes on their 
pozzolana activities.

Sauman (11) compared compressive strength values 
for porous concrete blocks and found that the main 
factor influencing the strength of these materials is 
above all tobermorite and the CSH(I) phase, respec
tively.

Owing to the fact that already in a previous paper 
(12) of the author it was not possible to find at least 
an approximate correlation between the obtained 
strength values of porous concretes with specific 
surface, granulometric composition, fly ash porosity, 
combustible fraction content, etc., further factors 
were studied which could contribute to the evaluation 
of power station fly ash and which could also explain 
at least partly some anomalous phenomena in the 
technology of porous concrete production.

Experimental

Methods and Materials

X-ray Investigations
For the identification of reaction components, as 

well as for the quantitative determination of the appro
priate phases was employed the Müller “Mikro 111” 
X-ray diffractograph, in all cases with CuKa radia
tion. The samples were comminuted, passed through 
a 400 mesh sieve and mixed with 10% Mg(OH)2 
used as an internal standard. The lines 2.36 Ä or 
4.76 A were used.

To prevent preferential orientation a similar tech
nique of preparation was employed as described by 
Copeland and Bragg (13).

As far as other physical methods are concerned, use 
was made of electron microscopy including diffrac
tion, differential thermal analysis, and in certain cases 
infrared spectral analysis (Perkin-Elmer Infracord 
337 instrument).

Chemical Methods
For the determination of uncombined Ca(OH)2 

was used the modified Franke method (14). The solu
ble SiO2 form was determined by means of the method 
(15) derived from the Steopoe process.

Synthetic Preparation of Clinker Minerals 
and Mullite

The preparation of 3CaO-SiO2 and ^-2CaO-SiO2 
has been described in detail by the author in another 
paper (16).

For studying the reactivity of mullite with CaO 
and clinker minerals, two samples of the mullite phase 
were used which were obtained by two different pro

cesses : by a solid state reaction from starting materials 
and by electromelting. In the first case the content of 
corundum did not exceed 1 %, in the second one 2 
to 3 % in addition to a certain amount of glass phase.

The specific surface of the mullite sample prepared 
by solid-phase reactions was 4,760 cm2/g and that of 
the mullite sample prepared by electromelting was 
4,530 cm2/g. The corresponding values for C3S were 
3,670 cm2/g and for jff-C2S 3,160 cm2/g. In all cases 
the Blaine method was used.

Selection of Starting Materials—Fly Ashes
For the actual experiments was employed a total 

of 10 types of Czechoslovak fly ashes from 10 Cze
choslovak electric power stations, 8 samples being 
brown coal fly ashes and 2 hard coal fly ashes. The 
complete chemical analysis is given in Table 1.

The specific surface was determined by the Blaine 
method, as well as with the aid of the BET instru
ment. The results are presented in Table 2.

At the same time an X-ray analysis of the given fly 
ash types was carried out.

Each fly ash contains a fluctuating quantity of 
a-quartz and mullite, besides a very small quantity 
of haematite. The ER sample contains anatase and 
the TI fly ash a smaller quantity of anatase and rutile.

Actual Preparation of Samples for Hydration
To the mixtures intended for the hydrothermal 

process was added approximately 25% boiled dis
tilled water and using a mould cubes with a 10 mm 
edge were prepared.

Instead of an autoclave small pressure vessels with 
an inner diameter of 25 mm were employed; these



Determined Type of fly ash

Table 1.

component 
in "/. NO ER BR MA NH TRf MO PCt PH TI

HjO 0.26 0.66 0.63 0.18 0.09 0.36 0.16 0.07 0.19 1.96
c 1.47 5.46 6.08 2.00 8.80 7.55 1.10 2.61 4.86 ' 6.41
SiOt 53.88 52.45 51.60 54.10 46.98 51.41 52.09 57.55 52.88 39.62
AlgOa 28.16 23.42 28.67 30.35 24.55 24.70 27.14 24.99 28.90 31.20
FegOs 6.44 7.37 6.40 6.70 9.89 6.26 10.90 6.15 6.42 7.27
TiOi 0.66 1.72 1.43 1.62 0.86 0.94 1.21 1.41 1.78 6.48
CaO 5.39 5.77 2.05 2.25 5.04 4.25 4.96 '3.70 3.90 5.60
MgO 0.90 1.15 0.98 0.99 0.80 1.02 trace 0.42 trace trace
KSO 2.34 0.95 1.53 1.56 2.71 2.94 1.68 3.05 1.28 0.56
NasO 0.10 0.12 0.29 0.28 0.53 0.57 0.49 0.34 0.21 0.26
SOs 1.08 0.65 0.54 0.26 0.29 0.26 0.20 0.14 0.16 2.34
s- 0.05 trace trace trace trace trace trace trace trace trace

f hard coal fly ash

Table 2.

Designation of fly ash
Specific surface (cm2/g) measured by method

Blaine BET

NO 3,700 71,000
ER 2,940 194,000
BR 3,490 118,000
MA 3,600 101,000
NH 2,640 40,000
TR 3,900 78,000
MO 2,700 23,000
PC 2,400 8,000

• PH 4,900 94,000
TI 6,400 62,000

were filled to 1/3 of their content with boiled distilled 
water. Immediately above the water level was placed 
on a holder the cube of the investigated sample. The 
pressure vessels of each sample series were placed in 
an electrically heated thermostat with forced air 
circulation, usually at a temperature of 175°C (8 
atm.), for different periods of time. It took about 30 
minutes to reach the given temperature. After the 
termination of the hydrothermal process, the samples 
were dried at 100°C in a nitrogen stream for a period 
of 7 to 8 hours.

Results and Discussions

Hydrothermal Reaction of Power Station 
Fly Ashes with CaO

, The individual fly ash samples were homogenized 
with CaO in a 3:1 weight ratio and autoclaved in the 
form of a moistened mixture in the small pressure 
vessels for a period of 16 hours at 175°C.

Evaluation of X-ray Measurements
In mixtures with NO fly ash it was possible to deter

mine considerable quantities of tobermorite, since the 
interference lines of this phase ~11.3, 3.07, 2.97 A 
and others exhibit a considerable degree of intensity. 
Also interferences corresponding to still unreacted 
a-quartz and mullite can be seen. Visible are also 
relatively intense diffractions of the hydrogarnet 
component which are not overlapped by lines of the 
remaining components—5.04,2.75,2.25,2.00 A, and 
others.

The mixture with the ER fly ash already contains a 
significantly smaller quantity of the tobermoritic 
component, besides the hydrogarnet phase and the 
still unreacted components—a-quartz and mullite. 
The quantity of the hydrogarnet component is some
what smaller than in the previous case.

In mixtures with the BR fly ash the tobermorite 
content has again increased approximately to the value 
of the content of the first mixture. Here can again be 
seen interferences of the hydrogarnet component and 
of the still unreacted a-quartz and mullite.

Conditions are similar also in the mixture with the 
MA fly ash; the differences lie exclusively in the inte
gral intensity of the individual diffractions.

The mixture with the NH fly ash contains approxi
mately the same quantity of the hydrogarnet and of 
the tobermoritic phase.

The diffraction diagram of the mixture with the TR 
fly ash exhibits a similar character. In accordance with 
the integral intensity of the tobermorite diffractions, 
the content of this component is somewhat lower.

In the mixture with the MO fly ash a steep increase 
of the tobermorite content was noted; on the other 
hand, a very small quantity of the hydrogarnet phase 
is present. -

In the next mixture with the PC fly ash was observed 
a very considerable quantity of tobermorite, besides 
a relatively small quantity of the hydrogarnet phase.

In the mixture with the PH fly ash is apparent a 
considerably lower tobermorite content (in relation 
to the previous case).



It seems that the altogether smallest quantity of 
tobermorite is present in the mixture with the TI fly 
ash, since the diffractions ~ 11.3 Ä, 2.98 Ä, and others 
display a minimum degree of integral intensity.

Fig. 1 presents X-ray diffraction diagrams of CaO 
mixtures with the fly ashes NO, ER, PC and TI.

In the studied mixtures no significant quantities 
of still uncombined Ca(OH)2 were determined.

Apart from the above experiments, also autoclaving 
of the fly ashes in the identical weight ratio with CaO 
was carried out using shorter periods of time—2, 4 
and 8 hours at 175°C/8 atm. In the investigated mix
tures of the individual fly ashes was formed already 
in the course of a 2—4 hour reaction a significant 
quantity of the tobermoritic phase. With a prolonged 
hydration period (8 hour reaction) the content of 
this phase rises steeply and reaches in the majority 
of cases its maximum value, since the difference in the 
tobermorite content in mixtures autoclaved for 8 
and 16 hours is very small.

Apart from tobermorite is formed as the first reac
tion component the hydrogarnet phase. The formation 
of this component takes place during the first periods 
of the hydrothermal process, since already after a 2 
hour reaction this phase can be identified reliably by 
X-ray methods. It can be assumed that this component 
exhibits a composition which approaches the formula 
3CaO-Al2O3-SiO4-4H2O. It is, however, possible 
to speak only about an approximate composition, 
since in connection with the Fe-ions in the fly ash 
glass the hydrogarnet phase can contain also a small 
quantity of iron; its composition is given by the gen
eral formula: C3A1_„F„S,H6_2,.

It appears that the reactivity during the first two 
hours of the hydrothermal process is, among other 
things, influenced by the value of the specific surface; 
after the above period of two hours, this influence 
becomes apparently considerably smaller.

Differential Thermal Analysis ■
The DTA-curves do not exhibit significant ano

malies and are therefore not presented here.

Electron Microscopy
The conclusions derived from electron microscopy 

and electron diffraction correspond to the data ob
tained by means of micro-structural X-ray measure
ments. After a 4 hour hydrothermal period it is 
already possible to determine the typical platy tober
morite crystals, the number of which reaches its 
maximum after 8 or 16 hours of the reaction. Fig. 2 
presents an electronmicrograph of a mixture with 
the TR fly ash autoclaved for 8 hours.

TI
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Fig. 1. X-ray diffraction diagrams of power station fly ash sam
ples with CaO (3:1) after 16 hours of hydrothermal process 
1175° CIS atm.).

Fig. 2. Electronmicrograph of the mixture TR fly ash with 
CaO 13:1) after 8 hours of hydrothermal process U75°C).

Evaluation of Fly Ashes with Regard 
to Formed Tobermoritic Phase

For assessing the quality of the investigated fly 
ashes will be mainly considered their capability of 
forming in the course of the hydrothermal process 
with CaO the maximum quantity of the binding com
ponent—the tobermoritic material. It was found on 



the basis of preliminary experiments that the actual , 
tobermoritic phase, 11.3Ä—tobermorite, exhibits 
the highest binding qualities. For the above reasons 
were prepared mixtures fly ash—lime (3 parts to 1 
part) which were autoclaved in the form of moistened 
samples in small pressure vessels for a period of 12 
hours. Each mixture was autoclaved twice, in order 
to obtain more objective results. The approximate 
relative quantity of the tobermoritic phase was 
expressed by the ratio of the integral intensity values 
of the relevant diffractions of tobermorite and brucite

1 J • * 1 4. J 4 I ~ H-3 A TIV

employed as the internal standard: T . x Ihis1 4. /o A
data was compared with the determined strength 
values for test porous silicate shapes (cubes with a 10 
cm edge) prepared from the individual fly ashes (75 
parts fly ash, 22 parts CaO, 3 parts CaSO4 • 2H2O and 
a small quantity of Al-powder). The technology of 
the laboratory production of porous silicate shapes 
was controlled in such a way as to obtain a minimum 
scatter of density values. This density fluctuated for 
the individual types between 680 and 700 kg/m3.

It is readily apparent from the diagram in Fig. 3 
that the values of the relative quantity of the tober
moritic phase correspond approximately to the com
pressive strength data. Only minor differences can be 
seen for fly ashes BR and PH.

Reaction of Fly Ashes with SCaO SiO, 
under Hydrothermal Conditions

For a more detailed study and clarification of the 
reactivity of C3S and jff-C2S with fly ashes was em
ployed the mixture of three fly ash samples—TR, ER 
and MO. Moistened mixtures were prepared with 
graded C3S quantities, as shown in Table 3. Hydra
tion was carried out at 175°C for a period of 16 
hours and 72 hours.

X-ray Evaluation

16 Hour Reaction
Mixture 1 contains a very small quantity of the 

tobermoritic phase with regard to the diffuse inter
ference line ~3.06 Ä. The quantity of this component 
is already substantially higher in mixture 2. This 
contains a certain quantity of CSH(I) apart from a 
small quantity of tobermorite, since the ~11.3Ä 
diffraction almost merges with the background of the 
X-ray record. In mixture 3 the ~ 11.3 A diffraction 
is already highly pronounced, the further character
istic tobermorite line (2.98 A) also exhibits a higher 
degree of intensity.

Designation of fly ash

Fig. 3. Comparison of the relative tobermorite quantity with 
the achieved compressive strength values.

Table 3.

Mixture number
Quantity of SCaO-SiOg 

or /J-ZCaO-SiOg 
(%)

Quantity of fly ash

(%)

1 10 90
2 20 80
3 30 70
4 50 50
5 70 30
6 80 20
7 90 10

In mixture 4 can again be noted an increase of the 
diffractions which are typical for tobermorite (11.3, 
3.08, 2.98, 2.81 Ä, and others). The lower intensity 
diffractions (2.73, 2.23, 1.97 A) probably correspond 
to the hydrogarnet phase.

The X-ray diffraction diagram of mixture 5 already 
exhibits a decreased intensity of tobermorite diffrac
tions. Here is also apparent the presence of a certain 
quantity of the C2SH(A) phase. On the basis of the 
4.98, 3.25, 2.73 A and even other diffraction it is 
possible to assume the formation of the hydrogarnet 
component. ,

In the remaining mixtures the contents of the 
tobermoritic phase are rapidly reduced, whereas the 
C2SH(A) quantity is increased. It is possible to deter
mine also a small quantity of unhydrated C3S besides 
C3S-hydrate and liberated Ca(OH)2. The presence of 
the hydrogarnet phase can be identified only with great 
difficulties, since the most interferences are overlapped 
by lines corresponding to the starting minerals or to 
the newly formed products. -

72 Hour Reaction
Mixture 1 contains a very small quantity of the 

tobermorite group phase. In the other mixtures the 
tobermorite contents again grow, the maximum being 
reached in mixture 4, in which there is in the unhy
drated, original form the same weight ratio of C3S 
and fly ash. The presence of the hydrogarnet phase is 
indicated by the lines 4.98, 4.33, 2.73 A, etc. The next



mixture 5 contains already a certain quantity of the 
C2SH(A) phase, besides the tobermoritic hydrogarnet 
component and the uncombined Ca(OH)2 and un
decomposed C3S.

In the previous and also in the following mixtures 
the tobermorite content rapidly decreases and simul
taneously the quantity of the C2SH(A) component 
grows. Apart from the liberated calcium hydroxide 
there is present also a very small quantity of still unde
composed C3S and C3S-hydrate.

A comparison with X-ray diffraction diagrams of 
mixtures hydrated for 16 hours brings out the fact 
that through further hydration the contents of CSH(I) 
and tobermorite are increased, besides an increased 
quantity of the C2SH(A) component. Conversely, in 
the course of the prolonged hydration (72 hours), 
the quantity of C3S-hydrate and of the unhydrated 
C3S fraction is reduced.

Based on the integral intensity degree of the diffrac
tion ~11.3Ä of the tobermorite, it was possible to 
assess the relative content of this phase in the sample. 
By plotting along the vertical axis of the diagram the 

ratios of the integral intensity values 76 an<^ 
along the horizontal axis C3S data (%) in the original, 
unhydrated mixtures, it is possible to express at least 
theoretically the relative quantity of the tobermorite 
(Fig. 4).

The curve representing the relative quantity of the 
tobermorite exhibits in both cases a steep rise and 
reaches its maximum approximately for a 50% C3S 
content in the original, unhydrated mixture.

Reaction of Fly Ashes with ß-2CaO*SiO2

Mixtures with a graded ß-C2S content were pre
pared by the same method.

During the 16 or 72 hour reaction, no more pro
nounced hydration of ß-C2S took place, and thus 
no hydrosilicate components were formed. This 
phenomenon was also observed with quartz sand of 
extreme fineness which was the subject of other papers 
published by the author (7, 17).

It was shown that in the course of hydrothermal 
reactions of ß-C2S with fly ash, very fine quartz sand 
(specific surface higher than 4,500 cmz/g), blast 
furnace slag, quartz glass, or even other materials with 
a significant SiO2 content, the silica gel is liberated 
and coats the )?-C2S grains or their agglomerations 
with a protective layer and reduces or almost com
pletely inhibits its own hydration of ß-C2S.

In order to study in greater detail the reactions 
between ß-C2S and power station fly ash, mixtures 

of power station fly ash with j?-C2S were hydrated in 
a weight ratio 65: 35. Samples in the form of moistened 
mixtures were hydrated for periods of 2, 4, 8, 16, 
24, 72 hours and 7 days at 175°C/8 atm. It was found 
that not even during the 7 day hydrothermal process 
there occurs a more pronounced hydration of jS-C2S, 
since the integral intensity of the ß-C2S diffractions 
exhibits an almost unchanged intensity with respect 
to the original, unhydrated mixture.

Also the content of the soluble SiO2 form is 
increased only slightly in the course of the hydro
thermal process, as is clearly shown by the reaction 
mechanism diagram (Fig. 5). This graphical repre
sentation of the approximate reaction mechanism 
indicates an almost unchanging integral intensity 
value of the line ~ 3.04 — 3.06 Ä which seems to 
represent only the ß-C2S diffraction. The slight in
crease is probably caused by an almost negligible 
rise of the integral intensity value of this line owing 
to the formation of a slight quantity of the tobermori
tic phase.

It is not without interest that it was found during 
investigations of the hydration of mixtures ß-C2S— 
power station fly ash that a quantity of 8—10 % power 
station fly ash, added to j5-dicalciumsilicate, prevents 
its own hydration, and thus also inhibits the forma
tion of binding hydrosilicate components of the tober
morite group. On the other hand, however, an addi
tion of a small quantity of calcium hydroxide (1—3 %) 
to the unhydrated mixture ß-C2S—fly ash causes its 
own hydration of ^-dicalciumsilicate, since the formed 
silica gel is bound by the present calcium hydroxide 
to the tobermoritic material. Similar effects were 
obtained with a small addition of C3S or the phase 
C2SH(A).

Reaction of Mullite with Ca(OH)2 
under Hydrothermal Conditions

Owing to the fact that the employed power station 
fly ashes contain apart from quartz also a certain 
.quantity of mullite, the reactivity of the latter was 
investigated' with calcium hydroxide and finally 
with the main clinker minerals—3CaO-SiO2 and ß- 
2CaOSiO2. ■

In order to clarify more closely the above type of 
reactions, mixtures were prepared with graded quan
tities of both components. The selected weight ratios 
of the mixtures mullite: CaO are summarized in 
Table 4. ■

Apart from a synthetically prepared mullite sample 
M-S also mullite M-B was used; the latter was ob
tained by electromelting. Hydration was again carried



Fig. 4. Graphical representation of the relative quantity of 
tobermoritic material against C3S content.

Fig. 5. Representation of reaction mechanism power station 
fly ash -ß-2CaO-SiOi (.175° C/8 atm.y

Table 4.

Mixture number Ratio of CaO (C3S of jg-CsS): Mullite

1 1:1
- 2 1:2

3 1:3
4 - 1:5
5 1: 10
6 2: 1
7 3:1
8 5: 1
9 10:1

out in the form of a moistened paste for periods of 
16 and 72 hours at 175°C.

Evaluation of X-ray Measurements

Reaction of Mullite M-B with CaO
The X-ray diffraction diagram of mixture 1 shows 

relatively intense diffractions of still unreacted 
Ca(OH)2 besides diffractions 5.04, 2.75, 2.00 Ä and 
others which correspond to the hydrogarnet phase.

In the X-ray diffraction diagram of mixture 2 the 
diffractions of the hydrogarnet phase display a some
what lower intensity.

With an increasing quantity of mullite and a decreas
ing CaO content, the hydrogarnet phase is reduced. 
In mixture 5 only a very small quantity of this com

ponent is present. Similar results were obtained for 
the mixtures 6—9; the quantity of unreacted Ca(OH)2 
increases and the content of the hydrogarnet com
ponent is reduced.

The series of samples hydrated for a period of 72 
hours contains larger quantities of the hydrogarnet 
component—with respect to the previous samples. 
The contents of free Ca(OH)2 and mullite have been 
somewhat reduced.

Reaction of Mullite M-S with CaO
In the X-ray diffraction diagram of mixture 1 can 

readily be seen very intense diffractions of the hydro
garnet component 5.03, 4.36, 2.75, 2.25, 2.00 Ä and 
others. The diffractions of unreacted mullite exhibit 
a relatively very low intensity. Interferences of 
Ca(OH)2 are no longer apparent, in contrast to the 
identical mixture with mullite M-B which still contains 
a significant quantity of this phase.

In further mixtures the quantity of the hydrogarnet 
phase is gradually decreased, as was shown in the 
case of the mixtures 2 and 3; the content of unreacted 
lime does not, however, reach the limiting quantity 
which is essential for X-ray identification. Similarly 
also in the further mixtures the contents of the hydro
garnet component are reduced; the lowest quantity 
of the latter was recorded in the mixtures 5 and 9.

In the course of the 72 hour hydrothermal process 
the content of the hydrogarnet component is increased 
in all cases. The highest quantity of this component 
was again identified in the mixture with CaO in a 1: 1 
ratio. ■

It follows from the results of X-ray measurements 
that the largest quantity of the hydrogarnet phase is 
contained in mixtures with CaO in a 1: 1 ratio in the 
course of a 72 hour reaction; when mullite M-S was 
employed, a significantly larger content was noted.

In Fig. 6 are reproduced X-ray diffraction diagrams 
of mixtures mullite—CaO in a 1:1 ratio after a 72 
hour reaction.

Differential Thermal Analysis .

The differential thermal analysis curves of mixtures 
with mullite M-B, autoclaved for 72 hours, are shown 
in Fig. 7. The thermogram of mixture 1 exhibits two 
crater-shaped peaks with maxima around 350° and 
480°C, the latter corresponding to the decomposition 
of Ca(OH)2. The peak at the lower temperature is 
caused by the decomposition of the hydrogarnet 
component. As can readily be seen from the slope 
of the difference curves of further reaction mixtures, 
the period corresponding to the hydrogarnet com-



ponents is gradually reduced, in the 1: 10 mixture it 
is an almost insignificant bending of the difference 
curve.

DTA curves of autoclaved mixtures with mullite 
M-S are of a similar character as has been observed 
for the case of the previous mixtures. In Fig. 8 are 
reproduced DTA curves of mixtures after 72 hours of 
hydration. The sample mullite: CaO = 1: 1 is charac
terized by a deep valley with a maximum around 
360°C which corresponds to the hydrogarnet compo
nent. With an increasing mullite content, the content 
of this phase is rapidly reduced; the lowest quantity 
in all the studied mixtures can again be noted in the 
1:10 sample. The thermogram of the 3: 1 mixture 
exhibits two deep valleys with maxima around 340°C 
and 520°C, the first of which corresponds to the decom
position of the hydrogarnet phase and the second to 
Ca(OH)2. With an increasing CaO content in the 
original, unhydrated mixture, the quantity of the 
hydrogarnet component decreases and the Ca(OH)2 
content increases.

From the above observations also follows a sub
stantially lower reactivity of mullite M-B with CaO 
under the employed experimental conditions.

Reaction Mullite M-S—3CaO-SiO2 
Evaluation of X-ray Measurements

16 Hour Reaction Period
Mixture 1 is characterized by intensive diffractions 

of still unreacted mullite besides relatively pronounced 
diffractions of the hydrogarnet phase—4.99,3.26, 
3.05, 2.73, 2.60, 2.50, 2.40, 2.23, 1.98 Ä and others.

It may not be without interest that a certain quantity 
of tobermorite is present, i.e. on the basis of diffrac
tions 11.3, 2.98, 2.81 Ä and others. Mixture 2 also 
contains a significant quantity of the hydrogarnet 
phase besides a smaller quantity of tobermorite. The 
quantity of both components does not differ too 
much with respect to the previous case.

In mixture 3 can be observed a reduction of the 
contents of the hydrogarnet phase and tobermorite. 
Conditions are similar in the next two mixtures—4 
and 5. In the X-ray diffraction diagram of mixture 6 
can be seen tobermorite diffractions of a low intensity, 
beside interferences of the hydrogarnet component.

The X-ray diffraction diagram of mixture 7 is 
characterized by already less intensive diffractions of 
the tobermoritic phase, conversely the interferences 
corresponding to the hydrogarnet component exhibit 
an increased degree of intensity. The mixture contains 
also a smaller quantity of the C2SH(A) phase on the 
basis of the interferences 4.22, 3.90, 3.54, 3.27 Ä and
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Fig. 6. X-ray diffraction diagrams of mixtures mullite-CaO 
(f: 1) after a 72 hour hydrothermal process.

Fig. 7. DTA curves of the mixtures mullite M-B with CaO; 
72 hours]nS ’C.

C
aO

 : M
ul

lit
e M

-B



Fig. 8. DTA curves of the mixtures mullite MS with CaO; 
72 hours! 175° C.

others.
In the next mixture of mullite with C3S (1:5), the 

content of the C2SH(A) phase has risen rapidly; at the 
same time can be noted a certain quantity of unreacted 
Ca(OH)2. The content of the hydrogarnet phase has 
been somewhat reduced. In the X-ray diffraction dia
gram of mixture 9 can be seen very intensive C2SH(A) 
diffractions besides interferences of unreacted Ca(OH)2. 

, The sample contains a small quantity of the hydro
garnet component and of the unhydrated C3S fraction, 
besides a small quantity of C3S-hydrate.

ßC2S:M (1:1)
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Fig. 9. X-ray diffraction diagrams of mixtures—SCaO-SiOi 
or ß-2CaOSiOi with mullite.

xide, besides a small quantity of C3S-hydrate. The 
presence of tobermorite can also be noted in mixture 
3, in the-remaining mixtures the tobermorite quantity 
is below the limit essential for X-ray determinations.

Mixture 6 contained besides a significant quantity 
of tobermorite the hydrogarnet phase and a consider
able quantity of unreacted mullite. In the next sample 
7 it is no longer possible to identify quite positively 
tobermorite, the content of the hydrogarnet com
ponent has been rapidly reduced. The reduction of the 
quantities of the above reaction components takes 
place in further mixtures 8 and 9.

Fig. 9 shows X-ray diffraction diagrams of mixture 
1 after 16 and 72 hours of hydration.

72 Hour Hydrothermal Reaction
Mixture 1 contains a considerable quantity of the 

hydrogarnet phase which is significantly larger than in 
the identical mixture hydrated for 16 hours. Apart 
from a more pronounced tobermorite quantity, there 
are also present unreacted mullite and a very small 
quantity of the C2SH(A) phase.

The maximum content of the hydrogarnet compo
nent can readily be seen in mixture 2. In mixture 3 
and in the next mixtures 4 and 5, the quantity of the 
hydrogarnet component decreases rapidly, and simul
taneously there is an increase in the contents of the 
C2SH(A) component and uncombined calcium hydro

Differential Thermal Analysis

The DTA curves show endothermal peaks within 
the temperature range 180o-600°C corresponding to 
the decomposition of tobermorite, and hydrogarnet 
phase eventually to that of other components 
(Ca(OH)2, C2SH(A)).

Reaction Mullite—ß-2CaO SiO,

Evaluation of X-ray Measurements
In the course of the 16 hour reaction in the mixtures 



1 and 2 to 5 none of their own hydration of ß-C2S 
takes place, and thus no formation of the tobermoritic 
and hydrogarnet phases can be observed, since the 
hydration of dicalciumsilicate is suppressed as a con
sequence of protective layers around the ß-C2S 
grains or their agglomerations. Only through the addi
tion of 2—3 % C3S or 1—2 % CaO to the starting mix
ture mullite—ß-C2S, or by prolonging the hydration 
period to 72 hours, there occurs the hydration of 
ß-C2S and the formation of the tobermoritic and 
hydrogarnet phases. In the first case this is the con- 
sequense of binding the formed silica gel with Ca(OH)2 
to the tobermoritic material, in the second case this 
is due to the ageing of the protective gel layers and 
thus to an increased diffusion of water molecules to the 
actual ß-C2S particles.

In Fig. 9 is shown the X-ray diffraction diagram for 
mixture 1 after 72 hours of hydration.

The DTA curves are of a similar nature as has been 
observed for the mixtures mullite—C3S.

“ Determination of Composition 
of Hydrogarnet Phase

To an approximate composition at least of the 
hydrogarnet components were prepared 3CaO-A12O3 
glasses with a graded quantity of SiO2 (0.5, 1.0, 1.5 
and 2.0 mol.). Glass samples were autoclaved at 218°C 
for a period of 5 hours and after drying and comminu
tion, the process was further repeated another five 
times.

The obtained values for the edge (a) of the elemen
tary cell approach data published by Locher (18). 
It was found on the basis of the values thus obtained 
that the hydrogarnet phase formed by the reaction be
tween mullite and CaO corresponds basically to the 
component 3CaO-Al2O3-SiO2 -4H2O, in contrast to 
the phase formed by the reaction of mullite with C3S 
or ß-C2S the composition of which corresponds appro
ximately to the formula 3CaO-A12O3 ■ 1.5SiO2-3H2O.

Influence of Hydrogarnet Phase 
on Obtained Strength Values

From the moistened mixture of mullite M-S with 
CaO in a 1: 1 ratio test cubes with a 20 mm edge were 
prepared; these were autoclaved at 175°C for a period 
of 16 hours. It was found that the test cubes practically 
do not exhibit more pronounced compressive strength 
values. It can thus be assumed that the hydrogarnet 
phase (C3ASH4) exerts no significant influence on the 
compressive strength values of porous silicate shapes 

made from power station fly ash and lime.

Determination of Quantity and Character 
of Glass Phase of Power Station Fly Ashes

On the basis of a qualitative and semi-quantitative 
X-ray analysis of the individual fly ashes, as well as 
with regard to the results in quantity and type of the 
hydrosilicate and hydrogarnet phases, there can be 
assumed a considerable influence of the actual petro
graphic composition of the fly ashes on the character 
of hydrothermal reactions with CaO. For this reason 
it appeared essential to carry out a quantitative 
X-ray determination of the main crystalline compo
nents—mullite, a-quartz, haematite, anatase and rutile, 
and to determine the quantity and character of the 
glass phase of the fly ashes. The results of the X-ray 
determinations are summarized in Table 5.

The a-quartz content in the studied fly ashes fluc
tuates between 4.7% NH and 12.6% ER. Also the 
mullite content exhibits a considerably wide range: 
2.0% NO—29.3% MA.

On the basis of the X-ray determination of both 
major and minor mineralogical components and from 
data contained in the overall chemical analysis was 
calculated the probable composition of the glass 
phase of the individual fly ashes (Table 6). The glass 
of the MA fly ash contains the highest quantity of 
SiO2, whereas the lowest SiO2 content was observed 
in the glass of the fly ash TI. The greatest A12O3 
quantity is present in the glass phase of fly ash NO, 
whereas conversely the lowest A12O3 content was 
noted in the glass of the fly ash MA.

The knowledge of the SiO2 quantity in the glass 
phase of the fly ashes makes it possible to carry out a 
comparison of the compressive strength values of 
porous silicate shapes with a glass SiO2 content. It 
follows from the enclosed graphical representation 
(Fig. 10) that there exists in almost all cases a certain 
proportionality between the compressive strength 
values and data about the SiO2 content in the glass. 
This proportionality is somewhat less pronounced in 
the case of comparing the contents of glass SiO2 and 
the quantity of a-quartz contained in the fly ashes, 
with the achieved strength values. Analogically it is 
possible to compare data about the relative quantity 
of the hydrogarnet phase with the A12O3 content in 
the glass phase of the individual types of investigated 
fly ashes (Fig. 11). The relative quantity of the hydro
garnet phase is given by the ratio of the integral

•<- rn, n-ff I ~ 2.75 Ä , I ~ 5.05 A intensity of trie ditimctions j and- j • 

The numerical data in the numerator of both fractions



Table 5.

Designation of fly ash a-quartz
(%)

Mullite 
(%)

Anatase
(%)

Rutile
(%)

Haematite
(%)

C
(%)

Glass phase
(%)

NO 7.9 2.0 _ __ 4.6 1.47 84.0
ER 12.6 15.4 1.34 — 2.5 5.46 62.7
BR 10.1 22.9 — — 3.2 6.08 57.7
MA 9.4 29.3 — — 3.1 2.00 56.2
NH 4.7 9.4 — 3.6 8.80 73.5
TR 11.9 17.2 — — 1.8 7.55 61.5
MO 7.0 22.9 — — 5.3 1.10 63.7
PC 7.5 18.0 2.4 2.61 69.5
PH 5.9 23.3 — — 1.7 4.86 64.2
TI 5.2 24.1 0.87 0.50 2.7 6.41 60.2

Table 6.

Designation 
of fly ash

Composition of the glass phase ( %)

S1O2 A12O3 FegOs TiOa CaO MgO KsO Na2O SO3 s--

NO 53.75 31.61 2.17 0.78 6.38 1.06 2.76 0.12 1.27 0.06
ER 57.08 19.86 7.83 0.61 9.27 1.85 1.53 0.19 1.74 trace
BR 61.16 21.34 5.59 2.50 3.57 1.72 2.67 0.50 0.94 trace
MA 64.69 16.53 6.40 2.87 3.99 1.77 2.76 0.50 0.46 trar^
NH 53.59 24.07 8.51 1.16 6.82 1.08 3.66 0.72 0.39
TR 56.41 20.10 7.26 1.52 6.92 1.65 4.78 0.92 0.43 tTRff*
MO 60.87 16.86 8.82 1.90 7.82 trace 2.64 0.77 0.31 tra cf*.
PC 64.41 17.28 5.32 2.02 5.29 0.60 4.36 0.48 0.20 tTH CP
PH 62.52 18.82 7.30 2.75 6.04 tracfl 1 98 0.32 0.25 tf ACC.
TI 46.03 23.20 7.63 8.53 9.35 trace 0.93 0.42 3.90 trace

Fig. 10. Comparison of compressive strength values of porous 
concrete shapes which contain a-quartz and SiO2 in the glass 
phase.

this component was formed by the hydrothermal 
reaction of mullite with lime.

correspond to the diffraction of the hydrogarnet 
component. The values of both ratios follow at least 
approximately the A12O3 content data in the glass 
phase of the individual fly ashes. A more significant 
difference was found only in the case of the integral 
intensity value of diffraction 5.05 A of the hydrogarnet 
component in the hydrated mixture of the MA fly 
ash.

It appears from the above that the main part of the 
hydrogarnet component was formed by the reaction 
of Al contained in the glass phase of the fly ash, with 
CaO. An already substantially smaller quantity of

Finally were prepared synthetically glasses which 
approach in their composition the glass phases of the 
studied fly ashes in which, however, the content of the 
individual components was graded in suitable ranges.

By autoclaving samples of synthetic glasses with CaO 
and by the determination of their reaction products, 
the influence of the individual components on the 
formation of tobermorite was investigated. It was 
found that apart from the SiO2 quantity, which plays 
a basic part, a growing K2O content exhibits a certain 
positive influence on the formation of tobermoritic 
material.



Conclusion

Reactions of 10 power station fly ashes with CaO 
in a 3: 1 weight ratio were studied at 175°C (8 atm.) 
for a period of 16 hours. Apart from tobermorite and 
probably the CSH(I) phase was determined the hydro
garnet phase—probably C3ASH4. By comparing the 
relative quantities of tobermorite with the achieved 
compressive strength values of porous silicate shapes 
was obtained a satisfactory tolerance which indicates 
that tobermorite exerts on the former a fundamental 
influence.

By the reaction of fly ash with C3S is formed besides 
tobermorite again the hydrogarnet component; the 
maximum quantity of tobermorite was noted for a 
starting ratio of 1: 1. ^-C2S does not react with fly 
ash even in the course of a 7 day hydration as a con
sequence of protective coating layers of silica gel 
around the /?-dicalciumsilicate grains or their agglo
merations which prevent the diffusion of water mole
cules to the ß-C2S particles.

By the reaction of mullite with Ca(OH)2 is formed 
the hydrogarnet component, the composition of which 
probably corresponds to the formula 3CaO Al2O3 

SiO2-4H2O, whereas when C3S or ß-C2S is used 
instead of CaO, there is formed, besides a smaller 
fraction of tobermorite, a hydrogarnet phase, whose 
composition corresponds probably to the formula 
3CaO-Al2O3-1.5SiO2-3H2O. On the basis of com
parisons of the SiO2 content in the glass phase of the 
individual fly ashes with the achieved compressive 
strength values of porous silicate shapes, as well as 
with due regard to experiments with synthetically 
obtained glasses, there appear the content and charac
ter of the glass phase as the most important criteria 
for the assessment of power station fly ashes for the 
manufacture of porous concretes. It was shown simul
taneously that the formed hydrogarnet phase does not 
significantly contribute to the achieved strength values 
of autoclaved building materials.

References

1. M. Dery, “X-ray analyses of Hungarian fly-ashes
and binding materials with CaO produced on their 
basis” (in Hungarian), Epitöanyag 13, No. 6, 
201-205 (1961).

2. Yu. M. Butt, A. A. Majer and B. G. Varshal, “Reac
tion between lime and fly-ashes in autoclave 
process at 8 and 16 atm.” (in Russian), Sbornik 
trudov, “Rosniims”, 17, 55-64 (1960).

3. Tun Soo-lee and Wang Yan-mou, “The hydrated
compounds of the lime-pulverized coal ash prod
ucts” (in Chinese), Guisuanyan Xuebao 3, No. 4, 
242-254 (1964).

4. P. I. Bozhenov and V. I. Kavalerova, “About mutual
reactions of C3S and beta-C2S with the additive 
of CaO and SiO2 in hydrothermal processing” (in 
Russian), Dok. Mezvuzovskoj konf. po izuceniju 
avtokl. mater, i ich primeneniju v stroit., 187-194 
(1959).

5. I. V. Kravchenko, A. M. Dmitriev, O. S. Volkov and
D. M. Kheiker, “Hydration products of clinker 
minerals under the conditions of ultradeep oil wells” 
(in Russian), Trudy Niicementa, 35-50(1960).

6. O. S. Volkov, O. I. Gracheva and D. M. Kheiker,
“Study of clinker minerals reaction with quartz in 
autoclave process by the method of X-ray phase 
analysis” (in Russian), Trudy naucnoissled. inst. 
sljudy, asbestocem. izdelij II, 68-79, (1961).

7. Z. Sauman, “Hydration rate of dicalcium silicate in
mixes with quartz under hydrothermal condi
tions”, Proceed, of the Intern. Conference on Auto
claved Silicate Building Products (London 1965), 
p. 101-109 (The Society of Chemical Industry,

London 1967).
8. J. D. Watt and D. J. Thorne, “Composition and puz-

zolanic properties of pulverised fuel ashes”, 
J. appl. chem. 15, No. 12, 585-604 (1965).

9. H. S. Simons and J. W. Jeffery, “An X-ray study of
pulverised fuel ash”, J. appl. chem. 15, No. 12, 
328-336 (1960).

10. L. J. Minnick, “Investigations relating to the use
of fly-ash as puzzolanic material and as an admix
ture in portland cement concrete”. Proceed, of the 
American Society for Testing Materials 54, 1129
1164 (1954).

11. Z. Sauman, “Limy hydrosilicate components, an
important factor influencing the strength of porous 
concrete” (in Czech), Stavivo 44, No. 9, 336-340 
(1966).

12. M. Matousek and Z. Sauman, “Defining and deter
mining of fly-ash influence on the properties of 
porous concrete” (in Czech), Research Report, 
Research Institute of Building Materials, Brno 
(1966).

13. L. E. Copeland and R. H. Bragg, “Preparations of
samples for the geiger counter diffractometer”. Bull. 
No. 92, PCA Research Dept. (Skokie).

14. E. E. Presler, S. Brunauer, D. L. Kantro and C. H.
Weisse, “Determination of free calcium hydro
xide contents of hydrated portland cements and 
calcium silicates”, Anal. Chemistry 33, No. 7, 
877-882 (1961).

15. J. Jambor, “Chemical analyses in building engineer
ing" (in Czech), p. 393 (SAV Bratislava, 1953).

16. Z. Sauman, “Study about the possibilities of synthet



ical clinker minerals preparation and their X-ray 
identification in industrial clinkers of portland 
cement" (in Czech), Technologie silikätu III, 20-41 
(1959)

17. Z. Sauman, “Anomalies in the hydration of beta- 
2CaO-SiO2 in quartz sand mixtures under 
hydrothermal conditions”, Proceed, of Eight Con

ference on the Silicate Industry, p. 275-283 (Aka- 
demiai Kiado, Budapest, 1966).

18. F. W. Locher, “Hydraulic properties of glass mate
rials rich in lime of CaO-A12O3-SiO2 system", 
(in German), p. 21. (Habilitation and Disertation 
Work, Bergakademie, Clausthal, 1959).



Supplementary Paper I V-63 Investigations on the Behaviour of Natural 
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Synopsis

The chemical, mineralogical and physical data of 10 trasses from the Rhineland, 6 from 
Bavaria, one Austrian trass, 2 puzzolanas from Italy, a calcined molererde from Denmark, 
and 3 samples of granulated slags from power stations have been determined. The lime 
bonding and the resulting formation of hydrates has been investigated as well as the reac
tivity of these stone flours in mixtures with lime, portland- and slag cement.

All the natural puzzolanas were found to contain varying amounts of glassy ground
mass which, in the case of the Rhine trasses, was 55~60% and for the Bavarian trasses 
constituted 62~67%. In the Austrian trass and the molererde the amorphous silica-rich 
groundmass shows signs of adopting the cristobalite lattice. The artificial puzzolanas, namely 
the slags from power stations, are almost completely glassy. The crystalline components of 
the puzzolanas have been identified microscopically and by X-rays.

Of the puzzolanas of volcanic origin the Bavarian trasses show the highest content of 
SiO2, ranging from 59.2 ~ 66.0%, whilst the Italian puzzolana from Salone only contains 
48.1 %. The AI2O3 content varies between 13.8% for the Bavarian trass to 20.6% for the 
Italian puzzolana from Bacoli. Accompanying the low SiO2 content, the puzzolana from 
Bacoli has the highest amounts of CaO and MgO, namely 10.0% and 5.7% respectively.

The highest loss by ignition was found for the Austrian trass with 15.3 %; this sample 
contains 1.96% SO3.

The molererde consisting of a mixture of silicified diatoms and clays contained 14.3% 
SiO2 and 13.4% AI2O3. With smaller silica contents of 47.5~51.8%, the granulated slags 
contain larger amounts of A12O3 (26.8~33.1 %) and Fe2O3 (6.6~ 13.3%).

The specific weights of the puzzolanas have been determined and also their specific 
surfaces. Whilst the specific surfaces of natural puzzolanas lie between 0.7 and 2.7 m2/g, 
according to Blaine, the values obtained by the adsorption method according to BET were 
between 4.4 and 95 m2/g. These great differences in the areas are caused by partial alteration 
of the glassy fraction to zeolites and montmorillonite.

The surface areas of the granulated slags were found to be 0.5 m2/g by Blaine’s method 
but only 1.01 ~ 1.27 m2/g by BET.

The combination with lime was determined in suspensions of puzzolanas and lime of 
which the W/S factor (water/solid) was 5. The greatest affinity for lime was shown by the 
molererde. After 90 days 591 mg CaO/g molererde were bonded. The lime combination of 
the artificial puzzolanas lies in the range of the Bavarian trasses and the Italian puzzolanas 
showing values between 228 and 283 mg CaO/g granulated slag.

After 90 days the newly-formed hydrates in the residues of these samples were examined. 
CSH phases formed as well as C4AIL3 (tetracalcium aluminate), C3(A, F)SnH6_2n, n = 
0 — 3, (these are mixed crystals in the hydrogarnet series), and occasionally C2ASHs 
(gehlenite hydrate). In addition the formation of C3(A, F)Cs3H32 (ettringite) was observed 
for the sulphate-bearing Austrian trass. If extra sulphate was added ettringite and mono
sulphate hydrate formed from all the puzzolanas.

Investigations of the strengths of lime-rich cements (e.g. trass cement 30/70) showed 
that the contribution of the natural puzzolanas with a high specific surface (according to 
BET) is overshadowed in the early stages of hardening by the high requirement of water.

In contrast, for lime-poor bonding materials a contribution to the strength was observed 
even at an early stage, in particular if anhydrite was added. -

If a granulated slag with a low specific surface (after BET) but which has been suffi
ciently finely ground is used, an improvement in the final and also partly in the initial 
strength is observed. This occurs even with additions as small as 30% as the water require
ment is not increased.



Introduction

This work continues earlier investigations (1,2) 
into the properties of natural puzzolanas of volcanic 
origin (3). We investigated molererde calcined at 
800°C, which originated from silicified diatoms; 
this is a very reactive puzzolana (4, 5). The behaviour 
of granulated slags from power stations shows that 
these materials also posses the properties of natural 

puzzolanas (5).
Chemical, mineralogical and physical data of 

puzzolanas were determined. The reactivity of these 
stone flours in mixtures with lime, portland and slag 
cements have been investigated, as well as their 
combination with lime and the hydrates thus formed.

The Chemical Composition of Puzzolanas

As Table 1 shows, the chemical composition of 
puzzolanas varies over a wide range. We investigated 
10 trasses from the Rhineland, 6 from Bavaria, 1 
from Austria, 2 puzzolanas from Italy, molererde and 
3 samples of granulated slag from power stations. 
Of the puzzolanas of volcanic origin, the Bavarian 
trasses show the highest content of SiO2, ranging from 
59.17—65.97%, whilst the puzzolana from Salone 
only contains 48.13%. The A12O3 content varies 
between 13.77% for a Bavarian trass and 20.58% for 

the puzzolana from Bacoli. Accompanying the low 
SiO2 content the puzzolana from Salone has the highest 
amounts of CaO and MgO, namely 9.96 and 5.70% 
respectively. The highest loss by ignition was from the 
Austrian trass (15.29%); this sample contains 1.96% 
SO3.

With somewhat smaller silica contents of 47.46— 
51.82% the granulated slag contain larger amounts 
of A12O3 (26.84—33.09%) and Fe2O3 (6.60—13.26%).

Table 1. Chemical composition of puzzolanas

Rhine 
trasses

Bavarian 
trasses

Austrian 
trasses

Italian puzzolanas
- Molererde Granulated 

slags
Salone Bacoli

loss of Ignition 4.62-11.84 6.05-8.80 15.29 4,32 3.53 2.80 -
SiOs 51.00-57.73 59.17-65.97 57.13 48.13 58.92 74.26 47.46-51.82
Al,o3 17.19-19.08 13.77-16.59 17.51 18.25 20.58 13.42 26.84-33.09
TiO2 n.d. n.d. 0.80 0.73 0.50 traces 0.84-1.32
FegOs 1.80-5.81 3.07-5.38 3.28 7.30 0.82 2.73 6.60-13.26
CaO 3.13-5.81 3,33-7.83 0.22 9.96 4.07 1.74 2.09-3.81
MgO 1.10-1.75 0,94-2.85 0.08 5.70 1.49 2.26 1.95-4.56
Na2O 0.84-5.45 1.69-2.18 0.44 0.88 2.86 0.52 0.20-0.80
k2o 2.80-6.36 1.55-2.52 2.74 4.41 6.61 1.41 3.30-4.40
SO$ traces traces 1.96 traces traces 0.25 0.01-0.10

The Mineralogical Composition of the Puzzolanas

The mineralogical composition was determined by 
X-ray diffraction. All natural puzzolanas contain 
varying amounts of a glassy groundmass which, in 
the case of the Rhine trasses, was 55—60 % and for the 
Bavarian trasses constitutes 62—67 %. In the Austrian 
trass and the molererde the amorphous groundmass 
consists of opal, which shows signs of adopting the 
cristobalite lattice. The slag from power stations are 
completely glassy.

The Rhine trasses contain larger amounts of quartz 
and feldspar, and varying amounts of chabasite, anal
cime, mica, illite and kaolinite, whereas for augite 
and hornblende amounts only up to I % were deter
mined.

Similarly in the Bavarian trass larger amounts of 
quartz and feldspar were found. The augite content 
was in many cases under 1 %. In addition amounts of 
montmorillonite up to 7 % were found. The Austrian 
trass contains cristobalite, alunite, kaolinite, analcime 
and small amounts of quartz as well as augite. The 
high ignition loss of this material is explained by the 
presence of opal, alunite and kaolinite.

Augite, analcime and leucite are the principal 
crystalline phases in the puzzolana from Salone; in 
addition, small amounts of quartz and chabasite were 
found.

The main components of the puzzolana from Bacoli 
are feldspar and analcime, whilst only small amounts 



of augite and quartz were found.
The molererde contains cristobalite, montmorillo

nite, illite and haematite as crystalline phases.
In contrast to the natural puzzolanas, the artificial 

ones, namely the granulated slags, contain a very 
small crystalline fraction amounting to 3%, which 
could not be identified more closely.

The Physical Data of the Puzzolanas

As Table 2 shows, the specific weights of the puz
zolanas, with exception of the molererde, lie between 
2.42 and 2.69 g/cm3. The specific surfaces of the vol
canic puzzolanas, which were determined by the 
nitrogen-absorption method of BET, show a strikingly 
wide range. Great differences in surface area are 
caused by partial alteration of the glassy fraction to 
zeolites and montmorillonite.

Table 2. Specific weights and specific surfaces of the puzzolanas

Puzzolana Spec, weight 
(g/cm3)

Spec, surface 
(m2/g)

after Blaine after BET

Rhine trass 2.42—2.60 0.70—1.18 19.6—95.0
Bavarian trass 2.52—2.63 0.71—0.95 8.3—39.0
Austrian trass 2.44 0.92 60.5
Italian puzzolanas

Salone 2.69 0.89 17.4
Bacoli 2.45 0.90 4.4

molererde 2.25 2.70 12.0
slag granulated 2.58—2.68 0.50 1.01—1.27

Lime Bonding of Puzzolanas

The combination with lime was determined in 
suspensions of puzzolana and lime of which the W/S 
factor (water/solid) was 5. In Table 3 the degree of 
combination of the various puzzolanas with lime after

Combined lime in mgCaO/g puzzolana 
56 days 90 days

Table 3. The amount of lime combined with puzzolana after 56 
and 90 days

Rhine trass 264—335 270—373
Bavarian trass 186—241 192—254
Austrian trass 400 417
Italian puzzolanas

Salone 248 254
Bacoli 262 266

Molererde 570 591
slag granulated
(spec, surface = 5000 cm2/g Blaine) 210—272 228—283

periods of 56 and 90 days is shown.
The valuest show that, among the volcanic puzzol

anas, the Bavarian trasses combine with the least 
amount of lime (192—254 mgCaO/g trass) after 90 
days, whereas the Austrian trass combines with the 
largest amount (417 mgCaO/g trass); this is a con
sequence of its reactive opal groundmass.

The greatest affinity for lime is exhibited by the 
molererde with 591 mgCaO/g molererde. This can 
also be related to the high opal content of this puz
zolana. The lime combination of the artificial puzzo
lanas lies in the range of the Bavarian trass and the 
Italian puzzolanas, with a lime content of 228—283 
mgCaO/g granulated slag.

Formation of New Hydrates in the Puzzolanas

After 90 days the following hydration products 
were observed in suspensions of CaO and puzzolanas 
shaken together; the residues were examined by X-ray 
analysis and in the electron microscope. In the case of 
the volcanic puzzolanas, CSH phases form as well as 
C4AH13 (tetracalcium aluminate), C3(A, F)SnH6_2n 
(where n = 0 — 3; these are mixed crystals in the 
hydrogarnet series) and occasionally C2ASH8 (gehle
nite hydrate). In addition the formation of C3(A, F)

tin order to examine free lime we used Franke-method. 
This method gives too high values specially if C4AH13 is formed. 

Cs3H32 was observed for the sulphate-bearing Aus
trian trass.

The hydration products of the molererde were only 
CSH phases. In spite of the A12O3 content of 13.4% 
no aluminous phase occurs which indicates that the 
aluminate is taken into the CSH phase.

In the experiments with granulated slag the forma
tion of CSH phases, hydrogarnet and small amounts 
of gehlenite hydrate was observed.

If extra sulphate is added, ettringite and mono
sulphate hydrate occur in all the puzzolanas.



The Reactivity of the Puzzolanas with Lime or Cement

For puzzolana-lime mixtures (70:30) we have 
observed, in the case of the natural puzzolanas, that 
the strength of the mortar increases with increasing 
affinity of the puzzolana for lime. Thus the molererde 
which has the greatest affinity for lime yields mixtures 
that have the highest strength (of 127 kg/cm2) despite 
their greater requirement of water.

For the granulated slags the strength of the mortar 
is directly dependant on the specific surface.

Even after 4 years the strengths of cements contain
ing up to 30 % German trasses were less than that of 
pure cement. This fact can be explained by their 
greater internal surface and the correspondingly 
higher water requirement. However, taking into 
account the various W/C factors (water: cement) 
it becomes apparent that the volcanic puzzolanas do 
contribute to the strength of the mortar.

Mixtures of up to 30 % granulated slag with portland 

cement had a lesser initial strength but after 90 days 
it was higher than that of pure portland cement if 
granules with a specific surface of 5000 cm2/g (Blaine) 
were used.

A considerable increase in strength was observed 
if puzzolana was added to cement poor in lime. Thus 
the 3-day strength of slag cement containing 70% 
slag sand was improved by up to 100% if 15 % of the 
slag sand was replaced by molererde. The role of moler
erde in the hydraulic hardening could be demonstrated 
by the combination of lime and sulphate, and also 
by the earlier appearance of a thermic reaction.

Investigations (6) using mixed bonding materials 
with trass reveal the same tendency, as the Fig. 1 
shows. The influence of the trass on the strength is 
evident after only 7 days, if anhydrite is used to provide 
sulphate.

* 94,0 clinker » 6,0 gypsum
o 27,5clinker »57,5 trass»150gypsum
* 22,5 clinker »62,5 trass»15,0gypsum
* 17,5 clinker »67,5 trass»15,0gypsum

• 940 clinker ♦ 6,0gypsum
o 27,5 cl inker *5 7,5 trass-*15,0anhydrite
♦ 22,5 clinker-» 62,5 trass»15,0 anhydrite 
*17,5 clinker» 67,5 trass »15,0 anhydrite

Fig. 1. Compressive strength of mortars high in trass and 
sulphate content.

Summary

All the silicate stone flours which have been inves
tigated form compounds with lime. The pronounced 
reactivity of natural and artificial puzzolanas is due:

1) to their chemical and mineralogical composition
2) to the high amount of glassy or amorphous 

phases



3) and to their large reactive surface

The same hydrate phases which occur in the hydra
tion of standard cements appear as reaction products 
when these puzzolanas react in aqueous solution with 
calcium hydroxide and calcium sulphate.

In contrast to granulated slags, the contribution 
that natural puzzolanas make to the strength in the 
early stages of hardening is disguised by the high 
requirement of water in the case of the lime-rich ce
ments (trass cement 30/70). In the case of bonding 
materials poor in lime, an increase of strength is 
shown even at an early stage, in particular if anhydrite 
is used.
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Synopsis

In order to outline the different action mechanism of pozzolanic materials and slags in 
the hydraulic binders an investigation was carried out on the equilibrium relations of these 
materials with lime solutions and free calcium hydroxide from portland cement.

The experimental results point out that the amount of fixed Ca(OH)2 is much higher 
for pozzolanas than for slags. They show furthermore the different lime retention force of 
both materials, which force results in a lower lime concentration of the liquid in contact with 
the solid mass, when its pozzolana amount is sufficient, as well in a greater resistance to the 
leaching action of an aqueous solution.

Such a different behaviour is due to the different nature of the calcium silicate hydrates 
formed by reaction between lime and pozzolanas or slags.

Introduction

As it is known, true pozzolanas are materials of 
volcanic origin which, though not hydraulic in them
selves, combine with the lime at ordinary temperature 
and in the presence of water to give compounds pos
sessing hydraulic properties.

On the contrary, granulated blast furnace slags, 
which are principally constituted of a vitreous mate
rial with variable composition depending on the pig 
iron production process, possess its own latent hydrau
lic properties which need only a simple alkaline activa
tion, generally promoted by lime, to reveal themselves.

Whilst pozzolanas combine progressively with 
lime to give silicate and aluminate hydrates by chem
ical fixing of its quantities appreciable in respect 
of their reactive silica and alumina contents, slags, on 
the other hand, absorb only small amounts of lime, 
whose main function, as F. M. Lea (1) pointed out, 
is to promote the hydration. The reaction course does 
not depend on the further combination with the 
lime, but on the hydration of the slag itself, though it 
could not be excluded, in agreement with other 
authors (2), that there is a moderate reaction with 
lime when this is present in excess.

However, the quantitative differences in the lime 
absorption require a different proportioning of these 

materials when pozzolanic and slag cements are 
prepared.

Besides the different quantity of lime susceptible to 
be combined, there is another quantitative point of 
view of this combination on which the attention 
should be recalled: the compounds which are formed 
during the hydration of pozzolanic cements, in con
sequence of the reaction between the hydrolysis lime 
of clinker and the constituents of pozzolana, are 
chemically different from the compounds formed 
during the hydration of high slag content cements.

In the first case little basic and then chemically 
more stable compounds are formed: consequentially 
there is a sharp increase of the chemical resistance 
with a remarkable improvement of the physical and 
mechanical characteristics.

In the second case, on the contrary, the reaction 
between lime and slag gives rise to more basic hydrated 
compounds which will be more attackable, though 
their formation is followed by the increase of strengths.

In the literature it is possible to find several works 
in which comparison is made between the relative 
lime absorption capacity of pozzolanas and that of 
slags; on the contrary, as far as we know, never 
pointed out was the different force by which the above 
materials fix and retain lime.

In a first stage of our research (3) we studied the 
quantitative relations between the concentration of 



lime in solution and the amount of lime combined 
with pozzolanas and slags, in equilibrium with the 
solution itself. The tests were performed on mixtures 
with different lime/material ratio. The experimental 
results confirmed that the combined lime amount is 
much higher for the pozzolanas than for the slags. 
They have furthermore proved the different stability 
of the compounds formed from the combination of 
the lime with the examined materials.

Successively the research was extended to the behav
iour of pozzolanas and slags towards the lime devel
oped during hydration of portland cement.

The tests, carried out on mixtures with different 
cement/material ratio, covered the observation of the 

following characteristics:

■—Proportioning of the material, mixed with cement, 
which is required to absorb quantitatively the hydro
lysis lime of portland cement.

—Quantity of the hydrolysis lime fixed by the material 
in function of the time and of the cement/material 
ratio.

—Equilibrium relations with the lime concentration 
of the contact solution.

—Chemical-physical constitution of the hydration 
products and of the lime combination products 
with the examined materials.

-—Lime retention power of the combination products.

Experimental

Materials and Research Methods

The compositions of the used materials are reported 
in Table 1. The slags No. 1 and No. 2 come from two 
different countries and have been chosen from those 
commonly used for the industrial production of blast 
furnace cements. The pozzolanas No. 1 and No. 2 
also belong to the types commonly used for the pro
duction of pozzolanic cements; they differ in the reac
tive silica amount which highly affects pozzolanic 
activity. The sand was chosen in order to have com
parison value with a material of practically negligible 
pozzolanic activity.

The clinker, the composition of which is reported 
in Table 1, is also of usual industrial production. It 
has been always used mixed with 5% of gypsum. 
Finally, standard mixture were prepared with an 
absolutely inert material. To this aim BaSO4, pure 
for analysis, was used.

Mixtures of the various materials with cement in 
variable ratio were prepared.

The performed tests, which will be described later 
in detail, are the following:

—Pozzolanic activity determination.
—Hydrolysis lime absorption.
—Specific surface measurements.
—X-ray analysis.
—Leaching with diluted lime solution.

Pozzolanic Activity Determination

The pozzolanic activity determination was carried 
out according to the test as specified by Italian Stan
dards 1966, which has been proposed by I.S.O. for 

international application.
According to this test, which covers the determina

tion of the lime concentration and of the total alka
linity of the contact solution with the cement paste 
at 40°C after 8 days, are “positive” those cements 
with their representative points lying under the iso
therm of the lime-alkalies solubility (Fig. 1).

The test was carried out on cements with 30, 70 
and 80% of one of the two slags, which are similar 
in their behaviour, (points L3, L7, L8); with 30 and 
40% of the pozzolana No. 1 (points P3, P4) and with 
20 and 30% of the pozzolana No. 2 (points P2, P3); 
finally with 30, 70 and 80 % of sand (points S3, S7, Ss) 
and on the cement without additions as comparison.

The test results are “positive” only with slag con
tents above 70 %, while addition of 30 % of pozzolana 
No. 1 and of 20 % of pozzolana No. 2 are sufficient 
to reach the same result. The sand, as it was to be 
expected, does not present any pozzolanic activity.

Hydrolysis Lime Absorption

Cement mixtures were prepared with 20, 30, 50 
and 70 % of the slags, of the two pozzolanas, of sand 
and of BaSO4. They were hydrated with a Water/ce- 
ment ratio = 12.5, on keeping them in a polyethylene 
bottle under agitation in a thermostat at 40°C up to 
the fixed ages of 1, 7, 28 and 60 days.

At the end of the curing the suspension was filtered 
in CO2 free atmosphere, the solid was washed with 
alcohol and ether and then overdried at 105°C in 
CO2 free air stream. On the liquid, the alkalinity was 
determined by titration with HC1 and methyl orange 
as indicator and the lime concentration by com-



Table 1. Chemical composition (%) and fineness of grinding of materials

Loss on 
ignition

SiO2 A1A Fe2O3 CaO MgO so3 CaCOg Na2O k2o s— Residue 
> 40 micron

Slag N. 1 0.43 33.45 14.42 1.42 42.20 6.14 traces 3.71 0.72 0.69 1.52 14.6
Slag N. 2 1.17 30.80 17.51 1.46 43.40 5.23 — 3.47 0.66 0.74 1.35 14.2
Pozzolana N. 1 4.59 46.72 18.94 9.96 9.70 4.78 traces nil 0.72 4.58 _ 25.4
Pozzolana N. 2 6.67 88.60 3.19 0.17 0.43 nil nil nil 0.02 0.06 _ 24.0
Sand 0.75 90.70 2.05 3.25 1.11 0.30 — •■ — 0.76 0.87 _ 21.0
Clinker 0.12 22.56 3.84 3.99 66.85 1.00 0.63 — — 10.0

- Fig. 1, Solubility isotherm of CalOH^ in presence of alkalies 
at 40°C.

plessometric titration with EDTA and calconcarbonic 
acid as indicator.

On the solid the free lime was estimated according 
to the T.V.M. method (4) and the ignition loss at 
950°C. The concentration of the lime in solution 
and of the free lime in the solid phase have been 
referred as percentage to the anhydrous original 
mixture.

From the tests performed on the mixtures with 
BaSO+, the lime available at various ages for each 
cement/material ratio was derived and then the 
absorbed lime was estimated by the difference between 
available lime and the total free lime in solution and 
in the solid phase, the cement/material ratio being 
equal.

The diagrams in Figs. 2, 3, 4, 5, 6 plot the lime 
absorbed by 100 g material versus time and ce
ment/material ratio.

In Tables 2, 3,4 are reported the percentages of 
the lime absorbed by the various materials, in func-

Fig. 2. Fixed CaO vs. time and cement/material ratio
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Fig. 3r Fixed CaO vs. time and cement/material ratio

tion of the cement/material ratio, to the lime-available 
at different ages, 1, 7, 28 days, respectively.

The obtained results clearly show the different 
activities of slags and pozzolanas in the absorption 
of hydrolysis lime.

Slags present an activity which, on the whole, 
differentiate very little from that of an inert material
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days



Pozzolana 1
Fig. 4. Fixed CaO vs. time and cement)material ratio

Pozzolana 2
Fig. 5. Fixed CaO vs. time and cement)material ratio

. Sand
Fig. 6. Fixed CaO vs. time and cement)material ratio .

Table 2. Fixed CaO as percent of available CaO at 1 day

C/M 80:20 70:30 50:50 30:70

Slag N. 1 17.7 22.3 31.9 37.3
Slag N. 2 17.0 18.1 24.6 28.2
Pozzolana N. 1 22.2 31.8 47.8 72.2
Pozzolana N. 2 28.9 44.7 83.7 89.0
Sand 5.8 8.3 11.6 18.7

Table 3. Fixed CaO as percent of available CaO at 7 days

C/M 80:20 70:30 50:50 30:70

Slag N. 1 19.0 23.5 39.3 52.7
Slag N. 2 18.3 18.5 27.2 45.2
Pozzolana N. 1 39.6 45.2 68.8 90.2
Pozzolana N. 2 47.4 81.8 90.0 94.4
Sand 7.1 11.3 18.0 26.9

Table 4. Fixed CaO as percent of available CaO at 28 days

C/M 80:20 70:30 50:50 30:70

Slag N. 1 19.6 23.9 47,2 61.8
Slag N. 2 18.9 18.9 38.0 59.5
Pozzolana N. 1 40.1 61.9 90.3 95.3
Pozzolana N. 2 71.2 92.1 96.0 99.2
Sand 10.6 12.8 24.5 37.6

such as sand. On the contrary pozzolanas, espe
cially pozzolana No. 2, that results more active than 
No. 1, present a clearly higher activity.

If a scale should be made for the activity on the 
basis of the results of this test, it should be some
what as this:
sand < slag No. 2, slag No. 1 < pozzolana No. 1 
1:2 : 4

< pozzolana No. 2
: 7

—The two slags have similar behaviour, the slag No. 
1 is somewhat more active than the No. 2, and in 
28 days they fix 60 %, at the most, of the available 
lime in the mixture with the higher slag content.

—The pozzolana No. 2 can absorb already after 1 
day 90% of the available lime in the mixture in 
which it is contained in higher amount. At 7 days 
also pozzolana No. 1 attains such a yield and at 
28 days the lime absorption is almost quantitative 
for both pozzolanas, even for the mixture with 50 % 
of pozzolana.

—Likewise the rate of lime absorption is higher for 
the pozzolanas, specially for the No. 2 than for the 
slags.
Results of particular interest have been obtained



Fig. 9. CaO concentration in equilibrium with mixtures cement
materials at 60 days

Fig. 8. CaO concentration in equilibrium with mixtures cement
materials at 28 days

pozzolana content in mixture with cement, the lime 
concentration in the contact solution is under 2 
mmols/L This equilibrium concentration of the lime 
in solution occurs, in the system CaO-SiO2-H2O, 
in correspondence to the coexistence zone among silica, 
CSH(I) and the liquid phase (5). The value of nearly 
9 mmols/1 obtained for cements with lower pozzolana 
content corresponds, on the contrary, to the equilib
rium concentration of the lime in the presence of the 
alkali amount developed from the material.

Slags present a completely different course from 
that of the pozzolanas, and analogous one to that of 
the sand. There is no evidence of stable and well defined 
compounds, not even for mixtures with higher slag 
cement. In fact the lime concentration of the contact 
solution is always greater than the equilibrium value 
corresponding to the alkalinity of the solution.

also from the determination of the lime concentration 
in the contact solution with the solid.

In the diagrams of the Figs. 7, 8, 9 the concentra
tion in mmols/1 of the lime in the contact solution 
is plotted in function of the cement/material ratio 
at ages of 7, 28 and 60 days respectively. Because of 
the similarity of their behaviours, only one slag of the 
two has been reported, that is the No. 1, a little more 
active.

The overall development of the curves points out 
to the different forces with which lime is retained by 
the reactive silica of the materials under examination. 
Indeed, the lower is the lime concentration in the 
contact solution, the stronger is the retention power.

From Fig. 9 it is noted that for sufficiently high

Specific Surface Measurements

The specific surface of the cements with 30 and 
70 % of slag No. 1 and of the pozzolana No. 1 after 
1, 7 and 28 days of curring according to the test 
procedure for hydrolysis lime absorption, has been 
measured.

The measurement was carried out by nitrogen 
adsorption from nitrogen-helium mixture, after degas
ing the samples for two hours at 105°C in helium 
stream: the specific surfaces, calculated according to 
the B.E.T. method (6), are given in Table 5.

The cements with pozzolana give rise to hydration 
products of higher specific surface than those contain
ing an equal amount of slag. The difference is more 
remarkable for the mixtures with much addition



Specific surface m2/g

Table 5. Specific surfaces of hydration products 
of mixtures cement-slag or pozzolana

Mixture 1 day 7 days 28 days

70% Cement 4-30% Slag 18.06 46.24 110.31
70% Cement 4-30% Pozzolana 25.71 69.49 116.87
30% Cement + 70% Slag 23.59 54.63 115.44
30% Cement 4-70% Pozzolana 42.68 83.09 129.99

material, in which the difference of constitution of the 
reaction products of lime with the two materials 
produces a more remarkable effect.

Table 6. Absorption of lime in mixtures of slag 
and pozzolana with calcium hydroxide

Mixture
Absorbed CaO 

by 100 gr 
of material

Absorbed CaO 
in percent of 

available CaO

50% Ca(OH)2 + 50% slag 21.50 28.40
35 % Ca(OH)2 +65% slag 16.25 39.90
25% Ca(OH)2 + 75% slag 13.60 53.80
20% Ca(OH)2 + 80% slag 12.36 65.30
15% Ca(OH)2 4-85% slag 9.33 70.10
50% Ca(OH)2 4- 50% pozzolana 43.66 57.80
35% Ca(OH)2 4- 65% pozzolana 36.20 88.70
25 % Ca(OH)9 4-75% pozzolana 24.17 95.80
20% Ca(OH)2 4- 80% pozzolana 18,24 96.30
15% Ca(OH)2 4- 85 % pozzolana 12.93 96.80

X-ray Analysis

For better investigation of the nature of the com
bination compounds between lime and slag, or poz
zolana, some mixtures of pure calcium hydroxide with 
50-65-75-80 and 85 % of slag No. 2 and of pozzolana 
No. 1 were prepared. These mixtures were hydrated 
for 15 days under the same conditions as for the 
hydrolysis lime absorption test. On the solution the 
alkalinity and the lime concentration were determined, 
on the solid the free lime and the ignition loss.

In Table 6 there are given the lime amounts absorbed 
by the two materials in the different mixtures.

Finally the solids were analyzed by X-ray diffraction.
From the development of the X-ray diffraction 

diagrams the following observations can be made: 
—The lines of Ca(OH)2 at 4.90 and 2.63 A are always 

present in the mixtures containing slag, even with 
high percentages of this material. Comparison of 
the diagrams of the same mixtures before their 
hydrating shows that the lime absorption is only of 
little extent, which let us suppose that this absorp
tion is of mostly physical nature, even if high per
centages of absorbed lime result from the analysis.

In the case of pozzolanas the lines of Ca(OH)2, 
on the contrary, have been found to be already 
quite absent with mixtures containing 25 % Ca(OH)2 
and 75% material. According to the results of the 
chemical analysis this confirms the quantitative 
absorption of the available lime which, moreover, 
results to be wholly combined with the material 
to give new compounds.
For all mixtures with slag the lines of the tetracal
cium aluminate hydrate, C4AH13, at 7.9 and 3.95 
appear very clear together with the less strong 
lines at 2.86 Ä. These lines are completely absent 
for the mixtures with pozzolana.
In the diffraction diagrams of the hydrated mixtures 

of lime and slag the lines of the hydrated dicalcium 
aluminate silicates, C2ASH8 (gehlenite), appear 
as well, the line at 4.18 A being more evident, 
while the one at 2.87 A is hardly distinguishable 
on account of the near line of the C4AH13.

■—In the case of mixtures with slag the lines of calcium 
hydrosilicate with high CaO/SiO2 ratio, CSH(II), 
at 9.8, 3.07 and 2.80 A are visible. They appear 
stronger for mixtures with higher material content 
and therefore it seems clear that this compound 
is derived directly from the hydration of the hydrau
lic compounds of the slag, whereas hardly probable 
is its formation from combining of lime with slag.

■—All mixtures containing pozzolana show also the 
lines at 3.07 and 2.80 A, while at 9.80 no line is 
present. Thereafter the calcium hydrosilicate formed 
must be supposed as belonging to the type CSH(I) 
with low CaO/SiO2 ratio, even if in the various 
mixtures the line at 12.5 A, proper to such com
pound, seems to be hardly distinguishable because of 
the low value of the diffraction angle 6.

Leaching with Dilute Lime Solution

With the tests previously described, the quantitative 
differences in the hydrolysis lime absorption as well as 
the diversity of the compounds formed by the action 
of the lime on slags and on pozzolanas were pointed 
out.

A very important aspect of such phenomenon, on 
which the attention must be recalled, is the different 
binding power with which the lime can be retained 
by the two examined materials.

To this aim, the samples derived from the lime 
absorption test at 28 days have been submitted to a 
treatment, which may be told to as leaching, with 
a dilute lime solution.

A prefixed quantity of sample was mixed with 100 ml



Table 7. Leaching action of a Ca(OH)2 0.002m solution on hydrated cements with slag or pozzolana

Mixture free CaO fixed CaO total CaO leached CaO ACaO fixed

80% cement + 20% slag N. 1 15.17 3.93 19.10 + 15.67 -0.50
70% cement + 30% slag N. 1 12.68 4.23 16.91 + 13.07 -0.39
50% cement +50% slag N. 1 6.41 6.49 12.90 + 7.12 -0.71
30% cement + 70% slag N. 1 2.23 4.61 6.84 + 2.37 -0.14
80% cement + 20% slag N. 2 15.29 3.79 19.08 + 16.21 -0.92
70% cement + 30% slag N. 2 13.46 3.35 16.81 + 14.20 -0.74
50% cement + 50% slag N. 2 3.62 9.33 12.95 + 5.00 -1.38
30 % cement + 70 % slag N. 2 2.31 4.43 6.74 + 2.74 -0.43
80% cement + 20% pozzolana N. 1 11.30 8.04 19.34 + 11.03 +0.27
70% cement + 30% pozzolana N. 1 6.20 10.98 17.18 + 5.64 +0.56
50% cement + 50% pozzolana N, 1 1.23 12.40 13.63 - 0.30 + 1.53
30% cement + 70% pozzolana N. 1 LOO 6.36 7.36 - 0.28 + 1.28
80% cement + 20% pozzolana N. 2 4.65 14.30 18.95 + 3.35 + 1.30
70% cement +30% pozzolana N. 2 1.03 16.33 17.36 + 0.25 +0.78
50% cement + 50% pozzolana N. 2 0.47 11.96 12.43 - 0.60 + 1.07
30% cement + 70% pozzolana N. 2 0.37 6.11 6.48 - 0.21 +0.58

of a 0.002 M Ca(OH)2 solution in a polyethylene 
bottle and kept in a thermostat at 40°C under agita
tion. After 8 days the suspension was filtered in CO2 
free air. On the solution the alkalinity and the new lime 
concentration, while on the solid free lime and ignition 
loss were determined.

Of each mixture, the lime content being known 
from the previous tests, such an amount was weighed 
that, were all the free lime passed into the leaching 
solution, the latter should have a concentration of 
0.010 M. In this way, if the final concentration resulted 
higher than this value, also a partial going into solu
tion of the lime previously combined would be proved; 
in the contrary case a further lime absorption would 
be proved.

In order to take into account any possible ulterior 
hydration of cement during treatment with leaching 
solution, a first test was carried out with cement- 
BaSO4 mixtures and for each of them was calculated 
the amount "of hydrolysis lime passed into solution.

The results of the leaching test are reported in 
Table 7. All values are given as percent of the initial 
anhydrous mixture.

The first three columns show respectively the free 

and fixed lime concentration of the sample before the 
test, as well as their sum.

In the fourth column there is reported the differ
ence between the total amount of lime passed into 
solution during leaching and the lime passed into solu
tion owing to further hydration of cement, that is the 
true leached lime. A negative variation will then 
indicate a lime absorption from the solution.

In the fifth column the difference is given between 
the true leached lime and the free lime in the solid 
before testing. This value, if negative, will indicate 
the quantity of the previously combined lime drawn 
off during leaching; it will, on the contrary, indicate 
the quantity of lime further fixed by the material, if 
it is positive.

The difference in the behaviour of the two kinds of 
cement is evident. While for the cement containing 
slag all free lime and some of the lime previously 
combined is passed into solution, for the cements 
containing pozzolanas no leaching of the previously 
combined lime occurs, not only, but rather, for the 
mixtures with higher amount of such material, a 
further lime absorption from the solution was 
observed.

Discussion of Results

The experimental results, on the whole, may be so 
summarized:
—The pozzolanic activity test, carried out according 

to Italian Standards 1966, gives positive result only 
with cements containing more than 70% slag, 
whilst it is sufficient an addition of 20-30 per cent 

' of pozzolana.

-During the hydration of cements containing addi
tions of the two examined materials, both slags 
and pozzolanas may react with the lime developed 
by hydrolysis from portland cement.

However, the amount of lime absorbed by the 
slag is, at each age and for whatever cement/mate- 
rial ratio, by far inferior to that absorbed by poz- 



zolana. Slag contents of 70 % in the cement absorb, 
after 28 days hydration, at the most 60% of the 
lime available through hydrolysis, whilst at the 
same age the lime absorption is practically quanti
tative for cements containing 30-50 % of pozzolana. 

—The contact solution with the pozzolanic cements 
tends, with the hydration development, to assume 
a lime concentration inferior to 2 mmols/1, corre
sponding to an equilibrium concentration with the 
products of the lime-silica combination of tober- 
moritic type, CSH(I). In the case of cements con
taining slag there is, on the contrary, no evidence 
of the formation of well defined compounds, and the 
contact solution reaches a lime concentration equal 
or superior to the equilibrium value for the amount 
of alkalies developed by the material.

—The products of combination between lime of hydro
lysis and pozzolana present high specific surface, 
whilst, at the same age and material/cement ratio 
the contribution of the corresponding products of 
the lime-slag combination is smaller.

—The X-ray analysis of mixtures of Ca(OH)z with 
different quantities of both materials shows the 
different constitution of the combination products. 
In the case of pozzolana the Ca(OH)2 is fixed 
almost qusntitatively and the obtained compounds 
are of tobermoritic type, CSH(I). In the case of slag, 
on the contrary, there is formation of tetracalcium 
aluminate hydrate, C4AH13, hydrated gehlenite, 
C2ASHs, and calcium hydrosilicates of the type 
CSH(II), which present higher CaO/SiO2 ratio. 
All these compounds seem to be derived directly 
from the hydration of the hydraulic compounds 
in the slag, whereas the lime absorption seems to be 
mostly of physical nature and the formation of 
combination products of lime with slag is not evi
dent.

—The products of the combination of lime with slag 

or with pozzolana which are formed during the 
hydration of the cements added with such materials 
show a different stability in regard to the leaching 
action of a very dilute lime solution. Whilst in the 
case of the cements containing slag, all free lime 
and some of the combined lime pass into contact 
solution, in the case of the cements containing 
pozzolana it occurs, on the contrary, that during the 
test, further lime combines.
The results, on the whole, demostrate that slags and 

pozzolanas are not equivalent in view of their action 
on the hydrolysis lime of portland cement. The amount 
of the lime fixed by pozzolanas is much higher than in 
the case of slags and by far stabler reaction products 
are obtained.

This is due to different nature of the lime hydro
silicates formed from the reaction of hydrolysis lime 
with pozzolanas or with slags. In the first case com
pounds of tobermoritic type, CSH(I), are formed, with 
a low CaO/SiO2 ratio, therefore scarcely basic and 
chemically more stable compounds. In the case of 
slag, on the contrary, the formed products present 
a higher CaO/SiO2 ratio and are then more basic and 
chemically less stable.

The different stability of the compounds from the 
combination of lime with pozzolanas or with slags, 
that is, the different power with which the lime is 
retained from both materials, is proved by the lower 
lime concentration of the solution in contact with the 
solid phase when a sufficient quantity of pozzolana 
is present, as well as from the different behaviour 
towards the leaching action of an aqueous solution.

Lime is only weakly retained by slag and a part of 
it is easily given to the contact solution, whilst the 
compounds from the combination with pozzolana 
appear absolutely stable to the action of the leaching 
solution.
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SESSION IV-3 SLAGS AND SLAG CEMENTS

Principal Paper Blastfurnace Slags and Slag Cements

Fritz Schröder*

Synopsis

Blastfurnace slags continuously grow in importance for the manufacture of cements. 
Type and quantity of the blastfurnace slag produced are intimately connected with the trend 
and measures taken to economize the blastfurnace processes. One of these measures is to 
decrease the volume of slag referred to 1 ton of pig iron produced. The results of research 
work evaluated in this connection covered the chemical composition changed for this 
purpose, especially the increased MgO content and the dependence on temperature and 
viscosity of slag melts of optimum composition.

By appropriate granulation, the liquid condition of these melts is frozen in and settles the 
latent hydraulicity of the granulated glassy slags. Some studies dealt with the application of 
the ion theory of solutions on slag melts. The structure of the liquid slags and their behaviour 
in frozen-in condition can best be explained by a liquid structure which, in an ternary system 
with Frenkel type, Stewart type and Bernal type fluids as corners, is closer to the Frenkel 
type corner. The participation of the Frenkel type fluid indicates that the glassy state of 
granulated slags can be described neither by the glass structure model of Zachariasen nor by 
that of Porai-Koshits alone.

Further studies—e. g. on the separation of different slag phases and on fluorescence 
properties—substantiate the views on structure and hydraulicity of glassy slags.

The composition of both slag cements and their individual components—slag, clinker 
and sulphate components—largely influence the properties of cement, such as setting, volume 
stability, and evolution of mechanical strength.

The particular properties of slag cements can be attributed to the properties of granu
lated blastfurnace slag and are, therefore, most pronounced in slag cements having high 
contents of blastfurnace slag:

Good elasticity on account of a relatively high ratio of flexural strength/compressive 
strength.

Very low heat of hydration, high after-hardening and good suitability for heat or 
steam treatment.

High resistance to sulphate solutions and some other aggressive media. Especially the 
durability against sea water has been proved by several long-time studies.

The behaviour of slag cements during carbonation is, as a physical property, largely 
influenced by the type of precuring of the concrete. On sufficient moist after treatment, no 
difference from cements without slag can be found. In slag cements the strength increases 
considerably during carbonation, in supersulphated cements it decreases. As a protection 
of steel reinforcement, concrete made with slag cements has for decades proved satisfactory 
and, in cases of simultaneous chemical attack, even highly satisfactory.

For these reasons, slag cements rich in granulated blastfurnace slag have been used 
successfully in many important concrete structures, especially in massive structure elements 
or where action of chemically aggressive waters had to be expected.

’Forschungsinstitut für Hochofenschlacke, Rheinhausen, West Germany.



Introduction

The 100th anniversary of slag cements (slag in this 
context applying only to blastfurnace slag as yielded 
by modern coke furnaces) happens to have fallen 
in the period between the 4th and 5th International 
Symposium on the Chemistry of Cement (Washington 
1960 and Tokyo 1968). It may be remembered that on 
March 12th, 1863, E. Langen, the chief director at 
the time of the Friedrich-Wilhelm Iron and Steel
works at Troisdorf near Bonn (Germany) first pro
duced cements from granulated blastfurnace slag (1). 
These first slag cements were well homogenised mix
tures of finely ground granulated slag and hydrate 
of lime. In quality standards they were the equal of 
the portland types made at the time.

Though the invention did not at the time give an 
impetus to the use of granulated blastfurnace slag 
in cement production in Germany itself—in contrast 
to its neighbours, such as Belgium, France, Austria 
and Switzerland—yet Langen had laid the founda
tion for intensive research into its latent hydraulic 
hardening properties. In addition to a number of 
engineers from the cement industry, leading cement 
chemists, such as W. Michaelis, L. Tetmeyer, E. 
Dietrich, later H. Passow and H. Kühl to name only 
a few, carried out research into the suitability of slag 
granulated by quick water quenching. It is on these 
early investigations that the development of present- 
day “portland blastfurnace slag cements” or “ciments 
metallurgiques” or “Hüttenzemente” and the “super
sulfated” is based. Today these are made and used 
all over the world.

Output of slag cements activated with portland 
cement clinker—or calcium sulphate—has registered 
a further increase in countries with major cement and 
iron and steel industries in the years since the 4th 
International Symposium on the Chemistry of Cement 
(Washington 1960). A few statistical data will illustrate 
the point. According to the returns of the Cement 
Statistical and Technical Association “CEMBU- 
REAU” in Malmö (2), the number of plants producing 
slag cements rose from 117 in 1961 to 179 in 1965.

Since the figures are based on answers to a ques
tionnaire, they may not be wholly accurate. But if 
we consider that in West Germany alone the number 
of portland cement factories producing slag cements 
rose during the period from 41 to 48, we realise that 
they cannot be far wrong.

The proportion of slag cements in the overall 
production of some leading industrial nations in 1966 
was as follows: USSR over 35 percent, Federal Repub
lic of Germany over 28 percent, Belgium over 25 

percent, Italy over 16 percent, France over 14 percent, 
Japan over 6 percent.

The growing use of granulated blastfurnace slag 
is also evident from the fact that various countries, 
such as the USSR, France etc., have meanwhile 
permitted the addition of up to 15 percent ground slag 
to portland cements.

In France, for instance, portland cements (class 
160/250 and class 210/325) accounted for 71.1 of total 
production in 1962 and 71.2 percent in 1965 (3). 
This proportion was made up as follows, taking the 
figure of 71.2 percent (resp. 71.1) as 100:

1962 1965
CPA Portland cement without 

addition 25.3% 20.4%
CPAL Portland cement with

< 15 % granulated slag 44.1% 45.1%
CPACL Portland cement with 

<15% granulated slag 
+ fly ash 18.3% 19.2%

CPAC Portland cement with 
< 15 % fly ash 12.2% 15.4%

The growing use of blastfurnace slags in cement 
production is merely indicated by these few figures. 
Side by side we have seen the introduction of modern, 
highly perfected research methods and test instruments 
and the effects of the far-reaching modernisation and 
greater efficiency of blastfurnaces on the properties 
of furnace slag in general, granulated slags in parti
cular and hence on slag cements, a drive which has 
continued unabated in industrialised countries since 
1960. All these considerations prompted cement che
mists to examine and deepen the knowledge gained so 
far and to tackle the remaining problems.

At the 4th International Symposium on the Che
mistry of Cement (Washington 1960), W. Kramer (4) 
reported on “Blastfurnace slags and slag cements”, 
and 1.1. Kholin and S. M. Royak (5) on “Blastfurnace 
cement in the USSR”.

For a discussion on the results of research published 
since 1960, we will find useful points of departure in 
several major publications issued after the Symposium. 
I cite first the second edition of the well known mono
graph “Hochofenschlacke” by F. Keil in 1963 (6), 
second the chapter “Slag cements” by R. W. Nurse in 
H. F. W. Taylor’s “Chemistry of Cement”, 1964, (7) 
and third the extensive survey contained in the paper 
“Caracteristiques et emplois des laitiers de hauls 
fourneaux” by P. Javelle and P. Ponteville (8). Other 
instructive accounts of the same theme are given by



R. H. Bogue (9), H. Kühl (10) and F. M. Lea and C. H. Desch (11).

Slags in Modern Blastfurnace Processes

World steel production, like that of cement, con
tinues to expand steadily. Steel is today made mainly 
by the open-hearth (SM) and the converter method 
(Thomas, LD, LDAC processes)." The open-hearth 
method today uses 50 to 70 percent of basic pig iron 
won from ore, the modern converter process 70 to 
90 percent. This high proportion of basic pig has 
become necessary because the supply of scrap has 
not kept pace with the rise in steel output.

Moreover, in the last ten years the more modern 
LD and LDAC processes have increasingly superseded 
the open-hearth method, so that pig iron production 
must rise in step with steel output. In 1966, a world 
output of over 400 x 106 tons of steel consume 
340 X 106 tons of crude pig and 60 X 10s tons of 
scrap. Failing other and equally economic methods, 
these huge quantities will continue to come mainly 
from blastfurnaces for the foreseeable future. The 
rise of 160% registered between 1950 and 1966, 
accompanied by a marked shift of emphasis from 
Thomas to Stahleisen production, called for new 
modern blastfurnace plants as well as new develop
ments in process technology to obtain substantially 
higher output from existing installations.

The present high level of capacity was achieved 
by the following means:

In new plants by units of greater size with through
puts up to 3,000 tons per day;

By feeding 100% classified burden (ore + fluxes 
+ coke) or pellets of virtually limited grain size spread 
(6 — 30 mm) and the wide use of ore concentrates;

By using high blast temperatures (1,000 to 1,300 
centigrade), with partial enrichment of the wind with 
oxygen and higher top pressures;

By injecting oil, coal breeze, methane, partly in 
water vapour, into the tuyeres; -

By reducing the quantity of slag per ton of pig.
These measures and their success in improving 

blastfurnace technology and economy are due to the 
growing volume of theoretical and practical work 
carried out since 1950, and particularly as from 1960, 
in the major industrial nations, sometimes by interna
tional cooperation (12), (13), (14), (15), (16) and (17). 
Their results, with special emphasis on the properties 
of molten slags, may be summed up as follows:

In modern blastfurnace processes a reduction of the 
slag volume is of decisive importance. The heat 
exchange of a blastfurnace proceeds on the counter

flow principle. To obtain ideal heat exchange condi
tions, the interaction of the ascending current of gases 
and the descending iron and slag melts in the stack 
should be kept to the minimum. Due to its lower 
density, a quantity of slag equal by weight to that of 
the iron melt has about three times its volume. Conse
quently, the larger the slag component—more or less 
irrespective of its viscosity—the slower will be the rise 
of the gas current, and the reduction process it pro
duces, as well as the rate of melt descent (14).

For this reason the reduction of the slag volume 
per ton of pig is a decisive factor in the efficient opera
tion of large furnaces. Less slag means a larger gas 
flow per unit of time, permitting a more efficient uti
lisation of fuels at higher blast temperatures. What
ever the furnace run and fluxes may be, a low volume 
of slag puts less strain on heat efficiency than a large 
one and so permits considerable reductions in the 
required coke charges. .

Yet even a low volume of slag does not do away 
with the need for a suitable chemical slag composition 
to keep the furnace run trouble-free and obtain pig 
iron of uniform composition at a steady output rate.

According to W. Oelsen and H. G. Schubert (18) 
low quantities of slag react more fully, i. e. they foster 
the transfer of Fe and Mn into the pig melt. With a 
reduced slag volume, a small increase in its basicity 
will already improve the degree of sulphur and nitro
gen extraction. There are few steel plants in the world 
today where, due to their dependence on poorer ore 
deposits, the volume of slag amounts to 400 to 1,000 
kilogrammes per ton of pig iron. In most mills employ
ing modern techniques in the mass production of pig, 
particularly in the USA, USSR, Japan and Western 
Europe, the average ratio today is 280 to 340 kilo
grammes per ton of pig.

Increasing basicity by an addition of limestone alone 
can under otherwise identical conditions not be carried 
out at will over the customary furnace temperature 
range of 1,350 to 1,550 centigrade. A higher limestone 
content alone quickly makes the slag highly viscous 
and would give rise to operating troubles which could 
only be eliminated by substantial increase in tempera
ture. In the past, no irregularity in the furnace run 
were observed where large quantities of slag were used 
and their basicity raised by the addition of dolomitic 
limestone. This led to the conclusion that a rise in the 
MgO content at the same time as that of CaO, or an 



exchange of CaO against MgO improves the flow 
properties of basic slags within certain limits. The 
favourable metallurgical effect of increasing slag 
basicity in this way is limited by a low A12O3 content. 
Raising the alumina content of low-lime slags does 
not improve their efficiency. Slags rich in lime, on the 
other hand, are given better flow properties by raising 
the A12O3 component to between 15 and 18 percent. 
This will also facilitate desulphurisation of the bath. 
Viscosity can be further lowered by increasing furnace 
temperature or MgO content.

The connections between the chemical composition 
of slags and optimal working conditions, temperature, 
viscosity and desulphurisation capacity had already 
been largely established (4) before the 4th International 
Symposium on the Chemistry of Cement was held at 
Washington 1960. The change-over to low slag volumes 
during the last 10 years has given rise to fresh investi
gations in laboratories and full-scale production plants 
of the sequence and speed in the reaction between Fe 
bath and slag (19), (20), (21), (22), (23), (24), (25) and 
(26). A number of investigations was devoted in 
particular to the influence of higher MgO content on 
viscosity and desulphurisation capacity in the tempera
ture range between 1,350 and 1,600 centigrade and in 
general on the control of slag run and uniformity of 
the pig iron produced (27), (28), (29), (30), (31), (32), 
(33), (34), (35), (36), (37) and (38). .

Within the scope of this paper it is impossible to 
deal in detail with the many conclusions reached. 
Evaluation of the results obtained shows that the 
conclusions reached differ, as yet, regarding an opti
mum content of MgO for the lowest viscosity and the 

highest degree of desulphurisation. However, the 
discrepancy still existing is understandable if one 
considers that both different testing conditions and 
working hypotheses and slags of different pig iron 
melts have served as starting points for the relevant 
research work.

However, as a common result of the various inves
tigations, it can be confirmed that the most favourable 
slag compositions for the production of different pig 
iron grades are not solely governed by the amount of 
the MgO content. One must rather consider all, but 
at least the four most important components CaO— 
MgO—A12O3—SiO2 that make up 93 to 95 weight 
percent of the composition (33), (37).

Tables la and lb give a survey of the chemical 
composition of blastfurnace slags from different 
countries. A comparison of the MgO figures in the 
two tables shows the general tendency to apply higher 
MgO contents (38), (39), (40), (41), (42), (43), (44), 
and (45).

With regard to slag composition, blast furnace 
operators, especially in countries where,—in the 
absence of national ore bases—the burden consists 
of various ores, follow the suggestions of E. F. 
Osborne, R. C. deVries, K. H. Gee and H. N. 
Kraner (46). Table 2a shows optimum slag composi
tions; the values are taken from cit. lits. (46) and (47). 
Also the indications on composition, temperatures and 
viscosities in Table 2b are taken from these sources 
(46) and (47).

Slags of this composition require only low melting 
temperatures. Already below 1,500 centigrade their 
viscosity is very low and their sulphur absorption

»From (39); “From (40); “»From (7), (39), (41); fFrom (29), (42), (43), (44); "ttFrom (38), (45).

Table la. Chemical composition (per cent) of blastfurnace slags 
(Analysis samples from 1962-1967)

SiOa Ah03 FeO . MnO TiO2 CaO MgO NasO k2o S CaO/SiOi

Ruhrgebiet 28-40 10-18 0.2r-2.1 0.1-4.2 0.1-1.5 38-46 5-12 0.4-2.3 0.3-1.3 0.9-2.2 1.07-1.49
Niedersachsen 34-39 12-16 0.3-1.2 0.9-2.0 0.5 32-42 5-10 1.1-1.2 1.3-1.5 0.7-1.0 0.83-1.21
Saargebiet 34-35 13-16 0.4-2.0 0,5-1.1 0.5-1.1 37-43 4- 8 0.4-1.0 O.6-O.8 0.6-1.0 1.08-1.25
France 30-38 13-22 0.5-3.8 0.1-1.0 .0.5 35-48 2- 8 0.3-0.5 O.6-O.8 0.4-1.5 1.20-1.50
England 32-40 14-22 0.3-1.2 0.1-2.6 0.4-1.0 33-43 2-16 O.3-O.5 0.4-1.4 0.7-2.7 0.97-1.31
USSRf 34-35 5-23 0.3-2.4 0.1-2.1 29-48 0-18 1.1
South Africaf f 28-36 12-22 0.6-2.5 0.2-0.9 28-36 13-21 0.7-1.4 0.85-1.12

♦ From F. Keil (6)
»»from F. M. Lea and C. H. Desch (11)

Table lb. Composition (per cent) of blastfurnace slags

Source Type CaO S1O2 A12O3 MgO FeO MnO S

German* Hematite 44-48 34-36 9-14 2-6 0.2-0.4 0.4-0.8 1.8-2.4
Thomas 41-45 31-34 8-13 4-6 0.6-1.5 2.0-4.0 1.5-2.0
Foundry 43-45 32-34 13-16 3-5 0.2-0.9 0.4-0.8 1.9-2.5
Stahleisen 4045 31-36 8-14 4-8 0.3-1.0 2.5-4.5 2.1-2.7

British** Hematite 49-53 29-32 8-10 3-6 0.7-1.1 0.1-0.5 1.5-1.7
Basic 40-42 32-33 17-18 3-4 0.5-0.9 1.2 0.6-1.4
Foundry 38-41 33-35 17-22 2 0.4-Q.8 0.2r-1.8 0.6-1.9



capacity at optimum level.
A comparison of these most effective slag composi

tions clearly shows that smaller fluctuations in CaO 
and MgO content or a moderate raising or lowering of 
the Al2O3/SiO2 ratio will have a limited bearing on the 
properties listed. In other words, suitably formulated 
slag compositions will not produce sudden increases 
in viscosity and thus no trouble in the furnace run, 
even if their composition alters a little in line with the 
unavoidable fluctuations in the burden.

The influence of A12O3 and especially MgO content 
on viscosity (and desulphurisation capacity) becomes 
apparent from the space diagram (Fig. 1) of O. 
Farkas (33). This author infers from it that, for all 
slags of any A12O3 percentage, an MgO content of 
10 to 12 percent may be considered an optimum. 
If the points of optimum slag compositions, based on 
CaO + MgO + A12O3 + SiO2 = 100 weight percent, 
are plotted at the 10-percent-MgO-level of the quater
nary system silica-alumina-calcium oxide—magnesium 
oxide (Fig. 2), these points, according to O. Farkas 
(33), lie in the area shown in the phase fields of 
Merwinite and Melilithe.

However if, for plotting optimum slags in this 
quaternary system, one for instance selects the levels 
of equal A12O3 contents (10, 15, 20 weight percent), 
the points come also into the phase fields of merwinite 
and melilithe.

Fig. 3 shows the range of compositions of optimum 
slags for equal contents of 15 weight percent of A12O3.

With a view to taking into account possible losses 
of temperature when filling the ladles, it is indispen
sable to know the liquidus temperature of the slag 

melts selected for being fed to the granulation plant 
for cement slag production. Due to their functions 
in the blastfurnace, blastfurnace slags are among 
those materials which are most often chemically 
analysed. For their chemical composition which is 
thus always well known the relevant liquidus tempera
ture can be calculated from the figures given by (46). 
The liquidus temperature can be ascertained direct 
on small samples by means of the high-temperature 
microscope according to J. H. Welch (48), (49). 
In this connection the high-temperature microscope

Fig. 1. Viscosity of blast furnace slag by different weight-% of 
AI2O3 and MgO at 1400°C, 145QPC, 1500°C, and I550°C (by 
O. Farkas [53])

Table 2. Optimal slag compositions for different proportions of AI2O3 for 1400''C—1600°C 
d) figures by E. F. Osborn, R. C. deVries, K. H. Chee and H. H. Kroner (46)

A12O3

Chemical composition

MgO

Liq. p.

°C

Viscosity (Poise) by °C First 

crystall.

Refractive 
index 

of glass (n)SiOa CaO 1500 1450 1400 1350
1 5 35 44 16 1589 ± 4 Periclase 1.644
2 10 33 44 14 1518 zE 4 C3MS3 1.648
3 15 29 44 12 1502 ± 2 C2S 1.648
4 20 24 45 11 1531 ± 6 C2S 1.654
5 10 35 40 15 1464 ± 3 C3MS2 1.642
6 15 34 41 10 1437 ± 2 Melilite 1.641
7 15 36 35 14 1405 ± 3 Spinel 1.629

b) figures by P, Kozakevitch and G. Urbain (47)

I 10 35 45 10 2.3
2 10 35 40 15 2.1
3 15 35 45 5 3.0 4.6 7.0
4 15 35 40 10 2.7 3.9 6.0
5 15 35 35 15 2.6 3.6 5.3 8.3 .



Fig. 3. Optimum composition of blastfurnace slag in the quaternary system 
CaO-MgO-AliOi-SiOz in the plane for 15% AI2O3
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Fig. 4. Viscosity of slag melts (Basic) vs. CaOiSiO^-rtitios.
The graph above according to P. Kozakevitch (54). Supplemen
tary scheme by F. Schröder.

indicates also the kind of the primary mineral phases 
and admits estimations of the viscosity.

S. Klemantaski (17) describes the method of E. T. 
Turkdogan and P. M. Bills (32) to determine the 
viscosity after computation of the mole fractions of the 
silicic acid (NSi01) and that of the silicic acid equiva
lent alumina (Na) from a diagram that indicates the 
log tj of viscosity in function of the sum NSiOi + Na. 
(The silicic acid equivalent of alumina is the difference 
silicic acid-mole fractions in the composition of melts 
of identical viscosity of the systems CaO — SiO2 and 
CaO — A12O3 — SiO2.

The relations between chemical compositions, the 
temperature and the viscosity shows the graph pub
lished by P. Kozakevitch (54) on Fig. 4. The supple
mentary scheme on this graphe by F. Schröder may 
serve as an illustration of detections in the next chapter.

The Problems of the Liquid Slags and their Glassy State

The Ion Theory and the Structure 
of the Liquid Slags

The results of earlier comparative investigations (50) 
(51) and (37) showed that the latent hydraulic prop
erties of granulated slags depend on virtually the same 
conditions which make for optimum slag runs in 
blastfurnaces. They are temperature, viscosity and the 
chemical composition of the silicate melts. In the 
past chemical analysis was mainly employed to elucid
ate the factors which governed the selection of slag 
composition for the type of pig iron to be obtained, 
on the one hand, and the further use of the solid slag 
on the other. Meanwhile, the application of modern 
physical and electro-chemical methods to research 
into the melting processes producing slag has modified 
our views on the structure of liquid slags as well. 
Since this change also effects the explanation of the 
hydraulic properties of vitreous slag, we have included 

in our bibliography the publications of the following 
authors, representative of the large volume of work 
done: P. Herasymenko and G. E. Speight (52), H. 
Flood and K. Grjotheim (53), P. Kozakevitch (54), 
R. Kammel and H. Winterhager (55), M. Frohberg
(56) , H. P. Schulz (24), and R. E. Boni and G. Derge
(57) . ,

Earlier ideas of metallurgists on the “constitution” 
of slags which considered the melts as result of mutual 
solutions of melt-resistant oxide molecules were origi
nally formulated by H. Schenck (58). On them are 
based the deliberations by F. Keil (6) on the transi
tion of liquid slags into the vitreous state, and H. E. 
Schwiete and F. C. Dölbor (59) still mention mole
cules as components of vitreous slags.

Research into the electrolytic properties and surface 
tensions at high temperatures have increasingly dis
placed this molecular theory.

It is now widely held that the oxide components of 



slag melts are disproportionately bound into complex 
ion compounds of smaller or larger size. According 
to the ion-theory on the structure of silicates in solid 
and liquid form, the more or less regular arrangement 
of the ions in coordination lattices is attributed to 
electrovalent and covalent binding forces. Si4+ as the 
central ion of a tetrahedron, surrounded by four 
oxygen ions, can actuate valencies to neighbouring 
Si4+ ions via oxygen bridge links. In this way, an 
open lattice of unlimited space form into which the 
metallic cations are built by virtue of their coordina
tion trend and following the laws of electro-neutral
ity.

The tetrahedral SiO^-complex anion is produced 
during the melting from the silicic acid of the gangue, 
fluxes and coke ash. It also forms during dissociation, 
e.g. of the orthosilicates (Fe2SiO4, CaSiO4) produced 
before the meltdown of the burden, as per R2SiO4 
= 2R2- + SiO4".

The decreasing viscosity (growing liquefication) of 
silicates with increasing temperatures is attributed, 
on the one hand, to a rising number of thermal linkage 
fractures. On the other hand, the addition of metallic 
oxides (alkaline, alkaline earth and other metal oxides) 
which foster the coordination trend of the SiO4“ anion 
also promotes chemical linkage fractures.

The division of a spatially unlimited SiO4‘ tetra- 
hedra-lattice or network into complex silicate anions 
of smaller size as the basic oxide component rises is 
assumed to be governed by the equations shown in 
Table 3.

Since blastfurnace slag melts never consist exclu
sively of neso-silicates (O/Si = 4), so that a situation 
similar to the formation of orthosilicates (Ca2SiO4, 
Mg2SiO4) cannot occur, the more complex-anion 
structures form in line with the O/Si ratio obtaining 
at any time, such as (Si8O20)s- or (Si3O9)6-. The 
ratio O/Si governs their dimensions which have an 
important influence on slag flow properties.

J. O. M. Bockris and J. D. Kitchener (60) are of the 
opinion that in melts with metal oxide content of

Table 3. Reactions for the disproportionation 
of a spatially unlimited SiO^-lattice 

According to R. Kommet and H. Winterhager (55)

Basicity Silicate 
Structure

Rela
tionship 

O/Si
Viscosity 

n
SiOa Tekto-Silicates 2.0

2SiO2+O8-=Si2O5!- Phyllo-Silicates 2.5
Si2O52- + 02- = 2SiO32- Ino-Silicates 3,0 3
2SiO38-+O2-=Si2O711- Soro-Silicates 3.5 I
Si2O7»-+O2-=2SiO^-

Neso-Silicates 
(Single- 

Tetrahedra)
4.0

10 — 60 mol-%, (Si3O9)6--rings form the basic unit, 
while complexes of formula (Si„O2„+1)6- determine the 
viscosity.

According to O. Farkas (33), a base oxide content 
of 25 mol- % leads to the formation of larger complex 
anions, such as (Si9O21)6- or (Si12O2g)8-, at 33 mol- % 
those of (Si6O]3)6"" or(Si8O20)8-. Only at a base oxide 
content of 50 mol- % are complex anions with struc
tures such as (Si3O9)6- or(Si4012)8- said to form. The 
concentration limit of orthosilicate lies within the 
range of 66 to 70 mol- % base oxide. In this case, the 
slags would contain practically only freely moving 
(SiO4)4~-anions surrounded with the metal cations.

In the most effective blastfurnace slags the CaO 
+ MgO content generally lies above 50 mol-%, 
mainly between 54 and 57. In this base concentration 
range, according to (60), small complex anions of the 
general composition (Si„O3„+1)2"+2- (example: 
(Si2O7)6-) are formed. The cations present in the liquid 
slag surround the complex anions and saturate their 
free negative charges. In this way, 2 Ca+ and 1 Mg2+ 
will be found in the hollow spaces of the (SizO7)6- 
anion in the structure of the akermanite (Ca2MgSi2O7) 
which is of great importance in blastfurnace slags.

In the even more important structure of the mer
winite (Ca3MgSi2O8) the Ca2+ and Mg2+ cations are 1 
said to hold together the single tetrahedrons of ( 
(SiO4)4- anions present in it. i

In the gehlenite structure (Ca2Al2SiO7), where a 
(SiO4)4- tetrahedron of the (Si2O7)6- anion can be 
replaced by an (A1O4)4- tetrahedron as a lattice com
ponent, the free valencies of complex anion (SiAIO7)7“ 
are assumed to be saturated by the two Ca2~ cations 
and the one Al3+ ion. '

In the transition of slag melts into the vitreous state, !
we must consider the important fact that the binding , 
link fractures produced by the thermal agitation are 
reversible. This means that during the cooling down 
fissures in the lattice close again. Bearing this in mind, 
the production of glassy blastfurnace slags with opti
mum hydraulic properties would call for a faster rate 
than the speed at which the lattice fragments re- - 
combine.

In melts at temperatures of 1,500 to 1,600 centi
grade, the binding forces acting between cations and 
anions are weakened by the thermal agitation, and the ■ 
disproportionate development of smaller and larger : 
complex silicate structures (e.g. as neso-silicates and f 
soro-silicates) is fostered. j

It may be assumed that in these processes Caz+ , 
and Mg2+ cations behave in different ways. For the 
same valency, the ion radius of Mg2+ is smaller than 
that of Ca2+. The Mg2+ consequently has a higher ion 



potential and stronger covalency forces. Possibly, the 
Mg2+ cation promotes the enrichment (cluster forma
tion) of small, more mobile structural units between 
larger coherent silicate complexes or lattice fragments 
and so contributes to the lowering of viscosity.

Research into structure models for molten liquids 
has made contributions to this subject which raise the 
probability of the conclusions drawn from the ion 
theory as applied to slag melts.

According to the atomistic interpretations of the 
structure of liquids by W. A. Weyl (61) such silicate 
melts can be described by using a ternary diagram 
whose corners represent the extreme models of liquids, 
outlined by J. D. Bernal (62), J. Frenkel (63), and 
G. W. Stewart (64). The exact location therein of slag 
melts cannot yet be stated. A number of electron
microscope investigations on melt phase separation 
seem to indicate that slag melts in particular have a 
relatively high proportion of the “FrenkeF’-model, 
as compared with the other two liquid models.

Frenkel’s liquid no longer has any structural rela
tion to the configuration of the corresponding crystal 
phases. Rising temperatures result in faulty arrange
ments (empty sites, displacements) which form centers 
of assymetry exerting an influence on the binding 
forces in their vicinity. The cristalline substances melt 
at a disproportionate binding energy rate. Stronger 
forces may be lead to temporary clusters and weaker 
forces to fluctuating fissures. Therefore the structure 
of such a melt alters continuously.

Already a few centigrade above their thermo
dynamically and kinetically well defined melting point 
the liquid has a very low viscosity. The temperature 
coefficient of the viscosity is small. Such a melt may 
at any point of time be described by the presence of 
variable clusters separated by fluctuating fissures. 
Liquids of the Frenkel-type cannot be supercooled 
sufficiently to form a glass.

The Bernal liquid has a structure free of faulty 
arrangements and similar to the crystal from which it 
has originated during the rise in temperature. Mostly 
such crystals can be strongly overheated. The melting 
process takes place progressively. The liquid remains 
still stable above the melting point. Such melts are of 
very high viscosity and have also a high temperature 
coefficient of viscosity. Melts having “Bernal structure” 
can just as well as “Stewart liquids” be easily under
cooled to form glass. ,

An essential characteristic of the Stewart liquid is 
its ability to be drawn out into long fibres, i.e. that 
contrary to the clusters of the Frenkel liquid the 
structural elements are arranged into groups capable 
of orientation, e.g. to chainlike or ringlike shape. For 

this type of substances exists no relation between the 
average bond energy and the lattice energy, nor 
between the melting point and the viscosity.

The slag melts rich in basic oxides (mainly CaO 
+ MgO) cannot straight away be blown into fibres. 
This is only possible by increasing their proportion of 
Stewart liquid after being melted together with fine 
quartz sand. Lime basic blastfurnace slags will only 
become very highly fluid a few degrees above melting 
point by adding other oxides, viz magnesia.

The MgO thus influences increasing of their portion 
in Frenkel liquid. There is also another fact which 
points to the proportion of Frenkel liquid, viz optimal 
effective slag melts with 10 ± 4 wt% of magnesia and 
16±4wt% of alumina. They cannot normally be 
undercooled, but have to be very rapid quenched 
during the granulation process. Other indications for 
the participation of the “Frenkel type” in liquid slags 
are the extraordinary crystallization capacity below 
liquidus and the often found heterogeneity of the slag 
glasses in micro range by separation of liquid phases 
(see photos No. 7-11).

Last not least also the intensive violet, blue and red 
fluorescence radiations (65) may be signs for the parti
cipation of the Frenkel liquid, it will be considered 
that this liquid type melts are favoured by formation 
of assymetry centers. The last will be surely multi
plied by the O2" of variable polymerisation degree, 
introduced by CaO and MgO.

The employ of the ion-theory (52) (55) (56) and of 
the atomistic conception of the phase relations due 
to the complex structure of liquids (61) on the hot slag 
melts may lead us to the opinion that: the amount of 
the oxygen content depending on the increasing sum of 
CaO + MgO up to ~56 wt%, the great number of 
the silicate anions with a low polymerisation degree, 
and the participation of liquid of the Frenkel type 
capable of a fluctuating formation of clusters and 
fissures, determine the very low viscosity a few centi
grades above liquidus and the desulphurization rate 
of slag melts.

The Glassy State

Most of what has been said so far also applies to 
granulated vitreous blastfurnace slags, because the 
melt structure has been frozen into them by very rapid 
quenching.

The degree of latent hydraulic hardening properties 
of granulated slags is governed by the extent to which 
this quick quenching freezes in the disproportionate 
structure of the melt.

In addition to the tapping temperature the viscosity 



and the chemical composition of the melts, the granu
lation temperature and the granulation speed deter
mine thereby mainly the glass-structure and glass 
content, resp. the latent hydraulicity, resp. the quality 
of the cement slags.

The above statements are also apt to facilitate the 
answer to the question of the structure of the slag 
glasses and their properties. In 1964 R. W. Nurse (7) 
in his explanations on the crystal-chemical structure 
has compared the glass structure models elaborated 
by W. H. Zachariasen (66) and E. A. Porai-Koshits 
(67).

Based on the interpretations of a number of deduc
tions from glass properties and referring to further 
results of investigations R. W. Nurse reaches the 
conclusion that the differences between the network 
theory and the crystallite theory in its modern form 
will vanish.

According to the present state of our knowledge, 
it can be assumed from the still “hypothetical" 
position of the slag melts in the ternary diagram 
(Frenkel—Bernal—Stewart) that the structure of the 
slag glasses forms a solid solution in a chain whose 
final links may be the two mentioned structure models.

Whether the glassy state of slags corresponds more 
to the one or to the other of the two glass-structure 
types will probably depend on the proportion of Fren
kel-liquid which was able to be transformed into the 
solid glass state. According to R. W. Nurse, he and 
his coll. F. W. Parker, T. Tanaka, T. Sakai and J. 
Yamane as well as R. Kondo assume that the network 
theory is more convenient (7), whilst de Langavant 
(7) and S. Solacolu (7) prefer the crystallite theory. 
F. Keil (6) and H. E. Schwiete and F. C. Dölbor (59) 
plead also for the network theory.

The Granulation

Slag melts as they are nowadays preponderant in 
blastfurnace processes are liquids that easily crystal
lize by normal cooling down. The liquidus tempera
tures of these slags are situated—dependent on their 
composition—between 1320 and 1450°C (56). From 
heating-up tests carried out on slags (45) (68) we know 
that nucleation and growth of crystallites starts with 
temperatures > 84O°C. When freezing in the structure 
of the slag melts it is, therefore, necessary to very 
quickly undercool the range of the liquidus tempera
ture and the range up to below 800°C in order to avoid 
formation of undesirable heterogeneities, e.g. the 
separation of melilite crystals.

Granulation of slag melts, i.e. their transformation 
into a granular solid sand which can be easily eva

cuated from the blastfurnace zone is about ten years 
older than the discovery of the hydraulic properties of 
this product. The various processes developed to this 
purpose have simultaneously a double function: 
splitting the slag to the size of sand grains, and cooling 
it quickly down to 100°C. In nearly all cases water 
is used as a cooling means. In view of good cement 
properties it is convenient, according to P. Großstück 
(69) to granulate currently with fresh water instead 
of using circulatory water system. In the latter case 
the water will heat up so as to favour devitrification. 
Often the use of abundant water already results in the 
required splitting. With a view to reducing the amount 
of water required, compressed air, pressure water, 
or specific mechanical devices are used to intensify the 
splitting process. F. Keil (6) has recently described the 
different granulation processes.

Running slags have the highest possible tempera
tures. Therefore running slag granulation always 
provides very reactive cement slags. With this process 
the melt after leaving the slag mold flows over a short 
fire-proof runner or spout and then drops ~ 20 cm 
down into a pressure water jet. This causes splitting 
and quick cooling and conveys the more or less porous- 
foamy granulated product into provided Talbot-cars. 
From these the excess water can run off at once.

Due to the flowing-off of the running slags, the 
height of the slag layer is reduced above the bath 
raising between two tappings. According to A. Send 
(26) this phenomenon handicaps the desulphuriza
tion. For this reason, recently with very laige furnace 
units the slags are drawn off together with the pig 
iron.

It depends on local space conditions whether the 
large volume of tapping slags will be granulated 
directly at the furnace or at a more distant centralised 
plant. If granulation takes place at the furnace, the 
melt flows on to a runner at the track-free head of 
the furnace platform. At the runner end it drops into 
a sufficiently long water runner positioned below, 
where it is seized, separated, quenched and flushed 
on into a concrete basin. The quality of the granulated 
slag with regard to splitting off and glass content 
depends on the length of the water runner. On the 
bottom of the basin there is an 80—100 cm thick sand
gravel filter layer (70) which in turn is covered by a 
framing of steel rails. The granulated slag drains into 
the sand-gravel layer and can be lifted up by the grab 
excavator without thereby destroying the filter layer. 
By means of tubes perforated at the base of the filter 
layer, it is possible to flush the latter so as to remove 
any accumulated slag fines.

Also in central granulation plants grain separation 



and quenching is accomplished in the runner with 
or without pressurised water. Here granulation may 
be improved by fitting spraying heads through which 
the pressurised water for granulation and the cooling 
and convoying water arrive in two super-imposed 
levels. According to 1.1. Kholin and S. Royak (5) the 
U.S.S.R. formerly preferred granulation with and 
without runners into basins. But already before 1960 
they gradually changed over side by side with this 
wet granulation to the “semi-dry” granulation. The 
terms “wet” and “semi-dry” referring to the water 
content of the granulated slag. In the latter process, 
granulation proceeds in a drum in two stages: at 
first quenching and foaming with little water under 
pressure. At second the still hot and highly porous 
slag is mechanically splitted off, and expelled out of 
the drum. The advantage of this method consists in: 
decomposing less sulphide, and forming less hydrogen 
sulphide. This reduces corrosion of concrete and steel 
of the granular plants.

In 1963 V. F. Krylov (71) stated in a comparative

report on these two granulation processes that wet 
granulation in the runner is the most efficient; except 
for very hot slag melts it is suitable for any acid and 
basic slag. -

In the United States S. P. Kinney and F. Osborne 
(72) have introduced a splitting and quenching process. 
This is characterized by the slag jet being torn by 
means of steam-air jets in a fixed wide steel tube and 
blown at high pressure through an atomized water 
curtain. The steam, air and water nozzles are arranged 
in a semi-circle at the rear of the tube. This process is 
capable of producing granulated slag and foamed 
slag.

According to W. Altpeter (73) granulated slag can 
be safely conveyed hydraulically if the slag- (15% in 
volume) water- (85% in volume) mixture is carried 
in rubber conduits. A report by W. Hahn and S. 
Geron (74) inform both on the wear of tubes made of 
other materials and of the pumps, as well as on the 
minimum transportation speed.

Granulated Slag for Cements

(by F. Schröder and K. Grade)

Condition and Characteristics

By a suitable granulation process the slag melts 
are converted into a vitreous granular sand 0—5 mm, 
which is more or less porous. In connection with the 
systematic study of the qualities of granulated slags, 
the Forschungsinstitut für Hochofenschlacke, Rhein
hausen (Research Institute for Blastfurnace Slags) has 
also currently made grain size analyses. As during 
these investigations (76) also air-granulated slags and 
slags quenched in granulation mills were screened, 
the results are summarily represented by the attached 
diagram (Fig. 5). The scattered range of variations of 
the wet granulated slags of the diagram corresponds 
with the results obtained by E. Prandi (75), testing 
54 slag samples.

Photos No. 1—6 demonstrate the petrographic 
condition of cement slag grains of good hydraulicity. 
A high percentage of porous grains (Photos 1 and 2) 
is an advantage for the production of blastfurnace 
slag cements with relatively high initial strength. 
Dense vitreous grain portions (Photos' 3, 4 and 5) 
stimulate the development of high final strengths and 
favour above all the post-hardening. Photo No. 6 
shows a vitreous grain with interspersed melilite 
crystals. Those crystals and skeleton crystals, e.g.

Fig. 5. Grading of granulated slags. Interpretation of test
results {1961-1966) by F. J. Rheinhausen {76) ,



Etched with HF-vapor Reflected light

Photo. 1. Vitreous slag—foam texture mill-granulated, easily 
grindable

Etched with HF-vapor Reflected light

Photo. 2. Vitreous slag—splinterlike porous texture 'wetgranula- 
ted, easily grindable

Etched with HF-vapor Etched with HF-vaporReflected light
Photo 3. Vitreous slag—dense texture wet-granulated, poorly 

grindable

Reflected light

Photo 4. Vitreous slag—dense texture air-granulated in the 
drum, poorly grindable

Etched with HF-vapor Reflected light
Photo 5. Vitreous slag—poor porous, dense and splinterlike 

texture wet-granulated, rel. easily grindable

Etched with HF-vapor Reflected light

Photo 6. Vitreous slag with enclosures of melilite-crystals wet- 
granulated, dense, texture, poorly grindable 



C2S-C3MS2- and CS-like, grow below the liquidus by 
too slowly cooling rate.

Foamy-porous granulated slags form during granu
lation of running slags or hot tapping slags resulting 
from the production of Stahleisen, foundry and hema
tite and hot operated basic pig iron.

Dense-vitreous grain mixtures are generally obtained 
from cold-blast Stahleisen slags and normal Thomas 
pig iron slags. Blastfurnace cement works connected 
to blastfurnace plants with two or more blastfurnaces 
have thus the possibility, by cutting different granu
lated slags, of producing cements with high initial 
and final strength.

P. Aitcin (68) and S. L. Kolhatkar and T. V. Cherian 
(77) report on the influence of high tapping or granu
lating temperatures on the color.

While the first (68) elucidates the change of the color, 
in function of the tapping temperature, from dark 
grey-brown to brownish-white, the last (77) related 
the brightening to the increasing liquidus temperature 
of synthetic, modified, high-alumina slag glasses. These 
vitreous slags have simultaneously been investigated in 
respect of temperature influences on other physical 
properties, such as bulk density, porosity and water 
retention potential. The results attained are similar 
to the findings of H. E. Schwiele and F. C. Dölbor 
(59) testing the relations between granulation condi
tions and properties of granulated hematite slags 
on numerous technical specimens.

The results obtained from the investigations of the 
dependence of the bulk density, the water and vitreous 
content on the slag temperature and in particular on 
the granulating conditions confirm the previous find
ings: the bulk density decreases and the amount of 
retained water increases as the temperature becomes 
higher.

Quality of granulation is characterized by the 
amount of vitreous grains. H. E. Schwiele and F. C. 
Dölbor (59) modified the quenching conditions by us
ing molds with varied calibers so as to obtain between 6 
and 98% glass contents. The strength development 
of test cements selected from 30 technical slags speci
fically granulated for this purpose showed a dominant 
dependence on the glass content measured by micro
scope.

According to a generally accepted view increasing 
contents of crystalline components in vitreous slags 
considerably reduce the quality of their hydraulicity 
but not to such an extent that slags with only 30—40 % 
vitreous constituents can no more be used for the pro
duction of cements with low strength specifications. 
I. I. Kholin and S. M. Royak (5) make the same state
ments, however, with the difference that they regard 

part of the mineral formations as hydraulically active. 
According to the findings of F. Keil and F. Gille (78) 
that akermanites react hydraulically without activa
tor, this opinion is justified, and, no doubt, certain 
orthosilicate formations in vitreous slag will behave 
analogously.—-

P. P. Budnikov and V. S. Gorskov (79) are of the 
same opinion. It has incited them to carry out investi
gations with a view to increasing the hydraulicity by 
a controlled crystallization. The results obtained show 
that by repeated re-melting at different temperatures 
and cooling to 1,000 centigrades via unstable cry
stallizations the ratio merwinite/gehlenite can be so 
varied that the more reactive component is prepon
derant.

In the Research Institute for Blastfurnace Slags, 
Rheinhausen, the glass content and the content of 
crystalline portions in granulated slags are determined 
as follows: the specimen reduced to a particle size of 
40—60 is bedded into a plastic material and a 
polished section is made. The latter is etched with 
1 % alcoholic HNO3 and HF-vapour, and subse
quently the amount of vitreous and crystalline com
ponents (the latter possibly separated according to 
minerals) are counted by means of an integration 
ocular.—When checking the vitreous content of 
granulated slags in blastfurnace slag cements, a 
cement dispersion specimen (grain size 30—40 /z) is 
bedded into Canadabalsam and with the aid of the 
polarizers one ascertains the proportion of purely 
vitreous grains, of grains differing in respect of their 
crystal content and of entirely crystalline grains.

In a previous section of this report we have pointed 
out that the structure of vitreous slag cannot be des
cribed solely by the crystallite-theory of Porai-Koshits 
(67) nor by the network theory of Zachariasen (66). 
By means of electronic-optical investigations, by analy
sis of the X-ray small-angle scattering as well as on the 
basis of the diffuse light dispersion, a drop-shapped 
separation of melting phases could be demonstrated 
in many slag glasses, viz. a micro-heterogeneity not 
caused by crystal growth.

It is known, however, that often certain blastfurnace 
slags with a low liquidus temperature after cooling 
present an enamel-type condition. By microscopic 
examinations of such slags the writer could find dro
plet-like separation areas more than 1,000 Ä in dia
meter. In the meantime, F. Schröder and K. Grade 
(80) examined many specimens of vitreous slags by 
light-microscopic and fluorescent-microscopic methods 
in respect of such separations and other petrographic 
textures which are indicative of phase separations in 
the melt.



. Photo No. 7 shows a vitreous slag grain with a 
“schlieren-” or streak-chaped separation of different 
glass-phases. Fluorescence has shown in a glass
matrix (pink fluorescing; greyish white on the photo) 
streaks of orthosilicatic glass (blue fluorescing; grey 
on the photo;—the grey color is produced by etching 
with HF-vapour).

■ Photo No. 8: In a melilite glass matrix (red fluoresc
ing) there are embedded drop-shaped roundish separa
tion areas of orthosilicatic glass (intense bright blue 
fluorescing, thus mainly C2S)—between polarizers 
showing only tensio birefringence; further a crystallite 
with myrmekitic eutectic texture consisting of melilite 
(crystalline, fluorescing violet, white on the photo) 

and of merwinite-glass-like particles(irregular rounded, 
partly crooked in the melilite, bright blue fluorescing; 
grey on the photo by etching with HF-vapour) and 
some needle-shaped wollastonite crystallites (fluoresc
ing red, very weak; white on the photo).

Photo No. 9: Myrmekitic eutectic textures there are 
embedded in the melilite glass matrix (fluorescence 
color: salmon; dark grey on the photo). These tex
tures consist of merwinite (fluorescence color: blue; 
on the photo lighter grey) and melilite (violet fluoresc
ing; on the photo white). These textures can only be 
explained by separated melting phases in the beginning 
crystallization. .

Photo No. 10: The vicor—glasslike matrix (rend- 

Etched with HF-vapor

Photo 7. Vitreous slag—cord texture
Reflected light

Etched with HF-vapor Reflected light

Photo 9. Vitreous slag with myrmecitic enclosures of melilite 
(white') and merwinite (medium-greay)

Etched with HF-vapor Reflected light

Photo 8. Vitreous slag with enclosures: ortho-silicates (drop
like, medium-grey), melilite-crystal with myrmecitic eutect 
texture (white—melilite; grey—ortho-silicates)

Etched with HF-vapor Reflected light
Photo 10. Vitreous slag with separation of glassic ortho

silicates (dark-grey to black) and single merwinite-aggrega
tions (white)



ered visible by etching with HF-vapour; pink fluoresc
ing; on the photo light grey) consists of statistically 
distributed mervinite droplets (blue fluorescing) and 
melilite glass (red fluorescing). A mixture of red and 
blue radiation results in pink fluorescence. In this 
matrix moreover occur: partly still roundish droplets, 
partly with needle-like crystallites, of orthosilicatic 
separations (bright blue fluorescing, black on the 
photo). These were confirmed also by W. Gutt (81).

On the occasion of paper read in Leipzig on “the 
hydraulic properties of vitreous blastfurnace slags” 
H. Busch (82) has pointed out, based on electron— 
optical representations of smallest vitreous slag 
splinters, that in a silicate glass matrix are embedded 
separated droplets of another vitreous silicate phase. 
As the relevant examination report is not available 
as yet, we are attaching hereto Photo No. 11 which is 
reproduced from a publication by H. Peyches (83) 
and which exactly shows what H. Busch (82) indicates 
in his electron—optical figures on the structure of the 
slags examined.

In air-cooled blastfurnace slags the melilites, mem
bers of the solide solution series akermanite (C2MS2)- 
gehlenite (C2AS) are the predominant minerals. 
From optimum slag melts with an akermanite/gehle- 
nite-ratio 1.2 up to 0.8. In addition to a very high 
nucleation capacity they have an extremely high speed 
of growth.

Melilite crystals fluoresce deep violet. If, therefore, 
in the above mentioned vitreous slag matrix a forma
tion of melilite nuclei starts already at or a few cen
tigrades below the liquidus temperature, such start 
of nucleation, however, not being detectable either 
by X-ray-diffraction or by microscopic examination,

Photo 11. Thin splinters of glass (electron micrographs by 
Peyches, 82). Demonstration o) dark droplets within a lighter 
glass-matrix

yet the modification of the fluorescence with all the 
transitions between red and violet point to this sub- 
microscopic heterogeneity of vitreous slags. It takes 
place essentially in lime—alumina—silica slags lower 
in MgO.

Microscopic examinations of vitreous slags give 
little information on where the sulphur of the molten 
slag remains. The fact is known that part of the sul
phides is leached by granulation water. In thin sections 
of less basic vitreous grains, small skeleton crystals 
of CaS are seen very rarely. Glass grains obtained by 
quenching of cold operated slags have yellow-brown 
to dark-brown colors and remaind of the brown color 
of technical glasses containing sulphide-sulphur. 
CaS having a low content of MnS fluoresces orange. 
A mixture of the red fluorescence radiation with the 
orange fluorescence the writer calls “salmon”. Such 
a fluorescence is radiated from CaO—A12O3—SiO2 
slag glasses with only a few % (< 5) of MgO and 
~ 1.0% S2~. ‘ .

Better information on the behaviour of sulphur in 
slags is supplied by microscopic examinations on air
cooled blastfurnace slags (84). Aggregates of CaS- 
droplets, partly occuring oriented are found in more 
vitreous parties on the ladle walls. Frequently twisted 
wormlike inclusions are embedded mainly in the rim 
zones, rich in akermanite, of melilites. These inter
growths of akermanite and sulphides must be inter
preted as being myrmekitic segregations. Furthermore, 
sulphide segregations occurred in wedges, especially 
between merwinite crystal aggregates, hence rich in 
basic oxide. Here one sees isolated myrmekitic eutectic 
textures of oldhamite and potassium iron sulphide, 
deep-brown skeleton crystals, accumulations of sodium 
iron manganese sulphide and amorphous masses of 
sodium polysulphides. A number of the textures 
visible under the microscope indicate that in the course 
of the first cooling stage, molten sulphide is separated 
from the molten silicate. If further studies on thin 
sections substantiate these findings of the existence of 
a sulphide melt—the replacement of O2~ ions by S2- 
ions in silicates has not been proved as yet—this would 
mean that, at very high temperatures, structural com
ponents of the molten sulphide are distributed in the 
molten slag, between the silicate structure compo
nents. They have a liquidifying effect, since, according 
to R. E. Boni and G. Derge (57) sulphides lower the 
interfacial tensions of base oxide-alumina-silica 
melts. Sulphides lower the surface tensions of alumina- 
silicate melts containing MgO more than those of melts 
containing CaO and BaO. This might explain the 
influence of MgO on viscosity, as described above.

For the vitreous slag this behaviour of the sulphides 



in slag melts means: The faster quenching is effected 
or the more the sulphide melt remains distributed 
between the cluster like structure components of the 
liquid slag frozen in, the higher the reacting surface 
during hydration.

This view at the same time offers an explanation of 
the finding that vitreous slags having C/S-ratios of 
1.1—1.2 and higher MgO content show a more favour
able hydraulic behaviour than those having a higher 
degree of basicity, and confirms the author’s opinion 
that a decline in the degree of basicity may be com
pensated to a certain extent by higher granulation 
temperatures (85).

The occurrence and the distribution of the sul
phides—especially of the CaS—therefore must be 
considered as a hydraulicity factor. This view was last 
taken by 1.1. Kholin and S. M. Royak (5).

The Chemical Composition

The chemical composition of the molten slags is 
responsible for the liquidus temperature, the degree 
of liquidity above this temperature and, thus, also 
for the selection of the granulation conditions.

However, as figures on these different physical 
characteristics are rarely available the values of chem
ical analysis, for the time being, mostly represent those 
magnitudes that are taken account of for the appraisal 
of the hydraulicity of vitreous slag. From the period 
under review, there also exist studies on the influence 
of the chemical composition of granulated slags on the 
properties of slag cements. The view generally held 
that high CaO contents and at the same time higher 
alumina contents under otherwise equal conditions 
constitute the most important active chemical compo
nents has been established as a confirmation of the 
findings obtained in the previous decades by (4) and 
(5) at the 4th International Symposium on the Chem
istry of Cement, Washington 1960. This view is also 
held in special publications (6) (7) and (8).

In recent years several scientists (37) (38) (86) (87) 
(88) (89) (90) (91) (92) (93) (94) (95) and (96) reported 
on the influence of the chemical composition and of 
various chemical components, respectively. Special 
attention was devoted to MgO with a view to the 
strength of cement (37) (86) (87) (88) and to the 
soundness (38) (89) (90).

Its effect on hydraulicity is rated differently. So 
D. Heyl (37) when increasing at the same time the 
MgO content from 8 to 12% and the C/S-ratio from 
1.2 to 1.3, did not find any clearly recognizable impro
vements in quality. A. Oelschläger (86) found improve
ments in strength by increasing the MgO content 

(up to 10%), when the degree of basicity remained 
constant. When the MgO content increased, while 
the degree of basicity dropped, there resulted a 
decrease in strength which partly was very high. For 
C/S 0.88, mixes with 9% MgO in the granulated slag 
showed poor hydraulic properties only. Thus, accord
ing to this author, the MgO content affects the strength 
less than does the C/S-ratio. J. Janowski (87) con
siders slags as rich as possible in MgO, but with 
A12O3 contents not exceeding 11%, better suited than 
slags rich in lime. According to A. Schillak (88), 
MgO as a constituent of the vitreous phase is harmless 
up to contents of 7 %, but at the same time the slag 
should contain more than 12% A12O3. To increase the 
initial strength of cements made from granulated slags 
with higher MgO-content Schwiete (89) recommends 
an increase of the Al2O3/SiO2-ratio.

An adverse influence of higher MgO contents on the 
soundness has not been found as yet. N. Stutterheim 
(38) studied the properties of slag cements which 
contained granulated slag with 13 to 20% MgO. 
All cements show good technical properties, the expan
sion in the autoclave was extremely low. J. G. D. 
Steyn and M. D. Watson (90) find, by microscopy, 
in the slags with 5 to 22 % MgO, a maximum of 2.3 % 
by volume of periclase crystals, but of very small 
dimensions. With these samples, too, the expansion 
in the autoclave remained within the limits established 
by cement standards. E. Mariani and G. Schippa (91) 
find that higher MgO contents in granulated slags are 
harmless, since only with contents exceeding 20 to 
25 % there is a precipitation of periclase.

According to J. Janowski (87), a high content of 
lime is desirable with a view to hydraulicity. Tests 
on subsequent enrichment in lime of slags were carried 
out by A. Achillak (88) and the “Iron and steel Orsk- 
Chalilovo” (92). At Ors-Chalilovo, enrichment of the 
slag (C/S = 1.12) in lime was carried out up to a 
degree of basicity of 2.0. The product obtained proved 
valuable for cement manufacture. According to A. 
Schillak (88), very high CaO contents decrease the 
share of the metastable vitreous phase, which remains 
a prerequisite for hydraulic setting.

M. Venuat (93), in studying test cements (85% 
slag—15 % clinker) of granulated slags with CaO/SiO2- 
ratios of 1.01—1.21 finds an increase in strength with 
increasing basicity.

The favourable effect of higher A12O3 contents was 
found by A. Schillak (88), J. Janowski (87), H. 
Sopora (94), M. Venuat (93) as well as H. E. Schwiete 
and F. C. Dölbor (59). They confirm the view held 
hitherto that with equal basicity an increase in A12O3 
content considerably increases strength. An increase 



to 11% A12O3 may with a low CaO/SiO2-ratio com
pensate for the loss of strength to be expected by a 
decrease of basicity.

According to H. Sopora (95), a higher FeO content 
indicates trouble in the blastfurnace run and, thus, 
corresponding quality declines of the slags. A quality 
decrease is also brought about by a higher MnO 
share, since then there is more formation of man
ganese sulphide, which, however, has an adverse effect 
on the quality of the slag and may possibly make slags 
unusable for cement manufacture. S. Solacolu and 
P. Balta (96) study the influence of manganese and of 
sulphur on the hydraulicity of slags of the system 
CaO—MgO—A12O3—SiO2. They find—depending 
on the position of the slag in the four-component- 
system, varying effects of Mn and S on hydraulicity. 
An adverse effect occurs especially when at the same 
time Mn and S exist in higher quantities and when 
MnS is formed. An adverse influence of MnO, especi
ally with slags of low basicity and low A12O3 content 
is also assumed by I. I. Kholin and S. M. Royak (5).

Factories producing slag cements are highly inter
ested in being supplied with slags of uniform quality. 
In connection with this, the research institute at Rhein
hausen has for years checked the compositions of the 
slags of two blastfurnaces producing different pig 
irons. An impression of the uniformity of the slag 
produced will be given by Table 4.

Criteria for Evaluation of Hydraulicity 
Properties

The continuosly growing importance of granulated 
blastfurnace slags as raw materials for cement has 
kept alive the interest of cement chemistry in methods' 
permitting rapid appraisal of their hydraulic pro
perties. The relevant methods indicated in the past 

have since 1960 been applied, checked and critically 
reviewed with respect to the value of their results 
(95), (65), (97), (98), (68), (59) and (99).

F. Keil (6) and R. W-. Nurse (7) have again dis
cussed all testing methods that provide a) various 
chemical indices, b) physico-chemical and c) physical 
reference values.

Also all these indices and reference values have, 
either on account of the method used or due to the 
properties of the material, only a limited or doubtful 
value, they are nevertheless characterized as valuable 
means of a rapid and rough appraisal. The reason for 
this lies in the fact that, in deriving them, one has 
considered the slag melts as homogeneous liquids. 
According to F. Schröder (65) no account has been 
taken of the fact that by chemical analysis all inter- 
structural components are destroyed, that exact data 
on the various factors influencing the energetic condi
tion of the vitreous slag are not supplied, and that, 
furthermore, the physical parameters proper, such as 
content of glass, refractive index or specific gravity, 
always represent statistic averages only.

The uncertainty of chemical indices and of the 
criteria derived from them will be seen in Table 5 
(100). It contains, of technical cement slags, the chem
ical analysis, the CaO/SiO2 ratios, the “F-values” in 
part a), and in part b) the compressive strength values 
of test cements made from these slags. According 
to the added criterion of the “F-values”, the slag 
samples No. 12 and No. 37 having F-values > 1.9 
(2.02 and 1.91 resp.), as slags of very satisfactory hy
draulic properties, should have considerably higher 
compressive-strength values after 28 days, if the 
information supplied by the F-value is related to 
the whole strength evolution.

For appraising the adverse effect of FeO and MnO 
on the strength evolution separately, H. Sopora (95) 
has proposed to square the MnO content and to extend 
the formula as follows:

Table 4. Uniformity of the chemical slag composition

Blastfurnace No. I Blastfurnace No. 11

CaO SiO2 AhOs MgO CaO SiOg AI2O3 MgO

1964
Mean value 41.40 31.58 15.34 6.29 41.28 31.65 15.35 6.29
Highest value 43.17 32.25 16.83 8.07 42.92 32.66 16.29 7.93
Lowest value 39.07 30.70 13.69 5.15 39.47 30.63 13.99 5.29
Standard deviation s 1.200 0.418 0.570 0.319 1.001 0.596 0.560 0.802
Coefficient of variation V i.% 2.90 1.30' 3.72 5.07 2.42 1.88 3.65 12.75

1965
Mean value 40.59 32.54 14.58 6.52 40.57 ' 32.51 14.61 6.60
Highest value 41.75 33.40 15.56 7.03 41.52 33.11 15.46 7.14
Lowest value 39.26 31.85 13.94 5.93 39.44 x 31.66 14.07 5.83
Standard deviation s 0.732 0.418 0.397 0.319 0.688 0.441 0.310 0.373
Coefficient of variation V i,% 1.80 1.28 2.72 4.89 1.70 1.36 2.12 5.65



Table 5a. Chemical composition of blastfurnace slags and clinker from H. Knoblauch (JOO)

♦F-Vaiue =

Slags SiOg CaO A12O3 S " MgO FeO MnO K2O Na2O SO3 fr. CaO CaO F-Value*
No. % % % % % % % % % % % SiOa

12 34.0 37.6 20.64 1.54 3.08 0.63 0.24 1.13 0.43 — — 1.11 2.02
27 36.5 41.8 12.79 2.09 4.16 0.38 0.19 0.80 0.75 — —— 1.14 1.58
37 33.1 44.5 15.92 1.79 6.37 0.38 0.70 0.40 0.43 — —— 1.34 1.91
49 34.1 49.8 10.70 1.76 2.88 0.50 0.20 0.36 0.38 — 1.46 1.82
50 35.7 47.6 9.30 1.67 - 2.57 0.55 1.34 1.01 0.71 — 1.34 1.60
Clinker 20.9 65.0 5.95 _ 2.30 3.10 0.42 0.23 0.38 0.88 1.06 —

(FesOa) (MnaOs)
Bogue’s formula: C3S : 61.32% C3A: 10.52% C2S: 13.67% C1AF:9.43%

CaO 4- O.SMgO + AI2O3 
SiOg + MnO

Table 5b. Strength development (DIN 1164) of cements, made from the a. m.five slags, containing 20% clinker, 
7% anhydrite, 73% granulated blastfurnace slag

Slags
No.

Specific surface 
in cm2/g (Blaine)

Setting time 
hours

1

Tensile strength

28 1

Compressive strength 
after days

28
after days 

3 7slag cement initial final 3 7

12 3610 4035 4.00 6.10 22.7 46 54 76 ' 87 264 306 360
27 3640 4060 3.30 5.20 8.7 40 67 79 37 184 316 448
37 3480 3945 3.15 4.40 9.3 45 76 93 37 190 310 435
49 3660 4060 5.40 7.45 11.3 53 83 84 42 230 395 474
50 3450 3870 2.40 4.55 9.2 41 75 95 36 174 296 400

F = Ca0 + 05MgQ + Al2°3 
SiO2 + FeO + (MnO)2

H. E. Schwiete and F. C. Dölbor (59) indicate for 
the appraisal of granulated hematite slags, on the basis 
of their chemical composition, a more comprehensive 
degree of basicity:

" l0)
SiO2 + 10Al2O3

(Bg = basicity degree).
From theoretical considerations of the glass struc

ture, based on the network theory of W. H. Zacharia- 
sen (6), and with due regard to the AI/Si-ratio in potash 
feldspar, up to 10% A12O3 are supposed to be built 
as networkformers into the SiOJ+ tetrahedron struc
ture and the surplus, in the case of higher A12O3 
contents, is supposed to be present in the form of 
network modifiers.

This assumption is in contradiction to statements by 
R. Kondo (101) and to those by H. Schenck and T. E. 
Gammal (21), according to which, on the basis of 
physico-chemical studies of the reaction equilibria 
of molten slag/iron bath, the alumina in slags is 
active as an acid constituent up to a ratio of CaO/SiO2

Using the above formula, the authors obtained, by 
calculation, a higher rate of exactitude (86%) for the 
relationship between chemical composition and com
pressive strength than by the formula

Bg = Ca0 + (x ~ 10)A12Q3 + CaS + Na2O + K,O 
SiO2 + 10Al2O3 + MgO + MnO

Recently H. E. Schwiete (89) has held the view that 
the rate of exactitude of Bgschwiete-Döibor can be 
increased, if the shares of chemical components 
occurring in combined form in the crystalline inclu
sions of the vitreous slag is taken account of, as fol
lows, in the formula:
BgSchwiete-Rivas

(%CaO - C') + (%Al2O3-A'-10%)
=_________________________+ (%MgO-M')

(%SiO2 - S') + 10%Al2O3
In this basicity degree, C', A', M' and S' represent 

the percentage of CaO, A12O3, MgO and SiO2 com
bined in the slag minerals. The inclusion of MgO in 
the sum of the basic oxydes (network modifier) means 
a revision of the older view that Mg2+ with fourfold 
coordination operates as a networkformer.

In recent years, for the appraisal of the hydraulic 
hardening capacity, also index n = refraction of light 
of vitreous slag (102) and devitrifying heat, deter
mined by DTA and DTK testing methods (98), (45), 
(97), (68) and (103) as well as glass content determina
tions have been used. While W. Schrämli (97) rejects 
the information supplied by the DTA curves, J. E. 
Kriiger (98), in consideration of studies by J. E. 
Krüger, K. H. L. Sehlke and J. H. P. van Aardt (45) 
on the devitrification phenomena in South-African 
vitreous slags, and (103) hold the view that the devi
trifying heat values found by means of DTA can be 
used for appraisal. They think the DTA curves appli
cable also for determining the content of granulated 
slag in slag cements. -



Fig. 6. Glass content and compressive strength according to 
H. E. Schwiele & F. C. Dölbor.

rate of the exactitude =967.

The glass contents, as determined by microscopy, 
in hematite slags quenched in different ways have 
been related by H. E. Schwiete and F. C. Dölbor (59) 
to the strength values of the respective test cements. 
In comparing content of glass and compressive 
strength (Fig. 6) they have obtained a rate of exacti
tude of 96 % for the straight line of optimum (as con
trasted with 82—86% in the comparison strength— 
degree of basicity, see above), deviations from the 
straight line of optimum being related to variations of 
the degree of basicity.

The evaluation method proposed by F. Schröder 
(65) and based on the varying fluorescence of vitreous 
slag is being successfully used at the Research Institute 
for Blastfurnace Slags, Rheinhausen, as well as at 
some German blastfurnace cement factories.

At the 4th International Symposium on the Chemis
try of Cement W. Kramer (4) reported on the first 
studies by F. Schröder on the fluorescence and the 
fluorescence test for the appraisal of vitreous slags. 
He, furthermore, mentioned the authors view that 
the index = % red fluorescing glass particles X 
CaO/SiO2 ratio may be a reliable one for the compari
son of slag hydraulicity for slags of variant origin.

7 gives an example of such an application.
To the question then raised by J. H. Welch (104) 

whether such a comparison was justified the following
Fig. 7. Compressive strength of four granulated foundry pig 

iron slags with different fluorescence.

granulated 
slag Na.

% fluorescing material

violet
bright blue 
bluish white pink brown

c 4 2 94 —

p 4 20 69 7

N 15 31 54 —

D 8 5 41 46
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answer may be given:
The fluorescence of basic vitreous slag is a specific 

property of its vitreous structure. The percentage of red 
fluorescent vitreous particles gives the quantity of the 
hydraulically active vitreous slag with statistically 
homogeneous distribution of the controlling structural 
constituents. The CaO/SiO2 ratio is a value that points 
to the ratio O/Si in the slag. C/S is a measure of the 
disproportioning of an originally three-dimensional 
SiO4 tetrahedron network into smaller complexes 
with (Si3O7)6- anions and single SiO4- tetrahedrons.

The nearly linear dependence of the 28-day-com- 
pressive strength values obtained of test cements made 
from 15 slags of different origins (with equal composi
tion of slag, clinker and anhydrite and of equal grind
ing fineness) on the above index was good confirma
tion (65). '

A comparison between the compressive-strength 
values of test cements and the fluorescence radiations 
—divided into color groups—of the slags used con
firms, according to (59), the quality of this rapid test 
(see Fig. 8). The different chemical composition of 
two slag samples and their variant picked up pink, 
salmon, blue and violet fluorescing fractions are 
demonstrated in Fig. 10.

colors radiated by vitreous slag of different origins. 
The figure shows the variations of the red fluorescence 
colors pink—red—salmon—red brown in the CIE 
color chart, the red-brown color being caused by the 
influence of FeO, MnO and S2 . The range of the 
granulated slags which were used in the course of 
1966 for cement production at a certain factory has 
been made conspicuous in the diagram by hatching. 
The portion set out indicates that there was only 
slight variation in the quality of these granulated 
slags.

30slaas divided in 
fluorescence oroupe

violet, less 
reddish brown

violet, blue, 
single grains 
brown

2 3 4
fluorescence-groups

4. salmon,single 
grains reddish 

brown

5. salmon, pink

Fig. 8, Compressive strength due to fluorescence of the granule 
slags. According to H. E. Schwiele & F. C. Dölbor (59)

For the visual color impression, an increasing X- 
value, in the represented portion of the CIE color 
chart, means an increase in the content of red, whereas, 
with equal X-values, increasing Y-values means a 
decrease in color saturation. In the diagram, the light 
intensity value Y, which, with granulated slags of 
satistactory hydraulicity, exceeds 35 and may rise to 
200, could not yet be plotted. Of the tested slags, the 
compressive strength values of equal test cements are 
available. They were related to the results of fluore

Determinations of the Fluorescence 
of Granulated Slags 

(by K. Grade)

Co-worker of the author, has for some time made 
attempts with a view to quantity determination of the 
fluorescence colors by measuring their spectral degree 
of remission. For this purpose the sample crushed to 
sizes of 0.040 to 0.60 mm is filled into the quartz
glass bulb of spectrophotometer PMQ II with ZFM 
fluorescence end (Messrs. Zeiss, Heidenheim). The 
sample is then exposed to ultra-violet radiation 
(wave length approx. 365 microns) at an angle of 45° 
and excited to fluorescence. The emitted radiation is 
resolved into its spectrum, and its intensity is measured 
at intervals of 10 microns each throughout the spect
rum. As a reference value for the respective wave 
length the degree of remission of MgO exposed to 
standard light A (white) is used.

From the curves determined by the test data the 
standard color values X, Y and Z as well as the stan
dard light components x, y and z (107) are calculated 
by the coordinates method (105) (106). By means of 
these values the position of the color in the standard 
color chart and in the identical CIE color chart can 
be determined and clearly identified.

Fig. 9 shows the positions of the red fluorescence 

1



scence color measuring. On the basis of the compari
son of the two properties, the point cloud in the dia
gram (Fig. 9) could be divided into areas of high, 
intermediate and low hydraulicity.

Further attempts will be made to detect the relations 
between the results demonstrated in Fig. 9, the 
chemical composition and the compressive strength 
values. 1

To be on the safe side, a number of other researchers 
used, for appraisal of the hydraulic setting capacity 
of technical and synthetical slags, the time-consuming 
technological methods of testing the mechanical 
strength values partly in compliance with the existing 
standard specifications, partly by leaning on the pro
posals made by F. Keil and G. Haegermann (108) 
s.p. (97)—(101), and partly on other technological 
strength-testing methods (86), (109), (110) and (111).

According to W. Wittekindt (109), the hydraulicity 
of granulated slags with binding agents (85% slag, 

15% lime hydrate, fineness 3,500 cm2/g Blaine) is to 
be determined rapidly through the strength of sam
ples heat-treated at 60°C according to the German 
standard specification for lime, DIN 1060.

Another rapid-testing method, according to A. I. 
Stepanowa and S. M. Smechowa (110), consists in 
the four-hour steam curing of standard mortar sam
ples and in the strength test after a cooling time of one 
hour. Test cements having a specific fineness of 
3,000 cm2/g (Blaine) are supposed to show the 7-day- 
compressive-strength values, and test cements of 
5,000 cm2/g, the 28-days-compressive-strength figures.

A French rapid-testing method using the compres
sive-strength test of standard prisms is described by 
M. Venuat and P. Papadakis (111). The excitation of 
the latent hydraulicity is caused by NaOH, which 
is added as mixing liquid (200 gr NaOH granular, 
dissolved in 1 litre of H2O). The relationship of solu- 
tion/cement amounts to 0.5. Testing is performed 

' x ■ "» red color mcreosing
_____________ D_______________

<U5 qjo <p$ °.t0
Fig. 9. Flourescence colors of granulated slags in the CIE 

standard colorimetric system. (.Part of the whole CIE system 
above on the left.)

qso



6 hours after forming, and after 24 hours. Vitreous 
slag of satisfactory hydraulicity must reach values 
of > 80 kg/cm2, and > 125 kg/cm2, respectively.

Hydration

Modern methods of research over the last 10 to 15 
years have greatly expanded our knowledge of the 
hydration of hydraulically active, vitreous blastfurnace 
slag. Yet even today certain points are open to dis
cussion.

The latest work done at the Research Institute for 
Blastfurnace Slags leads us to assume as a certainty 
that the calcium silicate hydrates—CSH phases—are 
the components of the hydration product which gov
ern its strength properties. In considering the other 
hydrates and the hydration processes, we must dis
tinguish between the hydration which mainly runs off 
in CaSO4—saturated solution (supersulfated cements) 
and that which runs off wholly in Ca(OH)2-saturated 

or almost saturated solution (portland blastfurnace 
slag cements).

Even without activation by sulfates or Ca(OH)2, 
blastfurnace slags yield hydration products, in 
aqueous solutions, according to H. E. Schwiele, U. 
Ludwig, K. E. Würth and G. Grieshammer (112), 
but reaction is very weak.

As for sulfate activation of slags, by anhydrite in 
supersulfated cements, we can assume as certain 
today that only ettringite and CSH phases will form, 
(113), (7), (114), and (115) while the pH value of the 
solution will remain below 12 (7).

During the hardening of supersulfated cements, 
the ettringite content hardly rises further as from the 
third to the seventh day, while during the same period 
compressive strength still increases substantially. So 
we must assume, contrary to earlier beliefs, that the 
ettringite makes but a very small contribution to 
strength properties (114), (116). Moreover, the CaSO4 
component added in maximum quantities of 15 

o pink

Fluorescence color

%CaO <
Fig 10. Chemical compositions of two granulated slags and 

thdi* variant fluorescent fractions in the quaternary system 
CaO-MgO-SiOa-AUOi [Plane for 10% MgO')



percent to the cement can only bind part of the A12O3 
in the form of ettringite (116), (117). Consequently, 
over 90 percent of a slag must react in a different way. 
According to J. D’Ans and H. Eick (113) the surplus 
A12O3 separates out as A1(OH)3.

While opinions on the hydration of supersulfated 
slag cements are fairly unanimous, reports on hydra
tion and hydration products by alkaline activation of 
slags at pH values above 12 differ in their conclusions. 
Most of the differences can be attributed to variations 
in experimental conditions. R. W. Nurse and H. F. W. 
Taylor (7), as well as R. Sersale and G. Orsini (118) 
found in hydrated pure cement pastes from blast
furnace slag cements tobermorite phases, ettringite, 
hexagonal calcium-aluminate-hydrates with and with
out sulfate, and partly also calcium-hydroxide. F. W. 
Locher (119) however, in extensive hydration tests 
with synthetic and technical vitreous slags, partly very 
rich in A12O3, found detectable quantities of

Gehlenite hydrate C2ASHa and 
Hydrogarnet C3A(S, H2)3.

F. W. Locher prove larger quantities of these two 
hydrates in slags with very high A12O3 contents (over 
20 percent) or those activated with Ca(OH)2 only 
(but without sulfate), or those which were not hydrated 
in paste form but in saturated calcium-hydroxide 
solutions.

Pursuing the question to what degree these results 
may be applied to the hydration of cements, rich in 
granulated slag, in mortars and concretes, H. G. 
Smolczyk (114) evaluated some 3,000 X-ray diagrams 
of numerous mortars, made with extremely different 
slag cements having hydration periods ranging from 
1 day to 4 years. The observed hydration products 
are listed in Table 6.

Table 6. Hydration products of cements containing high 
proportions of blastfurnace slag

Distinctly proved main phases:
C3(A, F)-3(CaSO4, Ca(OH)2)-aq .,. ........................................... AFt-phases
Cs(A, F)'(CaSO4, Ca(OH)2, CaCOs, CaC12)-aq ....................AFm-phases
Calciumsilikatehydrates..................................................................CSH-phases
Calciumhydroxide
Very rare or undistinctly observed phases:
CgASHg.................................................................................. Gehlenite hydrate
CaCA, F)-3(S, Hg).......................................................................... Hydrogarnet
CaAHa................................................................. Dicalcium aluminate hydrate

Clearly, in full agreement with the authors mentioned 
above, we have here the four main phases of high lime 
content which also occur in the hydration of portland 
cements. The complicated composition of the calcium- 
aluminate-hydrates may be summed up for simplicity’s 
sake in the phases:

Apt for (Aluminate-Ferrite-tri-sulfate, - hydro
xide, etc.) . •

and
AFm for (Aluminate-Ferrite-mono-sulfate, hy

droxide, chloride, carbonate, etc.)
It was also observed that the sulfate in supersulfated 

cements was present in the AFt phase only, while in 
blastfurnace slag cements in some cases the AFt phase 
reacted with other aluminates forming sulfate-contain- 
ing AFm phases. H. E. Schwiete, TJ. Ludwig and P. 
Jäger (120) noted the same.

In partial agreement with the results of F. W. 
Locher, formation of C2ASH8 after 28 days of water 
curing was definitely shown in a case of a blastfurnace 
slag cement extremely rich in A12O3. Within one year 
this C2ASH8 had turned into hydrogarnet.

A semi-quantitative evaluation of the results led to 
the safe conclusion that in the hydration of slag 
cements only the four main phases of high lime con
tent are of any importance. W. Richartz (121) arrives 
at the same conclusion based on further examinations, 
partly by electron microscopy.

These experimental results lead to two difficulties in 
the stoichiometric calculation of hydration processes 
in blastfurnace slag cements.

a) The lime contents of all hydrates are always 
greater than those of the slags;

b) The slag is always richer in alumina than is the 
average of all observed hydration products.

The explanation for a) may be found in the fact 
that the Ca(OH)2 freed by clinker hydration is partly 
consumed by slag hydration.

This lime binding effect of the slag has meanwhile 
been proved by many authors (116), (118), (122), 
(123), (124), (7) and (125). Fig. 11 shows the results 
obtained by E. W. Nurse and H. G. Midgley.

Fig. 11. Relation between lime added and lime absorbed in slag 
pastes. Nurse and Midgley

Water: binder ratio 0.3
Slag analysis: 39.7 % CaO; 34.5 % SiO2

15.9 %A12O3; 3.9% MgO -



Saturation of Ca(OH)2 and NaOH in the paste of 
cements with high slag content (over 70% ground slag) 
is partly lowered in the hydration process, (126), but 
the pH value remains above 12, so that high calcareous 
calcium silicate hydrates are formed. In supersulfated 
cements, Ca(OH)2 does not appear as solid component, 
the pH value remains below 12, so that less calcareous 
calcium silicates result.

Explanation of point b) is much more difficult. The 
presence of free aluminium hydroxide is possible only 
in hardened cement paste having no free Ca(OH)2 
as solid component, such as supersulfated cements 
(113), (7) and (114). In the high alkaline paste of 
portland blastfurnace slag cements, on the other hand, 
the entire A12O3 content must be bound in some form 
in the hydration products. On the basis of quite differ
ent experiments carried out by G. L. Kalousek (127), 
H. G. Smolczyk (114) believes that these “missing 
alumina” have been incorporated into the calcium 

silicate hydrate phase.
This assumption has recently received strong sup

port from a paper by L. E. Copeland, E. Bodor, T. N. 
Chang and C. H. Weise (128). They showed that tober- 
morite phases can bind subsidiary components, such 
as Fe+++, Al+++ and SO;-, firmly into the inter
mediate layers of their crystal lattice. This theory is 
also apt to explain differences between the quantitative 
X-ray determination of calcium-aluminate-sulfate 
hydrates and the SO;- contents of paste.

Further H. E. Schwiete, U. Ludwig, K. E. Würth 
and G. Grieshammer (112) reported on MgO-con- 
taining tobermorite like phases which have been 
observed in hydrated slags rich in MgO.

On behalf of a definite solution of the problem of all 
the hydration products of blastfurnace slag cements the 
calcium silicate hydrate phases will have to be object 
to very accurate and thorough investigations.

Blastfurnace Slag Cements

(by F. Schröder and R. Vinkeloe)

Definition and Composition

Today, there exist standard specifications for 
blastfurnace slag cements in more than 15 countries. 
These comprise cements to which

Portland cement clinker
Calcium sulphate plus portland cement clinker 
Hydrated lime

is added for activation of the latent hydraulic hardena
bility of granulated blastfurnace slag, and which, 
furthermore, conform to the minimum strength re
quirements of the national standards.

Slag cements consisting of granulated slag and 15 
to 20% hydrated lime are today manufactured in very 
few countries only and in very small quantities (exam
ple: Ciment de laitier au Portland, in France). Since 
a number of years in some countries “ternary”-cements 
composed of slag, pozzolan and portland cement 
cliker are manufactured (6). Seen from the point of 
view of strength-properties, these cements do exceed 
the minimum strength requirements, but are not yet 
always included in the standards, as for instance in 
Germany.

Looking at the stipulations on the composition of 
slag and activator given in the national standards 
it can be noted that today blastfurnace slag cements 
are regarded as those consisting of

slag and portland cement clinker,
slag and calcium sulphate + up to 5% portland 

cement clinker.

Since the standards also specify the mixing ratio of 
slag and portland cement clinker, the result is, parti
cularly in countries having slag cement industries for 
more than 30 years, a multitude of types of slag 
cements with their pertaining definitions. A summary 
is given by F. Keil (6). It would be very welcome if for 
the purpose of adjusting the requirements as to the 
composition on the sector of cement standards, in 
order to facilitate comparisons and to establish a 
better basis for the understanding between cement 
chemists, and in the development and preparation of 
new or in the modification of existing standard speci
fications, the recommendations made by International 
Standards Organisation (ISO) were followed.

The ISO-recommendations for the composition of 
the present slag cements stipulate the following (7):



Types
Proportion of slag
in % of the sum Standard Specification 

slag + portl. cement
clinker

Portland blastfurnace cement
< 35* Ciment de fer

Eisenportlandzement

35—80* Blastfurnace slag cement
Ciment de haut fourneau 
Hochofenzement

possible subdivision:
35—60* Blastfurnace slag cement 35-60
60—80* Blastfurnace slag cement 60-80

> 85 Ciment de laitier au clinker

* According to national standards the limits may vary 
at zE5%.

Composition of supersulphated cement “Sulfathüt
tenzement”: Supersulphated cement is made from 
blastfurnace slag, calciumsulphate and a small por
tion of lime, portland cement clinker or portland 
cement. The SO3-contents must be > 5 %.

The specific properties mainly attributed to cements 
with a high slag contents, as for instance the very 
small heat development and the high resistance against 
chemical aggressive natural water, sea water, industrial 
and other waste water, have very much added to the 
development of this type of cement (129), (123), (130) 
and have secured them a rather remarkable share in 
production. About 10 years ago, Japan also started 
with the production and application of this cement 
type (131), (132).

Supersulphated cement has a particular place in the 
range of cements with high slag contents. With a very 
high initial strength and a very low heat of hydration 
at the same time, it stands out against others because 
of its special capability of resisting against sulphate- 
bearing waters and soils, and also to sea water (133), 
(134), (135), (136) and (137). However, at low tempera
tures it does not harden as quick as other cements. 
Heat treatment is not suitable for this cement type 
(134), and it does not keep as good as the other types 
(134), (138) and (139). ,

Determination of Composition

The determination of the content of slag in blast

furnace slag cements is required for certain aspects, 
as for instance for the control of production, for the 
control of the standard requirements, and for the 
control of long-term supplies for mass-concrete
structures or hydraulic engineering. Applicable test 
methods base on the physical, the mineralogical and 
the chemical differences of clinker and granulated slag. 
A summary and review is made in a report by K. 
Grade (140).

When the basic components clinker and granulated 
slag are available, as for instance in the cement plants, 
then the chemical analysis of clinker, granulated slag 
and cement, and the following comparison of the con
centration of usefull chemical components, as for 
instance CaO, MnO according to the formula %

slag is------ times 100, is suitable. In the formula,s — k
c is the weight-% of the chemical component in cement, 
s weight-% in the slag, and k the weight-% in the 
clinker.

A rapid method advisable for cement laboratories 
is described by E. Vogel (141). The cement is dissolved 
with NH4C1 solution and the ammonia which 
develops, is titrimetrically determined. The determina
tion of the existing contents of slag is effected by means 
of calibration curves, which will be drawn with defined 
mixtures of the slag and clinker used. A determination 
of the contents of slag by means of the DTA and/or 
thermogravimetry is, besides others, suggested by 
J. E. Krüger (98), O. P. Mtschedlow-Petrossian, N. A. 
Lewtschuk and I. S. Strelkova (103) and by N. S. 
Zargorodnij, O. P. Mchedlov-Petrosyan, I. M. Sido- 
cenko and I. S. Strelkova (99). In these methods, in 
which for purposes of comparison the slag and the 
clinker must be separated, the surface of the exother
mic peaks caused by the devitrifying of the slag at a 
temperature of 860°C, and the increase in weight 
caused by oxidation of the sulphides, are used for 
determination. For such cases where clinker and slag 
are not available separately for comparison, differ
ent methods of determination were suggested.

J. Brocard (142) and M. Duriez and M. Cl. Houlnik 
(143) made use of the differences in the specific 
weight existing between clinker and granulated slag 
for a quantity separation of the cement into clinker 
and granulated slag by heavy liquids.

Combined microscopic and chemical tests on con
centrates of varying density are recommended by F. 
Keil and F. Gille (144) whereas R. E. Cromarty (145) 
tests fractions of varying magnetic susceptibility. 
Both use sulphide sulfur as a chemical element for 
comparison.

Manganese is recommended by P. Catharin (146) 



and K. Bleher (147) to serve as reference value, where
by the procedure adopted by P. Catharin meets that 
of F. Keil and F. Gille, whereas K. Bleher compares 
the MnO contents of different grain fractions and those 
of cement.
’ Detailed studies made by the working group “Mik
roskopie” in the “Verein Deutscher Zementwerke” 
(VDZ) in the years 1966/67 intended for the revision 
of the cement standard DIN 1164 led to a method 
of analysis (148) in which the grain particles 30—40 jjt 
are sieved out from the cement and the contents of 
granulated slag is determined microscopically with 
reflected light after the clinker grains have been polish
ground and etched.

By analysing chemically CaO and MnO it is tested, 
whether the grain fraction and the cement are of the 
same composition, and possible whether the micro
scopically defined contents of granulated slag is to be 
corrected.

Strength Properties

Influence of the Testing Method
Strength as a symbol of the quality of the cements 

to a great extent depends on the specifications prevail
ing for testing. For this reason it is only possible 
here to make relative comparisons or to say as far as 
numerical values are given, these cannot easily be 
transferred to other cases. An example of the influence 
of the testing method on the strength is tried in the 
following.

In 1942 the present form of the standard specifica
tion, the DIN 1164, was issued by decree in Germany. 
In the years before, the compressive strength of the 
cements was determined from 7 cm test cubes con
sisting of earth moist mortar, whereas after 1942 
testing was carried out on cubes consisting of plastic 
mortars. R. Grün and K. Obenauer (149) taking 330 
different portland cements and 294 blastfurnace slag 
cements found out which factors must be applied in 
order to be able to transfer the strength values so far 
obtained from 7 cm cubes to those of plastic mortar 
in conformity with DIN 1164. From mean values 
derived from these tests the following conversion fac
tors resulted:

Conver
Cement type Testing age sion factor
Portland cement 3 days 0.500

7 days 0.620
28 days 0.792

Blastfurnace slag cement 3 days 0.376
7 days 0.466

28 days 0.622

As can easily be seen from these factors, the plastic 
mortars had a considerably less compressive strength 
than the conventional type earth moist mortars. 
Furthermore, it became obvious that the drop of 
strength caused by the testing method is not the same 
for all types of cements. Actually, the blastfurnace 
cements suffered most, particularly e at their early 
stage of hardening.

At present a new issue of stadard specifications for 
cement as recommended by RILEM-CEMBUREAU 
is available for introduction, where as regards the test 
regulations mainly the composition of mortar and the 
compaction of the test cubes is changed. This change 
in the specifications also leads to varied strength 
results, whereby, however, everybody involved is of 
the opinion that this testing method allows the best 
comparison of cement types.

The granulometric composition of the test sand of 
the ruling German standard specification, the DIN 
1164, is not very favourable. So, especially in the case 
of coarsely ground cements the water/cement-ratio is, 
for a part, very different from that specified at 0.60. 
The consequence of this is, that mainly the more 
coarsely ground portland cements attain higher 
strength which can no longer be called typical. The 
effective water/cement ratio in individual cases was 
determined at 0.52, thus, it was considerably under the 
theoretical value of 0.60 and also led to substantial 
increases in strength. Extensive tests have prove that 
this disadvantage does not longer apply to the new test 
method of RILEM-CEMBUREAU; here only slight 
differences in the effective water/cement-ratio and the 
theoretical value of 0.50 have been observed. From this 
it can be understood that the increases in strength, 
which the cement shows because of this new test 
method, cannot be the same for all cements. A com
prehensive summary of the standard specifications on 
the testing of cement at present available in 35 
countries has been published by A. Meyer (150). 
As it is likely that these are discussed elsewhere, the 
present indication should be sufficient.

Influence of the Granulated Blast Furnace Slag
The strength properties of the blastfurnace slag 

cements show certain particularities against portland 
cements. , The German “Eisenportland” cements, 
which are cements with a relatively small contents of 
slag, hardly differ from the portland cements with 
regard to strength. As is explained in the paragraph 
on the heat of hydration, a small addition of blast
furnace slag will definitely increase the initial strengths. 
Cements having a high contents of slag, however, show 
a difference against portland cements with regard to 



the increase in strength depending on the age at the 
time of testing. The evolution of strength here is no 
longer determined by the properties of the clinker, 
but by the properties of the slag. Cements which have 
a high slag contents are such cements which contain 
much silica; when the final strength is very high and 
hardening after 28 days is constant and lasting then the 
initial hardening is smaller (151). Some very good 
example for this are the tests made with the 20 years 
old concrete of the navigation lock in Wilhelmshaven/ 
Germany. A concrete with blastfurnace slag cement

Fig. 12. Evolution of compressive strength of commercial 
cements in West Germany acc. E. Spohn 1961 {153)

is to come up to the specifications of class B 160, 
i.e. a compressive strength of 160 kg/cm2 after 28 
days, showed after 20 years a compressive strength 
of 700 kg/cm2 and more. Even presuming that at 
that time the compressive strength of the concrete 
could have been 300 kg/cm2, it still proves the consid
erable after-hardening of these type of cements (152).

As comparison with portland cements H. Spohn 
(153) gives the development of strength for blast
furnace slag cements of class Z 275 as shown in 
Fig. 12. His statement firstly confines to cements from 
certain plants. The absolute value of the strengths 
indicated, therefore, cannot be applied to other 
cements. The curves, however, show the typical ten
dency of the increase in strength in case of blastfurnace 
slag cements with a higher contents of slag, that is 
to say in such cements for which the development of 
strength is mainly determined by the behaviour of the 
slag. Where the initial strengths are low, the final 
strengths are high (153), (154) and (155).

Fig. 13 illustrates the development of strengths 
typical for blastfurnace slag cements with three differ
ent types of slags. It shows the influence of the type of 
slag and at the same time the fineness of grinding of the 
cement made therefrom. Practically both influences 
cannot be separated, and therefore they shall be ex
plained together as follows.

Influence of Fineness
As for all cements, an increase in the fineness of grind

ing also in blastfurnace slag cements results in an in



crease of strength. The increase of strength is substan
tially determined by the type of slag involved as may be 
seen from Fig. 13. The data given in this figure derive 
from very extensive studies and tests carried out by the 
Research Institute for Blastfurnace Slag, Rheinhausen, 
during the past five years; they may be called as typ
ical, they reveral the specific behaviours of the indivi
dual slags. For the cements shown in the left part of 
the illustration a hot foundry pig iron slag with a 
CaO/SiO2-ratio of 1.30, and a moderately hot, but rela
tively acid stahleisen-slag with CaO/SiO2-ratio 1.15, 
and for the cements at the right side of the figure a 
cold Thomas pig iron slag with a favourable CaO/SiO2- 
ratio of 1.33 were ground. From Fig. 13 it can be seen, 
that the cement consisting of foundry pig iron slag 
increases in strength, such as

after 1 day from 25 to 60 kg/cm2!
// 2 days » 50 zz 150 » I = > 100%
zz 3 zz zz 90 zz 190 zz J
zz 7 zz zz 165 zz 270 z, = 60%
zz 28 zz zz 305 zz 370 » = 20%

are obtained by increasing the fineness from about 
2,800 to 4,000 cm2/g (Blaine).

In case of a very acid stahleisen-slag the same 
increase in the fineness only after three days causes 
an increase in strength from 65 to 125 kg/cm2—so 

about 100%—but only after 28 days an increase from 
320 to 500 kg/cm2, which is about 56 %. The increased 
fineness in this case of slag has quite a different effect 
on the development of strength than the foundry 
slag. When the increase of initial strengths after one 
and two days is less, the final strength is raised to a 
much greater degree. The reason for this is not the 
chemical composition (here C/S 1.15), but the physical 
condition. To this point also the results obtained from 
cements made of cold basic slag. Despite of the better 
C/S-ratio (1.33) the increase in the fineness as illus
trated at the right side of the Fig. 13 has an effect on 
the blastfurnace slags from cold basic pig iron slag, 
but a smaller increase in the strength must be expected 
at all days of testing. These results also show that it 
is possible, provided the slags are properly cut, to 
influence the hardening curves of the blastfurnace 
cements with high slag contents. Furthermore, it can 
be expected from these test results that primarily the 
good dispersion of the slag component, namely a 
very high fineness, is of importance for the develop
ment of strength.

This is mainly demonstrated in the following results, 
which have been chosen from the test results obtained 
by the Research Institute to serve as examples. Clinker 
and slag were ground separately to different specific 
surfaces, and homogeneously mixed to blastfurnace 

Fig. 14. Test slag-cements; compressive strength vs. time as 
a function of fineness (slag 75”/f)

Specific surface of ciinker :

Time in days



slag cement with slag content of as much as 75%. 
The values of strength as shown in Fig. 14 indicate 
that the fineness of clinker has attained only little 
influence on the development of strength, whereas the 
higher fineness of the slag has led to an increase in 
strength, as applies to the result shown in Fig. 13.

Further investigations in the Research Institute 
have shown, moreover, that due to the properties of 
clinker of standard composition, the development of 
strength of blastfurnace slag cement with high slag 
content is influenced only to a minor degree. Tables 
7 and 8. However, the test series for the development of 
strength of blastfurnace slag cements with high slag 
contents quite early show the influence of the quality 
of granulated slag. The evolution of strength of the 
cements made of well granulated slags (No. 1-3 and 
5-9) stand out distinctly against those of badly 
granulated slags (No. 11, 10, 4). In the well granulated 
slags slight differences in the CaO/Si02-ratio have a 
minor effect only on the strength at a later age of the 
cement. However, they become noticable at the early 
stage of strengths, just like the tapping temperatures 
to be derived from the individual types of slag. These 
results correspond very well to those obtained by H. 
E. Schwiete and F. C. Dölbor (59).

Influence of the Portland Cement Clinker
Some authors consider also the influence which the 

composition of the clinker has on the properties of 
strength of the blastfurnace slag cements. Whereas 
the average composition of clinker in the Tables 7 
and 8 show slighter influences of these components 
on the strength of blastfurnace slag cements, it must 
be taken from other analysis that clinker with higher 
C3S contents are more advantageous. So according to 
H. Sopora (94) slightly basic slags attain the best 
strength with clinkers having a high lime contents. 
Granulated slags which he examined are relatively 
slow in reaction and have F-values below 1.5.

V. F. Krylov, V. L. Pankratov and V. M. Kolo- 
sovskaja (44) with acid slags (SiO2 34-37%, CaO 
29-38%, A12O3 9-23%, MgO 5-18%) obtain good 
properties of strength with a clinker having very high 
C3S- and C3A-contents.

K. Goto, M. Kanada and H. Miyairi (156) found 
out that the early strength is so much the more, the 
higher the C3S contents of the clinker used. Simul
taneously, the share in strength of the granulated slag 
increases with the use of clinker with high CSS
contents. ,

Against this, the influence of C3A is smaller, a higher 
C3A-contents merely causes negative effects in respect 
to the rate of the hydration heat.

Influence of Calcium-Sulphates
The effect of the various calcium-sulphate-modi- 

fications on the strength and setting of blastfurnace 
cements is being dealt with by a number of cement 
chemists in the period under review, H. E. Schwiete 
and F. C. Dölbor (59), M. Kanada and H. Miyairi
(157) R. Nagano and S. Yamawaki (158) and H. 
Sopora (94).

In general it was found that the use of anhydrite, 
artificial as well as natural, has the best effect on the 
early and on the final strengths. H. E. Schwiete and 
F. C. Dölbor (59) in the range of 0.5 to 4% SO3, 
found an increase of the compressive strength in the 
order semi-hydrate—dihydrate—artificial anhydrite— 
natural anhydrite—where the compressive strength 
curves of the test cements (30% clinker) with semi
hydrate and dihydrate for all ages showed definite 
maxima with low SO3-contents (0.5—1 %) whereas 
artificial anhydrite contents constantly improve the 
early strengths at 3 and 7 days. As concerns the 
strengths at later ages the compressive strength curves 
for artificial anhydrite show maxima at about 3— 
3.5% SO3, and those for natural anhydrite at about 
1 % SO3. Tests carried out with mixing of dihydrate 
and anhydrite showed that in the range of 0.5 to 
4% SO3, with varying sulphate additions, a mix con
taining 25% dihydrate and 75% anhydrite provides 
the most uniform development of compressive 
strength. Also with regard to the setting, a modifica
tion of the calcium sulphate is of importance. Semi
hydrate according to R. Nagano and S. Yamawaki
(158) and also H. E. Schwiete and F. C. Dölbor (59) 
is not suitable, since it is likely to cause false set. The 
slightest change in the setting occurs (59) with mixing 
of 55 % dihydrate and 45 % anhydrite.

It can be taken from the studies that blastfurnace 
slag cements do very well agree to contents of 4% 
SO3, except in the form of semihydrate.

Separate Grinding
For cements which are made of components having 

a varying grindability and a varying hydraulic behav
iour, the grinding procedure may play an important 
role for attaining maximum hydraulic properties. 
The effect of the grinding on the strength-properties 
of the product to be ground has, therefore, been 
investigated by several authors in the period under 
review.

So F. W. Locher, J. Wuhrer and K. Schweden
(159) have tested the influence of the fineness and 
W. Kayser (160) that of particle size distribution on 
the strength-properties of cement. Both authors found 
that for blastfurnace slag cements with slag contents



Table 7. Influences of granulated blastfurnace slag and clinker on blastfurnace cements with low clinker contents 
Composition: granulated slag 65°/o 

clinker 30 %
gypsum 5 %

Spec, surface (Blaine) 3,500 ± 100 cnCig

Test Origin of granulated slag Clinker Compressive strength in kg/cm2 after days
28No. and CaO/SiOs-relationship

I 72 102 217 371
hot basic pig iron self-fluxing burden II 61 111 246 403
CaO/SiO2 1.48 HI 110 150 280 464

hot basic pig iron
I 78 103 214 369

II 76 120 214 400
CaO/SiO2 1.44 HI 75 101 221 376

hot basic pig iron
I 70 125 211 360

II 67 124 224 380
CaO/SiOs 1.30 HI 83 116 218 375

basic pig iron 35% cryst. portions I 55 70 120 260
11 50 65 115 275

CaO/SiOs 1.31 III 40 65 120 275

I 50 85 230 395
Stahleisen II 45 85 195 ’ 420
CaO/SiOs 1.13 III 40 90 215 395

Stahleisen I 77 115 210 326
II 82 128 234 350CaO/SiO2 1.43 in 91 134 234 340

hematite pig iron i 80 115 200 330
ii 90 125 210 345

*
CaO/SiOs 1-38 in 90 130 225 345

c.
foundry pig iron

• CaO/SiOa 1.23
i 70 105 200 335

8 ii
in

60
80

115
110

240
215

410
365

foundry pig iron 
CaO/SiO2 1.45

1 90 135 230 365
' 9 ii 

hi
105
115

155
160

250
260

360
360

e 10 foundry pig iron wet granulation 
CaO/SiO2 1.30

i 
n 

in

45
40
45

55
85
75

130
145
150

250
295
295

t 11 foundry pig iron semidry granulation 
CaO/SiOs 1.29

x I
II

50
60

80
85

155
165

250
260

III 35 90 180 270

Table 8. Characteristics of the three clinker types for test cements in table 7

X-ray analysis Amorphous Chemical analysis

C3S C2S c3a CxAyF analysis MgO free CaO SO3 KgO plus NasO

I 61 14 7 9 6.0 0.7 1.5 — 0.95

. h 51 22 ' 7 12 4.5 1.4 0.80 0.70 0.80

in 50 20 14 6 2.0 4.0 2.8 1.10 0.60

Clinker Lime 
factor

Hydraulic 
modulus

Silicate .
modulus

Alumina 
modulus

As portland cement 
2

* compressive
3

strength in kg/cm2 after days
7 28

I 103.57 2.33 2.37 1.55 101 145 235 445

; 11 ' 98.18 2.12 1.90 1.80 120 185 270 430

III 104.67 2.37 2.17 2.91 140 195 300 465

♦S03-contents of test cements = 2,5%; Spec, surface (Blaine) 2,900 ± 100 cm2/g.



of 50 and 60 % the early strength is mainly determined 
by the fineness of the clinker, and the later process of 
hardening by the fineness of the granulated slag. In 
the case of cements with high slag contents, the fine
ness of the slag and its hydraulic properties are of 
decisive importance. W. Kayser (160), furthermore, 
found that the strength-properties of blastfurnace slag 
cements with a tight grain distribution of the same 
specific surface exceed that of blastfurnace slag cements 
with wide-spread grain distribution. Both authors 
consider a separate grinding to be the most advanta
geous method.

J. Birthelmer (161) shares this opinion, he found that 
separately ground cements attain the same strength 
as those which are ground together with greater speci
fic surfaces.

Separate grinding is also advised by N. Stutterheim 
(38) for cements made of South African slags with high 
magnesia contents; these show a much greater resis

tance to grinding than clinker. Separately ground 
cements with 50 % granulated slag with high magnesia 
contents provided the same strength-properties as 
portland cements and were resistant to autoclave test.

H. E. Schwiete and F. C. Dölbor (59) support a 
separate grinding in such cases where the granulated 
slag in the cement has higher contents than the clinker, 
and where it is more difficult to grind than the clinker. 
They ascertained that with clinker a grinding of 3,500 
cm2/g is of minor, but with granulated slag is of major 
importance. Regarding to the fineness H. Sopora 
(94), in the case of combined grinding, finds the stron
gest dependency of the strength on the fineness in the 
range 2,500 to 3,200 cm2/g.

F. Guye (162) recommends a higher fineness for 
Southafrican cements consisting of clinker with a 
high MgO-contents (16-25%) and for granulated 
slag containing much magnesia (up to 22 % MgO) for 
improvement of volume stability of such cements.

Special Properties of Blastfurnace Slag Cements

Elastic Properties

It is known that particularly blastfurnace slag 
cements with high slag contents show a very high bend
ing strength (123). Cement or concrete test prisms 
are generally much less resistant against bending- 
or flexural stresses than against compressive stresses. 
In blastfurnace slag cements, however, the slag 
component has a positive influence on the bending 
strength. With an increase in the content of slag the 
bending strength grows likewise. Thus, the relation 
of bending- to compressive strength of the blast
furnace slag cements with less clinker contents explains 
the good elastic properties of the concretes made from 
this type of cement (163).

M. J. Challier (164) has made up a brittleness factor 
K for this;

E = dynamic modulus of elasticity
W = compressive strength of the concrete.

The modulus of elasticity (E-module) is a measure 
for the resistance against deformation which a speci
men produces when being subjected to loading.

A high value for E means a small deformation, a 
low value, however, means a big deformation with 
equal loading. When the factor K is high, fracture 
occurs with relatively less deformation. This, how
ever, meets the definition of the brittleness. In other 

words, the smaller the Tif-factor, the more elastic is 
the test specimen. M. J. Challier (164) sets up the fol
lowing standard of values referring to the test after 
28 days:'

K = 23,000—26,000 for concretes of medium quality 
K = 20,000—23,000 » " » good quality
K = < 20,000 » . // // best quality.

The Research Institute for Blastfurnace Slag, Rhein
hausen, for instance, has determined values for the 
Wfactor, which are even below 18,000, by taking gravel 
concretes with blastfurnace slag cements with minor 
clinker contents and medium cement content between 
250 and 300 kg/m3 mixed concrete after 28 days.

A further reference to the favourable elastic pro
perties of blastfurnace slag cements is made by S. 
Härig (165) in which especially the values of E-module 
are set against the bending strength.

Besides other properties such as the high resistance 
against chemical attack and the low heat develop
ment, the elastic properties of the blastfurnace slag 
cement concrete are of importance for marine- and 
mass-concrete constructions (166), (167) and (168).

Heat of Hydration

The heat of hydration of slag cements is as specific 
as the strength evolution. For portland blastfurnace 
cement (< 35 slag) they do not differ essentially from 
that of pure portland cements. The hardening of the 



blastfurnace cements (> 60 slag) is characterized by 
more colloidal reaction runs (10). Therefore it seems 
that/the heat development of these slag cements in 
the first two to three days is essentially more definite 
with the portland clinker component and that furhter 
heat evolution is due to the proportion of granulated 
slag.

R. Dietrich (155) found that, independently of the 
slag content, all cements, on full hydration, i.e. after 
a long time, develop approximately the same amount 
of heat. Cements, however, differ very much in the 
process of heat development as referred to the time 
factor (169), (170), (171), (172), (173), (174), (175) and 
(176).

H. Lehmann and W. Roesky (170) pointed out that 
with slag cements the heat of hydration developed per 
kg/cm2 is less than with cements without additional 
slag, i.e. that for achieving equal strength values on 
cements with high (> 60%) slag additions less heat 
is developed. Interesting in connection with this 
conclusion is the information by H. Lafuma (177) that 
the maximum increase in temperature in 4 X 4 x 16 
cm prisms of pure cement and mortar (1/3 ISO) was 
measured as follows:

Cements High 
alumina Portland

Ciment de 
laitier au 

clinker slag 
content 
> 80%

Pure cement paste 14.8°C 5.4°C 0.50°C

Mortar 1/3 ISO 5.6°C 1.65°C 0.13°C

The very low heat of hydration is a specific property 
of blastfurnace slag cements (with slag > 60%). An 
example of the decrease in heat development of 
cements with increasing addition of granulated slag 
is given by R. Alegre (175) (Table 9). However, a 
function apparently so linear as shown in this table, 
does not always exist.

Table 9. Influence of slag content on heat of hydration publ. 
by R. Alegre (175)

Slag content (%) 0 30 50 70 85

Age Heat of hydration (cal/g)

12 hours 27 16 11.5 8 6
1 day 62 40 30 23 18
2 days 75 54 43 36 27
3 days 79 60 48 40.5 30
4 days 82 64 52 43 32.5
5 days 85 68 55.5 45.5 34
6 days 87 71 59 47.5 35.5
7 days 90 — 62 49 36.5

Specific surface 3000-3100 cm2/g

H. E. Schwiete and K. H. Karsch (174) and U. 
Ludwig and K. Rakel (173) have established that the 
heat of hydration increases with the w/c-value. 
Referred to the clinker portion in cements containing 
much slag, the w/c-value is always higher than that 
of the test mixture. The clinker component, therefore, 
in combination with a slower reactable slag, reaches 
faster high hydration degrees (123) and, therefore, 
positively influences the heat evolution during the 
first hardening stages.

On account of these facts, the heat of hydration of 
some cement with a small slag share, e.g. that of an 
“Eisenportlandzement”, can be higher in the early 
stages of hardening than that of a portland cement 
containing 100% of the same clinker. A considerable 
decrease in the hydration heat released during the 
first days can be observed only on cements containing 
more than 70 % slag.

The low heat of hydration is a great advantage of 
these particular cements (Table 10), which, on account 
of their high resistance to aggressive media, is well- 
suited for all tasks of hydraulic engineering in cases 
of mostly very large cross sections of solid structures.

As opposed to slim reinforced-concrete structures 
in building construction, where the heat developed is 
dissipated sufficiently fast, the high increase in tempera
ture in solid concrete structures of large cross section 
may be responsible for the formation of fissures. On 
this problem, test results of our Research Laboratory 
(178), (168) as well as of other authors (179) (171), 
(180) and (181) are available. These permit a very 
good evaluation of the temperature increases to be 
expected in structure, when the heat of hydration of 
the cement used is known.

The heat of hydration of cement can be measured 
adiabatically or by means of a heat-flow calorimeter
(182) (in simplified form, vacuum flask method) or 
from the difference in heat of dissolution. The last 
mentioned, indirect method is very unsatisfactory for 
both slag-containing and puzzolanic cements (7),
(183) , (172), (175) and (182). Most of these cements 
contain slowly soluble constituents that may render 
the determination of the heat of dissolution very 
difficult and inaccurate. Likewise the determination

Table 10. Heats of hydration of portkind and portland blast
furnace cements publ. by R. W. Nurse (7)

Cement Heat evolved (cal/g)
1 day 2 days 3 days

Ordinary portland 23—42 42—65 47—75
Rapid-hardening

portland 35—71 45—89 51—94
Portland blastfurnace 18—28 30—50 33—67



of the loss on ignition cannot be effected directly. F. 
Gille (183) proposes a determination of the loss on 
ignition through the CaO content. This method is 
adopted by the German standardization proposal
(184).

Since the heat of hydration is obtained from the 
difference in heat of dissolution, inaccuracies in the 
determination of the heat of dissolution may consider
ably influence the final result.

In solution calorimetry, cement is hydrated under 
isothermal curing conditions. These results, therefore, 
are mainly of scientific interest, because they permit 
drawing conclusions with regard to exact, but also 
varying curing conditions.

In the U.S.A, and in Italy also conduction calori
metry is used for measuring heat of hydration. In the 
Research Institute for Blastfurnace slags, Rheinhausen, 
a process based on heat flow has been used in the last 
few years. By this method the heat of hydration can be 
determined directly under isothermal curing condi
tions. The advantage of this process is that by insolu
ble residues or loss on ignition no difficulties in measur
ing occur. This test may be carried out also with 
mortar and with different w/c-values. The heat evolu
tion is obtained in the form of a curve. The process 
can be used properly up to a curing time of 28 days.

The heat of hydration, just like the curing of cement, 
is a function of temperature.

For practical structural engineering purposes, thus, 
the adiabatic (155) and (185) method gain special 
importance. Partly, however, also the vacuum flask 
method, simpler to employ, give useful results for 
practical purposes (172), (179) and (182), for which 
either the increase in temperature of a mortar or 
pure-cement sample is tested, or the heat dissipated 
through the walls of accurately gauged vacuum 
flasks is measured, and the heat of hydration deter
mined from it.

The vacuum flask method is generally employed in 
France (177). Its advantages and drawbacks are des
cribed by R. Alegre (175). Also the results obtained 
are not quite precise, they, nevertheless, constitute 
a valuable help for the constructional engineer.

Fig. 15 graphically shows the results of the various 
measuring methods obtained on altogether 325 
cement samples in the Research Institute. The influ
ence of temperature on the heat evolution of hydra
tion can be seen from the positions of the scatter bands 
for the various test methods after 1 to 7 days. The 
relationships shown in the diagram are in accordance 
with the data given by R. Alegre (175).

It can be seen that the heat of hydration, as mea
sured by the isothermal method, after 28 days, cor-

Fig. 15. Heat of hydration determined by different methods 
dispersion range of values obtained from 325 cement samples

responds approximately to that measured adiabatically 
after 7 days; the values measured by the isothermal 
method after 7 days correspond to the adiabatic 
values after 2 to 3 days (155), (185), (172) and (175). 
The vacuum flask methods partly give lower results 
than the adiabatic methods and at the same time show 
a greater scattering.

Influence of Curing Temperature

The reaction speed of blastfurnace slag cement is 
as much dependent on the curing temperature as is 
portland cement. At low temperatures the cements— 
“Eisenportlandzement” and blastfurnace slag cements 
with < 50 weight- % slag act similar to portland ce
ment. The reaction of cement with high slag contents, 
however, is partly a little more delayed at temperatures 
of +5°C or below (170).

With temperatures exceeding 20°C, especially in 
case of heat treatment or steam curing, blastfurnace 
slag cements generally show very favourable strength 
results (186), (187) (188), (44), (189) and (190). Firstly, 
the increase in strength, which can be attained by heat 
treatment, rises with growing slag contents, and simul
taneously the after-hardening is maintained better 
when the contents of slag is increased. The final 
strength of blastfurnace slag cements will be lowered 
only little or not at all with an initial heat treatment.

Behaviour in Aggressive Solutions 
(by F. Schröder and H. G. Smokzyk)

General Survey
There is ample literature on the behaviour of slag 

cements in aggressive solutions—especially in sul-



phate solutions and in sea water—as well as on the 
testing methods. As this group of subjects is assigned 
to another principal paper (III—2), this paper is to 
give only a general survey and to deal only with some 
very recent results.

A great number of laboratory tests—mostly with 
mortars—have been carried out. This paper, however, 
refers mainly to all long-time studies that were made, 
and comments on their results, the reasons for which 
are the following:

Short-term tests, mortar tests and rapid tests are 
highly dependent on specific test conditions and espe
cially on the treatment of the samples, mostly very

1 small ones, prior to the chemical attack. Large-size 
concrete samples are generally more indifferent to such 
variations.

Moreover, in some cases unsuitable mixtures of 
clinker and very slightly hydraulic slag were made for 
such tests and called “blastfurnace slag cement”. 
If, in such tests, the indication of the strength charac
teristics is missing, i.e. if the mixtures are not qualified 
as cement, their results are of very little value with 
respect to the comparison of cement types. The same 
applies by analogy to all the other cements having sev
eral components. P. Pirotte (191) has put emphasis 
on these facts.

A very critical appraisal must be made of the results 
of comparisons between fast-setting and slow-setting 
cements, which after 1 to 3 months may very well have 
the same strength. For rapid tests, however, they are 
subjected to chemical reaction mostly at a very early 
stage, at which the slow-setting cement still has a 
much lower strength than the fast-setting cement. 
The behaviour of the sample—e.g. concerning strength 
—after long-time chemical reaction is frequently, 
however, not related to the strength which this sample 
had at the beginning of its immersion, but to the mostly 
very high strength which another sample, immersed 
in plain water all the time, has acquired in the mean
time. In our opinion, it is misleading to speak in such 
cases of “loss of strength” or of “increase in strength”. 
In these cases one should at least use the terms 
“relative loss” or “relative increase”. Many cases can 
be established in which samples consisting of slow- 
setting cement, in spite of a relative loss in strength, 
showed a greater increase in strength, during the 
chemical reaction, than the sample of fast-setting 
cement.

These facts explain why a few papers on laboratory 
tests also report poorer resistance of slag cements 
against chemical attack, as compared to portland 
cement (192), (193), (194) and (195) or an equal behav
iour (196) and (197).

The vast majority of all laboratory tests, on the 
contrary, have shown a higher stability—especially 
of blastfurface slag cements and supersulphated 
cements, rich in granulated slag—in sulphate solutions 
(7), (116), (198), (199), (200), (201), (202), (203), 
(189), (204), (135), (205), (206) and (207), in chloride 
solutions (198), (207), (208) and (209), and in acid 
waters and against leaching (7), (198), (200), (189), 
(210), and (211) as well as in sea-water solutions (200), 
(189), (212) and (213).

Likewise during all the long-time studies, known 
to us, of concrete in sulphate solutions and in sea
water the slag cements have shown a more favourable 
behaviour than standard portland cements, and the 
blastfurnace slag cement rich in granulated slag 
(189), (212), (214), (215/16), (217), (218), (219) and 
(220) have proved without any exception a better 
durability.

Results of Long-Time Studies Including Slag 
Cements

F. Campus (215) reports on immersion of mortars, 
concretes and reinforced concretes, consisting of 
altogether 10 cements, in MgSO4 solution (4870 mg 
SO3/Iitre) and in the tidal zone of the North Sea near 
Ostend up to a period of 30 years. During these stu
dies, the 4 tested slag cements have shown a very good 
behaviour in either solution—especially in the form 
of concrete cubes having a mixture ratio of 1: 5.4 
and a w/c-factor of 0.45. Concretes consisting of some 
other cements—especially high calcareous types—had 
after 20 years in the MgSO4 solution deteriorated to 
such an extent already that a compressive-strength 
comparison with the concretes immersed in water was 
no longer possible. Likewise in sea water the edges 
and corners of samples with nonresistant cements were 
very strongly deteriorated.

Experiments carried out by the “Deutscher Aus
schuß für Stahlbeton” with the storage of concrete 
cubes with 13 cements in the tidal zone of the North 
Sea near Wilhelmshaven for up to 25 years led to vir
tually the same results. However, these tests will have 
to be investigated in detail once again, for although 
experimental conditions and results are accurately 
known, some confusing facts have lately come to light.

The evaluations so far made by A. Eckhardt and 
W. Kronsbein (221) after a period of 19 years, and 
by A. Hummel and K. Wesche (214) after 25 years, 
had established that durability increased in the follow
ing order:

1st Portland cement
2nd “Erzzement”
3rd “Eisenportlandzement”



4th Blastfurnace slag cement
5th High-alumina cement.
Binders with trass additives were comparable with 

the first three cements and in no case attained the 
stability of blastfurnace slag cements.

Based on the subsequent determination of the ce
ment content and the pore volume of the paste for test 
specimen which had not yet been wholly destroyed by 
sea water after 25 years, K. Wesche (222) tabulated 
a new sequence. This attributed identical behaviour 
to portland cement, “Eisenportland” cement and 
blastfurnace slag cement, while only slag cements 
with trass additives and high-alumina cements are 
said to attain a higher durability.

In an attempt to investigate the reasons for these 
markedly contradictory views, Tables 11 a, b and c 
list all measured values so far published which may 
help to elucidate the matter (214), (221) and (222). 
Three series of concrete cubes, each with 13 binders, 
were made in the mixing ratios 1:3 (Table Ila), 
1:4 (Table 11b) and 1:5 (Table 11c). All cements 
were mixed with plain freshwater, (methods a) a few 
extra ones with sea water (method b). The table lists 
the compressive strengths of the concrete cubes after 
28 days and after 2 and 19 years immersion in sea 
water. Already after 19 years, 25 concretes of cements 

without or with little slag were no longer in any con
dition to be tested. Consequently, after 25 years, 
cubes of 9 cm were cut out of all specimens which had 
not yet been wholly destroyed. On these the compres
sive strength of the still undamaged concrete was 
measured. After 19 years, the loss in weight was deter
mined for three cubes, each, after 25 years the loss of 
volume for one cube, each of the concrete still intact.

From this summary of the published measurements, 
we can easily draw the following conclusions:

All concretes with high-alumina cement proved 
stable, though some loss of strength was noted on 
some of the cubes mixed with sea water. ■

On all concretes with the three blastfurnace slag 
cements (approx. 50 %, 60 % and 70 % slag), even with 
the lean mixing of only 260 kg/m3, very high strengths 
were measured after 19 years. After 25 years, they still 
remained durable as witnessed by the low loss of sub
stance.

The “Erzzement” and the two “Eisenportland” 
cements (approx. 25% and 35% slag) attained a 
durability comparable to blastfurnace slag cements 
only at a cement content around 300 kg/m3. For the 
three normal portland cements, a content of 350 
kg/m3 was clearly required to obtain the same level.

Fig. 16 shows the average behaviour of these 5

Table Ila. Sea water test of DAfSt a) Mix, 1: 3

Specimen Concrete composition Compressive strength in kg/cm2 Loss of substance in %

20 cm-cubes

Cements
Cement 
content 
kg/m3 ratio

20 cm-cubes Sawn outc. 
(9-15 cm) 
25 years

Loss in 
weight 

(3 spec.) 
19 years

Loss in 
volume 

(1 spec.) 
25 years

No. kind 28 2 
years

19 
years

DAfSt. No. 102 168 102 102 124 102 124

1 a PZ A) 363 0.45 358 539 attack 584 6 13
1 b pz aI 10-13% 379 0.45 360 539 attack 536 5 11
2 a PZ H[ C3A 367 0.43 332 510 496 521 1 3
3 a pz gJ 375 0.44 347 - 545 486 608 3 9

4 
4 b

EPZ M)
EPZ M 25-35% 370

378
0.43
0.43

380
405

514
521

425 
480

526
592

2 
0

4 
2

5 a EPZ L J 373 0.43 360 486 418 512 2 4

6
6 b

HOZ M
HOZ M 1 M:~50%, 

, R, F: >60%
378
377

0.45
0.45

279
295

476
529

455
525

512
577

1 
0

3 
2

7 a HOZ R 377 0.44 371 513 497 526 0 4
8 a HOZ F 377 0.42 322 535 517 538 1 2

9 a Erz-Z 387 0.41 459 653 548 723 1 3
9 b Erz-Z 387 0.41 391 693 607 718 1 3

10 a TSZ 392 0.40 537 721 673 760 ' ' 0 2
10 b TSZ 396 0.42 617 779 642 573 0 0

11 a PZ A 
+ Trass

256
+ 110

0.64
0.45 217 384 attack 436 11 23

H b PZ A 
+ Trass

259
+ 112

0.65
0.44 202 392 339 394 7 14

12 a EPZ M 
+ Trass

242
+ 104

0.63
0.44 212 416 370 408 9 10

13 a HOZ M 
+ Trass ,

249
+ 107

0.64
0.45 173 374 327 ' 396 8 11



Table lib. Sea water test of DAfSt b) Mix, 1: 4

Specimen Concrete composition Compressive strength in kg/cm2 Loss of substance in %

20 cm-cubes
Cements

Cement 
content 
kg/m3 ratio

20 cm-cubes Sawn out c. 
(9-15 cm) 
25 years

Loss in 
weight 

(3 spec.) 
19 years

Loss in 
volume 

(1 spec.) 
25 yearsNo. kind

28 2 
years

19 
years

DAfSt. No. 102 ' 168 102 „ 102 124 102 124

1 
1
2
3

b 
a 
a

PZ A)
PZaI 10-13%
PZH C$A 
pz gJ

286
294

0.56
0.55
0.55
0.56

280
251
227
271

355
434
378
426

attack 
attack 
attack 
attack

481
601

43
64
22
16

38
20

4
4
5

b
EPZ a- tco/
epzm| , 
epzlJ slag

292
296
294

0.55
0.55
0.53

289
258
281

403
427
427

attack 
attack 
attack

473
424
538

8
10

9

20
- 16

25

6
6
7
8

b

a

HOZ Ma 50y
HOZ Ml
HOZR shgHOZ F J 1 8

287
292
293
291

0.56
0.56
0.55
0.55

217
206
270
274

376
421
398
432

387
436
389
436

418
492
418
465

3
1
3
2

3
4
6
3

9 
9

a 
b

Erz-Z
Erz-Z

304
306

0.53
0.55

371
279

535
552

attack 
515

512
628

12
2

16
4

10
10 b

TSZ
TSZ

308
312

0.56
0.59

521
533

643
626

504
408

635
437

1 
1

2
3

11

11 b

PZ A 
+ Trass
PZ A
+ Trass

200
+ 86

206
+ 89

0.79
0.55
0.80
0.56

145

141

312

338

attack

attack

332

359

24

20

38

34

12 a EPZ M 
+ Trass

196
+ 84

0.78
0.55 145 346 352 426 10 17

13 a HOZ M 
+ Trass

203
+ 87

0.78 
- 0.55 132 286 324 384 13 19

Table lie. Sea water test of DAfSt c) Mix, 1: 5

Specimen Concrete composition Compressive strength in kg/cm2 Loss of substance in %

20 cm-cubes -

- Cements
Cement 
content 
kg/m3 ratio

20 cm-cubes
Sawn out c. 
(9-15 cm) 
25 years

Loss in 
weight 

(3 spec.) 
19 years

Loss in 
volume 
(1 spec.) 
25 years

No. kind 28 2 
years

19 
years

DAfSt. No. 102 168 102 102 124 102 124

1 a. PZ A) 0.67 205 285 attack dwfr __
1 b pzaI 10-13% — 0.65 197 336 attack d pstr __
2 a PZ H f C3A 0.66 160 284 attack __ 84 __
3 a pz gJ — 0.66 206 345 attack — 40 —

4 a EPZ M) a- is0/ __ 0.65 213 331 attack _ _ 57 __
4 b EPZ M 7 /o — 0.65 175 307 attack __ 42 __
5 a EPZ L J 8 250 0.66 228 357 attack 430 28 64

6 a . hozm) m.~50% 250 0.67 150 286 280 317 10 22
6 b HOZ R f R’F' >60/° 251 0.65 138 363 332 412 6 10
7 a 248 0.64 240 372 365 407 4 48 a HOZ F J lag 249 0.66 236 386 361 421 3 6

9 a Erz-Z 257 0.67 232 397 attack 502 25 30
9 b Erz-Z 252 0.65 182 431 attack 420 20 34

10 a TSZ 265 0.63 303 433 382 471 1 510 b TSZ 258 0.63 384 431 358 234 ‘ 4 7

11 a PZ A 
+ Trass

167
+ 72

0.93
0.65 124 220 attack attack 68 85

11 b PZ A 
+ Trass

171
+ 74

0.93
0.65 101 220 attack 283 46 72

EPZ M 173 0.92 119 262+ Trass + 74 0.64 268 312 13 30

HOZ M 176 0.92
+ Trass + 76 0.64 98 214 275 318 21 30



Fig. 16. Condition of concrete after 25 years exposure in sea
water {tidal zone)
{According to test results of A. Hummel and K. Wesche)

cement groups.
Portland cements and “Eisenportland” cements 

with trass substitute gave poorer results in rich mixing 
and somewhat better ones in lean mixing than the 
same cements without trass additive.

The excellent properties of blastfurnace slag cements 
were in all cases impaired by trass substitution.

A further longtime study extending over 27 years 
was carried out in Norway near Trondheim (220). 
Here, reinforced concrete piles from 9 different ce
ments—among them a blastfurnace slag cement with 
over 60 % slag content and a “Eisenportland” cement 
with less than 30 %—were exposed upright in the tidal 
zone. For the main test, cement content was 313 
kg/m3 and the w/c-factor approx. 0.6.

The concrete with blastfurnace slag cement (w/c 
0.64) and with portland cement with 3% C3A (w/c 
0.56) showed high stability, while those with portland 
cement with 11 % C3A (w/c 0.61) were destroyed. The 
“Eisenportland” cement behaved better than this 
portland cement, but not as well as another with 
6% C3A, which attained the durability of the lean 
mixing with blastfurnace slag cement only when the 
cement content was raised from 313 to 417 kg/m3 
(w/c 0.47).

In this long-time study, the specimens were attacked 
by a combination of sea water, frost and steel corro
sion, and the assessment also takes the degree of steel 
corrosion into account.

In another longtime study carried out in England 
over 23 years, reinforced concrete piles were exposed 
in the tidal zone of the Thames estuary near Sheerness 
and half-immersed in three-fold sea water concentra
tion near Watford. F. M. Lea and C. M. Watkins 
(212) reported on these experiments. Eleven cements— 
among them one blastfurnace slag cement—weie 
tested in mixture of 1: 2.6; 1: 5 and 1: 9. Here the 
order of increase in resistance to chemical attack was 
again:

1st Portland cement
2nd Trass cement and blastfurnace slag cement
3rd High alumina cement
The same order applies to the resistance against 

corrosion of the reinforcement. A comparable degree 
of corrosion protection was achieved for the following 
mixing and concrete covers of the steel.

Blastfurnace slag mix. 1: 2.6 and 2.5 cm cover
cement: // 1:5 » 5 // //

Portland cement: // 1:2.6 // 5 // zz
Excellent behaviour of blastfurnace slag cement was

also noted on concrete blocks weighing about 10 tons 
which had been immersed as bulwarks in the North 
Sea tidal zone on the island of Heligoland (208) and 
(217). Today after over 50 years their surfaces are 
rough, corners and edges are lightly rounded, whereas 
similar blocks of other cements show deep fissures 
and soft spots and have sustained severe partial 
damage.

Resistance of Slag Cements against Sulfate Action
Satisfactory behaviour in sea water has often been 

attributed to the well-known resistance of blastfurnace 
slag and supersulphated cements to sulfate solutions. 
But this cannot be the only reason. For “Eisenport
land” cements with slag contents up to 30% already 
show an increase in their resistance to sea water, while 
resistance against pure sulfate solutions (for instance 
Na2SO4) only rises at slag contents above 50%, as 
has been shown in an extensive study by F. W. Locher 
(205).

Using the method developed by Koch and Steineg
ger (195), F. W. Locher investigated the sulfate resis
tance of slag cements consisting of portland cement 
clinker with 0.8% and 11 % C3A and granulated slag 
with 11 and 17.7% A12O3. He found that for slag 
contents above 60% sulfate resistance improved in all 
cases compared with slag-free cements. Where slag 



content was below 60%, a difference between the two 
slags was noted. While the low-alumina slag at con
tents above 20 % brought about an increase in sulfate 
resistance in every case, the high-alumina slag at 
first had a negative influence. Sulfate-resistant cements 
were only obtained when slag contents were raised to 
over 60%. Fig. 17 shows six diagrams taken from this 
study which, in our opinion, adequately define the 
sulfate resistance of blastfurnace slag cements, a 
question which has sufficiently been discussed for 
decades.

Other Aggressive Media
Less attention has so far been paid to behaviour in 

the presence of chloride solution. Unlike the sulfates 
these have no effect in low concentrations but in 

concentrated solutions they can cause deterioration 
or complete destruction of concretes with high- 
calcareous cements (198), (207), (208), (209) and (223). 
H. G. Smolczyk (209) was able to show that saturated 
NaCl solution does not impair the development of 
compressive strength in blastfurnace slag cements 
containing over 70% slag, in contrast to portland 
cements with and without C3A. In solutions of 3 
mol/1 MgCl2 or 3 mol/CaCl2 concretes of the latter 
cements were even destroyed within weeks, while those 
from blastfurnace slag cements with a slag content 
above 70 % remained resistant. Even in the MgCl2 solu
tion, increases about 70 percent in compressive 
strength were measured after 2 years.

Clearly, these findings indicate that blastfurnace 
slag cements are not specially sensitive to the Mg++ 

(According to EW. Locher)

Fig. 17. Sulfate resistance of blastfurnace slag cements

Specific surface:

Clinker 3000 cmYg 
Slag 5000 cm/g

Sulfate Resistance 
of Blastfurnace 
Slaa Cements

» Compressive 
strength before 

immersion

Immersion in 44 % 
Na2SQr solution: 

o-—-o 8 weeks 
•—• 12 weeks
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1x1x6cm



ion. Long-time tests in MgSO4 solutions by F. 
Campus (215/16) produced the same result. Apparent
ly, the term “basic change” coined by E. Burke (224) 
has only a limited application to slag cements.

Bearing in mind that sea water has a high chloride 
content and that in tidal zone we must allow for 
marked increases in concentration within the con
crete or on its surface (217) and (11), (see p. 539-553,) 
we may assume here a direct connection between the 
resistance of blastfurance slag cement to sea water 
and chloride solutions. We may also expect blast
furnace slag cements to resist the chemical attack of 
defrosting salts. Clearly, there is a wide field here for 
further investigations.

All concretes being strongly alkaline, their resis
tance to acid waters is comparatively low. Neutral 
water with very low salt content can also leach out 
porous concretes in the course of time. In this case, 
concrete density is a far more important factor than 
the selection of any given cement type (211). But, 
here, too it is reported that blastfurnace slag cements 
have shown rather a better performance than cements 
of higher lime content without slag (11) (see p. 539
553), (225) and (10) (see p. 710 (Vol. II) and p. 636 
(Vol. III)).

Some Reasons for the Resistance of Slag Cements
There must be some fundamental reasons for the 

good resistance of cements with higher slag content 
against various solutions aggressive to concrete. A 
number of authors attribute it to the low CaO con
tent. But this alone cannot explain pronounced differ
ences in behaviour. We can be reasonably certain 
today that the greater durability of slag cements to 
given chemical reactions, such as acid waters, sea 
water or strong chloride solutions, is not merely due 
to the CaO in the cement, but is largely attributable 
to the lower content of free Ca(OH)2 in the paste 
(7), (116), (123) and (225). Blastfurnace slag cements 
in contrast to supersulphated cements still contain 
free Ca(OH)2 and have pH values above 12 (7), (126) 
and (226), but direct chemical attack causes this 
Ca(OH)2 to be quickly converted, so that the leaching 
out or diffusion of the Ca(OH)2 bound in the hydrates 
then proceeds very slowly. Moreover, this reaction 
leaves behind low-calcareous hydrate gels of lesser 
permeability which soon arrest many types of chem
ical attack (227). ,

These considerations also explain the apparent 
contradiction that we find the cements with greatest 
sulfate resistance just among the blastfurnace slag 
types with the highest A12O3 content. The richer the 
slag in A12O3, the lower the amount of clinker needed 

in the cement without any impairment of strength 
(123). In these cements with high contents of granu
lated slag, however, little additional ettringite can 
form under the influence of sulfate, as the ratio of 
diffusion-inhibiting hydrate gels to free Ca(OH)2 
is much greater than in other cements (116) and (228).

In the case of sulfate attack, two further factors must 
be considered. In the hardened paste of blastfurnace 
slag cements only a small part of the A12O3 is available 
for additional ettringite formation, since the larger 
share has already been bound into the calcium- 
aluminate-sulfate hydrate phases or can evidently 
be very firmly bonded into the calcium-silicate hydrate 
phases (115), (114), (127) and (128). In addition, 
H. G. Smolczyk (116) established by microscopic 
examination that the ettringite crystals formed in the 
paste of cements with high slag contents are so tiny 
(about 5 micron) that they are not likable to set up 
any friction.

Effect of Mineral Oils
While the action of mineral oilds on concrete is 

certainly not in the nature of a chemical reaction, it 
should be briefly mentioned to complete the picture. 
Here, we have a very recent comparative experiment 
by W. Steinbach (229) available. Cement mortars 
from a portland cement with 12% C3A and a blast
furnace slag cement with 70 % slag were stored for one 
year in heavy oil, diesel oil and gasoline. The mortar 
prisms (w/c 0.5 and w/c 0.8), were cured in water for

Table 12. Compressive strength of cement-mortars after 
1 year of immersion in mineral oils. 

{According to results of W. Steinbach)

Immersion w/c
Portland cement Blastfurnace 

slag cement

kg/cm2 % kg/cm2 %

Immediately
0.5 627 100 531 100

before immersion 0.8 330 100 234 100

Heavy oil
0.5 596 95 557 105

0.8 289 88 219 94

Disel oil
0.5 621 99 600 113

0.8 305 92 238 102

Petrol
0.5 556 89 619 117

0.8 285 86 312 133

Air(20QC, 65%r.h.)
0.5 649 104 584 110

0.8 377 114 271 116

Water (20°C)
0.5 671 107 721 136

0.8 357 108 352 150 „



7 days, then in the open air for 21 days and them im
mersed in the 3 oils with control specimens further 
exposed to open air and a 5th series cured in water.

Compressive strengths immediately before curing 
and after one year are compiled in Table 12. It will be 
seen that while the blastfurnace slag cement registered 
the highest strength increase in water curing, a higher 
growth rate was also measured for all other storage 
methods—including open air curing—than for the 
portland cement.

In summing up it can be stated that slag cements— 
and in particular the types with high contents of 
blastfurnace slag and the supersulphated cements— 
provide a relatively high resistance against various 
media which would either attack or weaken concrete 
of different composition. Admittedly, care must 
be taken to given them the sufficient wet after-treat
ment required for all hydraulic binding agents, as 
laid down in the concrete specifications of practically 
all countries.

Carbonation and Protection against 
Steel Corrosion

(by F. Schröder and H.G. Smolczyk)

Carbonation
The carbonation of concrete and possible differ

ences between slag cements and portland cements 
have been investigated particularly in Germany over 
the last eight years with often contradictory results.

The research was sparked off by earlier carbonation 
tests carried out in Japan. Here, K. Kishitani and 
K. Hamada (230) found that the depth of carbonation 
rises without limit with the square root of time and that 
carbonation rate is lowest for pure portland cement. 
T. Soda and K. Yamazaki (231) noted after five to 
ten years storage an arrest of carbonation up to alto
gether 20 years and found no difference in the carbona
tion depth of blastfurnace slag cements and portland 
cements. According to K. Kosaka (232) the differ
ences were small. The results of measurements by 
T. Mori, K. Shirayama and A. Yoda (233) do not show 
consistently better performance by portland cements.

This work was followed up in Germany during the 
years 1962 to 1964 by various authors who investigated 
old and very old concrete structures. Individual results 
and their interpretations varied to some extent, but 
on an average no significant differences between slag 
cements and portland cements were noted (234).

Carbonation tests with mortars and laboratory 
concrete batches did, however, show very marked 
differences in both results and their interpretations 
(235), (236) and (237).

According to A. Meyer, H. J. Wierig and J. Hus- 
mann (236), the conditions of storage have a consid
erable bearing on carbonation, but carbonation speed 
obeys in all cases the law:

Carbonation depth = const. Vtime

In addition, slag cements are said in principle to 
carbonate faster than portland cements.

F. Schröder, H.G. Smolczyk, K. Grade, R. 
Vinkeloe and R. Roth (237) by contrast found that 
this approximate carbonation law was obeyed only 
under dry storage conditions (20 centigrade and 65 % 
relative humidity) and even then by all the cements 
not in the same way. Carbonation functions differ 
in different cement types, particularly at the start of 
the process. Thus, blastfurnace slag cements with high 
slag contents tend to carbonate quicker at the start, 
but are then caught up by portland cements of the 
same compressive strength. It appears that concrete 
quality and its after-treatment before carbonation 
have a far greater influence. In addition, determination 
of CO2, X-ray and microscopic investigations of 
carbonated concrete brought experimental proof 
that the free Ca(OH)2 content of the paste has virtually 
no effect on carbonation rate, since all other hydration 
products of cement are alkaline and carbonate too 
(238) and (239). Calcite, Vaterite and partly also 
Aragonite appear as carbonation products (240), 
(241), (242) and (243).

Why results and interpretations are partly so much 
at variance may probably be explained by the follow
ing reflections as well as recent measurements:
a) So far we have too few long-time carbonation 

studies with concrete available, so that we too often 
extrapolate the results of few years on , to much 
longer time spans. All we know about carbonation 
functions so far can only be regarded as rough 
approximations and so quite inadequate for extra
polated conclusions and the exact definition of 
different behaviour.

b) The experimental conditions of many tests are not 
strictly comparable. Since concrete quality, e.g. 
its density, is a decisive factor, it must be kept 
uniform if we want to measure the influence of 
chemical cement composition. We can roughly 
approximate this requirement if we compare test 
specimen of equal compressive strength. In short, 
we must use cements of comparable compressive 
strength and store the test specimen in water for 
a sufficiently long time.

Frequently, however, slag cements with more than 
70% slag and portland cements “Z 375” are compared 
in the form of 4 x 4 x 16 cm mortar prisms, which 



are already exposed to ambient atmosphere carbonic 
acid after 3 to 7 days. Small mortar shapes dry out 
very fast, so that the start of open-air storage must be 
directly taken as the reference strength, i.e. not that 
strength ratio of roughly 1: 1.3 between blastfurnace 
slag cement “Z 275” and portland cement “Z 375”, 
which correspond to cement quality after 20 days water 
storage. As blastfurnace slag cement “Z 275” has a 
different compressive strength increase rate than 
a portland cement “Z 375”, we must, in fact, take a 
ratio of approximately 1: 1.9 for 7 days pre-storage, 
and at 3 days only about 1: 2.2. And the square root 
of these ratios roughly correspond to the carbonation 
speed ratios, measured and compared in these reports. 
However, these measurements do not compare types 
of cement, but merely compressive strengths of test 
specimen.

Numerous measurements we have carried out our
selves have shown that carbonation depth on mortars 
and concretes of portland cements, “Eisenportland”- 
cements and blastfurnace slag cements, stored under 
identical conditions, after a few years becomes closely 
proportional to the factor l/E’o, where Fo is the com
pressive strength of the test specimen at the start of 
carbonation and includes the influences of the 
water/cement ratio, the type of cement, its quality 
class and the after-treatment of the specimen. Any 
dependence of carbonation on the chemical composi
tion of the cement has so far been noted only for high 
alumina and supersulphated cements. These carbo
nate at a markedly faster rate than their factor 1/FO 
indicates.

These results also provide an answer to the chem
ically well founded theoretical reflections of H. Stein- 
our (244). But though he points out the reserves of 
alkalinity of the cement paste, in addition to the free 
Ca(OH)2, he assigns no significant importance to the 
degree of this overall alkalinity.

This assumption probably applies only to such 
cements which do not form any free Ca(OH)2 and so 
also develop hydrates which are leaner in lime content. 
Carbonation speed of all other concretes, on the other 
hand, seems to be governed to all practical purposes 
exclusively by their physical properties which may 
be roughly summed up in their compressive strength. 
Probably, carbonation in concretes containing 
Ca(OH)2 is not governed by the high speed of chem
ical reaction but by the slower rate of drying out.

These findings agree with the results of H. E. 
Schwiete and U. Ludwig (245) who recognised the 
open porosity of the concrete as a decisive factor and 
developed suitable testing methods.

Future carbonation tests should, therefore, include 

the measurement of pore distribution and develop
ment of compressive strength in the test specimen. 
Above all, in order to obtain a basis for valid assess
ments, we must know the strength of each specimen 
immediately before it starts to dry out and carbonate.

These initial strengths are also required in order to 
measure the changes in strength as carbonation pro
ceeds. Here again, opinions differ. A. Meyer, H. J. 
Wierig and J. Husmann (236) state that compressive 
strength of portland cements rises considerably as a 
result of carbonation, while that of blastfurnace slag 
cements containing less than 50% slag remains 
unchanged. But in their experiments they enforced 
carbonation by storing tiny cylinders (1 cm) in 10% 
CO2 and then compared these minute bodies with 
others which were stored over 56 days in water. This 
comparison is inadmissible, because of the marked 
final hardening of slag cements in water storage, so 
that it does not tell us the real changes in strength by 
carbonation. Therefore, it is not surprising that a 
different experiment, carried out in the same labor
atory, produced entirely different results (229). Here, 
the 4x4x16 cm test specimen of a blastfurnace slag 
cement with 70% slag increased in strength to 110% 
and 116% after only one year’s storage in the ambient 
air (see Table 12).

According to W. Manns and O. Schatz (246) 
carbonation will only increase the strength of slag 
cements if they contain more than 40% clinker. In 
this test, the specimens were first dried at 40 centigrade 
and then carbonated in 9 % CO2.

These test conditions again do not correspond to 
practical reality. Extensive tests at the Research 
Institute for Blastfurnace Slag and two other labora
tories of the slag cement industry have yielded results 
completely different from the ones mentioned above. 
They are shown in Table 13. Here, lean mortars of 10 
cements were stored in water for 28 days and then 
carbonated completely by 50 weeks open-air storage 
(20°C, 65% r. h.) or 6 months in 3% CO2 (20°C, 
65% r. h.).

Except for the sulphate slag cement, considerable 
increases in compressive strength were measured on 
all samples. The increase in strength, when the sam
ples are exposed to air, range between 50 and 120%, 
and when they are exposed to CO2, between 100 and 
200 %. With blastfurnace slag cements containing more 
than 50 % of slag, the average values were somewhat 
lower than those of the other cement types, and the 
portland cement types with < 3 % C3A showed the 
greatest increase in strength. Only the supersulphated 
slag cement lost half of its strength, when exposed 
either to air or to CO2. -



Table 13. Compressive strength of cement mortars 
after total carbonation in air or COi 
Mortar bars 4 X 4 X 16 cm, wjc 0.76

Cements Compressive strength in kg''cm2

Type
Slag
CsA

28 days 
m water 

(S'w)

50 months in air 
20oC, 65%r.h.

6 months 
in3%CO2

Lab. F Lab.H Lab. A SclSw%

HOZ 74 225 350 330 151 456 203
HOZ 55 199 356 320 170 396 199
HOZ 43 298 474 418 150 708 238
EPZ 15 252 497 384 175 708 281
EPZ 29 240 428 380 168 592 247

PZ 8 267 520 384 169 648 243
PZ <1 182 397 336 202 482 265
PZ 2 149 318 350 224 442 296
PZ 13 247 426 396 166 516 209

SHZ* 85 427 232 194 50 190 45

* SHZ = Supersulfated cement

These tests were carried out with standard cement 
types bought from commercial sources, and moreover 
several laboratories obtained the same results. It will 
be necessary to discuss the reason why some of the 
results obtained by other authors are different.

Protection of Reinforcement against Corrosion
Many authors see a direct relationship between 

carbonation of concrete and protection of reinforcing 
steel against corrosion, and it is certainly true that the 
safest protection of the steel against corrosion is 
afforded by the alkaline-reacting concrete. For this, 
however, the concrete must be compact and resistant 
to substances that generally attack the concrete itself.

Therefore, it is probably safer to say that a non
compact or unstable type of concrete gives less protec
tion against steel corrosion and also carbonates more 
rapidly, when exposed to air (237). It is difficult to 
check by experiment whether steels, if sufficiently 
covered with carbonated, but compact concrete, may 
corrode to such an extent that damage occurs, for 
carbonation of compact concrete takes very long.

This question also could not be clarified definitely 
during the colloquium of the RILEM Technical 
Committee on “Corrosion of Reinforcement of 
Concrete” at Wexham Springs in September 1965. 
Considerations on this specific subject will be found in 
the two “General Reports” by P. Halstead (247) 
and C. A. Lobry de Bruyn (Chairman of the collo
quium) (248).

The testing of very old structures has shown that 
in non-compact concrete types or insufficient concrete 
covering, damage due to corrosion has often occured, 
whereas on steels, in compact concrete types which 
had carbonated very slowly, only traces of rust have 

been found, even if the concrete contained chloride 
(249). In this connection, some authors report a lesser 
rust prevention by slag cement types (234) and (236), 
other did not find that there was any difference com
pared to portland cement types (234), (237) and (250).

On the influence of chloride additives and on the 
behaviour of steam-treated concrete types, extensive 
concrete tests have been carried out in Belgium, about 
which R. Dutron and A. Mommens (251) have 
reported in detail. During these tests great differences 
with varying test conditions were established, but no 
systematic differences between slag cement and port
land cement.

In old structures near the sea, and in reinforced 
concrete immersed for decades in sea water in Eng
land, Belgium, Italy, France and Norway, the protec
tion of the reinforcing steel against corrosion was 
clearly better with blastfurnace slag cements than 
with ordinary portland cements (212), (215/16), 
(218), (219) and (220).

Discussion on Slag Cement Types in Prestressed 
Concrete

More recently apprehensions repeatedly have been 
expressed in Germany that the sulfide in slag cement, 
harmless for normal reinforcing steel, may, with cer
tain prestressing steels subject to high stresses, lead 
to cathodic hydrogen embrittlement and to stress 
corrosion fracture.

These discussions have been brought about by a 
number of cases of corrosion damage on prestressed 
prefabricated concrete consisting of sulfide-containing 
high alumina cement (252).

However, F. K. Naumann and A. Bäumel (253), 
who had already described this type of stress corro
sion, have clearly pointed out in their publication that 
hydrogen embrittlement cannot occur within alkaline 
concretes and that, even in high alumina cements, 
previous conversion and decrease in volume of the 
hydration products are a prerequisite for it. Accord
ing to H. G. Smolczyk (243) this decrease in volume 
alone is not sufficient to explain the fundamentally 
different and very disadvantageous behaviour of 
converted concrete consisting of high alumina cement. 
He rather points to the decisive role of the water of 
crystallization in the stoichiometric computation of 
the conversion in % by volume:

3CAH10 —> C3AH6 + 2AH3 + 18H
100% by volume ~48% by volume ~55% by volume 
This means that after the conversion about half of 
the previously solid hydrate exists as free water, which 
may evaporate and leave pores. The same results were 



obtained also by H. E. Schwiete, U. Ludwig and P. 
Müller (254). This conversion is well known (11) 
(see p. 437-444,) (255) and can be very well established 
by X-ray analysis, as is shown in Fig. 18 (243).

Since blastfurnace slag cements form the same 
hydration products as portland cements (7), (114) and 
(118), such conversions are not possible, and a com
parison with high alumina cement is fundamentally 
wrong (243). Furthermore we do not know of any 
case of stress corrosion faillure in concrete consisting 
of slag cement.

Corrosion tests by B. Ost and G. E. Monfore (256) 
with prestressing steels in mortars of 3 types of port

land cement and 5 types of slag cement (slag up to 
77%, sulfide up to 0.8%) with and without chloride 
additive have not shown any difference between 
portland cement and slag cement.

Two extensive long-time tests with prestressed 
concrete piles were started at 6 different places by 
“Arbeitsgemeinschaft Hochofenschlackenforschung” 
in 1963, and by “Deutscher Ausschuß für Stahlbeton” 
in 1964. Moreover a prestressed-concrete testing 
program (257) with samples half-immersed in sea 
water has been carried out in France since 1961. It 
may be expected that in 5 to 10 years significant results 
from these 3 long-time studies will be available.
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Concrete with High Alumina Cement
(X-ray diagrams of paste with rest of quartz-aggregate, CuK^ ) 

above: Concrete without signs of conversion.
below : Concrete with complete conversion.

Fig. 18. Concrete with high alumina cement

Technical Application of Blastfurnace Slag Cements

Blastfurnace slag cements are used in all branches 
of concrete and reinforced concrete construction, in 
civil engineering and building construction, in hydrau
lic engineering, bridge construction and in the con
crete block industry.

There are practically no restrictions on their use in 
reinforced and prestressed concrete constructional 
work (189). Only in West Germany high slag cements 

containing more than 50 % by weight are—for the time 
being—excluded from use in prestressed concrete with 
direct bonding—i.e. without enveloping tubes. A table 
showing preferred applications of various cements has 
been prepared in France (111).

Due to their specific properties, slag cements, mainly 
those high in slag content are particularly suitable for 
steam-curing. Steam-cured concretes made from slag 



cement are often superior to those without such treat
ment, but at least equivalent.

A special field of application is moreover the range 
of concrete for building structures for which cements 
with a low heat of hydration and/or high resistance to 
chemical attacks are demanded. Numerous structures 
in many countries witness the good use of the specific 
characteristics of slag cements. The following exam
ples are representative for many others:

Bridges: partly prestressed concrete: over the 
“Oosterschelde”/Netherlands (258), to the Isle Ole- 
ron/France (259), along the highway “Autostrada del 
sole”/Italy (260) and e.g. the motorcar-roads and high

ways at Diisseldorf/Germany (261);
Marine structures: harbour-locks “Baudoin” 

Anvers/Belgium (189), “Haringsvlief’/Netheriands 
(262), “Wilhelmshaven”/Germany (152), and the dams 
and tides-power station at the Rance/France (263);

Hydraulic engineering structures: Pumping power
station Vianden/Luxembourg (267), Metro-tunnel 
Rotterdam (268) and airport Shiphol (269), (270) 
and (271), the canal-locks at the “MoseF’-navigation- 
way (264), (265) and (266), Montblanc-tunnel/France/ 
Italy (274), barrage “Roselend”/France (272) and (273) 
and the atom- and nuclear research-center Jülich/Ger- 
many (277).
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Written Discussion

Alfredo Negro

In this principal paper Mr. Schröder makes evident 
the various possibilities of ionic structure of the sili
cates in the vitreous slags, which can be identified by 
the structure itself after devitrification. -

A prominent place is given to the silicates of the 
melilite group, having the general formula A^+ B2+ 
X4- which are considered as solid solutions in the 
crystalline state; as is known, usually the two main 
minerals of this solutions are gehlenite Ca2 Al(AlSi)O7, 

and akermanite Ca2 Mg Si2 O7; having a tetragonal 
lattice which encloses the ions Ca2+ with coordination 
eight, at the centre or irregular polyhedrons, which are 
made up of oxygen atoms.

In relation to the experimental results of Golds
mith (1), Nurse (2) and other researchers and to the 
relative interpretation of Christie (3), we carried out 
some research with X-ray (4) on the introduction of 
NaF into gehlenite lattice, in order to break the bonds 



Ca-O, putting Na+ in place of Ca2+, and retaining 
the electroneutrality by the monovalent unity F".

These are the results of our works. It has been found 
that, when a low quantity of NaF is put into gehlenite, 
a slight deformation of lattice with increase of the 
unit cell occurs; when a 3.75 NaF percentage is 
over, a superstructure is originated; a slight lattice 
contraction, instead, is found when the NaF 
approaches to five per cent. Decomposition of the 
gehlenite is obtained using greater additions.

In successive work (5), in order to examine the pos
sibility of the substitution of F" with OH-, the above 
modified gehlenites were hydrated with a lime-saturated 
solution: we have found that the 3.75 NaF gelenite, 
although crystalline, presented the typical interfer
ences of the hydrates C2ASH8, the stratal hexagonal 
compound.

The only reported case of hydration of the crystal
line gehlenite is that of Carlson, who operated in steam 
and obtained the cubic compound C2ASH.

Another set of researches have been carried out on 
vitreous melilites at different temperatures and pres
sures, in order to obtain different hydration com
pounds and to characterize them using X-ray, I.R., and 
differential-thermal analyses.

The main results are the following: at 50°C (6), 
glasses in gehlenite-akermanite system present a 
decrease of reactivity with increasing the akermanite 
content; when this content is higher than 25%, no 
reaction occurs. The principal hydration product is 
C2ASH8 and, increasing the akermanite content, only 
the a0 parameter in hexagonal lattice decreases from 
9.96 A to 9.93 Ä.

Together with the above specified compound, the 
C3AH6 is present which is transformed with time into 
the successive terms of the hydrogarnets series.

Successive experiments (7, 8) of autoclave hydra
tion on glasses at a higher content of akermanite 
(from 75% to 100%) have been carried out; the fol
lowing results have been obtained: at pressure between 
five and twentyfive atmospheres in almost all the speci

mens with above specified composition, has been 
found aC2SH with small quantities of compounds of 
tobermorite group, and in some cases with plazolite 
and xonotlite; anyway, no magnesium hydroxide was 
found; the interpretation of these results are in accord
ing to the specialized literature, that the magnesium 
takes the place of calcium in the hydrated silicates; in 
addition a tobermorite 11 Ä has been seen, where 
aluminium partly substitutes the silicon; similar 
results, starting with other materials are obtained by 
Kalousek and Diamond (9).
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Oral Discussion

Niko Stotterheim

In his paper. Dr. Schröder quotes Guye as recom
mending a higher fineness for South African cements 

consisting of clinker with high MgO contents (16-25 %) 
and for granulated slags containing up to 22 % MgO 
for improvement of volume stability. These high MgO 
clinkers were purely experimental. No portland 
cements of abnormally high MgO contents (above 
5 %) are made in South Africa.



On the other hand, slags with MgO of up to 22 % 
are used extensively for slag cements: although such 
slags are finely ground, this is not done to improve 
volume stability—they are stable; soundness of such 
high magnesia slags was the theme of my paper to 
the 1960 Washington Symposium.”

Oral Discussion

Jean Forest

It is desirable first of all to review the interpreta
tion of published data, extracted from a work con
cerning particular' cements bonded with orthopho
sphoric acid (1), concerning industrial and synthetic 
blast furnace slags.

The D.T.A. and S.T.A. of these slags which give 
identical starting temperatures 6°C of devitrification, 
and knowledge of analytical results from C. Mal- 
quori, R. Pinault (2) and Poliet et Chausson, made 
possible the use of the statistical method.

Applied to 34 slags without Ba and with little 
alkali content, it reveals a significant correlation 

between 6°C and ——— with r = 0.62, for aAl3+
probability threshold of 0.01 read on student’s table.

The linear regression can be written:
e°C = 715.5 + 10.96 Ca2+^++MS2+ (Fjg. i).

Justification of this deduction can be found in the 
work of G. W. Morey (3) who studied the crystalli
zation of a glass 1.11 N-0.95 C-6S in which A12O3 
is substituted for CaO.

The effect (Fig. 2) is marked by an increase of devi
trification temperature which diminishes nevertheless 
when the composition permits the appearance of a 
new mineral.

t°c

1,200
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Fig. 2
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Fig. 3

When------s— decreases, the representative

point of the slag, placed on a Rankin Diagram, 
considering only the 3 elements Si, Ca, Al, is displaced 
from the primary stability field of a C2S to that of 
C2AS, passing through the eutectic line (Fig. 3).

The analogy with the preceding case leads us to 
suppose that the observed correlation results from 
this transition.

In practice and considering that blast furnace slags 
high in alumina content are valued, the 6°C knowledge 
should be one of the basis on which to predict their 
hydraulic properties.

This observation which wanted explaining con
curs with the conclusions of F. Keil and F. W. Locher 
(4) about the hydraulic properties of glass in the C- 
A-S. system.

The authors show in fact that the activation with 
clinker of MgO containing slags, pushes the field of 
high resistance values of compressive strength up to 
elevated values of A12O3.
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Oral Discussion

R. R. Hattiangadi

Dr. Schroder’s paper had brought out that port
land blast furnace cement had extraordinary good 
properties in respect of sulphate resistance and was 
highly recommended. Dr. Hattiangadi asked if there 
was any correlation between the sulphate resistance 
of portland blast furnace cement and the alumina 
content of the slag. In his own experience in India 
where the blast furnace slag had a very high alumina 
content, (over 22 %), they had found that the sulphate 
resistance as measured by standard methods was 
hardly as good as the parent portland cement itself. 
Dr. Hattiangadi added further that he would be glad 
to furnish such information as was necessary in this 
connection. In the general reply to the various points, 
he got the impression that Dr. Schröder did not touch 
upon this particular point.

' Oral Discussion ■

Udo Ludwig

' ' Peter A. Otto

Hans E. Schwiete

Some interesting facts during hydration of super
sulphated cement are shown in the following Fig.
1. The decrease in anhydrite is corresponding with the 

increase in heat liberation and strength develop
ment. That means that ettringite formation will 
give in this special case of supersulphated cement 
a part to strength.

2. In context we measured a decrease in open porosity 
by means of O2-diffusion.

Fig. 1. Hydration of SHZ

in mcisi air

wafer covering 
pH=7

water covering

Fig, 2. Surface abrasion of mortar specimen

3. The pH-value firstly rises up to 4 hours hydration 
than decreases and rises again. At least the value 
lies in the range of 12.6.

4. The following Fig. 2 shows three motar surfaces 
with portland and supersulphated cement after 3 
days hardening brushed with a steel brush.

SHZ I was covered with normal water during the 
one-days moulding time whilst SHZ II was covered 
with lime solution of pH = 12.4 by which the surface 
abrasion was put to zero. This means that by the water 
fixation during the first hydration and the resulting 
contraction of volume the open surface becomes poor 
in lime solution so that only slight hydration reaction 
can start. Open porosity remains large and CO2 from 
air will neutralize the cement.
5. By the carbonation of ettringite (d = 1.75 g/cm3) 

under formation of calcite (d = 2.71 g/cm3), 
gypsum (d = 2.32 g/cm3), gibbsite (d = 2.42 g/cm3) 
and evaporation of free water the rest volume 
becomes 51% of solids and 49% of pores. This 
increase of porosity explains a loss in strength (3). 
But wet or moist stored supersulphated cement is 
in our opinion the best sulphate resisting cement.
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Author’s Closure

Fritz J. Schröder

Reply to A. Negro

The replacement of CaO by CaF2 as a fluxing mate
rial for lowering the viscosity of slags has been utilized 
for many years. Thereby an exchange of oxygen ions 
by twice the number of fluorine ions takes place. It 
is obvious that this exchange increases the anion to 
cation ratio in silicate melts. This improves not only 
a lowering of the viscosity but it also accelerates the 
crystalisation.

In the case of the replacement of CaO by NaF 
according to the investigations by A. Negro the F-ions 
seem also to have acted as a mineralizer.

This can be deducted from the proof of the defor
mation of the gehlenite-lattice and the formation of a 
superstructure, and the decomposition of the gehle
nite-crystals. The X-ray-diagrams by A. Negro and 
M. Regourd (1) show the formation and inclusion of 
wollastonite- and nepheline-crystalites (which was 
to be expected according to the investigations made 
by R. W. Nurse and H. G. Midgley (2)), Negro and 
Regourd assume moreover the inclusions of Na-sili- 
cate and Na-aluminate.

Due to these findings, one can assume, that by addi
tion of NaF, gehlenite-lattices with a greater lot of 
empty sites are being built up. But the strict coordina
tion requirements of the Si4+-ions makes it difficult 
for silica to form vacant anion sites and therefore the 
alumina-tetrahedra are essentially disproportionated.

A. Negro’s statement that by introducing of minor 
quantities of NaF the modified and microheterogenic 
gehlenite-crystals are more reactive than better ordered 
ones, is therefore not surprising. Due to the surely 
disturbed coordination requirements and the increased 
inner surface such gehlenite-crystals, if brought 
together with Ca(OH)2 or other alkaline solutions 
will set and harden by capturing hydroxyl-ions and 

by binding water.
A. Negro’s findings on hydration in water and under 

hydrothermal conditions of gehlenite- and melilite
glasses with an increasing akermanite content con
firm some wellknown results, viz. that thereby can 
build up, besides tobermorite phases, gehlenite-hydrate, 
plazolite, xonotlite and hydrogarnets as at least I. C. 
Yang (3) has found under similar conditions.

A. Negro’s statement that “at 50°C, glasses in 
gehlenite-akermanite system present a decrease of 
reactivity increasing the akermanite content; when 
this content is higher than 25 %, no reaction occours” 
is in contradiction to F. Keil and F. Gille’s (4) findings, 
and also to the actual experience gained over a period 
of many years in curing mortars and concrete at 
temperatures from 40 to 60°C.
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Reply to N. Stutterheim

Considering the discussion remarks on Session 
IV-3 firstly 1 thank Mr. Stutterheim for his explana
tions.

Because of an uninteded shortening which occurred 
during translation, the reference text on page 64 does 
indeed give an inexact interpretation of F. Guye’s 
findings.

The text in question should read: By means of a 
very interesting laboratory investigation, carried out 
at the “Centre Technique Holderbank” on request 
of the “Societe Anglo-Alpha, Johannesburg”, F. 
Guye (162) proved the favorable influence of blast
furnace slag on the soundness of high magnesia ce
ments.

The test blastfurnace cements consisted of labora
tory clinkers with high MgO-content (16-25%), 
burned from South African dolomites, and of blast



furnace slags from a South African iron and steel 
plant (ISCOR); the slags containing up to 22% 
MgO. The fineness of these test cements was 4000 to 
4500 cm2/g (Blaine), as usual for blastfurnace ce
ments.

These test blastfurnace cements were found to pass 
the autoclave test (ASTM C151) under the following 
conditions: clinker content of the cement: maximum 
30 vol.-%; MgO content of the clinker: maximum 17 
vol.-%.

Reply to J. Forest

Further I thank Mr. Forest for informing me about 
his explanations concerning the estimation of the 
hydraulicity of slag in one of his publications (1).

Investigating a great number of slag samples, Mr. 
Forest found a relation between the chemical compo
sition, expressed as an atomic ratio Ca + Mg/Al, and 
the devitrification temperature of slag-glasses.

Forest’s relation allows it to valuate relatively well 
the hydraulic behaviour of granulated slag by means 
of the chemical analysis, or by measuring the devitri
fication temperature. This investigation completes 
the number of research-work done by other authors 
to estimate the hydraulic capacity of granulated slag 
by D.T.A. and S.T.A. analysis or by chemical for
mulas.

After a first review the above relation seems to 
allow, with the aid of the devitrification temperature, 
a more secure evaluation of the hydraulic behaviour 
of granulated slags than the “Hydraulic Potential” 
according to L. Blondiau (2).

I would, therefore, be glad if Mr. Forest could 
recheck on the slag samples—provided they are still 
existing in sufficient quantity—the relation between 
the “Hydraulic Potential” (that means the difference: 
solution heat of glassy slag minus solution heat of 
devitrificated slag) and the atomic ratio Ca -f- Mg/Al.

Reply to R. R. Hattiangadi

Answering to Mr. Hattiangadi I consider that a 
strict correlation between the sulphate resistance of 
portland blastfurnace cements and the A12O3 content 
of the granulated slag used for their manufacture 
cannot be stated.

The Indian Standard No. 455-1968 permits only 
the production of PBFS cements with slag content 

from 25 % to 65 %, with a maximum percentage of 3 % 
SO3. Taking into account the investigations of F. W. 
Locher (3) (see also principal paper and Fig. 17) the 
low resistance to sulphate of those cements is obvious.

Since it is, however, possible—as proved by T. 
Tanaka, T. Sakai and I. Yamane (4) and by H. 
Williams and S. K. Chopra (5)—to make supersul
phated cements from Indian slags (20%-30% A12O3), 
I hold the view that it should also be feasible to pro
duce from the alumina rich Indian slag sulphate- 
resisting portland blastfurnace cements with slag 
content >65 wt. % and somewhat higher SO3 con
tent. According to F. W. Locher (6) those slags should 
contain more than 5 % MgO.

In many investigations it has again and again been 
ascertained that those slag rich cements are sulphate 
resistant without any limitation.

Reply to U. Ludwig

Mr. Ludwig has shortly presented some results 
from comprehensive investigations on hydration and 
properties of supersulphated cements (SSC). But his 
statement that the ettringite formation contributes 
decisively to the strength development is in contradic
tion to the results of longtime studies by F. Schröder, 
H. Schürmann and H.-G. Smolczyk (7).

These authors have pointed out that in general 
there is no direct influence of the ettringite formation. 
But such an influence could be seen when relating the 
strength values to the X-ray determined quantities of 
hydration products or to the unhydrated cement 
components. For example, an influence of the ettr
ingite formation could result if when comparing 
strength values with decreasing anhydrite content 
the fact is not taken into consideration, that sulphate 
can be built into the CSH-phases, as shown by L. E. 
Copeland, E. Bodor, T. N. Chang and C. H. Weise 
(8). _

According to (7) during hydration of SSC, the 
formation of CSH-phases starts nearly simultaneously 
with the formation of ettringite. Due to the composi
tion of SSC, especially due to the anhydrite content, 
the quantity of the built up ettringite (12% to 14% 
according to our experience) remains nearly constant 
from the fourth, or from the seventh day latest, whilst 
the strength increases rapidly up to 28 days and than 
slower up to 12 or 18 months. Therefore, in the opinion 
of the a.m. authors (7) the formation of CSH-phases 
is the decisive factor for the hardening of the SSC.



The decrease in open porosity during hydration of 
SSC, as measured by Mr. Ludwig (9) is in good ac
cordance with the above said findings, as well as the 
pH-values, determined by these authors correspond 
to the formation of CSH-phases.

The dusting of the surface-skins of lean SSC mor
tars and concretes due to drying out or due to the 
carbonation especially of the ettringite crystals, is a 
wellknown fact. In Germany the process of moisten
ing or drizzeling SSC concrete structures with half
saturated lime solutions (pH ~ 12.4) has been used 
for some 20 years.

Mr. Ludwig’s assertion that in his opinion SSC is 
the most resistant to sulphate ion attack is very valu
able, this all the more since it confirms the test results 
of numerous other authors. (At least see V-ISCC 
supplementary paper No. 1V-130 by George H. 
Thomas.)
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Closure

First of all I wish to thank all the relevent authors 
and general reporters who represented certain inves
tigations and discussed them in supplementary papers, 
or dealed with them in written or oral discussions.

Also since 1960 (IV-ISCC, Washington) much 
research work was done to elucidate the useful charac
teristics of granulated slags and slag cements (BLFC). 
Many newer informations—obtained with modern 
scientific test methods—about the latent hydraulic 
properties of slags and about the characteristics of the 
BLFC’s are now available, contributing to confirm 
known statements or to consolidate less secure know
ledge.

Nowadays there is only a small lot of unsolved 
problems and of apparent contradictions.

Firstly there remains the heavy problem of com
paring objectively test results, because the standards 
in addition to national, historic and economical as
pects contain different demands and testing methods. 
Therefore, for laboratory studies all the involved 
scientists and engineers should use BLFC’s corre
sponding to the draft ISO recommendation no. 
771 and test them according to the RILEM-CEMBU- 
REAU methods. And especially the BLFC subtype 
60/80 should be used only for valuating the hydraulic 
capacity of the slag. Furthermore, attention must 
be paid to the fact that this type of cement only should 
be compared with an ordinary portland cement, 
made of the parent clinker.

For a rapid valuating of the hydraulicity of slag 
the use of moduli or indices—got by combining the 
chemical components (wt %)—are unsuitable because 
there is no scientific basis.

Meanwhile, there are undertaken some inves
tigations to combine the physico-chemical properties 
with the chemical composition. Here the statement 
of S. K. Chopra and C. A. Taneja (1) and also of T. 
Rogozinski (2) are remarkable that in slag melts 
(resp. glassy slags) the Al-ion only have the coordina
tion number 4.

Today it can be taken for sure that for the slag 
metis besides from their chemical composition the 
height of the temperature during furnace operation 
and the high temperature treatment until granulation 
process are decisive factors. To study this influence 
the fluorescence radiation of the glassy slag seem to 
be the simplest aid. Further investigations in this 
field should proceed from the statements of F. Sch
röder (3) that there is a shifting of the fluorescence 



radiation from UV or dark violet over violet-blue to 
pink—red for completely crystallized over badly 
crystallized to completely glassy slag samples of the 
same chemical composition, or, the release of energy 
of the fluorescence radiation seems to be related to the 
disproportioning of the crystal lattices and of the glass 
constitution, due to the high temperature treatment.

With regard to the strength properties—as well as 
others—there are no, or only minor differences be
tween PC’s and BLFC’s containing less than 50% 
slag. On the contrary, minor slag contentes can im
prove certain PC properties.

To obtain an explanation for the deviating strength 
development of the BLFC subtype 60/80 slag we (4) 
have investigated—among others—the relation be
tween open porosity and mechanical strength of 
mortars and concretes from different BLFC types. 
The results obtained from various curing conditions, 
for the pore size distribution show similar but clear 
differences depending on the slag content, resp. on the 
ratio C/S, as demonstrated in the two Figs.

Slay C/S CaO CO; mgx
0 ^3 66.4 -29a 25 2.7 604 -26e 50 22 54,5 -22• 75 i.7 48,5 -16

In all test series rising slag content causes a decreas
ing content of capillary pores.

These results explain the steeper rising strength 
curves of the slag-rich BLFC and its further hardening 
over several years, as well as the high density of BLFC 
concretes and its very high resistance against chemical 
attack. Moreover, these results explain for what rea
son the BLFC concretes in spite of their lower content 
of free Ca(OH)2 don’t carbonate faster at later ages 
than PC concretes of the same quality. And based on 
these results the formula for carbonation rule

= carbonation ~ Vl/compressive strength

—supposed by H.-G. Smolczyk (5) comparing many 
carbonation test results—obtains a theoretical expla
nation.

Further investigations about the relations between 
the ratio C/S, the mechanical strength and other ce
ment properties, e.g. the carbonation, should there
fore especially deal with the proportion of low-lime 
CSH-phases and its detailed properties among the 
first and the later hydration products of BLFC.

Starting from some cases of corrosion damage on 
prestressed prefabricated concrete made of sulphide 
containing high alumina cement, more recently ap
prehensions have expressed that the sulphide in 
BLFC—harmless for normal reinforcing steels—may 
subject to high stresses with prestressed steels leading 
to cathodic hydrogen embrittlement and to stress 
corrosion fracture. F. K. Naumann and A. Bäumel 
(6) clearly have pointed out that hydrogen embi- 
rttlement cannot occur within alkaline concretes. 
Although BLFC form the same hydration products as 
PC—and therefore a comparison with high alumina 
cement is fundamentally wrong—the development 
of H2S in BLFC concretes is said to be possible due 
to neutralization in presence of carbonic acid. Al
though we do not know of any case of stress corrosion 
failure, since two years we are investigating whether 
humid carbonic acid may develope H2S from sul
phides in BLFC mortars and concretes. The first part 
of this investigation (7) shows that only very small 
quantities of H2S will be developed by the reaction 
with unhydrated cement powder, resp. upon the speci
men surface during the first hours after demolding. 
Until today it was impossible to detect any traces of 
H2S inside of the partly or completely carbonated 
specimen. ,

In the second part we investigate now whether 
CaS, resp. Ca(SH)2 will be bound during first hydra
tion period into the solid solution compounds of the 
system C3ASH-C4AH13.

Equal studies in other laboratories would be desi-



rable and would enable the cement-chemists to refute 
scientifically unsifficient cleared up apprehensions. 

and would also help to solve several so far unexpla
ined problems and apparent contradictions.
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(A) Paper regarding Slag

Supplementary Paper IV-11 A Method of Utilizing Blast-Furnace Slag 

as a Strength-Improving Agent for Concrete

Tohru Iwai, Torn Mori, Akihiko Yoda and Masaaki Oshima*

*Research Institute, Kajima Construction Co., Tokyo, 
Japan.

Synopsis

Blast-furnace slag, when processed with a special treatment, can be used as an 
accelerating admixture for portland cement. The special treatment comprises;

a) forming a slurry which consists of water, blast-furnace slag and anhydrite,
b) grinding the slurry sufficiently in a vibrating ball mill and
c) admixing the ground slurry to the cement mix.
Accelerated strength development of cement with the admixture is brought about by 

rapid crystal growth of calcium sulpho-aluminate which is formed through a reaction be
tween alumina in slag, anhydrite and calcium hydroxide consequent to the hydration of 
calcium silicate.

Making use of a low’ grade slag, of which oxides’ ratio deviated considerably from the 
ideal one, the optimum mixing proportion of cement, slag and anhydrite to achieve the 
highest initial strength was found to be about 80/15/5. A part of anhydrite in the slurry could 
be replaced by sodium sulphate, which resulted a further acceleration of strength develop
ment.

When grinding the slurry, a ball mill of vibrating type with a large capacity was employed. 
Although an effective accelerating admixture could be produced through sufficient grinding, 
it was observed that a milling time longer than 25 minutes gave no noticeable improvement 
of admixture’s quality.

Increased strength of cement with the ground admixture was especially in evidence at 
very early stage (1 to 3 days), and it was also measurable at later stage (7 to 28 days). The 
later stage improvement of cement strength is attributable to normal slag reaction in which 
silicate content of slag plays a major role.

Introduction

In construction works rapid strength development 
of concrete is necessary when formwork is to be re
moved quickly for re-use or when sufficient early 
strength for further works is to be obtained; the use 
of aluminous cement, which offers a very high rate of 
strength development, however, is kept within narrow 
bounds because of its high price.

The high rate of strength development of aluminous 
cement is attributable to the prompt hydration of 
monocalcium aluminate, while the main component 
of portland cement is a slow hydrating calcium silicate. 
Tricalcium aluminate, the secondary component 
of portland cement, is hydrated rather rapidly, per

mitting development of initial strength.
The amount of aluminate comprised in portland 

cement is relatively small but its effects on cement 
hydration make it of importance. The hydration of 
tricalcium aluminate itself proceeds too violently, 
leading to an immediate stiffening of cement paste. 
To control this phenomena, gypsum is added to 
cement clinker. Tricalcium aluminate, gypsum and 
water combined react by forming calcium sulpho
aluminate hydrate, of which crystal grows rapidly and 
develops the initial strength of cement. The rapid 
reaction was confirmed by Schwiele, Ludwig and 
Niel (I), who identified the crystal of the hydrate in 
a very fresh cement paste.

The initial strength of portland cement can be 
increased by adding a small amount of aluminous 



cement and extra sulphate. The cement, however, has 
such defect as making setting time too short and the 
final strength too low. It was the recognition that 
pozzolanic materials or latent hydraulic materials 
contain considerable amount of alumina that the 
present authors chose them as a low cost alumina 
additive to portland cement. These admixing materials 
have been normally utilized not as an alumina source 
but as a silica source.

Fly ash, which is pozzolanic material, has about 
25 % alumina, while the alumina content in portland 

cement is about 5 %. If portland cement and fly ash 
are mixed in proportion of 75 to 25, the mixed cement 
should contain 10% of alumina. Thus the alumina 
contents in cement can be doubled.

Pozzolanic materials or latent hydraulic materials 
are known to be hydrated slowly to release silica or 
alumina. Therefore, as a rule, mixed cements made 
of these materials gain strength very slowly. The 
present study deals with a method of activating these 
materials by employing a mechanical and chemical 
treatment.

Activation of Slag through Wet Grinding

As the hydration of cementitious material proceeds 
on the surface of the particles, it is the total surface 
area that represents the hydraulic properties of the 
material with a given composition. In other words, 
the activity of the material depends on the fineness 
of the particles, and for a rapid hydration a high 
degree of fineness is desired.

The conventional blast-furnace cement is made by 
mixing portland cement and granulated blast-furnace 
slag. As the usual practice dry granulated slag is fed 
into a grinding mill with portland cement clinker and 
gypsum. There is a Belgian method which is called as 
the Trief process, in which wet-ground granulated 
slag is fed in the form of a slurry direct into the con
crete mixer, together with portland cement and aggre
gate. Grinding in the wet state results in a greater 
fineness than would be obtainable with dry grinding.

There are various mills in existence for wet grind
ing, which are being classified into two types, rotary 
ball mill and vibrating ball mill. Rotary ball mill 
possesses a simpler mechanism but is of a lower grind
ing efficiency compared with vibrating ball mill. In 
order to obtain a great quantity of materials to be used 
for practical concreting works, a ball mill of large 
capacity is necessary. In the present study a vibrating 
ball mill with a capacity of 60 / (vibration frequency: 
1,200 c.p.m., maximum amplitude: 5 mm) was 
employed.

Grinding efficiency of the mill was determined by 
observing the particle size reduction through an optical 
microscope. The maximum particle size of slag used 
for this study was about 50 microns, as seen on Fig. 
1-A. When slag was treated with the mill for 30 
minutes, the maximum particle size was reduced to 
about 10 to 15 microns, and for 90 minutes to less 
than 5 microns, as shown respectively on Fig. 1-B 
and on Fig. 1-C. In consideration of the processing 
speed for practical works, the present study chose the 

wet grinding time of 25 minutes, as will be explained 
later.

Activation of slag through the wet grinding was 
confirmed by the preliminary test, in which unpro
cessed slag with the maximum particle size of 50 
microns and processed one with the maximum particle 
size of 10 to 15 microns were respectively added to 
rapid hardening portland cement, in which the mixing 
ratio of slag was 15% to the total amount of the 
blended cement. The compressive strength was 
measured in the form of mortar. All mortar specimens 
for strength measurement in this study were made with 
w/c ratio of 65 % and c/s ratio of 1/2, unless otherwise 
specified. Up to two months, mortars having unpro
cessed slag gained a lower strength than mortars 
composed entirely of portland cement. On the other 
hand, the development of strength was found to be 
greater after one week when mortars with processed 
slag was used than with mortars composed entirely 
of portland cement. The result, however, was unsatis
factory for the present study, which aimed at an 
increased strength of hydrated cement in such an 
accelerated speed as 1 to 3 days.

100/x
Fig. 1. (X) Before grinding
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Fig. 1. Slag particles

Activation of Slag through Sulphate Stimulation

Slag, a waste product in the manufacture of iron, 
is composed of lime, silica and alumina; i.e., the same 
oxides which make up portland cement, but not in the 
same proportion. It was reported by various re
searchers as Tanaka (2) or Locher (3) that the hydrau
lic properties of slag are greatly influenced by its 
oxide composition. The ideal slag, according to these 
researchers, should have the following oxide propor
tion; CaO/SiO2/Al2O3 = 50/30/20. Now the slag 
used for the present study possessed an oxide propor
tion which was greatly deviated from the ideal, as 
shown in Table 1. -

Table 1. Composition of blast-furnace slag

CaO SiO2 A12Os MgO TiOa MnO S

wt. % 41.8 32.6 15.6 6.1 1.8 1.2 0.9

10(4
(.4) "with lime

10(4
(B) with anhydrite (C) withNa1SO4

Fig. 2. Stimulated slag



There are two methods for activating slag chem
ically; sulphate stimulation and lime stimulation. 
In the hydration of conventional portland blast
furnace cement, slag is stimulated by calcium sulphate 
and also by lime which is released from calcium sili
cate. Hydrate formed by slag and lime consists of 
C-S-H phase and C-A-H phase. Reaction of slag 
and sulphate results in producing calcium sulpho
aluminate hydrate on top of the two phases. Accord
ing to the investigation of Locher (3) in which C-A-S- 
glasses were stimulated by anhydrite, lime or portland 
cement clinker, it was found out that strength develop
ment of the hydrate was most in evidence with the 
sulphate stimulation using slag of the ideal composi

tion.
Figs. 2-A, 2-B and 2-C demonstrate the microscopic 

pictures of slag particles which were placed in solution 
of saturated lime, gypsum and sodium sulphate. 
Slag was wet-ground to bring out the maximum 
particle size of about 5 microns, and 1 gr of the slag 
sample was aged in 1 I of the stimulating medium 
for three days. As shown in the pictures, the sulphates 
affected slag more strongly than lime did, reducing the 
size of slag particles. .

The present study adopted the sulphate stimulation 
for activating slag, using anhydrite and sodium 
sulphate. .

Wet Grinding of Mixture of Slag and Sulphate

As a rule, when slag or cement is wet-ground, the 
resulting slurry becomes considerably viscous, making 
it difficult to handle the slurry. The increase of slurry 
viscosity is especially noticeable when it contains 
sulphate. In the present study the slurry was diluted 
with water to give less viscosity, the proportion of 
powdered mixture to water being fixed at the ratio of 
1 to 1 by weight.

Proportioning of the materials was carried out by 
the following steps. When, for example, the final weight 
ratio of cement, slag and sulphate should be 70/25/5 
and the w/c ratio 65 %, then 25 kg of slag, 5 kg of 
sulphate and 30 kg of water were milled together for 
25 minutes, and 60 kg of slurry thus obtained was 
added to 70 kg of cement together with 35 kg of water. 
The total weight of the mixed cement amounted to 
100 kg, and the total weight of water to 65 kg.

Figs. 3-A, 3-B and 3-C show the microscopic

10 p.
(A) R.H.P.C.

(ß) Admixed R.H.P.C.
log

(C) Admixing slurry
10 m

Fig. 3. One-day-old hydrate



Table 2. Slag)Sulphate ratio and mortar strength

Blending ratio
. One-day comp. str. 

of mortar (kg/cm2)
R.H.P.C.

Ground admix.

Slag Anhydrite

100 0 0 90
80 20 0 59
80 19 1 86
80 18 2 112
80 17 3 131
80 16 4 140
80 15 5 140
80 14 6 134

Table 3. Anhydrite]Na^SOt ratio and mortar strength

Blending ratio

One-day comp. str. 
of mortar (kg/cm8)

R.H.P.C.
Ground admix.

Slag Anh. NaaSOi

80 16 4 0 140
80 16 3 1 162
80 16 2 2 190
80 16 1 3 196
80 16 0 4 194

pictures respectively of one-day-old wet-ground 
portland cement specimen without the admixture, 
of the same specimen with the admixture and of one- 
day-old admixing slurry. The X-ray diffraction pat
terns of these three specimens are presented on Figs. 
4-A, 4-B and 4-C, the last two showing the ettringite 
formation.

Strength of cement with milled admixture could be 
varied with the ratio of slag/sulphate in slurry. One- 
day strength of mortar made of 80 parts cement and 
20 parts admixture attained the maximum point when 
the ratio of slag/sulphate was about 15/5, as Table 2 
gives.

VW**** NtV*^*******

Portland cement

admixed Portland cement

Ett.

admixing slurry

29 10 15 20 25
Fig. 4. X-ray diagrams of hydrate specimens

Cement with milled admixture gained a higher 
strength when a part of calcium sulphate was sub
stituted by sodium sulphate. The amount of sodium 
sulfate to be added to cement, however, should not 
exceed 2%; for a high contents of sodium sulphate 
caused efflorescence on the surface of the hardened 
cement. Table 3 shows the effects of sodium sulfate 
on one-day strength of mortar. .

Grinding Time, Slag Contents and w/c Ratio

Grinding time of slurry could influence the rate of 
strength development of the mixed cement. Slag, 
anhydrite, sodium sulphate and water were mixed in 
the proportion of 16/2/2/20, the slurry being milled 
for 5 to 40 minutes. Initial strength of the mortars 
made of 80 parts cement and 20 parts milled admixture 
are shown on Table 4. Although a sufficiently milled 
slurry gave a higher mortar strength, a milling time 
longer than 25 minutes gave no further improvement 
of mortar strength. In addition, if milling was too 
prolonged it produced slurry of high viscosity which 
deteriorated the workability of fresh cement paste.

With a given amount of sulphate to be added, 
strength of the mixed cement could be varied with the 

slag contents. Table 5 shows the blending ratio of 
cement/slag/sulphate, Table 6 and Fig. 5 the initial 
strength of mortars. The optimum slag content in 
cement was found to be about 15% with sulphate 
content of 4 %, achieving an increase of initial strength 
by more than 100%.

Strength increase due to the milled admixture was 
especially in evidence at the earlier stage of cement 
hydration and also with the higher w/c ratio. Fig. 6 
shows strength (1 to 7 days) of mortar specimens with 
and without admixture (No. 1 and No. 19 on Table 
5). One-day strength of the two specimens with various 
w/c ratio is compared on Table 7 and Fig. 7.

Generally speaking, higher sulphate content in 



cement increases strength at the early stage but causes 
decreased strength later. A suitable amount of slag 
in cement, on the other hand, improves the later 
strength. The mixed cement as presented in this study, 
containing sulphate and slag, solves both the problems. 
Pattern of strength development due to each admix
ture is compared on Table 8 and Fig. 8.

Table 6. One-day comp, strength of mortar (k'gjcm2')

Anh.
Slag %

NaaSO4
-3 "X 0 5 10 15 20

0 90 89 84 74 59
1 106 120 121 117 104
2 122 138 150 150 144
4 139 166 184 191 183

Table 4. Grinding time of slurry and mortar strength

Grinding time (min.) 5 10 15 20 25 30 35

One-day comp. str. (kg/cm2) 109 121 148 178 190 193 194

Table 5. Blending ratio of cement with admixture

Sample No. R.H.P.C.
Ground admix.

Slag Anh. NaaSOt

1 100 0 0 0
2 95 5 0 0
3 90 10 0 0
4 85 15 0 0
5 80 20 0 0
6 99 0 0.5 0.5
7 94 5 0.5 0.5
8 89 10 0.5 0.5
9 84 15 0.5 0.5

10 79 20 0.5 0.5
11 98 0 1 1
12 93 5 1 1
13 88 10 1 1
14 83 15 1 1
15 78 20 1 1
16 96 0 2 2
17 91 5 2 2
18 86 10 2 2
19 81 15 2 2
20 76 20 2 2

(Strength comparison between samples 1 and 19 is made for each w/c ratio, 
as figures in parentheses.)

Table 7. W]C ratio and one-day comp, strength (kglcm1')

Sample No. w/c Ratio

50 55 60 65 70
1 217 170 129 90 62

(100) (100) (100) (100) (100)
19 297 262 230 191 154

(137) (154) (178) (212) (248)

Table 8. 1 to 28-days comp, strength of mortar {kglcm2')

Sample No.
Age in days

1 3 7 28

1 90 204 293 429
Control (100) (100) (100) (100)

4 74 192 293 • 472
15% slag (82) (94) (100) (110)

16 139 218 264 340
4% sulphate (154) (107) (90) (79)

19 191 255 316 47615% slag + 
4% sulphate (212) (125) (108) (111)

(Strength of samples 4, 16 and 19 is compared with that of sample 1 for 
each age, as figures in parentheses.)

age in days

Fig. 6. Strength development "with and without admixture -



Fig. 7. Comparison of one-day strength 
with and without admixture

Fig. 8. Comparison of strength development 
due to various admixtures
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Supplementary Paper IV-28 Investigation of the Physicochemical Processes 

of Hardening of Slag Portland Cement

Vladimir I. Satarin and Yakov M. Syrkin*

Synopsis

Physicochemical investigations of the slag portland cement hardening processes are 
reported in the paper. Chemical methods of analysis were used for the investigation of the 
composition of liquid phases and of chemically bound water in hydrated cements.

The morphological structure was defined by electronic microscopy methods. X-ray and 
thermographic methods were used for the identification of hydrates in the cement stone 
hardening process.

The complex of theoretical investigations allowed it to find out the ways for the improve
ment of slag portland cement quality, to work out the parameters of rapid-hardening slag 
portland cement production technology and to study up its building and technical properties 
that enable wide use of this new kind of cement in concretes and reinforced concrete con
structions produced by the method of hydrothermal treatment.

As a result of the investigations made in the USSR 
(Institute “Yuzhgiprocement”, Kharkov) and aimed 
at the improvement of the quality of slag portland 
cement a new type of slag portland cement—rapid
hardening slag portland cement—was created and 
is now widely produced in industry. The kinetics of 
hardening of this new type of slag portland cement 
is equal to that of portland cement of grade 500-600 
(in rigid mortars) (1, 2, 3, 4, 5 and 6).

As it is seen from the results of physicomechanical 
tests of cements (Fig. 1) rapid-hardening slag portland 
cement is free from the main shortcoming which is 
inherent to slag portland cements and which is charac
terized by slower, in comparison with portland cement, 
strength gain at early stages of hardening.

The technology of manufacturing of slag portland 
cement is based on finer than usual grinding of the 
clinker component, in due regard for mineralogical 
composition and gypsum additions.

For producing such a slag portland cement the fol
lowing parameters were determined: clinker-slag ratio 
60:40 and 50:50, fineness of cement grinding 
4000cm2/g; cement components were ground as fol
lows : clinker—up to 5000 cm2/g, slag—up to 3000 
cm2/g, addition of gypsum—4-5 %. '

Investigation of the properties of rapid-hardening 
slag portland cement in concretes and reinforced 
concrete constructions had proved its suitableness

’Institute “Yuzhgiprocement,” Charkow, U.S.S.R.

for use in high-grade concretes and its advantages, 
in comparison with portland cement, for manufac-

Fig. 1. Strength changes in plastic solutions
1—slag portland cement; 2—portland cement of grade 400;
3— rapid-hardening slag portland cement of grade 400;
4— rapid-hardening slag portland cement of grade 500.



turing reinforced concrete products produced by the 
method of hydrothermal treatment for industrial and 
civil construction (reduced steam-curing) (7).

For further improvements of rapid-hardening slag 
portland cement properties complex investigations 
aimed at studying principal regularities of the harden
ing process (8) have been carried out at the Institute. 
Till now nobody studied the hydration process of 
rapid-hardening slag portland cement. Rapid-harden
ing slag portland cement was investigated in compari
son with portland cement and ordinary slag portland 
cement.

This report is dedicated to the investigation of 
structure-forming processes taking place in rapid
hardening slag portland cements. Investigation was 
carried out by the method of electronic microscopy 
in combination with electronographical, X-ray, ther
mographical and chemical methods. In addition to 
that phase composition and morphological properties 
of newly formed hydrates were determined and cement 
stone structure was analysed.

Portland cement and slag portland cements were 
investigated on the basis of the same clinker and the 
same granulated blast-furnace slags. For this inves
tigation the following materials were taken: granu
lated blast-furnace slags from the metallurgical 
works in Zaporozhye (up to 90 % of glass with refrac
tive index 1.67; minerals of the mellilite row, grains 

C2S); acid slags from the Novokuznetsk works (up to 
95% of glass, 2% of gehlenite and 3% of calcite); 
clinker from the Belgorod works (65% of alite, 15% 
of belite and 20 % of interstitial substance). The specific 
surface, determined by the method of air suction 
through mix bed, equaled: for slag portland cement 
and portland cement—3000 cm2/g, for rapid-hardening 
slag portland cement—4000cm2/g. Clinker and slag 
batching for rapid-hardening slag portland cement 
was accordingly 50% and 50%; 60% and 40%, for 
slag portland cement was 30% and 70%. Water/ce- 
ment ratio for all studied cements was 0.5. Portland 
cement, rapid-hardening slag portland cement and 
slag portland cement were also investigated at water/ 
cement ratio which corresponded to normal paste 
thickness.

The phase analysis of newly formed hydrates was 
carried out by X-ray and electronic microscopy 
methods combined with electronographical and 
thermographical methods. The structure originated 
and developing as a result of the hardening process 
was analysed by the electronic microscopy method. 
As a rule the analysis was carried out after one day, 
3 days, 7 days and 28 days of hydration. Besides, 
several samples were analysed after 4 minutes, 1 
hour, 4 hours, 12 hours, 24 hours, 6 months and one 
year of hydration.

Investigation of Liquid Phases of the Hardening Cement Stone

For the purpose of determining liquid phases of the 
hardening cement stone cement samples (Table 1) 
were mixed up with distilled water at a water/cement 
ratio of 0.5. After 4 minutes, 30 minutes, one hour, 
4 hours, 12 hours, one day and 3 days since mixing 
up liquid phases were extracted by means of a special 
pressform under pressure of 1500kg/cm2 (9, 10). 
Composition changes in Ca(OH)2, CaSO4 and in 
R2O were studied in liquid phases (Fig. 2, 3, 4).

The Fig. 2 shows that after 4 minutes since mixing 
up the concentration of calcium hydroxide (calcium 
hydroxide is shown in percentage of CaO) in liquid 
phases of portland cement and rapid-hardening slag 
portland cements is much higher (1.63—1.80 g/1) 
than in the case of the saturated solution of calcium 
hydroxide. (1.23 g/1). The high concentration of 
calcium hydroxide is retained up to 4 hours of hydra
tion and in some liquid phases it is retained up to one 
day hydration and then it falls down.

In portland cement and rapid-hardening slag port
land cement containing acid slag, calcium hydroxide 

content decreases more rapidly because of the higher 
alkali concentration in the liquid phase (Fig. 3).

By 3 day hydration the concentration of calcium 
hydroxide in liquid phases of portland cement and 
rapid-hardening slag portland cements decreases up 
to 0.14—0.43 g/1 which is the evidence of actively 
proceeding processes of hydrolysis and hydration at

Table 1. Chemical composition of cements and slags

Cements
Port

cement

Rapid
harden
ing slag 
portland 
cement

acid 
slag

Rapid- 
harden
ing slag 

portland 
cement 

with 
basic

Slag

cement

acid 
stag

Slag 
port
land 

cement 
with 
basic 
slag

Novo-

netsk 
slag 

(acid)

Zaporo
zhye 
slag 

(basic)

SiOg 21.24 27.18 27.52 37.30 32.91 35.44 39.40
FeO — 0.65 — 0.66 . 0.70 __
Fe2Oa 3.48 3.54 2.55 2.88 0.79 0.25 0.35
A1,OS 4.91 6.90 4.96 9.28 5.80 12.78 5.34
MnO 0.13 0.70 0.62 0.65 1.01 0.80 1.47
CaO 63.62 54.32 57.57 47.36 52.12 39.65 48.10
MgO 0.80 2.94 1.64 1.30 2.40 6.27 2.77
SOs 1.90 2.14 2.36 _ 1.53 traces 0.50
k2o 0.14 0.35 0.16 0.47 0.28 0.73 0.39
Na2O 0.20 0.16 0.12 0.26 0,12 0.25 0.15



1—portland cement; 2—rapid-hardening slag portland 
cement with the basic slag; 3—rapid-hardening slag 
portland cement with the acid slag; 4—slag portland 
cement with the basic slag; 5—slag portland cement 
with the acid slag.

Fig. 2. The calcium hydroxide content in liquid phases of cement 
aged up from 4 minutes to 3 days of hardening

Fig. 3. The calcium sulphate content in liquid phases of cements 
aged up from 4 minutes to 3 days of hardening

1—portland cement; 2—rapid-hardening slag portland 
cement with the basic slag; 3—rapid-hardening slag port
land cement with the acid slag; 4—slag portland cement 
with the basic slag; 5—slag portland cement with the acid 
slag.

early stages of hardening.
In spite of that clinker/cement ratio equals 50: 50 

in rapid-hardening slag portland cements, the latter 
as well as portland cement is characterized by sub
stantial activity of hydration processes at early stages 
(Table 2). This fact is obviously attributed to the high

Table 2. Changes in chemically bound water content with the age

Rapid-hardening slag 
portland cement Slag portland cement

The age of 
the sample

Chemically bound 
water content, %

The age of 
the sample

Chemically bound 
water content, %

800°C 1000°C 800°C 1000°C

4 minutes 3.92 3.45 4 minutes 1.38 0.73
30 minutes 4.21 3.79 30 minutes 1.38 0.63

1 hour 4.73 4.31 1 hour 1.54 0.75
4 hours 5.41 4.99 4 hours 2.25 1.68

12 hours 5.85 5.45 12 hours 3.44 2.66
1 day 8.19 8.04 1 day 6.48 5.90
3 days 11.06 10.99 3 days 9.45 9.16

Fig. 4. The alkali content in liquid phases of cements aged up 
from 4 minutes to 3 days of hardening.

1—portland cement; 2—rapid-hardening slag portland 
cement with the basic slag; 3—rapid-hardening slag 
portland cement with the acid slag; 4—slag portland 
cement with the basic slag; 5—slag portland cement with 
the acid slag.

fineness of the clinker fraction of rapid-hardening 
slag portland cement.

In difference from portland cement and rapid
hardening slag portland cement the concentration of 
calcium hydroxide in liquid phases of slag portland 
cement, produced either with basic or acid granulated 
slags, after 4 minutes since mixing up with water is 
much lower (0.75—0.82 g/1) than in the case of the 
saturated solution of calcium hydroxide. The satura
tion is reached only in about 4 hours of hydration. The 
high calcium hydroxide concentration in liquid phases 
is retained up to one day of hydration, then by 3 days 
it falls down to 0.64—0.72 g/1.

As above-mentioned experimental data show hydro
lysis and hydration processes in slag portland cements 
at early stages of hydration are somewhat inhibited 
because of rougher grinding of cement clinker, on the 
one hand, and because of less clinker content in ce
ment, on the other hand, in comparison with rapid
hardening slag portland cement.

The gypsum concentration in liquid phases of port
land cement, rapid-hardening portland cement and 
slag portland cement produced either with basic or 
acid granulated slags is high (1.56-1.89 g/1 of CaSO4) 
after 4 minutes since mixing up with water, but how
ever it is lower than that of the saturated solution 



(2 g/1 of CaSO4) (Fig. 3). The exception to this fact 
is the rapid-hardening slag portland cement with the 
acid granulated slag where the gypsum concentration 
after 4 minutes of hydration is 2.06 g/1 of CaSO4.

In portland cement and rapid-hardening slag 
portland cements gypsum disappears from the liquid 
phase in one day of hardening and in slag portland 
cements it disappears in 3 days of hardening. The 
disappearance of gypsum from the liquid phase is 
the evidence of completing the reaction with forming 
a high-sulphate form of calcium hydrosulphoalumi-

Determination of Chemically Bound Water

Till now there is no single technique of determining 
chemically bound water; probably it is attributed 
to inhomogeneous properties of newly formed prod
ucts of hydration and to complication of dividing 
chemically bound and non-bound water in hydrated 
cement.

The determination of chemically bound water in 
rapid-hardening portland cements is complicated by 
the proceeding of oxidizing processes combined with 
the presence of protoxydic compounds (in slag frac
tion of cement). Our technique of determining chem
ically bound water is described below.

At the earliest stages including 4 minute, 30 minute, 
one hour, 4 hour hydration when the cement paste 
has not yet hardened for determining chemically 
bound water, 8-10 grammes of cement paste are 
poured with 30-40 ml of absolute alcohol and are 
mixed well up, then the alcohol is filtered out.

The hydrated cement is washed in a funnel for 
3-4 times with 10-15 ml of absolute alcohol. Such a 
treatment is quite enough for removing non-bound 
water from the hydrated paste as the alcohol is mixed 
with water very well and removes it from the reaction. 
In order to give constant weight to the dehydrated 
cement powder this powder is double treated in a 
funnel with 10 ml of ethyl ether. Thus more easily 
volatilized other vapours are substituted for heavy 
alcohol vapours and the drying process of hydrated 
cement powder is accelerated. The powder is dried 
up to the constant weight in a chamber at room tem
perature 22-25°C by means of suction of dried air 
free from carbon dioxide through it.

After the drying of hydrated cement powder to its 
constant weight chemically bound water is determined. 
In portland cement this determination is simple. One 
gramme of hydrated cement powder is calcinated in 
a muffle furnace at the temperature of 1000°C up to the 
constant weight. At the same time the original unhy- 

nate. Thus, hydration and hardening processes are 
somewhat inhibited in slag portland cement in com
parison with portland cement and rapid-hardening 
slag portland cements.

The concentration of alkalies in liquid phases 
increases with the increase of the sample age and by 
3 days reaches 1.79-4.40 g/1 of R2O (Fig. 4). With the 
increase of the quantity of alkalies in liquid phases 
the solubility of calcium hydroxide decreases. The 
alkalies, passing into the solution, limit the calcium 
hydroxide solubility.

in Rapid-Hardening Slag Portland Cement

drated cement is also calcinated and the correction is 
introduced while determining the percentage of chem
ically bound water.

The calcining temperature of 1000°C was chosen 
for portland cement on the basis of great experimental 
material on the dehydration of individual hydrated 
clinker minerals and portland cement clinkers. .

The calcining temperature for determining chem
ically bound water in cements containing slag was 
defined more exactly while studying hydrated rapid
hardening slag portland cements and slag portland 
cements.

Chemically bound water was determined in rapid
hardening slag portland cement and slag portland 
cement produced with the same basic slag from the 

. Zaporozhye works at the ages from 4 minutes to 3 days 
of hardening. Chemically bound water was determined 
at temperatures of 800-1000°C.

The Table 2 shows that chemically bound water 
content at 800°C reaches its maximum; at 1000°C it 
decreases both in rapid-hardening and slag portland 
cements. At early stages of hardening the difference in 
chemically bound water content at temperatures of 
800 and 1000°C is greater by slag portland cement than 
by rapid-hardening slag portland cement because the 
slag content in slag portland cement is greater.

Chemically bound water was determined at the 
temperature range from 100°C to 1000°C in hydrated 
slag portland cement and rapid-hardening slag port
land cement at the age of 28 days of hardening (Table 
3).

As the table data show the quantity of chemically 
bound water in slag portland cement and rapid
hardening slag portland cement increases with the 
increase of calcination temperature. In this case we 
do not observe the decrease of chemically bound 
water which is caused by the oxidation process of slag 
protoxydic compounds.



Table 3. Changes in chemically bound water content 
with the temperature

Rapid-hardening slag 
portland cement , Slag portland cement

°C Chemically bound 
water content OC Chemically bound 

water content

100 5.72 100 3.81
200 11.20 200 8.37
300 11.74 300 8.48
400 12.56 400 9.33
500 14.07 500 9.71 .
600 15.44 600 11.16
700 16.77 700 12.38
800 17.21 800 12.53
900 17.83 900 12.53

1000 17.83 1000 12.53

Above-mentioned phenomena permit to recommend 
successive calcination at temperatures of 600°C, 
700°C and 800°C etc. while determining chemically 
bound water in slag portland cements. Maximum 
weight losses are considered as the weight of chemically 
bound water as in the case of portland cement.

The quantity of chemically bound water in cement 
paste increases with the increase of the sample age 
(Fig. 3). This fact is the evidence of the activity of 
hydration processes at different cement hardening 
periods because the chemically bound water content 
in the cement paste is an indirect evidence of the 
quantitative increase of newly formed products of 
hydration in the hardened cement paste.

The quantity of chemically bound water in portland 
cement and rapid-hardening slag portland cement 
containing acid slags is much higher than in slag 
portland cement with the same slag (Fig. 5). This 
fact proves once more a great activity of hydration 
processes proceeding in rapid-hardening slag portland 
cement.

As rapid-hardening slag portland cement and slag 
portland cement are composed of clinker and slag let 
us to examine the reaction chemism of producing high- 
sulphate form of calcium hydrosulphoaluminate in the 
process of hydration and hardening of these cements.

As it is known, this reaction for portland cement can 
be expressed as follows:

3CaOAl2O3 + 3CaSO4~231 4 zj)

3CaO Al2O3.3CaSO4-31H2O • v ’

This reaction proceeds differently for cements 
containing slag (11).

According to petrographical data, granulated slags 
from the Zaporozhye and the Novokuznetsk works 
contain more than 90 % of glass. Proceeding from the 
chemical analyses and assuming that slags are entirely 
composed of glassy phase we can express their empir
ical formulae respectively:

Fig. 5. The chemically bound, water content in

"Fig. 5. The chemically bound water content in cement aged up
, from 4 minutes to 3 days of hardening. . .
, 1—portland cement; 3—rapid-hardening slag portland

. cement with the acid slag; 5—slag portland cement with 
the acid slag.

16CaO -13SiO2 Al2O3 and 6CaO -5SiO2 -A12O3

As appears from formulae above there is no equi- 
molecular ratio C: A = 3: 1 in both of them. Elec
tronic microscopical investigations show that hydro
silicates in hydrated rapid-hardening slag portland 
cements and slag portland cements are represented in 
the form of minute low-basic newly formed products 
of hydration of tobermorite type. -

As follows from the above, the reaction chemism of 
hydration of cements containing slag can be repre
sented as follows. '

The clinker fraction of cement is first subjected to 
hydrolysis and hydration processes and as a result of 
this calcium hydroxide, gypsum, alkalies and quite 
small quantities of calcium hydroaluminates, calcium 
hydrosilicates and calcium hydroferrites are dissolved 
in the liquid phase. Under the influence of calcium 
hydroxide and alkalies the slag fraction of cement is 
excited and glassy slag acquires the reactivity and 
reacts with gypsum and calcium hydroxide:

16CaO • 13SiO2 ■ A12O3 + 3C,aSO4 sßaQ
.• A^Og.-.SCaSQ#- 31H2O + 13CaSiO3 -pHjO

6CaO • 5SiO2 • A12O3 + 3CaSO4 '5;
+ 2Ca(OH)2— 3CaOAl2O3. ‘ (3)

‘ -3CaSO431H2O + 5CaSiO3-pH2O
Hence, the high-sulphate form of calcium hydro

sulphoaluminate and calcium hydrosilicate which 
resembles tobermorite are the reaction products of 
hydration of slag fraction of cement. .1.



Electronomicroscopical and Electronographical Investigations

While making preparations for direct electro
nomicroscopical investigations small quantity of 
cement (0.2-0.3 g) was placed in a test-tube with 
2—3 ml of absolute ethyl alcohol. The resulting 
suspension was dispersed by means of supersound 
(frequency 2 megs, power—60-70 wt, time of sound 
action—one minute) and a drop of this suspension 
was placed on the carbon specimen supporting film 
located on the objective grid. After evaporation of 
alcohol the sample was placed either into the column 
of the electronic microscope for immediate examina
tion or into a vacuum-post where Al as a standard for 
microdiffraction investigations was sprinkled on it.

The method of electronic microscope replicas was 
used at the investigation of cement stone structure too.

Together with generally used methods (13,14) a 
new method for examination of early stages of struc
ture formation, offered by A. G. Kholodnyi (12), 
was used. It consists of getting a print from a cement 
layer stuck to a glass-slide during hardening. The 
investigations were carried out by means of electronic 
microscope EM-5.

Electronic microscope analysis of portland cement 
at 0.5 water/cement ratio showed that at the intial 
stages of hydration (up to 7 days inclusive) the main 
hydrate phases were calcium hydrosulphoaluminates 
of ettringite type and needle-shaped hydrosilicates. 
The calcium hydrosulphoaluminates were identified 
by their characteristic elongated and prismatic shape.

The attempts to get diffraction patterns of ettringite 
crystals have not succeeded as under the influence of 
electronic eradiation and vacuum the crystals lose 
water and the inner crystalline structure of the com
pound gets disordered. The analogous phenomenon 
was observed by other investigators too (15).

The electronographs of calcium hydrosilicates con
tain only some wide reflections, the strongest of which 
lying in the range of 3.0 and 1.8 A. In connection with 
it we did not succeed in precise defining of the com
position of the needle-shaped calcium hydrosilicates. 
The diffraction character shows that the hydrosili
cates are similar by composition to low-basic calcium 
hydrosilicates and are characterized by slightly 
amorphous structure.

As the investigations showed, in the period of 
portland cement paste setting an intensive formation 
of crystals of calcium trisulphoaluminate and needle
shaped silicates and also of hexagonal crystals of 
Ca(OH)2 is observed.

It is characteristic that newly formed products of 

hydration cover the most of the initial cement grains 
with a film of hydrates predestining a diffusive charac
ter of the solution process and evening by it the rates 
of hydration of separate phases of portland cement 
clinker. Thus, it is possible to suppose that to a certain 
stage of hydration, namely to the stage of the intensive 
formation of hydrate particles on the surface of the 
initial clinker grains, the process of hydration of 
clinker minerals goes at different rates. Thereafter the 
rates of hydration get equal as a result of formation 
of hydrate films on the surface of the initial grains. 
These data agree with the conclusions made by H. 
Lehmann and V. Roesky (16).

In the process of hardening the structure of portland 
cement stone gets denser. Crystals of ettringite get 
localized and the areas appear, formed by the minute 
particles of calcium hydrosilicates the shape of which 
resembles the scales of montmorillonite (Fig. 6).

Further the dense hydrosilicate gel becomes the 
prevailing component of the structure. The process of 
calcium hydrosilicates formation is accompanied by 
the development of newly formed hydrosulphoalumi-

Fig. 6. Portland cement at 0.5 w[c ratio, age-7 days. X10000



nates. In portland cement and in rapid-hardening slag 
portland cements gypsum disappears from the liquid 
phase in a day hardening, in slag portland cements—in 
3 days (Fig. 3). Disappearance of gypsum from 
the liquid phase shows the completion of the formation 
of a high-sulphate form of calcium hydrosulphoalumi
nate.

It is characteristic that hydrosilicate gel and plate
shaped phases of hydroaluminate—hydrosulphoalu
minate compounds differ sharply in their morpholog
ical characteristics. Therefore the electronic micro
scope investigations by the method of replicas allow 
to follow the process of changing of these phases 
during the hardening process.

The study of portland cement stone at various 
water/cement ratio (0.5; 0.25) showed that the struc
ture of portland cement stone aged up to one year 
at higher water/cement ratio was characterized by 
considerably higher inhomogeneity and by lower 
desity (Fig. 7, 8). .

Crystalline phases occupy considerable volume of the 
structure both at 0.5 water/cement ratio and at 0.25 
water/cement ratio. It is noticed that in the first case 
the crystals of ettringite having prismatic shape are 
more frequently met in the structure of cement stone

Fig. 7. Portland cement at 0.25 w/c ratio, age-1 year. X10000

than in the second case (Fig. 8, a). At 0.5 water/cement 
ratio areas of the structure with considerably lower 
density than the whole mass of hydrogel are observed. 
The formation of large crystals is noticed in such areas 
of the structure (apparently the crystals of calcium 
hydroaluminate). May be, the pores and areas of less 
dense hydrosilicate gel are the areas where the large 
plate-shaped crystals, frequently met in cement 
structure, arise (Fig. 8, b). The size of these newly 
formed products of hydration increases in the process 
of hardening. Evidently the inner tension appears in 
the places of contact between the large, increasing 
in their size, plate-shaped crystals and hydrosilicate 
gel (as a result of pressure of crystalization). Thus 
the process of hardening of portland cement is accom
panied by the rise and development of destructive phe
nomena finally leading to decrease of strength charac
teristics of cement stone. The improvement of the mate
rial properties comprises the decrease of influence of 
these phenomena during the process of cement stone 
hardening. From this point of view it is particularly 
interesting to follow the hardening process of rapid
hardening slag portland cement and slag portland 
cement.

The early stages of hydration of these cements are 
characterized by arising of the same newly formed 
products of hydration as in the portland cement.

Thus even in the 4-minute samples the particles of 
calcium hydrosulphoaluminates of ettringite type 
are observed, but further the calcium hydrosilicates 
are fixed too. It is characteristic that the content of 
Ca(OH)2 crystals is smaller comparing with portland 
cement, what is evidently connected with CaO absorp
tion from the solution in the process of slag excitation. 
Composition and morphological features of above
mentioned newly formed products of hydration are 
similar in all studied cements. It is witnessed for exam
ple by the fact that the hydrosilicates as a rule give the 
diffraction of the same type. (2—3 wide reflections in the 
range of 3.0; 2.8; 1.8 Ä). Only in a case of examina
tion of a slag portland cement sample aged up to 28 
days and based on the slag from Zaporozhye it was 
possible to get electronograph with bigger quantity 
of more distinct reflexes (Fig. 9). The identity of newly 
formed products of hydration in cement stone of 
various mineralogical composition, noticed by other 
scientists too (17), allows it to suppose that the strength 
charactersistics and other properties of cement stone 
depend on the intensity of hydration processes and 
structure formation. From this point of view it is 
possible to interpret some properties of rapid-harden
ing slag portland cement.

It is known that slag cements are characterized by



Fig. 8. Portland, cement at 0.5 wjc ratio, age-1 year. X 10000

Fig. 9. Slag portland cement with the slag from the Zaporozhye 
works at 0.5 w]c ratio, age-28 days.

considerable strength only after long hardening. 
Rapid-hardening slag portland cement is charac
terized by accelerated strength gain at early stages. 
Electronic microscope examinations indicate that it 
is caused by intensive formation of calcium hydro

sulphoaluminate of ettringite type and lowbasic cal
cium hydrosihcates.

The processes of structure formation in rapid
hardening slag portland cement and in portland 
cement proceed similarly, but at early stages a main 
role of ettringite is marked (Fig. 10). Further, as the 
investigations of cement stone aged up to a year 
showed, the calcium hydrosilicates play the main 
role in the structure of rapid-hardening slag portland 
cement (Fig. 11). The crystals of ettringite type are 
observed only episodically. It is characteristic that 
the size of plate-shaped newly formed products of 
hydration of hydroaluminate-hydrosulphoaluminate 
phases in rapid-hardening slag portland cement aged 
up to a year is considerably smaller than in portland 
cement. Density of hydrosilicate gel in the samples 
of rapid-hardening slag portland cement at 0.5 
water/cement ratio corresponds approximately to 
density in the portland cement samples at 0.25 
water/cement ratio.

On the basis of the above-mentioned data it is 
possible to conclude that fineness of clinker com
ponent influences the properties of slag portland 
cement mainly at early stages of hydration when it 
is necessary to intensify the rise of newly formed



Fig. 10. Rapid-hardening slag portland cement with the slag 
from the Almaznyansky works at 0.5 w/c ratio, age-3 days. 
X10000

hydrates from slag material. Further the hydrosilicate 
hardening inherent even to the slags without additions 
proceeds, and probably due to that the influence 
of destructive phenomena, taking place at the interac
tion between the hydrosulphoaluminate and hydro
silicate structures of hardening, decreases.

Thus rapid-hardening slag portland cement is a 

Fig. 11. Rapid-hardening slag portland cement with the slag 
from the Novokuznetsk works at 0.5 w]c ratio, age-1 year. 
X10000

binding material in which the property of portland 
cement to harden rapidly and the ability of slag ce
ments to form hydrosilicates during a long time 
luckily combine.

The results of electronic microscope examinations 
are completed and confirmed by our thermographic 
and X-ray investigations.

The Thermographic and X-ray Investigations

Differential thermal analysis was carried out by 
means of automatic thermoweighting device ATVU-8 
at a rate of heating 10°C per minute.

Thermographic analysis allowed it to get the aver
age characteristics of hydration process of studied 
cements. The investigations showed that the character 
of DTA curves of various cements was identical.

DTA—curves contain mainly 3 endothermic effects 
connected with the rise of the newly formed hydrates 
in the process of hydration: the first is in the region of 
100-200°C, the second—about 500°C and the third 
is within the limits of 700°C and 800°C (Fig. 12). The 
low temperature endothermic effect is the most inter
esting one (100-200°C). According to the data of our 

investigations it is a summary effect and is conditioned 
by water losses by a number of principal minerals of 
cement stone such as calcium hydrosilicates, hydro
aluminates and hydrosulphoaluminates. .

According to Midgley’s data (18) it is conditioned 
by water losses by calcium hydrosilicates and high
sulfate form of calcium hydrosulphoaluminates (in 
the absence of non-bound water in the sample). 
Our data agree with Midgley’s results with the only 
difference that dehydration temperatures of the above
mentioned hydrate phases coincide in all the cements 
studied by us. -

Intensive increase of the low temperature endother
mic effect is characteristic for portland cement at the



initial stages of hardening (up to 7 days at 0.5 
water/cement ratio). The increase is mainly attributed 
to the decomposition of increasing quantity of the 
calcium hydrosulphoaluminate of ettringite type, 
being formed in cement stone (Fig. 12). However the 
growth of low temperature endothermic effect on 
DTA curves slows up with the increase of sample age 
what is connected with the decrease of intensity of 
ettringite formation and its changing into monosul
phoaluminate containing smaller quantity of combined 
water. Then the increase of endothermic effect in the 
region of 100-200°C is observed again, it is connected 
with the process of formation of a large quantity of 
calcium hydrosilicates taking place in this period 
of hardening. Thus, DTA curves reflect to a certain 
degree the process of structure formation of portland 
cement stone. The received DTA curves (Fig. 12,13) 
allowed it to find out that in portland cement the pro
cess of slowing up of the reaction of ettringite forma
tion and the modification changings of calcium hydro
sulphoaluminate in cement stone at 0.5 water/cement 
ratio took place after about 7 days; in slag portland 
cement the process is expressed less distinctly and is 
defined by 1—3 days. . '

The main feature of the DTA curves of slag port
land cements comparing with the curves of portland 
cement is a smaller value of the endothermic effect 
caused by the decomposition of Ca(OH)2 (Fig. 13). 
Evidently the calcium hydroxide is spent on the for
mation of calcium hydrosilicates.

The question about the nature of the third endo
thermic effect (7OQ-8OO°C) has been studied insuffi
ciently. It is characteristic that this effect is especially 
well expressed on the DTA curves of slag portland 
cements.

In our opinion the third endothermic effect (700
800°C) is mainly caused by the decomposition of low- 
basic calcium hydrosilicates and not by that of cal
cium carbonate. In fact in the opposite case its value 
would depend on the value of the effect of Ca(OH)2 
that is easily carbonated (500°C). However it has not 
been observed.

It is characteristic that the strength characteristics 
of rapid-hardening slag portland cements both at the 
early stages and at the further stages of hardening 
are higher than the analogous characteristics of 
portland cement.

The DTA data indicate that this phenomenon is 
mainly interpreted by more intensive development of 
hydrosilicate structure of hardening. Thus, the com
paring of DTA curves of portland cement and rapid
hardening slag portland cement samples shows that 
the first endothermic effect in the region of 100-200°C,

Fig. 12. DTA-curves of portland cement at 0.5 wjc ratio

Fig. 13. DTA-curves of rapid-hardening slag portland cement 
at 0.5 wjc ratio.



Fig. 14. X-ray diffraction charts of portland cement 
at 0.5 wjc ratio.

characterizing the decomposition of hydrosilicates, 
is much better developed in rapid-hardening slag 
portland cement.

X-ray examinations of cement stone .samples, 
together with the data obtained by other methods 
allowed it to follow the changes in phase composition 
and in quantity of newly formed products of hydration 
proceeding in the process of hardening. X-ray exami
nation of the phase composition of the hydrate phases 

of cement stone is however hindered because of chiefly 
colloidal character of the greater part of the newly 
formed products of hydration. It is especially evident 
at the attempt to estimate the quality and quantity 
of calcium hydrosilicates produced in the process 
of hardening; besides the reflexes from them are 
overlapped by the reflexes of clinker minerals.

The analysis of X-ray diffraction charts obtained 
from portland cement (Fig. 14) shows that gypsum



Fig. 15. X-ray diffraction charats of rapid-hardening slag 
portland cement at 0.5 w/c ratio.

aged up to 1—3 days which is present in composition 
of an initial sample (d = 7.48; 4.26 A) reacts with the 
aluminate phases of clinker producing a high-sulphate 
form of calcium - hydrosulphoaluminates (hydrosul
phoferrites) (reflection with d = 9.8; 5.54 A). In this 
period the increase of reflex with d = 4.9 A, charac
terizing crystalline Ca(OH)2, is observed too. The 
rise and development of this peak show the intensive 
proceeding even at early stage process of hydrolysis 

of C3S, but the produced hydrosilicates don’t give 
distinct reflections on the X-ray diffraction charts 
because of their amorphous structure and the presence 
of reflections from the initial clinker phases.

In the process of hardening the X-ray diffraction 
charts of corresponding samples are characterized 
by decrease of reflections from the anhydrite phases 
of clinker and by gradual decrease of reflexions from 
high-sulphate calcium hydrosulphoaluminates (hydro



sulphoferrites). The reflection with d = 3.86 Ä tends 
to decrease too. In connection with it the reflection 
should be considered as belonging to the crystals 
of ettringite type and not to calcium carbonate.

In the samples aged up to 14 months the expansion 
of reflection is well seen in the region of angles 20 
= 28-30°. It may be explained by the going on of 
hydration process of by that time remaining initial 
clinker phases and by intensive formation of colloidal 
compounds of C-S-H gel. To a certain degree this 
summary reflex is caused by the presence of Ca(OH)2 
(d = 3.10 Ä) in the sample.

The X-ray diffraction charts obtained from rapid
hardening slag portland cement samples (Fig. 15) 
are similar to the correspondingX-ray diffraction charts 
of portland cement. Gypsum intensively reacts with 
aluminates of the initial cement components and is 

spent on the formation of high-sluphate compounds 
of ettringite type (</ = 9.8 Ä; 5.6 Ä).

The changing of reflection value (401) of tricalcium 
silicate is characteristic.

Both in portland cement and in rapid-hardening 
slag portland cement this reflex decreases quite inten
sively in the period from 3 to 7 days. Consequently, 
the clinker that is a component of rapid-hardening 
slag portland cement is hydrated with almost the same 
intensity as the intensity of hardening of portland 
cement. However, the calcium hydroxide produced 
as a result of hydrolysis process partially combines 
with slag components into colloidal calcium hydro
silicates. That accounts for a smaller value of reflec
tions of Ca(OH)2 on the X-ray diffraction charts 
of rapid-hardening slag portland cement (d = 4.9 Ä; 
2.61 Ä) in comparison with portland cement.
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Supplementary Paper IV-48 Co-Ordination State of Aluminium, Magnesium 

and Maganese Ions in Synthetic Slag Glasses

Surinder K. Chopra and C. A. Taneja*

Synopsis

The states of co-ordination of aluminium, magnesium and manganese ions were deter
mined in slag glasses in the systems CaO-Al2O3-Si02, CaO-A12O3-SiO2-MgO and CaO- 
AljOj-SiOj-MnO respectively by a combination of techniques such as specific volume, 
molar refractivity, fluorescence and differential thermal analysis. In glasses of composition 
10CaO-8SiO2-nAl2O3, where n was varied from 1 to 7 moles (about 9 to 41 percent of 
A12O3 by weight), the partial molar refraction of alumina (KAho,) was found to be 12.7 
which indicates four-fold co-ordination of aluminium ions. This conclusion was also sup
ported by the differential thermal analysis of the glasses 10CaO-(10-n)SiO2-nAl2O3 wherein 
A12O3 replaced SiO2 in four equal increments. The average partial molar refraction of 
magnesia (KMgO) was found to be 5.08 and 5.05 in the two glass series having compositions 
10CaO-8SiO2-4Al2O3-nMgO and (12-n)CaO-8Si02-4Al203-nMgO respectively and n 
varying from 1 to 4 moles (about 2 to 11 percent of MgO by weight). The KMgO values indi
cate that magnesium ions are also present in four-fold co-ordination. This was confirmed by 
the fluorescence under UV of glass wherein MgO was replaced by NiO. The data also indi
cated four-fold co-ordination of magnesium ions. However, in glass compositions 
9CaO-8SiO2-3.5Al2O3-nMnO where n was varied from 0.5 to 1.5 moles (about 2 to 7 
percent of MnO by weight), the partial molar refraction values of manganese oxide showed • 
six-fold co-ordination of manganese ions. The magnetic suceptibility measurements further 
revealed that though manganese was present in these glasses both in di- and trivalent states, 
the former was predominant, being more than 75 per cent.

Introduction

According to the random network theory, glass 
constituents can be divided into two classes, network 
formers and network modifiers (1). Oxides such as 
SiO2, A12O3, B2O3 and P2O5 belong to the former 
class because they are known to provide cations which 
link together appropriately by sharing of oxygens to 
form randomized three-dimensional networks of 
tetrahedra. The oxides of sodium, potassium and 
calcium are classified as network modifiers because 
they provide cations which occupy voids in the net
work. Though this theory is not universally accepted, 
Parker and Nurse (2), Tanaka, Sakai and Yamane 
(3), Keil and Locher (4), Kondo (5) and Mchedlov- 
Petrosyan (6) have employed it successfully to inter
pret the behaviour of hydraulic glasses corresponding 
to the blastfurnace slag system.

Granulated blastfurnace slag used commercially
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for the manufacture of slag cements consists predomin
antly of CaO-Al2O3-SiO2-MgO glass with a small 
amount of oxides of manganese and iron. Its hydrau- 
licity is known to be influenced primarily by CaO/SiO2 
ratio and content of each of the oxides of aluminium, 
magnesium, and manganese etc. (7). Since the stability 
and the rate of solution of slag glasses, which are so 
important for hydraulic hardening, are dependent 
upon glass constitution (4), it is important to know 
how aluminium, magnesium and manganese oxides 
are present in the glassy structure. The states of co
ordination of aluminium, magnesium and manganese 
ions were therefore determined in low-lime synthetic 
slag glasses, corresponding to the compositions of the 
Indian blastfurnace slags, in the systems CaO-Al2O3- 
SiO2, CaO-Al2O3-SiO2-MgO and CaO-Al2O3-SiO2- 
MnO respectively and the main findings of this study 
are reported in this paper.



Experimental

Preparation of Glasses

The synthetic slag glasses were prepared from 
analytical reagents of highest purity by the Dycker- 
hoff method (8). Precipitated silica, aluminium oxide, 
and carbonates of calcium, magnesium and manga
nese formed the raw materials in this study. Microsco
pic and X-ray techniques were employed to ensure that 
each sample was a pure glass. Six different series of 
glasses of the molecular formulae given below were 
prepared.

Variation 
of‘n’in

Series Glass compositions in moles moles
A lOCaO-SSiOz-nAhOs . 1 to 7
B lOCaO • nSiO2 • 3AI2O3 7 to 10
C lOCaO - (10-n)SiO2 • n A12O3 1 to 4
D 10CaO-8SiO2-4Al2O3-nMgO 1 1 to 4E (12-n)CaO-8SiO2 •4A12O3 -nMgOJ
F 9CaO • 8SiO2 • 3 • 5 A12O3 • nMnO 0.5 to 1.5

Methods of Study of Glass Constitution

The density determinations were made by the dis
placement method in which samples were weighed in 
air and in xylene at 27°C and referred to water at 
4°C. The refractive index of powdered glass (passing 
a No. 100 B.S. sieve) was measured by the immersion 
method employing liquids of known refractive indices 
and examining the movement of the Becke line under 
a microscope. The total molecular refractivity of a 
glass was calculated with the help of Lorentz-Lorenz 
equation (9).

The synthetic glasses of the series C, D & E were 
also examined by differential thermal analysis as the 
latter has been used to deduce information on constitu
tion of slag glasses (10). A heating rate of 10°C per 
minute was employed to heat the glass sample to about 
1100°C. The heating was done in a ceramic holder and 
the thermocouple used was chromel/alumel. Ignited 
alumina (a-Al2O3) was used as an inert reference 
material. The glass sample was diluted with an equal 
amount of periclase of the same fineness (-B.S. 
Sieve No. 100). The weight of the diluted sample and 
that of the reference material were equal for each 
run. Periclase, which is considered to be physically 
and chemically unreactive (11), was added to prevent 
sticking of glass at softening temperature to the ther
mocouple wires.

Of the other methods recommended in the literature 
X-ray technique was not employed because of its limi
tations in interpreting complex glasses (12). Infra red 

absorption spectra was tried but it failed to reveal 
anything more than the position of Si-O absorption 
band at 9—10Ä in glasses of series A and this did not 
prove of any help in this study. However, colour 
fluorescence indicators were found useful and NiO 
was used on the basis of earlier experience (13).

Magnetic Susceptibility

Magnetic susceptibility measurements were made 
for determining the state of valence of manganese 
in glasses of series F. A semi-micro aperiodic balance 
was used for this purpose. The powdered glass was 
packed uniformly in a sample holder made of glass 
of about 0.35 cm diameter and 16 cm length. The 
sample holder was suspended vertically between the 
poles of the electromagnet so that its bottom was in 
uniform field of maximum intensity and the upper 
portion nearly out of the magnetic field of the electro
magnet. Weight of the sample along with the holder 
was taken before and after exciting the electromagnet 
with a known rate of current (3 amps.), and the change 
in weight was noted at 29°C. Ferrous ammonium 
sulphate was used for calibrating the instrument 
(29°C). The magnetic susceptibility was calculated 
from the equation

2g=-l(X/rAIF+^)

where ,
Xg = the magnetic susceptibility per g of sample 

in cgs units,
I = the length of the glass sample in cm, 

W = the weight of the glass sample in g,
AW = the change in weight of the glass sample 

at a field strength of H Gauss,
A = cross sectional area of the glass sample in 

sq cm
Kh = the instrument constant for a field strength 

of H gauss,

and
Ka = the magnetic susceptibility per cc of air 

in cgs units.

The magnetic susceptibility of ferrous ammonium 
sulphate per g is 9500 X 10-s/(To + Z) where T is 
absolute temperature (14). At 29°C, this was found to 
be 31.35 x IO-6 cgs units. The value of KH at 29°C 
was 0.14181 X IO"2.



Results and Discussions

Co-Ordination State of Aluminium Ions

Aluminium ions can be present in tetrahedral state 
of co-ordination just like silicons or in octahedral 
co-ordination just like sodium, potassium or calcium 
ions. Density, refractive index and molecular refrac
tion (K) are sensitive to a change in the co-ordination 
state of Al ions. The molecular refraction for visible 
light is a measure of the deformation of electronic 
shells in the structural unit. Since aluminium is a small 
cation of high charge and essentially non-deformable, 
its contribution to the molecular refraction, (KM1O1), 
is almost entirely due to the refractions of the large 
and easily deformable oxygen ions. For aluminium in 
the four-fold co-ordination state, the cation-anion 
distance is less than that for six-fold co-ordination 
and the inter-ionic forces are more intense. This 
causes a greater deformation of oxygen ions and there
fore greater molecular refraction than when aluminium 
is in six-fold co-ordination. Safford and Silverman 
(15) and Day and Rindone (16) employed the deter
mination of molecular refraction (A) to determine the 
state of co-ordination of the Al ions in soda-lime- 
silica glasses containing varying amounts of A12O3.

Keil and Locher (4) maintained calcium oxide at a 
constant level and studied the effect of increasing 
alumina contents on the specific gravities and refrac
tive indices of synthetic glasses in the system CaO- 
Al2O3-SiO2. The molar CaO/SiO2 ratio was therefore 
variable. Since the composition of the calcium silicate 
hydrate phase formed on hydration and activation of 
slag glasses depends to a great extent on the CaO/SiO2 

ratio in the original slag glass, in the present study the 
CaO/SiO2 ratio was maintained constant in glasses 
prepared with varying alumina content in the part 
of the CaO-Al2O3-SiO2 system corresponding to 
Indian slags (17). The results under column 2 in Table 
1 show that the glasses cover the entire range of 
alumina content present in slag glasses. The values 
in column 3 show that the Zachariasen number of 
glasses varies from 0.34 to 0.50 thus covering the entire 
range of compositions which can form glasses (18).

Since the molecular refraction of the parent glass 
(sample 1) increases in a regular manner (Fig. 1) 
on incorporating six moles of alumina in six equal 
increments, it is obvious that the state of co-ordination 
of aluminium ions remains unchanged in the entire 
series (A). A similar trend was observed in the cor
responding results for samples 8-11 of series B wherein 
different amounts of silica (7—10 moles) had been 
added to a glass of CaO/Al2O3 ratio of 1.83: 1. The 
values of density and refractive index decreased as 
expected because Si4+ is known to take up four-fold 
co-ordination and is a ‘network former’.

The partial specific volume of A12O3 in series A 
was found to be on the average 0.3673 cc/g. The speci
fic volume of a-Al2O3 in which Al3+ is known to be 
present in six-fold co-ordination (19) is reported as 
0.2525 cc/g (Table 1) and shows no agreement with the 
observed partial specific volume of this study. Hence, 
it is inferred that Al3+ in the glasses studied does not 
exist in six-fold co-ordination.

The slope of the linear curve in Fig. 1 represents 
the partial molar refraction (AAbO1) of alumina which

Table 1. Characteristics of CSA* glass samples

Sample 
no.

Glass 
fromula* 
(C: S: A)

Zachariasen
Glass composition 

wt. % Density, Refractive 
index

Total 
refractivity 

cc/mole

Partial 
refractivity 

cc/mole

Partial 
specific 
volume 

cc/gCaO S1O2 A1,O3

Series A K Kauob AI2O3
C S A

1 10 8 1 0.34 49.04 42.03 8.93 2.9003 1.634 ±.001 140.79
2 10 8 2 0.375 45.02 38.59 16.39 2.8866 1.632 ±.001 153.70 12.91 0.3648
3 10 8 3 0.40 41.61 35.67 22.72 2.8749 1.630-b .001 136.58 12.88 0.3651
4 10 8 4 0.42 38.67 33.15 28.18 2.8650 1.628 ±.001 179.36 12.78 0.3649
5 10 8 5 0.44 30.97 36.13 30.97 2,8517 1.624+ .001 191.94 12.58 0.3738
6 10 8 6 0.455 33.90 29.06 37.04 2.8423 1.622 ±.001 204.69 12.75 0.3693
7 10 8 7 0.47 31.93 27.37 40.70 2.8357 1.619 ±.001 217.00 12.31 0.3662

av, 12.70 0,3673

Series B Kkich SiOa
8 10 7 3 0,40 43.55 32.66 23.79 2.8858 1.636 ±.001 159.74
9 10 8 3 0.40 41,61 35.67 22'72 2.8749 1.630 + .001 166.54 6.80 0.3758

10 10 9 3 0.405 39.83 38.41 21,76 2,8664 1.625 + .001 173.42 6.88 0,3720
11 10 10 3 0.41 39.19 40.93 20.88 2.8546 1,618 ±.001 179.94 6.52 0.3842

av. 6.73 0.3773
a-Al2O3 (crystalline) — — 100 3.96 1.764 ±.001 AI2O3

10.63 0.2525

♦C = CaO S = SiO2 A = A1SO3
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Fig. 1. Partialmolar refractivity of AI2O3 in glasses of com
position lOCaO-SSiOi-U-T^AliOj numerals indicate K^Os 
values (average 12.70)

was found to be 12.70. According to Safford and 
Silverman (15), Al3+ in four-fold co-ordination in 
glass has a molar refraction contribution of 12.55 
(calculated for A12O3), whereas in six-fold co-ordina
tion it is 10.53. Since ^Ai,os of the glasses of the pre
sent study is close to the former value, it is concluded 
that Al3+ in the CaO-Al2O3-SiO2 glasses exists only 
in four-fold co-ordination.

Keil and Locher (4) had believed that aluminium 
ions existed in six-fold co-ordination in low-lime slag 
glasses. Chopra and Taneja (20) have examined Keil 
and Locher’s data and calculated the average value of 
^ai,03 for the glasses of CaO/SiO2 ratio of either 
1.06 or 1.24: 1. KM1Os was found to be 12.80 showing 
four-fold co-ordination. This value should have been 
between 10.63 and 12.55 if part of Al3+ had been pre
sent in six-fold co-ordination as believed by Keil 
and Locher.

Vitreous blastfurnace slags devitrify on heating 
to temperatures of the order to 800 to 1000°C and the 
heat evolved during devitrification can be recorded 
on a differential thermal analysis curve as a single 
or a set of multiple exothermic peaks. It has been 
observed that the exothermic effect of devitrification 
is many a time preceded by a small endothermic peak 
(21). Yamauchi and Kondo (10) have studied the 
thermal behaviour of glasses in the CaO-SiO2 and 
CaO-Al2O3 systems and have reported correlations 
between slag compositions and its constitution in 
terms of peak temperatures in the range 800 to l,000°C 
(5). The differential thermal analysis of the synthetic 
slag glasses of the present study was therefore carried 
out (Fig. 2). For this purpose glass series C was pre
pared. In this series increasing amount of SiO2 was 
substituted by A12O3 on molar basis. The data show 
that the peak temperatures of the endothermic effect,

TEMPERATURE °C ----------- >-

Fig. 2. DTA curves of synthetic slag glasses of composition 
. 10CaO-(I0-n)SiO2-nAl2O3 n varying from 1 to 4

temperatures of the beginning of the exothermic effect 
and the exothermic peak temperatures generally show 
an increase as the number of moles of A12O3 in glass 
increase. According to Kondo (4) the above mentioned 
rise in peak temperature indicates tightening of the 
glass structure by the replacement of silicon-oxygen 
tetrahedra by unsaturated oxygen in A1O4 tetrahedra. 
It may therefore be concluded that the differential 
thermal analysis support the earlier conclusion of 
tetrahedral state of co-ordination of aluminium ions 
in slag glasses in the system CaO-Al2O3-SiO2 based 
on the molecular refractivity data.

Co-Ordination State of Magnesium Ions

Chemical composition and physical characteristics 
of magnesium glasses of series D and E are reported 
in table 2.

Magnesium (Mg2+) is a medium size cation having 
Goldschmidt radius of 0.78Ä. It is known to exist 
in six-fold co-ordination in enstatite (MgO-SiO2) 
and diopside CaO-MgO-2SiO2, and four-fold in 
spinel (MgO-A12O3). Roy (22) calculated the molar 
refractivity of minerals of enstatite and diopside from 
the published data and determined the same for glasses 
of the same compositions by employing the Lorentz- 
Lorenz equation and found an increase of molar 
refractivity of the glasses by about 0.65. He concluded 
that the increase was due to a lower state of co-ordina
tion i.e. four-fold assumed by Mg2+ ions in the glasses. 
Galent (23) has also shown that Mg2+ ions exist in



Table 2a. Characteristics of CSAM * glass samples

,,, , , „ „ , . Glass composition wt. % r>™»„SL Glass formula* Zachanasen Density

CaO SiOs A12O3 MgO g/cc

C s A M
1. 10 8 4 0.42 38.67 33.15 28.18 — 2.8662
2. 10 8 4 1 0.435 37.63 32.25 27.41 2.71 2.8772
3. 10 8 4 2 0.45 36.64 31.40 26.69 5.27 2.8869
4. 10 8 4 3 0.46 35.69 30.59 26.01 7.71 2.8970
5. 10 8 4 4 0.475 34.81 29.84 25.36 10.02 2.9060

Refractive 
index

Total 
refractivity 

cc/mole

Partial 
refractivity 
of MgO 
cc/mole

K K.MgO
1.626 001 178.70 —
1.629 ± .001 183.81 5.11
1.632 ±.001 188.85 5.04
1.635 ±.001 193.88 5.03
1.638 ±.001 199.00 5.12

Av. 5.08

Table 2b.

•C = CaO S = SiO2 A = AläO3 M = MgO

Minerals
a. Periclase — — _ 100.0 3.576 1.738 4,538 4.538
b. Spinel — — 71.68 28.32 3.578 1.719 15.68 1
c. a-AlgOa (crystalline) — — — 100.0 — 3.96 1.764 10.63 )

Table 2c. Characteristics of CSAM* glass samples

SI.
No.

Glass formula* 
C:S:A:M

Zachariases Glass composition wt. % Density 
g/cc

Refractive 
index

Total 
refractivity 

cc/mole

Partial 
refractivity 

cc/moleCaO S1O§ AlgOa MgO

C s A M K KcaO-MgO
6 12 8 4 — 0.40 43.08 30.77 26.16 — 2.8985 1.634 ±.001 192.4
7 11 8 4 1 0.425 39.89 31.09 26.42 2.61 2.8920 1.633 ±.001 190.6 1.80
8 10 8 4 2 0.45 36.63 31.40 26.69 5.27 2.8869 1.632 ±.001 188.85 1.75
9 9 8 4 3 0.475 33.32 31.73 26.98 7.99 2.8765 1.630 ±.001 187.1 1.75

10 8 8 4 4 0,50 29.92 32.06 27.26 10.76 2.8620 1.627 ±.001 185.3 1.80
Av. 1.775

♦C = CaO S = SiOg A = AIaO3 M = MgO

Table 2d.

* This difference is for two moles of CaO;
**This difference is for one mole of CaO

PC
6 12 8 4 — 43.08 30.77 26.16 2.8985 1.634 ±.001 192.40 ]
1 10 8 4 — 38.67 33.15 28.18 — 2.8662 1.626 ± .001 178.70 j
7 11 8 4 1 39.89 31.09 26.42 2.61 2.8920 1.633 ±.001 190.60
2 10 8 4 1 37.63 32.25 27.41 2.71 2.8772 1.629 ±.001 183.81 !
4 10 8 4 3 35.69 30.59 26.01 7.71 2.8970 1.635 ± .001 193.88 j
9 9 8 4 3 33.32 31.73 26.98 7.99 2.8765 1.630 ±.001 187.10 3
5 10 8 4 4 34.81 29.84 25.36 10.02 2.9060 1.38 ±.001 199.00]

10 8 8 4 4 29.92 32.06 27.26 10.76 2.8620 1.627 ±.001 185.30 J
Av. 6.82

four-fold co-ordination in melilite (including aker
manite) glasses.

The difference in the total molecular refractivity 
of spinel (MgO-Al2O3) and corrundum (a-Al2O3) 
gives the partial molar refractivity of MgO in four
fold co-ordination as magnesium in spinel exists in 
four-fold co-ordination. This value turns out to be 
5.05 against a value of 4.54 for six-fold co-ordination 
of magnesium ions in periclase (Table 2).

The total molecular refractivity of magnesium 
glasses of series D was plotted against the number of 
moles of MgO present in each glass (Fig. 3). The 
slope of the resulting linear curve represents the partial 
molar refractivity (KM8O) of magnesia. Since the latter 
value (^Me0) was found out to be 5.08, it is concluded 

that Mg2+ exists in four-fold co-ordination in these 
glasses.

In the glass compositions of the series E, CaO was 
partially replaced by MgO (Table 2c). The maximum 
percentage of MgO in the substituted glasses is about 
10 percent. The data show that the values of density, 
refractive index and total refractivity decrease on 
substitution of CaO by MgO. If co-ordination of 
calcium ions in both the glass series D and E is assumed 
to be six-fold, the partial refractivity due to CaO 
can be calculated from the differences in the values of 
the total refractivity of individual glasses, say No. 
6 and 1, 7 and 2, 4 and 9, and 5 and 10. The average 
K-cao was thus found to be 6.82 (Table 2d) against 
the reported value of 6.75 (24). If the average differ-



Fig. 3. Partial molar refractivity of MgO in glasses of com
position lOCaO-SSiOi^AfOvVMWgO numerals indicate 
KmsO values (.average 5.08)

ence between KCaO and ^Mg0 is 1.775 (Table 2c), 
Kmso by difference from glasses of the series E equals 
5.045 as against the value of 5.08 for the glasses of the 
series D. In other words, Mg2+ ions exist in four-fold 
state of co-ordination in the substituted glasses of 
series E also, thus confirming the earlier conclusions.

Differential thermal analysis of the glasses (series 
C and D) was also carried out and the pattern of the 
curves was similar to those given in Fig. 2. The thermal 
effects were recorded mostly in the range 800 to 1000°C 
and data are reported in Table 3. ■

With the addition of 4 moles of MgO to the parent 
glass of composition 10CaO-8SiO2-4Al2O3 in four 
equal increments (series D), a fall was noticed in the 
temperatures of the endothermic peak, beginning 
of the exothermic effect and also the exothermic peak 
due to devitrification. A similar but less pronounced 
trend was observed in glasses of the series E wherein 
magnesium oxide substituted CaO in increasing 
amounts. The data in Table 3 show that the introduc
tion of MgO loosens the structure, and is contrary to 
expectations on the basis of analogy with tetrahedral 
state of co-ordination of aluminium ions (Fig. 2).

Weyl and Marboe have reported the work of Pet
zold Wishman & Kamptz, who had correlated the 
hardness of glasses with other properties such as 
softening temperature and molar refractivity, and had 
found that the molar substitution of MgO for CaO 
did not fit into a simple pattern (25). Instead of in
creasing the hardness, as they had expected, the sub
stitution of MgO for CaO on molar basis produced 
softer glasses. This discrepancy was explained by

Table 3. Differential thermal analysis data 
of CSAM glasses

Glass s 
Series

ample
No.

Glass 
C

i composi
S A M

Peak temperatures in °C

endothermic beginning 
of exother

effect
exothermic 

peak

D 1 10 8 4 — 850 890 990
w 2 10 8 4 1 840 890 945
w 3 10 8 4 2 825 865 938
w 4 10 8 4 3 820 865 910
w 5 10 8 4 4 820 860 920
E 6 12 8 4 — 842 930 960
W 7 11 - 8 4 1 835 910 950
W 8 10 8 4 2 825 865 938
W 9 9 8 4 3 790 870 940
w 10 8 8 4 4 862 900 940

Petzold, Wishman and Kamptz on the basis of tetra
hedral state of co-ordination of magnesium ions. 
According to them, the substitution of Mg04 groups 
for CaO4 groups causes the tetrahedral structure to 
become weaker, because some Si4+ ions are replaced 
by Mg2+ ions and the average co-ordination of O2" 
ions is lowered because the glass structure can acco
modate Mg2+ but not Ca2+ ions in tetrahedral co
ordination. Similarly, the substitution of MgO4 
groups for CaO6 groups in the slag glasses of series 
D and E causes the tetrahedral structure to become 
weaker because tetravalent silicon and trivalent 
aluminium ions are probably replaced by divalent 
magnesium ions of bigger size and the average co
ordination of O2- ions is lowered and the structure 
thus gets loosened as is evident from the data in 
Table 3.

Mg2+ and Ni2+ ions are both divalent and have 
almost equal ionic radii (Goldschmidt). Ni2+ has been 
found to take up a bridging position in the network, 
and exists in four-fold co-ordination in high alkali 
borosilicate glasses and in CaO-Al2O3-B2O3 and 
CaO-B2O3 glasses containing high CaO (13). The 
colour of glass under ultraviolet light is purple when 
Ni2+ occurs in four-fold co-ordination. In view of this 
a part of MgO in glasses No. 8 and 10 was replaced 
by an equivalent amount of NiO. The glasses when 
examined under ultraviolet light showed purple colour 
thus confirming that Mg2+ ions exist in four-fold 
co-ordination in both the series of glasses in the sys
tem CaO-Al2O3-SiO2-MgO.

Co-Ordination State of Manganese Ions

Since blastfurnace slags are known to contain a 
small amount of manganese, a few samples of the 
synthetic slag glasses of the general formula 9CaO- 
8SiO2-3.5Al2O3 nMnO were prepared in a reducing 
flame by the Dyckerhoff method. These glasses cor
respond to the compositions of the Rourkela slag



Table 4, Characteristics of CSAMn* glass samples (Series F)

SL
No. C

Gia 
: S

ss formula 
: A : Mn

Zachariasen Glass composition wt, % Density

g/cc

Refractive Total 
refractivity 

cc/mole

Partial 
refractivity 

(Kmso) 
cc/moleCaO SiO2 AlgOa MnO

1 9 8 3.5 _ 0.42 37.58 35.79 26.63 — 2.854 1.616 164.3 _
2 9 8 3.5 0.5 0.42 36.61 34.87 25.94 2.58 2.891 1.624 168.1 7.60
3 9 8 3.5 1.0 0.41 35.69 33.99 25.28 5.03 2.920 1.628 172.0 7.80
4 9 8 3.5 1.5 0.41 34.81 33.16 24.67 7.36 2.955 1.636 175.8 7.60

av. = 7.66

♦C = CaO S = SiOs A = AI2O3 Mn = MnO

(17). The value of n in these glasses (series F) was 
varied from 0.5 to 1.5 and the corresponding variation 
of MnO content in the glass was 2.58 to 7.36 percent 
by weight. The state of co-ordination of manganese 
ions in these glasses was studied by the partial molar 
refractivity method and also by investigating fluore
scence under LTV radiation.

The values of densities, refractive indices and mole
cular refractivities of the glass samples are reported 
in Table 4. The average value of partial molar refractiv
ity works out to 7.66 against a value of 7.2 for six-fold 
co-ordination of manganese reported in the literature 
(24). The higher experimental value therefore indicates 
that part of manganese exists either in four-fold state 
of co-ordination or in trivalent state of valence. Ac
cording to Weyl and Marboe (26) red fluorescence in 
manganese glasses under UV radiation is attributed 
to manganese ions present in interstitial position in 
the glass network when they are surrounded by six 
oxygens. The slag glasses of the series containing 
manganese oxide up to 7.5 percent, when exposed to 
UV radiations, exhibited red fluorescence thus con
firming a six-fold state of co-ordination of manganese 
ions. This may be presumably due to its greater ionic 
size. It was therefore inferred that the higher value 
of partial molar refractivity is probably due to part 
of manganese occuring in a higher state of valence. 
This was confirmed as reported below.

It is well known that atoms and ions of transition 
elements in the free state have unfilled electron shells 
and hence possess magnetic moments. The magnetic 
properties of glasses, whose framework is usually 
slightly diamagnetic, will change substantially by the 
incorporation of ions of transition elements. It, 
therefore, follows that measurement of magnetic 
susceptibilities of the glass samples of the series F 
could throw light on the state of valence of manganese 
ions.

The magnetic susceptibility 2g of a glass sample 
can be taken to be the sum of diamagnetic susceptibil
ity ^-o(l — CMn), due to the base glass and the para
magnetic susceptibility, 2Mn-CMn, due to the concen
tration CMn of manganese present in the glass (27)

Manganese Ma@ietic Magnetic Manganese 
e« Glass ® . susceptibility moment present in

No formula nerrLt x 10-6 manganic
* C: S: A: Mn wt in cgs (Bohr state 

y " units magnetons) percent

Table 5. Magnetic properties of CSAMn glass 
samples (Series F)

1 9 8 3.5 0 _ _ —
2 9 8 3.5 0.5 2.0 228.24 5.52 18
3 9 8 3.5 1.0 3.9 244.42 5.71 24
4 9 8 3.5 1.5 5.7 232.48 5.58 20

and can be expressed by the equation (1)

^•8 — ^Mn"CMn + 20(l CMn) (1)
The magnetic susceptibility value AMa (at 29°C) 

for Mn in the synthetic slag glasses of the series F 
are reported in Table 5 column 4. From 2Mn the para
magnetic moment p. (in Bohr magnetons) due to the 
manganese in glass was calculated from the equation 
(2)

y, = 2.83VTlMn.M (2)
where

M is the atomic weight of Mn (54.93) and
T the absolute temperature.
The magnetic moments due Mn in the synthetic 

slag glasses are from 5.52 to 5.71 Bohr magnetons 
(Table 5 column 5). Since the theoretical moment due 
to spin only, are 5.92 and 4.90 Bohr magnetons for 
Mn2+ and Mn3+ respectively, it may be concluded that 
manganese is predominantly present in the manganous 
state. The values of and 2Mb» as calculated from 
equation (2) are 26.38 x 10'3 and 18.07 x IO-5 cgs 
units respectively.

The relative amounts of divalent (Mn2+) and triva
lent (Mn3+) in the glass samples can be calculated from 
equation (3).

’ CMn!» 2Mn«*(l CMn!») (3) 
where 2Mn!, and 2Mn» are the magnetic susceptibilities 
and CMnä, and (1 — CM„,.) are concentrations of the 
Mn2+ and Mn3+ ions respectively. By substituting the 
magnetic susceptibility value, AMn in the above equa
tion (3) and the calculated values of 2Mn„ and 2Mn„ 



from the equation (2) using the theoretical moments 
for Mn2+ and Mn3+ ions, as 26.38 x 10 5 and 18.07 
X 10-5 cgs units respectively at 302°K, the amounts 
of manganous and manganic ions were calculated 
(equation 3) and are expressed as percentage of total 
manganese in Table 5. The data indicate that man

ganese in the synthetic glass sample is predominantly 
present in bivalent state i.e. from 76 to 82 percent. 
This is in accord with the knowledge that high tem
peratures and reducing atmosphere in blastfurnaces 
promote bivalent manganous state.

Conclusions

The state of co-ordination of aluminium ions in 
synthetic slag glasses in the system CaO-Al2O3-SiO2 
was studied by determining the effects of varying the 
alumina content (from 1 to 7 moles) on the density 
and refractive indices of glasses of composition 
lOCaO- 8SiO2-nAl2O3 having a CaO/SiO2 ratio 
of 1.17: 1. The partial molar refractivity of alumina 
indicated that aluminium ions are always present in 
four-fold co-ordination. This was also supported by 
the value of the partial specific volume of A12O3 and 
the rise in temperature of the exothermic peak due 
to devitrification on substituting increasing amounts 
of A12O3 (moles) for SiO2 in the glass compositions 
10CaO-(10-n)SiO2-nAl2O3. Similarly, the partial 
molar refractivity of magnesia in glass compositions 
of general formulae 10CaO-8SiO2-4Al2O3-nMgO 
and (12-n) Ca0-8SiO2-4Al203-nMgO where n 
was varied from 1 to 4, indicated a four-fold state 
of co-ordination of magnesium ions. This was also 
confirmed by the purple fluorescence of Ni2+ ions in 
glasses where part of MgO was substituted by NiO.

But the average value of partial molar refractivity of 
manganese oxide in glass compositions of 9CaO- 
8SiO2-3.5Al2O3-(0.5 to 1.5) MnO showed that man
ganese ions were present in six-fold co-ordination. 
This was also indicated by the red fluorescence of 
manganese glasses in ultraviolet light. The partial 
molar refractivity data (Xj,lnO), however, indicated 
further that a part of manganese was present in a 
higher state of valence and the magnetic susceptibility 
measurements confirmed that about 18 to 24 percent 
of manganese was present in trivalent state in the 
manganese bearing glasses. - '
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Synopsis -

This paper wants to bring up a contribution to the study of some fundamental physical 
properties of the hardened pastes of cement containing granulated blast-furnace slags with 
the precise intent to put in evidence analogies and differences of the slag under hydrated stage 
in comparison with the portland cement.

The properties studied, adopting the different methods indiceted by Powers and other 
Collaborators are: ' "
—Sedimentation process of the fresh pastes,
—Contents of non-evaporable water at a normal temperature.
—Development of the surface area of the pastes.
—Porosity of the pastes.

It has been tempted to find, besides, a relation among the above mentioned properties 
and the other fundamental physico-mechanical characteristics of the cements for their use.

The experiment has been conducted on a series of cements obtained by mixture of dif
ferent clinkers, differentiated from the ratio C3 A/C»AF; and of different industrial samples 
of slag coming from different blast-furnaces and differentiated by the content of the three 
fundamental oxides SiO2-CaO-Al2O3.

Clinkers and slags have been mixed in proportions that vary from 10 to 70% and com
pared with portland cements obtained from the same clinker.

Storage time of 7-28-180-365-630 days and water-cement ratio of 0.30 and 0.50 have 
been considered.

Introduction

The study of hardened pastes made with portland 
blast-furnace slag cement acts as a bridge between the 
chemistry of these cements and their technological 
application in concrete.

The set of variabilities (chemical composition of the 
clinker, composition of the slags, physical condition 
of the same, fineness of the two components, centesi
mal composition of the mixtures, percentages of gyp
sum content and of other activating or regulating 
products) is so vast that a systematic experiment would 
require many years of work.

It has to be taken into consideration, in particular, 
that any study on cements containing blast-furnace 
slag, involves two basic components (clinker and slag) 
of which one (slag) is in a metastable condition and 
therefore its behaviour will never be able to be per
fectly defined until physico-chemical parameters and 

therefore an unequivocal consent to the classification 
of slags are found.

This paper is limited to the illustration of the results 
obtained by us and a general review on the subject is 
postponed for later date in order to improve the results 
by other evidences, to be found in the present experi
ment.

The main purpose of the work is the enrolment in 
great lines of the physico-chemical phenomena which 
charaterizes the process of hydration of hardened 
cement pastes containing blast-furnace slag.

Since the purpose was to study industrial cements, 
the slags have been associated with clinkers as they 
are actually used for the production of blastfurnace 
cements, i.e., clinkers characterized by high contents 
of C3S (1). It follows that since this constituent is in 
an almost constant quantity, it is possible to study the 
influence of the other constituents (C3A and C4AF) 
on the hydration of blast-furnace slags. .



Characteristics of Cements Tested

The clinker and slag used are of ordinary industrial 
products and have the chemical analyses listed in 
Table 1.

The slags, by products of three different basic 
blast-furnace process are granulated directly by pour
ing in a pit containing sea-water, and located near the 
furnace.

The values assumed for the three slags from the 
various formulae in order to evaluate the hydraulic 
properties of the blast-furnace slags, may be found in 
Table 2.

Thirty-nine types of cement formed by different 
percentages of clinker-slag mixture, in ratio of 100/0, 
70/30, 50/50, 30/70 and 10/90, from three types of 
clinker and three types of slag, have been prepared.

The various mixtures have been obtained by mixing 
in an appropriate mixer the two main components 
having been ground in a laboratory mill with the 
addition of a fixed quantity of 4 % gypsum, and to a 
fineness characterized by a Wagner specific surface 
of about 1850 cm2/g. -

Table 1. Chemical analyses on starting materials

Chemical composition (/0 Ptoential phase composition 
(%)

ig. SiOs FegOa MngCU A1SO, CaO MgO SO 3 S NaäO KaO BaO Free
CaO c»s C3S CSA CiAF

KIA 0.6 23.0 3.4 — 3.9 65.7 1.3 0.8 — 0.4 0.8 — 0.4 57.6 22.5 4.6 10.3

Kl B 0.5 22.8 2.8 0.1 4.6 66.0 1.5 1.0 — 0.4 0.6 — 0.2 56.7 22.6 7.3 8.8

K1C 0.7 22.1 2.2 — 5.1 66.1 1.6 0.9 — 0.4 0.8 — 1.5 54.0 21.9 9.7 6.7

Slag 1 0.6 35.9 1.5 0.5 11.6 40.1 6.9 — 1.3 0.7 0.6 — — — — — —

Slag 2 0.4 31.2 1.1 0.9 15.5 36.9 10.2 1.3 1.1 0.8 0.3 — — — — —

Slag 3 1.0 31.5 3.7 0.5 13.1 40.7 6.7 — LI 0.7 0.7 — — — — — —

Table 2. Evaluation of hydraulic properties of the slags by chemical composition

Slag 1 Slag 2 Slag 3

Basicity ratios:
CaO

P1 - SiO, 1.12 1.18 1.29
CaO 4- MgO

Ps SiO3 1.31 1.51 1.50
CaO

P$ SiO;
H MgO
- AI2O3 0.99 1.01 1.06

German formula:
formula I CaO + MgO + 1/3 AhOs 1.17DIN 1164/1917 SiO2 1- 2/3 AI2O3
formula II CaO 4- MgO 4- AljOa . 1
DIN 1164/1942 SiO2 " 1 1.63 2.01 1.92

Hydraulic properties
formula III CaO 4- CaS 4- 1/2 MgO -h A12OS < 1.5 1.5-1.9 > 1.9
F. Keil SiOj 4- MnO medium good very good

Belgian formula: Hydraulic properties
Blondiau S1O2 1.45—1.54 good 1.12 1.18 1.29

SiOg
AI2O3 1.8—1.9 good 3.09 2.01 2.40

French formula: Hydraulic properties
i = 20 + CaO + A12O3 + 0.5 MgO - 2 SiO2 < 12 12-16 5 16
De Langavant medium good very good 3 15

Sedimentation Test on Fresh Pastes

The experiment has been conducted according to the method realized by Valore, Bowling and Baline



(2), (3).
We have verified that the phenomenon has a com

mon procedure for all tested slags, that is, the capacity 
and bleeding velocity increase continuosly with the 
increase of slag content.

We have investigated more thoroughly the phe
nomenon of a group of mixtures, which constitutes 
clinker A and slag 1.

The characteristics of bleeding tests are listed in 
Table 3 and shown in Fig. 1.

On the basis of above mentioned characteristics. 

it has been calculated the value of immobile water 
W,: it decreases by increasing the slag content.

The bleeding rate increases with the slag content not 
only for the decrease of W,- but also for the variations 
of the fluid density and the fluid viscosity (with an 
increase of about 2.5% and 6% respectively for the 
mixture 10/90) which result remarkably enough; 
and such that they influence, in a great way, the 
above parameter, as it can be confirmed by the 
Kozeny-Karman equation adapted for this particular 
case by Powers (4).

Table 3. Bleeding characteristics of fresch pastes

Mix
Specific surface 

(Wagner) Density 
g/cc

W/C ratio Cement 
content 

(absolute 
volume) 

C

Water 
content 

(absolute 
volume) 

W

Bleeding

(Q X 108)

Bleeding 
capacity 
(AH')

Porosity 
sediment 
(per cent 
of settled 
volume)

w<
Hydraulic 

radius 
(microns)

Clinker Slag
cm2/g 

S
cm2/cc We Vol

100 1786 5645 3.18 0.30 0.942 0.515 0,485 18 0.0030 48.3 1.661
0.40 1.26 0.443 0.557 74 0.0190 54.8 0.325 2.192
0.50 1.57 0.389 0.611 129 0.0456 59.2 2.696

70 30 1825 5675 3.08 0.30 0.923 0.520 0.480 18 0,0038 47.8 1.620
0.40 1.23 0.448 0.552 72 0,0198 54.3 0.323 2.136
0.50 1.54 0.394 0.606 153 0.0489 58.6 2.620

50 50 1835 5635 3.04 0,30 0.912 0.523 0.477 22 0.0038 47.5 1.612
0.40 1.22 0.451 0.549 76 0.0228 53.8 0.318 2.117
0.50 1.52 0.397 0.603 165 0.0506 58.2 2.602

30 70 1860 5650 3.00 0.30 0.901 0.526 0.474 25 0.0042 47,2 1.588
0.40 1.20 0.454 0,546 96 0.0280 53.3 0.317 2.078
0.50 1.50 0.400 0.600 187 0.0589 57.5 2.544

10 90 1890 5665 2.96 0.30 , 0.887 0.530 0,470 36 0.0051 46.7 1.555
0.40 1.18 0.458 0.542 124 0.0335 52.6 0.294 2.027
0.50 1.48 0.403 0.597 219 0.0620 57.0 2.497

(°) The hydraulic radius is calculated from the formula W/C<7 where W is the water present in the sediment after bleeding and the volume of water corresponds 
to the porosity of sediment.

Fig. 1. Bleeding characteristics as a function of slag content 
of the cement



We still ought to consider the flocculation effect 
which probably is decreased in higher slag mixtures, 
where the amount of hydrated lime from the clinker, 
is quite small.

Besides, hydraulic radius have been calculated 
(already reported in table 3), considering the content 
of water in fresh pastes equal to the presence of water 
after the bleeding or, in other words, corresponding 

to the porosity of the paste sedimentation. From value 
of hydraulic radius it is possible to evaluate the mean 
pore size of the paste.

It must be observed that, the hydraulic radius and 
therefore the mean size of pores, decreases with the 
increase of the slag content. Such a result does not 
agree with what was found by Chopra (5).

Tests on Hardened Pastes

Tests on all mixtures were conducted employing two 
ratios W/C, i.e., 0.30 and 0.50.

The pastes used in this research were mixed free 
from air as described by Powers, Copeland, Hayes 
and Mann (6).

The mixtures were immediately poured in test tubes 
which were accurately corked so that no air could 
remain between the paste and the cork. Immediately 
after, the test tube was held in continuous motion 
attached in a radial position, to a vertical disc rotating 
at a slow velocity (7 r.p.m.) until the cement has com
pleted its setting. In such a way the bleeding has been 
avoided obtaining so, for a more vigorous compari
son, with pastes having an equal ratio Wo/C.

Successively the test tube was cured in water at 
20 ± 1°C until the date of the determinations of the 
different periods of curing.

The periods of curing considered were: 7-28-1 SO- 
365 and 730 days.

To appear more evident in the graphic description, 
in the various diagrams we have limited ourselves 
in relating the values corresponding to the curing 
periods of 7-28 and 730 days.

Non-evaporable Water and Free Calcium 
Hydroxide

Non-evaporable water has been determined by the 
method described by Copeland and Hayes (7).

The free calcium hydroxide has been determined 
according to the “time variation method” described 
by Pressler, Brunauer, Kantro and Weise (8), and 
following modification (9).

All the mixtures were tested only for the curing 
periods of 7 days and 2 years.

For the mixture with Wo/C 0.30, the determinations 
seem, though, affected by a noticeable experimental 
error, and therefore are not taken into consideration.

In Figs. 2 and 3 are reported the variation bands 
of Wn/C for the various cement mixture ratios.

Fig. 2. Bands of non-evaporable water as a function of slag 
content of the cement (f¥o!C 0.30)

Fig. 3. Bands of non-evaporable water as a function of slag 
content of the cement (WdfC 0.50)

It is noted that until a cement mixture ratio at 
50/50 the values of nonevaporable water are of the



same order as those of portland; while for cement 
mixtures with 70% to 90% of slag, the values of 
Wn/C are much inferior and the difference is accen
tuated with hydration during the time process.

In Fig. 4 are reported the variation bands of CaO 
extracted. Still in Fig. 5 are reported the bands of CaO 
absorbed (calculated as a difference between that 
liberated by the corresponding pure portland cement 
at the same curing period and the CaO extracted) 
expressed in grams of lime based on 100 grams of 
anhydrous slag. ‘

It is observed that the quantity of CaO absorbed 
for the mixtures 70/30, is of the same order (or even 
higher) as that of the same slag capable of absorbing 
if kept in contact and in constant agitation with satur
ated calcium hydroxide solution; for the mixtures 
richer in slag, the CaO absorbed is very limited.

In order to evaluate how much non-evaporable 
water is attributable to water combined in gel, we have 
also calculated for a series of mixtures the contribution 
given to Wn/C by the calcium hydroxide and we have 
obtained the new values of the non-evaporable water 
(Wne/C) always based on 1 g of anhydrous cement 
(mixtures clinker A—slag 1).

% clinker % slag Wn^/C
7 days 100 — 0.0634

70 30 0.0703
50 50 0.0669
30 70 0.0604
10 90 0.0493

730 days 100 — 0.1584
70 30 0.1767
50 50 0.1597
30 70 0.1320
10 90 0.1099

It is still underlined here that up to 50% of slag, 
non-evaporable water contained in hydrated products- 
exclusive of calcium hydroxide-is higher than that of 
pure portland, and the maximum non-evaporable water 
content is attained with a cement mixture containing 
30 % of slag. While the mixtures with higher slag con
tent show an accentuated and progressive Wng/C 
diminution. -

The explanation of the above evident phenomena 
does not appear clear, considering the interaction of 
the variable; it can be, anyway, hypothesize that 
with higher slag content:
a) the minor quantity of lime present absolutely in 

the mixture gives place to more impermeable gel 
which slows down the hydration reaction and those

(°) We have indicated non-evaporable water combined with 
gels with Wn?/C.

Fig. 4. Bands of CaO extracted as a function of slag content 
of the cement (WojC 0.50) 

Fig. 5. Bands of CaO absorbed by 100 g of slag as a function 
of slag content of the cement (WojC 0.50)

of “pozzolanic” action; and this occurs due to a 
topochemical absence of lime.

b) The reaction products have a minor basicity and 
combine with a minor water quantity.

The confirmation of the validity of both hypotheses 
or more, probably of the two, requires, according to 
us, a further experimentation with other and differ
ent research methods.

Specific Surface Areas

The specific surface areas and in particular Vm, 
characteristic parameter of the surface areas to which 
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it is directly proportional, were evaluated with the 
method described by Kantro, Brunauer and Weise 
(10).

The variation bands of the specific surface areas, 
always relative to 7-28-730 days, are reported in 
Figs. 6 and 7 (respectively ratio Wo/C 0.30 and 0.50).

This curve trend confirms that the slag hydration 
products are prevailingly colloids and they contribute 
significantly to the total surface areas.

In particular it is observed that mixtures of low slag 
content have areas of the same size as those of pure 
portland; and attaining a progressively higher surface

ig. 6. Bands of Vm and specific surface area S as a function 
of slag content of the cement {WofC 0,30) 

Fig. 7. Bands of Vm and specific surface area S as a function 
of slag content of the cement (Wo/C 0.50)

area during the curing period; and also because of the 
minor content of calcium hydroxide.

The physico-mechanical characteristics of these 
cements therefore will be quite similar to the clinkers 
from which they have been derived and during the 
curing period these cements have more colloidal new- 
formations in hardening products; and all those 
characteristics due to higher quantity of gel will be 
more conspicuous.

In relation with the above hypothesis, concerning 
the explanations of the different non-evaporable water 
content in the cements rich of slag, the surface areas 
would also show the formation of more compact prod
ucts and consequently reduced velocity of reaction.

This could give value to Locher’s hypothesis (11) 
according to which the remarkable sulphate resistance 
of this cement is not due to the chemical properties 
of the reaction products, but to the capacity of the 
Table 4. Values of Vm x IO4 referred to one cubic centimeter 

of pastes

Materials Days
Slag %

0 30 50 70 90

KI A 7 446 430 408 360 254
28 562 559 517 460 320

180 710 ' 736 693 580 380
365 780 804 - 765 616 422
730 840 877 831 667 463

Kl B 7 496 460 420 396 300
28 615 620 564 520 384

Slag 1 180 740 762 728 650 460
365 815 848 803 725 500
730 860 902 869 775 535

KI C 7 524 510 478 425 360
28 669 646 624 544 436

180 804 800 763 690 490
365 837 837 808 720 550
730 851 869 830 750 562

KI A 7 446 435 438 384 250
28 562 560 565 480 293

180 710 720 714 590 369
365 780 784 789 648 406
730 840 874 865 689 437

Kl B 7 496 468 444 428 308
Slag 2 28 615 606 590 550 370

180 740 750 730 656 451
365 815 787 840 730 511
730 860 900 904 790 550

Kl C 7 524 543 524 450 346
28 669 701 687 590 402

180 804 845 820 710 450
365 837 894 862 745 480
730 851 920 911 774 500

KI A 7 446 445 426 390 280
28 562 580 540 500 324

180 710 728 688 604 378
365 780 800 780 670 418
730 840 865 865 715 445

Kl B 7 496 482 460 450 330
28 615 632 607 566 410

Slag 3 180 740 750 745 660 474
365 815 836 823 750 515
730 860 890 - 904 915 534

Ki C 7 524 568 544 505 370
28 669 720 690 640 430

180 804 860 840 760 520
365 837 887 880 804 545
730 851 910 904 825 554



hardened cement to avoid the formation of sulpho
aluminate, richer in sulphate, in accordance with its 
particular physical structure.

We have reported in Table 4 the values of Vm in 
grams developed by one cubic centimeter of paste 
(Wo/C 0.50).

By such results it appears evident that the chemical 
characteristics of the clinker have a great influence on 
the development of the specific surface areas and 
consequently on the whole hydration process of the 
cements containing slag and that this influence is 
practically uniform with the three slags.

Remembering that the content of C3S and C2S is 
almost the same in the three experimented clinkers, 
it seems quite true that the characteristics which 
differentiates their actions in the hydration process of 
the slags are given by the C3A content.

The different behaviours of the three slags are 
evident in Fig. 8, where making the value of Vm for 
one cubic centimeter of portland cement paste equal 
to 100, the corresponding values of the different 
mixtures of various curing periods is reported.

By these diagrams, it can be extablished a qualita
tive classification of different slags which appear inde
pendent from the quality of the activating clinker -in 
decreasing order slag 3, slag 2, slag 1-; which classi
fication, according to the actual experiment, is not 
capable of having relations with the slag characteris
tics in spite of the premise about the necessity to find 
sure parameters for the classification of the slag.

K = Vm/Wn

Powers and Brownyard (12) put in evidence that 
the specific surface area BET of gel formed by portland 
cement pastes as shown in the diagram with respect 
to the content of non-evaporable water, gives a straight 
line through the origin, and concludes that this indi
cates the equality of hydration products in different 
hydration stages. '

The characteristic ratio for each type of cement 
between specific area and non-evaporable water was 
indicated with K.

Verbeck and Foster (13) determined the K constant 

SLAG 3

Fig. 8. Values of Vm (g per ce of paste) expressed in per cent 
of value of portland cement ■



for any given cement with determinations of the heats 
of hydration, at different curing periods, which were 
showed to be proportional to the quantity of non- 
evaporable water (Wn).

Later it was found (8), (14) that K constant applies 
only for type I ASTM cements.

The constancy of K implies, as already said, that to 
equal the quantity of non-evaporable water (Wn), 
one must have equal formation of hydrated com
pounds. However this is not strictly true with cements 
containing slags regarding the new-formation of 
Ca(OH)2, as shown in Fig. 9, and where the calcium 
hydroxide (expressed as CaO/g ignited cement) is 
reported in function with Wn/C for a mixture of 70 % 
slag. .

For comparison, the correlating line found by 
Pressler, Brunauer, Kantro and Weise (8) for a cement 
type I ASTM has also been reported.

It has been observed that in the time interval 
between 7 to 730 days, although the points are on a 
straight line, the intersecting line does not pass through 
the origin.

Anyway the deviation is very little and while it 
explains why the inconstancy of K is hardly pointed 
out by the adsorption measurements, it allows to adapt 
the mean values to K to characterize the cements. 
The mean characteristics of K in the clinker/slag 
ratios is shown in Fig. 10,

On the other hand, Lehmann and Roesky (15) 
have also found for cement containing slag practically 
a constant ratio between heat of hydration and non-

NON-EVAPORABLE WATER (g/g IGN. WT)
Fig. 9. CuO extracted as a function of non-evaporable water 

for hydrated, cement containing 70% slag and for hydrated 
Type I ASTM cement

evaporable water quantity along the time interval 
between 1 to 90 days, and does nothing else but show 
the modest entity of variation of K.

Compressive Strength

In Table 5 are shown the values of compressive 
strength obtained by the various mixtures, in tests 
done according to the RILEM-Cembureau method, 
limiting to the curing periods of 7-28-180 days.

Agreeing with what was said by Locher (11) and with 
what was said by us concerning the variable Vm,

Table 5. Values of compressive strength 
(kglcm^Rilem-Cemburead)

Materials Days
%Slag

0 30 50 70 90

KI A 7 282 240 210 180 135
28 413 365 316 277 230

180 560 538 475 400 280
Kt B 7 332 260 218 180 140

Slag 1 28 472 420 355 292 255
180 575 555 495 400 305

Kl C 7 309 290 256 215 182
28 433 408 382 315 258

180 555 540 500 422 308

KI A 7 282 245 220 204 150
28 413 367 330 296 202

180 560 514 452 392 250
Kl B 7 332 275 242 212 158

Slag 2 28 472 415 375 322 210
180 575 545 482 398 265

Kl C 7 309 294 258 222 189
28 433 405 378 347 224

180 555 532 492 444 266

KI A 7 282 265 245 210 170
28 413 386 365 318 250

180 560 527 477 420 313
Kl B 7 332 288 260 227 188

Slag 3 28 472 435 387 333 255
180 575 548 512 428 320

Kl C 7 309 310 287 260 190
28 433 426 400 352 220

180 555 543 515 448 335

Fig. 10. The characteristic relationship between Vm and non- 
evaporable water (tFw) as a function of slag content of the 
cement



we confirm that the higher quantity of C3A contained 
in the clinker influences positively the slag hydration.

In Fig. 11, the proceeding of Vm referred to cubic 
centimeter of the paste volume in relation to the com
pressive strength, has been reported.

Concerning the portland cements, we confirm what 
was said by Powers and Brownyard (12), i.e., for 
cements with high CgA content, you can obtain a 
deviation of the points from the correlated line.

It is noted that increasing the slag content up to 
50%, the slope of the line decrease and i.e., at equal 
values of Vm, resistances are less.

On the basis of what was found by Powers and 
Brownyard (12), it can be deemed that adding suitable 
gypsum in cements, these lines would attempt to 
put themselves above those of pure portlands.

For mixtures richer in slag, the ratios between 
strength and surface area become clearly higher, and 

this would admit once more that we are in front of 
a hydration characterized by chemical and physical 
phenomena of different nature.

For these mixtures, however, we have not thought 
of tracing a characteristic line, being, according to us, 
necessary to make a further thorough test for clarify
ing the reason of such a dispersion.

Volume of Capillary Pores

The volume of capillary pores has been calculated 
according to determinations of total water (16).

In Figs. 12 and 13 are reported the variation bands 
of the volumes of the capillary pores for the two 
Wo/C ratios and the curing periods of 7-28-730 days.

It is noted how the volume of capillary pores remains 
practically constant up to 50% slag content while 
starting from such value, it denotes a higher increase.

Fig. 11. Compressive strength versus Vm (g per cc of paste)

X Kl A
O Kl B

A Kl C



Fig. 12. Bands of the volume of capillary pores as a function Fig. 13. Bands of the volume of capillary pores as a function 
of slag content of the cement (Wo/C 0.30) of slag content of the cement (WojC 0.50) •

Conclusion

From the entire experiment, it is noted that hydrated 
pastes of the mixtures containing slag although they 
give place to a quantity of gel equal or also slightly 
superior to those produced in clinker portland pastes 
are, though, all characterized by a small amount of 
non-evaporable water.

While for the mixtures containing up to a maximum 
of 50 % slag content, the phenomenon can be perfectly 
explained by the small amount of calcium hydroxide 
present in relation with the small amount of C3S in 
anhydrous cement and of the “pozzolanic” activity 
of slag. The same explanation is not valid for mixtures 
richer in slag content whose non-evaporable water 
content attributed to gel is clearly inferior.

It is also evident that the chemical characteristics 
of the clinker have a secure influence on the pheno
mena which characterize the hydration of cements 
containing slags; and this influence is almost uniform 
on the three experimented slags.

We can, no doubt, affirm that between the chemical 
characteristics of the clinker which contribute to 
differentiate the action on the hydration of slag process 
the content of C3A is highly prevailing, naturally at 
equal contents of C3A and C2S.

It is more difficult to find a valid explanation on 
different behaviours of different types of slags with 
a same clinker.

Concerning compressive strength, the correlation 

between the hardening degree measured by the size 
of mechanical resistance and the hydration degree 
measured by the physico-structural characteristics 
of the pastes seem very close; and it is also a fact that 
the positive action is exerted on the slag hydration by 
the C3A content in the activating clinker.

Concerning the properties of fresh pastes, we have 
realized a behaviour common to all slags namely, 
that the velocity and the bleeding capacity increase, 
with an increasing slag content. -

From this is derived an effective minor porosity of 
pastes containing slag in comparison with cements of 
pure clinker which, practically, brings a lower volume 
of capillary porosity of pastes containing slag in respect 
to that noticed by us working for experimental neces
sities of Wo/C ratio constant.

From the series of tests made on 39 experimented 
cements, we can convince ourselves that the pace of the 
physico-chemical phenomena which characterizes 
the hardening of cement pastes containing granulated 
blast-furnace slag, are similar to the corresponding 
portland clinker, at least up to 50% of clinker.

The cements containing high slag percentages seem 
to form, instead, a type of cement differentiated enough 
by portland.

In fact, as many times underlined, physical and 
chemical parameters which characterize hydration do 
not present congruent values with the mixture arrange- 



ments.
If hydration and therefore also the compressive 

strength have a slower development-that can be cor
rected, no doubt, industrially, increasing the fineness 
with the grinding- the different chemical and physical 
structures of the pastes of these cement exalt its charac
teristics of sulphate resistance, and render it a cement 
of election for special uses.
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Supplementary Paper IV-102 Reactive Slag-Like Glasses of the S-A-F-C-M System

V. N. Pai and R. R. Hattiangadi* -

• Synopsis

The principal and strength-giving product of the portland cement hydration is tober- 
morite gel with a Ca/Si ratio lower than that of the main ahydrous compounds, C3S and 
C2S. As a result Ca(OH)2, which does not contribute to strength, is also formed during 
hydration. The less basic crystalline silicates and aluminosilicates are inert, but the lower 
basicity compositions in the vitreous state are reactive in the presence of portland cement.

This seemed to point to a way of utilizing low-grade limestone (high in silica and magne
sia contents) unsuitable for portland cement manufacture.

Since such raw materials ordinarily contain iron and since the processing contemplated 
is of melting the materials in an oxidising atmosphere, for the sake of fuel economy, Fe3+ is 
a constituent of these glasses.

In order to make the process economical, such compositions were chosen for tests as 
would melt at temperatures below 1350"C, and strength tests were carried out after inter
grinding the same with portland cement clinker.

These experiments prove the feasibility of utilization of these low-grade raw materials 
to manufacture a cementitious product.

Introduction

Portland cement clinker is a material of high basic
ity, since its principal mineralogical constituents are 
tricalcium silicate and dicalcium silicate. As a con
sequence, the raw mix used in its manufacture must 
have a high lime saturation value.

It is necessary to start with such a highly basic 
composition because C3S and C2S are perhaps the only 
crystalline calcium silicates with have an irregular 
coordination and which have the capacity to chem
ically react with water and give rise to strength
producing hydrous compounds. These hydrates how
ever have a Ca/Si ratio even lower than that of C2S. 
All other crystalline calcium silicates such as mer
winite C3MS2, akermanite C2MS2, monticellite 
CMS, rankinite C3S2, etc. are inert towards water, 
and their non-reactivity has been explained in terms of 
the regular coordination of atoms in their crystal 
structures.

The structure of the hydrous phase, tobermorite 
gel, obtained by the hydration of the two silicate 
phases in portland cement has been studied inter alia, 
by Taylor (1), Kalousek and Roy (2), Brunauer, 
Kantro and Copeland (3) and others and has been 
shown to have a variable Ca: Si ratio and it is now

’Central Research Station, The Associated Cement Cos,, 
Ltd., Thana, India. 

generally agreed that a ratio between 1.5 and 2.0 is 
desirable from the point of view of the mechanical 
strength of the hardened paste. Bearing in mind the 
basicity of the tobermorite, one would not start with 
such a highly basic material as C3S as a component 
of the anhydrous cement, were it not for the fact that 
the C3S alone reacts with sufficient speed to give 
commercially acceptable strength at early ages. The 
rest of the lime, not combined in the tobermorite, 
forms plates of Ca(OH)2 which make no contribution 
to mechanical strength. While its presence is required 
to give a high pH environment for protecting the 
reinforcing steel, it is at the same time a source of 
weakness when sulphates are present. It would there
fore appear that the use of less basic anhydrous 
materials could be an advantage, and since this is not 
possible with crystalline materials, the use of materials 
in the vitreous state offers a possible solution.

It is indeed well-known that a vitreous or glassy 
material such as granulated blast-furnace slag con
taining a lower proportion of lime and a higher propor
tion of silica than cement clinker can, in conjunction 
with the latter, hydrate to give similar strength-giving 
products. Since the product under consideration 
will be processed from naturally occurring low grade 
raw materials (such as high-silica, high-magnesia 
limestone together with bauxite or laterite, where



necessary) containing iron oxide, it will differ from 
blast-furnace slag in this respect that whereas only 
small proportions of iron as Fe2+ are present in the 
slag, this product will contain considerably higher 
proportions of iron in the Fe3* form. This would be 
so because the processing method contemplated is one 
of maintaining an atmosphere with a small excess of 
O2, for obtaining maximum fuel effiency, unlike the 
reducing atmosphere of the blast furnace. An addi
tional difference will be the absence of any sulphide 
sulphur. The hydraulic properties of such Fe3+ 

containing slag-like glasses are not known, and this 
investigation was undertaken to study their behaviour 
when interground with portland cement clinker.

The economic importance of this investigation 
stems from the fact that in India there are several 
occurrences of low-grade limestones interspersed 
among high-grade bands, which are unsuitable for 
portland cement manufacture, and this appeared to 
be a means of making cementitious materials out of 
them.

Experimental

Furnace

A furnace employing butane gas as fuel and castable 
refractory as furnace material was developed for this 
purpose. The furnace developed 1550°C in a matter 
of three hours. The clean hot blue gas flame played 
directly on the material as in a glass tank or open 
hearth furnace and served similar function.

The hearth was a shallow dish with smooth surface 
capable of collecting the molten material. A charge 
of about 3 kg could be molten at a time and poured 
out for quenching through a lip provided for the 
purpose.

A part of the burner equipment reached deep into 
the wall of the furnace. The burner block was cast out 
of castable refractory, and the butane and air mixture 
burnt within the cone of the burner block. The burner 
head entered the furnace dipping at an angle of 45° 
and thus facilitating the heating up of the material 
directly.

Preparation of the Quenched Melts

Nodules of the precalcined raw mix were molten 
in the furnace and quenched in water. The glass 
content was estimated with the optical microscope 
and was generally well above 90 %. The quenched melt 
was interground with portland cement clinker along 
with 5% gypsum. The clinker had a potential C3S 
content of about 35%.

Compressive Strength Tests

The compressive strengths were tested on 2” 
mortar cubes prepared according to the American 
Society of Testing Materials Method of Test No. C 
109-64 when small quantities of glass were available. 
Where larger quantities were prepared, 4" concrete 
cubes made according to British Standard 12-1958 
were tested in addition to the mortar cubes above.

Choice of Compositions

Several investigators, notably Osborn et al (4) 
have carried out studies on blast furnace slag and have 
reported on the optimum conditions for low liqui- 
dus temperature, low viscosities and high desulphuri
zation potential, characteristics that are important 
in blast-furnace operation. There have also been 
studies from the point of view of the utilisation of the 
vitreous slag to produce the highest mechanical 
strengths when interground with portland cement 
clinker, and mention should be made of the work of 
Tanaka (5, 6), Keil (7), Locher (8), Solacolu (9). 
Solacolu has shown that there is a close relation be
tween the hydraulic activity of vitreous slags and the 

paragenesis of thermal equilibrium in the completely 
crystallized state. Mention should also be made of 
the studies of Nurse and Midgley (10), Gutt (11, 12) 
on quenching experiments in the system Gehlenite
Akermanite-Merwinite, etc. and of Steyn and Watson 
(13) on the liquidus properties of high-magnesia 
blast furnace slags.

The results of Tanaka and Solacolu giving an indica
tion of the compositions where high strengths are to 
be expected and the equilibrium diagrams of Nurse, 
Gutt and others showing the liquidus temperatures 
were utilised in designing mixes, with the difference 
that Fe2O3 is an additional constituent.



The choice of the compositions in the present study 
was in addition dictated by the requirement that the 
fusion point should not be in excess of 1350°C so that 
the actual temperature of the material is not required 
to be raised beyond about 1450°C which is the tem
perature ordinarily attained in a cement rotary kiln 
or in a furnace similar to a glass melting tank furnace 
with oil or pulverized coal firing. A temperature higher 
than the liquidus by about 100-150°C was considered 
desirable to prevent crystallization during the tapping 

of the melt and quenching with water. Another higher 
temperature requirement would be more expensive 
from the point of fuel requirement as well as from the 
point of the life of the refractories due to the severity 
of conditions of exposure.

With the above in view more than 30 compositions 
were chosen around the known low liquidus tempera
ture compositions, and the glasses prepared for 
strength tests.

Results

A large number of different compositions were 
tried to investigate as to which among these would 
be optimum. A few of the results are discussed in the 
following.

A) Osborn and Schairer (14) have reported a 
lowest fusion temperature of about 1390°C in the 
binary system gehlenite-akermanite at 75 mole % 
akermanite. This composition would have a high MgO 
content of 11%. Nurse & Midgeley (15) also studied 
the ternary system C2AS-C2MS2-C2A1/2F1/2S with 
iron-gehlenite as the third component. In this system, 
starting from the above proportion of gehlenite to 
akermanite, if the iron-gehlenite is increased, the 
fusion temperature is reduced, and the zone of these 
lower fusion temperatures is increased. The composi
tion A roughly in this range was tried (Table 1).

The 2" mortar cube compressive strengths on 75: 25 
melt: portland clinker blend ground to 4100cm2/g 
(Blaine) are as follows:

3 days 82 kg/cm2
7 » 181 //

The strengths were thus rather low.
B) In another experiment the Fe2O3 content was 

reduced, as well as the basicity ratio also was reduced 
by incorporating a fourth component viz. anorthite 
(CAS2) in the system roughly with the composition 
B (Table 1).

The compressive strengths on 2" mortar cubes 
were as follows:

3 days 43 kg/cm2
7 zz 49 zz

28 zz 80 zz

C) Since this gave poor strengths, the Fe2O3 was 
reduced, and CaO and MgO increased (composition 
C, Table 1). .

This composition C gave much higher strengths on 
2" mortar cubes. .

3 days 119 kg/cnf
7 zz 171 zz

28 zz 275 zz
91 ZZ 288 z.

D) If the SiO2 were increased at the expense of 
A12O3 as in D (Table 1) roughly corresponding to

C2MS2 2 moles
. C2AS 1 mole

C2A1/2Fi/2S 0.15 mole
This composition is not far removed from the low 

melting high magnesia compositions reported by Steyn 
& Watson (13). '

The 2" mortar cube strengths of a 60: 40 blend of 
melt: clinker ground to 3800 cm2/g are given in the 
following along with those for the portland cement 
alone:

3 days
7 zz

28 zz

Melt D 
blend.
103 kg/cm2
129 zz
219 zz

P.C.
122 kg/cm2
154 zz
243 zz

The 4" concrete cube strengths also are given in the 
following along with those for the portland cement 
alone.

Melt D 
blend.

3 days 147 kg/cm2
7 zz 202 »

28 zz 256 zz
3 months 295 »

P.C.
155 kg/cm2
209 zz
296 zz

E) Another melt near the ternary system gehlenite
akermanite-iron-gehlenite was:

c2as 3 moles
c2ms2 2 »
C2A1/2F1/2S 1 mole
with C3MS2 1.1/2 mole



Table 1. Chemical composition of various 
quenched melts (%)

A B C D E F

SiOa 31.8 30.1 28.2 35.4 26.7 38.8
AlgOs 11.6 22.4 19.4 13.3 18.8 18.9
FesOa 110.2 | 6.2 | 3.0 1.4 3.8 1.4
FeO LI 1.6 1.9
CaO 39.9 30.6 38.4 39.5 40.4 30.1
MgO 6.0 5.0 10.3 8.6 8.0 7.5

By having merwinite, the acid to base ratio of the 
composition would increase from 1.5 to 1.6 .(In 
gehlenite 1/2 the Al3+ are tetrahedrally coordinated 
and considered as acid, while the other half are consid
ered as base).

The actual composition is given under E (Table 1).
The 2" mortar strengths on 60: 40 blend of melt: 

clinker ground to 3280 cm2/g are given below:
3 days 91 kg/cm2
7 // 136 //

28 // 182 //
The corresponding 4" concrete cube strengths were 

found to be:

MeltE 
blend P.C.

3 days 90 kg/cm2 96 kg/cm2
7 // 138 // 138 » .

28 // 252 // 238 //
3 months 300 // 353 //
6 » 306 // 377 //
1 year 354 // 430 ,/

F) De Wys and Foster (16) have reported a binary 
eutectic between anorthite and akermanite at 1234°C 
and further reported a ternary eutectic of the above 
with diopside at 1226°C at the weight proportions 
47:44: 9 of akermanite, anorthite and diopside re
spectively. This composition works out to

SiO2 
A1zO3 
CaO 
MgO

44.7%
16.1
30.5

8.6
Here the silica is rather high. The alumina may be 

increased and partly replaced by Fe2O3. An increase 
in the liquidus temperature of the system can be 
tolerated since the eutectic temperature is rather low. 
Such a change would be equivalent to having a 
composition:

CAS2 1 mole '
C2MS2 1 mole
C2F1/2A1/2S 1/4 mole

The blend readily melted at a low temperature
and was free flowing. The actual composition was 

found in Table 1.
It was found that the iron had partly reduced to the 

divalent state. ■
The melt was interground with portland cement 

clinker 75:25 to 4200cm2/g with 5% gypsum. The 
2" mortar strengths were

3 days 85 kg/cm2
- 7 -/ 130 »

28 169 //
This melt F was rather low in lime. The D.T.A. 

curves of the hydrated cement did not show the pre
sence of free Ca(OH)2. It was therefore felt that this 
would give better results with a higher clinker content. 
Therefore another blend was made with melt to cement 
as 40: 60 ground coarser to 3270cm2/g.

The concrete strengths were
Melt F
blend P.C.

3days 74 kg/cm2 95 kg/cm2
7 // 111 // 138 //

28 // 245 // 252 //
The strength thus appears to pick up by 28 days.
A composition around melts C or E was thus 

regarded as suitable. The following composition was 
now regarded as the base composition.

MgO

SiO2 29.0%
A12O3 19.0
Fe2O3 3.0
CaO 41.3

Mixes were prepared by changing the percentage 
of these oxides by pairs by roughly 2%. These finely 
powdered mix blends were heated at 1000°C for 2 
hrs. rolled into sticks with water, the sticks were 
melted in an oxy-acetylene flame according to the 
method of Dyckerhoff and quenched in water. These 
were ground to 3100 cm2/g and blended with ground 
clinker (3100cm2/g) and gypsum in the weight pro
portion 50: 50: 5 and tested for compressive strength 
according to ASTM 2" mortar cubes (Table 2). 
The liquidus temperature of these was determined on 
a hot stage microscope and the values are given in the 
same table. '

The aim of this part of the work was to ascertain the 
effect of variations in the melt composition on the 
significant properties, viz. the fusion temperature and 
the compressive strengths. This should serve as a 
guide for large scale manufacture.

Products of Hydration

The products of hydration were identified by D.T.A.



Table 2.

SiOg

Chemical composition Liquidus
°C5

Compressive 
kg/cm2

strength

28 dayAI2O3
%

FegOg CaO MgO 3 day 7 day

28.3 20.1 2.7 42.0 7.1 1360 100 138 197
26.4 21.4 2.8 42.2 7.2 1400 112 176 211
30.6 17.4 3.3 41.4 7.1 1400 98 158 253
28,6 19.0 3.1 43.5 5.9 1400 114 156 232
28,9 19.2 3.2 39.8 9.0 1380 114 166 247
28.9 21.1 3.3 39.8 7.1 1450 98 166 253
28.9 17.2 3.1 43.6 7.3 1380 100 154 237
28.4 21.7 3.0 41.0 5.6 1430 108 185 263
28.7 17.6 3.0 41.4 9,2 1390 108 155 245
31.0 19.3 3.0 41.4 5.5 1430 92 149 274
26.8 19.2 3.0 41.5 9.6 1400 124 168 220
30.2 19.5 3.0 39.5 7.5 1420 92 146 260
26.5 19.0 31. 43.4 7.6 1380 118 184 226

and X-ray diffraction. Fig. 1 shows the D.T.A. 
curves of the melt-cement blends, hydrated for 14 
days.

Melt A-cement which contained lower A12O3 and 
high Fe2O3 showed ettringite up to 7 days in addition 
to tobermorite. C and E which were higher in A12O3 
gave monosulphate instead at these ages.

Melt A-cement, which gave poor strengths shows 
larger exotherm due to the unreacted glass, as well as 
a fair amount of Ca(OH)2 which has not been taken 
up by the melt due to its slow hydration.

The other two show only a trace of lime, if at all, 
indicating that the lime released by the portland clinker 
has been immediately fixed up by the reactive melt.

Melt cement E, and especially C show some 
Mg(OH)2. The autoclave tests in all these cements 
showed an expansion less than 0.3 % showing that this

Fig. 1. D.T.A. curves of melt cements A, C, and E hydrated 
for 14 days

Mg(OH)2 had not arisen out of the expansive compo
nent viz. periclase, and that these glasses did not con
tain any periclase as a crystalline component.

Nevertheless Mg(OH)2, similar to Ca(OH)2 is not 
likely to contribute to strength.

Therefore melts containing MgO greater than 
8-10% may not be too desirable.

Discussion

In the present article, some of the results obtained 
on the iron oxide containing melts, in the S-A-C-M-F 
system have been reported.

As regards the compositions of these melts the fol
lowing observations were made from a number of 
experiments.

1) SiO2 content much above 30-31% would be 
undesirable since some compositions with silica 
content as high as 40% gave low strengths.

2) AljOj was added to the extent of 20% since 
much lower A12O3 content was found to give lower 
early strength, confirming the observations of earlier 
workers.

3) Fe2O3 was a necessary constituent of the melts 
since it is present in all naturally occurring raw mate
rials used for cement manufacture.

4) CaO as high as in portland cement was consid
ered unnecessary for the reasons given earlier as well 
as since it increases the fusion temperature. In fact 

the CaO content was limited to a maximum of about 
43 % in order to have a reasonably low point of fusion 
of the raw materials. The optimum composition in 
the system S-A-C given by Tanaka (6) and by Locher 
(8) with 50% or more of CaO would require fusion 
temperatures of about 1500°C and operating tem
peratures of over 1600°C which are not easy to attain.

5) MgO should give rise to lower fusion tempera
ture. Besides this, the addition of MgO can, in certain 
composition ranges, yield better strengths. However, 
the MgO should not be too high so that Mg(OH)2 
becomes a product of hydration; since Mg(OH)2— 
like Ca(OH)2—is not expected to contribute to 
strength. Again a high MgO content would cause 
problems of corrosion of refractories during melting. 
The MgO was therefore limited to a maximum of about 
8-10%.

These results have demonstrated that it is possible 
to process low grade limestone with proportions of 



silica and magnesia in excess of those tolerated in 
portland cement manufacture in order to produce 
melts which after quenching have properties similar 
to those of granulated blast furnace slags.

By judicious choice of the compositions it is possible 
to reduce the fusion point to about 1300°C so that the 
process can be economical.
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Oral Discussion -

Mitsuo Hanada

(1) What are the reagents used for the experiments?
(2) The test results are extremely good. Are there 

any plans for industrial production, and if so, 
what is the economical outlook?

Author’s Closure

R. R. Hattiangadi

Replying to the first of the two questions by Mr. 
Hanada, Dr. Hattiangadi first of all stated that he 
had already ascertained from Mr. Hanada, that by 
reagents he had meant raw materials used. He assured 
Mr. Hanada that the raw materials used were repre
sentative samples of naturally occurring limestone from 
some of the quarries obtained in his company’s fac
tories in India. The portland clinker used was also 
commercial clinker. It was explained that there were 
large quantities of substandard limestone (in terms of 
calcium values), available in India, which could not 
be harnessed into use for the manufacture of cement. 
In soms cases even beneficiation by froth flotation was 
not possible on account of the very fine crystalline 
structure of the oxides available. The idea was to find 
a way of making direct use of this substandard stone 
for producing a cementing material of suitable quality.

2. Answering to Mr. Hanada’s second question. Dr. 
Hattiangadi stated that it was precisely because there 
was an urgent economic commercial problem to be 
solved that the work was undertaken. Based on studies 



in reactive slag of SAC and SACM systems by Taylor, 
Kalousek and Roy, Brunauer, Kantro, Nurse and 
others, an experimental furnace was erected to carry 

out pilot scale experiments and it would appear from 
the results obtained that the economic possibilities 
of exploitation of this process were good.
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Synopsis

A method of quantitative determination of granulated blastfurnace slag not only in 
unhydrated slag cement but also in hydrated paste as an unreacted part was established by 
using a salicylic acid, aceton-methanol solution. In this solution, slag hardly dissolves, but 
most of the hydrated slag, clinker minerals and their hydrates dissolve. By making use of 
this principle, it is possible to determine the amount of unreacted slag. But in the case of 
determination of the amount of unreacted slag, it is preferable to make corrections so that 
most part of aluminate, ferrite and gypsum contained in portland cement also hardly dissolve 
in this solution.

The experiment to determine the quantity of unhydrated slag on the hydration of por
tland blastfurnace cement paste and super sulphate slag cement paste were carried out.

The amount of unreacted slag contained in these cement pastes was determined by using 
the salicylic acid, aceton-methanol solution. The accuracy of this measurement was found 
to be satisfactory. Unreacted C3S was quantified and the hydration products were detected by 
X-ray diffraction. Non-evaporable water, free Ca(OH)2, and free CaSO4 were also determined 
by chemical analyses, and the hydrated phases were observed under a microscope.

The chemical compositions of the products and the rate of reaction of each component 
such as slag, C3S and CaSO4, and the depths of the reacted layer on the particles of slag 
and C3S were calculated from the experimental data.

The rate of reaction of slag contained in every type of slag cement was unexpectedly slow. 
The rate of reaction of slag and also of C3S was reduced remarkably after about 3-7 days in 
hydration.

Introduction

The determination of blastfurnace slag is compara
tively easy if the slag is in crystalline state, but it is 
very difficult with glassy slag. The granulated blast
furnace slag is generally in a glassy state and is highly 
reactive, as it is used for the main constituent of 
portland blastfurnace cement and super sulphate slag 
cement. It is necessary to determine the amount of 
slag when we want to know either the slag content in 
these cements or the rate of reaction of slag and also 
the chemical composition of hydration products. 
In the determination of granulated blastfurnace slag, 
however, it is difficult to distinguish slag from other 
cement minerals and their hydrates by an extraction 
method or the X-ray diffraction method. ,

Several attempts, listed below, have been proposed 
to determine the slag content in the protland blast

furnace cement since the beginning of this century.
(1) Dissolution method using acetic acid as the extract

ing agent (1, 2).
(2) Dissolution method using ammonium chloride

ammonia (3,4).
(3) Observation under an optical microscope (5).
(4) Separation by using heavy solutions (5).
(5) Determination of Mn content by chemical analysis 

with sample separated by heavy solution (5).
The experimental error in each of these methods 

is great and it is impossible to determine the slag 
content especially in the presence of hydrates. If we 
would follow the methods (1), (2) and (5) listed above, 
it is necessary to examine every components of the test 
cement in isolated forms before blending as reference 
samples.

Here we found that the determination of granulated 
blastfurnace slag is possible by an extraction method 
using salicylic acid, aceton-methanol solution. In this 



method slag hardly dissolves but most of the hydrated 
slag, clinker minerals and their hydrates do dissolve. 
By making use of this phenomenon, with certain cor
rections if necessary, it is possible to determine the 
quantity of unreacted slag in cement either unhydrated 

or hydrated.
This study was made to elucidate the rate of hydra

tion of slag and the chemical composition of the hydra
tion products by a quantitative determination of slag, 
which has not yet been investigated.

Experiments to Determine the Required Conditions for an Extraction Method

Experiments were carried out as described below 
to determine the required conditions in which unhy
drated slag is practically undissolved, while most of 
the hydrated slag, clinker minerals and their hydrates 
are dissolved.

A method established by Takashima and his colla
borator (6) utilizes the conditions in which the selective 
dissolution of such silicates as C2S and C3S occurs. 
These conditions are as follows:

The entirety of a 1 g sample, 6 g of salicylic acid 
and 40 cc of methanol are put into a beaker and 
stirred by a magnetic stirrer for 3 hours at room 
temperature. The filtered residue is then wnshed with 
methanol, dried and heated at 850°C for 10 minutes 
in an electric furnace. Heating conditions were selected 
by us to avoid a weight increase due to the oxidation 
of S, Mn and such in the slag.

It was found that 82.7 % of slag is insoluble by this 
method, and that it could not be greatly improved by 
decreasing the amount of salicylic acid or reduction of 
treating time.

Another method also established by Takashima (7), 
is improved by the addition of aceton.

In this method, 0.5 g sample is put into a beaker 
together with 2.5 g of salicylic acid, 35 cc of aceton 
and 15 cc of methanol and stirred at room temperature 
for 1 hour. After being kept motionless for 1 day, 
it is filtered, and then treated as previously described.

With this method, 99.3% of slag was insoluble. 
On the basis of the experimental results, the latter 
method is adopted for the determination of unreacted 
slag. The tests were made on various samples by this 
method with results as shown in Table 1.

Table 1. The amount of inroluble part on various samples treated in a salicylic acid, aceton-methanol solution
Insoluble % = B------^soluble part x 100

Sample — Loss on ignition

Sample Loss on 
ignition %

Insoluble Remarks

Granulated blastfurnace slag 0.45 99.3 Blaine 4000 cm2/g
Portland cement 0.53 21.6 «■ 3100cm2/g
CsS 0.23 4.1 1.3—5.8 /I in radius
CaS hydrate 21.4 3.4 Hydrated for 6 months, ID-dried
/3CäS (Cr-stabilized) 0.13 17.8 In fineness similar to portland cement
C3A 98.6 Blaine 4300 cm2/g
CaA hydrate 24.5 99.4 Hydrated for 7 days, P-dried C3AH5
c4af 92.3 Blaine 4230 cm2/g
C4AF hydrate 22.6 72.4 Hydrated for 28 days, P-dried
Ettringite 45.0 61.5 Dried by 70% H2SO4
Tobermorite 18.7 97.4 Autoclaved at 181CC for 24 hrs.
CaO —. 0.9 CaCOs was decomposed at 1000°C
Ca(OH)2 24.3 5.9
CaCO3 44.0 100.0
CaSO4 0.53 98.8 CaSO4-2H2O was dead burnt at 750°C
CaSO4-2H8O 20.9 96.3
MgO (fused) 0.22 91.6 < 10 p in radius
FcgOs 5.71 99.3
A12O3 0,52 99.7

Preparation of Hydrated Samples

Hydration of Low Slag and High Slag Portland 
Blastfurnace Cements

The compositions of portland cement and granu

lated blastfurnace slag used are shown in Table 2.
Low slag and high slag portland blastfurnace ce

ments, abbreviated as LC and HC in this paper, were 
prepared from granulated blastfurnace slag (Blaine 



4000 cm2/g) and portland cement abbreviated as PC 
(Blaine 3100cm2/g). They were blended in the weight 
ratios of 40: 60 and 70: 30 respectively and hydrated 
at 20°C in paste form with W/C = 0.4, for 3, 7, 28 
and 90 days in glass bottles. The original slag and port
land cement were also separately hydrated under the 
same conditions. The hydration was stopped in such 
a way that the hydrated samples were ground in an 
aceton-ether solution in a 1: 1 volumetric ratio for 
5 minutes. After the samples were evacuated to eli
minate the remaining aceton and ether, they were 
dried in a condition called P-drying.

Hydration of C3S-SIag Cement

C3S-Slag cement was prepared from C3S and granu
lated blastfurnace slag in which the particle radii 
were 1.3-5.8 p, (Blaine 2480 cmz/g) and 1.35-6 p 
(Blaine 4730cm2/g) respectively. This powder was 
obtained with a “Bahco” micro particle classifier. The 
slag is the same as used in LC and HC. The blended 
ratio was 50: 50 in weight. The conditions of hydration 
of this cement were the same as those of LC and HC 
except the ratio of W/C = 0.5.

Hydration of Super Sulphate Slag Cement

Super sulphate slag cement, abbreviated as SC

Table 2. Compositions of portland cement 
and granulated blastfurnace slag

Components - Portland 
cement

Granulated
blastfurnace

Loss on ig. 0.5 0.45
Insol 0.6
SiOa 22.3 32.5
AI2O3 4.4 18.5
FegOs 3.1 0.6
CaO 64.5 41.2
MgO 1.5 4.4
MnO — 1.1
SO3 1.8 ——
S — 0.9
TiO2 0.2
Na2O 0.37
KgO 0.61

Free CaO 0.4
c4s 53.9
C2S 23.4
CSA 5.8
C4AF 9.5
C^SO4-2H8O 3.1

Blaine cm^/g 3100 4000

in this paper, was composed of granulated blastfur
nace slag, CaSO4and C3S in the weight ratio of 80:15: 
5. The sizes of these components were 1.35-6 p, 
1.35-6 p and 1.3-5.8 p in radii, respectively. CaSO4 
was obtained by heating gypsum at 750°C. The pre
paration of hydrated samples was the same as that 
of C3S-slag cement.

Experimental Results

Results of the Extraction Treatment

The conditions of the treatment were followed by 
the method described above. The results obtained from 
this treatment are shown in Fig. 1. The data were 
corrected by the method described in the discussion.

Fig. 2 shows the percentage of reaction of slag in the 
hardened paste of various types of slag cements.

Determination of Unreacted C3S by 
X-ray Diffraction

HC and SC were not examined for the content of 
C3S.

MgO as an internal standard was added to the 
extent of 5 % of the samples on an ignited base. The 
peaks selected for the determinations are 2.10 Ä 
(29 = 43.1°) for MgO, 1.77 A (29 = 51.8°) for alite 
in LC and 2.19 A (29 =41.2°) for C3S in C3S-slag 
cement. The conditions in the X-ray diffraction were 
the usual. The area of these peaks was measured with
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Fig. 1. Unreacted slag in slag cements or other phases than 
silicates in portland cement vs. time of hydration.



Fig. 2. Percentage of reaction of stag in slag cements vs. time 
of hydration.

Fig. 3. Percentage of reaction of C3S in stag cements or port
land cement vs. time of hydration.

Time of hydration in days (root scale)

Fig. 4. Percentage of reaction of CaSOt in super sulphate slag 
cement vs. time of hydration.

a planimeter. Fig. 3 shows the percentage of reaction

Time of hydration in days (root scale)

Time of hydration in days (root scale)

Fig. 5. Amount of ettringite formed in the paste of super 
sulphate slag cement vs, time of hydration.

Fig. 6. Non-evaporable water content in the paste of various 
cements vs. time of hydration.

Time of hydration in days (root scale)

Fig. 7. Free Ca(OH)2 content formed in the paste of various 
' cements vs. time of hydration.

in the hardened paste of various types of cements.

Determination of Free CaSO4

Free CaSO4 in the hardened paste of SC was deter



mined by the method suggested by Forsen (8).
In this experiment 1 g of a powdered sample and 

300 cc of half saturated lime water were stirred in a 
beaker with a magnetic stirrer for 1 hour, at room 
temperature, and then filtered. The residue was washed 
with lime water, and then with aceton. As unreacted 
free CaSO4 dissolves, it was determined by gravimetric 
analysis with the filtrate, while the residue was P-dried 
and used for the determination of the unreacted slag. 
Fig. 4 shows the percentage of reaction of CaSO4 
in the hardened paste of SC.

The quantity of formed ettringite was calculated 
from the data on free CaSO4, and shown in Fig. 5. 
In this calculation it was assumed that all of the reacted 
CaSO4 forms ettringite.

Determination of Non-Evaporable Water

Non-evapor able water (9) is that retained in the 
P-dried sample, and abbreviated as Wn. Wn was 
determined by ignition of the dried sample at 700°C 
for 1 hour. The obtained results are shown in Fig. 6.

Determination of Free Ca(OH)2

Free Ca(OH)2 was determined according to the 
modified Franke method by using ethyl acetoacetate 
and isopropyl alcohol as the solvent. Fig. 7 shows the 

The Accuracy of the Extraction Method

The accuracy of the quantitative determination of 
slag by the extraction method was quite excellent in 
reproducibility as shown in Table 3, and the coeffi
cient of variations lies within 0.1 to 2%, though this 
value seems to depend upon the type of slag cement.

It has become clear as the result of this experiment 
that the determination of slag by this method is, 
after all, sufficiently effective for estimating the rate 
of hydration of slag. Moreover, this method can be 
used for determining the amount of slag contained in 
unhydrated blastfurnace cement, and further, a 
similar method may also be adoptable for the pozzola- 
nic reaction. ,

Corrections in the Determination 
of Unreacted Slag

The data were corrected in order to quantify a 

results obtained.

Identification of Hydration Products 
by X-ray Diffraction

In the X-ray diffraction, scanning was operated from 
14.7 A (29=6°) to 1.70 A (20=54=). Detected 
phases were described in the discussion.

Microscopic Examination

Observations were made under a polarizing micro
scope on the polished thin sections of hydrated 
pastes of slag cements.

In comparison of the number and grain size of 
Ca(OH)2 in the pastes of PC, LC and HC, both of 
them were in the same order mentioned above. As 
for the C3S-slag cement paste, the diameter of 
Ca(OH)2 crystals reached about 100 p, even by 24 
hrs.

Inner hydration products of C3S with a lower refrac
tive index were difficult to be observed in the cases 
of HC and C3S-slag cement, however, clearly observed 
in the case of portland cement. While remarkable 
changes on the surface of slag particles were not ob
served except the formation of cracks on the large 
particles -

certain reactant such as slag, because a little part of 
slag is dissolved and a part of the insoluble matter 
originates from the other phases.

The corrections were made in such a way that 0.7 % 
of unreacted slag is dissolved, and 4.1 % of C3S and 
3.4% of C3S hydrate are insoluble in the extracting 
solvent. The corrections on C3S were not made on 
HC and SC.

In the case of LC and HC, C3AandC4AF are almost 
insoluble so that these amounts should be subtracted 
from the insoluble matter. Nevertheless, consistent 
results in the amount of unreacted C3A and C4AF 
could not be obtained by X-ray quantitative analysis. 
The insoluble part coming from portland cement can 
be regarded as a constant to be 0.211 at any time of 
hydration as seen in Fig. 1. Thus the adopted correction 
is based on this fact instead of the determination 
of C3A and C4AF. Unreacted slag in the hydrated 
portland blastfurnace cement can now be determined 
in application of the following relation. .



A. The values are % of insoluble part in the paste of LC

Table 3. The standard deviations on the mean values 
obtained by the extraction method

Time in day 
Repetition 3 7 28 90

1 44.6 39.9 37.2 40.0
2 46.5 41.1 39.0 38.3
3 44.8 39.3 37.8

Mean value 45.3 40.1 38.0 39.2

<7 ±0.86 ±0.75 ±0.75 ±0.85

B. The values are % of insoluble part in the paste of HC

Time in day 
Repetition 3 7 28 90

1 62.9 58.3 55.3 57.8
2 64.3 59.2 56.4 57.3
3 62.8 58.7 54.0 —

Mean value 63.3 58.7 55.0 57.6

<r ±0.69 ±0.37 ±1.01 ±0.25

C. The values are % of insoluble part in the paste of CsS-slag C

Time in day 
Repetition 1 3 7 28

1 45.3 40.7 39.7 38.3
2 45.1 41.1 39.6 38.0

Mean value 45.2 40.9 39.7 38.2

<r ±0.10 ±0.20 ±0.05 ±0.15

Unreacted slag = Insol. part
— Portland cement X 0.211

In the case of SC paste, correction is made on the 
amount of ettringite which is the main hydration 
product of this cement and insoluble in the extrac
tion treatment. Therefore, the quantity of ettringite 
was calculated from the chemical analysis of free 
CaSO4, and the results are shown in Fig. 5. The 
amount of unreacted slag in SC paste can be estimated 
as follows.

Unreacted slag = Insol. part
— Formed ettringite x 0.615

Non-Evaporable Water (Wn)

Concerning non-evaporable water (Wn), Cesareni 
and others (10) reported that the Wn content of HC 
is lower than that of PC. On the other hand the con
tent of Wn is formed to be well proportioned to the 
percentage of reaction of slag, as seen in comparison 
of Figs. 2 and 6. The Wn content of SC is very large 
in the early stage, but hardly increases thereafter.

The increase of Wn is remarkable both in LC 
and HC, but especially so in HC, during the period 
from 28 days to 90 days.

In case of C3S-slag C, the increase of Wn in the 
period between 28 days and 90 days, is seemingly 
caused by the reaction products of slag, because in this 
period the hydration of C3S hardly progresses, and 
as seen in Fig. 2 the reaction of slag has progressed.

Free Ca(OH)2

The content of formed Ca(OH)2 increases with the 
time of hydration in case of LC, but in case of HC 
it gradually decreases as shown in Fig. 7. This result, 
coinciding with the research of Smolczyk (11), reveals 
the fact that the Ca(OH)2 produced by hydrolysis of 
of C3S is consumed by the pozzolanic reaction of slag.

The Ca(OH)2 content of C3S-slag C hardly increases 
on and after 3 days. This is natural because as seen 
in Fig. 3, the reaction of C3S has not yet progressed. 
In case of SC the amount of Ca(OH)2 produced is 
larger than the theoretical content, though SC contains 
only 5 % of C3S. A similar tendency has been shown 
also in Locher’s experiment (12).

This fact may have some relation to the fact that 
the solvent and ettringite react slightly with each other 
in the modified Franke method, as is referred to by 
Schwiele and others (13). The present authors, how
ever, could not find the above phenomenon on purely 
synthesized ettringite. This difference perhaps comes 
from the fact that the synthesized ettringite grows to 
a larger crystal than that formed in cement paste.

Effect of Gypsum

In the case of SC containing gypsum anhydrate as 
the main activator, the hydration of slag is at a high 
rate in the early stage, but tends to slow down more 
in the later stage than in other cements. Cesareni and 
others (10) expected that gypsum, when added to high 
slag blastfurnace cement, would accelerate the reaction, 
but the result was contrary to their expectation. And 
the cause of this was thought to lie in chemical factors 
so that the amount of lime in the liquid phase is not 
sufficient in case of HC to complete the hydration of 
slag.

Formation of Ettringite

From slag comes the A12O3 that composes ettrin
gite rapidly formed in the hydration of SC at early 
stage. Moreover, judging from the relation between 
the amount of the reacted slag and the amount of the 
ettringite thus formed, it is clear that almost all the 
A12O3 in the reacted slag forms ettringite. Further, 



during the first 3 days SC has the highest rate of slag 
reaction, but on and after 7 days, LC has the highest 
reaction rate.

If the composition of slag can be simplified as 
C4AS3, SC must produces low lime silicate hydrate 
such as CSjHn besides ettringite in hydration. After 
consumption of CaSO4, the reaction becomes inert, 
and thus not a little slag remains unreacted.

The presence of a little alkaline exciter is necessary 
for A12O3 to dissolve out of slag, but the presence of 
too much lime renders the product layer on each 
slag particle denser and so rather hinders the reaction. 
Nevertheless ettringite is to be dehydrated into an 
amorphous state when P-dried, the X-ray diffraction 
peak of ettringite was sharp in our experiment. Thus, 
the ettringite formed in SC seems to be rather difficult 
to dehydrate.

Hydration Products Detected 
by X-ray Diffraction

In the hardened paste of LC, detected hydration 
products are in addition to C-S-H and Ca(OH)2, 
C4AH13 and a trace of ettringite after 28 days and 
C4AH13 and monosulphate hydrate after 90 days.

In the case of HC, monosulphate hydrate is detected 
as early as after 3 days and both C4AH13 and ettringite 
are detected on the 90th day.

In the case of C3S-slag cement, C-S-H, Ca(OH)2 
and C^H, 3 are detected as early as after 1 day, and 
unreacted C3S is clearly detected even after 90 days.

In the case of SC, ettringite and C-S-H are detected 
on the 3rd day. The shape and height of ettringite 
peaks are nearly the same regardless of the time of 
hydration.

Size of Formed Ca(OH)2

There is not much difference between C3S-slag 
C and LC in the content of slag, but concerning the 
other components and particle size distribution. The 
fact that LC has a higher rate of hydration than 
C3S-slag C can be partly explained by the difference 
in size of Ca(OH)2 formed. Microscopic observation 
shows that Ca(OH)2 scattered in C3S-slag C paste is 
as large as 100 /z in diameter and generally uniform 
in size, and that on the other hand it is smaller and 
uneven in size in the case of LC. Thus, a part of parti
cles of slag or of C3S are surrounded by Ca(Oll)2 
crystals.

Thickness of the Reacted Layer

Since the rate of reaction of such solid powder as 

cement largely depends upon the particle size, it is 
appropriate to compare the reactivities of such reac
tants as C3S or slag on the basis of the thickness of the 
reacted layer. The relationship between the percentage 
of reaction and the thickness of the reacted layer 
was determined in accordance with the method al
ready mentioned by Kondo (14). Fig. 8 shows the 
thickness of the reacted layer of C3S or slag particles 
in the hardened paste of various types of cements. 
The percentage of reaction was obtained by the ex
traction method for slag, by the X-ray diffraction 
method for C3S and by a chemical analysis for 
CaSO4.

As shown in Fig. 2, slag is hydrated at a high rate 
during the first 3 to 7 days, but thereafter the reaction 
is extremely delayed. The thickness of the reacted 
layer of slag should be a little lowered from the values 
indicated in Fig. 8, as the original surface area of 
slag is nearly twice higher than that of C3S. Simul
taneously with this delay, the hydration of C3S also 
tends to be delayed as shown in Fig. 3. In the hydra
tion of C3S alone, the rate of hydration and the thick
ness of the reacted layer are examined and separately 
reported by Kondo and Yoshida in this Symposium 
(15). ,

According to Cesareni and Frigione (10) one might 
suggest, concerning the hydration of blastfurnace 
cement of high slag content, that a sheath of some very 
compact hydration products wraps around the slag 
particles and prevents water from penetrating into the 
particle cores, therefore delaying the reaction.

But this delay in hydration seems to occur not only 
to HC, but also to various kinds of slag cement^ 
investigated. The delay of hydration starts suddenly 
when this compact sheath has grown to a certain 
thickness after 3 to 7 days reaction. The thickness of 
the reacted layer at the beginning time of the reaction

Fig. 8. Thickness of the reacted layer of slag or C3S in slag 
cements vs. time of hydration.



delay was 0.35 p, and 0.50 p in cases of the slag and 
C3S each contained in C3S-slag C, and 0.36 p in case 
of the slag contained in SC. It seems that also on the 
surface of C3S, compact sheath is similarly formed.

Compared with the case of LC, the reaction of C3S 
in C3S-slag C is very slow even before starting of the 
delay. The reason for this seems to be due to the for
mation of ettringite in hydration of LC, and because 
of its comparatively porous quality, the reaction 
progresses at much the same rate as that of PC until 
the beginning of the delay.'

C3S in LC as the activator has a higher reaction rate 
during the first 28 days than in PC. But after 90 days, 
C3S in PC has a higher reaction rate. The insoluble part 
shown in Fig. 1 appears to increase during the period 
from 28 days to 90 days. This phenomenon seems 
to be caused by the fact that the hydrates change into 
less soluble materials, for non-evaporable water and 
Ca(OH)2 are increased and the reaction having pro
gressed in this period.

Rate of Hydration

As the particles of C3S and of the slag are coated 
with the hydration products, the hydration seems to be 
controlled by the diffusion of the ingredients through 
the layer of the products. The relationship between the 
thickness of reacted layer of reactant particles and the 
reaction rate constant was examined in conformity 
with the following formula in which 1 — — a
implies the ratio of the thickness of the reacted layer 
to the radius.

(i - = kt

The rate of hydration of slag in C3S-slag C is 
expressed as N = 1.5 during the first 1 to 3 days, 
but N = 7 in the decay period from 3 to 90 days. As 
for C3S, N = 4 during the first 1 to 3 days, but indeed 
N = 32 during the period from 3 to 90 days. Concern
ing the slag in SC, N = 9 during the period from 3 to 
90 days.

When the reacted layer becomes denser or the pore 
size smaller, the value N is thought to rise to more than 
2 with increasing the resistance to the diffusion (14). 
Thus it is characteristic that the hydration products 
formed around the slag particles and the coexistent 
C3S particles become denser and denser with lapse 
of time, and also that the rate of hydration slows down 
correspondently.
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Supplementary Paper IV-110 Mineral Composition of Blast-Furnace Slag

Hideo Minato*

Synopsis

There is two types in blast-furnace slag. One is water quenched one and the other is - 
slow cooling one, and range of chemical composition in the slag is as follows; SiO2 30-35, 
AI2O3 13-20, MgO 2-6, CaO 40-50%. Slow cooling blast-furnace slag was constituted with 
melilite, dicalciumsilicate, pseudowollastonite, anorthite and glass, and had porphyritic 
texture with phenocrysts of melilite, dicalciumsilicate and pseudowollastonite. Water 
quenched slag was composed of fine glass bubbles and accompanied with small quantity 
of minute melilite. In the course of cooling of the molten slag, iron, manganese, alkalies 
and sulphur were concentrated in the residual liquid, and the melilite crystallized out from 
these liquid had iron, manganese and alkalies in its components.

Melilite phenocrysts display a characteristic zonal structure under the polarizing micro
scope. The optical property of the melilite implies that its nucleus is highest in the content 
of gehlenite molecule, while the rim is lowest. Small idiomorphic crystals of melilite are 
found in cavites of the slag, in some case. It shows short prismatic shape consisting of a 
tetragonal prism and the base.

Crystallization on melilite in the course of cooling of molten slag was investigated, 
also. The chilled margin of slow cooling slag was polished in smooth plane and etched by 
dilute hydrochloric acid. Globules with diameter of 5-10/t, which were composed of fine 
short prismatic melilites were observed on the plane under the electron microscope. These 
globules were the nucleus of dendritic aggregates of melilite needles and the dendrite turned to 
melilite phenocryst.

Kind of Blast-Furnace Slag

Blast-furnace slag is a by-product of smelting of 
iron and is classified into two types. One is water 
quenched slag, the other is slow cooling one. The 
former is used for raw material of cement and etc.. 

and the latter is used for slag ballast and etc. Minera
logical investigations on these two kinds of slags have 
been carried out and reported in this paper by this 
writer.

Water Quenched Slag

Water quenched slag is formed by quenching of 
molten slag with large amounts of water and used for 
cement. It has pumice-like appearance and with yellow
ish gray colour. It was tested its crystalline phase by 
means of X-ray powder method, observed its texture 
under the polarizing microscope and analysed by 
chemical method.

Texture

Thin section of the slag was investigated under the 
polarizing microscope, many fine glassy bubbles

^Institute of Earth Science, College of General Education, 
The University of Tokyo, Tokyo, Japan. 

with diameter of 0.05-0.1 mm were observed and in a 
part of the glassy film, minute crystalline material 
was observed under crossed nicols. The crystalline 
material might be fine melilite crystals.

Crystalline Phase

Six powdered slag specimens were tested by means 
of X-ray powder method and their X-ray powder 
profiles were shown in Fig. 1. All specimens take 
glassy phase and two specimens of them are associated 
with small amounts of melilite crystals. In Fig. 1, 
X-ray powder pattern of 2.8 Ä is derived from meli
lite. The results of X-ray investigation agree well with 
that of the observation under the polarizing micro-



Photo L Water quenched slag. Scale: 1mm

Table 1. Chemical composition of water quenched slag.

Note: 1-6 correspond to the number of X-ray powder profiles.

No. 1 2 3 4 5 6

- wt.% wt.% wt.% Wt.% Wt.% Wt.%

SiOg 32.9 32.5 32.7 33.7 33.8 34.4
AlaOa 17.9 19.5 18.5 16.6 17.4 16.6
FegOa 0.8 0.9 1.0 1.1 0.9 0.8
MnO 1.1 1.4 0.9 1.0
CaO 42.0 40.6 41.1 41.8 41.9 41.5
MgO 3.7 4.0 3.8 3.1 3.2 3.6

Total 97.3 98.6 98.5 96.3 98.1 97.9

scope.

Chemical Composition

Chemical analyses of six slag specimens are listed

25 30 35 40

Fig. 1. X-ray powder profiles of water quenched slag. 
ICu Kx radiation)

M: X-ray powder pattern of melilite.

in Table 1. Alkalies, sulphur and water were not 
determined.

Slow Cooling Slag

Slow cooling slag is formed by slow cooling of 
molten slag in slag yard, and mainly composed of 
crystalline material. Chemical and mineralogical 
investigation on the slag have been carried out by the 
present writer.

Chemical Composition

Chemical compositions of two slags from foundry 
pig iron and one slag from steel making pig iron are 
listed in Table 2. Specimens of No. 3 and 4 in the 
Table 2 are specially made slags of high MgO com
ponent. SiO2, A12O3, MgO and CaO are main com
ponents of the slag. '

Differentiation of Some Elements in the 
Course of Cooling of Molten Slag

Differentiation of elements in the course of cooling 

of molten slag is investigated. Stalactitic glassy bodies 
were found in a large cavity of throwed slag (Figure 
2B). The stalactitic slag was composed of glassy 
material and associated with small amount of melilite 
crystals, and formed from the residual liquid of molten 
slag. ■ The chemical analysis of the slag is listed in 
No. 5 of the Table 2, and manganese, alkalies and 
sulphur are concentrated to compared with the chem
ical analysis of other slags.

Texture

Texture of slow cooling slag was observed under the 
polarizing microscope and shown in photograph 2. 
Porphyritic texture is characteristic appearence in slow 
cooling slag, and melilite and calciumsilicate minerals 
are phenocrists. ■



‘ Table 2. Chemical composition of blast-furnace slags
1 and melilites.

No. 1 2 3 4 5

i 1 Wt.% Wt.% wt.% wt.% Wt.%

SiO2 32.17 29.87 31.54 32,07 35.30
TiO2 h 0.53 0.86 1.47 1.54 0.52
AlsOs 19.48 16.08 16.70 16.51 13.36
Fe2Og 0.25 0.46 0.35 0.31 0.37
MnO ' 0.13 0.44 0.26 0,39 2.00
MgO 3.84 4.02 7.80 7.47 3.74
CaO 42.08 46.60 39.16 40.18 40.64
K2O 0.85
Na2O tr. tr. tr. tr. 0.65
s 1 2.21
h2o(+) 0.06 0.14 0.67 0.88 0.10
Ig. loss 2.04 2.46 2,52 2.23 0.48

Total 100.58 100.93 100.47 101.58 100.22

i
1 \ 6 7 8 9

", ' wt.% Wt.% Wt.% Wt.%

No, 1: Slow cooling slag for foundry pig iron.
No. 2: Slow cooling slag for steel making pig iron.
No. 3: Slow cooling slag for foundry pig iron.
No. 4: Water quenched slag of No. 3.
No. 5: Stalactitic glassy slag.
No. 6: Purified melilite crystal in slag No. 1 (Marginal part of crystal).
No. 7: Purified melilite crystal in slag No. 1 (core of crystal).
No. 8: Purified melilite crystal in slag No. 2.
No. 9: Purified melilite crystal in slag No. 3.

SiO2 t • 33.53 28.37 27.9 28.87
TiO, 0.14 1.60

,; ai,o^_ . 16.06 26.82 23.2 21.28
FeaOs 0.72 0.60
MnO tr. 0.34
MgO 10.73 3.80 4.9 7.15
CaO 36.05 39.99 42.0 39.52
H^ocr) 2.18 0.83 1.0
HsO(-) 0.96 0.25 0.3

Total\ 100.23 100.80 99.3

Mol. rat. Ghso Akgg Ghys Akg? Ghr4 Aksg Ghsi Akjs

Mineral Composition

1 . Melilite
i) Crystal growth of melilite.
Growth of crystalline material from the molten 

slag was investigated also. Slow cooling slag mass in 
a iron ladle was used for this investigation. The chill
ed margin of the mass was composed mainly of 
glassy material and associated with minute amount of 
crystalline material (melilite). By the observation under 
the polarizing microscope with thin section, minute 
dusty bodies are in glassy material (photograph 3), 
and the same part is polished to smooth surface 
and etched by dilute hydrochloric acid, after the pro
cess, it is tested under the electron microscope, glob
ules with diameter of 100-150 (1 were observed and the 
globules were composed of minute short prismatic 
crystal aggregate (Fig. 3 A and photograph 8). The 
marginal part of crystalline body is composed of 
dendritic aggregate of elongated melilite crystals. It is 

observed under the polarizing microscope and the elec
tron microscope (Fig. 3B and photographs 3 and 9). 
In the core of crystalline body, dendritic aggregate 
of melilite had same orientation in small area (Fig. 
3C), and in the center of the mass, the dendritic mass 
turn to compact crystal of melilite and is covered with 
melilite film which is rich in akermanite molecule than 
that of the center of crystal (Fig. 3D and photograph 
4). The early stage of growth of melilite is compared 
with the crystalline material of water quenched slag 
and large melilite crystal suggest the growth of zonal 
structure in melilite.

ii) Zonal structure in melilite crystal.
Zonal structure is characteristic texture in well 

crystallized melilite and was observed under the 
polarizing microscope (Fig. 5B and photograph 5). 
The core (Fig. 5B1) has the highest content of gehlentie 
molecule and the rim (Fig. 5 B 3) the lowest content of 
the same molecule. The chemical analyses of the two 
zones of melilite(Fig. 5 B 2 and 5 B 3) are cited in Table 
2-6 and 7, respectively.

iii) Chemical composition of melilite crystal.
Pure melilite grains are separated from slag powder 

by means of magnetic separater and the method of 
heavy liquid. Purified materials were analyzed by 
means of micro method. The results are listed in Table 
2 and their molecular ratios of gehlenite and aker
manite are calculated too.

iv) Melilite crystals in the cavity of slag
Small idiomorphic crystals of melilite in cavity of 

the slag which had been left in a ballastyard had been 
found (Fig. 2 C,).

Although zonal structure is not so distinct in the 
melilite crystal from cavities, a thin layer with higher 
content of gehlenite molecule (Fig. 2A 1) prevails 
along the border of groundmass, and another layer 
with lower content of gehlenite molecule (Fig. 2A 3) 
covers the top of the crystal. The pure material of the 
melilite in cavities, was easily obtained by hand
picking under the binocular microscope. Clear part 
of the melilite phenocryst corresponding to 2 in Fig. 
5B was obtained from 200-250 mesh fraction of powder 
slag by using magnetic separator, heavy liquid and 
binocular microscope.

Both 1 and 2 samples had been examined under the 
polarizing microscope and they were analysed. The 
results were listed in 1 and 2 in Table 3.

Crystallization of melilite in cavities. The composi
tion of the melilite crystal in cavities of blast-furnace 
slag is higher in gehlenite content than the melilite 
phenocryst from the neighbouring massive part, 
while the zonal structure of the latter indicates the 
crystallization course from gehlenite rich to aker-



Photo 2. Porphyritic texture of slow cooling slag.

Photo 3. Dendritic structure in chilled margin 
of slo : cooling slag.

Photo 4. Crystal growth_pf melilite.



Photo 5. Zonal structure of melilite.

Photo 6. Pseudowollastonite and melilite.

Table 3. Chemical composition of melilites in blast-furnace slag.

1 2 t 3

Wt. % Atom. rat. Wt. % Atom. rat. Wt. % Atom rat.

SiO2 28.25 Si 1.31 SiOs 29.05 Si 1.35 SiO2 31.31 Si 1.50
TiOg 1.23 Ti 0.04 TiO2 0.53 Ti 0.02 TiOg 0.87 Ti 0.03
AläOg ’ 23.47 Al 1.26 AljOs 20.87 Al 1.13 AlgOg 16.68 Al 1 0.94 ■
FegOs 1.97 Fe 0.07 FegOs 2.00 Fe 0.07 FegOs 0,52 Fe3* 0.02

FeO 0.32 Fe2* 0.01
MnO 1.82 Mn 0.10

MgO 4.45 Mg 0.30 MgO 6.64 Mg 0.46 MgO 4.40 Mg 0.31
CaO 40.58 Ca 2.00 CaO 40.20 Ca 2.00 CaO 39.39 Ca 2.02

K2O 1.14 K 0.07
- Na2O 0.74 Na 0.07

H2O(+) 0.84 H.O(+) 0.98 H,O(+) 2.36
H.Of-) non. H2O(-) non. HZO(-) non.

Total 100.79 Total 100.27 Total 100.79 '

1: Colourless melilite crystal in cavity.
2: Colourless melilite crystal in massive part.
3: Brownish melilite crystal in cavity.
1 and 2 are derived'from same slag.



manite rich melilite, which is reasonable in those 
range of melilite series from the viewpoint of phase 
diagram. So, the melilite in cavities cannot be the 
product of later stage or fractional crystallization of 
the slag. Possibly, the gas, which had been released 
from cooling slag to form bubbles played an impor
tant role in mineralization in cavities.

Small idiomorphic melilite crystals with brownish 
colour were found in the cavity of slag collected from 
the other ballastyard. The chemical analysis of the 
melilite crystals was listed in 3 of Table 3. This melilite 
crystals is rich in manganese, alkalies and water. And 
this characteristic in chemical composition resemble 
to that of stalactitic glassy slag (5 in Table 2). It may 
be crystallized out from residual liquid in the course 
of cooling on molten slag, and will be occurred in a 
cavity shown in C2 in Fig. 2.

Dicalciumsilicate and anorthite
The dense fraction of powdered slag which separated 

by heavy liquid, is investigated by means of X-ray 
powder method. It is composed of /?-dicalciumsilicate 
and associated with small amount of y-dicalcium- 
silicate and anorthite, occasionally. And minute 
crystals of jS-dicalciumsilicate are observed under the 
polarizing microscope, also.

Pseudowollastonite
There are prismatic minerals which have higher 

birefringence than that of melilite (photograph 6). This 
mineral is pseudowollastonite. X-ray powder patterns 
of 3.24, 2.83 and 1.98 Ä are derived from pseudowol
lastonite. -

Perovskite
Minute octahedral crystals with very high refractive

index is observed in thin section of slag (photograph 
7). This mineral is perovskite and rarely found in slag.

Fig. 2. Schematic sketches of cinder ladle of slow cooling slag.

A B C

Fig. 3. Schematic sketches of growth of melilite.

D

Fig. 4. Melilite crystals in a cavity of slow cooling slag.

Photo 7. Perovskite in melilite. 
Scale: 1-6 is 1mm and 7 is 0.3mm. 
Electron micrograph:

Fig. 5. Zonal structure of melilite. 
A: Crystal in a cavity, B: Phenocryst.



Photo 8. Globules in glass of chilled margin Photo 9.
of slow cooling slag.

Dendritic melilite in chilled margin 
of slow cooling slag.

Electronmicroscope; scale 3(1
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Supplementary Paper IV-113 Portland Blast-Furnace Cements-A Case 
for Separate Grinding of Slag .

Niko Stutterheim -

Synopsis

Portland blast-furnace cement is normally manufactured by grinding together clinker, 
granulated slag and gypsum. In his review of slag cements for the 1960 Symposium, Kramer 
dealt, inter alia, with the then current knowledge concerning separate grinding of clinker and 
slag. He did not deal specifically with blending of the two products in the factory or, with 
the more novel process of blending at construction site.

In 1948-1952 the author carried out laboratory and pilot plant studies on separate grind
ing, and blending in the concrete mixing process. He established important advantages for 
this procedure compared to integral grinding. Separate grinding on an industrial scale was 
started in South Africa in 1953; although some difficulties were experienced initially by 
the users due to the novelty of the idea and also because the construction industry was not 
familiar with portland blast-furnace cements, the demand for the product, and for separately 
ground slag, has grown impressively. Of the slag more than half was separately ground.

Advantages of separate grinding:— .
1. The grinding process is more efficient;
2/ Product quality is under better control;
3. Ground slag has much better storage properties than portland cement;
4. Proportions of portland cement and slag is at discretion of user;
5. Workability can be significantly improved or water: cement ratio reduced.
Of special technical and economic interest is the freedom to choose the proportions of 

slag in the final cement; Portland cement and slag have different properties and by this 
choice optimum combination for any job can be decided by the user; since slag costs less to 
produce, this can also yield material economies.

There is therefore a case for all slag intended for use in hydraulic cements to be ground 
separately and blended with portland cement at construction site. Modem methods of mix 
design, proportioning and control make this readily possible.

Introduction

In his excellent summary of the state of knowledge 
of blast-furnace slags and slag cements presented to the 
Fourth Symposium on the Chemistry of Cement in 
1960, Kramer referred, inter alia, to practices then 
current concerning the grinding of cements containing 
slag. He pointed out that the great bulk of portland 
blast-furnace cements were integrally ground, a satis
factory procedure provided that the separate compo
nents, cement clinker and granulated slag, had suit
able grinding characteristics. This is seldom the case: 
particularly slag tends to vary considerably in grinda
bility, depending on composition and granulation 
conditions; moreover, it is generally much harder to 
grind than portland cement clinker as a result of which 
the slag component of an integrally ground cement

*South African Council for Scientific and Industrial Research, 
Pretoria, South Africa. 

tends to be coarser than the clinker component. As 
the reactivity of slag is much lower than that of 
clinker, strength development particularly at early 
ages is partially inhibited. In fact poor use is made of 
the latest hydraulicity of the slag.

Consequently cements containing slag like portland 
blast-furnace cements are commonly regarded as 
second-grade products which would not be selected 
where high quality was a prerequisite.

In order to improve quality and reduce variability 
the possibilities of separate grinding have begun to 
receive more attention and some manufacturers use 
separate grinding with subsequent blending before 
delivery as standard production procedure to ensure 
greater uniformity of end product. As pointed out by 
Kramer, each component can then be ground to yield 
an optimum combination of properties. Developments 
in the field of mixing of dry powders have made it 



possible to ensure intimate blending at no great cost.
In terms of the quality of the product therefore, 

separate grinding can lead to more economical produc
tion.

In the course of experimental studies carried out 
between 1947 and 1954, reported elsewhere, (1) (2) 
(3) the author used separate grinding of slag as stand
ard procedure for the preparation of experimental 
cements containing slag, since only by this procedure 
could one ensure that fineness of the slag was a con
trolled variable. This was carried through to the pilot 
plant stage of the preparation and testing of granulated 
slags, the blending in this case being done in a concrete 
mixer, as part of the routine concrete mixing opera
tions. Check tests demonstrated that adequate inter
mixing could be achieved in this way.

As a result of this pilot plant study it was realized 
that there were promising possibilities in supplying 
the construction industry with separately ground 
granulated slag for on-site mixing with portland cement 
and the other ingredients of concrete. Such a procedure 

brought with it two possible disadvantages. Firstly, 
there was an additional component, viz., the slag, 
which had to be handled, measured and blended into 
the concrete. Secondly, there was a risk that users, 
unacquainted with the necessity to add an activator 
(such as portland cement) to a finely-ground slag 
before the latter would develop hydraulic properties, 
might deliberately or through negligence use the finely- 
ground granulated slag as sole cementing medium, 
with possible disastrous results. During the last fifteen 
years separately ground granulated slag has been 
used extensively in South Africa without these disa
bilities having been of any practical consequence. On 
the contrary, the performance of cements containing 
separately ground slag as a major constituent has been 
such that it is now widely accepted as a quality prod
uct, as proved by its use in some major construction 
projects.

Separate grinding and supply of slag has a number 
of advantages, the most important of which are 
discussed under the following heads.

Separate Grinding

As already referred to above, separate grinding gives 
control over fineness and uniformity of quality. There 
are, however, other advantages; for instance, since the 
raw materials required for portland cement manufac
ture are not derived from the same source as granulated 
slag, the latter being a waste product of blast-furnace 
operation, there are invariably advantages in grinding 

products like clinker and slag in geographically separ
ated plants, particularly if there is no case for blending 
them prior to use on the job. A slag grinding plant 
should be located in a position w-hich is optimal with 
respect to the source of the raw slag on the one hand 
and the consumption centres of the finished product, 
ground slag, on the other.

Storage

The' susceptibility to deterioration in storage of 
portland cement is well known. Ground granulated 
slag in the absence of any additive has remarkably 

good storage properties. In fact, there are cases where 
this material has not deteriorated after storage in paper 
bags for three years.

Proportioning

With the integrally ground portland blast-furnace 
cements the manufacturer pre-determines the propor
tions of portland cement and slag for the user. Since 
on most construction works a variety of types of con
cretes are required, there are obvious advantages in 
being able to select the proportion of portland cement 
and of slag to be used for a particular application 
since this will lead to a more effective utilization of the 
properties of each component, which can lead to better

performance and greater economy. For instance, on 
many construction works concretes of different quality 
involving different mix designs and therefore different 
specifications for instance for strengths, shrinkage, 
permeability and cost are often required. Blending can 
be done as part of the concrete mixing operation. Since 
weigh-batching is now almost universal for well- 
controlled construction works, batching of an addi
tional component is a simple matter. "



Mix Design

If the properties of portland cement and of mixtures 
of portland cement and slag were identical, the use 
of mixtures would not affect mix design. However, 
slag does affect the characteristics of a concrete mix, 
particularly if it is finely-ground, as should' be the 
practice with separately-ground slag to allow for its 
lower reactivity. In particular there are two properties 
which should be taken into account when using port
land blast-furnace cements instead of portland ce
ment. The first is that such mixed cements tend to 
have a lower initial rate of strength gain, leading to 
lower strengths in the period two to four weeks after 
casting. It is fairly common experience, at any rate 
for South African materials, that the mixed cements 
thereafter develop strengths higher than those for 
ordinary portland cements. This dictates that if early 
strengths are important, portland blast-furnace cement 
concretes should be designed at a lower water-cement 
ratio, but that if strength at later ages is the important 
criterion, concretes with a lower cement content could 
prove acceptable.

The second factor concerns the effect of the use of 
finely-ground slag on workability or placeability, 
particularly when using vibrators. It is common experi
ence that these concretes are appreciably more work
able as a result of which it is possible to reduce water 
content compared to the case for portland cement, so 

The ex-factory cost of ground granulated slags is 
appreciably lower than that of portland cements. 
If all the factors given above are used to best advan
tage, yielding a concrete in which the slag content 
is at optimum, the cost will be at a minimum.

In this respect Van Dyk (4) has done an interesting 
study; he determined the cost of cement per cubic 
yard of concrete for different strength levels. The 
cements used in the study were:—

1. Ordinary portland cement (OPC). (60.1 cent/ 
pocket).

2. High early strength portland cement (HE). 
(66.4 cent/pocket).

3. Portland blast-furnace cement (interground) 
(PBFC). (54.7 cent/pocket).

4. 50-50 mixture of OPC and separately ground 
granulated slag.

5. 50-50 mixture of HE and separately ground 
granulated slag.

leading to higher strengths and lower shrinkage.
These effects are sufficiently large to justify mix 

design changes.
Two special applications of separately ground slag 

must be mentioned. The one concerns stabilization of 
soil for road construction. It has been established that 
for certain groups of soil types excellent results are 
achieved by mixtures of ground granulated slag and 
lime. This is not only a cheaper stabilizer but it has 
setting properties more suited to the forming and 
consolidation operations inherent in road foundation 
construction; experience has shown that the use of this 
stabilizer leads to reduction in shrinkage cracking of 
the stabilized soil layers. By having the slag in sepa
rately ground form available on the construction site, 
its rate of application and the proportions of lime to 
be added can be varied at the discretion of the consult
ing engineer. .

The other special case refers to the process of 
cementation of rock formations to reduce water 
penetration and seepage. Under certain circum
stances such as for instance those found on the Rand 
Gold Mines excellent cementation can be achieved 
with mixtures of 99 ■ parts ground granulated slag 
and one part calcium chloride, with no addition of 
any other cementing agent.

6. Separately ground granulated slag (39.0 
cent/pocket).
(Prices are quoted in South African cents.
1 S.A. cent = 1.4 U.S. cent).

The variables were: type of cement and strength at 
particular ages. No advantage was taken of the greater 
workabilities possible with cements containing finely 
ground granulated blast-furnace slag. Some of his 
results are shown in Fig. 1.

Van Dyk concludes that the combinaton of 50 
percent high early cement and 50 percent slag 
generally gave the most economical mixes for moist- 
cured concrete tested at 3, 7 and 28 days.

On the other hand the ordinary portland cement and 
the portland blast-furnace cement gave the highest 
costs per unit of strength.

He adds that if concretes of equal placeability had 
been made for each comparative group, these cost 
differences would have been accentuated. The ques-
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Fig. 1. Comparative costs of different cements

Fig, 2. Bethulie bridge over Orange River 1,200 metres long.

toin of the effect of workability is rather complex 
as it depends upon the criteria of workability to be 
used. Static workability tests like the slump test are 
not satisfactory in an age when most concrete is placed 
by vibration. Moreover, when comparing the work
ability of concretes made w'ith portland cements on 
the one hand and portland slag mixes on the other, 
it becomes particularly important that the workability 
test used should somehow relate to the placeability 
obtained in practice with the use of internal vibrators. 
A start has been made on such studies.

Typical examples of the practical application of 
concrete mixes designed specifically for combination of 
portland cement and separately ground granulated 
slag mixed in the concrete-making operation, are 
shown in Figs. 2, 3 and 4.

Fig. 3. Totally enclosed water reservoir under construction— 
one million cubic metres—Johannesburg.

Fig. 4. Central core of Standard Bank Building under construc
tion with sliding shutter. Ultimate height 170 metres. Johannes
burg.

Conclusion

Blast-furnace slags, being by-products, vary tre
mendously in quality from place to place. By far the 
greater bulk of slag produced in the world is not 
suitable for cement manufacture. Where, however. 

this product does have physical and chemical prop
erties which allow it to be converted to a potentially 
hydraulic material, there is scope for using it for con
structional purposes. Industries in many countries 



have taken advantage of this fact and some have been 
producing cements containing granulated slag as a 
major constituent for decades. Most of this cement has 
been marketed in the form of a product interground 
with portland cement to give one of the various varieties 
of portland blast-furnace cements. Recently separate 
grinding of the slag has become more common but 
generally only as a preliminary to factory blending to 
yield a ready-mixed product for sale.

Experience in South Africa with separately-ground 
granulated high-magnesia slag marketed as such and 
blended with portland cement or other activator at the 
point of final use, has shown that this procedure can 
give very staisfactory results, both technically and 
from the economic point of view. The resultant prod
uct compares favourably with portland cements for 
certain classes of construction, in particular civil 
engineering works.
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Oral Discussion

Mitsuo Kanada

What are the hydration products when high-MgO 
slag (such as 15 % MgO) is used, especially those of the 
MgO hydration ?

Oral Discussion

Steven Gottlieb

Dr. Stutterheim must be congratulated for 
strengthening the case for separate grinding of slag, 
and as this recommendation has far reaching quahta- 
tive and economic consequences, I would like to make 
some comments.

Certain types of blast furnace slags are ground toge
ther with portland cement clinker for decades:—in 

fact, the German cement industry for instance, would 
hardly exist economically without the substantial 
quantity of blast furnace cement produced. However, 
not much has changed in the method of producing 
blast furnace cements during the past 50 years, though 
great advances in grinding and classifying technology, 
particularly during the past 15 years, would have 
justified such changes for the betterment of quality 
and economy.

Dr. Stutterheim points out that the higher fineness 
of the harder slag as achieved by separately con

trolled grinding, produces more active surface. This is 
correct, but there is another, perhaps even more impor
tant possibility of improvement in regard to the 
grinding of the clinker constituent, provided that the 
blast furnace cement is produced at the cement works. 
With the intended use of blast furnace slag, the 
clinker can be ground much finer than usual;— 
utilizing new classifier technology even as high as 
7000 cm2/g Blaine-which normally would be an 
unreasonable thing to do, not only because of pro
hibitive costs, but also for many other considera
tions such as excessive shrinkage and potential 
instability due to particle attraction leading to agglo
meration. However, in a properly designed blending 
system blending between the very finely ground 
cement and the finely ground slag is accomplished 
immediately after the very finely ground clinker and 
gypsum leave the classifier,—then the disadvantages 
of excessive fineness disappear, as intimate blending 
with the slag with increase the average distances 
between the very small portland cement clinker 
particles and thus reduce, or even totally eliminate 
the nuisance attraction forces between these particles.

Surface wetting in such system becomes more 
uniform due to the absence of particle agglomeration. 
This could open up ways for further improvement of 
qualitative and economic performance of clinker and 
blast furnace slag mixes.

Oral Discussion

Heiman Kaiser

I fully agree with Dr. Stutterheim in that separate 
grinding of slag rather than intergrinding of slag and 
clinker has a great many advantages.

I understand that one plant here in Japan grinds 
the slag separately. In Venezuela a plant now under 
constructon will also grind slag separately, and then 
blend it with finished portland cement shipped in 
from another plant. -



However, I wonder what the advantages are of 
leaving the blending to the cement user because 
quality control can probably better and more reliably 
be achieved in the cement plant rather than on the 
construction site.

Furthermore, different customers may require, or 
want slags ground to different finenesses. This, I fear, 
might complicate an otherwise quite simple manu
facturing process.

Oral Discussion

R. R. Hattiangadi

Congratulating Dr.Stutterheim for bringing to the 
pointed notice of the delegates that there was, both 
technically and commercially, a case for separate 
grinding of granulated blast furnace slag and portland 
clinker and thereafter blending the same as and when 
necessary. Dr. Hattiangadi gave a brief resume of his 
own experiences in India. Dr. Hattiangadi gave 
figures in respect of a factory where commercial scale 
experiments had revealed by separate grinding and 
blending of slag and cement the net saving in power 
consumption alone, was of the order of 7 to 8 units 
per tonne of portland blast furnace cement, after 
making due allowances for power consumption for 
conveying and blending of the two separately ground 
materials. In this country (India) the slag which was 
granulated at some distance from the site of the blast 
furnace was very much harder to grind than portland 
clinker and it seemed obvious that it was not correct 
to intergrind two materials of different grindabilities 
and of different average diameters.

Dr. Hattiangadi also asked if it was necessary to 
grind the slag to a greater degree of fineness than the 
parent portland clinker to which Dr. Stutterheim 
seemed to say that it would be desirable but not quite 
necessary.

Author’s Closure

Niko Stutterheim

Reply to M. Hanada

“Except in the improbable case for which the high 
magnesia slag contains some periclase, the hydrates are 
free of brucite. Searches e.g. by Nurse, Yang, van 
Aardt, have failed to identify any products other than 
gel indistinguishable physically from CSH gel.

Earlier in this Symposium Prof. Tayler made a case 
for naming the gel product of portland cement 
hydration CSH gel, presumably until more is known 
about. It would therefore be logical to call the product 
of hydration of a high magnesia slag CMSH gel.”

Reply to S. Gottlieb

“I find Dr. Gottlieb’s statements about the effect 
of electrical charges on separately ground slag particles 
very interesting but must confess lack of knowledge 
on my part regarding the practical implications of this 
charged state on blending with portland cement. 
There may be scope for further study of these phe
nomena.

As I envisage it, however, separate grinding of slag 
may well take place at plants geographically distant 
from portland cement plants; several such plants 
exist in South Africa. Then blending soon after 
grinding is of course out of the question. In fact, 
from other points of view, as set out in may paper, 
there are overriding technical and economic advan
tages in blending only at construction site, which may 
be weeks or months after grinding.”

Reply to H. Kaiser

“It is interesting to find confirmation in the experi
ence of Mr. Kaiser in Venezuela for the advantages of 
separate grinding of slag. Our reasons for believing 
that separate marketing of the finely ground slag and 
blending only at the construction site are partly 
dealt with in my paper. I may add that this procedure 
allows the user to decide what blend ratios he will 
use on the job, whereas intergrinding or factory 
blending puts this decision in the hands of the manu
facturer who does not know the requirements for the 
specific application.

In South Africa about 500,000 tons p.a. of finely 
ground slag is supplied direct to construction works, 
and blended with portland cement on site, mostly 
in the concrete mixer. It is used mainly for large works, 
e.g. civil engineering constructons; such works are 
generally under good supervision. We have not had 
any serious problems with separately marketed slag.”

Reply to R. R. Hattiangadi

“The fullscale production trials on integral and 
separate grinding, respectively, mentioned by Dr. 
Hattiangadi is further clear indication of the favour
able economies of separate grinding. From their work, 



Locher et al have concluded that the influence of 
slag fineness on its performance in concrete is decisive; 
Kayser has stressed the importance of grain size dis
tribution; Birthelmer established that separately 
ground slag and portland cement attain strengths 

equal to those for interground cements of higher 
surface areas. These findings quoted in Dr. Schroder’s 
principal paper to this Symposium reinforce the case 
for separate grinding.”



Supplementary Paper IV-121 The Role of Magnesia and Alumina in the Hydraulic 
Properties of Granulated Blast-Furnace Slags

' Marcel Cheron and Claude Lardinois*

*Cimenteries CBR, Bruxelles, Belgium.

Synopsis

The authors compare the incidence of the AI2O3 and especially the MgO content on the 
hydraulic activity of the iron slags. These slags were prepared from industrial blast-fumace 
slags to which pure oxides were added covering a large area of chemical compositions limited 
by the following characteristics: ,

C/S = 0.85 - 1.45; A12O3 = 8.0 - 21.0%; MgO = 5.0 - 15.0%.
The mixtures were fused at temperatures exceeding 1500°C and quickly cooled, to obtain 

an almost complete vitrification, which was controlled by X-ray diffraction. These slags were 
separately ground with gypsum and cements prepared by mixing them with the same propor
tion of previously ground portland cement. The mechanical strengths of these cements were 
determined according to the RILEM Cembureau Method.

The representation of the results on triangular diagrams (S-A-M) at constant level of 
AI2O3 showed the beneficial influence of the A12O3 and MgO on the mechanical strengths.

A linear relation between the mechanical strengths and the chemical composition was 
established and the hydraulic index

CaO + 1.4MgO + 0.56Al2O3 ,
1,1 - SiO2 "

was proposed. -
Tests made on industrial slags showed a good agreement between the hydraulic index of 

the slag and the mechanical strengths of the corresponding cements.

Introduction

Ten years ago, the cement industry in Belgium, 
used granulated slags characterized by a CaO/SiO2 
ratio exceeding 1.4 and an almost constant alumina 
and magnesia content varying between 15-16% for 
A12O3 and 4-5% for MgO. These slags gave a rela
tively fair granulation.

During the last ten years, the iron industry of our 
country as well as of the countries outside, progressed 
considerably, even regarding the process (preparation 
of the charge, increase of the blast-furnace size, LD- 
process), as respecting the raw materials now mostly 
imported from beyond the seas. This evolution 
involved many consequences for the slag quality 
(decrease of the C/S ratio, increase or decrease of the 
A12Oj percentage, increase of the MgO percentage). 
Table 1 gives some examples of slags produced cur
rently in 1963-1964. The largest part of the production 

had a composition similar to that of slags B and C. 
Slags A, D and E are examples of the extreme composi
tions encountered. In the same time a fair improve
ment of the slag vitrification was observed.

-The incidence of the qualitative evolution of the 
slags on its hydraulic value is very important for the 
cement industry in Belgium and other neighbouring 
countries such as the Netherlands and the north-east 
of France, where the average incorporation rate of 
slag in blast-furnace cements reaches 60-70%.

Table 1.

Slag CaO/SiOg % A12O3 % MgO % MnO

A 1.65 13.4 4.2 0.7
B 1.27 14.1 4.9 1.2
C 1.21 13.5 7.6 0.9
D 1.18 19.0 8.3 0.5
E 1.06 22.7 13.4 0.5



Literature Survey

All authors agree to consider the non-crystallized 
state of slags as a strictly necessary condition to their 
hydraulic activity.

Keil (1) and Kramer (2) synthesized, in 1952 and 
1960 respectively, the essential opinions thereabout. 
L. Santarelli, G. Goggi (3), and more recently 
H. E. Schwiete and F. C. Dölbor (4) pointed out that 
strength development appeared as a linear function 
of the “glass content”. S. Solacolu (5) has proposed 
an explanation of the influence of the vitreous state 
of slag based on quasi-crystallized phases, namely 
a molecular preorganization recalling the crystalline 
phases which should be formed, at equilibrium, by 
slow cooling of the slag. The hydraulic properties of 
the slag consequently depend only on the chemical 
composition within the field of crystallization and there 
is a discontinuity of properties when passing from one 
field to the other.

Although some authors, as R. Kondo (6), do not 
entirely agree with this point of view, it seems self- 
evident, to admit a certain organization within the 
glass which is rather difficult to reveal experimentally. 
But its action on the hydraulic activity is superposed 
to other essential factors such as the chemical com
position of the vitrified part.

According to this last aspect, which has had our 
full attention in this study, and in the case of basic 
slags whose composition belongs to the melilite 
group, the hydraulic activity increases according to 
the C/S ratio and the alumina content, the part played 
by the MgO being contested (5) (7) (8) (9).

H. E. Schwiete and F. C. Dölbor (4) obtain a fair 
statistical concordance between the hydraulic activity 
and a chemical index where A12O3 is partially 
associated to SiO2 as denominator, and partially 
associated to the lime (% Al2O3-10) as numerator.

Other well-known chemical indices (10), more 
particularly these proposed by F. Keil, C. de 

Langavant, L. Tetmayer and others consider that the 
total amount of alumina must be considered as favour
able for the hydraulic activity of the slag.

The amphoteric character of alumina cannot be 
contested; it surely depends on the silica content 
of the slag and its effect will be more favourable 
on the hydraulic activity when the C/S ratio of the 
slag is lower. This point of view has been developed 
by Hiiettemann (8).

The hydraulic value of MgO is accepted by some 
authors, contested by others. F. Keil and F. W. Locher 
(9) consider that the slags containing 5% MgO are 
more active than the slags of similar composition 
without MgO excepted if the activation is obtained 
with lime.

E. F. Osborn, R. C. De Vries, K.H. Gee and 
H. M. Kraner (7) determined the optimum slag com
positions with various alumina percentages and pointed 
out that the optimum magnesium content varied 
between 16 and 12.5% when the C/S ratio increased 
from 1.20 to 1.54 and the A12O3 content raised from 
5 to 15%. Other authors affirm that until 8%, MgO 
may replace CaO (1). N. Sutterheim and R. W. Nurse 
(11) estimate that if MgO reaches 15-16% the slag 
is less hydraulic; this is probably due to the partial 
devitrification (spinel); the slags containing a high 
MgO percentage crystallize fast.

On behalf of structural considerations, H. E. 
Schwiete and F. C. Dölbor (4) propose a formula 
of hydraulic index where the magnesia appears as 
denominator and has an effect opposite to that of 
the lime.

CaO + (x - 10 A12O3) + CaS + Na2O + K2O 
SiO2 + 10 A12O3 + TiO2 + MnO + MgO

This formula seems however not to have been tested 
experimentally.

Object of the Study

The main object of this paper will be to specify 
the incidence of the MgO content for increasing 
amounts of A12O3 on the hydraulic activity of granu
lated industrial slags. These slags are characterized 
by a relatively low C/S ratio and a degree of vitrifica
tion higher than 90 %. The field of chemical composi
tion covered will be

C/S from 0.85 to 1.45

A12O3 from 8 to 21 %
MgO from 5 to 15%

The choice of a “quality factor” which permits the 
evaluation of the hydraulic value of the iron blast
furnace slag is our principal aim; it will be based on 
the following method as previously proposed (6): 

—measure of the degree of vitrification by estimating 
the crystalline phase amount by X-ray diffraction



—estimation of the hydraulic value by the chemical 
composition (made for example by the X-ray

fluorescence method).

Experimental Part

Industrial Slags

Industrial slags were collected whose chemical 
characteristics varied in the following way

C/S = 0.72 to 1.65
A12O3 = 13.4% to 22.7%
MgO = 3.8% to 16.3%
MnO = 0.2% to 2-2%
FeO = 0.2% to 1.0%

The degree of vitrification was controlled by X-ray 
diffraction and was in all the cases higher than 90 %.

The following method was used for this control. 
First of all were established calibration curves 
applicable to each group of slags characterized by 
the same primary crystalline phase e.g. the gehlenite 
phase. The calibration curve is obtained from 
mixtures of the vitreous and the crystallized variety 
of the same sample. The crystallized sample was 
prepared by heating the slag at 1000°C during 1 
hour followed by a very slow cooling. The percentage 
of the crystallized phase was determined by measur
ing the intensity of the proper diffraction line 
(gehlenite at 2.84 A spacing e.g.).
The Fig. 1 gives an example of the calibration

Fig. 1. 2.84 A line of gehlenite

curve. Although the precision of this method is 
better than 3% we divided for simplicity the ex
amined slags in classes containing 0 to 5, 5 to 10 
and 10 to 15 % of crystallized material.

The slags with a crystallized phase greater than 
10 % were discarded. The hydraulic activity of the other 
slags was measured from cements prepared in the 
following way

—separate grinding of the slag with gypsum in a 
laboratory mill to obtain a fineness of 3500 or 
4500 cm2/g Blaine and a SO3 content at 3%.

■—separate grinding of a sufficiently large sample 
of clinker with gypsum to attain a SO3 content 

. at 3 % and a specific surface of 3300 cm2/g Blaine.

Fig. 2. Comp, strength of industrial slags at 3 days



—preparation of the slag/portland cement mixture 
in three different proportions containing 30-50 
and 80% of portland cement.

—test of the mixed cements obtained according to 
the “RILEM Cembureau” standard testing meth
od for cements (12).

Fig. 2 gives the compressive strengths at 3 days for 
the cements corresponding to a 70% slag content 
with a fineness of 4500cm2/g Blaine. This graph 
represents striaght lines of equal mechanical strengths 
in function of the parameters CaO/SiO2 and (A12O3 + 
2.5MgO). The best correlation was obtained by the 
choice of a 2.5 coefficient for MgO.

Table 2. Chemical composition and crystallized phase content 
of laboratory modified slags..

Slag No.
Chemical composition Crystallized 

phase content
%CaO % SiO2 % AliO, %MgO

1 39.6 44.1 8.9 7.1
2 38.2 43.2 10.8 6.4 __
3 37.2 42.0 12.7 6.8 __
4 36.0 39.0 15.9 7.4 __
5 39.0 43.0 9.3 7.5 __
6 37.3 41.2 11.8 9.5 __ _
7 35.7 40.2 13.4 9.3 _
8 37.3 41.2 12.4 9.1 _
9 35.4 38.9 17.6 9.6 _

10 45.4 40.1 8.5 5.5 _
11 44.2 39.6 10.8 5.3 _
12 43.4 38.3 12.8 5.0 _
13 40.1 35.2 14.0 5.3 _
14 38.1 34.3 9.7 4.8 10-15 (C2AS)
15 44.2 39.0 8.6 7.6 __
16 43.3 38.6 9.7 7.5 __
17 40.8 36.2 13.1 7.4 __
18 39.3 34.3 14.0 7.5 __ -
19 37.4 32.7 20.5 7.0 __
20 39.1 34.2 14.1 9.6 -
21 38.2 33.5 14.0 9.7 _
22 36.3 31.4 20.7 9.5 __
23 41.9 37.1 9.1 11.9 10-15 (c3ms3)
24 40.6 34.5 10.7 11:6 0-5 (CaMS.)
25 40.1 35.2 13.3 11.4 0-5 (CsMSs)
26 37.1 32.6 13.9 11.8 —
27 38.4 33.8 11.1 14.3 0-5 (C3MS2)
28 37.6 33.2 13.3 14.1 0-5 (C3MS2)
29 36.7 31.1 13.6 14.3 0-5 (C3MSa)
30 47.2 38.3 8.8 5.3 0-5 (CaMSä)
31 45.9 38.0 10.3 5.5 ---
32 44.3 37.4 12.4 5.2 __
33 42.5 33.9 14.6 5.1 __
34 39.9 31.6 20.4 4.6 __
35 42.9 34.5 11.9 7.7 _
36 41.7 33.4 14.3 7.1 _
37 38.9 31.4 19.5 6.8 10-15 (CsAS)
38 44.4 36.5 8.4 10.2 10-15 (C3MS2)
39 44.1 36.8 10.7 , 9.5 10-15 (C3MS2)
40 43.7 35.8 12.4 8.9 0-5 (C3MS2)
41 40.8 33.0 13.9 9.4 —
42 40.7 32.0 15.8 9.2 0-5 (C2AS)
43 37.8 29.7 19.8 9.6
44 41.3 34.4 9.9 13.4 10-15 (C3MS2)
45 38.5 31.7 15.6 13.5 0-5 (C3MS2)
46 36.1 29.6 20.2 13.6
47 49.7 35.9 8.3 5.1 10-15 (C3MS2)
48 48.4 35.2 10.7 5.0 10-15 (C3MS2)
49 46.9 34.7 12.0 5.2 0-5 (C3MS2)
50 45.0 39.2 13.7 4.8 5-10 (CsAS)
51 48.8 34.3 8.8 7.2 10-15 (C3MS2)
52 47.0 34.6 10.2 7.5 10-15 (C3MS2)
53 45.4 32.6 11.3 7.8 __
54 43.5 32.3 14.0 6.9 0-5 (C2AS)
55 42.6 31.6 14.0 8.8 0-5 (C2AS)
56 40.8 30.0 13.8 12.0 0-5 (C2AS)

Similar diagrams were established at the ages of 7 and 
28 days and for a slag fineness of 3500 cm2/g Blaine, 
and tend to the same conclusions.

Nevertheless, the chemical area covered by the 
industrial slags was rather small; therefore the com
position of some of them was modified in the laboratory 
to enlarge the investigated field.

Corrected Industrial Slags

We made a choice of four industrial slags with a

Table 3. Hydraulic index of laboratory modified slags and 
compressive strengths of cements-mortars made from them.

Slag No. Hydraulic index 
Ih

Compressive strengths after (kg/cm2)

3 days 7 days

1 1.26 (a) 35 84
2 1.25 (a) 36 80
3 - 1.32 (a) 38 90
4 1.42 63 134
5 1.30 (a) 45 117
6 1.39 43 112
7 1.40 58 124
8 1.39 51 124
9 1.51 77 142

10 1.44 39 108
11 1.47 40 97
12 1.50 51 104
13 1.57 90 180
14 1.63 58 188
15 1.53 48 126
16 1.53 48 130
17 1.51 80 190
18 1.67 91 184
19 1.79 153 268
20 1.77 112 232
21 1.78 104 - 243

, 22 1.95 165 " ' 295
, 23 1.72 . 80 s 157

24 1.82 174
25 1.80 99 ; 245
26 1.89 145 303
27 1.91 106 231 .

a . 28 , “ 1.95 104 243
29 - 2.08 110 253
30 1.55 83 175
31 1.56 86 . 174
32 1.56 99 185
33 1.70 112 211
34 1.83 124 248
35 1.75 99 199
36 1.79 124 236
37 1.88 102 217
38 1.74 93 184
39 1.72 101 206
40 1.76 101 209
41 1.87 105 222
42 1.95 118 267
43 2.10 172 324
44 1.91 149 243
45 2.09 196 327
46 2.25 - 212 376
47 , 1.71 88 170
48 1.74 102 199
49 1.76 122 244
50 1.79 126 234
51 1.86 101 171
52 1.83 105 210
53 1.92 138 295
54 1.89 134 264
55 1.98 170 334
56 2.18 216 377

(a) CaO + 1.4 MgO + 0.70 A12O3 
lh SiO2



C/S ratio between 1.16 and 1.41, a A12O3 content of 
15%, a MgO content of 5% and a MnO content 
between 0.6 and 1 %,

The chemical composition of these slags were 
modified by addition of pure oxides, then fused and 
granulated. The chemical composition of the slags 
so obtained and their crystalline phase content are 
given in table 2.

The industrial slags were first ground at 2500 cm2/g 
Blaine and then intimately mixed with the pure oxides 
to obtain definite compositions; the mixture was 
fused by portions of 2 kg, at a temperature exceeding 
1500°C, in a graphite crucible protected against 
oxidation by an outer silimanite crucible and heated 
in a rotary gas flame furnace.
The fused mass was quickly poured in water to obtain 
a fine division of the melt. The degree of vitrification 
was controlled as previously described.

Laboratory cement were prepared by mixing 70% 
slag separately ground with gypsum to a fineness of 
4500 cm2/g Blaine and 30% standard portland cement. 
These cements were tested according to the RILEM 
Cembureau method (12). The compressive strength 

obtained from these samples are reported in Table 3. 
The compressive strengths at 3 and 7 days are plotted 
in ternary diagrams (Figs. 3 to 8) resulting from the 
quaternary diagram (CaO-SiO2-Al2O3-MgO) by 
maintaining the A12O3 content constant at the levels 
9-12 and 15%. The slags were divided in three 
classes according to their A12O3 content: from 7.5 to 
10.5, from 10.5 to 13.5 and from 13.5 to 16.5. The 
first class was projected on the 9% A12O3 level 
diagram. The second on the 12% level diagram etc .. . 
Some of the points of these diagrams correspond to 
partially crystallized slags; those single-underlined 
are characterized by a crystalline content lower than 
5%, those double-underlined are characterized by a 
crystalline content between 5 and 15%.

These diagrams prove undoubtedly that an increase 
in the MgO content improves the mechanical stregnths 
of the blast-furnace slag cement at least for the area 
taken on account.

Choice of a Chemical Index for the Hydraulic 
Activity of the Slag

The chemical index I6 giving the best correlation 
with the experimental values Figs. 9 and 10 was cal-

Fig. 3. 9% AUOs Comp, strength at 3 days
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Fig. 8. 15 % AI2O3 Comp, strength at 7 days
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culated and may be expressed as:
, _ CaO + 1.4 MgO + 0.56 A12O3 

SiO2
For values of IÄ lower than 1.4 a better correlation 
is obtained when the coefficient 0.56 for the A12O3 
is replaced by the value 0.70. This formula which 
was deduced experimentally is in good agreement 
with the one proposed by Tetmayer for the charac
terization of the hydraulic vaule of the slags:

CaO . MgO , A12O3
"IF "h "40- + TÖ2"

SiO2 1
60

We plotted on the same figures a certain number of 
of points corresponding to industrial slags and found a 
good agreement between the value of the index Ih 
and the related mechanical strengths. Some of the 
points corresond to partially crystallized slags and are 
indicated as previously noted.

On the Figs. 3 to 8 are drawn straight lines cor
responding to a constant C/S ratio or to a constant 
value of the hydraulic index (7A). These last lines are 
also the loci of equal mechanical strengths.



350

Fig. 10. Comp, strength at 7 days
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Synopsis

Anhydrite cement is a synthetic cement composed of anhydrite obtained from residual 
gypsum and slag. In itself an anhydrite-slag mixture gives a cement of insufficient strength and 
with too long a setting time. Research aimed at improving this cement will therefore have to be 
centered on finding the anhydrite-slag ratio producing the greatest strength, on the one 
hand, and seeking the nature and quantity of components to provide greater strength and to 
shorten the setting time (catalyst), on the other hand.

A new catalyst has been developed: it consists of a mixture of aluminous cement, K2SO4 
and Ca(OH)2. After hundreds of tests it has been found that the strongest anhydrite cement 
is obtained with a 50/40 anhydrite/slag ratio, ±10% catalyst mixture being used. The com
position of the mixture can be varied according to whether the purpose is to obtain a cement 
having the greatest possible compressive strength after 3 days or else after a longer period, 
say 28 days. Flexion and compression tests were carried out in accordance with the standard
ized Rilem-Cembureau method; the results are shown in table form in terms of the catalyst 
composition (3, 7 and 28 days).

From these tests it emerged that the specimens which gave the best results after three days 
(80 kg/cm2 compressive strength) consisted of 6 to 7% aluminous cement, 1.5% Ca(OH)2 
and 1.2% K2SO4 (that is to say, in all 8.7 to 9.7% catalyst). This anhydrite cement has a 
normal consistency of 37%; setting begins after 5.15 hours and ends after 7.35 hours; the 
compressive strength after 28 days attains a value of 400 kg/cm2.

On the long term strong specimens require more aluminous cement (8 %), less hydrated 
lime (1.1%), a similar anhydrite/slag ratio (50/40) and the same quantity of potassium 
sulphate (1.2%). After 28 days a specimen such as this produces a compressive strength of 
580 kg/cm2.

Anhydrite Cement

This study contains the results of a research to 
prepare a synthetic cement using anhydrite as the main 
component. Only the anhydrite obtained by calcining 
the waste gypsum from the phosphoric acid industry 
has been used: so that, at the same time, a possible 
solution to the problem of disposal of waste gypsum 
from this industry has been found.

Of course, one is immediately faced with the slow 
setting and the instability to water of the anhydrite. 
To realize a faster reaction and a waterproof crystal 

structure a blast furnace slag as well as a mixture of 
catalyst consisting of K2SO4, Ca(OH)2 and aluminous 
cement has been added.

To be acceptable as a binder, the properties of this 
new kind of cement must be near those of portland 
cement and even better: the search for the “optimum 
composition” of the anhydrite cement to reach the 
highest possible mechanical resistance, while the other 
physical properties still conform to the standard 
specifications of portland cement, has been the main 
object of this study. At the same time we tried to 
determine the relative influence of the different com
ponents.



Basic Components

Anhydrite
As raw material residual gypsum was taken from the 

phosphoric acid industry using Morocco rock. The 
average composition of the (dry) gypsum waste is as 
follows:

CaSO4 
water
P2O5 total
P,O, insoluble
Fe2O3
A12O3
F
MgO
SiO2
organic components

76% 
20% 

1% 
0.15%
0.1%
0.15%
1 % 
0.1% 
1% 
rest

This residual gypsum was calcined at a temperature 
of 850 to 900°C in order to obtain anhydrite II, 
which was ground to a fineness smaller than 63/t 
(230 mesh). The specific weight of this anhydrite is 
3.04 g/cm3 and the specific surface (Blaine) 1900 cm2/g. 
The porosity of the anhydrite is 0.53.

Because of the already mentioned slow setting of 
the anhydrite II, an accelerator is needed. The fol
lowing materials can be considered:

■—neutral or weakly acid sulphates: K2SO4,Na2SO4, 
(NH4)2SO4, CaSO4.1/2H2O, MgSO4, CdSO4, ZnSO4, 
FeSO4, alum, CuSO4.

—bisulphates: NaHSO4, KHSO4.
—bases: CaO, Ca(OH)2, MgO, Mg(OH)2.
■—cement, basic slags ...
The quantity of accelerator which can be added 

is mostly restricted from 0.1 to 3 % because it can influ
ence the crystal structure and therefore decrease the 
mechanical strength.

Since the concentrations of the impurities are differ
ent according to the rock (apatite), from which the 
waste gypsum is produced, it ought to be checked in 
what way these impurities influence the flexural and 
compressive strengths. It is always preferable not to 
be dependent on one sole distributor. In nature apatite 
rock is not found which gives a waste gypsum with 
larger concentrations of impurities than:

F (in the form of Na2SiF6) 4%
Fe2O3 3%
P2O5 (in the form of H3PO4) ' 2 % 
Na2O (in the form of Na2SO4) 1 % 
K2O (in the form of K2SO4) 1 % 
MgO (in the form of MgSO4) 1 %

To conform as much as possible to reality, supple

mentary tests have been carried out, in which the above 
mentioned impurities, even in quantities to the max
imum possible concentrations in the anhydrite, were 
recalcined with the latter, and then ground to the above 
mentioned fineness. We have carried out a series of 
tests with a well determined composition of the anhy
drite cement, which, although it does not completely 
conform to the “optimum composition” to be found 
later, is very close to it: we never noticed a drop of 
more than 10 % of the mechanical strength, whereas by 
adding sulphates and phosphates the final strength 
even slightly increases.

Slag
Blast furnace slags were used with the following 

compositions (dry):
CaO 41.60%
SiO2 31.70%
A12O3 16.70%
MgO 5.70%
MnO i.w%
FeO 0.80%
S 1.00%
K2O -j- Na2O 1-40%

After drying these slags, they were ground also to a 
fineness smaller than 63/z (230 mesh). The specific 
weight of the ground slag is 3.0 g/cm3 and the specific 
surface (Blaine) 2460 cm2/g; the porosity has a value 
of 0.50.

Of course, only “quenched” slags have hydraulic 
properties. The setting of these slags can be accelerated 
by adding Ca(OH)2 or portland cement (which 
liberates Ca(OH)2 during setting). During the setting 
of the slag the liberated alumina reacts with the 
hydrated lime, which will therefore be absent in the 
end product.

Tests have shown that slags for the production of 
anhydrite cement should have the following com
position:

CaO 35 to 45 % ■
SiO2 preferably 30 to 33 %, not more than 35 %
A12O3 not less than 15%
S not more than 1.5 to 1.8%

Catalyst
A mixture of K2SO4, Ca(OH)2 and aluminous 

cement, also ground to a fineness less than 63/z, is 
used as catalyst.

As mentioned above, K2SO4 and a part of the 
hydrated lime are added as an accelerator for the an- 



hydrite: the other part of the lime activates the slag. 
Also several other sulphates (see above) were tried 
as accelerators for the anhydrite in the anhydrite 
cement, but with not so good a result.

As aluminous cement a cement of the English firm 
“Lafarge Aluminous Cement Co. Ltd.”, was used, with 
the following composition:

A12O3 
CaO 
SiO2 
FeO
Fe2O3 
TiO2

40%
37-5%

4 5°/
7°/' /o
no/
7 /o
2%

Crystallographically aluminous cement (with SiO2 > 
5%) consists of ±60% CaO-Al2O3, the hydration of 
which will be strongly activated by portland cement, 
lime and calciumsulphate; it is also composed of 
15 to 20% gehlenite, 2CaO Al2O3 SiO2, which sets 
very slowly, and of 10 to 15% 2CaO-SiO2. Further
more, fibrous structures of 4CaO • A12O3 ■ Fe2O3 

and of 6CaO-Al2O3-2Fe2O3 are found, and also 
CaO • TiO2. Not more than 0.5 % alkalis may be 
present, otherwise the setting will be too fast and the 
full strength will never be developed. The same remark 
applies to the use of lime.

The main purpose of adding aluminous cement to 
the catalyst mixture is to increase the final strength of 
the anhydrite cement.

The optimum composition of the catalyst mixture 
has to be worked out precisely as a function of the 
anhydrite-slag ratio, in order to reach the highest 
mechanical strength of the anhydrite cement, whereas 
the other physical properties still conform to the 
standards of portland cement.

Other aluminous cements (for instance the German 
“Rolandshiitte” cement) have a larger percentage of 
alumina and a lower percentage of ironoxide: the 
optimum composition will have to be slightly adapted, 
but tests carried out with “Rolandshiitte” show a 
larger final strength of the anhydrite cement.

Standardization and Accuracy of Tests

Standardization
In order to obtain reliable and reproducible results 

the following Belgian specifications were accurately 
used:

—for testing anhydrite cement:
NBN 178.21 for the determination of the fineness. 

As already mentioned earlier all com
ponents were ground to a fineness less 
than 63/z (230 mesh). Some tests were 
also carried out with finenesses less 

. than (170 mesh): the properties of 
, the samples were practically identical.

NBN 178.22 for the determination of the specific 
weight (approximately 3.0 g/bm3).

NBN 178.30 for the determination of the consistency 
of standard cement paste?'

NBN 178.31 for the determination of initial and final 
setting times.

NBN 178.32 for the determination of soundness.
—for testing the corresponding plastic mortars 

(“Rilem-Cembureau” method):
NBN 178.51 for the preparation and the mixing of 

the samples."
NBN 178.52 for the curing of the samples
NBN 178.53 for th determination of the flexion and 

compression strengths.
Two deviations from the specifications have to be 

noted:

—first of all it was necessary to use only 45 % of 
water for the preparation of the plastic mortars 
instead of 50% as NBN 178.52 prescribes: 
indeed, the plastic mortars showed the same 
plasticity with 45% of water as they did with 
50 % for plastic mortars made of portland cement.

—secondly, all the samples were cured in saturated 
humid air at 20°C instead of in water saturated 
with lime as NBN 178.52 prescribes. Some com
parative tests were carried out and we noticed 
that the two methods of curing were almost 
equivalent.

Accuracy of Flexion and Compression Tests
In order to have an idea about the accuracy of the 

whole experiment (going from weighing and mixing 
of the components to the testing of the mortars) some 
samples with identical composition were made at 
different times, following exactly the Belgian specifica
tions mentioned above. The deviations noticed point 
to inaccuracies inherent to the testing method.

From these “reference” tests the average and the 
standard deviation were determined. These calcula
tions show on one hand the spreading of the results; 
on the other hand they offer a criterion for the real 
meaning of a difference in strength between samples 
made at different times.

In order to determine the absolute standard devia



tions (S) for each group of results (flexural strengths 
after 3, 7 and 28 days, and compressive strengths 
after 3, 7 and 28 days) the differences (d) between 
each result (n per group) and the corresponding 
group average are calculated according to the follow
ing formula:

The following proportional standard deviations (S’) 
were found:

3d 7d 28d

flexion 17.7% W.9% 10.7%
compression 6-9% 8-6% 9-7%

Systematic Investigation about the Influence of the Different Components 
and about the Optimum Composition

Several introductory tests have shown that the
optimum composition has to be found between the 
following values of the different components:

Anhydrite/slag ratio 
Ca(OH)2-percentage 
K2SO4-percentage 
Aluminous cement

between 45/45 and 50/40 
between 1.0 and 1.5 
between 0.9 and 1.2 
between 5 and 9 % 

In order to determine narrower and more precise
limits for the optimum composition and to have at the 
same time a clear picture of the influence of the different 
components on the strength, the principal combina
tions of the compositions of the different components, 
mentioned above, were tested:

A/S: Anhydrite/Slag ratio: 45/45 and 50/40
C: Ca(OH)2-percentage: 1.1%, 1.2%, 1.3% and 

1.4% (+1.5% for the A/S ratio 50/40)
K: K2SO4-percentage: 0.9%, 1.0% and 1.2% 

Al: Aluminous cement: 6%, 7% and 8%.

The samples are numbered XI to X48 for the A/S 
ratio 45/45, and X49 to X108 for the ratio 50/40.

Results: Flexion and Compression Strengths 
(after 3, 7, and 28 days)

Flexural and compressive strengths of the smaples 
X 1 to X108 are listed in 9 tables.

Some other tests were made after 56 days: the 
average increase of the compressive strength with 
respect to the strength after 28 days was of the order of 
magnitude of 10%.

Discussion of the Influence of the 
Different Components

Influence of the Quantity of Aluminous Cement
From the Tables 1 to 9 we can conclude:

Table 1.
A/S: 45/45
Ca(OH)2: 1.1%

No
Composition

Flexural strength 
kg/cm2

Compressive strength 
kg/cm3

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 7d 28d

xl 46,00 46.00 1.1 0.9 6 9 23.0 49.5 36.6 105 283
36.8 98 312

x2 45.50 45.50 1.1 0.9 7 8.8 24.5 58.4 36.2 100 415
37.5 104 413

x3 45.00 45.00 1.1 0.9 8 8.5 28.3 62.0 39.0 100 410
34.0 105 413

X4 45.95 45.95 1.1 1.0 6 10.7 29.5 61.5 44.6 117 437
42.2 112 433

x5 45.45 45.45 1.1 1.0 7 8.7 25.8 66.0 36.6 105 423
37.5 103 400

x6 44.95 44.95 1.1 1.0 8 9.3 26.8 63.5 37,5 103 462
36.5 101 445

X7 45.90 45.90 1.1 1.1 6 9.3 25.5 64.0 38.7 110 434
38.7 108 414

x8 45.40 45.40 1.1 1.1 7 8.8 28.0 67.6 35.6 115 422
35.6 119 431

X9 44.90 44.90 1.1 1.1 8 8.7 24.5 56.3 35.0 105 435
33.8 116 420

xlO 45.85 45.85 1.1 1.2 6 10.5 23 60.0 38.4 95 425
32.8 104 427

xll 45.35 45.35 1.1 1.2 7 11.5 24.5 63.0 41.2 100 456
41.2 90 445

X12 44.85 44.85 1.1 to. 8 8.5 26.5 62.2 32.8 107 487



—at short term (after 3 days) the best results are 
obtained with 6% Al, especially in the presence of 
much lime.

—at long term (after 28 days) the best results are 
obtained with 8 % Al, especially in the presence of not 
too much lime.

—at medium term (after 7 days) the samples do not 
show any significant difference in strength according 

to the content of aluminous cement.

Influence of the Quantity of Hydrated Lime
The effect of the lime seems to be influenced by the 

anhydrite-slag ratio, so that two cases have to be 
discerned:
a. 45/45 ratio:

—at short term a maximum strength is obtained

Table 2.
A/S: 45/45
Ca(OH)2: 1.2%

No.
Composition

Flexural strength 
kg/cm2

Compressive strength 
kg/cm2

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 7d 28d

X13 45.95 45.95 1.2 0.9 6 10.5 29.5 63.5 38.2 99 406
38.4 104 422

X 14 45.45 45.45 1.2 0.9 7 9.5 25 74.0 39.2 90 439
94 428

X15 44.95 44.95 1.2 0.9 8 9.5 25 60.0 40.6 93 461
37.8 94 435

X16 45.90 45.90 1 2 1.0 6 9.4 25 53.5 36.8 105 419
38.4 90 412

X17 45.40 45.40 1.2 1.0 7 9.3 25 69.0 36.0 96 456
38.8 91 452

X18 44.90 44.90 1.2 1.0 8 9.0 24 58.5 37.2 95 451
36.3 91 (380)

X19 45.85 45.85 1.2 1.1 6 13.6 28.0 51.0 41.0 142 372
__ 137 375

X20 45.35 45.35 1.2 1.1 7 11.4 27.5 51.0 40.0 106 353
40.6 114 346

X21 44.85 44.85 1.2 1.1 8 11.1 ' 25.5 56.5 35.6 114 382
37.5 115 400

X22 45.80 45.80 1.2 1.2 6 10.6 31.5 51.2 39.0 113 363
38.7 121 347

x23 45.30 45.30 1.2 1.2 7 11.3 26.5 59.5 42.5 112 414
45.0 114 465

x24 44.80 44.80 1.2 1.2 8 12.8 29.0 58.0 40.0 135 444
41.3 129 422

Table 3.
A/S: 45/45
Ca(OH)2: 1.3%

No.
Composition Flexural strength 

kg/cm2
Compressive strength 

kg/cm2

A(%) S(%) C(%) K(%) Al(%) 3d 7d 38d 3d 7d 28d

X25 45.90 45.90 1.3 0.9 6 13.0 42.5 55.5 67.5 149 366
61.5 152 347

X26 45.40 45.40 1.3 0.9 7 15.4 38.0 64.5 64.0 154 384
65.5 151 378

X27 44.90 44.90 1.3 0.9 8 15.3 37.5 50.5 59.0 158 422
57.0 168 415

X28 45.85 45.85 1.3 1.0 6 17.1 39.2 55.0 73.0 158 332
71.2 159 347

x29 45.35 45.35 1.3 1.0 7 14.1 37.5 60.0 62.8 146 375
63.5 151 369

x30 44.85 44.85 1.3 1.0 8 13.5 33.8 68.5 58.0 138 413
57.8 133 423

X31 45.80 45.80 1.3 1.1 6 14.8 37.5 57.5 62.0 164 372
61.1 151 384

X32 45.30 45.30 1.3 1.1 7 15.0 39.5 60.0 59.5 151 381
63.8 145 390

X33 44.80 44.80 1.3 1.1 8 13.5 40.8 61.5 49.5 138 450
51.2 150 439

X34 45.75 45.75 1.3 1.2 6 12.8 35.5 64.5 50.8 176 450
52.0 176 446

X35 45.25 45.25 1.3 1.2 7 14.8 38.5 70.5 52.0 172 460
53.5 185 475

X36 44.75 44.75 1.3 1.2 8 15.0 40.0 64.0 57.0 195 478
58.0 182 475



with 1.3% Ca(OH)2. Less lime is worse, and also 
more lime has a weakening effect.

—at long term, no important differences have to 
be noted, unless a small increase of the strength with 
decreasing Ca(OH)2-content.
b. 50/40 ratio:

Now, the differences are bigger, but always in the 
same direction.

■—at short term 1.4% Ca(OH)2 gives the best 
results, particularly in the presence of much K2SO4 
(1.1 to 1.2%).

—at long term, the use of much lime seems to be 
fatal. Samples with 1.1% Ca(OH)2 give the best results. 
The following conclusion can hence be taken: much 
lime causes high mechanical strengths after 3 days, 
and small quantities of lime do the same after 28 

Table 4.
A/S: 45/45
Ca(OH)2: 1.4%

No.
Composition Flexural strength 

kg/cm2
Compressive strength 

kg/cm8

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 7d 28d

x37 45.85 45.85 1.4 0.9 6 14.2 43.0 69.5 59.2 179 410
56.0 185 438

X38 45.35 45.35 1.4 0,9 7 14.0 39.5 71.5 55.0 185 400
51.5 186 435

x39 44.85 44.85 1.4 0.9 8 15.5 39.5 68.2 55.0 190 475
52.0 174 469

x40 45.80 45.80 1.4 1.0 6 12.3 38.8 59.5 53.0 163 420
55.6 160 418

x41 45.30 45.30 1.4 1.0 7 11.5 34.0 70.5 47.0 169 415
53.5 182 433

X42 44.80 44.80 1,4 1.0 8 12.0 34.0 63.5 51.2 168 478
51.0 173 453

x43 45.75 45.75 1.4 1.1 6 11.8 32.5 65.0 54.5 163 413
54.4 169 428

x44 45.25 45.25 1.4 1.1 7 13.0 33.5 63.5 53.1 173 419
53.1 175 428

x45 44.75 44.75 1.4 1.1 8 11.2 35.5 70.0 50.5 155 450
- 47.5 169 469

x46 45.70 45.70 1.4 1.2 6 10.6 38.0 67.0 47.0 163 433
48.0 179 469

X47 45.20 45.20 1.4 1.2 7 11.5 31,0 80.0 58.7 168 419
47.5 165 419

x48 44.70 44.70 1.4 1.2 8 11.0 29,0 80.5 46.9 150 470
- 45.0 161 479

Table 5.
A/S: 50/40
Ca(OH)2: 1.1%

No.
Composition

1 Flexural strength
kg/cm2

Compressive strength 
kg/cm®

A(%) S(%) <X%) K(%) Al(%) 3d 7d 28d 3d 7d 23d

x49 51.11 40.88 1.1 0.9 6 11.5 35.0 88.0 43.7 148 515
43.7 146 554

x50 51.06 40.84 1.1 1.0 6 11.4 35.5 83.0 45.0 150 544
45.0 156 531

X51 51.00 40.80 1.1 1.1 6 10.2 38.5 83.5 45.4 159 510
45.0 160 496

X52 50.94 40.76 1.1 1.2 6 10.1 35.5 80.0 37.5 131 512
36.9 132 515

X53 50.55 40.44 1.1 0.9 7 11.2 29.5 75.0 40.6 136 546
41.2 135 528

X54 50.50 40.40 1.1 1.0 7 11.2 36.5 82.0 43.1 149 538
46.3 159 522

X55 50.44 40.36 1.1 1.1 7 13.0 40.0 83.5 47.5 166 550
45.0 164 528

x56 50.39 40.31 1.1 1.2 7 12.0 36.0 82.5 44.4 155 328
42.5 141 534

X57 50.00 40.00 1.1 f 0.9 8 12.0 39.5 70.5 43.9 149 563
45.0 137 550

X58 49.94 39.96 1.1 1.0 ' 8 12.3 37.0 76.5 48.8 157 560
48.8 154 555

x59 49.89 39.91 1.1 Li 8 13.0 37.0 75.0 47.5 161 575
52.5 166 544

x60 49.83 39.87 1.1 1.2 8 13.5 33.0 73.5 48.2 150 580
49.0 153 580



days.

Influence of the Quantity of K2SO4
Here also, the effect is somewhat different accord

ing to the anhydrite-slag ratio:
a. 45/45 ratio:

—at long term, the strength increases with the 
K2SO4-content.

—at short term, the strength also increases with 
the K2SO4-content, but this time a maximum strength 
is obtained for 1.1 % K. 1.2% K gives worse results, 
b. 50/40 ratio:

—at short term 1.2% K is the best percentage to 
be used, especially in the presence of a high Ca(OH)2- 
content.

—at long term, there seems not to be an influence of 

Table 6.
A/S: 50/40
Ca(OH)2: 1.2%

No. Composition Flexural strength 
kg/cm2

Compressive strength 
kg/cm2

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 3d 28d

x61 51.06 40.84 1.2 0.9 6 15.3 42.5 76.0 54.0 182 536
55.5 183 545

x62 51.00 40.80 1.2 1.0 6 14.1 45.0 77 60.5 195 556
59.0 189 519

x63 50.94 40.76 1.2 LI 6 13.4 43.5 75 59.0 182 525
51.0 191 544

x64 50.89 40.71 1.2 1.2 6 12.5 37.8 75 58.5 182 519
54.5 192 581

x65 50.50 40.40 1.2 0.9 7 10.9 35.5 59 50.0 150 466
48.0 146 500

x66 50.44 40.36 1.2 1.0 7 12.4 34.0 71 53.2 137 434
52.5 138 456

X67 50.39 40.31 1.2 1.1 7 14.3 36.5 68.0 60.6 180 506
63.0 176 494

x68 50.33 40,27 1.2 1.2 7 15.8 42.5 64.5 65.0 180 512
66.2 176 543

X69 49.94 39.96 1.2 0.9 8 12.8 34.5 75.0 55.6 154 306
58.1 156 347

x70 49.89 39.91 1.2 1.0 8 11.8 41.2 70.5 54.4 158 475
60.0 165 481

X71 49.83 39.87 1.2 1.1 8 13.2 42.0 68.0 54.5 158 512
53.7 159 503

X72 49.78 39.82 1.2 1.2 8 13.2 45.0 56.0 55.0 169 488
57.5 171 363

Table 7.
A/S: 50/40
Ca(OH)2: 1.3%

No.
Composition Flexural strength 

kg/cm8
Compressive strength 

kg/cm2

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 7d 28d

X73 51.00 40.80 1.3 0.9 6 16.1 39.0 60.5 64.0 169 428
61.2 137 432

x74 50.49 40.76 1.3 1.0 6 18.2 39.0 66.5 60.5 179 463
53.1 184 466

x75 50.89 40.71 1.3 t.l 6 14.5 37.0 78.5 60.5 167 491
60.0 164 485

X76 50.83 40.67 1.3 1.2 6 16.1 37.1 67.5 66.2 179 463
67.0 183 472

x77 50.44 40.36 1.3 0.9 7 12.0 31.2 62.0 39.4 153 456
52.5 157 419

x78 50.39 40.31 1.3 1.0 7 12.3 39.5 62.5 53.1 161 438
58.7 169 456

X79 50.33 40.27 1.3 1.1 7 8.5 36.5 65.0 53.7 157 453
52.8 174 385

X80 50.28 40.22 1.3 1.2 7 14.1 41.0 77.8 55.5 171 456
51.5 178 459

X81 49.89 39.91 1.3 0.9 8 13.0 40.8 64.5 54.5 158 469
57.0 161 494

x82 49.83 39.87 1.3 1.0 8 13.5 42.0 73.0 47.5 156 463
52.8 158 475

x83 49.78 39.82 1.3 1.1 8 10.0 31.5 72.5 47.2 134 438
41.0 136 447

x84 49.72 39.78 1.3 1.2 8 9.5 33.0 63.0 49.9 159 463
45.0 164 459



the K2SO4-content in the presence of 1.1 to 1.2 
Ca(OH)2. However, stronger mortars are obtained 
with increasing K2SO4-content in the presence of 
1.3 to 1.4% Ca(OH)2.

Conclusion: a large quantity of K2SO4 is always 
favourable, except for an A/S ratio 45/45, tested after 
3 days.

Influence of the Anhydrite-Slag Ratio
First of all there is the influence of this ratio on 

the effect of the other components, as discussed in the 
previous paragraphs. 1

On the other hand, we can establish that about 
90 % of the samples made with a 50/40 anhydrite/slag 
ratio are stronger than the corresponding samples 

Table 8.
A/S: 50/40
Ca(OH)2: 1.4%

No.
Composition Flexural strength 

kg/cm2
Compressive strength 

kg/cm2

A(%) S(%) C(%) K(%) Al(%) 3d 7d 28d 3d 7d 2§d

x85 50.94 40.76 1.4 0.9 6 11.8 38.0 65,8 51.9 153 415
61.0 164 388

x86 50.89 40.71 1.4 1.0 6 13.0 41.5 67.8 60.0 163 391
55.0 171 419

x87 50.83 40.67 1.4 1.1 6 13.8 36.5 58.5 58.1 (139) 422
58.5 172 444

x88 50.79 40.62 1.4 1.2 6 14.7 40.0 63.5 60.6 162 469
58.8 178 489

x89 50.39 40.31 1.4 0.9 7 15.0 39.5 69.5 57.5 164 506
61.0 175 494

x90 50.33 40.27 1.4 1.0 7 15.8 35.0 67.5 58.1 170 487
58.8 159 516

x91 50.28 40.22 1.4 1.1 7 11.0 36.0 66.5 54.8 164 453
55.3 155 464

x92 50.22 40.18 1.4 1.2 7 15.1 35.0 66.0 58.1 162 481
58.8 164 491

x93 49,83 39.87 1.4 0.9 8 14.3 41.0 68.5 56.2 164 426
53.7 161 444

x94 49.78 39.82 1.4 1.0 8 11.8 37.0 65.5 53.7 156 462
51.8 153 462

X95 49.72 39.78 1.4 1.1 8 14.5 37.5 66.5 57.5 173 485
58.1 179 481

x96 49.67 39.73 1.4 1.2 8 14.1 32.5 68.2 48.1 143 491
50.0 148 437

Table 9,
A/S: 50/40
Ca(OH)2: 1.5%

No.
Composition Flexural strength 

kg/cm2
Compressive strength 

kg/cm2

A(%) 8(7.') C(%) K(%) AJ(%) 3d 7d 28d 3d 7d 2Sd

x97 50.89 40.71 1.5 0.9 6 13.5 44,0 54,0 51.2 133 324
58.4 131 290

x9S 50.83 40.67 1.5 1.0 6 14.0 42.5 57.5 54.7 142 326
52.5 147 344

X99 50.78 40.62 1.5 1.1 6 ■ 12.5 45.5 55.2 55.9 160 316
55.6 158 347

X100 50.72 40.58 1.5 1.2 6 14.2 44.0 60.5 63.8 154 347
62.1 166 349

X101 50.33 40.27 1.5 0.9 7 14.5 44.5 55.0 53.1 144 338
53.1 153 363

X102 50.28 4Ö.22 1.5 1.0 7 12.2 40.2 55.2 54.1 152 349
58.1 156 331

X103 50.22 40.18 1.5 LI 7 14.0 36.5 62.5 78.8 188 378
68.8 - 180 370

X104 50.17 40.13 1.5 1.2 7 17.5 44.5 67.5 80.6 191 434
83.1 198 397

X105 49.78 39.82 1.5 O.9 8 11.5 33.0 60.3 52.6 127 448
60.8 127 418

X106 49.72 39.78 1.5 1.0 8 11.6 29.5 63.2 58.9 135 444
59.7 134 428

X107 49.67 39.73 1.5 LI 8 11.2 25.5 54.0 61.9 126 432
61.0 125 415

X108 49.62 39.68 1.5 1.2 8 11.2 29.0 60.7 59.4 138 427
58.9 140 440

- . ...---------



made with a 45/45 ratio. The superiority of the 50/40 
samples with respect to the 45/45 samples goes from 
20 % for a lime content of 1.1 % to 5 % for a lime con
tent of 1.3%, as can be seen in Fig. 1, which shows 
the mean value of the compressive strengths after 
3, 7 and 28 days as a function of the A/S ratio and the 
Ca(OH)2-percentage.

The Optimum Composition

If we want to conclude from the previous paragraphs 
as to the optimum composition, we are faced with two 
difficulties:
—first of all, the influence of a specific component 
can not be predicted without taking into account the 
quantities of the other components in the cement. 
In other words, as to the strength of the sample, 
the complete composition has to be seen as a whole. 
—secondly, the conditions to have a strong sample 
at short term contradict those to have a good sample 
at long term. Very rare are the samples which give 
good results after 3 and after 28 days. For these 
reasons, the optimum compositions at short and at 
long term will be discussed separately.

The Optimum Composition for Strong Samples 
at Short Term

The highest mechanical strengths after 3 days are 
obtained with a 50/40 anhydrite/slag ratio, independ
ently of the other components.

—secondly it has been noticed that a small per
centage of aluminous cement gives the best results 
after 3 days. In the systematic research about the 
influence of the different components not less than 6 % 
aluminous cement has been used. Therefore, later on, 
some samples with only 5% aluminous cement were 
made: unfortunately, the mechanical strength 
decreased at short term, whereas at long term the 
samples could only be considered equivalent to those 
with 6% Al.

—by using a 50/40 anhydrite/slag ratio, it has 
been found advantagous to add up to 1.5 % Ca(OH)2. 
Even compressive strengths of 80 kg/cm2 were 
obtained, which are the highest ones ever gotten during 
our study of anhydrite cement.

—it can hence be stated that a strong sample 
at short term should have the following composition:

Anhydrite-slag ratio: 50/40
Aluminous cement: 6 to 7%
Ca(OH)2: 1.5% •
K2SO4: 1.2% 

(the compressive strength after 28 days has a value

compressive strength kg/cm:

500

+ A/S1 50/40
O A/s: 45/45

28 days

300
200

100

Ca(0H)s%

Fig. 1. Mean value of the compressive strength as a function 
of the composition of the anhydrite cement.

of 400 kg/cm2).

The Optimum Composition for Strong Samples 
at Long Term

According to the tests compressive strengths higher 
than 550 kg/cm2 after 28 days can be obtained with 
the following composition:

Anhydrite-slag ratio: 50/40
Aluminous cement: 2 °/

Ca(OH)2: 1.1 %
K2SO4: 12%/o

The Optimum Composition for Strong Samples 
after 7 Days

Out of the tables it can be seen that, after 7 days, 
the compressive strength is higher than 180 kg/cm2 
for the optimum composition after 3 days, mentioned 
above, and for the following one:

Anhydrite-slag ratio:
Aluminous cement:
Ca(OH)2:
K2SO4: 

50/40
6% 
1-2%
1.0 to 1.2%

(after 28 days the compressive strength amounts to 
540 kg/cm2)



Standard Specifications and Comparisons 
with Portland Cement

Flexion and Compression Strength
The Belgian standard specifications for flexural and 

compressive strengths (NBN 178.53) of plastic mortars 
(Rilem-Cembureau method) on a base of portland 
cement are formulated for final approval as follows:

3d 7d 28d

Flexion strength kg/cm2 — 30 50
Compression strength — 160 300

The following compositions meet the standards: 
with an A/S ratio of 45/45:

—some with a Ca(OH)2-content of 1.3 %, when the
K2SO4-percentage amounts to 1.2%

—all with a Ca(OH)2-content of 1.4 %.
with an A/S ratio of 50/40:

the largest part of the compositions with Ca(OH)2- 
contents equal to 1.2, 1.3 and 1.4%.
Our results after 7 days are up to 30% higher 

than the standards as far as the flexural strength is 
concerned, and up to 20% as far as the compressive 
strength is concerned; after 28 days the percentages 
can even reach the values of 50% and 90%, respec

tively. •

Setting Times (NBN 178.31) and Soundness
, (NBN 178.32)

The proposed Belgian standards stipulate that the 
initial setting time of portland cement should not be 
less than 90 minutes, but not be more than 10 hours. 
As far as the soundness is concerned, the increase of 
distance separating the indicator points of the appa
ratus for conducting the “Le Chatelier” test may not 
exceed 3 mm.

. Some figures for anhydrite cement are given below:

Anhydrite cement also conforms to these standards 
of portland cement. . .

sample X 28 sample X104 
(much lime)

standard consistency
NBN 178.30: % water 38 37

setting times
NBN 178.31: initial 5h 5.15h

final 9.35h 7.35h
soundness

NBN 178.32
Le Chatelier test 0.9 mm . 1.7 mm



Supplementary Paper IV-128 Chemistry of Slag-Rich Cements

Julie C. Yang*

Synopsis

The hydration studies of slag-rich cements has been studied with emphasis on the effect 
of cement composition and curing conditions on strength properties and chemical stability 
of cement products. Blast furnace slag cement, composed of about 75 per cent finely ground 
granulated slag powder and 25 per cent portland cement is suggested for structures cured either 
under high-humidity atmospheric pressure or autoclave conditions including asbestos-cement 
building products, whereas supersulphated cement is recommended for air-cured massive 
structures or other applications requiring good sulphate resistance.

Introduction

Granulated blast furnace slag is known to have 
hydraulic activity. When it is finely ground and mixed 
with activators, it can be made into a cement for 
construction work. Slag-rich cements consist of a 
finely powdered mixture of a high percentage of 
granulated blast furnace slag, and alkaline activators 
such as portland cement clinker, portland cement, 
or calcium hydroxide. In the case of supersulphated 
cement, dehydrated gypsum (anhydrite) is added 
with the alkaline activators.

Because of its excellent resistance to chemical 
attack (1-9), and its low heat of hydration (10-12), 
many successful structures have been constructed 
with slag cements in Europe during the past fifty 

years. Slag-rich cements are claimed to be more 
resistant to sulphate attack than Type V portland 
cement (13-15). Its resistance to inorganic acids and 
food wastes makes it particularly suitable for sewers 
which carry such effluents, and it also affords some 
protection against the action of bacteria. Its low heat of 
hydration makes it particularly suitable for structures 
requiring large masses of concrete, such as dams, 
and thick dock walls.

It is intended in this paper to provide basic informa
tion on the setting properties and hydration products 
of slag-rich cements under various curing conditions 
and an evaluation of its potential in the manufacture 
of autoclaved building products.

Experimental

Composition

Slag cements employed in this investigation consist 
of at least 65 per cent by weight granulated blast 
furnace slag. Two main classes of slag cements are 
discussed: (a) blast furnace slag cement composed 
of granulated slag and portland cement, and (b) 
supersulphated cement. The latter is a mixture of 
at least 75 per cent of granulated slag, anhydrous 
calcium sulphate and up to 5 per cent of an activator 
such as lime, portland cement clinker, or portland 
cement.

The granulated or quenched slag must consist

‘Research and Engineering Center, Johns-Manville Products 
Corp., Manville, New Jersey, U.S.A. 

almost entirely of glass and must have a suitable 
chemical composition in order to have hydraulic 
activity. Numerous investigations have been made to 
correlate the chemical composition and hydraulic 
activity of slags (16-24). The hydraulic activity of a 
slag generally rises with increasing contents of CaO 
and A12O3 and with decreasing contents of SiO2 
and MnO. Parker and Nurse (17) have adopted a 
formula to determine the quality of slag by a factor M, 
wherein:

M = + A12O3 . 0 z.x
SiO2 + MnO

The oxides are in weight per cent, and the amount 
of CaO must be corrected for Ca present as CaS. 
Knowledge of the extent to which MgO can replace 



CaO and yet maintain a satisfactory cement is rather 
limited. Stütterheim and Nurse (25) and Stiitterheim 
(26, 27) found that it is possible to make a good 
hydraulic cement with high-magnesia slags containing 
13 to 21 per cent MgO with little or no risk of forming 
free periclase which might cause disruptive expansion.

Blondiau (28) suggested the composition of a suit
able slag for supersulphated cement as one having a 
CaO/SiOj molar ratio of 1.45/1.0 to 1.54/1.0 and a 
SiO2/Al2O3 ratio between 1.8/1.0 to 1.9/1.0. A SO3 
content of 6 to 9 per cent, corresponding to 10.4 to 
15.3 per cent of anhydrite is also desirable for a good 
supersulphated cement.

Four commercial supersulphated cements and six 
experimental slag cements made from domestic and 
foreign slags also were investigated. The commercial 
supersulphated cements were obtained from Belgium, 
England, and Germany, respectively. With the excep
tion of the Belgian cement, 3.5 to 5.0 per cent of port
land cement was detected in all of the cements. The 
identification of calcite (CaCO3) and of hydrated lime 
in trace quantity in the Belgian cement led to the 
assumption that calcium oxide or hydroxide was the 
activator.

The experimental blast furnace slag cement was 
prepared by mixing calculated amounts of preground 
glassy slag (65 to 95 per cent) and the balance of port
land cement. The supersulphated cement composi 
tion was 83 per cent slag, 12 per cent anhydrite and 5 
per cent portland cement, unless specified. The granu
lated slags were from Homestead, Pennsylvania; 
South Works, Illinois (U. S. Steel); Woodward, 
Alabama (Birmingham Slag Division, Vulcan 
Materials Company); St. Louis, Missouri (St. Louis 
Slag Products Company); and Pretoria, South 
Africa*.  These slags were ground to a Blaine fineness 
of 4200 to 6000 cm2/g, much finer than regular 
portland cement, to promote hydration and the 
development of early strength. The analysis of these 
slags and of the commercial cements are listed in 
Tables 1 and 2, respectively.

*Courtesy of Dr. N. Stiitterheim, South African Council for
Scientific and Industrial Research, Pretoria, South Africa.

Sample Preparation for Hydration Studies 
at Atmospheric Pressure

Slag cement pastes with a water/solid ratio of 0.60 
were prepared with boiled distilled water to minimize 
the contamination by CO2. Twenty gram samples 
were sealed in polyethylene bottles and allowed to 
hydrate for 24 hours to 60 days at 23 yz2cC in a tum-

Table 1. Chemical composition of commercial 
supersulphated slag cement

Chemical composition 
(%) Belgian Belgian German

No. 325
German
No. 225

Ignition loss (1000°F) 0.47 0.20 1.59 1.33
CaO 45.30 41.60 42.02 41.80
SiOg 26.70 30.30 24,96 24.64
A12O3 11.80 14.40 14.54 14.70
MgO 4.20 4.10 5.92 5.7S
FesO3 0.83 0.86 0.41** 0.38**
TiOs 0.56 0.54 * *
p2o5 0.43 0.10 * *
MngOs 0.30 * 1.03 0.92
K2O 0.49 L10 0.41 0.42
s- 0.89 0.95 1.12 1.13
SOs 7.50 5.92 7.77 8.72
Na2O 0.56 0.34 0.68 0.64

Total (%) 100.03 100.41 100.45 100.46

CaSO4 (Calculated %) 12.75 10.06 13.21 14.82

Blaine fineness (cm2/g) 6000 4920 3850 3650

* Not determined 
^Determined as FeO

Slag composition (%)

Table 2. Chemical composition of slags and portland cement 
employed in experimental slag-rich cements

Calculated 
as oxides

South
Works

Home
stead

Wood- St. Louis Pretoria
Portland 
cement 

(Type I)

CaO 43.1 42.4 42.3 41.4 34.1 64.0
SiO2 34.3 34.3 39.1 33.7 35.4 21.7
A12O$ 10.2 11.8 11.5 14.4 10.3 4.8
MgO 6.3 5.2 3.2 5.8 14.6 3.0
FegOs 2.3 1.6 0.53 0.74 0.2 2.6
TiOa 0.4 0.55 0.38 0.31 0.4 0.24
P2Os 0.15 0.01 0.02 0.01 0.01 0.18
MnaO? 1.60 1.2 0.52 0.47 0.46 __
k2o 0.19 0.40 0.21 0.99 1.20 0.60
NagO 0.19 0.23 0.29 0.19 0.24 0.34
s- 1.41 1.70 1.10 1.39 0.90 —
SOs
Ignition

0.09 0.07 trace 0.33 trace 2,1

(1800°F)
0.22 0.31 0.60 0.20 0.11 0.76

Total 100.49 99.77 99.75 99.93 101.20 ..100.32

Calculated as:
C3S
BCsS
c3a
c4af

53.63
22.28

8.32
7.91

Glass content >95 >95 >95 >95 >95
Refractive
index of glass 1.66 1.66 1.64 1.64 1.645
Insoluble
residue 0.39 0.34 0.29 0.36 0.17

bling device. Other samples were hydrated at various 
temperatures and times in a CO2-free atmosphere. 
After the reaction periods had been completed, the 
materials were filtered, washed with acetone, and 
dried in a vacuum desiccator over Ascarite and 
calcium chloride. .



Sample Preparation for Hydration Studies 
under Hydrothermal Conditions

A water suspension of 2 grams of slag cement in 
40 ml distilled water was placed in a 100-ml capacity 
stainless steel autoclave. The assembly was closed and 
the cement was allowed to hydrate at room temperature 
for 24 hours. Then the assembly was heated to the 
desired temperature for the required time and 
quenched. The product was filtered and dried in the 
same manner as described in the case of atmospheric 
pressure.

Sample Examination and Identification

X-ray diffraction diagrams of the partially or 
completely hydrated samples were obtained with a 
Norelco diffractometer, using copper Koc radiation. 
The microscopic examinations were made with a 
Zeiss polarizing microscope. These methods included 
examination of thin section by transmitted light and 
with cross-polarization, and similar examination of 
powders in oil immersion. In addition, polished 
sections etched in sulphur were examined by reflected 
light.

Strength Determinations

Compressive Strength
Compressive strength tests were made on 1-in. 

cube specimens, each of which initially contained 28 
grams of solids. Both room-temperature-cured and 
autoclaved products were formed from 50 per cent by 
weight slag cement and 50 per cent silica flour (2600 
cm2/g Blaine fineness). The water/cement ratio was 
0.60. The procedure for molding the cube specimens 
was similar to that of ASTM method C109 for 2-in. 
cubes. The ASTM method was also employed in 
some tests.

The room-temperature-cured cubes were kept in a 
humidity chamber at 90 per cent relative humidity 
for 28 days at 23 ±2°C; the autoclave-cured cubes 
were kept under the same conditions for 24 hours 
and then treated hydrothermally for 16 hours at either 
170°C or 182°C and their corresponding saturated 
steam pressures. The specimens were saturated by 
immersion in water for 24 hours at 23 zE2°C and then 
broken for their compressive strength on a 60,000-lb 
Baldwin universal testing machine. Each value was 
the average of ten cubes.

Flexural Strength
Flexural strength was determined using asbestos

cement specimens 3 X 8 X 1/4-in., prepared from a 
mixture containing a special chrysotile asbestos 
fiber blend (from Johns-Manville Jeffrey mine, 
Quebec, Canada); pulverized sand flour (2600cm2/g 
Blaine); and either portland cement(Type 1,3650cm2/g 
Blaine fineness) or slag-rich cement.

The formulation usually consisted of 20 per cent 
by weight fiber with the balance varied in composition 
as specified, but expressed in terms of silica/cement 
ratio. For example, for a composition with 20 per 
cent fiber, 30 per cent silica, and 50 per cent slag 
cement, the silica/cement ratio is 0.60. The weight 
of the original solids per sample was 150 grams.

A liter of water was added to the premixed dry 
blend and stirred vigorously for one minute at 500 rpm. 
The slurry was filtered, tamped, and pressed in a 
confined mold at 10,000 psi for 10 seconds. The 
samples were cured in the same fashion as the cubes 
and tested for flexural strength according to ASTM 
C223-55 method. For each composition, the modulus 
of rupture (in psi) was computed from the average 
of four samples.

Strength Determinations of Asbestos-Cement Pipe
Methods covering the strength tests of asbestos

cement pipe are described in detail in ASTM method 
C500.

For a 6-inch diameter, 10-ft class 150 pipe, flexural 
strength was determined on a 9-ft span with third 
point loading for a 5-second dwell period. Hydrostatic 
strength was tested to an internal pressure of 525 
lb for a 5-second dwell time, and crush strength was 
determined by crushing 1-ft section under load on a 
60,000-lb Baldwin testing machine.

Setting Property Determinations of 
Asbestos-Cement Compositions

Rate of setting of hydraulic cement is determined 
by measuring the plasticity of an asbestos cement 
specimen. The measurement is also an indicator 
of the shape-retaining characteristics of a product, 
and is employed to determine the effectiveness of 
accelerators.

In the laboratory, oblong specimens 3 X 8 X 1/4 
inches were prepared as described in the section of 
flexural strength. An accelerator solution, if needed, 
was poured over the sample prior to pressing. The 
pressed sample was then transferred immediately to 
test equipment which measures the deviation from 



horizontal under a given load at a specific time. A span 
of 6 inches and a load of 140 grams were employed for 
all the determinations.

For large-diameter pipe, the linear deformation 

(out-of-roundness) was measured when a 1-ft pipe 
section of about 2-hour age was placed between two 
steel plates of a press to which a given load was 
applied.

Results and Discussion

Cement Hydration and Setting at 
Atmospheric Pressure

When blast furnace slag cement is in contact with 
water, glassy slag particles release Ca++ ions to the 
solution. Calcium hydroxide, liberated also from the 
hydration of the activator portland cement, reacts with 
the colloidal acid hydrates on the surface of the slag 
grains to form hydrated calcium aluminates, silicates, 
and hydrogarnets (29-32). Composition of the calcium 
silicates depends upon the CaO concentration in the 
solution. At low CaO concentration, CSH-I* (0.8-1.5 
CaO ■ SiO2 ■ XH2O) will form, and if the CaO content 
exceeds 0.020 mol/liter according to Taylor (33), 
CSH-II (1.7-2.0 CaO-SiO2 XH2O) will be obtained.

Hydration of supersulphated cement takes place 
when the colloidal acid hydrates react with the 
available CaSO4 in a high Ca++ ion concentration to 
form calcium sulfoaluminates (31, 32, 34).

X-ray diffraction and microscopic identification 
of the hydrated products of experimental blast furnace 
slag cement and a British supersulphated cement at 
atmospheric pressure are presented in Tables 3 and 4, 
respectively. In a slag-rich cement concrete or mortar, 
whether it is composed of a blast furnace slag or a 
supersulphate cement, if sand or fine quartz powder 
is added as filler or aggregate, there is no evidence of 
chemical reaction between the cement components 
and quartz at room temperature. The data of Table 
4 are typical for all the supersulphated cement 
investigated including the experimental cements.

The main hydration products of the blast furnace 
slag cement containing 25 per cent portland cement 
are found to be CSH-I and C4AH13 or its solid solu
tion with 3 CaO-Al2O3-CaCO3-12H2O at ambient 
conditions; tobermorite and some hydrogarnet phases 
at elevated temperatures. The slag cement made with 
high magnesia slag content of 14.6 per cent (Pretoria 
Slag) showed no detectable free MgO or Mg(OH)2 
upon hydration.

Hydration of supersulphated cement yielded a 
very poorly crystallized ettringite (3 CaO-Al2O$- 
3CaSO4 -31H2O) after 15 to 20 minutes which was 
developed subsequently into a well-crystallized 
material, probably a mixture of ettringite and its 
solid solution in which Al"1"3 ions were isomerically 
replaced by Fe+S ions or CaSO4 replaced by Ca(OH)2 
or CaCO3. The monosulphate salt (3 CaO-Al2O3- 
CaSO4 • 12H2O) was found in some samples, especially 
when the hydration was carried out at 75 to 80°C, 
but not consistently. Gypsum (CaSO4 • 2H2O) was also 
found in small quantities in short-term hydrated 
products. In a 28-day hydrated sample, ettringite was 
present in fine needle-like crystals, exhibiting a low 
birefringence, a mean refractive index of 1.48, and a 
CSH-I binding gel. (Fig.l). An increased amount 
of ettringite with improved crystallinity was obtained 
with prolonged reaction time or with increasing tem
perature up to about 50°C. Unreacted slag particles 
were still quite abundant in this temperature range.

*In this presentation, abbreviations for the formulae of oxides
most often encountered in cement chemistry are used, such as C 
for CaO, A for A12O3, S for SiO2, F for Fe2O3, and H for water.
3 CaO-SiO2 thus becomes C3S.

Table 3. Hydration of Mast furnace slag cement 
at atmospheric pressure

Blast furnace slag cement composition:
75 % Slag + 25 % Portland cement

Slag employed 
(Blaine fineness)

South Works 
(4300 cm«/g)

Pretoria 
(5940 cm2/g)

Hydration condition
Product formed

Time % RH

Product formed

Up to 1 day

7 days

28 days

20-25cC 
90% RH 
70-72°C 
90% RH 
2O-25°C 
90% RH 
70-72‘3C 
90% RH 
20-25°C 
90% RH 
70-72°C 
90% RH

Amorphous material 
(C), C3SH2*, G4AHi3*, LS
C, C4AH13, LS*

C, (C4ÄH1S), LS*

T, LS*, H*

C, (CjAHig)

T, (H)

C>C4ÄHi3, LS*

CiAHts, (C), LS*

C4AH15, C, LS*

T, H*

C,(C<AHn)

T, H*

( ) "Denotes minor or intermediate quality
* Denotes trace amount
C = CSH-I = (0.8 - 1.5) C^OSiOs-x HSO - ,

CsSHs = 3CaOSiO2-2H5O
C4AH13 = 4CaO A12O3-I3H2O or its solid solution with SCaO-AUOs 

•CaCOs 12HSO
LS = Calcium monosulphoaluminate SCaOAhOa’CaSOidSHtO

. T = Tobermorite-like CSH-I (good 11.2Ä peak)
H = Hydrogarnet solid solution series

- [SCaO'AlsOs-nSiOs-^S — nIHsO] where 0 < n < 3



Table 4. Phase identified in a British supersulphated cement hydrated at atmospheric pressure (85-95% RH)

_ __ Temp. (°C)
Time (hr-day) _

—
20—27 40—50 75—80 95—98

0.25—0.50 hr 
1.0 — 3.0 hrs 
5.0 — 7.0 hrs 
16 hrs—3 days
5—20 days 

28—60 days

A, E*
A, (E), (M) LS* 
(A), E, C* 
(A), E, (C) 
A*. E, C 
A*, E, C

D, A, E*, (M)
A, D, (E), (C), LS*
D, A, (E), LS*
D, A, E, C
D, (A), (E), T
D, A*, (E),T .

A, D, (M)
A, C, (E), (M), (D), (LS)
A, (E), (LS), (D), T
A, (E), (LS), (D), T
A, T, LS», (D)
A, T, (D)

A. T, (D), (LS) 
A, T, D, (LS) ' 
A, H, T
A, H, T 
A, H, T
A, H, T

( ) Denotes minor or intermediate quality
T Denotes trace amount
A = Anhydrite (CaSOa)
E = Ettringite OCaO AhOs -SCaSOj-SIHgO)

LS = Calcium monsulphoaluminate (SCaO-AhOa-SCaSOj-^HaO)
M = Hydrated calcium sulphate (CaSOrZHaO, Gypsum)
D = CSH-I (0.8 - 1.5) CaO SiOB-XHsO
T = Tobermorite-like CSH-I (good 11.2Ä peak)
H = Hydrogarnet solid solution series 3CaO*A12Os‘nSiO2«2(3 — nJHgO where 0 < n < 3

Fig. 1. An English supersulphated cement hydrated at 23 ± 2°C, 
90% RH for 35 days (thin section) 

. (x200)

Increasing temperature above 50°C resulted in a 
gradual decomposition of ettringite to calcium alu
minate hydrates, probably C3AH6 and anhydrous 
calcium sulphate (CaSO4); no gypsum was detected. 
Hydration at 95 °C resulted in the formation of tober- 
morite (C5S6H5) and also the appearance of poorly- 
defined hydrogarnets presumably in the solid solution 
series of C3AH6-C3ASnH2(3_ri) where 0 < n < 3. 
Sträfling compound (35-37), or gehlenite octahydrate 
(C2ASH3) was not detected in any of the hydrated 
pastes. ■

The rate and extent of hydration reactions are 
determined by the characteristics of the calcium 
sulphate present (a predominant factor in supersul
phated cement), temperature, and rate of release of 
acid hydrates (hydrated alumina and silica) and 
other components from the slag cement (38-40).

The good sulphate resistance of the slag-rich cement 
product is attributed to the absence of free Ca(OH)2 

in the set cement and the low C3 A content in the minor 
portland cement component. Furthermore, the low 
heat of hydration of the slag cement permits the con
struction of water-impervious massive structures 
which are free of cracks—an important feature for 
structures exposed to sea water or underground 
aggressive surroundings (41).

Structures made of slag-rich cement should be cured 
under highly humid conditions, especially the first 
2 to 3 days, to prevent surface carbonation and drying 
out which cause “dusting" (42) and low strength. 
Most of the well-cured specimens were very dark, 
usually bluish grey in color when they were freshly 
cured; and, in aging, the color of these products 
lightened as a result of oxidation of colored poly
sulphides to corresponding sulphates.

Blondiau and other researchers (3, 5, 6, 7, 13, 14 
and 15) have independently carried out long-term 
corrosion tests with an air-cured slag-rich cement 
specimen. They found that in aggresive solutions, 
such as 2 to 5 per cent solutions of Na2SO4, MgSO4 
or (NH4)2SO4, triple-strength sea water and 0.25 
per cent sulphuric acid at a pH of approximately 1.3, 
slag-rich cements (with slag content greater than 65 
per cent) showed better chemical resistance than the 
portland cement specimens used in the studies. 
However, the reactivity of ettringite, one of the main 
hydration products of . air-cured, supersulphated 
cement, in contact with weak inorganic mineral 
acid of 0.5 per cent concentration or more, or on 
long period exposure of more than eight years (43), 
or to high concentration of organic acid generated 
from food and waste, cannot be ignored.

Previous findings by the author (44) showed that a 
synthetic ettringite reacted with these media slow
ly to form insoluble calcium salts such as gyp
sum (CaSO4 • 2H2O); calcium citrate tetrahydrate 
[Ca3(C6H3O7)2-4H2O]; or partially soluble acetate



[Ca(C2H3O2)2] and lactate [Ca(C3H5O4)-5H2O].

Cement Hydration Reactions under 
Hydrothermal Conditions

The hydration of slag-rich cements under hydro
thermal conditions up to 300°C was investigated to 
determine the possibility of accelerating the rate of 
setting, of providing adequate strength in a short 
period of curing, and of forming compounds of high 
chemical stability. .

When the supersulphated cement paste was sub
jected to temperatures above 100°C at saturated steam 
pressure, ettringite and calcium monosulphoaluminate 
could not be detected by an instrumental method. 
The slag particles in the cement autoclaved at 170°C, 
100 psi or higher temperature and pressure exhibited 
some thin reaction rims, as shown in Fig. 2. The mean 
index of refraction of the gel matrix was 1.54. X-ray 
diffraction examination revealed the presence of 
CaSO4, tobermorite and a weak pattern of hydro
garnets.

Blast furnace slag cement hydrated under similar 
hydrothermal condition to form tobermorite and 
hydrogarnets as shown in Table 5.

Anhydrite (CaSO4), which was originally present 
in the supersulphated cement, probably reacted par
tially when the cement was in contact with water to 
form ettringite prior to the hydrothermal treatment. 
When the product was autoclaved, ettringite decom
posed to yield fine crystalline CaSO4, which recry
stallized during the hydration process and grew to 
crystals up to 20 microns, as observed by microscopic 
methods.

Fig. 2. An English supersuphated cement autoclaved 5 days 
at 225OC, 345 psi (thin section) 

(X200)

Since anhydrite is not a strength-contributing binder 
by itself, and ettringite is neither stable nor formed 
under hydrothermal conditions, the presence of a 
large amount of CaSO4 in a cement is not desirable 
if the cement will be subjected to an autoclave cure. 
In addition, the free CaSO4 present in a set product 
may slowly react with the hydrated slag components 
to form ettringite which results in volume expansion 
and cracking with age. Consequently, blast furnace 
slag cement is preferred for autoclave-cured products 
to the supersulphated cement

Hydrogarnet formation is highly desirable for sul
phate resistance and high resistance to carbonation 
(13, 43,45). The diffraction peaks of the hydrogarnets 
gradually shifted, indicating a lower cell constant, 
at higher temperature autoclaving in addition to the 
improved crystallinity, presumably attributable to a 
lower water content and higher silica content (46, 47).

Table 5. Hydration products of slag-rich cement neat pastes 
and mortars under hydrothermal conditions " '

(16 hrs at 183°C, 150 psi followed a 24 hr air cure 
at 23 ± 2°C, 90 % RH)

Cement species

Composition (Per cent)

Products identified
(Per cent)

Silica flour

(2600 cm3/g
Blaine)

Portland . 100 0 T, X, (Ca(OH2))
Portland 50-65 35-50 T, (X), Q .

British supersulphated 100 0 H, (T), (A), (X)
British supersulphated 80 20 T, H*. (A), (X), (Q)
British supersulphated 50 ’ 50 - T, G, (A), (Q)

Blast furnace slag 100 0 ■ T, H, (X)
95 5 (T), H, (X), (Q)

75 % South Works 80 20 T, (H), (X), (Q)
slag (4300 cm2/g) 72 28 T, H*. (X), Q
+25% portland cement 63 37 T, G, (X), (Q)

50 50 T, G, (X), (Q)

( ) Denotes minor quantity
* Denotes trace
T = Tobermorite = SCaO-öSiOa-SHsO
H = Hydrogarnet solid solution series

3CaO-Al2O3 (SiO2)n-(H2O)2<3-ft) where 0 < n < 3
X = Xonotlite = öCaO-öSiOg HsO
Q = Quartz -
G = Gel of hydrated calcium aluminosilicates with mean refractive index 

n = 1.53 to 1.56

Table 6. Hydrogarnet formation from a synthetic blast 
furnace slag cement* treated hydrothermally

Temperatures (°C) 
steam pressure 
and its saturated

Unit cell dimensions of hydrogarnet ao (in Ä)

6 hrs 1 day 2—4 days 7 days 14 days

120 __ 12.40 12.28 12.28
150 12.28 12.28 12.24 12.23 12.21
170 12.28 12.24 12.21 12.21 —
200 12.25 12.22 12.18 12.13 12.07
250 ' 12.17 12.17 12.13 12.13 12.07
300 12.10 12.07 12.05 12.02 12.02

•Blast furnace slag cement composition •
75 % South Work slag (4850 cms/g Blaine fineness)

25 % Portland cement , •



The unit cell dimensions of the hydrogarnets were 
computed and are listed in Table 6.

As autoclaving temperature approaches 225°C, 
the gel matrix of the product became coarser and more 
granular than that of the low-temperature treated 
specimen. Noted difference in the appearance of the 
binding gel was observed in Figs. 1 and 2, and the 
slag grains of the higher pressure autoclaved products 
were surrounded by thicker reaction rims. X-ray 
examination showed a distinctive hydrogarnet pattern 
in the specimen of Fig. 2 which has been reacted 5 days 
at a temperature of 225°C. The hydrogarnet form
ed resembled plazolite, 3CaO-Al203-2Si02-2H2O, 
(48, 51) a cubic mineral which has a unit cell dimen
sion a = 12.14 Ä and a refractive index of 1.675. 
Synthetic plazolite with the same unit cell constant was 
prepared hydrothermally as a standard for comparison 
from a pure C3AS2 glass autoclaved at 250°C, 580 
psi for 12 days.

Few unreacted slag grains remained after auto
claving for 24 hours at 225°C or above. At 300°C 
and its saturated steam pressure the hydrogarnet 
formed resembled hibschite, especially at long reac
tion periods of 10 to 14 days, a natural mineral 
which has the same theoretical composition and 
crystal habit as plazolite, but differs in optical prop
erties and unit cell dimensions. The lattice constant 
of hibschite has been reported as 12.00 ±0.02 Ä, the 
refractive index is (n) = 1.681 (48). Pabst (52) and 
Cornu (53) observed independently that the cloudy 
nuclei of hibschite crystals had a higher refractive 
index than the crust and had slight birefringence. 
This suggested that the nucleus of hibschite probably 
contains some iron; otherwise the mineral is nearly 
identical in composition to plazolite. The chemical 
analysis by Belyankin and Petrov (54) indicated the 
presence of about 4 per cent Fe2O3 in hibschite. 
In autoclaving slag-rich cements in this p-t range, 
it is probable that a small amount of iron, from either 
the slag or the added portland cement, entered into 
the hydrogarnet structure and promoted the formation 
of a hydrogarnet of low unit cell dimension resembling 
hibschite. Without iron, the hydrothermal treatment 
of a pure C3AS2 glass, even at a higher temperature 
(354°C, 2500 psi) for 15 days, yields a product with a 
unit cell dimension a = 12.07 A (55).

In autoclaved-cured portland cement products, 
it is a common practice to add silicon flour (quartz) 
to reduce the free calcium hydroxide content by 
forming calcium silicate hydrates and to increase 
strength. Even though the slag-rich cements contain a 
small amount of free calcium hydroxide which is 
released by the activator upon hydration, addition of 

silica to the cement increased strength as well as 
lowered cost.

Data in Table 5 show that increasing the amount of 
silica flour of 2600cm2/g Blaine fineness added to 
the cement reduced the tendency of forming hydro
garnets. The molar ratio of CaO/Al2O3 in the hydrated 
binding gel decreased gradually with increasing 
amount of silica because of the ease of interaction of 
calcium hydroxide and the silica to form CSH com
pounds. When the added silica exceeded about 30 
per cent of the total weight, no hydrogarnet was 
detected by X-rays, and the CSH compounds were 
in predominant quantities. The X-ray pattern of the 
“CASH" gel was very similar to tobermorite; a 
noted decrease in intensity of 2.81 A and a shift of 
11.1 A to 11.6 A were observed. This indicated the 
introduction of A12O3 into the tobermorite lattice 
(56), the presence of A12O3 inhibited the formation of 
xonotlite. Petrographic examination of thin sections 
of an lOOpsi, 16-hour autoclaved blast furnace cement 
mortar showed a very fine-grained binding gel sur
rounded the quartz and glass particles. The mean 
refractive index of the binding gel was in the range 
of 1.53 to 1.56.

Effect of Cement Composition and Curing 
Conditions on Strength and Possible 

Applications

The strength of supersulphated cement cured under 
atmospheric pressure has been discussed in many 
technical articles, the general consensus indicated that 
even after seven days moist air and under water 
curing at 18 to 25°C, the compressive strength of 
concrete cubes made with supersulphated cement was 
about 20 to 35 per cent lower than that of the cor
responding portland cement specimens, but at the 
end of 28 days, the supersulphated cement mortar 
showed high strength (57-60). Our evaluation, as 
shown in Table 7(a) indicated that even at 28 days, 
the compressive strength of portland cement is still 
considerably higher. If the slag with high magnesia 
content (such as Pretoria slag) is employed to make 
supersulphated slag cement, it has to be ground to 
about 6000 cm2/g Blaine fineness in order to have a 
product of comparable strength to those cements 
composed of slags of low magnesia content (<6 per 
cent MgO) at 4500 to 5000 cm2/g, and to pass the 
ASTM Specification for Type IS portland-blast 
furnace slag cement (C 205) or (C 358) for Type S 
cement, or (C 150) for portland cement, since no 
specification has been set for supersulphated cement 



by ASTM.
The possibility of employing supersulphated cement 

compositions in autoclaved products was also investi
gated to secure the advantage of a shorter curing 
period and less storage space for the in-process 
material. The compressive strength data of Table 
7(a) show that for all the mortar tested, the autoclaved 
products exhibit better strength than the air-cured 
specimens, but is still 25 per cent or more lower than 
the corresponding autoclaved portland cement prod
ucts. This is assumed due to the presence of a con

siderable amount of non-strength contributing CaSO4.
Compressive strength of 2-in. blast furnace slag 

cement cube specimens were also evaluated. A com
position of 75 per cent slag and 25 per cent portland 
cement cured for 7 and 28 days showed equal or better 
strength than that of portland cement. Accelerators 
can be employed to promote early strength of the 
slag product and ease of handling in replacing super
fine grinding (61-63). Results in Table 7(b) indicate 
the effectiveness of calcium chloride. Autoclaving 
of blast furnace cement of the same composition is 

Table 7. Compressive strengths of slag-rich cement mortars
(a) Supersulphated cement—1-in. cube specimen

Water/Cement ratio = 0.6 Silica flour used = 2600 cm2/g Blaine fineness

Cement

Compressive strength MR (psi)

Silica/Cement ratio

Moist air cure 
23 ± 20C, 90% RH, 24 hrs 

then in water for

Autoclave cure 
23 ±2OC, 90% RH, 24 hrs 

then in water for

2 days 6 days 27 days
170°C
100 psi
16 hrs

I82°C
150 psi 
16 hrs

Portland __ 8200 — 0.6
Portland 2800 4300 7000 8800 9200 1.0
English 1700 2800 6300 6700 6700 1.0

German (Grade 325) 2200 3620 5380 6300 5700 1.0
German (Grade 225) 2100 3260 5100 6100 6000 1.0
Experimental* No. 1 1500 1600 4500 5000 5600 1.0
Experimental* No. 2 1500 2100 4300 6600 6200 1.0
Experimental* No. 3 1300 2820 3800 5200 5200 1.0

ASTM Specification 
C358-64T 600 1500 ___
C205-62T 1200 2100 3500 — — —

•Experimental cement composition: 83% slag, 12% CaSO* and 5% portland cement.
No. 1 Pretoriaslag (5940cm2/g)
No. 2 Homestead slag (4300cm2/g)
No. 3 Woodward slag (4900 cm2/g)

(Z>) Blast furnace slag cement—2-in. cube specimens ASTM C-I09

♦Autoclaving condition: 24 hrs at 90% RH, 23 ± 2°C, followed by 16 hrs at 170°C, 100 psi

Slag Cement composition ( %) Accelerator Compressive strength (psi) 1 day 
in moist air remaining in water

Source
Blaine

(cm2/g) Slag
Portland 
cement Species

Weight % 
(of total mixture) 3 days 7 days 28 days

St. Louis 4300 80 20 0 0 620 2780 3030
80 20 CaCl2 0.11 785 2800 4680
80 20 CaCla 0.267 1225 3190 5050
73 27 0 0 650 3690 4680
73 27 CaCla 0.11 1250 2780 4690
73 27 Cad, 0.267 1340 3140 4140
65 35 0 0 855 3020 3600
65 35 CaCl2 0.093 1175 3810 5320
65 35 CaCl3 0.267 1515 3440 __

St. Louis 4300 0 100 0 0 2380 3250 4240

ASTM Specification
C-205-62T Type IS cement 1200 2100 3500
C-358-64T r Type S cement — 600 1500

Autoclave cure*

Portland 0 100 0 0 4800
South Works 4750 75 25 0 0 4620
St. Louis 4300 75 25 0 0 4440



definitely favored, as shown also in Table 7(b); a 
high-strength product can be achieved.

The application of slag-rich cements in autoclaved 
asbestos-cement building products was studied. 
In these products, asbestos fibers are employed for 
reinforcement and to impart a measure of flexibility 
to the material. No chemical reaction could be detected 
by any instrumental means between asbestos fiber and 
the slag cement, either under air-cured or under hydro
thermal conditions, up to 200°C for 24 hours.

Flexural strength was measured for specimens 
consisting of 20 per cent chrysotile fiber blend, 
40 per cent silica flour, and 40 per cent slag-rich

Table 8. Flexural strength of autoclaved 
asbestos cement specimens 

(a) Effect of silicalcement ratio

Composition 
(Wt %o) SiO2 

/Cement

Flexural strength MR (psi)*

Fiber Cement Silica Portland 
cement

An English 
super

sulphated C.

Blast 
furnace** 
slag cement

20 80 0 0/1 3050 2860 3370
20 66.6 13.4 0.2/1 3100 3020 3410
20 57.2 22.8 0.4/1 4100 3190 3440
20 50.0 30.0 0.6/1 4190 3340 3520
20 44.4 35.6 0.8/1 4000 3400 —
20 40.0 40.0 1.0/1 4050 3310 3700
20 32.0 48.0 1.5/1 3490 3100 3480

* All test specimens were cured at 23 ± 2°C, 90%RH for 24 hrs, then 
autoclaved for 16 hrs at 170°C, 100 psi.

**The blast furnace slag cement was prepared with 75 % South Works 
slag (4850cm2/g Blaine fineness) and 25% Type I portland cement.

(/>) Effect of curing temperature and duration on asbestos 
supersulphated cement products

Cement
Silica 

/Cement
Curing condition * Flexural 

strength 
MR (psi)Temp 

co
Pressure

(psi)
Time 
(hr)

Portland cement 0.6/1 170 100 16 4190
Portland cement 1.0/1 170 100 16 4050

A Belgian
supersulphated 1.0/1 170 100 16 3100

cement

An English
supersulphated 1.0/1 23 ± 2, Atmo- 28 days 2300

cement 100% RH spheric
pressure

80 t 24 2200
97 48 2150
97

spheric
72 2250

pressure
130 35 24 1800
150 55 24 2900
170 100 16 3310
183 150 24 3500
190 170 24 3500
200 250 • 24 3300
220 350 24 3200

An English
supersulphated 1.0/1 250 565 16 2400

cement

♦All the autoclaved specimens were air-cured in a humidity chamber 24 hrs 
at 23 ± 2°C, 90% RH prior to autoclaving. 

cements. The composition was chosen on account 
of strength properties (as shown in Table 8(a)) and 
cost considerations. The autoclave conditions studied 
were in the saturated steam pressure range of 100 to 
150 psi. The reference sample was composed of 20 
per cent fiber blend, 30 per cent silica and 50 per cent 
Type I portland cement, (an established optimum 
formulation for autoclaved product evaluation at 
Johns-Manville Products Corporation), which has 
been autoclaved for 16 hours at 100 psi. A photomi
crograph, Fig. 3, shows a thin section of an 150-psi 
autoclaved product. The majority of the slag particles 
had reacted and disappeared in the gel, and the 
remaining slag grains showed very distinctive inter
facial reaction. By means of point-count determina
tions, it was estimated that about 75 to 80 per cent 
of the slag present was reacted in the autoclaved

(c) Effect of blast furnace slag cement compositions and 
curing conditions on strength of asbestos-cement products*

SiO2 
/Cement

Blast furnace slag cement 
composition (%)

Autoclaving condition 
(psi-hr)

Slag
source

Blaine 
fine-

(cm2/g) Slag

Port

cement
100-16 125-20 150-16

1.0 South Works 4850 65 35 3590 3670 3890
f South Works 4850 75 25 3700 3820 3840

South Works 4850 85 15 3650 3690 3750 '
Homestead 4690 65 35 3520 —
Homestead 4690 75 25 - 3490 — —
Homestead 4690 85 15 3380 __ —
St. Louis 4300 75 25 3590 — —
St. Louis 5200 75 25 3720 — —
Pretoria 5940 65 35 3600 — —

1.0 Pretoria 5940 75 25 3510 — —

1.0 Portland cement control 4050
0.6 Portland cement control 4190

»All the asbestos cement formulations contained 20% chrysotile asbestos 
fiber blend, 40% silica and 40% cement except the last control which con
tained 30 % silica and 50 % portland cement; and they were air cured 24 hours 
at 23 ± 2°C, 90% RH prior to autoclaving.

(d") Effect of accelerators on setting properties of 
blast furnace slag cement in asbestos cement products

Cement
Accelerator Deviation (in.) Flexural 

strength** 
MR (psi)Species Per cent 10 min 60 min

Slag* 0 0.180 0.088 3820
Slag NasSiOs 1 0.063 0.016 3730
Slag NagSiOj 2 0.049 0.006 3670
Slag NazCOs 1 0.101 0.058 3740
Slag NasCOs 2 0.083 0.037 3720
Slag NaOH 0.2 0.104 0.048 3740
Slag CaClg 1.0 0.028 0.017 3390

Portland 0 0.105 0.015 4190

* Blast furnace slag cement composition:
75 % South Works slag (4850 cm2/g Blaine fineness) + 25 % Type I 
portland cement (3650 cm2/g)

♦«Flexural strength determinations were made on the autoclaved product. 
They were air-cured for 24 hours at 23 ± 2°C, 90% RH then autoclaved for 
20 hours at 125 psi 175°C.



Table 9. Strength data of 6-in. autoclaved asbestos-cement pressure pipes

Pipe furnish composition 
(per cent) Slag cement 

composition 
(Slag-portland 
cement CaSO4)

Autoclaving 
conditions 
after 24 hrs 
at 90%RH 
23 ± 2°C

Modulus of rupture—MR (psi)

Flexural Hydrostatic Crush

Chrysotile 
fiber

Silica

(2600 cm2/g)
Slag* Portland 

cement CaSC>4

20 30 50 Control 6000 5100 9200
20 40 32.0 8 — 80-20-0 172°C 4920 4030 7700
20 40 30.0 10 — 75-25-0 110 psi 5530 4820 9480
20 40 30.0 8 2.0 (p)** 75-20-5 24 hrs 5200 4780 8870
20 40 29.6 6.8 3.6 (p) 74-17-9 5520 4670 8410

20 40 32.0 8 __ 80-20-0 5230 3390 7660
20 40 30.0 10 __ 75-25-0 183DC 5670 4140 9380
20 40 30.9 6.8 2.3 (a) 77-17-6 150 psi 4740 4230 8420
20 40 30.0 8 2.0 (p) 75-20-5 24 hrs 4870 4550 8110

JM Specifications for 6-in. class 150 pressure pipe — — 3330 3210 6460

* Slag used: South Works slag (4500 cm2/g Blaine fineness)
**(p)—denotes plaster of paris (ZCaSOvHsO) and

(a)—denotes anhydrite (CaSO.4)

Fig. 3. An autoclaved asbestos-blast furnace cement product 
cured for 16 hours at 172°C, 111 psi

In the thin section unreacted slag grains (S) and quartz (Q) 
and fiber (F) are noted ( x 500)

asbestos-cement specimens, and only about 25 to 
30 per cent reacted in the 28 day air-cured products.

The data tabulated in Tables 8(b), 8(c), and 8(d) 
indicated that optimum strength can be achieved with 
a cement consisting of 75 per cent blast furnace slag 
powder (4500-5000 cm2/g) and 25 per cent portland 
cement at autoclaving pressures 100 to 125 psi. As 
curing pressure approaches 150 psi, the composition 
with more portland cement (around 35 per cent) is 
favored.

Table 10. Effect of accelerator—sodium silicate on setting 
properties of asbestos cement pipe (8 ins. in diameter)

Cement
NasSiOs** 

(%)
Age of pipe 

(hour)
Pipe wall 
thickness 

(in.) (lb)
Linear 

deformation 
(in.)

Slag* 0 2.0 0.40 35.0 Collapsed
Slag 1 2.0 0.40 35.0 0.89
Slag 2 2.0 0.39 35.0 0.59
Slag 0 2.2 0.58 38.8 1.525
Slag 1 2.0 0.63 38.8 0.215
Slag 1 2.2 0.62 38.8 0.209
Portland 0 1.5 0.37 33.5 1.09
Portland 0 2.0 0.38 35.0 0.66
Portland 0 2.0 0.60 38.8 0.14
Portland 1 2.0 0.57 38.8 0.193
Portland 1 2.1 0.59 38.8 0.160

* Blast furnace slag cement composition:
75 % St. Louis slag (5200 cm2/g Blaine) + 25 % Type I portland 
cement (3650 cm2/g)

**Na2SiOs was sprayed on the wet sheet of asbestos-slag cement-silica 
' furnish at 2.5 gal/min corresponding to 0.8% Na^SiOa based on dry solid. 

: Excess entrained water was removed under reduced pressure prior to the 
i accumulation and integration of rolling layers of materials upon themselves 
I on a mandrel under pressure to form pipe (61).

i

Effect of intergrinding slag and portland cement 
clinker was studied. However, due to the abrasiveness 
and hardness of the granulated slag, portland cement 
clinker was ground to a much finer size in the process 
than the slag. As a result a slag cement will have poor 
hydraulic strength in comparison with a slag cement 
composed of separately ground components.

The slag-rich cements were further evaluated in 
pilot plant and production as in an actual asbestos
cement pipe product. The mechanical strength data, 
as shown in Table 9, and setting property determina
tions (Table 10) demonstrated that satisfactory auto
claved formulation can be achieved when portland 
cement is replaced by a blast furnace slag cement.

Chemical abrasion-corrosion tests for soft water and 
dilute sulphuric acid were conducted. Results in 
Table 11 and Fig. 4 showed the soundness of using



Table 11. Abrasion—corrosion resistance of autoclaved asbestos-cement pipe products

Test 
group

Asbestos cement pipe composition (%) Testing condition
Rate of 
abrasion 

(inch/24 hr)

X-ray and microscopic 
identification of inner 

surface (l-2mm)
Class

Asbestos 
fiber Cement SiOs/Cement Sample Solution

Time 
(hr)

Rolling 
rate 

(rev/hr)

1
150

20 Portland 0.6
Sections 
cemented

0.5 N 
H2SO4

336 4800 — High gypsum content, 
some swelling

Pressure 20 Slag* 1.0 together
Trace gypsum

2
2400

20 Portland 0.6
Sections 
cemented

0.5 N 
h2so*

336 4800 — 100% gypsum

Sewer 20 Slag 1.0 together
Trace gypsum

3
150 
Pressure

20 Portland 0.6 Individual Distilled 
water

168 2450 .0011

20 Slag 1.0 Individual Distilled 
water

547 2060 .0013 —

*The slag cement composition: 75% South Works slag (4500 cm2/g Blaine fineness) and 25% portland Type I cement

Fig. 4. Autoclaved asbestos-cement pipe sample after 
abrasion-corrosion test.

(Two sections were epoxyed together. Top section— 
asbestos-portland cement pipe. Bottom section—asbestos
blast furnace slag cement pipe)

blast furnace slag cement in an asbestos-cement 
product.

Summary

The hydration of supersulphated cement and blast furnace slag cement under atmospheric pressure



and hydrothermal conditions has been investigated. 
Ettringite and tobermorite-like CSH-I are found to be 
the main binders in the supersulphated cement 
hydrated at atmospheric pressure and temperatures 
below 75°C, whereas tobermorite-like CSH-I and 
hydrated calcium aluminate (C4AH13 or its solid 
solutions) are the main hydration products in blast 
furnace slag cement under the same conditions.

Under hydrothermal treatment or curing tempera
ture above 75°C ettringite decomposes to CaSO4, 
a non-strength contributing material. Therefore, 
supersulphated cement is recommended only for air
cured products requiring good sulphate resistance 
and massive structures. Blast furnace slag cement, 
with an optimum composition of 70 to 80 percent 
granulated slag of around 4500 cm1 2 3 4 5 6 7/g Blaine fineness 
and the remainder portland cement, yields hydro
garnets and calcium silicate hydrates (tobermorite or 
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tion and the applications of sulphate-slag cements, 
(in Russion) Cement—Wapno—Gips 13, No. 22, 
289-295 (1957) C. A. 52, 5782h (1958).

3. L. Blondiau, Aptitude du ciment sursulphate ä la
construction des egouts, Rev. materiaux construct, 
trav. publ. C No. 535, 91-98 (1960); Compatibilite 
de contact de betons ä base de ciments de natures 
differentes: Ciments sursulfates, ciments portland 
et ciments de haut fourneau, ibid, No. 598-9, 
335-345 (July-August, 1965).

4. J. D. Richards, The effect of various sulphate solutions
on the strength and other properties of cement 
mortars at temperature up to 80°C, Mag. Concrete 
Res. 17, No. 51, 69-76 (June 1965).

5. H. G. Smolczyk, Slag cement in chemically corroding
waters, (in German) Tonind Ztg. Keram. Rund
schau 89,159-165 (1965) Ceram. Abst. 48, 274 (Oct. 
1965). v

6. V. M. Lezhoev and M. G. Kaskperskii, Determining
the stability of slag portland cement and slag sul
phate cement in mineralized water, (in Russian) 
Tsement 5, No. 5, 30-5 (1938) C. A. 33,47564.

7. F. W. Locher, zur Frage des Sulfatwiderstands von

xonotlite or a mixture of both depending upon the 
autoclaving condition) and is recommended for both 
air-cured and autoclaved products.

The choice of aggregates employed in these systems 
depends upon the end applications. In the autoclaved 
compositions hydrogarnets are formed only when the 
aggregates do not provide an appreciable amount of 
active silica.

The presence of hydrogarnets presumably improves 
chemical stability but does not have beneficial effects 
on strength of the finished material. For high strength 
requirements, reactive aggregates are preferable. 
The main binders in the product with the reactive 
aggregates are hydrated calcium silicates and a tober
morite with aluminum substituted in the lattice.

The results demonstrated the possibility of em
ploying blast furnace slag cement in autoclaved 
asbestos-cement building products.
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Supplementary Paper IV-130 A Comparative Assessment of the Resistance 
of Super Sulphated, Sulphate Resistant Portland, and Ordinary Portland 

Cements to Solutions of Various Sulphates and Dilute Mineral Acids

George H. Thomas*

Introduction

The study of the resistance of concrete made with 
various cements to aggressive solution attack has 
been the subject of numerous studies which have 
frequently led to differing conclusions.

The present paper records the results of a specific 
investigation to determine the relative merits of a 
supersulphated cement based upon a United Kingdom 
blast furnace slag so as to assess its value in the 
manufacture of concretes for use in aggressive environ

ments.
Results from three groups of tests are considered:— 

Group 1—A laboratory assessment using concrete 
specimens.

Group 2—An “on site” assessment in an expermiental 
sewer exhibiting severe acidic conditions.

Group 3—A laboratory study employing miniature 
microconcrete techniques.

Group 1 Program

The programme required the comparative assess
ment of the resistance of three different cements to a 
range of aggressive solutions. The cements used 
were:—

(1) A supersulphated cement.

Table 1. Chemical analysis of cements used 
in the aggressive solution tests

Supersulphated 
cement

Ordinary 
portland 
cement

Sulphate 
resisting 

portland 
cement

Per cent 
SiOa 30.68 18.84 20.34
Insoluble residue — 0.78 0.84
FeO 1.22 __
FegOs —— 3.27 5.90
A12O3 13.78 6.50 4.14
TiO2 0.45 0.27 0.20
CaO 41.08 64.07 62.95
MgO 3.69 . 1.54 1.19
MnO 0.99 0.03 0.06
so8 5.30 2.40 2.47s 1.07 Nil Nil
Loss on ignition 0.23 2.00 1.58
Alkalies (by Diff.) 1.51 0.30 0.33

Lime saturation 0.9954 0.9312
factor

Lime combination __ 0.9806 0.9157
factor

Silica ratio __ 1.93 2.03
Alumina/iron ratio — 1.99 0.70
Free lime — 0.93 1.01

*Swinden Laboratories, United Steel Co., Ltd., Rotherham, 
United Kingdom.

(2) An ordinary portland cement with a rela
tively high C3A content.

(3) A “low C3A” sulphate rsistant portland cement.
All three cements were commercial brands made 

in the north of England. Some difficulty was experi
enced in selecting a suitable batch of sulphate 
resisting portland cement for the tests. Two separate 
consignments exhibited unusually rapid falling off 
in workability in preliminary testing and were rejected. 
The batch finally selected behaved normally.

Chemical analyses of all three cements are recorded 
in Table 1. “Bogue” constitutions were calculated 
for the two portland cements and these are listed 
in Table 2. From the values obtained it was con-

Table 2. Calculated constitutions of the portland cements used 
in the aggressive solution tests

(Calculation by Bogue’s Method)

Ordinary 
portland cement

Sulphate resisting 
portland cement

3CaO.SiO2 53.83 54.40
2CaO.SiO2 9.63 17.28
3CaO.Al203 11.68 1.00
4CaO.Al203.Fe203 9.93 17.917
CaSOj 4.08 4.20
CaO (Free) 0.93 1.01
MgO 1.54 1.19
MnO 0.03 0.06
TiO2 0.27 0.20
Insoluble residue 0.78 0.84
Loss on ignition 2.00 1.58
Alkalies (by Diff.) 0.30 0.33



eluded that the ordinary portland cement was of high sulphate resistant portland cement results indicated 
quality but with an estimated C3A conttent which that it was a good quality product in its category, 
would render it susceptible to sulphatic attack. The

Aggressive Solution Testing Procedure

As concrete made to resist severe aggresive attack 
is usually of a fairly rich mix, an aggregate cement 
ratio of 4|:1 was employed. Owing to the differing 
water requirements of the various cement, it was 
decided to use a fixed workability and to adjust the 
water/cement ratio accordingly. The water/cement 
ratios used were:—

Supersulphated cement— 0.423
Ordinary portland cement— 0.460
Sulphate resisting portland cement—0.455

All the concretes were machine mixed and hand 
tamped into four inch steel cube moulds. Specimens 
were damp air stored in the usual way for the first 
24 hours and then water cured for a further 27 days 
prior to immersing in aggressive solutions or water for 
control.

The solutions used were:—

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Na2SO4
//

MgSO4
//

(3-5% SO3) 
(0.35% SO3) 
(3-5% SO3) 
(0.35% SO3) 

(NH4)2SO4(3.5% SO3)
//

H2SO4
//

(0.35% SO3)
(2.0% W/V)
(0.25% W/V)

Assessment of attack was by compressive strength 
supplemented by visual observation. Four specimens 
from each solution were tested at each test age. To 
provide an accurate basis for comparison, twelve 
water control specimens were also tested at the same 
intervals.

Originally, it was planned to test the concretes at 
3 months, 6 months, 12 months, 2 years and 5 years 
after immersion. After the two years tests had been 
completed, however, it became clear from visual 
observation of the specimens that testing beyond 
5 years would be necessary in order to establish the 
relative merits of the two sulphate resisting cements. 
Final testing of some specimens were, therefore, 
delayed until after eight or ten years immersion. 
Results are summarised in Table 3.

In order to facilitate statistical processing of results, 
selection of concrete specimens for immersion in the 
various solutions was made on a statistically random 
basis as was the selection at each age for testing.

The sulphate and acid solutions were prepared from 
pure chemicals and were replaced by fresh solutions 
each month. The ratio of solution/concrete at the 
commencement of the test was approximately 1: 1 
by volume but increased as cubes were removed to a 
maximum of around 9:1. The cubes were maintained

Table 3. Summary of mean compressive strengths for group 1 tests

Age of 
test 

(Years)
Water

Na2SO4 MgSOi (nh4)8so4 H2SO4

3.5% 0.35% 3.5% 0.35% 3.5% 0.35% 2.0% 0.25%

1/4 8450 8200 8600 8410 8950 7890 8690 8160 8610
1/2 9160 9340 8930 8610 8860 6300 8510 6130 9100

Supersulphated 1 10160 10610 10380 9350 9520 5810 9870 3700 10050
cement 2 9860 10430 9260 6240 9800 3740 8580 1170 8760

5 10100 980 2990
8 10030 8780 1030 5800

10 9960 7400 9510

1/4 6930 6990 6500 6570 7170 6300 7440 5820 6620
Sulphate 1/2 8620 8540 8820 8470 8780 6860 9380 4380 8540
resisting 1 10000 10470 10330 9590 10820 4480 10550 2000 9570
portland 2 10520 9920 10460 7840 9000 2500 6630 540 6750
cement 5 9630 40 1620

8 9340 1740 1240 2150
10 9010 5250 6730

1/4 9200 8890 9050 8830 9050 8390 8500 7710 8540
1/2 8970 4760 5950 6860 7810 4660 7460 3960 6620

Ordinary 1 9320 1360 8220 5180 6930 1820 5920 1410 6620
Portland 2 9320 350 4720 3560 5210 350 2370 490 3080
cement 5 9130 30 80 730 60 220

8 8240
10



in solution in sealed glass tanks to eliminate problems arising from evaporation.

Attack by Sulphate Solutions and Sulphuric Acid

Statistical Analysis

The compressive strength results obtained at all 
ages up to ten years were subjected to statistical 
analysis. This consisted of three separate operations:—

(1) The removal of “outliers” from water control 
results by statistical processing (1). It was found to be 
theoretically unsound to apply this technique to the 
removal of outliers from the groups of four cubes 

immersed in aggressive solutions. However, it proved 
sound and helpful to use the technique on the groups 
of twelve water cured “control” specimens. Only one 
test value out of 180 was, in fact, processed out.

(2) An analysis of each cement was carried out 
separately and a comparison of the results in each 
aggressive solution at each age was obtained. The 
method of statistical comparison employed was the 
Student test. Figs. 1 to 8 illustrate the results of this

O SULPHATE RESISTING PORTLAND CEMENT 
e ORDINARY PORTLAND CEMENT
ATTACK RELATIVE TO WATER-
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analysis, the concrete strength in each solution being 
expressed as a percentage of the equivalent water cont
rol strength. The degree of attack expressed in this 
way is plotted against time on a logarithmic scale and 
the time at which the attack became significant is 
indicated.

The comparison is taken one stage further in Table 
4. In the first of each pair of columns, symbols are 
used to indicate when, and to what degree, the 
attack has become statistically significant. After two 
consecutive instances of significant attack, the com
parison is changed to establish whether or not the 
attack is continuing and progressive. This is assessed 
by comparing the respective strengths as a percentage 
of the water control with the equivalent value for 
the preceding test age. The results of these statistical 
tests are summarised in the second of each pair of 
columns.

(3) For each aggressive solution a comparison was 
made between the performance of the supersulphated 
cement and each of the portland cements. The results 
are summarised in Table 5—a negative sign indicating 
that supersulphated cement gave an inferior result.

Comparisons within Cements

The main conclusions indicated by analysis of the 
results may be summarised as follows:—

(1) Ordinary portland cement concrete was attacked 
by all solutions, in most instances after only a short 
period of immersion. In each solution the attack had 
become statistically significant at six months at the 
latest. In some instances, with the most aggressive 
conditions, less than half the water control sterngth 
remained in the solution immersed specimens.

This rapid rate of concrete deterioration was ex
pected and underlines the basic need for cements 
with a high degree of resistance to sulphates and dilute 
acidic conditions.

(2) Sulpahte resisting portland cement gave a very 
much better performance, showing a relatively high 

x SUPERSULPHATED CEMENT
O SULPHATE RESISTING POR'LAND CEMENT
• ORDINARY PORTLAND CEMENT 
ATTACK RELATIVE TO WATER 
-------—NOT S1GNFICANT 
- —SIGNIFICANT

Fig. 8

degree of resistance to many of the solutions.
Up to two years immersion only the acids and the 

stronger ammonium sulphate solutions were showing a 
significant degree of attack but from two years 
onwards, deterioration became more general and 
ultimately the concrete was shown to have suffered a 
significant loss in strength in all test solutions.

(3) The supersulphated cement also demonstrated a 
high degree of resistance to attack in the early stages. 
Up to two years, deterioration was only statistically 
significant in the stronger ammonium sulphate solu
tion and the 2.0 percent W/V acid. Attack by the 
weaker acid concentration only became significant 
at two years. It should be noted that although the 
latter acid concentration may be weak in general 
chemical terms, it is very much stronger than would 
normally be encountered in civil engineering.

Again, as with the sulphate resisting portland 
cement, deterioration became more general after two 
years immersion. However, even after eight years in the 
stronger sodium sulphate solution and ten years in the 
weaker magnesium sulphate solution, no statistically 
significant attack on the concrete had been recorded.

Comparison between Cements

Supersulphated Cement vs. Ordinary Portland Cement
As may be observed from Table 4, the super

sulphated product was significantly superior in resist
ance to ordinary portland cement in all solutions. 
After two years immersion and in most instances much 
earlier, the superiority of the slag based product was 
obvious.

Supersulphated Cement vs. Sulphate Resisting 
Portland Cement

Here the position is less clear cut. The main con
clusions may be summarised as follows:—



Table 4(1). Statistical comparison of strengths in solutions versus water control (.group 7)

Cement
Age of • 

test 
(Years)

Na2SO4(3.5%SO3) Na3SO4(0.35%SO3) MgSO4(3.5%SOi) MgSO4(0.35%SO3)

V water 
control

V previous V water 
control

V previous V water 
control

V previous V water 
control

V previous 
age

1/4 N N N — *S(5)
1/2 N — N — N — N —

1 N — N — N N —
Supersulphated 2 N — N — S(0.1) — N —

5 ... . —— -1—

8 N — — — S(0.1) S(o.i) — —
10 — — S(0.1) — — — N —

1/4 N — N — N __ N —
1/2 N — N — N — N —

Sulphate resistant 1 *S(10) — N — N — *S(2) —
(low C3A) 2 S(10) — N — S(0.1) — S(l) —
portland 5 — — — — — — — —

8 S(0.1) S(0.1) — — S(0.1) S(0.1) — —
10 — — S(0.1) — — — S(0.1) N

1/4 N — N ___ N __ N —
Ordinary 1/2 S(0.1) — S(0.1) — S(0.1) — S(5) —
(high CsA) 1 S(0.1) S(0.1) S(0.1) (a)S(10) S(0.1) N S(0.1) S(10)
portland 2 — S(0.1) — S(10) — S(5) — N

5 — — — S(0.1) — S(0.1) — S(l)

Note:

Key:

(a) Higher than previous age. When assessing the 2 year value the results was compared with the six month value to give a more legitimate signi
ficance level of 5 percent.

* Higher than water control.
N —Not significant.
S(10)—Significant at 5—10 percent level.
S(5) — » » 2—5 * »

S(2) —Significant at 1—2 percent level.
S(l) — * » 0.1—1 * *
S(0.1)— » »0.1 » »

Table 4(2). Statistical comparison of strengths in solutions versus water control (.group 1)

Cement
Age of

(Years)

(NHi)2SO4(3.5%SO3) (NH,)1!SO4(0.35%SOs) H2SO4(2.0%W/V) H2SO4(0.25% W/V)

V water 
control

V previous 
age

V water 
control

V previous 
age

V water 
control

V previous 
age

V water 
control

V previous 
age

1/4 S(5) — N — N __ .N —
1/2 S(0.l) S(0.1) N — S(0.1) — N ——

1 — S(0.1) N — S(0.1) S(2) N —
Supersulphated 2 — S(0.1) S(2) — _ S(l) S(5) —

5 — S(0.1) — — — S(0.1) S(0.1)
8 — —- S(0.1) S(0.1) — — — —

10 — — — — — — — —

1/4 S(5) ' — *S(10) S(1.0) — N __
1/2 S(l) S(0.1) N — S(1.0) S(0.1) N , ——

Sulphate resistant 1 — S(0.1) N — — S(0.1) S(5) —
(low CaA) 2 ■— S(l) S(0.1) __ — S(0.1) S(0.1) S(5)
portland 5 .— S(0.1) — — —— — — S(0.1)

8 — — S(0.1) S(0.1) — •— — —
10 — — — — — — — —

1/4 S(10) — N — S(l) __ S(5) —
Ordinary - 1/2 S(0.1) S(0.1) S(2) —. S(0.1) S(O.I) S(0.1) S(10)
(high CsA) 1 — S(0.1) S(0.I) N _ S(l) — N
portland 2 — S(0.1) — S(1) — S(0.1) — S(0.1)

5 — — — S(l) — — — S(0.1)

Note: *Higher than water control.
Key: — As in 4(1).

(1) At early ages in three of the solutions, sulphate 
resisting portland cement displayed a marginal advan
tage over supersulphated cement. However, in each 
case, the situation was reversed with time.

(2) In seven out of the eight solutions, supersul
phated cement proved to have, sooner or later, signifi
cantly superior durability to the sulphate resisting 

protland product.
(3) In one instance, the stronger magnesium 

sulphate solution, sulphate resisting portland cement 
demonstrated superior resistance to the super
sulphated cement when assessed by statistical tech
niques.



Table 5. Statistical comparison between cements (.group 7)

Cement
Age of 

test 
(Years)

NaaSO4 Na2SO4’ MgSO4 MgSO4 (NH4)2SO4 (NH1),SO1 H2SO1 H2SO4
(3.5%SOs) (0.35% SOs) (3.5% SOs) (0.35% SOs) (3.5% SOs) (0.35% SOs) (2.0% W/V) (0.25 % W/V)

1/4 -S(5) N N N N -S(5) S(5) N
Supersulphated 1/2 N N N N —S(l) -S(2) S(10) N
versus sulphate 1 N N N N S(2) N S(5) N
resisting (Low 2 N N -S(l) S(10) S(l) S(2) S(l) S(0.1)
CsA) portland 5 — — — — S(0.1) S(0.1) — S(0.1)

8 S(0.1) — -S(10) —— —— — — —
10 — S(5) — S(l) — — — —

Supersulphated 1/4 N N N S(2) N S(l) S(l) S(10)
versus ordinary 1/2 S(t) S(l) S(5) S(10) S(0.1) N S(5) N
(High C3A) ' 
portland

1 ' S(0.1) S(1O) S(5) N S(0.1) S(l) S(2) S(0.1)
2 
5

S(0.1) S(5) S(l) SCI) S(0.1) S(0.1) S(l) S(0.1)
S(0.1)

Note: — ve sign indicates the portland cement better than the supersulphated cement. 
Key: — as in Table 4.

Group 2
Acidic Testing in an Experimental Sewer at Burton-on-Trent, 

the Acidic Resistance of Supersulphated Cements

Acidic conditions in civil engineering environments 
are usually of a very low concentration. Ground waters 
rarely reach pH4 unless industrial pollution increases 
the acidic concentration (2).

Supersulphated cement is generally considered to 
have an excellent resistance to these conditions, being 
recommended to give a good life down to at least 
pH3.5. Laboratory confirmation of such claims is 
difficult. An acidic concentration of pH3.5 would be 
neutralized by concretes very quickly. On the other 
hand, the constant maintenance of an acidic level by 
the use of pH control equipment is probably creating 
conditions which are equally far from practice as the 
acid levels are almost certainly being replaced at a 
rate far more frequently than is normal in common 
usage.

The use of higher concentrations such as in the 
‘Group 1’ tests may give results of some comparative 
value, but clearly the most valuable test for the acidic 

resistance of a cement is in the kind of environment for 
which it may be employed.

At Burton-on-Trent the existing sewerage system 
has been badly attacked and extensive rebuilding is 
in progress. The attack is usually attributed to dilute 
sulphurous and sulphuric acid conditions arising from 
effluent containing waste materials from the brewing 
industry. As is common in these situations, corrosive 
conditions are worst above the water level. pH values 
of below 3.5 are common and values as low as 1.9 
have been recorded on the walls (3).

Prior to redesigning the system a testing programme 
was organised by the Burton-on-Trent Borough 
Engineer’s Department to evaluate materials which 
might be included in the programme and three differ
ent batches of supersulphated cement concrete were 
subjected to attack below and above the effluent level 
in an experimental section of the sewer.

Evaluation of test results were again on the basis 

Period of immersion (Months)

Table 6. Percent of water control strengths of cubes tested in the burton-on-trent experimental sewer

Over the effluent Below the effluent

11 12 19 30 42 64 79 11 12 19 24 30

Series I
Supersulphated Series 2
cement concrete Series 3

(a) Gravel
(b) Limestone

96.2
- 96.2

84.4

73.6
78.2

75.1
49.0 98.3

95.2
99.8

Ordinary portland cement 72.0 96.0

Sulphate resisting portland cement 70.0 58.0 92.0 87.0
_



of percent of water control and the results are 
summarised in Table 6.

The results compare very favourably with the port
land cement values carried out independently (3) 
and confirm the superior resistance of supersulphated 
cement to either ordinary portland or sulphate resisting 
portland cements. It must be emphasised that the con
ditions in the experimental sewer are worse than would 

be expected in applications for which supersulphated 
cement would normally be specified. However, the 
superiority in life over both the portland cements 
tested is definite and confirms the reported appli
cability of this cement in weak acidic environments, 
particularly where acid concentrations are at ä more 
typical level than those experienced at Burton.

Group 3

A method of assessing aggressive solution resistance 
of cements by the use of microconcrete techniques is 
being developed based on procedures used at the 
Cement and Concrete Association’s Laboratories. 
These techniques have the following advantages 
over larger scale testing:—

(i) Smaller quantities of materials are employed.
(ii) Less storage capacity is required.

(iii) Less time is required to prepare specimens.
(iv) Aggressive solution deterioration is more rapid.
The microconcrete techniques have the following 

disadvantages:—
(i) A higher degree of skill is required in the 

preparation of specimens.
(ii) The reproducibility of the test is of a lower 

order and hence more replicate specimens 
are required.

(iii) The use of half-inch microconcrete cubes is 
more remote from practice than the conven
tional four inch concrete cubes.

(iv) The testing of the specimens requires both 
more time and more precision on the part 
of the testing machine operator. .

One of the reasons for developing the technique 
is that it promises to provide a rapid means of 
assessing aggressive solution resistance of cements.

A series of microconcrete cubes made of cements 
from the same source but of different batches to those 
recorded in the full scale test have been made. 
Sufficient specimens were manufactured for testing 
5 replicas at each of 3 ages. •

The test procedure involved the mixing by hand 
manipulation of a microconcrete mix consisting of 
graded washed silica sand, cement and water in a 
polythene bag. The microconcrete mix was then com
pacted by vibration into a 10 gang stainless steel 
precision mould.

The specimens were demoulded after 24 hours and 
subjected to the same curing procedure as the full 
scale specimens before immersion in sulphate solu
tions.

The aggregate cement ratio was 3: 1 and the water/ 
cement ratio fixed as before, by adjusting for con
stant workability. The workability level was measured 
by a dropping ball test and the level of penetration 
fixed at 3 mms.

The water/cement ratios used were:—
Supersulphated cement 0.433
Sulphate resisting portland cement 0.465
Ordinary portland cement 0.465

As a preliminary examination into the possibilities 
of the test only 2 solutions were employed:—

Na2SO4 at 0.5% SO3
MgSO4 at0.5%SO3

To date results have been obtained up to six 
months and the results are analysed in Tables 7 and 8. 
Some initial difficulty was experienced in establishing 
a satisfactory order of test reproducibility. Sub
sequently, it was found that the use of “soft” tap 
water for the water control specimens could lead to

Table 7. Statistical significance of attack 
with respect to water control

NasSO» MgSO4

3 months 6 months 3 months 6 months

Supersulphated cement N N N N
Sulphate resisting

(low C3A) cement N Si.® N N
Ordinary portland

cement * * S0.1 So.i

^Specimens in solution completely destroyed.

Table 8. Statistical significance of attack between cements

Na2SO4 MgSO4

3 months 6 months 3 months 6 months

Supersulphated cement
V. ordinary portland * * S0-1 S0.1
cement

Supersulphated cement 
v. sulphate resisting 
portland cement

N.S. N.S ss.o

*O.P.C. specimens compl etely destroyed.



a considerable reduction in strength with time, pre- fairly rapid test of sulphate susceptibility. It is unlikely, 
sumably due to leaching of lime. The latter effect however, to be able to define accurately, degrees of 
only occurred with the portland cements. resistance.

The procedure would appear to be promising as a

General Conclusions

In assessing the detailed results, use has been 
made of statistical techniques in an attempt to differen
tiate between real effect and experimental variation. 
It should be noted, however, that statistical superiority 
or inferiority does not imply satisfactory or unsatis
factory performance or life. In attempting to arrive 
at the value of a cement for a particular application it 
is necessary to make use of general trends indicated 
by the detailed results and to bear in mind not only 
whether the concrete will be attacked but also its likely 
residual strength and the rate at which it will deterio
rate. From the analysis of results recorded it would 
appear that the following general guide lines can be 
drawn as to the applicability of the cements tested:—

(1) In sodium sulphate solutions supersulphated 
cement gives by far the best performance. It is parti
cularly noteworthy that in the stronger solution, no 
significant attack was registered even after eight years 
of continuous immersion. Over the same period the 
sulphate resisting portland cement had been almost 
completely destroyed.

(2) In the 0.35% SO3 Na2SO4 solution the advan
tage for supersulphated cement is less marked but 
still significant. Clearly either of the two sulphate 
resistant cements would give a good life.

(3) In strong magnesium sulphate, although the 
sulphate resisting portland cement gave a statistically 

significant better performance, in real terms neither 
cement would appear suitable for use in such high 
concentrations of this salt.

(4) Magnesium sulphate solution at the 0.35% 
level is resisted by both cements. Again, the super
sulphated cement appears to have a slight advantage 
in resistance.

(5) In both concentrations of ammonium sulphate, 
all cements were attacked. Again supersulphated 
cement gave superior resistance to both the portland 
cements and in the case of the weaker solution, 
the order of difference would certainly indicate a 
considerably extended life.

(6) The reputed superiority of supersulphated 
cement in weak sulphuric acid concentrations some
times encountered in civil engineering is confirmed 
by the results recorded in both Group 1 and 2 tests.
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Principal Paper Expansive Cements

Peter P. Budnikov and Irina. V. Kravchenko*

Synopsis

The existing expanding cements can be divided into those obtained on the base of 
aluminous cement and on that of portland cement. In respect to their composition and 
technology of production they differ both as to the form in which exist the compounds of 
issue necessary to form calcium hydrosulfoaluminate in the hardening cement paste, and to 
the technology of producing it. Most investigators are inclined to explain the aptitude of 
cements to expand by the formation in the hardening cement stone of complex compounds 
having a complex molecule with a great amount of crystallisation water bound with it and by a 
directed growth of crystals, in particular of calcium hydrosulfoaluminate. But some authors 
are inclined to see the cause calling forth an expansion of the cement stone during hardening 
in the action of osmotic forces or in the swelling of solvable films of the hydrate gels.

We are of the opinion that the phenomenon of expansion is inherent to a certain stage 
of hardening not only of expanding, but also of ordinary cements, but this expansion is 
distinguished by its intensivity and time of duration. The hydration products form during 
the hardening of cement first in the shape of finest crystallisation centres which, as they 
accumulate, grow out into larger semirigid formations. During further hydration the inter
stices between the particles are filled up by the hydrates formed, what leads on the one part 
to a condensation of the cement stone, and on the other to an extension and partial destruc
tion of the crystalline semirigid skeleton. This is why a fine expansion of hardening cement is 
always accompanied by a certain decrease of its strength.

The technology of expanding cements must secure an intensive formation of a quickly 
growing expanding component during a certain period of hardening of the cement stone 
which is characterised by the presence in it of a semirigid structure formed by hydrate new 
formations. The process of expansion of cement can be controlled by acting on all the factors 
influencing: 1) the velocity of cessation of hydration reactions, 2) the number of crystallisa
tion centres that appear in a volume unity of the hardening cement, and 3) the rate of growth 
of the expanding components. Such factors are for instance the composition of the cement, 
the fineness of grind of its components, the temperature of the surrounding medium, the 
additions-modifiers of structure of hydrate new formations, etc. Practically the period of 
extensive expansion of cement stone is 1 to 7 days for different variaties of expanding ce
ments. The practice of many years standing of the production and use of expanding cements 
in construction work in the U. S. S. R. has shown a great perspectivity of the cements 
suggested by us.

Introduction

When mixing portland, blast-furnace and alumina 
cement with water, the dissolution of non-aqueous 
mineral compounds of a cement takes place at first. 
This is followed by the formation of hydrates, this 
providing the binding qualities of the cement paste.

During this process the change of the volume of

♦Moscow Academy of Science, Moscow, U.S.S.R. 

the hardened cement paste takes place (Fig. 1). The 
primary contraction of the hardened cement on the 
section of the curve “a - b" takes place due to the 
sedimentation and dissolution of the non-aqueous 
clinker minerals. Then, on the section “b - c” some 
growth of the volume of the hardening cement takes 
place, this being connected with the formation of some 
hydrates (this process will be discussed below). And,



Fig. 1. The change of volume of cement when hardening

at last, on the section “c — d” the shrinkage of the 
hardened cement takes place, this being connected 
with the evaporation of water and consolidation of the 
geleous mass of the new formations of the hardened 
cement (1).

As a result of the abovesaid phenomena in mortars 
and concretes made on ordinary cements, pores, 
macro- and microcracks form, this worsening the 
technical qualities of the constructions. The water
proofing of the concrete or mortar, protective fea
tures of the concrete layer coating the steel bars, 
durability and corrosion resistance lower. All this 

oftenly makes it impossible the use of ordinary shrink- ' ■ ■ 
ing hydraulic cements for monolithic waterproof 
projects, for rendering joints, hydroisolation, clo- ■ 
gging of holes in constructions. Or it brings to the 
lowering of the quality of construction works. v ;

Therefore it is of no wonder that during the last 
twenty years a lot of attempts have been made in 
many countries to develop cements free of the 
shortage aforesaid, to develop cements not only 
“non-shrinking” but even expansive ones.

At present there has been a constant, commercial
scale production of three following kinds of expansive 
cements in the Soviet Union: waterproofing expan
sive cements (BPLf), gypsum-alumina cement (FFLl) 
and expansive portland cement (PHU) these having 
wide spread in construction engineering*.

*Russian letters denote the abbreviations used by the Soviet 
National Standard—the GOST (FOCT)

As far as we know there are two kinds of expansive 
cements on the U.S. market and deep explorations 
have been conducted to improve their qualities. In 
some other countries periodical production of expan
sive cements and their use in construction takes place 
as well.

Interesting building qualities of expansive cements, 
absent in common hydraulic ones, make it profitable 
for more close consideration of the physiochemical 
processes taking place during the hardening of these 
cements and more close study of their features.

Technical Requirements to the Expansive Cements

Various workers in various countries have offered 
a lot of ways to make expansive cements (3-45). 
However, the biggest part of these ways has not been 
commercially introduced through the unreliability 
and not sufficient reproduction of their technical data, 
complication of their technology etc.

Principally, the cheapest compounds able to secure 
the volume increase of the hardened cement paste of 
expansive cements are the following ones: calcium 
sulphoaluminate hydrate, magnesium oxide hydrate 
and calcium oxide hydrate. However, there has not 
been yet obtained any sound and reliable results when 
using CaO and MgO as an expansion stimulant and 
most of the ways offered are based on the formation 
and rapid growth of the crystals of high sulphate form 
of calcium sulphaouminate hydrate at the interaction 
of calcium sulphate with calcium aluminate hydrate.

Various proposals as to the compositions and the 
ways of making expansive cements differ from each 
other both by the form the primary compounds exist 
(these being necessary to form calcium sulphoalumi
nate hydrate in hardened cement paste) and by the 

technology of making these cements.
To exemplify this, one may mention that in expan

sive cements offered in France, Hungary, USA and 
in some other countries, calcium sulphoaluminate 
hydrate forms through adding the so called “expand
ing admixture” in the form of a specially prepared 
anhydrous calcium sulphoaluminate to the expansive 
or non-shrinking cement.

One of the expansive cements made in the USSR— 
is the so called waterproofing expansive cement 
(BPD), which is obtained by mutual grinding of some 
components, these containing specially prepared 
highly basic calcium aluminate hydrate and gypsum 
hemihydrate. Other kinds of the Soviet expansive 
cements have no special pre-treatment of their com
ponents, this simplifying their technology and lowering 
the cost.

The method of making expansive cement offered by 
P.P. Budnikov and B.G. Skramtaev (10) distincts



' from the aforementioned methods, this distinction 
being as follows: alumina cements are ground or 
blended with either estrich-gypsum or anhydrite 
cement obtained by mutual grinding of anhydrite 
with burned dolomite.

" W.E. Leyrich has offered the way of making an 
expansive cement by mutual grinding of alumina and 
blast-furnace slags with anhydrite and air-slaked lime. 
Further he, in co-authorship with W. H. Prohorov
(7),  offered to add the expansive cement of the afore
mentioned composition to the portland cement and 

^ through this process to obtain an expansive portland 
cement.

V. V. Mikhailov and his co-workers (33), besides his 
aforesaid waterproofing (hydrophobic) expansive 
cement (BPL[) have developed a stressing cement, 
which is made by mutual grinding or blending in a 
ball mill a mixture containing gypsum, alumina ce
ment and portland cement. Thecombination’TDfthe 
expansion ahcf the strength growth controlled by the 
hydrothermal treatment and followed by water curing 
at normal temperature brings to the stress of reinforce
ment.

K. Kutateladze, E. Zedhiedze and N. Mamulashvili 
(44) have offered an expansive cement containing the 
mixture of the portland cement, gypsum and alunite 
bearing rock, this mixture burned at 800-900°C.

A. E. Sheikin and T. Yu. Yakub (46) have offered a 
nonshrinking cement made on the base of a hydro- 
phobized hydrophobic portlanc cement with 5-10 
per cent of CaO added.

A. Guttman (3) has offered the way of making of an 
expansive cement by adding to the cement being 
ground the admixtures of sulphates and chlorides,
i.e. —salts which due to the formation of complex 
aluminate hydrate bring to the expansion.

G. Bukenbach (25) has offered the making of an 
expansive cement by the mutual grinding of portland 
cement clinker with aluminium sulfide.

P. P. Budnikov (USSR) and I. Arens (Poland) have 
offered the way of making and expansive cement in 
which, as the source of alumina to form calcium 
sulfoaluminate hydrate, kaolin burned at 800°C is 
used.

Keil and Gille (15) have obtained an expansive 
cement by adding to the mixture oLportland semept 
and blast furnace slags some estrich-gypsum and up 
toGOpefccnrdralurnina cement. z

A. Lossier (5, 8) has offered some expansive cements 
contining portland cement, sulphoaluminate cement 
and blast furnace'slags. The amount of the expansion 
of hardening concrete made with these expansive 
cements can be, as Mr. Lossier reports, controlled by 

means of the composition and the dosage of the ce
ment in the concrete and by the curing condition of 
this concrete.

An expansive cement, containing portland cement 
and an expansive admixture, this admixture being 
composed from anhydrous calcium sulphoauminate 
and gypsum, has been obtained in the University of 
California (USA). The amount of both the expansive 
admixture and gypsum is 15-20 per cent.

The U.S. Portland Cement Association (PCA) 
recommends to make expansive cements by blending 
various proportion of portland cement, calcium 
aluminates and gypsum. As distinct from the USSR, 
where expansive cements are made by mutual blending 
the PCA recommends the mixing in a concrete mixer 
some fabricated products: portland cemnt, alumina 
cements and gypsum—just before the adding of 
aggregates and water when making the concrete mix.

The authors of this report do not aim to give a 
comprehensive survey concerning all the patents and 
proposals as to the compositions and technological 
layouts for the manufacture of expansive cements. 
The examples given above should but just outline the 
main directions of this work which is being intensively 
conducted in various countries.

The existing expansive cements can be divided 
those based on alumina cement and those based on 
portland cement.

The mortars and concretes on expansive cements 
after the end of the expansion and further drying, 
give approximately the same contraction as the mor
tars made with ordinary cements—i.e. 0.1-0.2 per 
cent. But so far as the expansion taking place before 
this contraction can reach some per cents, the result
ing expansion makes it possible to avoid the harmful 
consequences of shrinking deformations and— 
even at the sufficient rate of expansion—to use a 
considerable resulting expansion for making the 
prestressing of the concrete reinforcement.

As to the amount of expansion, the expansive 
cements fall into those ones having a minor value of 
linear expansion—in the order of some tenths of a 
per cent—and those with the linear expansion reach
ing some per cents.

The expansive cements of the first kind are intended 
for cases where it is necessary to compensate the 
shrinkage of ordinary concrete; these cements are 
usually called either “the cements with compensated 
shrinkage” or “non-shrinking cements”. •

The cements of the second type are intended to 
provide for some higher degree of an expansion of the 
hardened concrete in order to obtain the prestressing 
of the steel reinforcement. These cements are called 



“selfstressing cements”. The cements of the first kind 
prevent the development of shrinkage cracks and pores 
in concrete while the second ones give concrete provi
ding for the prestressing of the reinforcement. Both the 
cements have been worked out in the USSR and in the 
USA as well.

The practice of using expansive cements in construc
tion has shown that, when keeping all the standards, 
expansive concrete can have quite definite, practically 
sufficiently stable and reproducible qualities. All this 
can be achieved without any serious change of the 
common concrete technology and without any serious 
deviation from the common practice of construction.

On the base of the experience in production and 
using expansive cements in construction one can 
formulate the next basic requirements to the commer-

The Nature of the Expansion

The most of research workers tend to explain the 
ability of cements to expand by the formation in a 
hardening cement paste of some complex compounds, 
these having a complicated molecule with a great 
amount of combined water and with a definitely 
directed growth of crystals—particularly calcium 
sulphoaluminate hydrate (4, 6, 9 et al). However, 
some authors tend to regard the expansion of a har
dening cement paste as a result of either osmotic 
forces or swelling of the solvable layers of hydrate 
gels (46).

A. LeChaterier, H. Lafuma, A. A. Baikov and 
V. V. Mikhailov think that, depending from physico
chemical conditions, the formation of calcium sulpho
aluminate hydrate in hydrated cement can occur in 
two ways. At the concentration of CaO in liquid phase 
above 1.08 g per liter, calcium sulphoaluminate forms 
as a result of the interaction of the SO« ion with the 
insoluble solid phase. During this process calcium 
sulphoaluminate hydrate crystals, forming through 
the linking to the solid phase of three gypsum mole- 
culae and 19-20 moleculae of water, occupy a greatly 
larger volume than that of initial compounds, this 
resulting the expansion of the cement. At the concen
tration of CaO less than 1.08 g per liter, calcium 
sulphoaluminate hydrate forms as a result of reactions 
in the liquid phase—among the compounds dissolved 
in. During this process the volume, occupied by the 
calcium sulphoaluminate hydrate, is a little bit less 
than the sum of the volumes the primary compounds 
occupied, and thus the expansion of the cement does 
not take place.

On the base of this conception V. V. Mikhailov has 

dal expansive cements:
1. The amount of expansion should be equal or 

greatly exceed the amount of shrinkage of a common 
shrinking cement. In the first case there would be a 
non-contracting cement, while in the second case it 
would be an expansive one.

2. The expansion of a cement should completely 
end during the first period of its hardening—without 
bringing any further stresses in the concrete or in the 
mortar.

3. The construction qualities of an expansive ce
ment, including its guaranteed amount of expansion, 
should be sufficiently reliable and completely reprodu
cible.

4. The manufacturing layout of an expansive 
cement should be simple and commercially expedient.

of a Hardened Cement Paste

introduced into the technological layout of his water
proof expansive cement which is widely used in the 
USSR for more than 25 years, the preliminary pre
paration of highly basic calcium aluminate hydrate 
and its interaction with gypsum at the high concentra
tion of CaO in liquid phase. -

The authors of this work have some other opinion 
as to the nature of the expansion. The results of the 
experiments we have conducted make it possible to 
formulate the following opinion concerning the 
mechanism of cement expansion phenomenon and of 
the factors causing to. .

First of all it is necessary to say that the expansion, 
of the first sight a specific phenomenon, is inherent, 
on a definite stage of hardening, not only to expansive 
cements but as well to all the other ones. The process 
taking part at the hardening of expansive cements 
arises also at the hardening of ordinary contracting 
cements differing from those ones in expansive cements 
just by their intensity and duration.

After the mixing a cement with water anhydrous 
compounds of cement clinker interact with water and 
convert into hydrates. The products of hydration 
while hardening of cement paste, at first appear in the 
form of extremely fine nuclei of crystallization, these 
nuclei appearing both in liquid phase surrounding a 
hydration grain and on the surface of such a grain, 
since the concentration of the solution there is the 
largest one.

As far as the number of these crystallization nuclei 
increases, their coalescence into larger formations 
takes place. It is necessary to point out that in har
dened cement paste the crystals of newly formed 



compounds do not make a rigid, single whole crystallic 
coalescence. Along with the microareas where such a 
rigid frame forms, there are some areas where no rigid 
coalescence of separate crystals took part. Moreover, 
if a hardened cement paste were a rigid, single whole 
crystallic frame, it would break down as a result of 
continued hydration of the inner part of cement grains, 
since the newly formed hydration products, during the 
growth of their crystals, would inevitably assert some 
pressure on the already formed crystallic coalescence 
and would, at last, break it down.

It is necessary to say that the break down of the 
crystallic coalescence formed over some areas of the 
hardened cement paste do arise and it is due to such 
“break-downs” that temporary strength drops take 
place, these drops occuring in all cements-without 
exception-though in various degree. And the more 
intensive the cement hydration is, the more probable 
and the more appreciable these strength drops are.

It is also possible that essential role in these drops 
to form, take the recrystallization processes: the transi
tion of metastable crystallic hydrates into stable 
ones and the dissolution of thermodynamically un
stable crystallic contacts between separate crystals 
forming coalescences of crystals. These processes are 
described by E. E. Segalova and P. A. Rebinder 
(47).

After the semi-rigid frame in hardened cement paste 
has been formed, the further hydration of cement 
brings to both the consolidation of the hardened 
cements paste, this resulted from filling up the newly 
formed compounds into the spaces between the ce
ment particles and previously formed hydrates and 
the moving apart and partial deterioration of the 
semi-rigid crystallic frame. And it is due to such phe
nomenon according to the scientists working in the 
field of expansive cements, a non restricted expansion 
of hardened cement paste is always followed by some 
decrease of its strength.

The volume of a hardened cement paste results 
from the two contrary phenomena occuring in, the 
first one being the growth of its volume under the 
influence of continuing crystallization in hydrated 
newly formed compounds, while the second one being 
the contraction under the influence of capillary 
forces.

The ability of a compound to crystallize is mainly 
defined by two factors: by its ability to spontaneous 
crystallization (i.e. the number of crystallization 
nuclei, formed for a unit of time in a unite of volume), 
and by the linear speed of crystals’ growth.

If the number of crystallization nuclei in a unit of 
the volume is very large or if the speed of the crystals’- 

growth in newly formed compounds is small, then the 
dimension of the rigidly framed microareas of the 
hardened cement paste would be very small—despite 
a great number of these areas. This is featured by the 
consolidation of the hardened cement paste accom
panied with the full absence or a very small expansion.

On the contrary, if the number of crystallizing 
nuclei is a little bit less, while the growth of crystals 
is either having greater speed or is more prolonged, 
then the dimensions of the areas having rigid crystal- 
lation frame would be relatively bigger. Then the 
growing crystals of newly formed compounds should 
more often meet some obstacles and move apart 
surrounding crystallic “Buildups”.

On the base of such a conception concerning the 
nature of cement expansion, the composition and 
manufacturing layout of any expansive cement should 
be so designed as to provide for an intensive formation 
of quickly growing crystals of an expansive compound 
during a definite period of the paste hardening, this 
period being characterized by the presence in the 
hardened paste of a semi-rigid frame formed by the 
hydrated newly formed compounds.

It also results from this conception that the expan
sion process can be controlled by regulating all the 
factors influencing:

1) speed of hydration reactions,
2) the number of crystallization nuclei formed in a 

unit of volume of the hardening cement per unit 
of time and

3) the speed of growth of crystals in the expansive 
compound.

Such factors are, for example, the following ones: 
the composition of an expansive cement, the fineness 
of a cement and of its components, the temperature 
of the environment, the admixtures modifying the 
structures of newly formed hydrate etc. ■

The most rapidly crystallized component of the 
most commonly known expansive cements, able to 
form quickly growing crystals, is calcium sulphoalu
minate hydrate. However, as it was mentioned above, 
the expansion of a cement depends not only on the 
amount of this compound in the hardened cement 
but on the time of its formation as well.

Practically the period for vigorous expansion of the 
hardened cement paste of various expansive cements 
lies between one and seven days (see Fig. 2).

If the formation of crystals of calcium sulphoalu
minate hydrates occurs too quick (as for example in 
the case of a very fine expansive cement)—and mainly 
ends at the first period of hydration, when the har
dening cement paste is not yet hard enough, then the 
amount of expansion would be a small one. At the
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Fig. 2. The expansion of various expansive cements

coarser cement the growth of crystals of calcium 
sulphoaluminate hydrates slows down, this resulting 
to some greater expansion amount of the cement 
when hardening. Table 1 below contains the data of 
the amount of the expansion of alumina expansive 
cement (FPLl) made in the USSR depending on its 
fineness.- '

According to our data (20, 38, 45) the control of 
the amount of the cement expansion when hardening 
is also possible through the change of CaO concentra
tion in the liquid phase. Increasing the CaO concen
tration in liquid phase accelerates the crystallization 
of calcium sulphoaluminate hydrate thus decreasing 
the amount of the cement expansion. This has been 
proved by our study of the binding of calcium sulphate 
into calcium sulphoaluminate hydrate in the systems 
where the alumina compound is highly basic calcium 
aluminate C12A^ and less basic one CA.

We have found that the binding of calcium sulphate 
into calcium sulphoaluminate hydrate in systems 
containing highly basic calcium aluminate (C12A7), 
which is hydraulically more active, ends 60-70 times 
quicker than in systems containing a less basic cal
cium aluminate (CA). Fig. 3 shows the data concerning 
the speed of binding of calcium sulphate with various 
calcium aluminates which we have synthesized.

At the more rapid interaction of highly basic 
calcium aluminate with calcium sulphate in the liquid 
phase, the crystals of the formed calcium sulphoalu
minate hydrate are of smaller dimensions than those 
at the slow interaction and it brings to some decrease 
of the linear expansion. (See Table 2).

Linear expansion, mm per meter

Table 1. The amount of expansion, depending on its fineness

Specific surface, 
cm2 per gram

1 3 7 14 28 42

2000 0.7 3.2 4.9 8.4 14.1 20.7
2800 1.9 3.0 3.7 4.4 5.4 6.0
3500 1.9 2.9 3.2 3.4 3.7 4.0

Linear expansion, per cent

Table 2. Linear expansion of the mixtures 
of calcium aluminates with gypsum

Mixture, composition 1 day 3 days 7 days 28 days

C12A7 + CaSOj^HsO 0.08 0.1 0.15 0.30
CA + CaSO4-2H2O 0.20 2.3 5.6 The specimen has 

greatly elongated, 
bended and cracked

Fig. 3. The binding of gypsum with various calcium aluminates

As it is known, the environment temperature makes 
a serious influence on the hydration processes. We 
have studied the influence of the temperature of the 
environment on the speed of the growth of calcium 
sulphoaluminate hydrates crystals. Fig. 4 shows the 
photo of calcium sulphoaluminate hydrates formed 
in the hardened expansive cements at the various 
temperature of the environment. Table 3 contains the 
strength data of expansive cements hardened at nor
mal and elevated temperatures.

Our data concerning the influence of the tempera
ture and humidity on the speed of growth of calcium 
sulphoaluminate hydrates crystals have been used as 
a basis for designing of a third kind of expansive 
cement made in the USSR—The expansive portland 
cement (POU,) (27).

We have found that the formation of calcium 
sulphoaluminate hydrate at the interaction of cal-



a)

Fig. 4. The crystals of calcium sulphoaluminate hydrate formed 
at the hydration of gypsum—alumina cements (Fril) (X ISO)

a) hydration at 18°C, age 24 hours
b) hydration at 80°C, age 1 hour

Fig. 5. The crystals of calcium sulphoaluminate hydrate, formed 
at the hydration of expansive portland cement (PnU,) (x37O):

a) hydration at 18OC, age 24 hours ■
b) hydration at 80°C, age 5 hours

Table 3. The change of strength of expansive cements 
hardened at various temperatures of the environment

Cement

Compressive strength, kg/cm8

18°C, age 80°C, age

6 
hours

12 
hours

18
i hours

24 
hours

6 
hours

12 
hours

18 
hours

24 
hours

Gypsum alumina 
expansive cement

75 342 520 602 647 720 887 832

Expansive
Portland cement

— 17 57 95 387 500 540 596

cium aluminates with gypsum at the temperature 
60-80°C occurs with a greater rate exceeding the rate 
of the formation of calcium silicate hydrates. This 
gives the base to assume that the rate of strength of 
cements, whose hardening to a great extent is based 

on the formation of calcium sulphoaluminate hydrates, 
is considerably higher than the rate of strength of 
cements, whose hardening to a great extent is based 
on the formation of calcium sulphoaluminate hydra
tes, is considerably higher than the rate of strength 
growth of portland cements. On the base of these tests 
we have designed an expansive portland cement 
(PHU,) in which the accelerated strength growth at the 
steam curing is accounted for a more intensive forma
tion of calcium sulphoaluminate hydrates. After the 
steam curing is ended, the strength growth continues 
this accounted for common reactions occuring when 
hardening portland cements at the common tempera
ture.

Fig. 5 shows the pictures of the crystals of calcium



sulphoaluminate hydrate formed in hardening expan
sive portland cement (PF1LI) at the normal and ele
vated temperatures. Fig. 6 contains the data on the 
strength change of both the ordinary and expansive 
portland cements at the steam-curing.

The linear expansion of expansive portland cement 
(PHU,), that obtained by means of mutual grinding of 
starting materials, which provide the formation of 
calcium sulphoaluminate hydrate at the first period 
of cement hardening, amounts to 2-3 per cent. This 
expansive portland cement is used in construction 
technics as a common expansive cement. It is more 
widely used, however, as a special cement for making 
reinforced concrete articles in order to speed up their 
hardening when steam-cured (45). The concrete made 
of this cement makes no contraction cracks; more
over, it is of high water-proofing values. r

Pig. 6. The change of strength when steam cured
1— expansive portland cement
2— ordinary portland cement

The Technical Features of Expansive Cements

Commercial manufacture of expansion cements in 
the USSR and their wide use was preceeded by the 
long study of their technical features and numerous 
tests which have proved the reproduction of the 
results obtained.

For example, the stability of technical features of 
the alumina expansive cement (FPL!) has been studied 
by us for twenty years. The strength of cement has 
been tested in standard mortars of 1:3 composition 
in both lean and plastic consistency with normal sand 
and with common sand used in building in mortars of 
1:2.5 composition; we have also tested cements in 
concretes of various composition and plasticity. 
Table 4 contains compression and tensile strength 
tests data for samples made from alumina expansive 

cement (FPU) depending on the conditions of five 
years hardening.

Fig. 7 shows the crystals of calcium sulphoalumi
nate hydrates extracted from the alumina expansive 
cement hardened during 11 years.

Alumina expansive cement as well as common alu
mina cement is a rapid hardening one. The hardening 
in alternate moisting and drying conditions makes no 
appreciable adverse influence on it. Its compressive 
and tensile strength values are higher than those for 
alumina cement.

Fig. 8 shows the change of linear expansion for 
expansive alumina cement when hardening in water, 
in air and at the alternate pattern of hardening. As 
seen from the data reported, the expansion of an

Strength, kg per cm2

Table 4. Hie change of the strength of expansive alumina cement (FPU) depending on the conditions of hardening

compression. age: tensile, age:

Hardening 1 3 28 6 1 2 3 4 5 1 3 28 6 1 2 3 4 5
conditions day days days months year years years years years day days days months year years years years years

The specimens of stiff consistency
Water 319 341 344 386 522 517 535 543 471 25 20 24 21 34 32 33 29 27
Air 319 386 478 462 477 472 398 366 351 25 25 30 32 33 33 35 32 27
Combined 319 341 563 580 523 590 525 466 420 25 20 35 41 48 60 47 33 37

The specimens of plastic consistency
Water 163 212 304 342 325 342 350 286 311 22 15 24 23 22 22 27 30 28
Air 163 180 292 276 315 282 250 236 216 22 22 24 28 31 32 29 25 29 -
Combined 163 212 359 375 382 390 330 271 241 22 15 32 32 40 36 36 25 28



Fig. 7. The crystals of calcium sulphoaluminate hydrate, formed 
in gypsum-alumina cement, 11 years of hardening

Fig. 8. The influence of hardening conditions on the amount 
of expansion of cement

1— in water
2— at the combined pattern of hardening
3— in air

expansive aluminous cement (PPU) hardened in 
water during the first day amounts to 50 per cent of 
the final expansion, this process practically ending at 
the age of three days. Table 5 contains data concern
ing the relationship between the expansion amount of 
a hardened cement and the mortar composition. These 
data show that the expansion of expansive alumina 
cement (PPU) decreases proportionally to the decre
ase of binding agent content in it and inversely propor
tional to the W/C ratio increase.

The heat release when hardening of alumina expan
sive cement starts quickly and runs smoothly. The

Table 5. The amount of the hardening cement expansion 
depending of the mortar composition

Mortar 

composition

Linear expansion, per cent, 
at various curing age (days),

, 1 3 7 14 21 28 60

1:0 0.24 0.14 0.26 0.28 0.31 0.31 0.31 0.31
1:0.25 0.26 0.19 0.24 0.26 0.27 0.27 0.27 0.27
1:0.5 0.28 0.17 0.22 0.22 0.22 0.22 0.23 0.23
1:1 0.29 0.12 0,16 0.17 0.18 0.18 0.18 0.18
1:1.5 0.31 0.09 0.14 0.14 0.14 0.14 0.14 0.14
1:2 0.34 0.07 0.12 0.12 0.12 0.12 0.12 0.12
1:2.5 0.41 0.06 0.1 0.1 0.1 0.1 0.1 0.1
1:3 0.43 0.08 0.09 0.09 0.09 0.09 0.09 0.09
1:4 0.67 - 0.05 0.05 0.05 0.05 0.05 0.05 0.05
1:6 0.77 0 0.01 0.01 0.03 0.03 0.03 0.03
1:8 1.00 0 0.01 0.01 0.01 0.01 0.01 0.01

maximum temperature of its heating is lower than that 
of alumina cement.

Tests for both the adhesion of expansive alumina 
cement with reinforcement steel and the safety of the 
steel were conducted for five years. These tests show 
that the hardening of concrete and mortars at the 
constant humidity, expansive aluminous cement 
bears no corroding action on the reinforcement. At 
the air hardening, however, when gypsum contained 
in expansive aluminous cement has no time enough to 
completely bind into calcium sulphoaluminate hydrate 
the corrosion of the steels surface takes place.

The studies have shown that concretes and mortars 
on expansive alumina cement are waterproofing ones 
at 10 atm. pressure after three days of hardening.

Rich mortars of 1:2.5 composition and concretes 
with cement consumption of 350 kg per cubic meter, 
having W/C = 0.45 and made on expansive alumina 
cement (PPL[) suffer more than 200 alternate freezing
thawing cycles.
‘ The mortars and concretes made from expansive 
alumina cement are quite stable at alternate watering 
and drying but cannot be used at temperatures above 
80°C since at these temperatures calcium sulphoalu
minate hydrate decomposes.

Expansive aluminous cement (FPU) can be used for 
jointing separate concrete articles into a single unit 
and for strengthening of articles, for pouring base
plate bolts, for making joints and sockets in water 
supply tubes having pressure up to 10 atm and sewage 
in tubes for making hydroisolation and plastering, for 
building, reservoirs, for jointing large parts of machi
nes and metallic works. -

Expansive aluminous cement (FPLj) is widely used 
in the form of gel cements for oil wells and gas wells 
when sinking into cavernous and cracked rocks.

The study of the technical features of waterproofing 
expansive cement (BPLj) and the inspection of con
structions made of this cement have been continued 
for over twenty five years. This cement is of quick



Table 6. The technical data of the waterproof expansive cement (BPU)

Setting Time, Strength (kg/cm2), 
specimens made from

Linear expansion when 
hardening, per cent

The full waterproofing attained 
in the specimens made from:

paste of normal plastic mortar neat cement mortar 1:2,
initial final consistency, age (1:2), in air, age in water, age paste, age age

not not 6 1 3 7 28 1 28 1 28 6 1 10 1
earlier later hours day days days days day days day days hours day hours day

than not less than pressure, atm.

4 10 75 120 200 300 500 0.05 0.02 0.2 1.0 1 5 1 5

Table 7. The technical data of expansive portland cement (PHLl,)

Fineness, Specific Water Setting time. Compressive strength, Linear expansion. The waterproofing of
per cent, surface, for hours-minutes kg/cm8, age per cent, age mortars and concretes
residue on S, cm2/g normal hardened in various
the sieves: consistency. conditions and withs-

per cent landing the pressure
(aims), after:

No.
02

No. 
008 Beginning End 3 days 7 days 28 days 1 day 3 days 28 days

1-day 
of water 

hardening

steam 
curing

0.1-0.5 6-8 3000-3500 25-29 1.0-2.0 1.5-4.0 200-300 300-400 400-600 0.15-0.50 0.20-0.80 0.20-1.00 8-10 13-15

strength growth value, of short setting time and of 
high waterproofing value. Table 6 contains the data 
featuring the technical values of this cement. The 
widest use of this cement is the joint making of city 
subways cast sections. The long year service of various 
Soviet subways has proved high values of the water
proofing expansive cements.

This cement has also been used for repair and 
restoration, hydroisolation coating, for jointing" 
separate concrete articles into a single unit etc.

Table 7 contains data featuring technical values of 
expansive portland cement (PFIU). The study of its 
features and inspection of construction projects made 
of this cement have been conducted for thirteen years.

This kind of cement is of high strength, water
proofing and of anticorrosive values. Numerous float
ing, precast and reinforced construction projects 
made of this cement some thirteen years ago are still 
in good service conditions.

This cement has been widely used for making 
common precast reinforced articles made of precast 
unit factories since it makes possible to spend half the 
time for isothermal curing of units when hydrother- 
mally treated as to compare with ordinary portland 
cement of equal strength.

To add that this cement is of some lesser cost than 
ordinary portland cement of equal strength.

So, the manufacturing and use of expansive cements 

in the Soviet Union and in other countries reveal 
wide prospects for these kind of cements.

To conclude it is necessary to state however, that, 
despite the broad promise of expansive cements as a 
building material, their output and their use has not 
yet attained the volume necessary. And, for their 
further development, following research work and 
accumulation of practical experience are necessary 
concerning:

1. More strict framing of the building features and 
composition of expansive cements.

2. Working out the optimum compositions and 
manufacturing layout for expansive concretes 
of the strictly shaped quality.

3. More strict framing of the optimum areas for 
use of expansive concretes, specifically for self
stressed one.

4. Finding out the amount of the stress loss in 
reinforcement work under the influence of the 
shrinkage and the creep in a long aged con
crete. '

5. The study of still unexplored features of expan
sive concretes in order to broaden their use.
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Written Discussion

Otar P. Mchedlov-Petrosyan and Dmitrijs A. Ugincius

The excellent Principal Paper “Expansive Cements” 
by P. P. Budnikov and I. V. Kravchenko is of great 
interest for everybody who works in this field of 
cement and concrete technology. However, the 
authors say that they do not try to give a complete 
survey of all the works in this field. That is the reason 
why we wish to pay attention to some aspects of this 
problem about which the authors say nothing.

From our point of view the production of expansive 
compositions on the base of commercial portland 
cement directly at the construction site or at prefab
ricated concrete plant, using the simplest technolog
ical operations, is a good idea. H. Lafuma backs 
this idea (1).

Such a composition, in particular, is the same com
position which has been already mentioned at this 
Symposium in connection with other problems (7).

Besides the patent mentioned by the authors of 
Principal Paper there are some publications giving 
theoretical basis," ingredients of the compounded 
additive, structure and properties of materials, ob
tained while using it (2, 3, 4, 5, 6, 8).

The introduction of this inexpensive additive 
“reaction accelerator + expander + retarder” in the 
moment of mixing commercial portland cement 
proved to provide higher density, strength of cement 
stone and to reduce its permeability without using 
manufactured expansive cements.



The using of the action of compounded additive is 
an example of chemical way of the directed concrete 
structure formation.

In addition to this we give some data about cement 
stone structure of expansive compositions on the basis 
of portland cement.

As thermographic, petrographic and physico- 
mechanical investigations have shown that cement 
stone with compounded chemical additive acquires 
greater density and strength not only during harden
ing at room temperature but also as the result of 
steam curing.

The application of additive at the normal (3, 4, 5) 
and high (2, 6) temperatures proved to be successful 
and has widely been used during more than seven 
years.

The additive in consideration may be an example of 
effectiveness of a radical new trend—the transforma
tion of the expansive composition preparing process 
from cement technology element to concrete technol
ogy element.
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Written Discussion

Albert Joisel

Introduction

Cement expansions may looks as rather mysterious 
phenomena. However we intend to indicate that their 
essential principles are simple; they are based on 
universally admitted physico-chemical laws; they are 
strengthened by numerous published results, which 
we will suppose well known by the readers.

The LeChatelier theory (1887) expresses that the 
hydraulic constituents of the cement grains go into 
solution in the mixing water and precipitate as a less 
soluble hydrated form; it may be stated as follows:

In an hydraulic cement, which may be wrote B — X, 
at least one of its constituents X forms, with the mix
ing water, an hydrate X — H molarly less soluble 
than the anhydrate in this water.

A solid constituent Y of the concrete (belonging or 
not to the cement) which forms with the mixing water 
a hydrate Y — H molarly as much soluble or much 
soluble than the anhydrate in this water, gives an 
expansion (or obviously a simple dissolution, if it is 
sufficiently soluble and diluted).

Hydraulic Cement

Let us consider (Fig. la) the aqueous space between 
a cement grain B - X, containing a soluble consti
tuent X, and an inert aggregate G.

The X constituent passes into solution in water 

(Fig. lb). Its concentration in this water, at first 
stronger near the cement grain, tends to get more 
uniform and to reach saturation.

The first precipitation | X— 77" | takes place far



from the B — X grain (Fig. 1c). In fact, if it had taken 
place near the B — X grain, it would mean that a 
molecule (or an ion) X of the solution could precipi
tate as an hydrated form | X — H [ in presence of a 
X, remained anhydrous in the B — X grain. This is 
not possible as the X constituent is more soluble when 
anhydrous than hydrated, that is to say: the anhy
drous constituent X has a greater affinity for water 
than has the same X constituent in solution.

The precipitation goes on from the first germs and 

progressively binds the grains, and particularly the 
inert grains, each other.

The X constituent is, for instance, a part of the lime 
of the tricalcium silicate C3S, which goes into solution 
almost alone during the hydration. This lime is molarly 
more soluble than the lime in solution, as we can ob
serve a sursaturation of the mixing water. The initial 
crystallisation of the portlandite | CH | is done at a 
certain distance from the alite grain. It goes on after
wards in aqueous interstices.

The X constituent is also the calcium hydroxide of 
the “fat limes” which is molarly more soluble in water 
charged with carbonic gas, than the calcium carbon
ate which precipitate in the interstitial water.

The X constituent is also the part of the silica of a 
pozzolana which, in the presence of portlandite, goes 
into solution in the basic water of the interstices and 
precipitate at a distance from the pozzolana grain in a 
relatively low calcic form, that is to say, relatively 
scarcely soluble.

Expansive

Let us consider now an expansive grain Y (Fig. 
2a). The Y constituent goes into solution in water 
(Fig. 2b). _______

The first precipitation | Y — H | takes place near the 
Y grain (Fig. 2c), as it is there that the concentration 
is stronger, and as Y has at least as much affinity for 
water H when it is in solution as when anhydrous.

The Y grain is thus progressively surrounded by a 
solid layer | Y — H | (Fig. 2d). At the surface of this 
layer in contact with water, the interchanges between 
the water of the (Y, H) liquid and the | Y — H | solid 
are possible, if this solid is somewhat soluble in the 
mixing water: the water may enter this hydrate layer, 
towards the Y anhydrous grain.

On the contrary, the constituent of the Y solid 
grain, not molarly more soluble in water than the 
I Y — H I solid one (that is to say, having no more 
water affinity when anhydrous than hydrated) cannot 
take out some water molecule from this solid and so, it 
cannot go into solution in the aqueous interstice 
through the Y — H layer. This solid | Y — H | layer 
behaves, as we can see, as a semi-permeable membrane 
between the Y solid and the mixing water. (That is what 
Le Chatelier expressed when saying that the hydration 
of an expansive constituent is done without dissolu
tion).

The Van’t-Hoff’s law, derived from the gases’s 
law, applies to the water osmotic pressure. This water 
enters into the membrane, hydrates in situ the Y

constituent, causes high pressures, as it is easy to com
pute, and breaks out the peripheric part. We are than 
brought back to the previous process.

The smaller the expansive grain dimension, and the 
larger Y surface, the lower is the expansion and less 
dangerous for strength, since the Y part forming the 
semipermeable membrane is gone into solution and 
so has not caused expansion.

The expansive constituent Y is, for example, free 
lime CaO, since we may consider that CaO and 
Ca(OH)2 have the same molar solubility, or free 
magnesia MgO. (CaO and MgO are dissolved in 
water without sursaturation).

Heating at 100° or 200°C, which reduces the lime 
and magnesia solubilities, but which increases their 
dissolution rate, accelerates the expansion of these two 
constituents.

Every addition to the portland cement susceptible 
to form, with the lime (or magnesia) gone into solution, 



a lower lime molar solubility product tends to precipi
tate the lime, for example as an hydrated calcium 
silico-aluminate, far from the grains, and so to reduce 
expansion. It is the case for relatively low additions of 
pozzolana or slag to a cement, which would be un

stable because a free lime excess.
The lime and magnesia which are a part of the con

stitution of vitreous silico-aluminates of slags and 
pozzolanas cannot promote expansion.

Alkali-Aggregate Reaction

The reactive silica of certain grains, which goes into 
solution in the alkaline mixing water, leads to local 
expansions on the peripheral part of these grains, 
since it forms hydrated mixed silicates or silico-alumi
nates of alkaline earths and alkalines, which are molar- 
ly at least as soluble as the original silica.

The expansion can be reduced either by reduction 

of alkali content, or largely increasing the reactive sur
faces in order to divide the mixed silico-aluminates on 
thin films through the concrete mass, by the addition of 
fine pozzolana or grounded slag (Those alkali salts are 
almost insoluble). For this reason, the grinding of a 
reactive aggregate reduces the concrete expansion.

Expansion due to Reinforcement Oxidation

Iron, as all metals, is molarly more soluble in the then with expansion, unless it dissolves entirely, for 
ionised state than in metallic state. If it oxidises, it is example, in acid water.

Hydration of Aluminates

The richer in lime, the more water soluble are the 
hydrated calcium aluminates; but on the contrary for 
silicates, the anhydrous aluminates go into solution 
in their stoechiometric ratio. They form in the aqueous 
interstices hydrated aluminates with varied molar 
ratios C/A and the most stable is the hydrated trical
cium aluminate C3AH6.

The tricalcium aluminate, if used alone, would 
give an hydrated tricalcium aluminate having the 
same solubility as the anhydrous one. It would then be 
expansive. It is effectively observed that the pure 
tricalcium aluminate hydrates efficiently with expan
sion; it is not an hydraulic cement; its strength is 
null.

For the protland cement, in presence of lime freed 
by the silicate hydration, an aluminate with more 
than 3 lime molecules may precipitate which is more 
soluble than tricalcium aluminate and expansive. 

The final strengths of high tricalcium aluminate 
cements are then relatively low, chiefly if they are 
steamed. Autoclave expansion of these cements is 
frequent; it is diminished if the clinkers are rapidly 
cooled, because tricalcium aluminate crystals are then 
smaller (see what is formerly said of the alkali-aggre
gate reaction).

On the contrary, for an aluminous cement with a 
C/A ratio <3, a less calcic hydrated aluminate 
precipitates, then less soluble; it is observed in fact 
that it remains more lime than alumina in solution. 
The aluminous cement is not then expansive.

However, if we add a small amount of lime (or of 
portland) to the aluminous cement, lime richer hydrat
ed aluminate can precipitate in the aqueous interstices 
(moreover promoting a rapid setting). There is then 
expansion and the strengths are weakened.

Sulphates Addition to Cements

The tricalcium aluminate, though it is not favorable 
for final strengths of portland cement, is favorable for 
early strengths, because it fixes a relatively high a
mount of water and so contributes to the “squeezing” 

of the silicates which are the veritable hydraulic con
stituents of this cement. But for the normal setting 
cements, we must delay this aluminate hydration by 
calcium sulphate. This sulphate forms with the alumi



nate a hydrated sulphoaluminate which is more soluble, 
the richer in sulphate.

If, at the end of the setting, some free calcium 
sulphate remains, it forms, with the scarcely sulphated 
hydrated aluminate or sulphoaluminates, more 
soluble hydrated sulfoaluminates, and it promotes 
an expansion. Therefore, the SO3 content of portland 
cement is limited, for example to 3.5%. We can note 
that this data corresponds for a usual portland ce
ment (with about 12% C3A), nearly to the potential 
formula C3ASCH„, that is to say, to the monosul
phate.

A raising of temperature at 100°C largely hastens the 
sulphates dissolution and the silicates hydration (but 
almost does not change the aluminates hydration rate). 

The initial distribution of the sulphates against the 
aluminates is then more homogenous. As a result, the 
expansion due to a high amount of sulphate is less for 
warm than for cold curing.

- We know that at the beginning of hydration, it is a 
very sulphated hydrated aluminate (trisulphated) that 
precipitates. Its ulterior transformation into a less 
sulphated aluminate (monosulphated), then less solu 
ble, may take place without expansion.

For silico-aluminous cements, alumina richer than 
portland cements, containing basic slag or certain 
pozzolanas, the proportion of sulphate may and must 
be increased (with the high slag content cements and 
particularly sursulphated cements).

Expansion due to Sulphated Agents

We have just seen that a cement, containing initialy 
tricalcium aluminate, gives hydrated aluminous or 
sulphoaluminous products, the mean composition of 
which is about C3ASCH„. In the presence of sulphate, 
particularly sulphated waters, it is known that it 

trisulphated sulphoaluminate that tends to form. Now 
it is more soluble than the already formed aluminous 
or sulphoaluminous hydrates of the cement; then it 
leads to an expansion.

Expansive Cements

As expansive product, free lime CaO, free magnesia 
MgO, and chiefly varied sulphoaluminates were used. 
Lime and magnesia must be calcined and ground in 
definite conditions: particularly the temperature and 
the duration of calcining have a great influence on the 
dimension of the expansive grains (and consequently 
on their porosity). As for the expansion of sulpho
aluminates, it should happen or continue after the 
cement setting (obtained, for instance, through a 
certain proportion of portland clinker), by the action 
of a sulphate on hydrated aluminates or sulphoalu
minates that are already formed or that are forming. 
It is then necessary that the sulphate or aluminate does 
not enter too quickly into solution: high temperature 
calcined anhydrite and aluminous cement (which 
must be relatively lime rich, so that the C/A ratio be 
between 1 and 3), or stoechiometrically analogous 
mixes, or most often a sulphoaluminous cement, have 
been used.

The expansion, for a well distribution in the mass, 
needs a sufficient fineness of the cement, which more

over confers on it a good workability, but which may 
lead to a relatively important hydraulic shrinkage after 
expansion, when drying.

At last, it is necessary that the cement contains a 
high proportion of sound constituents, even in the 
presence of sulphates. They hydrate relatively slowly 
and lately consolidate the expanded zones: blast 
furnace slag, pozzolana, clinker with a low lime satu
ration rate and low C3A content.

It can be seen that these principles, concerning in 
fact:

1) —setting,
2) —time, duration and distribution of expansion,
3) —hardening,

might lead to a large variety of expanesive cements.
As for the structures cracking, if the hydraulic 

shrinkage is the major cause, the “without shrinkage” 
cements or “with compensated shrinkage” cements 
would be of great interest, but the hydraulic shrinkage 
is never the essential cause of cracking . . .



Oral Discussion

Jose Calleja

In connection with the Principal Paper Expansive 
Cement presented by Prof. Budnikov and Prof. 
Kravchenko, from the Soviet Union, I want to 
emphasize the interest which the original points of 
view of the authors should have for future interpreta
tion of expansion phenomena.

Following ideas of the authors, it may be said that, 
in general variations of volume in the cement paste 
will cause the weakening of its structure and, con
sequently, will lower its strength and its durability. 
These are particularly affected by external and internal 
microcracking and cracking due to shrinkage.

In this respect, every action which will tend to 
reduce shrinkage, will equally tend to improve the 
mechanical strength and the chemical resistance. 
This is the origin of the so-called “non shrinking 
cements”, or “shrinkage compensated cements”, or 
even “controlled expansion cements".

Spanish research work on such types of cements 
has been carried out at the “Eduardo Torroja” 
Institute for Cement and Concrete Research in 
Madrid, from the year nineteen fifty onwards (1 to 4).

Portland cements were prepared starting from 
clinkers with a high content of highly basic calcium 
aluminates and from both, gypsum stone and (or) 
anhydrite as retarders. A certain amount of free lime 
was also present in the clinkers, so that conditions 
were the most favourable for the formation of expan
sive tricalcium aluminate sulphate hydrates.

Results showed that minimum shrinkage, maximum 
strength and maximum durability were achieved 
when the gypsum or anhydrite contents in the resulting 
portland cements were close to those corresponding 
to the formation of tricalcium aluminate monosul
phate hydrate as final stable sulphated aluminous 
phase, according to Forsen’s point of view (5).

Such amounts of calcium sulphate corresponded 
also closely to those present in the portland cements 
called “correctly retarded" by Lerch, years ago (6).

Then, maximum strength in such conditions is most 
probably the direct or indirect consequence of a 
minimum change involume (shrinkage compensated 
as much as possible by expansion), and it seems 

therefore that the involved calcium sulphate content,
i.e.,  that corresponding to the formation of 
C3A-CaSO4" 12H2O from the C3A of the clinker 
(leaving aside other influences such as that of the 
fineness and of the alkali content, etc. in the cements), 
may provide a limit for separating “shrinkage com
pensated cements" or “non shrinking cements” from 
actual “expansive cements” made with the same 
clinker, as far as the manufacture of such cements is 
concerned.

I would much ppreciate to know if the authors 
or any other delegates have had a similar experience 
and their opinion on this matter.
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Oral Discussion

Kozo Sugiura

Of the three types of expansive cements industrially 
produced in the Soviet Union it is stated that expan
sive portland cement is used mainly for manufacture 
of precast reinforced articles. Has this type of expan
sive cement been used for cast-in-situ concrete such as 
pavements ?

For such uses, it is thought that retarding of set 
would require replacement of gypsum with anhydrite 
or addition of a retarder. Have such measures been 
taken?



Supplementary Paper IV-66 Nature of Hydration Products 
in the System 4CaO*3Al 2O3«SO3-CaSO4-CaO-H2O

*University of California, Berkeley, California, U.S.A.
Standard abbreviation used in cement chemistry are fol

lowed. Abbreviation S stands for SO3.

Alexander Klein and Povindar K. Mehta*

Synopsis.

Commercially made expansive cements in the United States are presently based on the 
inclusion of an expansive complex in portland cement. The expansive component consists of 
suitable proportions of C4A3S, CS and lime. The hydration products in the systems C4A3S- 
CS-C-H contain several calcium sulfoaluminate hydrates. Only calcium trisulfohydrates 
(ettringite) is known to cause expansion under conditions of restraint. For a better under
standing of the chemistry of expansive cements, a thorough investigation is undertaken to 
determine the nature_of hydration products from a wide range of anhydrous compositions 
containing C4A3S, CS_and_lime. _

Mixtures of C4A3S, CS and lime were made corresponding to A/S ratios of 0.25, 0.50, 
0.75, 1.00, 1.25 and C/S ratios of 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0. The hydrating mix
tures were studied by X-ray diffraction analysis at 6, 24, 72 and 168 hours.

The1 results are compared with theoretical predictions, and a phase diagram has been 
constructed to show the nature of final hydration products in the system.

The utilisation of expansion based on the formation of ettringite has been successfully 
demonstrated in the U.S.S.R. by Mikhailov(l, 2) and in the United States by Klein and his 
associates(3,4, 5, 6). The expansive cements developed at the University of California by 
Klein and Troxell(3) are blends of portland_ cement with an expansive component which 
consists of appropriate proportions of C4A3S, CS and lime.

Portland cements containing the “expansive complex” are also being produced com
mercially from portland cement clinkers containing all the constituents of the “expansive 
complex”. The American Concrete Institute’s Committee on Expansive Cements has desi
gnated these cements as Type K expansive cements.

Kalousek(7) Jones(8) and D’Ans(9) have made important contributions to our know
ledge on the formation of calcium sulfoaluminate hydrate from aqueous solutions of C3A, 
AS, CS, CH etc., but Mehta and Klein(lO) have reported on calcium sulfoaluminate hydrates 
formed by solid state hydration in the system C4A3S-CS-C-H.

Mehta and Klein(lO) confined their preliminary investigation to reaction mixtures having 
2.0 and 4.0 C/S mole ratios, and corresponding to A/S mole ratios between 0.2 to 1.25. For a 
better understanding and control of the chemistry of expansive cement, the scope_of the 
present investigation has been enlarged to include mixtures with wider range of C/S mole 
ratios.

Materials and Experimental Procedure

High-purity C4A3S was made by intergrinding stoic
hiometric proportions of reagent grade CaCO 3, CaSO4 • 
2H2O and A12O3 -3H2O, and thereafter sintering the 
material at 135O°C in a Globar furnace. High-purity 
CS and lime were made by calcining at 1300°C reagent
grade gypsum and chalk respectively. All the three 
anhydrous components thus prepared were ground to 
3000-4000 cm2/g Blaine and stored in air-tight bottles.

In Tables 1, 2 and 3 are shown molar compositions 
of mixes investigated in the present study. In every 
case weight proportions for a 75 g mix were calculated 
corresponding to molar proportions of the constituent 
components. For hydration purposes, 30 g (0.4 water
cement ratio) of chilled distilled water was placed 
in a porcelain dish, and weighed CaO was the first 
component to be mixed with water before the weighed 
portions of other constituents were added. This 
procedure was adopted in order to offset any detri
mental effects of excessive heat of hydration of CaO 
on the products of hydration. Otherwise the casting,



Table 1. Mix proportions, predicted hydration products, and actually present 
' hydration products of mixes having 2.0 to 3.0 C/S

Mole ratios Mix proportions 
(Molar basis) Predicted hydration products from 

the theoretical molar composition
Hydration products at 168 hours, 
as determined by XRD analysis

C/S A/S C1AsS | CS | C

2.0 0.25 1 11 9 CsASi —> C6A5aaq + CS + CH B, CS, CH
0.50 1 5 3 CgAgSa * 4/3 CßASsaq + 2/3 AHg E, AH3

tr 0.75 1 3 1 CbAsS. ---- ► 4/3 C0AS3aq + 5/3 AH3 E, AH3
# LOO 1 2 0 C8A4S4 ---- > 4/3 C,AS3aq + 8/3 AH: E, AH5

1.25 CgAgSi —>4/3 C6AS3aq + 11/3AH5 E, AH3
2.5 0.25 1 11 15 CioAS, ---- > C6AS3aq + CS + 3CH E, CS, CH

0.50 1 5 6 Ci 0A2S4 ---- > CßASsaq + C4ÄSaq E, Mis and Mis '
o 0.75 1 3 3 C10A3S4 * CflASjaq -H C4ASaq -|- AH3 E, Mis, AHs
» 1.00 1 - 2 3/2 C10A4S4 —> CgASsaq + C4ASaq + 2AH3 E, Mi8,AH3
» 1.25 1 7/5 3/5 Ci 0A5S4 * CgASgaq + C.iASaq -f~ 3AH3 E, Mis, AHs

3.0 0.25 1 11 21 C12AS4 ---- ► CoASsaq + CS + 5CH E, CS, CH
a 0.50 1 5 9 CisAjS. ---- > CsASsaq + C4ASaq + 2CH E,Ml8 &Mi2,CH

0.75 1 3 5 Ci 2A3S4 ---- » CeASsaq + C4ASaq + 2CH + AH3 E, Mis & Mi 2, CzA.yHz
w 1.00 1 2 3 Ci 2A4S4 > CßASjjaq 4- CiASaq -f- 2CH 4- 2AH3 E,M18, CsAyHz, AHs
*• 1.25 1 7/5 9/5 CiäAsS. —■ > CgASsaq 4~ C4ASaq 4~ 2CH 4~ 3AH3 E, Mia, CzAyHz, AHs

Table 2. Mix proportions, predicted hydration products, and actually present 
hydration products of mixes having 3.5 to 5.0 CjS

Mole ratios Mix proportions 
(Molar basis) Predicted hydration products from 

the theoretical molar composition
Hydration products at 168 hours, 
as determined by XRD analysis

c/s J A/S C4A3S CS C

3.5 0.25 1 11 27 CuAS, ---- > C«AS3aq + CS + 7CH E, CS, CH
» 0.50 1 5 12 Ci4A2§4 —► C6AS3aq + CjASaq + 4CH E, Mis &Mi2, CH
B 0.75 1 3 7 C14A3S4 ---- > CßASsaq 4~ C4ASaq 4~ 4CH 4~ AH3 E, Mis M12, CxAyHz, CH
B 1.00 1 o 9/2 C14A4S4 ---- > CsASsaq + C4ASaq + 4CH + 2AH3 E, Mis SMii.C^m
B 1.25 1 7/5 3 ChAsS» ---- ► C6AS3aq + C.ASaq + 4CH + 3AH3 E,M]9, CrA„Hz, AH,

4.0 0.25 1 11 33 C16AS4 ---- ► CsASsaq + CS + 9CH B, CS, CH
B 0.50 1 5 15 CioA2§4 ---- > CeASaaq 4- CiASaq 4- 6CH E, M18 &Mj2,CH
B 0.75 1 3 9 CigAsSi ---- ► C0AS3aq + C,ASaq + 6CH + AH3 E, Mis & M12, CxAkH,, CH
B 1.00 1 2 6 C10A4S4 ---- > 4C4ASaq Mis & Mia 4- trace of E
B 1.25 1 7/5 21/5 C(oA5§4 ---- > 4C4ASaq 4- AH3 M, 8 + AH3

5.0 0.25 1 11 45 C2oAS4 ---- > CgASsaq 4- CS 4- 13CH E + CS + CH
B 0.50 1 5 21 C20A2S4 ---- > C6AS3aq + C4ASaq + 10CH E 4~ Mis & M12 4* CH 4~
B 0.75 1 3 13 C20A3S4 ---- > CeAS3aq + CiASaq + 10CH + AH3 E + Mis &M12 4-CH + Mz
B 1.00 1 2 9 C20A4S4 —* 4C4ASaq + 4CH Mjs & Mj 2 4- CH 4- Ms 4- trace of E

1.25 1 7/5 33/5 C20A5S4 ---- > 4C4ASaq + 4CH + AH3 M12 & Mz 4- S.S. .

Table 3. Mix proportions, predicted hydration products, and actually present 
hydration products of mixes having 6.0 to 8.0 C/S

Mole ratios Mix proportions 
(Molar basis) Predicted hydration products from 

the theoretical molar composition.
Hydration products at 168 hours, 
as determined by XRD analysis

c/s 1 A/S C4A3S CS C

6.0 0.25 1 11 57 C24AS4 ---- ► CeAS3aq + CS + 17CH E + CS + CH
0.50 1 5 27 C24A2S4 ---- > C6AS3aq + C.ASaq + 14CH E 4- Mia & M12 4- CH 4- Mj:

B 0.75 1 3 17 C24A3S4. ---- » CgASaaq 4- C4ASaq + 14CH 4- AH3 E 4- M12 &Mi2 4- CH 4- Mx
B 1.00 1 2 12 C24A4S4 ---- . 4CjASaq + 8CH Mis & Mis 4- CH 4- 4- trace of E
B 1.25 1 7/5 9 C24A5§4 ---- > 4C4ASaq 4- 8CH 4- AHs M12 4- CH 4- S.S. phases

7.0 0.25 1 II 69 c38as4 ---- > CgASiaq + CS 4- 2ICH E + CS + CH
B 0.50 1 5 33 C28A2S4 ---- ► CgASsaq + 18CH + C4ASaq E 4- Mis & Mi 2 4" CH 4~ Mx
B 0.75 1 3 21 C28A3S4 ---- ► CjASsaq + C,ASaq + 18CH + AHs E 4- Mia &M,2 4- CH 4- Mx
B 1.00 1 2 15 C28A4S4 ---- > 4C4AS3aq + 12CH Mis & Mü 4- CH 4- Mz 4- trace of E
B 1.25 1 7/5 57/5 C28A5S4 —>4C4AS3aq 4- 12CH 4- AH3 M18 + CH + S.S. phases

8.0 0.25 1 11 81 C32AS4 ---- > CaASsaq + CS + 25CH B + CS + CH
0.50 1 5 39 C32A2S4 ---- > C8AS3aq + CiASaq + 22CH E 4- Mis & M12 +CH + Mz

B 0.75 1 3 25 C32A3S4 ---- ► C9AS3aq + C4ASaq + 22CH + AHs E 4- Mi8 & Mia 4- CH 4- Mx
B 1.00 1 2 18 C32A4§4 ---- >4C4ASaq + 16CH Mis & M12 4- CH 4- Mz 4- trace of E

1.25 1 7/5 69/5 CaaAsSi ---- >4CiASaq + 16CH + AHs Mi 2 4- CH 4- S.S. phases

curing and XRD analysis procedures remained 
essentially the same as described in Appendix A of the 
earlier paper by Mehta and Klein (10).

The ingredients after thorough mixing with water 

were cast in plastic vials which were properly covered 
to prevent access of atmospheric carbon dioxide. 
After six hours, a small sample of the hydrating 
material was taken for XRD analysis while, the rest 



of the hardened specimen was exposed to moist 
curing in airtight plastic containers lined with cotton 
pads soaked in distilled water. Samples were regularly 
withdrawn for XRD analysis at 24, 72 and 168 hours.

For XRD analysis, a Philips Norelco XR generator 
with Cu target (40 KV, 35 mA) and 0.0007" nickel 
filter was used in conjunction with a Philips Norelco 
Diffractometer scanning at 0.5 deg. 20/min. The 
diffraction pattern was recorded at 1000 counts per 

second full scale deflection by a Bristol recorder.
Identification of anhydrous compounds as well as of 

hydrated phases presented no difficulty by XRD 
analysis technique except for AH3 which, due pro
bably to very poor crystallinity, yielded broad peaks 
in the diffration patterns of the specimens. The pre
sence of AH3 was, therefore, confirmed by solubity 
test in dilute HCI (1: 5). The solutions exhibiting 
turbidity in this test were assumed to contain AH3.

Results and Discussion

The predicted hydration products from the theo
retical molar compositions as well as the hydration 
products actually determined at 168 hours are shown 
against the respective anhydrous mixtures listed in 
Tables 1, 2 and 3. The XRD data for earlier ages 
of hydration are not given in this paper because its 
inclusion is not considered necessary for the purposes 
of this report. The reuslts shown in Tables 1, 2 and 
3 are plotted in Fig. 1. The following abbreviations 
are used in the Figure and Tables:

E —Ettringite
M] 8—Monosulfate hydrate with 18 moles of 

water (10)
M12—Monosulfate hydrate with 12 moles of 

water
Mx —Monosulfate hydrate with unknown 

moles of water. The basal spacing on 
the XRD pattern indicates that the 
number of moles of water should be 
somewhere between 12 and 18 
(perhaps 15)

C,A),HZ—Calcium aluminate hydrates
S. S. Phases—Solid solution phases present pro

bably as a result of interaction of 
monosulfate hydrates, calcium alu
minate hydrates, and calcium hy

. droxide.
In the Figure at point E which represents “Ettringite”, 
the molar ratio of C/S is 2.0 and A/S is 0.33. Point M 
which represents “Monosulfate hydrate” corresponds 
to a C/S ratio of 4.0 and A/S ratio of 1.0.

Since unconsumed CS is present in all compositions 

1.25

1.00

0. 75
E+AH3+ 
CS

E+ M18+
C,A,H,+AH3

M12+CHH S S. Phases

M

E+CH+CM.sandM.J + C.A,^

0. 50

0.33 -
0. 25 _

1.0

E+CHb
(Mls and

M12)

E+ CH

C„0/SO3M0LE RATIO

Fig. 1. Nature offinal hydralion products obtained from hydra
tion of mixtures containing C4A3S, and CS lime



having 0.25 A/S mole ratio (regardless of C/S ratio), 
on theoretical grounds it can be concluded that for all 
composition below 0.33 A/S mole ratio, the alumina 
content is too low and the sulfate content is too 
high for depletion of all the available CS. Similarly 
from theoretical calculations it can be proved that 
for compositions below 2.0 C/S mole ratio, the lime 
content is too low and the sulfate content is too high 
for depletion of all the available CS, hence there will 
always be unconsumed CS for compositions with 
C/S less than 2.0 (regardless of A/S mole ratio).

Regarding compositions having less than 2.0 C/S 
mole ratio, the hydration products always contain 
ettringite, CS and AH3, the proportion of the latter 
being increasingly more as the A/S ratio is raised 
in the original mix. At 2.0 C/S, only ettringite and 
AH3 are present in the hydration products except 
in compositions with lower than 0.33 A/S. Similarly 
at 0.33 A/S, only ettringite and Ca(OH)2 are present 
in the hydration products except compositions with 
lower than 2.0 C/S.

For compositions with C/S between 2.5 and 8.0, 
it can be observed that M18 appears in hydration 
products as soon as A/S mole ratio of the mix crosses 
0.33. At 0.50 A/S, M12 begins to exist side by side with 
M18. Beyond 0.5 A/S, the alumina content becomes 
high enough to form CxAyH2 phases in addition to 
ettringite and monosulfate hydrates.

Regarding compositions with 0.33 and higher A/S, 
C/S is raised slightly above 2.0 (but below 2.5) it is 
observed that CxAyH, phases begin to exist along with 
ettringite and AH3. At 2.5 C/S, the conditions become 
favourable for the appearance of Mlg in the system, 
therefore here M18 exists along with ettringite and AH 3.

It can be seen from the Figure that corresponding to 
A/S ratios of 1.0 and 1.25, and C/S ratios between 
2.5 and 4.0, the CxAyHz phases again co-exist with 
ettringite, M18 and AH3. Comparison of theoretically 
predicted results with actually determined products 
of hydration shows that CXAJ,HZ phases were readily 
detectable when CH/AH3 ratio in the reaction pro
ducts was between 1.0 and 8.0. When CH/AH3 was 

1.0 or less, (as in the case of the last two mixes in 
Table 1), free AH3 was invariably present in the pro
ducts. Furthermore, at 1.25 A/S, and 5.0 and above 
C/S, when formatoin of C^A^H, phases could be ex
pected on the basis of theoretical equations, no such 
phases were actually detected due probably to forma
tion of solid solution phases with the monosulfate 
hydrate.

At 4.0 C/S and 1.0 A/S (point M) where the theo
retical equation predicts the presence of monosulfate 
hydrate only, both types of the monosulfate hydrate
i.e.,  M1S and Mu were detected along with a trace 
of ettringite. At 4.0 C/S and 1.25 A/S, however, 
no M12 and ettringite were detected, only Mls and 
AH3 being present. On the other hand, at 1.0 A/S 
and greater than 4.0 C/S, both types of the monosulfate 
hydrate (MI8 and M12) along with traces of ettringite 
continued to exist, CH being an additional product 
formed in accordance with the theoretical expectations. 
But as soon as the A/S ratio is raised above 1.0 and 
C/S ratio above 4.0, ettringite and M1S ceased to be 
stable phases. Only M12, CH and certain solid solu
tion phases (probably M, 2—CXA,HZ—CH) were found 
capable of existing in this region. This shows that for 
C/S ratios of 4.0 and less, the stability of M1S in 
compositions having 1.0 and more A/S may be 
associated with the presence of ettringite or AH3 
in the hydrated system. Similarly in low alumina 
mixes, i.e. between 0.33 and 0.5 A/S (and corre
sponding to 2.5 and above C/S), the stability of M1S 
took place in presence of ettringite and CH. From both 
the above mentioned cases, ettringite being the com
mon denominator, appears to be the stabilizing 
influence on the monosulfate hydrate having 18 moles 
of water.

For compositions above 5.0 C/S and between 0.33 — 
1.0 A/S, another monosulfate hydrate M, (strong 
peak at 9.6° 20) was suspected to be present along 
with M1S and M]2. On the basis of basal d-spacing, 
the number of water moles in Mx are probably 15. 
The occurrence of Mx is shown in the tabulated data, 
but is not shown in the Figure.

Conclusions

It can be concluded from the results of this investiga
tion that theoretical equations alone are not adequate 
to deal with the products of hydration actually formed 
in the system C4A3S-CS-C-H.

Among the calcium sulfoaluminate hydrates present, 
in addition to the trisulfate hydrate at least three 
types of monosulfate hydrates were found to exist 

in hydration products, namely, C4ASH12, C4ASH18 
and C4ASHx. The hydrate with 12 water moles is 
well known. The nomosulfate hydrate having 18 
moles of water was discussed in an earlier paper by the 
authors. It appears that the stability of this hydrate 
is dependent on the presence of the trisulfate hydrate 
in the system.



Regarding C4ASH, it was found present along 
with other monosulfate hydrates in' compositions 
having greater than 5.0 C/S and corresponding to 
0.33 — 1.0 A/S. On the basis of basal d-spacing, the 
number of water moles in this hydrate are suspected 
to be 15.

The trisulfate hydrate as well as the monosulfate 
hydrates having 18 and 15 moles of water were not 
stable when A/S exceed 1.0 and C/S exceeded 4.0, 
hence anhydrous mixes corresponding to these com
positions are not expected to be useful in making 
expansive cements.

It may be pointed out here that the results of this 

investigation are not adequate for the purpose of 
designing Type K expansive cements having desired 
properties. The present investigation has been 
confined to the study of hydration products in the 
expansive complex system alone, whereas the expan
sive cements contain constitutens of the expansive 
complex as well as of the portland cement (C3S, 
C2S etc). Integration of knowledge of the two 
independently hydrating systems, namely, the port
land cement—water system and the expansive com
plex—water system will not be appropriate because 
of the possible interaction caused by simultaneous 
presence of both the systems in the hydration process.
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Oral Discussion
Kozo Sugiura

Plotting the chemical composition of the expansive 
cement being manufactured in the U.S.A, under your 
guidance on Fig. 1, most of them will be slightly 
above the line for A12O3/SO3 = 1. Supposed the value 
were lowered, more trisulfate is made to be produced, 
I think. Is there any special reason for selecting the 
composition described above?

Authors’ Closure -
Alexander Klein and Povindar K. Mehta

The research reported in our paper deals with the 
nature of hydration products corresponding to dif
ferent A/S and C/S molar ratios in the expansive 
component system only. The discusser’s question 
relates to expansive cements, and is therefore, beyond 
the scope of this paper. The information on composi
tions of Type K commercial expansive cements is of a 
proprietary nature, and cannot be discussed here. 
However, it may be pointed out that our phase dia
gram regarding nature of hydration products in the 
expansive component system will not hold good for 
similarly computed A/S and C/S values from chemical 
composition of integral expansive cements, because the 
distribution of aluminate and sulphate ions amongst 
compounds present there is of a more complex charac
ter.



Supplementary Paper IV-69 Fundamental Studies on the Expansive Cement

Nobue Fukuda*

Synopsis

Fundamental studies have been made on Lossier’s expansive cement.
The constitution of sulphoaluminate clinker, was investigated by experiments of system 

CaO-Al2O3-SO3. From the results it was made known that the existence of a ternary com
pound 3CaO-3Al2O3-CaSO4 (or 3C-3A-CaSO4) was certain. In usual sulphoaluminate 
clinker, the formation of 3C-3A-CaSO4 is considered to be completed practically, and 
excess of CaSO4 remains as free CaSO4. And the compound composition is to be calculated, 
for example, that of a sulphoaluminate clinker prepared by similar method to Lossier’s 
became as follows.

3CaO ■ 3A12O3 - CaSO4...................................43.5 %
freeCaSO4 ................................................... 28.2%
C2S.................................................................. 20.3%
free CaO, ferrite, etc .................................... 8.0%

In order to make clear the hydration mechanism of expansive cement, the author made 
a basic hydrating experiment of 3C-3A-CaSO4 to which CaSO4-2H2O, calcined CaSO4, 
and Ca(OH)2 was added. According to the results, without additives, 3C • 3A • CaSO4 formed 
low sulphate hydrate C3A-CaSO4-12H2O but no high sulphate C3A-3CaSO4-30-321120. 
In order to form high sulphate, addition of gypsum is necessary.

3C-3A-CaSO4 + 2CaSO4 • 2H2O + xH2O = C3A- 3CaSO4 • 30-32H2O + 2A12O3 hy
drate. In order to increase further the yield of high-sulphate greater amount of gypsum must 
be given with addition of CaO. The components, i.e. 3C-3A-CaSO4, free CaSO4 and free 
CaO, contained in the clinkers might possess more effective nature or condition, than that of 
simple mixtures of these components. When the system is rich in CaO and lacking in CaSO4 
for A12O3 to change into high sulphate completely, the formation of C2A-8H2O occurs, 
besides high- or low-sulphate hydrate. The formation of C2A-8H2O seems to be closely 
related to the setting. r

Introduction

Lossier’s expansive cement (1) of sulphoaluminate 
type has received much attention. Following applica
tions have been studied and carried out; manufac
ture of non-shrinking cement; production of self
stressed concrete; and other practical uses. But the 
industry of this sort of cements is still in the course of 
development, there remains many unsolved problems

‘Cement Division, Tokuyama Soda Co., Ltd., Tokuyama, 
Japan.

about the manufacturing process and the properties. 
And in laboratory, the rate and extent of expansion 
have been often irregular and unpredictable. Thus, for 
practical use, fundamental studies should be advanced.

In this paper, following problems have been investi
gated; the constituents of clinkers obtained by burn
ing the raw mixture of system CaO-Al2O3-SO3; the 
hydrating behaviors of the constituents of the clinkers; 
and the relations between these items änd the charac
ters of expansion and setting of the cements. :



Constitution of Sulphoaluminate Clinker

3CaO. 3A12O3 • CaSO4(3C. 3A • CaSO4)

Ternary Compound of System CaO-A^Os-SOj
In another experiment (2), replacing the various 

amount of CaCO3 of portland cement raw mixtures 
with CaSO4, the clinkers shown in Table 1 were pre
pared. It has been reported (3) that SO3 in portland 
cement clinker forms alkali-sulphate and that excess 
SO3 enters into combination with CaO to form CaSO4 • 
Also in this experiment, these reactions were observed. 
In these clinkers, assuming that all the alkalies formed 
sulphates and that excess SO3 formed CaSO4, the 
mineral composition was calculated by Bogue’s 
method as in Table-1. The contents of C3A and C4AF 
were about 8.0 and 9.6%, and that of CaSO4 was 
0.6-5.5 %. But X-ray powder diffraction of the clink
ers revealed following remarkable facts. When 
SO3 content was small just as in clinker So, the for
mation of C3A and C4AF was clear. As SO3 content 
increased, the diffraction patterns of C3A and C4AF 
became weak. In the clinkers S3 and S4, the patterns 
could not be observed any longer. As for CaSO4 
in clinkers, only when SO3 content was excessively 
large as in clinker S8, the pattern of CaSO4 could be 
detected. These facts suggested that, in the course of 
burning, CaSO4 might be lost by the reaction with 
A12O3 forming a compound (probably ternary com
pound) and that, on account of the lack of A12O3, 
C3A and C4AF could not be formed.

From the above results, the presence of a ternary 
compound of system CaO-Al2O3-SO3 was predicted.

Experiments of System CaO-AI2O3-SO3
If an anhydrous ternary compound could be formed 

in the system CaO-Al2O3-SO3, it might be the main 
compound of Lossier’s sulphoaluminate clinker 
prepared from the system CaO-Al2O3-SO3. In order 
to confirm the presence of the compound, following 
experiments of system CaO-Al2O3-SO3 were made. 

For the solid phase reaction, six series of mixtures 
were devised from synthesized C3A and chemical 
reagents.

i) C3A-nCaSO4, n = 0.1, 0.3, 0.5, 1.0, 3.0
Mixtures were burned at l,400°C for 10 min.

ii) 3CaO-3Al2O3-CaSO4
The mixture was burned at 900°C—6 hrs, 
1000°C—6 hrs, l,100°C—3 hrs—3 hrs (repeat
edly), l,200°C—3 hrs, l,350°C—6 hrs, and 
l,400°C-^.5 hrs.

iii) 3Al2O3-4CaSO4
The mixture was burned at l,300°C for 3 hrs. 
Decomposition of CaSO4 was measured.

iv) 5CaO-3Al2O3-CaSO4
The mixture contained excessively large amount 
of CaO. It was burned at l,350°C for (3 + 3) 
hrs, repeatedly.

v) 4CaO-3Al2O3-SO2 (gas)
Instead of using CaSO4-2H2O, the mixture 
4CaO-3Al2O3 was burned at l,200°C for 3 hrs 
in air current containing 5 % SO2 gas.

vi) n(CaO-Al2O3)-CaSO4 n = 1 - 5
In order to determine the mol ratio CaO-A12O3/ 
CaSO4, the mixtures were burned at l,350°C 
for 6 hrs.

The ground and blended mixtures were burned in an 
electric furnace. After burning they were quenched in 
air. The products were examined by chemical analy
sis and X-ray powder diffraction. The contents of free 
CaO and free A12O3 were determined by chemical 
analysis, and the contents of the ternary compound 
and free CaSO4 were measured by X-ray quantitative 
analysis (internal standard method). And the reaction 
at high temperature was observed with high tempera
ture X-ray diffractometer.

By X-ray diffraction, all the products showed the 
same unknown pattern. Products of series ii), showed 
weak peaks of this pattern at 900°C, and remarkable 
peaks in coexistence of those of CaO-Al2O3 at 

Table 1. Composition of clinkers obtained by replacing various amount of 
CaCO3 of portland cement raw mixtures with CaSO4

Clinker 
samples

SOa content 
wt. %

Calculated composition wt. % X-ray powder diffraction

C3A 
d - 2.691Ä 

int.

C4AF 
d = 2.645Ä

CaSOi 
d = 3.49Ä 

int.C3A c4af CaCOa

So 0.1 8.2 9.8 w m __
Si 0.9 8.1 9.8 0.6 w m ——
Si 1.8 8.1 9.7 2.1 w w
S3 2.7 8.1 9.5 3.7 — w —
St
St

3.9
10.0

7.9 9.4 5.5
15.8

— —
S



1,OOO°C. The patterns of CaO -A12O3 and uncombined 
material became weak at l,100°C. At l,200°C, only 
the pattern of the unknown compound was observed 
distinctly. At l,300°C the formation seemed to finish, 
but small amount of A12O3 remained. At l,400°C, 
the formation seemed to have already been completed. 
The calculated composition of the unknown com
pound became nearly equal to 3CaO -3Al2O3-CaSO4, 
in all the products of this series. Products of series 
iii), (mixture of 3Al2O3-4CaSO4) showed the decom
position of CaSO4 in accordance with the formation 
of the compound 3CaO-3Al2O3 -CaSO4. Products of 
series v), (mixture of 4CaO-3Al2O3 burned in SO2 
containing current) showed the formation of CaSO4 
and remarkable amount of the above ternary com
pound. Products of series iv) (5CaO-3Al2O3-CaSO4) 
contained small amount of C3A due to excess of CaO 
and A12O3. The excess of A12O3 was caused by the 
decomposition of CaSO4. Of course, the main com
pound was the above ternary compound. Products of 
series vi) gave the results shown in Table 2. Besides 
the ternary compound, the products of n = 1 and 2 
contained 23% and 6% of free CaSO4 respectively, 
and the products of n = 4 and 5 contained 22.3 % and 
35.6% of CaO-Al2O3 respectively. As for free CaO, 
the content was small in n = 1 and 2 and extremely 
small in n = 4 and 5. No free CaO was found in 
n = 3. The product of n = 3, had remarkable amount 
of the ternay compound and only 0.2 % of free A12O3 
was detected. The mixture n = 3 gave maximum yield 
of the ternary compound, namely 94.8 %.

The obtained results are summerized as follows: 
A sole ternary compound with definite crystalline

Table 2. Burnt products of mixtures, »(CaO-AlzOsf-CaSO«

n = 1 n = 2 n = 3 n = 4 n = 5

Relative intensity
X-ray diffraction

3C-3A CaSO4 d,A 3.75 59 76 91 80 62
2.65 11 27 25 24 18
2.17 13 17 19 15 14

CaSO4 d,A 3.50 24 5 — — __
2.85 7 1 — —— —
2.33 4 — —.

CaO-AhOs d,A 2.97 — __ 7 11
2.52 — __ __ 3 6
2.41 — — — 1 3

X-ray diffractometric 
quantitative analysis 
approx. % 3C-3A CaSC>4 92 75 63

free CaSCh 23 6

Chemical analysis, %
SOs 23.1 14.4 12.4 10.1 8.5
free CaO 4.2 . 3.1 0.0 0.5 0.2
free AhOa 0.0 0.1 0.2 0.1 0.2

Calculated amount %
3C3ACaSO4 71.4 84.8 94.8 77.2 64.7
CaOAläOa —- — 6.3 22.3 35.6

form exists in the system CaO-Al2O3-SO3. This ter
nary compound begins to form at about 900°C and is 
stable at least up to l,400°C. At the initial stage of 
this reaction, the formation of CaO-Al2O3 was often 
observed. From the results of chemical analysis and 
X-ray diffraction, the composition of this ternary 
compound is estimated as 3CaO-3Al2O3-CaSO4.

The compound gives following X-ray powder dif
fration data.

dÄ 3.75 3.24 2.91 2.65 2.46 2.30 2.17 1.62 1.58
int. 100 7 6 29 7 4 24 7 4

Halstead and Moore (4) made an advanced study of 
the synthesis and the crystallography of the above 
ternary compound. They have reported that 3CaO- 
3Al2O2-CaSO4(4CaO-3Al2O3-SO3) is the only 
ternary compound occurring in the system CaO- 
Al2O3-S03 below 1,35O°C, and the above formula is 
reasonable and correct judging from the results of 
chemical analysis and X-ray diffraction. And from the 
crystallographic investigation, they showed that the 
compound is an end member of sodalite-noselite- 
haiiynite series with all the Si replaced by Al and all 
Na by Ca. R. Kondo (5) also described that the above 
ternary compound is one of the compounds belonging 
to haüyne type structure and could be obtained by 
substitution of all of Na and Si of haüyne by Ca and 
Al.

Constitution of Sulpho-Aluminate Clinker

The Experiments on Sulphoaluminate Clinker
Presuming that 3CaO-3Al2O3-CaSO4(3C-3A- 

CaSO4) should occur in Lossier’s sulphoaluminate 
clinker, following experiments were made.

Changing the amount of gypsum, raw mixtures of 
gypsum-bauxite-lime were prepared. They were ground 
to the fineness of minus 88/z, and after burning at 
l,300°C for 30 min, they were quenched in air. Thus 
six clinkers with various mol ratio A12O3/SO3 were 
obtained (Table 3). In all of them, the formation of 
3C-3A-CaSO4 was made clear by X-ray diffraction. 
The content of 3C-3A-CaSO4 was calculated on the 
base of SO3 in the case of A12O3/SO3 > 3, and on the 
base of A12O3 in the case of A12O3/SO3 < 3. On the 
other hand, the content was determined by X-ray 
internal standard method. Both of the values were 
nearly equal, so that the calculated value could be 
useful. On the change of A12O3/SO3 mol ratio from 
8.2 to 6.0, the content of 3C-3A-CaSO4 increased, 
reached maximum at A12O3/SO3 = 3.5-2.0, and de
creased at A12O3/SO3 = 2.0 — 0.8. The clinker of



Table 3. Analysis of sulphoaluminate clinkers of 
various mol ratio of AI2O3/SO3

Clinkers • 1 2 3 4 5 6

Chemical analysis 
A19O2 % 35.6 35.3 34.3 30.8 28.4 21.8
CaO % 42.6 41.9 42.1 42.8 43.4 43.1
SO3 % __ 3.4 4.5 7.0 11.0 21.1

Mol ratio AI2O3/SO3 — 8.2 6.0 3.5 2.0 0.8

Calculated amount 
3C-3A-CaSO4 % 25.6 34.2 53.5 56.7 43.5

Residual AI2O3 35.6 22.4 17.1 4.0 —- —-
* SO$ — — — — 3.5 15.5

X-ray diffractometric 
quantitative analysis 
approx % 3C-3A-CaSO4 28 34 57 56 41

Table 4. Sulphoaluminate clinkers, prepared 
in large quantities

Chemical analysis % X-ray diffraction 
spacing dÄ int. remark

Insol 0.0 3.75 100 3C-3ACaSO4
S1O2 7.1 3.49 59 CaSO4
AI2O3 21.8 3.24 10 3C-3A-CaSO4
TiO2 0.4 2.91 6 y

Fe-jOs 5.4 2.85 12 CaSO4
CaO 42.6 2.79 20 /3CaS
MgO 0.0 2.71 4
SO3 22.3 2.65 30 3C-3ACaSO4
Ffree CaO 0.0 2.46 11

2.34 w CaSO4
2.17 37 3C-3A.CaSO4
1.63 13 *

A12O3/SO3 = 0.8 is the most similar one to the sul
phoaluminate clinker reported by Lafuma. (1)

Then, considerable amount of the clinker having 
similar composition to Lafuma’s, was prepared by the 
above method (Table 4), and examined. X-ray dif
fraction revealed that this clinker was mainly com
posed of 3C-3A CaSO4 and free CaSO4, and that 
jS-C2S was formed clearly. The compound composi
tion was calculated; 3C-3A-CaSO4 from A12O3, free 
CaSO4 from excess SO3 and C2S from SiO2. The 
calculated composition became as follows.

3CaO-3Al2O3CaSO4........................... 43.5%
freeCaSO4 ............................................28.2%
ß-CfS ....................................................20.3%
free CaO, Fe2O3, TiO2 etc.................... 8.0%

Lossier’s sulphoaluminate clinker burned at l,300°C 
for 30 min, contains 3C-3A-CaSO4 as the principal 
constituent and comparable amount of free CaSO4, 
which play an important role in expanding reaction. 
And SiO2 seemed to form j9-C2S. In industrial prod
ucts, calcium aluminate and considerable amount 
of free CaO may be contained besides the above 
constituents.

Lafuma reported that his sulphoaluminate clinker 
was a mixture of free CaSO4, calcium aluminate 

Table 5. Burnt products of mixtures,
(A) 3CaO-3Al2O3-CaSO4-nSiO2,
(B) (m + 3)CaO-3Al203-CaS04-nSi02

Chemical analyses

A B

n = 0 n = 1 n = 2 m = 1
n = 1

m — 2
n = 1

\ 9 3 II II

SiO2 % 0.0 11.0 18.6 8.3 7.4 12.1
A12O3 % 49.6 48.1 46.0 42.4 37.8 30.8
CaO % 37.4 36.9 34.3 40.3 42.9 48.3
SO3 % 13.2 4.4 0.9 8.6 11.8 9.0
free CaO % 0.0 0.0 0.0 0.3 1.0 5.3

Calculated compound
composition .
3C-3ACaSO4 % 100.7 33.5 6.9 65.6 75.4 61.4
CiS % — — —. 7.8 21.2 34.7
CsAS % — 50.2 58.1 25.5 — —
C3A5 % — 16.8 21.0 __ — __
free CaSO4 % — —. — — 3.5 1.5

X-ray diffractometric
analysis, approx. %
3C-3ACaSO4 99 49 — 65 73 65

X-ray diffraction int.

3C-3A CaSO4 dÄ 3.75 vs vs w VS vs vs
2.65 s s w $ s g
2.17 s w s S S

ySCsS dÄ 2.779 __ __ ___ Hl m Hl
2.748 — — — w w m
2.189 — — — mw mw mw

CsAS dÄ 3.070 __ m 5 w __
2.846 —. vs VS m __ —
1.754 — m s w — —

C3A5 dÄ 3.505 — m m __ __ __
2.972 — m — — — —
2.605 — m mw — — —

probably C5A3 and y-C2S, and not a ternary com
pound. Probably, the burning temperature might be 
too low to form the ternary compound, as Halstead 
and Moore (4) have described.

Klein and Troxell (6) propared clinkers by burning 
the mixture of Ca(OH)2 or CaCO3, gypsum and 
bauxite or aluminium sulphate at 1,35O°C. They 
deduced that they had synthesized two ternary com
pounds, estimating composition as 5CaO • 2A12O3 • SO3 
and 9CaO-4Al2O3 -3SO3. But it seems that the com
position reported by Klein and Troxell must be the 
composition of a mixture of 3C-3A CaSO4 and free 
CaSO4 or calcium aluminate. In the experiment of the 
present auther, only 3C-3A-CaSO4 was detected as 
stable ternary compound.

The Effect of SiO2 on the Formation of 3C-3A-CaSC>4
In the manufacture of expanding cement, raw 

materials of Al2O3-source often contain considerable 
amount of SiO2. In order to make clear the effect of 
SiO2 on the formation of 3C-3A-CaSO4, following 
fundamental experiments were made. Raw mixtures 
were prepared from chemical reagents.



Series (1) 3CaO-3Al2O3-CaSO4-nSiO2

Sample No. S-0 S-0.5 S-l S-2 S-3

n 0 0.5 1 2 3

Series (2) (3 + m)CaO-3Al2O3-CaSO4-nSiO2

Sample 
No. cs 2CS 3CS 2C2S 4C2S 6C2S 7.5C2S

m 1 2 3 2 4 6 7.5

n 1 1 1 2 2 2 2

Series (1) was made by changing the amount of SiO2, 
while series (2) was made by changing the amount of 
SiO2 and CaO. After moulding, the mixtures were 
burned at l,300°C or l,350°C for 30 min. The prod
ucts were examined by chemical analysis and X-ray 

diffraction. The results are shown in Table 5 and 
summerized as follows. Series (1); when the mixtures 
were burned, the decomposition of CaSO4 occurred 
depending upon the amount of SiO2, therefore the 
content of 3C-3A CaSO4 was reduced. SiO2 formed 
C2AS(2CaO-Al2O3-SiO2, gehlenite) in the reaction 
with CaO and A12O3. With the increase of SiO2, the 
formation of C3A5 and probably of CAS2 was 
observed. Series (2); when CaO content was enough 
to form C2S, i.e. in the case of molar ratio of extra 
CaO/SiO2 > 2, no decomposition of CaSO4 occurred, 
and SiO2 had no effect on the formation of 3C-3A- 
CaSO4. But in the case of extra CaO/SiO2 < 2, 
decomposition of CaSO4 occurred and the content of 
3C-3A CaSO4 decreased. It can be concluded that 
SiO2 has no effect on the formation of 3C- 3A - CaSO4, 
only when the mol ratio extra CaO/SiO2 is greater 
than 2.

Hydration of Sulphoaluminous Cement

Hydration of 3CaO«3Al2O4»CaSO4

In order to study the expanding properties of sul
phoaluminate type expansive cement, examination 
was made on the hydrating behaviors of expansive 
material and sulphoaluminous cement. It has been 
confirmed that the main constituent of sulphoalumi
nous cement is 3C-3A-CaSO4. The hydration mech
anism of this compound has not yet been made clear, 
and there have been some different points of view 
about 3C-3A CaSO4 and its hydrated product i.e. 
C3A- 3CaSO4 • 30-32H2O which is said to cause expan
sion. In order to investigate the hydration of sulpho
aluminous cement, the basic hydration experiments (7) 
were made about the following four systems.

(1) 3C-3A CaSO4-H2O
(2) 3C-3A CaSO4-CaSO4-2H2O-H2O
(3) 3C ■ 3A• CaSO4-CaSO4(calcined)-H2O
(4) 3C-3A-CaSO4-Ca(OH)2-H2O

System (1)—represents the hydration of only 3C-3A- 
CaSO4, namely hydration with pure water, system
(2) —the hydration with coexistence of gypsum, system
(3) —the hydration with coexistence of calcined CaSO4 
corresponding to free CaSO4 in sulphoaluminate 
clinker, and system (4)—the hydration with coexist
ence of free CaO. Varying the amount, the additives 
i.e. CaSO4 2H2O, Ca(OH)2 and CaSO4 (calcined at 
l,300°C) were mixed with 3C- 3A- CaSO4. The hydra
tion was carried out in a rotating porcelain pot mill 
with mixing water (five times in weight of the solid 

sample) at 20±l°C for 6, 24 and 48 hrs. Then the 
slurry was filtered rapidly. After washing with abso
lute alcohol and drying, the solid phase was examined 
by chemical analysis and X-ray diffraction. At the 
same time, the extracted substances in the liquid 
phase were analysed. The results are shown in Fig. 1 
and Table 6, and summerized as follows.

In the hydration of 3C-3A-CaSO4 and H2O the

Fig. 1. Relation of concentrations of solutes 
and CaSO4/3C-3A.CaSO4 ratios, 

in hydration o/SC-SA-CaSC^-CaSC^H^O-HzO.



Table 6. X-ray diffraction of various hydration 
products of 3C • 3A • CaSO«

Hydrate with 
pure H2O

With 
CaSO4'2H2O

With calcined 
CaSCh

With 
Ca(OH)2 Remark

dA int. dA int. dA ml. dA int.

10.65 s C2A-8HaO
9.73 100 9.73 88 high s. '

8.92 vs 8.92 17 8.92 100 8.92 vs low s.
5.34 m CjA-SHjO

5.61 100 5.60 61 high s.
4.69 52 4.69 19 e

4.46 g 4.46 31 4.46 s low s.
4.00 "HI 4.00 — 4.00 11 4.00 m w

3.88 74 3.88 23 high s.
3.75 19 3C-3ACaSOi

3.48 48 3.48 19 CaSO4, highs.
2.876 g 2.885 15 2.885 80 2.876 s low s.

2.780 60 2.780 23 high s.
2.564 60 2.564 19 X

2.455 g 2.455 23 2.449 g low s.
2.417 TH 2.417 23 2.417 g X

2.212 65 2.212 23 high s.
1.667 m 1.667 — 1.667 10 1.664 m low s.

high s. - C3A-3CaSO4-30-32H2O low s. = CgA CaSO,- 12HSO

low sulphate of calcium aluminium sulphate hydrate, 
C3A CaSO412H2O was formed, and high sulphate 
was hardly observed. The reaction seems as follows.

3C-3ACaSO4 + xH2O
= C2A CaSO4- 12H2O + 2A12O3 hydrate

In the hydration of 3C-3A CaSO4, gypsum and 
H2O, high sulphate of calcium aluminium sulphate 
hydrate C3A- 3CaSO4 • 30-32H2O was formed and low 
sulphate was hardly observed. Fig. 1 shows the relation 
between the amount of added CaSO4 and the concen
tration of A12O3, CaO and SO3 in the liquid phase. 
At the amount of added CaSO4 44.6%, A12O3 in the 
liquid phase began to decrease, on the contrary SO3 
and CaO began to increase sharply. It indicates that, 
until the added CaSO4 reaches this point (44.6 %), it 
takes part in the formation of high sulphate hydrate, 
beyond this point excess of CaSO4 dissolves according 
to its solubility, and remains in the liquid phase. The 
value 44.6 % corresponds to the mol ratio CaSO4/3C • 
3ACaSO4 =2.

The reaction seems as follows.
3C-3A-CaSO4 + 2CaSO4-2H2O + xH2O
= C3A.3CaSO4-30-32H2O + 2A12O3 hydrate

In the hydration of 3C-3A-CaSO4 with calcined 
CaSO4 (corresponding to free CaSO4 in the clinker) 
both low-and high-sulphate hydrates were formed, 
probably because of low solubility of calcined CaSO4. 
The reaction seems as follows.

3C-3A-CaSO4 + CaSO4 (calcined) + xH2O
__  (C3A CaSO4- 12H2O + 2A12O3 hydrate

[C3A-3CaSO4 • 30—32H2O + 2A12O3 hydrate 
From the results, it seems that calcined CaSO4 or 

free CaSO4 in the clinker is less available than 

gypsum.
In the hydration of expansive cement, 3C-3A- 

CaSO4 is in contact with considerable amount of free 
lime, i.e. free CaO in the clinker, and Ca(OH)2 sep
arated by the hydration of portland cement. When 
3C-3A CaSO4 was hydrated under the coexistence of 
Ca(OH)2, the low sulphate hydrate was formed, 
while high sulphate was not observed. Besides, small 
amount of 2CaO-Al2O3-8H2O was formed. The 
reaction is considered as follows.

3C-3A-CaSO4 + 4Ca(OH)2 + 24H2O
= C3ACaSO412H2O + 2(C2A-8H2O)

When 3C-3A CaSO4 reacts on H2O only, low sul
phate hydrate and probably A12O3 hydrate are formed. 
By addition of gypsum to this system, high sulphate is 
formed. Until the mol ratio CaSO4/3C-3A-CaSO4 
reaches 2, CaSO4 is useful to form high sulphate, 
beyond this point, the excess of CaSO4 is not useful 
because of the lack of CaO. Beside high sulphate, 
A12O3 separates probably as hydrate. With addition 
of more than 8 and 6 mol of CaSO4 and CaO against 
one mol of 3C-3A-CaSO4, the formation of high 
sulphate can be completed. Calcined CaSO4 is not so 
useful as CaSO4 • 2H2O to form high sulphate, because 
of its low solubility. But this fact does not mean that 
free CaSO4 in clinker is not so useful as mixed gypsum. 
Compared with simply mixed gypsum, free CaSO4 
contained in clinker often shows favorable results in 
expansion. When the system is poor in CaSO4 and 
rich in CaO, low sulphate is formed, and A12O3 
separates as C2A- 8H2O. This reaction should be paid 
attention, because it has something to do with the 
setting.

Hydration of Expansive Cement

Samples
3C-3A-CaSO4 was synthesized from reagents, and 

sulphoaluminous cement was prepared from bauxite, 
lime and gypsum. They were mixed with portland 
cement, gypsum and blast-furnace slag in the propor
tion shown in Table 7 and ground to the specific 
surface of 3,150-3,200 cm2/g. These cement samples 
were examined as follows.

Length Change
Cement mortar specimens were prepared in the 

mixing ratio, cement: sand: water = 1:2: 0.60 (0.64 
or 0.68). The specimens were demolded 2 days after 
molding. After curing in water (20±l°C) for 0, 3, 
and 7 days, they were stored in air (20±l°C, RH



Table 7. Expansive cement samples, mixed with 
(d) synthesized 3C • 3A • CaSOt, and with 
(B) prepared sulphoaluminous cement.

Mixing ratio .

A A4G0 A4G3 A4Gb A4G6S A,G, AgGo AgGg AßSao

Portland cement 96 96 96 96 94 92 92 92
3C 3A CaSO4 4 4 4 4 6 8 8 8
Gypsum 0 3 6 0 0 0 6 0
Slag 0 0 0 10 0 0 0 20

B Bi 0G0 BI0Gl B50G0 B20G0S B20G1 B20G3 BaoGg BsoGgs

Portland cement 
Sulpho-aluminous

90 90 80 80 80 80 80 80

cement 10 10 20 20 20 20 20 20
Gypsum 0 1 0 0.5 1 3 6 6
Slag 0 0 0 0 0 0 0 10

76%). The length at each period was measured with 
comparator of JCEA, TYPE II. The results are shown 
in Fig. 2, 3, and summerized as follows:

Expansive cement containing 10% of sulpho
aluminous cement, did not show any expansion, and 
the addition of 1.0% gypsum had no effect. Expansive 
cement containing 20% of sulphoaluminous cement 
continued to expand for the first 2 weeks, then the 
expansion began to decrease. But the addition of 0.5 
or 1.0% gypsum caused remarkable expansion during 
the first week of curing, and the expansion was kept 
up to the end of this test, i.e. for 13 weeks after de
molding. A similar tendency was observed, also in the 
case of curing only in air. When the added gypsum 
reached 6.0%, the specimen expanded extremely and 
cracked. But when 1.0 % gypsum was added to cement 
sample containing 10% of sulphoaluminous cement, 
the effect did not appear. There should be a definite 
range for useful addition of sulphoaluminous cement.

The cement, prepared by mixing synthesized 3C- 
3A-CaSO4 and portland cement, showed shrinkage 
instead of expansion. With increased 3C-3A-CaSO4 
content, the degree of shrinkage increased. Addition of 
3 or 6 % gypsum caused a slight decrease in shrinkage 
but no expansion. When more slag was added, the 
shrinkage decreased remarkably, but no expansion 
occurred. Paste specimens also had a similar tendency 
in the length change at early age of curing.

curing periods (weeks)

Fig. 2. Length change of mortars of cement samples, mixed 
with 3C-3A-CaSO4. Initial curing 3 days in water.

curing periods (weeks)

Hydrated Products in Paste Specimens
Paste specimens (water/cement = 27 %) were 

cured up to 8 weeks. Samples for each period were 
pulverized and washed with absolute alcohol. After 
drying at low temperature, they were examined by 
X-ray diffraction. The results are shown in Table 8, 
and summerized as follows:

Paste specimen of expansive cement containing

Fig. 3. Length change of mortars of cement samples, mixed 
with sulpho aluminous cement. Initial curing 3 days in water.

sulphoaluminous cement, cured in air for 2 days and 
in water for a week, showed obviously the formation 
of high sulphate hydrate. With the increase of mixed 
sulphoaluminous cement, the content of high sulphate 
increased. Expansive cement mixed with 20 % of



Table 8. X-ray diffraction of hydration products 
of paste specimens.

d-spacing 
Ä

A4G0 AiGg 
relative in

AjjGo 
t.

B20G0 B20G05 BspGß 
relative int. Remark

9.73 11 28 — 42 40 48 high s.
8.92 22 16 18 24 — — low s.
5.61 11 24 — 34 34 38 high s.
4.92 70 90 36 92 68 68 Ca(OH)2
4.46 14 — — 12 low s.
3.99 _ _ __ — — — low s.
3.88 _ 22 — 30 30 32 high s.
3.03 48 34 44 48 36 44 silicate
2.885 16 16 22 20 12 12 low s.
2.797 100 96 110 80 80 70 silicate
2.629 70 70 50 65 70 55 Ca(OH)2
2.564 — 22 — 22 20 28 high s.
2.455 16 16 18 12 12 12 lOW Sa
2.411 12 12 12 12 12 — low s.

high s. - C3A-3CaSO4 -30-32H2O, low s. = CsA CaSOvlZHgO

sulphoaluminous cement, is estimated to contain 
8.3% 3C-3A-CaSO4 and 8.0% free CaSO4. It is 
considered that the free CaSO4 is effective to form high 
sulphate hydrate.

Paste specimen of cement sample containing synthe
sized 3C-3A-CaSO4, showed the formation of low 
sulphate but high sulphate was scarcely observed. 
Even with addition of 6% gypsum, the formation of 
high sulphate was not clearly observed. It seems that, 
much greater amount of gypsum is necessary to form 
high sulphate. Even with curing of longer age, there 
was not any appreciable change in the hydrates.

Hydrating Characters
Expansive cement prepared by mixing with sulpho

aluminous cement, contained sufficient amount of 
3C-3A CaSO4 and free CaSO4, from which consider
able amount of high sulphate was formed in the 
hydration. From the hydrating experiment of system 
3C • 3 A ■ CaSO4-CaSO4 (calcined)-H2O, it was clarified 
that calcined CaSO4 was not so effective as ordinary 
gypsum in the formation of high sulphate. Neverthe
less, in the hydration of the above expansive cement, 
the content of high sulphate was observed to be suf
ficient. Therefore, it seems that 3C-3A CaSO4 and 
free CaSO4 contained in sulphoaluminate clinker 
must be in a particularly activated state.

In the case of cement sample, prepared by mixing 
with synthesized 3C- 3A- CaSO4, its paste showed the 
formation of low sulphate hydrate, but high sulphate 
was scarcely observed, and its mortar specimen 
showed shrinkage. With addition of 6% gypsum 
(or 4.7% CaSO4) to the cement sample containing 
6% of synthesized 3C-3A-CaSO4, high sulphate 
could hardly be observed, and its mortar specimen did 
not show any expansion. Addition of much greater 
amount of gypsum would be necessary to cause the 
formation of high sulphate and expansion. On the other 

Table 9. Setting examinations of cement samples, 
mixed 3C-3A-CaSO4 to portland cement.

Mixing ratio Setting time

3C-3A-
CaSOi

Portland 
cement Gypsum Slag

Mixing 
water

Initial
setting

Final 
setting Remark

100 0 0 0 40.0 3—00 3—35 normal
0 100 0 0 26.4 2—32 3—24
5 95 0 0 26.5 2—10 2—50

10 90 0 0 26.6 0—50 0—55 quick
20 70 0 10 26.5 0—46 0—55
10 70 0 20 26.0 1—20 1—32 normal
10 90 3 0 27.8 0—40 0—50 quick
10 70 3 20 27.0 1—52 2—32 normal
20 80 6 0 27.8 0—23 0—39 quick
20 80 12 0 30.5 0—42 0—59

Ca(OH)a
100 10 0 0 45.0 0—04 0—10 flash

hand, from the hydrating experiment of system 3C • 3 A ■ 
CaSO4-CaSO4-2H2O-H2O, the effect of gypsum to 
form high sulphate has been confirmed. These facts 
indicate that expansive cement prepared by mixing 
with sulphoaluminous cement is much more reactive, 
compared with cement sample prepared by mixing 
with synthesized 3C ■ 3A • CaSO4 and CaSO4 (gypsum 
or calcined). It will be necessary to make further stud
ies on the dispersion of components and the effect of 
portland cement, etc. R. Kondo and N. Nawata (8) 
also described that a simple mixture of 3C • 3 A • CaSO4, 
CaO and CaSO4 could not hydrate or expand so rapid
ly as the sulphoaluminate clinker, in which 3C-3A- 
CaSO4 crystals were surrounded by a matrix contain
ing free lime with or without CaSO4.

Setting of the Cements Containing 
3C.3A.CaSO4

By J.I.S. method, setting test was made for the 
mixtures, prepared from 3C-3A CaSO4, gypsum, 
blastfurnace slag, Ca(OH)2, and portland cement in 
the proportion shown in Table 9. The results are 
summerized as folllws:

3C-3A-CaSO4 itself showed normal setting. When 
it was mixed with normal portland cement, the mix
ture showed quick setting. And addition of 6% 
gypsum could not retard the setting. When 20 % slag 
was further added, the setting became normal at 
last. The mixture of 3C-3A CaSO4 and Ca(OH)2, 
showed flash setting. Under the presence of Ca(OH)2, 
the hydration of 3C -3A CaSO4 seemed to proceed as 
follows:

3C-3ACaSO4 + 4Ca(OH)2 + 24H2O
= C3ACaSO4-12H2O + 2(C2A-8H2O) 

Besides low sulphate, C2A-8H2O was formed. With 



addition of gypsum to this system, high sulphate is 
formed. But, when the amount of gypsum is not e
nough for A12O3 to change into high sulphate com
pletely, the formation of C2A- 8H2O should continue. 
In the hydration of 3C- 3A-CaSO4, as in the experi
ment of system 3C-3A CaSO4-H2O, C2A-8H2O 
could not be formed because of the lack of CaO, 
though the system contained considerable amount 
of A12O3 separated from 3C-3A-CaSO4. When 

C2A-8H2O was not formed in the hydration, the 
setting became normal, on the other hand, when 
C2A • 8H2O was formed, quick or flash setting occur
red under other conditions. In this way, the setting 
may be changeable depending upon the extent of 
formation of C2 A • 8H2O and other conditions. Thus, 
the formation of C2A-8H2O is considered to be 
related closely to setting.

Summary

By the solid phase reaction of system CaO-A12O3- 
SO3, the author confirmed the presence of a sole ter
nary compound, which is stable at high temperature. 
The composition was estimated as 3CaO-3Al2O3- 
CaSO4. The formation begins at 900-1,000°C, and 
this compound is stable up to l,400°C at least. Accord
ing to Halstead and Moore, the melting point of the 
compound was indicated between l,590°C and l,600°C 
by a rough differential thermal analysis. The com
pound gives following X-ray powder diffraction data.

dA 3.75 3.24 2.91 2.65 2.46 2.30 2.17 1.62 1.58 
int. 100 7 6 29 7 4 24 7. 4

In the industrial sulphoaluminate clinker, apart from 
the variation attributable to manufacturing process, 
the formation of 3CaO • 3A12O3 • CaSO4 is considered 
to be completed practically. The excess SO3 in the 
clinkers can be considered to exist as free CaSO4. 
Thus, the compound composition of the clinkers can be 
calculated; the content of 3C • 3A■ CaSO4 from A12O3, 
because the mol ratio A12O3/SO3 is usually less than 
3, free CaSO4 from excess of SO3, and C2S from SiO2. 
The calculated value is thought to be practical.

When the raw mixture contains sufficient amount of 
CaO, SiO2 has probably no effect on the formation of 
3C-3A-CaSO4.

In the hydration of 3C- 3A- CaSO4 by itself or with 
insufficient amount of CaSO4, low sulphate hydrate 
C3A CaSO4-12H2O is formed. In the experiment, 
the low sulphate does not cause any expansion but 
shrinkage. Without the formation of high sulphate 
C3A-3CaSO4-30-32H2O, expansion can not occur. 
In the hydration of 3C-3A-CaSO4 with CaS04 
(gypsum), high sulphate is formed and excess of A12O3 
is considered to separate as hydrate. In this case, the 
limit of useful amount of CaSO4 is 2 mol for one mol 
0f3C-3A.CaSO4.

3C-3A-CaSO4 + 2CaSO4 + H2O
= C3A-3CaSO4.30-32H2O + 2A12O3 hydrate 

In order to further increase the yield of high sulphate 
greater amount of gypsum must be used with CaO 
added thereto. For one mol of 3C-3A CaSO4 to 
change into high sulphate completely, addition of 8 
mol CaSO4 and 6 mol CaO is necessary in theory. 
Lossier’s sulphoaluminous cement, usually contains 
sufficient amount of 3C-3A-CaSO4 and free CaSO4, 
and some free CaO. In the reaction with sufficient 
amount of Ca(OH)2 separated from portland cement, 
those constituents could form enough amount of high 
sulphate to cause expansion. Probably, free CaSO4 
in the sulphoaluminate clinker, is not so reactive, 
like the gypsum calcined at high temperature, and 
shows less effect to form high sulphate in the hydration 
of 3C-3A CaSO4, compared with ordinary gypsum. 
But as above mentioned, free CaSO4 in the sulphoalu
minous cement is effective in the formation of high 
sulphate. On the other hand, cement sample prepared 
by simply mixing synthesized 3C-3A-CaSO4 and 
gypsum with portland cement, forms low sulphate but 
scarcely high sulphate. From these facts, it is gathered 
that, the components, i.e. 3C-3A-CaSO4, free CaSO4 
and free CaO contained in sulphoaluminate clinker 
might possess very effective nature or condition for 
the hydration. After all, 3C-3A CaSO4 and free 
CaSO4 are the principal components of Lossier’s 
sulphoaluminous cement and should play an important 
role in expansion.

In the hydration with paste state, synthesized 3C- 
3A-CaSO4 showed normal setting. However, the 
mixture of pure 3C-3A-CaSO4 and normal portland 
cement showed quick setting. Even when gypsum/ 
was (6%) added, the setting could not be retarded. 
Sulphoaluminous cement which contains free CaO 
in some degree, shows quick setting sometimes. In the 
paste of. synthesized 3C-3A -CaSO4, the reaction is 
considered as follows: ■

3C-3ACaSO4 + xH2O
= C3A CaSO4.12H2O + 2A12O3 hydrate 



And in the paste of the mixture of 3C-3A-CaSO4 
and portland cement, the reaction is considered as 
follows:

3C3ACaSO4 + 4Ca(OH)2 + 24H2O
= C3A-CaSO4- 12H2O + 2(C2A-8H2O)

With addition of gypsum to this system, the formation 
of high sulphate begins. But when the amount of 
gypsum is not enough for A12O3 to change into high 
sulphate completely, the formation of C2A-8H2O 
should continue. In the paste specimen of synthesized 

3C-3A-CaSO4, because of absence of free CaO or 
Ca(OH)2, C2A-8H2O is not formed, and the setting 
is normal. In the pastes of the mixtures of 3C-3A- 
CaSO4 and portland cement containing CaSO4 
(gypsum) or not, C2A-8H2O is formed besides low
er high-sulphate, on account of the presence of 
Ca(OH)2 separated from portland cement and the 
paste specimen shows quick or flash setting. Thus, 
the formation of C2A-8H2O, is considered to be 
related closely to the setting.
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Synopsis

The authors experimented on the manufacture of expansive cement clinker by the use of 
kaolin clay as an aluminous material to be mixed with lime-stone and gypsum.

The mineralogical composition of the burned clinker varied with the mixing ratio of 
limestone, clay and gypsum, but it was roughly divided into the following three cases; 1) as 
the principal mineral, anorthite CAS2 is formed, 2) gehlenite C2AS is formed, 3) C4A3(SO3) 
is formed. Conditions of mixing raw materials for good expansive cement clinker were pre
sented. In this case, SiO2 occurred as 2(C2S)-CaSO4 or /?-C2S; A12O3 entered C4A3(SO3) 
and ferrite phase. When the raw material contained P2OS, wilkeite was occasionally pro
duced.

2(C2S)-CaSO4 is a prismatic crystal, and was decomposed into C2S and CaSO4 at 
1285 °C. This compound showed poor hydraulicity and contributed very little to the initial 
expansion. Appropriate temperature for burning clinker was determined as 1150-1200°C. 
The rate of expansion became slow with a rise in the burning temperature.

For good expansion behavior due to hydration, the most desirable mineralogical com
position of the clinker was as follows: The quantity of C4A3(SO3) should be large enough; 
free CaO should be 6 moles or more,and freeCaSO4 around 8 moles, per 1 mole of C4A3(SO3). 
Setting of the experimentally prepared expansive cement was retarded by adding gypsum to 
it. Additional gypsum was apt to cause abnormal expansion and lowering of strength, but 
these defects were solved by intermixing blast-furance slag.

It was revealed that the expansion of C4A3(SO3) was controlled by the type of forma
tion of ettringite, rather than by the total amount of produced ettringite. The ettringite 
produced under high concentration of lime caused expansion, whereas the ettringite produced 
under low lime concentration did not contribute to expansion.

Introduction

This paper is a report of the results of experiments 
carried out for the purpose of utilizing the widely 
distributed kaolin clay as an aluminous material 
for the manufacture of expansive cement clinker.

When an alumina-rich material, such as bauxite, 
is used, the burning of expansive cement clinker is 
generally understood as a reaction of the CaO -Al2O3- 
SO3 system. But, if the material used was compara
tively rich in SiO2, the behavior of the SiO2 would 
present a problem, causing difficulties in manufactur
ing expansive cement clinker. Information is scarce 
on reactions of the CaO-SiO2-Al2O3-SO3 system, 
and reports on the effects of SiO2 upon the formation 

of C4A3(SO3), a compound of the CaO-Al2O3-SO3 
system, are very few, except those by the present au
thors, (1) Fukuda and Kiyoku (2) and Budnikov et 
al (3). Thus, the knowledge pertaining to the use of 
clay as raw material has hitherto been very poor.

The authors pursued the behavior of SiO2 in the 
clinker during the burning of limestone-clay-gypsum 
mixture, and established the optimum condition, 
such as the mixing ratio of raw materials and the 
burning temperature, for manufacturing expanisve 
cement clinker.

In the present paper, following notations are used:
E. C. clinker = Expansive cement clinker rich in SiO2.
O. P. C. clinker — Ordinary portland cement clinker.



Experimental Procedures and Results

Raw Materials, Burning of Clinker 
and Measurement of Basic Length

In the present experiments, widely distributed 
kaolin clay, containing 40-45% SiO2 and 24-30% 
A12O3, was used as an aluminous material. As a 
limy material, limestone of a high purity was used, 
and chemical by-product gypsum was used as an SO3 
material. The gypsum contained about 0.5% P2O5. 
Clay, limestone and gypsum were mixed in the given 
proportion; the mixture was made into pellets of 
10-15 mm0, which were burned in a small test rotary 
kiln at 1050-1300°C. The best temperature for burning 
varied with the mixing ratio of raw materials. The 
clinker for each test was pulverized into 3000-4000 
cm2/g of Blaine specific surface area. The clinker was 
more easily pulverized than the O.P.C. clinker. 
Chemical properties of the typical clays and the 
burned clinkers are given in Table 1.

The measurements of starting basic lengths in the 
expansion tests were all carried out on the test pieces 
immediately when they were demolded after one and 
half hours of their molding.

Mixing Ratio of Raw Materials and 
Mineralogical Composition of Clinker

The minerals formed in the clinker were identified by 
means of X-ray diffraction analysis. In the lime-rich 
mix proportion of raw materials, A12O3 of the clinker

Table 1. Chemical analyses of clays and clinkers.

Analytical or 
calculated • 
items (%)

Clay Clinker*

1. 2. la. 1c. 2a. 2c. 3a. 3b. 4a. 4b.

S1O2 41.7 44 1 12.0 11.1 11.1 10.5
A12O3 30.7 25.8 8.8 8.6 8.1 77
FeaOs 11.4 10.4 3.3 3.2 3.1 2.9

Total CaO 0 6 0.9 48.8 50.1 52.3 54.3
MgO 0.9 2.0 0.6 0 6 0.7 0.7
SO3 tr tr 25.6 24.9 23.5 22.3

NagO -H K2O — — 0.18 0.18 0.12 0.10
ig. loss 14.8 16.1 0 2 0.2 0.4 0.6

Total 100.1 99.3 99.5 99.5 99 3 99.1

CtAä(SO3) 9 9 8 8 8 8 8 8
C10A2F3 15 15 14 14 14 14 13 13
2(C2S) CaSO4 48 0 47 0 44 0 42 0
/3-CaS 0 34 0 34 0 32 0 30
Free-CaO 0 0 3 3 8 8 12 12
Free-CaSO» 27 40 26 39 24 37 23 35
Free CaO/CiAsCSOa)

mol. ratio (n) 0 0 2 2 6 6 10 10
Free CaSO4/C4A3(SOj)

mol. ratio (m) 8 12 8 12 8 12 8 12

♦Letters a, b and c represent the burning temperature of 1200, 1250 and 
1300°C, respectively.

occurred as C4A3(SO3) and calcium aluminoferrite, 
even when a large quantity of SiO2 existed. In the 
lime-poor mix proportion, however, gehlenite C2AS 
or anorthite CAS2, both being unhydraulic compound, 
was formed, but occurrence of C4A3(SO3) was not 
recognized, in spite of the presence of abundant 
CaSO4, as shown in Fig.l. In other words, E.C. cliker 
containing C4A3(SO3) was obtained when the chemical 
composition of the raw mix was more than 1.0 in the 
CaCO3/(Al2O3 + 2SiO2 + 3Fe2O3) molar ratio; when 
the molar ratio was below 1.0, C2AS or CAS2 was 
formed and the obtained clinker was not expansive.

It was revealed that the SiO2 component in the 
E.C. clinker, in which C4A3(SO3) is formed, occurs 
as j5-C2S or calcium silicosulphate, z. e., a double 
salt of dicalcium silicate and CaSO4. As will be men
tioned later, the stable temperature range of calcium 
silicosulphate varies more or less with the condition 
of raw material mixing, but it was normally found 
that calcium silicosulphate is formed in the E.C. 
clinker burned at lower than 1150-1250°C, an when 
the burning temperature was higher than this, j8-C2S 
occurs. The chemical composition of this calcium 
silicosulphate was determined as 2(C2S) • CaSO4.

The calcium aluminoferrite that was formed in the 
E.C. clinker had the composition of C10A2F3 which is 
somewhat Fe2O3-rich. Lime and gypsum, which did 
not contribute to the formation of C4A3(SO3), 
calcium aluminoferrite, /?-C2S or 2(C2S) • CaSO4, 
existed as free and unreacted CaO and ^-CaSO4. 
In the use of chemical by-product gypsum, containing 
a small quantity of P2O5, wilkeite Caj0O[(Si, S, P)O4]6 
was occasionally produced. Any aluminate phase, such 
as C3A, C12A7 and CA, was not observed to form, 
and all A12O3 was fixed as C4A3(SO3) and calcium

Temperature: 1200'C Temperature: 1300'C

Gypsum (%) Gypsum (%)

Fig. 1. Mix proportion of raw materials and minerals formed 
in clinker. Abbreviation: A = CASi; G = C2AS; H — 
C^lSOf); X = 2(.C2S>CaSO4; B = ß- C2S; f-C = 
free CaO; f- Cs = free CaSO^.



Fig. 2. X-ray diffraction patterns of typical E.C. clinkers. 
Abbreviation: H = C4A3(SO3); B = ß-CzS; Cs = CaSO4; 
C = CaO; F=C10A2F3; W = wilkeite C<zi0O-[(5z, S, 
P)O4]6; X= 2(C2S)-CaSO4.

aluminoferrite.

Mixing Condition of Raw Materials 
for E.C. Clinker

As stated above, the constituent minerals öf the 
E.C. clinker were chiefly C4A3(SO3), 2(C2S)-CaSO4 
or jff-C2S, C10A2F3 solid solution phase, free CaSO4 
and free CaO. Quantities of these minerals to be 
formed were dependent upon the chemical composi
tion of clay and the consequent ratios of limestone, 
clay and gypsum, as well as upon the burning tempera
ture. Quantities of the principal minerals to be fomed 
can be expressed by the following equations, taking 
the formation process of each mineral into considera
tion :

%C10A2F3 =2.60 X %Fe2O3
% C4A3(SO3) = 2.00 X (% A^OT

- 0.426 X % Fe2O3)

% 2(C2S).CaSO4 = 4.00 X % SiO2
% ß-C2S = 'L.%1 X % SiO2

In the above, the mean chemical composition of 

the ferrite phase is represented by C10A2F3; % SiO2, 
% A12O3 and % Fe2O3 are the contents of the respec
tive components of the raw mix on the ignited base.

Based on these equation, the proportion of raw 
materials to be mixed, in order to obtain E.C. clinker 
having the aimed mineralogical composition, can be 
calculated by the equations given below. Assuming that 
the weight of clay is 100 on the dry base, % SiO2, 
% A12O3 and % Fe2O3 as the respective contents in the 
clay, and the purity of limestone and gypsum as 100%, 
the following calculation is made:

Clay (dry base) = 100 ....................................... (1)
Limestone (dry base) = 1.78{0.550(% A12O3
- 0.426 X % Fe2O3) + 1.17 X % Fe2O3
+ 1.87 X % SiO2 + n x 0.183
X (% A12O3 - 0.426 X % Fe2O3)}.............. (2)

Gypsum (dry base) = 1.13{0.445(% A12O3
- 0.426 X % Fe2O3) +1.13 X % SiOJ
X m x 0.445(% A12O3 - 0.426
X%Fe2O3)}................................................... (3)

The term marked with asterisk is the quantity of 
gypsum consumed in formaton of 2(C2S)-CaSO4. 
Since the SiO2 in the E.C. clinker burned at high 
temperature occurs as jß-C2S. the quantity of consumed 
gypsum was unnecessary to consider. Coefficients m 
and n represent the molar ratio of free CaSO4 and 
free CaO, which are to be retained in the E.C. clinker 
to the quantity of C4A3(SO3) to be formed. As will be 
mentioned later, the molar ratio is an important 
factor to control the expansibility of E.C. clinker.

This calculation of the proportion of raw materials 
to be mixed was an approximate calculation, ignoring 
SiO2, A12O3, Fe2O3 and P2O3 of small quantities 
existing in limestone and gypsum, and also ignoring 
TiO2 and other components contained in clay. It was 
revealed that in the use of a SiO2-rich clay, careful 
attention should be paid to the mixing ratio of raw 
materials, since an inadequate proportion would cause 
formation of C2AS or CAS2, resulting in unexpansive, 
poorly hydraulic clinker.

Properties of 2(C2S) • CaSO4

The result of synthesis test on pure chemicals showed 
that calcium silicosulphate which is formed in E.C. 
clinker is a double salt of dicalcium silicate and 
calcium sulphate, having the chemical composition 
of 2(C2S)- CaSO4. In preparing the synthetic, the pre
scribed mixture of chemicals was placed in the 
air-tight platinum capsule, and was heated in the 
electric furnace at 1170°C for 300 hours. The synthe



sized material took the form of light green prismatic 
crystals, the growth of which was slow and the 
maximum length attained to only 30-40/z. The 
result of X-ray diffraction analysis showed that this 
synthetic smaple was identical with the2(C2S)-CaSO4 
phase to be formed in E.C. clinker, without any 
great differences in X-ray patterns. Table 2 is X-ray 
powder data of the purely synthetic 2(C2S) CaSO4.

In the pure synthesis from CaCO3, SiO2 and CaSO4, 
this compound was formed in the region of CaCO3/ 
2SiO2 molar ratio > 1. In the region of CaCO3/2SiO2 
molar ratio < 1, volatilization of SO3 occurred and 
formation of rankinite C3S2 or pseudowollastonite 
a-CS was observed. In the case of CaCO3/2SiO2 
molar ratio > 1, volatilization of SO3 was scarce 
at temperature below 1250°C, and decomposition of 
excessive CaS04, which remained after the formation 
of 2(C2S)-CaSO4, was not particularly accelerated.

The results of DTA and high-temperature X-ray 
analysis revealed that pure 2(C2S) • CaSO4 was decom
posed at about 1285°C, and after cooling down to 
room temperature it was recognized as ^-C2S and 
j?-CaSO4. When ß-C2S and >S-CaSO4, which are the 
products of decomposition, were heated they com
bined with each other again and formed 2C2S • CaSO4. 
The DTA curve of 2(C2S)-CaSO4 showed a large 
endothermic peak starting at about 1285°C and a 
small endothermic peak above 1300°C, as illustrated 
in Fig. 3. In synthesizing 2(C2S)- CaSO4 from CaCO3, 
SiO2 and CaSO4, formation of 2(C2S)-CaSO4 pro
gressed rapidly from about 1220°C and large endother
mic peak starting at this temperature was observed in 
DTA.

The heat of hydration of purely synthetic 2(C2S) • 
CaSO4 was measured with a twin type conduction 
calorimeter and by the heat of solution method. 
The obtained value was somewhat lower than that of

Table 2. X-ray powder data of synthetic 2(C2S) • CaSOt

d(A) Int. d(Ä) Int. d(Ä) Int. d(Ä) Int.

8.60 5 2.998 15 2.204 5 1.775 5
8.49 10 2.984 15 2.173 15 1.756 10
7.87 5 2.952 3 2.139 3 1.745 3
7.70 10 2.898 3 2.12 3(b) 1.742 3
5.68 5 2.848 100 2.08 3(b) 1.711 3
5.34 5 2.827 100 2.062 5 1.699 15
4.60 1 2.802 3 2.024 5 1.678 3
4.57 15 2.774 5 • 2.018 10 1.671 5
4.24 5 2.743 5 1.962 15 1.617 5
4.08 15 2.706 5 1.952 5 1.613 5
3.94 20 2.618 30 1.927 5(b) 1.598 3
3.84 5 2.568 50 1.897 15 1.593 3
3.61 5 2.546 3 1.893 30 1.579 3
3.36 3(b) 2.486 5 1.880 3 1.565 3
3.34 20 2.406 15 1.851 3 1.554 3
3.31 5 2.386 5 1.846 3
3.19 40 2.356 5 1.839 5
3.15 3 2.290 10 1.824 5
3.12 20 2.286 10 1.807 5
3.04 20 2.234 5 1.783 5

/?-C2S and slightly higher than that of a 2(j6-C2S) + 
CaSO4 mixture. 2(C2S)-CaSO4 is slow in the rate of 
hydration and is poorly hydraulic. It was noticed 
that extrication of SOJ- into liquid phase due to 
hydration is difficult to take place. Table 3 shows the 
heats of hydration of 2(C2S) • CaSO4 and ß-C2S.

Burning Temperature and Fusibility of 
E.C. Clinker

The degree of sintering was found to be dependent 
upon the mixing ratio of raw materials as well as 
upon the burning temperature. In a mixture where 
free CaO and free CaSO4 remain abundantly, the 
E.C. clinker began to fuse at a relatively low tempera
ture. The temperature of decomposition of 2(C2S)- 
CaSO4 in the clinker was lower than that of a purely 
synthetic sample, and the decomosing temperature was 
dependent upon the value of n in equation (2).

From the measurement by DTA, the following 
result was obtained: When n = 0 the decomposing 
temperature of 2(C2S)-CaSO4 was 1250-1260°C, 
whereas in the case of n = 3 — 8 the decomposing 
temperature lowered by 20-30°C. Fig. 3 shows the 
relation between the value of n and the temperature 
of endothermic peak due to decomposition of 
2(C2S) • CaSO4. When the temperature was high,. 
CaSO4 was extricated due to decomposition of 2(C2S) • 
CaSO4. Therefore, the content of free CaSO4 in the 
E.C. clinker increased, and SiO2 occurred as ß-C2S.

Fusibility of E.C. clinker in burning process became 
a problem from about 1220°C. When the raw mix is 
such that enables much of free CaO and free CaSO4 
to remain in the E.C. clinker, fusion occurs easily 
even if the burning temperature is low, so that the 
E.C. clinker is apt to agglutinate during the burning. 
The variations of raw mix during the burning were 
studied by means of DTA and TGA, and an endo
thermic reaction was observed to start at about 1120
1150°C. The quantity of endothermal heat at this 
temperature increased when the value of m in equa
tion (3) became larger. During this endothermic period 
the E.C. clinker was sintered, and the degree of

Table 3. Heat of hydration of 2(C2S') ■ CaSOt and ß - C2S.

Time (day)
Heat of hydration (cal/g)

2(C2S)CaSO4 ß-CgS 2(fl-CsS) + CaSOj

1 1.8 3.0 2.8
3 2.5 8.6 9.3
7 6.5 9.6 12.2

28 16.2 25.9 20.2
91 29.6 36.5 30.0

150 39.0 41.7 34.8



1100 1150 1200 1250 1300 1350

synthetic 2( C2S) • CoS04

Temperature (°C)

Fig. 3. Thermograms of synthetic 2(C2S) • CaSO4 
and E.C. clinkers.

sintering was higher with larger quantity of endo
thermal heat. When later endothermic reactions took 
place accompanying decomposition of 2(C2S) • CaSO4, 
the E.C. clinker became much better sintered, and 
especially when the value of n was large the clinker 
began to fuse.

Microstructure of E.C. Clinker

The internal structure of E.C. clinker was examined 
with the optical microscope and the electron probe 
X-ray microanalyzer. The E.C. clinker burned at 
temperatures lower than 1100°C was low in the degree 
of sintering, and the minerals formed in burning were 
so fine-grained that it was difficult to identify them 
under the optical microscope.

In the E.C. clinker which was sintered better at 1150
1200°C, the principal minerals C4A3(SO3) and 
2(C2S).CaSO4 were recognized, but the size of crystals 
was still small, about 5-10/z. C4A3(SO3) was enclosed 
by 2(C2S)-CaSO4 of the small prismatic crystals

Note. The degrees of sintering are as follows: X, insufficiently sintered, 
o, well-sintered; ©, partly fused, F, completely fused.

Table 4. Relation between mix proportion of raw 
materials and degree of sintering.

No.
Sample

n
Burning temperature (°C)

1100 1150 1200 1250 1300

1 0 0 x X X 0 0
2 0 3 x x o Q ©
3 0 6 x x o o F
4 2 0 x x o 0 ©
5 3 3 x x O ' © F
6 3 7 x x o © F
7 5 0 x Q O 0 F
8 6 4 x Q o F F
9 6 8 . X o o F - F

and both were included in CaSO4 which, under crossed 
niclos, could be seen to exist as large crystals of 
euhedral. However, by observation with reflected 
light on the polished surface etched with a solution 
of HNO3 in alcohol, CaSO4 was recognized as an 
irregular-shaped phase, without showing any distinct 
outline of crystals. In the case of fused clinker, in 
particular, CaSO4 was found to enclose more tightly 
the C4A3(SO3) and other compounds. In the E.C. 
clinker burned at temperatures below 1200°C, the 
ferrite phase had the appearance of groups of minute 
crystals, but in the fused clinker it was dispersed chiefly 
in irregular shapes.

In the E.C. clinker sintered well or in the fused 
clikner, CaO occurs as groups of relatively large cry
stals. The CaO is surrounded chiefly by CaSO4, and 
in many cases it does not contact directly with 
C4A3(SO3),2(C2S)-CaSO4 or j5-C2S. ^-C2S, produced 
by decomposition of 2(C2S) CaSO4, occurred as fine 
grains at the outset, but it gradually grew larger and 
finally became globular.As the 2(C2S) • CaSO4 in the 
E.C. clinker can be colored blue or reddish brown 
with HNO3, its identification was easy.

Expansibility of C4A3(SO3)

In order to know the characteristic of expansion 
of SiO2-rich E.C. clinker, the expansion behavior of 
mixtures of C4A3(SO3), Ca(OH)2 and CaSO4 was 
examined as a first step, by making them into paste 
of W/solid = 0.5, which was kept under air-tight 
condition at 20°C, and were measured the changes 
in length. Expansion of C4A3(SO3) occurred only when 
ettringite was formed, and shrinkage was noticed when 
other calcium aluminate hydrates, such as calcium 
monosulphoaluminate hydrate and C4A3 CaSO4- 
18H2O (M phase) (5), were formed. The condition of 
formation of ettringite from C4A3(SO3) in hydration 
of pure mixture of C4 A3(SO3)-Ca(OH)2-CaSO4 system 
seemed to be dependent upon concentration of SOJ“



(1)

(2)

Fig. 4-1. Microstructure of E.C. clinkers. Etched with 2% 
HNO3 in alcohol. Reflected light. (7) E.C. clinker-4a; 
(2) E.C. clinker-4b.

ions around C4A3(SO3), irrespective of existence or 
absence of Ca(OH)2. With the presence of sufficient 
SO4- ions, ettringite was readily formed and remained 
stable. When unhydrated C4A3(SO3) remained and 
SO4- ion concentration lowered below a certain 
value, calcium monosulphoaluminate hydrate, M 
phase and other calcium aluminate hydrates were 
formed.

The reaction by which ettringite is formed out of 
C4A3(SO3) can be expressed stoichiometrically as 
follows: "

C4A3(SO3) "h 2CaSO4
-^C3A-3CaSO4-32H2O + 2AH3...........(4)

C4A3(SO3) + 6Ca(OH)2 + 8CaSO4
3C3 A - 3CaSO4 ■ 32H2O.......... (5)

Owing to the presence of Ca(OH)2, the reaction of 
(5) proceeds in C4A3(SO3), prior to the reaction of (4). 
The reaction of (5) was active for several hours after 
water-pouring, and a large quantity of ettringite was

crystallized out rapidly, thus giving rise to quick 
setting and exothermal phenomenon. When Ca(OH)2 
was absent, as exemplified by equation (4), there was a 
tendency that, after the dormant period of several 
hours after water-pouring, the reaction progressed 
rapidly and ettringite crystallized out. . -

It was revealed, however, that the expansion of pure 
mixture of the C4A3(SO3)-Ca(OH)2-CaSO4 system 
was not necessarily dependent upon the amount 
of ettringite that was formed. Under the condition 
shown in Fig. 5-1, where CaSO4 is sufficient (m = 8) 
and only ettringite is formed, the volume of expansion 
increased with increasing amount of Ca(OH)2 existing 
simultaneously. When Ca(OH)2 was not added 
(n = 0), formation of ettringite was observed but it 
was not accompained by expansion.

Successive processes of expansion of C4A3(SO3)- 
Ca(OH)2-CaSO4 system (W/solid = 5.0) at 20°C 
were studied under the optical microscope, and it 
was noticed that ettringite was largely developed in the 
form of acicular crystals when Ca2+ ions were rela
tively scarce. Especially in the case of low concentration 
of Ca2+ ions, as represented by equation (4), formation 
of ettringite occurred following the solution of 
unhydrated particles, and ettringite took the form 
of relatively large crystals in the liquid phase 
(Fig. 6-(l), (2)). Under high concentration of Ca2+ 
ions, ettringite crystallized as fine grians, coating the 
surface of C4A3(SO3) particles. This coating develops 
with progress of hydration, and begins to act on the 
adjacent particles (Fig. 6-(3), (4)).

The pure mixture of C4A3(SO3)-Ca(OH)2-CaSO4 
was intermixed with powder of O.P.C. clinker and 
made into neat paste of expansive cement (W/C = 
0.25). Then, the paste was shut off from the air by a 
vinyl sheet, and its expansion behavior under the 
sealed condition was studied. It was recognized that, 
within an hour after water-pouring and kneading, 
the paste began to set and harden, and continued to 
expand for more than ten hours. In this early stage 
reaction, however, the expansion of the pure mixture 
of C4 A3(SO3)-Ca(OH)2-CaSO4 was different from that 
of the pure mixture of (C4A3(SO3)-Ca(OH)2-CaSO4) 
+ O.P.C. clinker powder. In the former, expansion 
attained to maximum when n = 6 or larger, whereas 
the latter’s expansion was larger when n = 2 than 
when n = 6, and even when n = 0 it continued to 
expand for several hours after hardening. The result 
is shown in Fig. 5-2.

Expansibility of E.C. Clinker

The rate of expansion of E.C. clinker powder due to



(1) (4)

Fig. 4-2. Electron probe results for a polished surface of E.C. 
clinker-4a. (7) Optical micrograph; (2)-(6) Characteristic 
X-ray images for (2) CaKa, (2) AlKa. (f) SiKa, (5) FeKa 
(6) SKa.



(1) (4)

(3) (6)

Fig. 4-3. Electron pröble results for a polished surface of E.C. 
clinker-4b. (1) Optical micrograph; I2yf6') Characteristic 
X-ray images for (2) CaKa, (3) AlKa, (4) SiKa, (5) FeXoc, 
(6) SKa.
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Fig. 5. Expansibility and rate of hydration ofpure C^AjCSOf)- 
CaSOt-CaipH)^ mixture as a function of Ca(OH)2 content. 
(7) CtA^SOf) fSCaSOv, (2) C4A3(SO3) + 8CaSO4 + 
2Ca(O77)2; (3) C^lSOj) + SCaSO4 + 6Ca(.OH)2; (4) 
C4A3(SO3) + 8CaSO4 A lOCalOHf; (5)-(8) Prepared 
expansive cements containing 30% of (7)-(4), respectively.

hydration was considerably slower than that of pure 
mixture of the C4A3(SO3)-Ca(OH)2-CaSO4 system. 
But, the relation between the expansibility and the 
quantitative proportion of C4A3(SO3), free CaO and 
free CaSO4 in the E.C. clinker was similar to that of 
the pure mixture shown in Fig. 5-1. In general, the 
expansibility of E.C. clinker was better when a large 
quantity of C4A3(SO3) was poduced, with m = 8 
and n > 6. As indicated by Fig. 8, the SO3 component 
in 2(C2S)-CaSO4 contributed very little to the initial 
expansion.

Using the paste (W/C = 0.25) of a powder mixture 
of E.C. clinker + O.P.C. clinker, its unrestrained 
expansion under sealed condition at 20°C was 
measured (Fig. 7-2), and it was noticed that the expan

sion started at about the time the paste began to set 
and harden. The expansibility after hardening was 
chiefly influenced by the mineralogical composition 
and hydration behavior of the E.C. clinker, the amount 
of added E.C. clinker, the amount of mixing water, 
the curing condition, and by other materials that were 
added.

The hydration behavior of the clinker was influenced 
not only by the fineness but also by the amount of 
free CaO (n-value) against C4A3(SO3) in the clinker, 
so that the rate of expansion increased as the value 
of n became larger. In the case of free CaO = 0 
(n = 0), expansion was also due to the presence of 
Ca(OH)2, which was formed by hydration of the 
O.P.C. clinker, after the paste had set and hardened.



(1) (2)

(3) (4)

Fig. 6. Types of ettringite formation due to hydration of 
C^A^SOf). Hydration at 20°C. Ordinary transmitted light. 
(7) CtAslSOs) + dCaSOt, hydrated for 1 hr; (2) Same field 
as (7), hydrated for 7 hrs; (3) CtA^lSOf) + SCaSO^ 
+ 6Ca(.OH)i, hydrated for 10 min; (4) Same field as (3), 
hydrated for 7 hrs.

But, the effect diminished as the hardening of the paste 
advanced, and after two days it contributed very little 
to expansion, even in the water curing.

Compared with the sealed curing, the water curing 
showed better expansion after one to two days, and the 
larger the value of n the more effective. With increasing 
fineness of E.C. clinker, the hydraion reaction became 
intense right after the kneading, and expansion was 
remarkable for 24 hours after setting and hardening, 
but after one day the expansibility became somewhat 
lower. Fig. 9 shows an example of the relation between 
the expansibility and the amount of intermixed E.C. 
clinker.

Effects of Burning Temperature on the 
Expansibility of E.C. Clinker

Degree of sintering of E.C. clinker at any tempera

ture was dependent upon the value of m and n, if the 
materials used were identical, as mentioned already. 
In the E.C. clinker made of the same materials and 
with definite values of m and n, the expansibility due 
to hydration was influenced by the degree of sintering,
i.e.,  burning temperature. The relation is shown in 
Fig. 10, taking an example of clinker-4. Hydration of 
the E.C. clinker with the same fineness became lower 
as the burning temperature rose. In the fused clinker 
(corresponding to a clinker in which 2(C2S) CaSO4 
was decomposed, when n is large), the rate of expan
sion was much slower.

By the apparent degree of sintering, the E.C. 
clinker was divided into three stages; (a) insufficient- 
sintered clinker (clinker burned at about 1050-1100°C), 
(b) well-sintered clinker (clinker burned at about 1150— 
1200°C), and (c) fused clinker (burned above 1220°C). 
The E.C. clinker of stage (a) began to expand imme-



Fig. 7. Expansibilities of E.C. clinkers and prepared expansive 
cements. W(C = 0.25, 20°C curing. (7) E.C. clinker-la; 
(2) E.C. clinker-2a; (3) E.C. clinker-3a; (4) E.C. clinker-4a; 
(5)-(8) Prepared expansive cements containing 25% of (7) 
-(4), respectively.

Fig. 8. Effect of llC^S'i-CaSO^ on expansion due to hydration 
Of C4^3(SO3).

diately after setting and hardening, and the expansion 
was almost completed within 24 hours in the sealed 
curing. After that, it showed little expansion even in 
the water curing. The E.C. clinker of (b) began to 
expand gradually after several hours since setting and 
hardening. After 24 hours the rate of expansion in the

Fig. 9. Amount of E.C. clinker intermixed and expansibility 
of prepared cement.

sealed curing was slow, but in the water curing the
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Fig. 10. Burning temperatures of E.C. clinker and expansibility 
of prepared cements. E.C. clinker-4, 20°C curing. (7) WfC 
= 0.25; (2) Normal consistency.

expansion became much better and was com
pleted in a relatively short time. In the E.C. clinker 
of (c), the rate of expansion even in the water curing 
was slower than (b), and it took a long time to complete 
the expansion.

In the clinker of (a), the grains of produced minerals 
were very fine on account of the low degree of sinter
ing, and the clinker was porous or fragile. In (b), 
the sintering is better so that relatively well developed 
crystals of C4A3(SO3) and 2(C2S)-CaSO4 were seen. 
The clinker of (c) was in a fused state as decomposi
tion of 2(C2S)-CaSO4 occurred, and the clinker 
was characteristically dense in texture.

Effects of Gypsum and Blast-Furnace Slag 
Added to Prepared Expansive Cement

Setting of the experimentally prepared expansive 
cement was fairly quick, and the setting became quicker 
with increase in the added amount of E.C. clinker.

Fig. 11. Effects of gypsum and blast-furnace slag on property 
of prepared cement. Mortar: 1: 2 cement-sand, WjC = 0.65, 
mold storage 24 hrs, 20°C water curing. Paste: normal 
consistency.

To retard the setting, addition of gypsum proved effec
tive. However, more than 2% addition of gypsum 
caused abnormal expansion and, at the same time, 
the cement strength was lowered. This enormous expan
sion and the lowering of cement strength were pre
vented by adding the blast furnace slag, without 
obstructing the setting retardation effect of gypsum. 
These cases are illustrated in Fig. 11.

Relation Between the Amount of Absorbed 
Water and Expansion of the Prepared 

Expansive Cement

In general, the expansibility of expansive cement 
after hardening was larger in the water curing or 
moist curing than in the dry curing. The characteristic 
of such expansion was that the volume expansion of 
the test piece was in a linear relation with the amount 
of water absorbed, as expressed by the following 
equation, denoting the increased volume by (1 + A/)3 
and the total amount of absorbed water by AW (%):

(1 +AZ)3 =a(AW-/z)...................(6)
where AZ is the change in length (m/m) and pi is the 
amount (%) of absorbed water unrelated to the expan
sion. Using the paste in the range of W/C = 0.23 — 
0.32, which was molded under restraining condition 
in the moist curing for one day, the expansion in the



Fig. 12. Amount of absorbed water and 
ratio of volume expansion.

later water curing was measured and a linear relation 
as expressed by (6) was obtained, irrespective of the 
amount of water used in kneading.

In the moist curing with 90 % in relative humidity, 
the paste absorbed moisture also from the air and 
showed expansion, but the mode of expansion varied 

with the amount of water used in kneading. In the 
case of the sealed curing or dry curing, where moisture 
cannot be supplied from outside, the paste expanded 
for one or two days, but later the expansion became 
very small even by the use of the E.C. clinker having a 
large value of n.

Discussion

Mineralogical Composition of E.C. Clinker

Even when the SiO2-rich aluminous material was 
used, there was a region in which C4A3(SO3) can be 
formed stably if the mixing ratio of limestone and 
gypsum was appropriate. Within this region no other 
calcium aluminates, such as C3A, C12A7 and CA, are 
coexistent. This is probably on account of the presence 
of gypsum. C3S, too, is not produced on account of the 
presence of a large quantity of gypsum.

2(C2S) • CaSO4 was the only compound of the CaO- 
SiO2-SO3 system, and no other three-component 
compounds were found to exist at normal temperature. 
Gutt and Smith (4) also synthesized this compound 
and reported its X-ray diffraction data. In the E.C. 

■clinker, C4A3(SO3) is easier to form than 2(C2S)- 
CaSO4, so that the formation of the former seems not 
to be obstructed by the latter.

Expansibility of E.C. Clinker

The initial hydration of E.C. clinker is controlled 
chiefly by the content of C4A3(SO3) and by the ratios 
of CaSO4 and CaO to the former. 2(C2S)-CaSO4 
contributes very little to expansion. This was becuse 
SO4~ ions were not liberated into liquid phase in the 
early stage, on account of the slow rate of hydration of 
2(C2S)-CaSO4. Accordingly, by raising the burning 
temperature to let the SiO2 component occur as 
ß-C2S, without fixing it as 2(C2S)-CaSO4, an E.C. 
clinker having the same value of m can be obtained 
even when the amount of CaSO4 was small in mixing 
the raw materials at the outset. Thus, the relative con
tent of C4A3(SO3) would become larger and the expan
sibility should turn better. However, in high tempera
ture burning, which allows ß-C2S to exist, the E.C. 
clinker is easy to fuse, and the internal structure of the 



clinker becomes dense, retarding the rate of expansion.
Expansion of C4A3(SO3) due to hydration depends 

upon the type of formation of ettringite. The variance 
of the type of formation of ettringite according to the 
concentration of Ca2+ ions is not discontinuous; the 
type is considered to change successively, depending 
on the degree of concentration of Caz+ ions around 
the unhydrated particles.

When the pure mixture of the C4A3(SO3)-Ca(OH)2- 
CaSO4 system is intermixed with the portland cement, 
the paste expands rapidly within several hours after 
kneading and the expansion is completed in a short 
time, because of the better hydration of the pure 
synthetic system than the E.C. clinker. In such expan
sion within a day after kneading, the Ca(OH)z, which 
is liberated from the cement, accelerates the expansion. 
Therefore, rather by lessening the amount of Ca(OH)2, 
which would result in a relative increase in the amount 
of C4Aj(SO3), the volume of expansion can be 
enlarged, however, a dormant period of O.P.C. 
clinker occurs at two to three hours after water was 
poured into the expansive cement, and in and around 
this dormant period the liveration of Ca(OH)z is not 
sufficient, so that the reaction of (4) would progress 
rapidly in the case of absence of Ca(OH)z added, 
unabling further expansion. Therefore, in order to 
obtain large expansion it wold be necessary to add a 
small amount of Ca(OH)z in advance.

On the other hand, E.C. clinker is slow in the rate 
of expansion, probably because C4A3(SO3) in the 
clinker is enclosed by other compounds. The expansive 
cement, composed of portland cement added with 
powder of E.C. clinker, expands larger when the value 
of n is large, unlike the case of the pure mixture 
system. In the sealed curing or dry cruing, where 
little or no moisture can be supplied from the outside, 
the expansibility of the cement lowers remarkably 
within one or two days after kneading, even when 
the n-value is large, and the expansion comes almost 

to a standstill. If the n-value is small, or when the E.C. 
clinker powder is coarse, the cement even shrinks 
though slightly. It is considered that in the sealed 
curing the hardening of the cement progresses, and 
the expansibility lowers with a decrease in the amount 
of free water. The expansibility is improved by the 
water cruing, and the difference in the value of n begins 
to appear. If the value of n is small, for example 
n = 2, the water curing cannot improve the expan
sibility of the cement in one or two days after its 
hardening. In other words, the expansion-accelerating 
effect of Ca(OH)z, which is liberated from the 
hardened cement, is small in this case.

The fact that free CaO in the E.C. clinker is effective 
to improve the expansibility may be explained by 
breakdown of the C4A3(SO3)-bearing matrix of the 
structure, caused by hydration of CaO, as was main
tained by Kondo and Nawada (6). But, it can be 
considered also that the proportion of CaO around 
C4A3(SO3) particles becomes larger with increasing 
value of n, so that the expansion is still effective after 
the hardening.

In the experimentally prepared expansive cement, 
which was added with gypsum later, fine grains of 
ettringite began to form on the surface of unhydrated 
particles of C4A3(SO3) right after the water-pouring, 
differing from the case of only CaSO4. It is presumed 
that by this coating of ettringite the later reaction was 
restrained and setting was retaded.

That the hydration behavior of E.C. clinker varies 
with brning condition is attributable to the clinker’s 
structure, because the structure becomes harder with 
rising temperature of burning and the breakdown of 
the matrix due to hydration would be retarded. In the 
clinker burned at temperatures below 1100°C, the 
grains of the respective minerals are minute and the 
structure is easily broken in water, so that the hydra
tion advances.
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SepplemeMlairy Paper IV-83 Prevention of Drying Shrinkage Crack 
by Use of the Expansive Cement with Calriumsulphoaluminous Cement Clinker

Kaaew (Meew*, Sm» Nafcantora** and Taiji Saji***

Introduction

Cement Mortar or conerete is liable to cause' crack 
doe to its drying shrinkage. In this paper, are presented 
some results of experiments on the problem of how 
far the shrinkage crack can be prevented by use of the 
expansive cement which is blended Calciumsulphoaln- 
minous Cement Clinker (CSA) to ordinary cement 
clinker. The first half deals with mortar while the latter 
half with concrete.

Takashige Hattori, Assistant of Hokkaido Univ. 

Kohichi Yano, Assistant of Tokyo Metropolitan 
Univ.;Tohei Horishima, Hirokazu Hashimoto, Eiichi 
Tazawa, and Kuniomi Suzuki, Research members 
of Taisei Construction Co., Ltd.’s Technical Research 
Division. Yoshizo Ono, Tsutomu Mizunuma, and 
Satoru Furui, Research members of Denkikagaku- 
Kogyo Co. Ltd. All these persons cooperated in the 
studies.

In the Case of Mortar

Restricted Cracking Test

Expansive cement was prepared by mixing C.S.A. 
cement with normal portland cement by weight ratios 
of 0%, 3%, 5% 7%, 11% 13% 15% and, to make 
test pieces for restricted cracking test, which are shown 
in Fig. 1 was used using mortar, cement: sand: 
water = 1: 2: 0.65 by weight, and the occurrence 
of shrinkage created in those test pieces was observed. 
The restricted cracking test pieces of Fig, 1 are, 
4x4 cm2 in section at the center part and 18 cm in 
length, tapered toward both ends to enlarge their 
section and anchored to the steel frame with screw 
bolts and supported between two sheets of steel plate, 
1.2 x 4 cm2 in section to restricted them from expan
sion or shrinkage.

Other test pieces were prepared with the same kinds 
of mortar to be used for measurement of free length 
change as well as the tests of compressive and flexural 
strength.

All tests were performed in a curing room, where the 
temperature was kept approximately at 20°C and the 
humidity about 70 ~ 80%. None of the test pieces 
were subjected to cure in water, while the sand used 
for mortar was Toyoura standard sand f.m. = 1.60. 
The results are given in Fig. 2 and Fig. 3, occurrence 
of crack and change of crack width in Fig. 2 and rate 
of free expansion and shrinkage in Fig. 3. The crack-

♦Hokkaldo University, Sapporo, **Tokyo Metropolitan Uni
versity, Tokyo and ***Kyushu University, Fukuoka Japan. 

ing test results show that the time elapsed from the 
occurrence of crack was gradually prolonged with the 
increase of the mixing rate of expansive admixture, as 
shown in Fig. 2. That is the 0 % test piece cracked at 
the 16th day, and that of 3 % addition at the 36th day, 
5 % at the 63rd day, 7 % at the 84th day and addition 
of 11 %, 13% and 15% almost at the same time, that 
is at the 175th day, 182nd day, 185th day respectively.

It is appreciated from the above-mentioned results, 
that the occurrence of crack is considerably delayed 
by the addition of expansive admixture, but in the case 
of calcium sulfoaluminate adopted in the present 
experiment, the author could not completely prevent 
shrinkage cracks from occurring in every kinds 
of mortar.

What is noteworthy is that, in the case of test pieces, 
which was mixed with more than 7 % expansive admix
ture, shrinkage cracks developed even when the 
measured value of free length change was still on the

Fig. 1. Shrinkage crack apparatus



Fig. 2. Occurrence of crack time and crack width 

expansion side. This can be explained from the fact 
the expansion comes to an end rather early time, and 
thereafter shifts to drying shrinkage.

Even in case of 15 % admixture being added, expan
sion lasts only about the 10 days, thereafter occurs 
shrinkage, and with the decrease of the amount of 
addition of admixture, expansion comes to terminate 
gradually earlier.

Now, tentatively, if the shrinkage rate is calculated 
for a duration from the time of maximum expansion 
to the crack occurring time, the result will be about as 
follows; with 10 4 as unit, 0% = 5.44, 3% = 6.25, 
5% =7.00, 7% =8.14, 11% =8.10, 13% =8.52, 
and 15% = 10.00.

The above values show that the larger the rate of 
expansion is, the larger the rate of shrinkage becomes 
and show the effect of expansion to a certain extent.

In the case of more than 11% addition, crack 
has occurred after about the same number of days 
had elapsed, which is associated with the decrease of 
strength due to the increase of addition of expansive 
admixture.

Reconsidering the effect of expansion at this stage, 
it is probable that a greater part of expansion has 
disappeared as compressive creep due to the compara
tively earlier expansion as stated before, and besides 
that the expansion may escape simultaneously in 
horizontal direction because of the restriction of 
lengthwise expansion. Dr. K. Shirayama has measured 
the expansion pressure of concrete under a uniaxial 
restriction, and reported that the expansion pressure 
diminishes about the time when the expansion is 
replaced by shrinkage.

It has been observed that, by the expansive admix
ture used in this experiment, we cannot prevent shrin
kage cracking to the perfection when it is completely 
restricted in the lengthwise direction. However, with a 
real structure, restricting force is not so completely

Fig. 3. Free expansion and shrinkage

effective that the shrinkage crack is expected to be 
considerably prevented by the use of expansive admix
ture (C.S.A.)

Application to Plastering Mortar, for Wail
Since portland cement mortar for the use of plaster 

is liable to crack when it is richly mixed, so that as a 
method of preventing crack usually considerable 
amounts of sand mixing in mortar is generally fol
lowed. Accordingly, if we can prevent drying shrin
kage crack by use of expansive cement, we shall be 
able to finish up nearly as well as plaster by reducing 
mixing amount of sand in mortar.

The authors have carried out an experiment here to 
find out whether comparatively rich mixed mortar is 
practically applicable to plastering by expansive 
cement.

As the first test, preliminary experiments were 
carried out using thirty kinds of mortars with several 
ratios of sand mixing, and the ratios of water to the 
whole mixtures added with some % of expansive 
admixture (C.S.A.) in portland cement, and then on 
the basis of these experiments, the possibility for plast
ering was investigated by applying expansive cement 
mortar to an actually erected building.

The physical properties of tested mortar, are given 
in the later table Table 1, and an outline of the wall 
used for the plastering experiment are given in Fig. 4.

For each mix in Table 1 about 10 ± 1 mm consist
ency was chosen, as the appropriate consistency for 
plastering. While the consistency adopted was obtained 
from the Vicat apparatus of JIS R5201, for physical 
test of cement 9-4, with necessary modifications, 
penetration-needle was using a 19mm0 steel bar, and 
adjusting the total weight of its descending part to 
400 gr. Then the value of 100 mm penetrated by this 
method will be called as consistency of 10 mm. •
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Fig. 4. Field test of plastering wall and cracking map

P,C. — Normal portland cement
D.P. = Dolomite plaster
CSA = Calcium sulphoaluminous cement clinker

Table 1. Mixproportion of plastering mortar

Symbol 
No. Kinds of cement

Mixproportion Flow Penertration Unit weight 
(kg/1)Cement Sand Water

1 Normal portland cement 1 1 0.339 183 9 2.192

2 1 2 0.430 194 10 2.161

3 10%CSA + 90%P.C. 1 0.5 0.314 196 10 2.168

4 * 1 1 0.350 185 9 2,180

5 * 1 1.5 0.384 195 10 2.160

6 * 1 2 0-457 191 9 2.135

7 3%CSA + 97%P.C. 1 2 0.444 200 11 2.125

8 5%CSA + 95%P.C. 1 2 0,452 195 10 2.157

9 7%CSA + 93%P.C. 1 2 0.454 212 11 2.155

10 Gypsum plaster 1 2 0.564 198 9 1.661

11 10%CSA + 30%D.P. + 60%P.C. 1 2 0.560 182 9 2.105

12 10/CSA + 50%D.P. + 40%P.C. 1 2 0.575 207 10 2.044

13 50%D.P. + 50%P.C. 1 2 0.570 204 10 2.049



Fig. 5. Penetration resistance test apparatus

In the next place, as the method of estimating the 
suitability of plastering mortar, penetration-resistance 
test was carried out on each kind of mortars. '

Above-mentioned test method is shown in the later 
Figure (Fig. 5), the mortar being filled in two layers 
in (A) vessel. The process of filling mortar was to set 
the vessel (A) on the flow table of cement and move the 
flow table 5 times for each layer. After the two layers 
were filled up the collar (B) was set and by penetrating 
the plunger (C) into the mortar at a constant speed 
(20mm/sec), then the penetration resistance corre
sponding to the depth was measured.

There are shown Fig. 6 and Fig. 7 the values of some 
typical figures of penetration resistance measured at 
each depth.

Where the two straight lines represent the range of 
appropriate values of plastering work, the sand used 
for this experiment was approximately f.m., 2.09, 
and the sieve test result is given in Table 2.

Next water holding capacity test was performed. 
The test was based upon A.S.T.M. with force of 
absorption set at 50 mm Hg, the water-holding rate 
was calculated at each elapsed time by the following 
equation:
Water holding rate = water ratioLaftcr telsl x 100% 

water ratio before test
The water holding capacity was apt to decrease 

when the expansive admixture C.S.A. was added, 
while that of the material tested with dolomite plaster

Fig. 6. Penetration-resistance at each depth

PENETRATING DEPTH (mm) —

Fig. 7. Penetration-resistance at each depth

Table 2. The sieve analysis of sand

Sieve (mm) 5.0 2.5 1.2 0.6 0.3 0.15 f.m.

Pass-ratio <%) 100 98.9 94.6 73.5 27.7 0.4 2.09

brought about exceedingly good result. Furthermore, 
weight decrease rate, drying shrinkage rate Fig. 8 and 
Fig. 9, and flexural strength were tested. The shrinkage 
rate showed the minimum in case of (No. 10) gypsum 
plaster. In the case of C.S.A. cement mortar, shrinkage 
rate was less than that of ordinary portland cement 
mortar, but all measured values remained on the 
shrinkage side. However, the test piece was cured in a 
curing room where the temperature was 20°C and 
humidity 50 %.

Based on the above-mentioned preliminary experi
ments each kind of materials given in the foregoing



Fig. 8. Shrinkage rate

Fig. 9. Shrinkage rate

Table 1 was subjected to the field test, in which the 
thickness of test plastering was about 1.5 cm and the 
base concrete surface was painted with cement paste, 
containing 0.2 % methyl-cellulose. The finishing up of 
plastering was also done on the same day. The plan 
of test house, and the observed crack pattern is shown 
in Fig. 4.

In this field test, cracks occurred in portland cement 
mortar of No. 1 and No. 2 in Table 1, the former 
appearing at the 5th day, and the latter at the 10th 
day.

As for the expansive cement, crack was found in 
No. 7 of 3 % mixing rate after 23 days, but the surfaces 
of wall plastered with other expansive cement mortar 
caused no cracks. Judging from this field experiment,

0.15 0.3 0.6 1.2 2.5 5.0
SIEVE (mm) —-

Fig. 10. Sieve analysis of sand
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it is safe to estimate that mortar mixed with 7% 
expansive admixture (C.S.A.) will not so easily yield 
shrinkage cracks.

Application to Plastering Mortar for Floor
It is essential for floor mortar to be endowed with a 

quality to stand abrasion, since rather high strength 
of mortar is required, hence rich mixed mortar is to 
be used, and this fact naturally involves the condition 
leading to shrinkage crack more easily. Then the au
thors tried to find out by use of expansive cement 
(C.S.A.) floor mortar, abrasion-proof and free from 
shrinkage-cracking.

The experiment is carried out by changing the rate 
of cement and sand in referred to in the foregoing 
chapter (for wall), while the amount of water to be 
added was chosen by the penetration resistance test, 
and consistency was measured by 19 mm^ needle 
penetration test. The sand used in this experiment was 
passed through 2.5 mm sieve, the result of sieve test 
being given in (Fig. 10).

The notation of each kind of mortars and the mix
ing tables are shown in the Table 3. In the next place, 
water-holding capacity test was performed based 
on “JIS A6904 Gypsum plaster”. It has been clarified 
from this water holding test and penetration test that 
there is little difference in quality between expansive 
cement and ordinary portland cement, provided that 
mixing rate is the same. Also with a viscosity improv
ing agent such as methyl-cellulose, its effect was found 
to be very little in the case of rich-mixed mortar.

Flexural strength was also evaluated using 2x4 
X 16 cm3 test piece at 10 cm span and by center load
ing. The results of this test showed nearly the same 
values in strength between A-3 and P-3, but in the case 
of A-2 and P-2, A-2 decreased strength as 70% of 
P-2. Therefore, in the case of expansive cement, we 
cannot obtain abrasion-proof mortar unless we make 
cement ratio richer than 1: 1.5 as shown in Fig. 11.

In the next place, the rate of expansion and shrin-



Table 3. Mix proportion of floor mortar (.by weight)

Kind of cement Symbol of 
mortar

Mix proportion Penetration

(400g-19<£ncedle)
Flow Unit weight 

(kg/l)Cement Sand Water

P-2 1 2 0.410 14.0 186 2.18
Normal portland 
cement

P-3
P-4

1
1

3 
4

0.600
0.840

15.5
15.0

192
203

2.11
2.07

PM-3 1 3 0.535 9.5 171 2.02
PM-4 1 4 0.725 15.5 178 1.97

A-0 1 0 0.250 12.0 176 2.13
A-0.5 1 0.5 0.265 13.0 181 2.20
A-l 1 1 0.300 10.5 174 2.23
A-1.5 1 1.5 0.340 11.5 179 2.20

CSA11% + 89%
Normal portland

A-2 1 2 0.405 10.5 181 2.14
A-3

AM-0
1
1

3 
0

0.575
0.265

18.5
16.0

189
176

2.04
2.09cement AM-1.5 1 1.5 0.350 10.0 170 2.13

AM-3 1 3 0.525 17.5 171 1.96
AC-0 1 0 0.265 24.5 187 2.12
AC-1.5 1 1.5 0.350 12.5 178 2.17
AC-3 1 3 0.535 13.0 176 2.00

C and M = Consistency improving agent. (Methyl-cellulose) adding this agent 0.1 % of cement. +AC — 3 = 0.2%.

kage was measured, using a test piece of 1 X 4 X 
16 cm3. For comparison two cases of tests, i.e. The one 
at temperature of 20 ± 3 °C and humidity of 80 ~ 
85%, the other in water curing of 20 ± 3°C, were 
partly carried out simultaneously. .

According to Fig. 12 the rate of drying shrinkage 
expansive cement mortar is invariably less than that of 
portland cement mortar, which is however on the 

, shrinkage side when cured in the air, but the one 
subjected to water curing shows considerable expan
sion and the richer the mixing, the more conspicuous 
the expansion.

With reference to the above-mentioned fundamental 
experiments, field tests were carried out on the plaster
ing of the floor of a real building. The sketch of field 
plastering test is shown in Fig. 13 while mix of mortar 
is as shown in Table 3.

On August 24, 1966 the plastering works of P-3, 
A-05, A-l and A-1.5 were performed, of which A-0.5 
was replaced afterward by A-l, the formers viscosity 
being too large for plastering. The expansive cement 
mortar showed considerable expansion corresponding 
to the condition of water curing or water sprinkling 
for a week after its placement, and caused expansion 
fracture. The swollen-up amount was about to 4 cm 
at the maximum on the floor line.

As indicated in Fig. 13 plastering work was applied 
several times, on September 29 (5th time), November 
18 (6th time) and November 28 (7th time). At the 5th 
time ratios of cement to sand 1: 2 and 1: 3 were used, 
and at the 6th time and 7th time expansive admixture 
(C.S.A.) added in cement was only 5% in cement. 
After recoating, no conspicuous cracks occurred except 
for small hair cracks at several portions. The main 
results obtained from these experiments on floor

Fig. 11. Flexural strength

Fig. 12. Change in length on non-constraint

mortar are;
*Thcre is little difference in workability between 
expansive cement and portland cement.

*In order to obtain abrasion-proof mortar, rich 
mixing mortar more than (1: 1.5) should be chosen 
in the case of expansive cement (5 % C.S.A. mixed).



expansion fracture 
an4 taKe ut away

Fig. 13. Field plastering test

It is, however, important not to mix too much 
expansive admixture, for there are some points yet 
to be thoroughly investigated.

*The fact that this expansive cement considerably 
varies in its rate of expansion in curing in water or 
in the air is a problem of great importance in the 
plastering work, since the damage due to expansion 
is much worse than that of shrinkage. We have to 
study further, the mixed amount of expansive 
admixture (C.S.A.) in portland cement, by use of 
plastering work.

Mortar Lining for Steel Pipe and Cast Iron Pipe
There is a construction use for which expansive 

cement consisting of C.S.A. as expansive agent is 
particularly advantageous.

It is mortar lining for steel pipe and cast iron pipe. 
There have been considerable troubles with cracking 
and separation in the lining mortar.

They were due to drying shrinkage of the cement, 
generally ordinary portland cement used.

As drying shrinkage introduces tensile stress to the 
lining mortar, the cement that would shrink on 
hydration cannot be used for mortar lining.

Success in precluding the formation of shrinkage 
crack and separation was achieved by blending C.S.A. 
with ordinary portland cement, slag cement or flyash 
cement.

The proportion in which C.S.A. is mixed with 
cement is different with the kind of the base cements.

Fig. 14. Free expansion of non steam curing

Fig. 15. Free expansion of the water steam curing

For instance, C.S.A. has been used by a company 
for mortar lining in a mix proportion of 8:92 by 
weight to flyash cement and by another company in a 
mix proportion of 11: 89 by weight to ordinary port
land cement. Free expansion of these mortar is shown 
in Fig. 14. From Fig. 14, it can be seen that free 
expansion of flyash cement mortar mixed with C.S.A. 
is less than that of ordinary portland cement with 
C.S.A. However, these mortar shrinkages after maxi
mum free expansion which occurred at an early age 
of mortar are the same and enough to prevent the 
shrinkage crack and separation formation.

The mortar-lined pipe is cured in water or steam on 
the manufacturing process.

As the expansion of lining mortar is larger in steam 
curing than in water, and mortar shrinkage is smaller 
after maximum free expansion, the effect of preventing 
crack and separation is larger. These facts are shown 
in Fig. 15.



Table 4. Chemical analysis of water

Kind of water* Smell pH
M.O. 

alkalinity 
ppm

Total 
hardness 

ppm

Evaporated 
residue 
ppm

Normal portland 
cement mortar Normal 11.7 143.5 68.0 180.0

Normal portland 
cement with 
CSA mortar

Normal 9.7 45.1 68.0 119.0

Non-immersed Normal 7.1 39.0 68.0 104.0

♦Immersed water of each mortars

On the other hand, researches in the influence of 

lining mortar containing C.S.A. on soundness and 
solubility to water were prosecuted by immersing a 
piece lining mortar vertically in water (60°C) for 1000 
hrs. From this test, we could get satisfactory results 
shown as follows:
*The soundness of the cement with C.S.A. is equi
valent to ordinary portland cement.

♦Chemical analytic results of the water in which each 
living mortar is immersed (Table 4) indicate that in 
the case of the cement with C.S.A. it has lower 
alkalinity as compared with normal portland ce
ment but almost the same content in other elements.

In the Case of Concrete

Dry Shringkage of Reinforced Concrete Mixed 
with CSA-Cements

Here are presented the result of two series of obser
vations on the change in length and crack distribution 
of reinforced concrete mixed with CSA-cements and 
usual aggregates.

In the first series, a CSA-cement of 13% CSA was 
tested with the specimens of rectangular plates for the 
convenience of observing cracks which would be 
caused by dry shrinkage. ■

The second series was a test of a CSA-cement with 
10% CSA consisting of two parts. The first part was 
the repetition of the foregoing test with this cement and 
the second part was a study on the change in length 
by beam type specimens which enabled to observe 
the change in length from the first stage of hardening of 
of concrete. Each series of tests included some com
parisons of CSA-cement concrete with the ordinary 
portland cement concrete.

Test Series I
The purpose of this study was to observe the in

fluence of steel reinforcements on the change in length 

and the crack distributions for reinforced concrete 
mixed with a CSA-cement.

Specimens '
Type and size. A rectangular plates of 50 x 50 X 

10 cm3 was adopted as the specimen.
Reinforcements. Four kinds of double meshes made 

of deformed bars of 10mm in diameter were applied, as 
shown in Fig. 16.

Cements. Three kinds of cements were tested—that 
is, which contained 13 % CSA (noted by C), a portland
cement made by the same plant (noted by P) and a 
certain other manufacturer’s portland cement (noted 
by A). (Table 5)

Aggregates. Sand and gravel from the same river 
were used. Their physical properties are shown in 
Table 6.

Mixtures. The mixtures were selected as described 
in Table 7, where w/c was 0.6 and the slump was 
controlled to be about 21 cm. 1 ■

Concrete form. Wooden forms were used. Vinylchlo
ride plates of 1 mm in thickness were lined inside the 
forms, which gave so smooth surfaces to the speci- 
ments that inspection of hair cracks on the surfaces

Pl - o i

V shows the position of the measuring point for concrete
V shows the position of the measttr i ng point for bars

Fig. 16. Kinds of reinforcements

On



Table 5a. Chemical analysis of cements

Data were supplied from the manufacturers

Kind of cement ig. loss insol. S1O2 A12Oj FeaOa CaO MgO SO3 total Specific 
weight

Fineness 
Blaine 
specific 
surface 
(cm2/g)

CSA-cement 0.7 0.9 20.0 6.1 3.0 61.6 1.1 6.2 99.6 3.11 3100

Normal portland 
cement “P” 0.7 0.8 22.0 5.3 3.2 63.9 1.3 1.9 99.1 3.15 3160

Normal portland 
cement “A” 0.5 0.6 22.6 5.0 2.9 64.3 1.4 1.9 99.2 3.16 3120

Table 5b. Physical test of cements

Kind of cement
Flexure strength 

kg/cm2
Compressive strength 

kg/cm2

3 days 7 days 28 days 3 days 7 days 28 days

CSA-cement 17.9 22.0 46.5 76 113 208

Normal portland 
cement "P” 31.2 41.0 57.9 119 182 324

Normal portland 
cement “A” 24.3 30.4 54.5 93 153 305

Table 6. Physical properties of aggregates

Item Specific 
gravity

Unit weight 
kg/1 Size Fineness 

modulus

Sand 2.57 1.65 less than
2.5 mm 2.43

Gravel 2.53 1.67 15—5 mm 6.53

Table 7. Mix proportion of concrete

Kind of 
cement w/c Cement 

kg/m3
Sand 
kg/m3

Gravel 
kg/m3

Water 
kg/m3

Compressive 
strength kg/cm2

Water 
curing

Air 
curing

CSA-cement 0.60 305 820 985 183 185 148

Normal 
portland 
cement P

0.60 300 835 985 180 256 162

Normal 
portland 
cement A

0.60 295 844 985 177 250 170

was very easy.
Casting of concrete and curing. The wooden forms 

were set up edgewise like the walls, and the concrete 
was casted in the upper edge and covered with polye
thylene films. The forms were removed after 48 hours 
and the specimens were also set up edgewise in the 
room air of about 18°C and 70% R. H. for one week. 
Then, R.H. was dropped to 45% for three weeks. 
After 4 weeks the temperature was controlled to be 

16°C, but the relative humidity gradually rose to 
70%.

Measurement of the Change in Length
Small steel screws were inserted to the concrete 

surface and on the ends of reinforcement bars, as are 
pointed in Fig. 16. The distance between a pair of 
screw heads, which were placed on the contrary edges 
of the specimen, was measured by a simple apparatus 
with a couple of 1/1000 mm dialgages. The accuracy 
of measurement was calculated to be about 2 X 10'6 
mm/mm.

The measurement was started immediately after 
removing the wooden form, and was continued for 15 
weeks. -

Change in Length of Plain Concrete
The CSA-cement concrete Co expanded remarkably 

in its early age, although the ordinary concrete Po 
and Ao showed almost no expansion, as shown in 
Fig. 17. The maximum expansion of Co reached over 
45 X IO-5 mm/mm at the ninth day. Then, Co showed 
dry shrinkage similar as the ordinary concrete. The 
magnitude of these shrinkage reached about 50 X 
10-3 mm/mm after 15 weeks. Consequently, the 
amount of change in length became nearly zero 
compared with the initial length observed in this test.

There can be seen some difference between the 
change in length of the CSA-cement concrete in the 
vertical direction and that in the horizontal direction; 
the former was smaller than the latter. The reason for 
this phenomenon would be attributed to the constraint 
against expansion of young concrete by its own weight.

On the other hand, the magnitudes of dry shrinkage 
of Po and Ao were 54~61 x 10-5 mm/mm compared 
with their initial length.

Change in Length of Reinforced Concrete
There were some troubles with the measurement of



Fig. 17. The change in length of non-reinforced concrete

age - weeks

Fig. 18. The change In length of reinforced concrete

change in length for the first two days. Therefore, the 
data were conveniently arranged by taking the length 
at the fourth day after casting concrete as the standard. 
The test result are plotted in Fig. 18.

There were some differences between the change in 
length of reinforcing bars and those of concrete body. 
The former was less than the latter in both cases of 
expansion and contraction. It may be supposed that 
these differences would be caused by the plastic defor
mation of bond between the concrete and bars, and 
perhaps by the warp of concrete surface constrained 
by the bars.

Speaking of the change in length of concrete body, 
the tendency of expansion was also observed in the 
early stage of hardening of concrete. However, the 
magnitudes were considerably smaller than those of 
plain concrete and the maximum expansion decreased 
when the reinforcement ratio increased.

As the dry shrinkage of concrete was also constrain
ed by the existence of reinforcement bars, the speci
mens which had a higher reinforcement showed a 
smaller shrinkage and the magnitudes of shrinkage 
after the primary expansion at a certain age decreased 
almost linearly with the increase of reinforcement 
ratios. . .

Fig. 19 shows the relation between the reinforce
ment ratios and the amount of change in length, 
when the length at the 4th day after casting concrete

Fig. 19. The relation between the change 
in length and the reinforcement ratio

was taken as the standard. It is very interesting that the 
specimens with moderate reinforcement ratio showed 
the largest shrinkage at the 15th week.

Observation of Cracks
An observation of cracks on the surfraces of speci

mens was proceeded by a magnifying glass.



Fig. 20. Cracking map at the age of 3 -weeks

Normal portland
cement 'P*

The 13^6 content 
CS A— cement

Normal por11 aad 
cement ‘A'

Table 8. Distribution factors of cracks

Fig. 21. Cracking map at the age of 15 weeks

Symbol Kind of cement Reinforcement 
ratio Vo

Distribution factor of cracks ( X IO-2 cm/cm2)

No. 1 No. 2 No 3 mean

Co CSA-cement 0 9.4 12.6 5.6 6.3 12.4 13.3 10.0
Ci 0.60 7.3 6.2 7.2 6.9 —- 11.2 7.8
Ch 1.20 7.8 12.8 7.8 3.4 7.5 8.2 8.0
Cm e 2.44 9.7 13.0 11.9 12.5 16.6 17.5 13.5
Civ 4.99 6.9 11.6 14.8 11.1 13.4 8.2 11.0

Po
Normal portland 
cement P 0 14.8 13.4 11.8 8.0 13.5 12.6 12.4

Pni 2.44 31.6 32.0 45.4 34.4 47.2 41.4 38.7

Ao Normal portland 
cement A 0 6.5 7.0 10.6 10.1 9.6 10.7 9.1

The first hair cracks were observed on every speci
men at the age of 16 days, when the relative humidity 
of test room was about 42%. It looks likely that there 
was no difference between the age of initial cracking 
of concrete and the kinds of cements as well as the 
quantity of reinforcement, in the range of such a low 
humidity. Fig. 20 and Fig. 21 show the sketch of 
crack distribution at the age of 3 weeks and 15 weeks 
respectively, and Table 8 shows the distribution fac

tors of cracks, i.e., the mean length of crack per unit 
area. Both data indicate that there were not so much 
difference on the crack distribution for every speci
men, in spite of the variation of cement, mixtures and 
reinforcement ratios, excepting the specimens of 
Pm hardly cracked notwithstanding the same grade 
of shrinkage. If the crack distributions were the same, 
the width of crack should theoretically increase with 
the increase of reinforcement, but any remarkable 



difference could not be found in this CSA-cement con
crete. Every crack had the width of 0.02-0.04 mm. It 
was very difficult to distinguish the deep cracks from 
hair cracks on the surfaces of specimens.

Test Series II-l
The purpose of this test was to compare a CSA- 

cement with an ordinary portland cement from the 
viewpoint of crack distribution of reinforced concrete. 
The testing method of Series 1 was followed in this 
study by using a CSA-cement with 10% CSA and the 
portland cement “A”.

Specimens
Type and Size, Aggregates, and Concrete Forms. 

These were the same as the foregoing test.
Reinforcements. Two kinds of double meshes, as 

shown in Fig. 22
Cements. Two kinds of cements, above-mentioned.
Mixtures. The mixtures were selected as shown in 

Table 9, where w/c was 0.7 and the slump was con
trolled to be about 18 cm.

Curing. The wooden forms were removed 48 hours 
after casting concrete and the specimens were cured in 
the room air of 16°C and 75% R. H. for three weeks, 
and then of 16°C and 55 % R. H.

Measurement of Change in Length
The results of measurement are plotted in Fig. 23.

The expansions of CSA-cement were very little, 
even in the case of plain concrete Co, and there was not 
so much difference of change in length between 
Co and the ordinary concrete Ao for the first week. 
However, Ao showed thereafter somewhat larger 
shrinkage than Co. The magnitudes of dry shrinkage 
are given in Table 10. It shows that the shrinkage of 
reinforced concrete at the end of the 7th week almost 
linearly decreased with the increase of reinforcement 
ratio for both kinds of cements.

Observation of Cracks
The crack distributions on the surfaces of speci

mens which were sketched in the 7th week and after 
50 weeks are shown in Fig. 24 and Fig. 25 respectively, 
and their distribution factors are calculated in Table 
11.

These results were somewhat different from those in 
test series I. Both figures show that few cracks were 
observed on the specimens of plain concrete Co and 
Ao, even after 50 weeks, and that cracks of reinforced 
concrete mixed with the CSA-cement increased con
siderably after 7th weeks, although the cracks did not 
extend so much in the earlier age.

It would be notable that the dry shrinkage of ordi
nary reinforced concrete with the high reinforcement 
ratio showed some relaxation after a certain age. 
It means that some deep cracks reached to the reinfor
cement bars and the compressive stress of steel bar

I:; ^54^14X53

pt=0% Pt =1.20% Pt=3.95%

Table 9. Mix proportion of concrete

*This mixture was used in test series II-2.

V shows the position of the measuring point for concrete.
▼ shows the position of 1 lie measuring point for bars

Fig. 22. Kinds of reinforcements

Kind of 
cement w/c Slump Cement 

kg/m3
Sand 
kg/m3

Gravel 
kg/m3

Water
kg/m3

pressive 
strength 
kg/cm2

CSA-cement 0.70 18.3 275 990 850 193 179

Normal 
Portland 
cement A

16.8 * 255

CSA-cement* 0.55 17.6 335 900 911 184 269

Fig. 23. The change in length.



Table 11. The distribution factor of cracks

Symbol Kind of cement Reinf. ratio % 28 days 49 days 70 days 189 days

Co CSA-cement 0 12.0 1.00 24.5 1.00 32.8 1.00 59.0 1.00

Ch CSA-cement 1.20 12.5 1.04 23.7 0.97 31.4 0.96 52.2 0.89

Chi' CSA-cement 3.95 9.6 0.80 17.8 0.73 21.2 0.65 32.8 0.56

A» Normal portland cement "A" 0 21.1 LOO 37.5 1.00 48.8 1.00 75.6 1.00

An Normal portland cement “A” 1.20 19.9 0.94 34.2 0.91 43.3 0.89 60.0 0.80

Am' Normal portland cement “A" 3.95 14.8 0.70 24.8 0.66 28.5 0.58 27.2 0.36

X 10-2cm/cm2

Symbol 5 th week 7th week 14th week 27th week 50th week

Co
max. min. 
0.30-0.00 

0.20

max. min.
0.30-0.00

0.21

max. min.
1.24-0.22 

0.71

max. min. 
1.80-0.42

1.22

max. min. 
3.26-1.12

1.96

Cn 0.16-0.00
0.04

0.20-0.00
0.09

2.64 0.52
1.11

3.72-0.80
1.89

5.12-1.78
3.47

Citi' 0.58-0.00
0.18

1.12-0.00
0.51

7.26-1.34
3.08

13.26-3.44
6.18

16.78-4.42
8.22

Aq - 0.40-0.00
0.17

0.66-0.00
0.34

1.68-0.00
0.84

1.80-0.16
0.99

3.66-0.24
1.62

An . - 1.14-0.36 
0.73

2.26-0.60
1.30

5.12-0.76
3.17

5.96-1.76
4.82

9.58-1,96
5.79

An/ 7.30-1.26
2.52

9.74-1.62
4.13

15.36-3.46
7.99

19.82-7.32
12.87

21.06-8.36
13.82

Each figures in lower rows show the mean value of six data.

The 13# content Normal Portland 1()# conleiil Normal nar,l.1nd
CSA-cement ecmeni'A' OSA- cement cement W

Fig. 24. Cracking map at the age of 7 weeks Fig. 25. Cracking map at the age of 50 weeks



had partly been released.

Test Series II-2
The aim of this test was to start the measurement of 

change in length immediately after casting concrete 
because the CSA-cement concrete in the foregoing 
test did not show a remarkable expansion.

Specimens
Type and size. A modified beam with the cross 

section of 20 X 20 cm2 and the length of 200 cm was 
adopted for the specimens of reinforced concrete, as 
shown in Fig. 26. A beam with the same cross section 
and the length of 50 cm was adopted for the speci
mens of plain concrete. Each beam had steel end plates 
of 9 mm in thickness, where the measuring points made 
of small screws were installed. These end plates would 
serve to prevent the drying of concrete from the ends 
of beams.

For the specimens of reinforced concrete, the end 
plates were previously welded to the both ends of 
reinforcement bars; four deformed bars of 16 mm in 
diameter. The reinforcement ratio became 1.96%. 
For the specimens of plain concrete, four small bolts 
were attached to the inside of the end plates in order 
to secure the bond strength between the plate and 
concrete body. -

Wooden forms were used for manufacturing the 
specimens. The above-mentioned end plates were 
fitted as the parts of form.

Aggregates, Cements. These were the same as those 
referred to in the first part of this test series.

Mixtures. For CSA-cement concrete, two kinds of 
w/c were applied, i.e., 0.70 and 0.55. For ordinary 
concrete w/c was 0.70. The mixtures were selected as 
shown in Table 5 by controlling their slumps to be 
about 18 cm.

Curing. The wooden forms were removed at the age 
of 5 days. Then, the specimens were cured in the room 
air of 18°Cand70%R. H. .

Fig, 26. The specimens of beam type

Measurement of Change in Length
The measurement was started at 6-8 hours after 

casting the concrete. Similar measuring apparatuses 
as used in Series I were used by providing exclusively 
one apparatus to one specimen. The results are shown 
in Fig. 27.

Change in Length in Young Age
All of the specimens of CSA-cement concrete show

ed a tendency of expansion in the period of one or two 
days after casting concrete, although the specimens of 
the ordinary concrete did not show any expansion nor 
contraction in this period. The magnitudes of expan
sion in the plain concrete were about 60 % of the test 
results in Series I. The reason could mainly be attri
buted to the difference of CSA content of 13% and 
10%. Besides, the forms would constrain the concrete 
against free expansion as the reinforcement bars do.

According to Table 12 which indicates the magni
tude of the maximum expansion of each specimen, 
C5(w/c = 0.55) showed somewhat larger expansion 
than C7(w/c = 0.70), in both cases of plain concrete 
and reinforced concrete. And the expansion of rein
forced concrete was only 37 and 38 % compared with 
plain concrete for corresponding w/c of 0.7 and 0.55 
respectively.

Dry Shrinkage and Crack
After the primary expansion, both of plain concrete 

and reinforced concrete mixed with CSA-cement 
showed dry shrinkage. The behaviors of these dry 
shrinkage were not so much affected by the difference

Fig. 27. The change in length



Symbol Kind of cement w/c Reinforcements 
ratio % Max. expansion Ratio Max. shrinkage Ratio

C5P CSA-cement 0.55 0 33.1 1.00 52.8 1.00
C5R CSA-cement 1.96 12.6 0.38 37.7 0.71

C7P CSA-cement 0.70 0 27.0 1.00 48.2 1.00
C7R CSA-cement 1.96 10.0 0.37 37.0 0.77

A7P Normal portland 
cement 0 — 61.9 1.00

A7R Normal portland 
cement ** 1.96 — — 25.9 0.44

of water-cement-ratios.
According to the observations on the cracks of the 

specimens many cracks transverse to the longitudinal 
axis of the specimens were found in the pitch of about 
10 cm for the ordinary concrete, but very few cracks 
were found on the CSA-cement concrete.

Summary of this Section
The change in length and crack distribution of plain 

concrete and reinforced concrete mixed with CSA- 
cement were studied. Two kinds of CSA-cements 
which contained 13% and 10% of CSA were used in 
the separate test series.

In the case of CSA-cement with 13% CSA (w/c = 
0.6)

*The plain concrete expanded remarkably in the 
first week after manufacturing the specimens. The 
maximum expansion was observed at the 9th day 
and the magnitude reached over 45 X 10“3 mm/mm. 
However, after these primary expansion, the CSA- 
cement concrete showed a large dry shrinkage simi
lar to that of the ordinary concrete. Consequently, 
the amount of change in length became nearly zero 
after 15 weeks; when the length at 48 hours after 
casting concrete was taken as the standard.

*The reinforced concrete showed a similar tendency 
of primary expansion and successive shrinkage. 
However, the magnitudes were considerably small 
and the magnitude of dry shrinkage after the pri
mary expansion decreased almost proportionally 
with the increase of reinforcement ratio.

* According to the observation of crack distribution 
on. the surfaces of specimens, very little difference 
could be found between the plain concrete and the 
reinforced concrete with various kinds of reinfor
cement ratios. It is uncertain whether this pheno
menon was proper to the CSA-cement with 13% 
CSA or it would be attributed to the low humidity 
of testing room.

In the case of CSA-cement with 10 % CSA (w/c = 
0.7)

*Any expansion was hardly observed after removing 
the concrete form. The observation of crack showed 
that plain concrete mixed with CSA-cement and the 
ordinary portland cement had a few cracks in a 
similar degree, and that the crack distribution in
creased with the increase of reinforcement ratio for 
both concrete, less cracks being found in the CSA- 
cement concrete than in the ordinary concrete.
A study on the CSA-cement concrete with 10% 
CSA by a special testing method gave the following 
results.

*For plain concrete, a considerable expansion was 
observed in the first one or two days and the magni
tude of maximum expansion was about 60% of 
the CSA- cement concrete with 13% CSA. There 
was not so much difference of the primary expansion 
and successive shrinkage between two kinds of 
water-cement-ratios (w/c = 0.55 and 0.70), although 
the smaller water-cement-ratio gave somewhat 
larger expansion. The magnitude of dry shrinkage 
after the primary expansion was about 50„x 10-5 
mm/mm at the age of 42 weeks. The corresponding 
shrinkage of the ordinary concrete was about 60 X 
10-5 mm/mm.

*In the case of the reinforced concrete (reinforce
ment ratio = 1.96%), the magnitude of the primary 
expansion was less than 40% of the plain concrete 
for both water-cement-ratios. The shrinkage after 
the primary expansion was about 70 % of the plain 
concrete at the age of 42 weeks and the amount of 
the change in length became almost equal to that of 
the ordinary reinforced concrete. However, very 
few cracks were observed on the specimens of the 
CSA-cement concrete, although considerably much 
cracks were found on the ordinary concrete.

Application to Field Concrete
Up to the present, CSA has been applied in some 

construction works, including the experimental 
building (Aug. to Dec. 1964), Nagano Prefectural 
Office (Apr. 1966 to Mar. 1967), the experimental 
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paving (Mar. to Apr. 1964) and Noheji By-pass, 
Aomori Prefecture (Nov. to Dec. 1966), etc. From the 
above examples, CSA-cement concrete decreased 
cracks in building and made it possible to perform 60 
meters long paving without expansion joints. Also, 
many other desirable results were obtained. The 
experimental building and paving that has been 
metnioned above will be briefly reported hereinafter.

Test 1. Example of Application to Building 
Works (Experimental Building)

The experimental building and dummy slabs were 
prepared for measurement of the difference between 
the 13% content CSA-cement concrete and normal 
portland cement concrete. The experimental building 
was composed of two one-storied buildings connected 
by expansion joint at the central part as shown in 
Fig. 28.

Dummy slabs were comprised with or without 
reinforcement. The effects due to expansion of CSA 
were observed by making comparative studies of 
inner stresses caused in roof slabs and dummy slabs, 
and cracks occurred in roof slabs and wall panels. 
Mixing-ratio of concrete used is shown in Table 13.

Measurement of change in length of roof slabs and 
dummy slabs was made by using Carlson type exten
someter and that of constrained deformation by 

Carlson type strainmeter. The location of measure
ment of roof slabs are shown in Fig. 29.

Temperature and humidity during measuring period 
are shown in Fig. 30. The condition of weather 
involving rain, snow or sleet during the first 3 months 
was similar to that in case of wet curing, and the slow 
appearance of compressive strength seemed due to the 
effect of low temperature at the beginning of that 
period.

The compressive strength of concrete is shown in 
Table 14. Addition of CSA has not a tendency to 
reduce compressive strength in case of field curing.

Fig. 31 shows the change in length of dummy slabs, 
and also clearly indicates expansive effect due to 
CSA.

Fig. 32 shows the inner stresses of concrete. It is 
clear that there exists inner compressive stresses due 
to reinforcement constraint. On the other hand, 
tensile stresses occurr in normal portland cement

Table 13. Mix proportion of concrete

Ingredient
Kinds 
of concrete

Cement 
kg/m3

CSA 
kg/m3

Water
kg/m3

Sand 
kg/m3

Gravel 
kg/m3

Normal portland 
cement concrete 350.0 0 200 805 1061

The 13% content 
CSA-cement concrete 304.4 45.6 200 805 1061

SOUTH ELEVATION (1:100)

20,000

PLAN ■ (1:100)
(UNIT:mm)

Fig. 28. Plan and south elevation
Fig. 29. The location of measurement of roof slabs 

(Unit: mm)



Fig. 30. Temperature and relative humidity 
during measuring period

Table 14. Compressive strength of concrete

Age-days

Kind of X. Method^-, 
concrete curing\.

Compressive strength kg/cm2

7 days 28 days 270 days 400 days

Normal portland 
cement concrete

Air curing — 327.1 — —

Field curing 86.2 181.2 278.5 398.7

The 13 O/Q content 
CSA-cement 
concrete

Air curing — 278.1 — —

Field curing 99.9 185.9 303.1 341.3

Air Curing = Air curing (20°C 80% R.H.) after 3 days water curing (20°C)

Normal portland cement concrete, Reinforced Dummy

Fig. 31. Change in length of dummy slab 
by carlson extensometer

Fig. 32. Comparison of inner stresses of concrete due to 
reinforcement constraint by carlson strainmeter



concrete.
Fig. 33 shows change in length of roof slab at end 

span, and the 13% content CSA-cement concrete 
expands by approximately 0.5 mm (1.0 X IO-4) 
and is restored to the original length after 1 year. 
Normal portland cement concrete shrinks by approxi
mately 0.6 mm (1.2 X IO-4) after 1 year.

Fig. 34 shows the results of the inner stresses of roof 
slab at end span. It is noted from these results that the 
13% content CSA-cement concrete shows larger 
expansion rate on the upper side and normal portland 
cement concrete always shows larger shrinkage rate 
on the upper side.

Fig. 35 shows the condition of cracks that occurred 
on wall surface after 1 year. Cracks began to occur 
at the 5th month. During the period from 5th to the 
8th month, the occurrence and growth of cracks were 
prominent probably because of the summer season. 
However, any change was hardly observed during the 
following 4 months.

No distinct cracks, however, were observed on the 
roof slabs.

By the use of CSA, it is possible to create compres

sive stresses, although in small amounts, within con
crete through constraint due to reinforcement, and 
therefore, it is considered advantageous to use it for 
building. And, it is also considered to have distinct 
effect in decreasing shrinkages and cracks. However, 
the occurrence of a crack as large as 1.2 mm at a cer
tain spot yet remains for us to be studied.

Test 2. Example of Use in Paving , 
(Experimental Paving)

The experimental paving and dummy pavement 
were prepared for measurement of the difference with 
the 10%, 13% content CSA-cement concrete and 
normal portland cement concrete. And, the possibility 
of increasing the distance between expansion joints 
and decreasing the thickness of paving were studied. 
Dummy pavement that avoid surface friction from 
botton were placed on grease coated steel plate. The 
experimental paving was approximately 50 meters 
long and 2 lanes wide as shown in Fig. 36. Mixing
ratio of concretes are shown in Table 15.

On experimental paving, changes of joints width 
were measured by Carlson type extensometer, con-

19 64.12 1965.1 121 2|4I 51 7^18 I .9 L 10. I 11 i 1 J

.C-A(OSA-cement concrete Roof Slab) 

äio —- --------------- ----------

P-A(Normal portland cement concrete 

Z.

Fig. 33. Change in length of roof slab at the end span 
by carlson extensometer

— C-l (CSA-cement concrete Roof Slab End, Upper)
xio-1 

2t)

1.0

0

1.0

2.0

3.0
(Average strain of CSA-cement concrete Dummy Slab)

■C-2 ( CSA-cement concrete Roof Slab End, Lower)

Fig. 34. The results of measurement by carlson 
. strainmeter on roof slabs



strained strain by Carlson type strain meter, warping 
deformation by dial gage and inner temperature of 
concrete by thermocouple. And on dummy pavement, 
the changes in length were measured by contact 
strain meter, and inner temperature of concrete was 
measured.

Temperature and humidity during measuring period 
are shown in Fig. 37.

Table 15. Mixproportion of concrete

Ingredient
Kind 
of concrete

Cement 
kg/m3

CSA 
kg/m3

Water
kg/m3

Sand 
kg/m3

Gravel 
kg/m3

Pozzolith 
No. 8 
kg/m3

Normal portland 
cement concrete 325.0 0 146.5 668 1,285 0.812

The 10% content 
CSA-cement concrete 292.5 32.5 *

The 13% content 
CSA-cement concrete 282.7 42.3

Compressive and flexural strengths of concrete are 
shown in Table 16. In case of water curing, there is 
no difference in compressive strength at 28 days be-

Table 16. Compressive and flexural strengths 
of concrete

Age-days

Method^*-\

Compressive 
strength 
kg/cm2

Flexural 
strength 
kg/cm8

7 days 28 days 28 daysKind of concrete^x. of curing\.

Normal portland Water curing 291 430 49,4
cement concrete ' Air curing 230 320 33.0

The 10% content Water curing 300 396 58.2
CSA-cement concrete Air curing 265 356 28.8

The 13% content Water curing 337 423 51.7
CSA-cement concrete Air curing 287 409 44.5

Water curing (20°C)
Air curing = Air curing (20°C 80% R.H.) after 3 days water curing (20DC)

concrete)

E'AST ELEVATION

NORTH ELEVATION (OSA-cement concrete)

SOUTH ELEVATION (Normal portland cement concrete) 
-6 1 -

Fig. 35. Cracking map on wall crack width ... unit: mm



Fig. 36. Plan of experimental paving and dummy pavement 
(Unit: mm)

Fig. 37. Outside temperature and relative humidity 
and inner temperature of concrete

tween normal portland cement concrete and the 10%, 
13% content CSA- cement concrete. However, in 
case of field curing, addition of CSA increases com
pressive strength at 28 days.

Fig. 38 shows the comparison of changes in length 
of dummy pavement for the 10%, 13 % content CSA- 
cement concrete and normal portland cement con
crete. It was found that the maximum change in length 
is about 0.4 mm due to temperature change in a day 
in every cases. ,

An example of change in width of expansion joint 
of experimental paving is shown in Fig. 39. The 
difference between CSA- cement concrete and normal 
portland cement concrete is clearly observed. The 
results of measurement in central parts of paving by 

Carlson type strain meter are shown in Fig. 40. The 
average strain that is calculated in Fig. 39 and the 
strain in Fig. 40 do not correspond. This suggests 
a reason why the constrain at central part of paving 
should have been very large as compared with that of 
the end. The strain in opposite directions on upper 
and lower surfaces of paving were shown with mark 
“0” in Fig. 40. These phenomena are presumed to 
have happened due to constrained deformation. 
Strains were 0.5 X IO-4 or around.

Average strain is obtained by dividing the move
ments of paving ends measured with joint extensome
ter by the distance between expansion joints, and 
it is plotted together with the strain of dummy pave
ment in Fig. 41. According to Fig. 41, the maximum



o

The 13^ Content CSA-cement concietc

Fig. 38. Change in length of dummy pavement 
{Unit: mm)



Fig. 40. Strain of experimental paving 
by carlson strainmeter

-o-The strain of Paving
Q -ü- T he average strain of Dummy pavement

go oo X 1 0"4

Fig. 41. Inner constrained stresses

constrained tensile strain of normal portland cement 
concrete is 1.6 X 10-4. If “3/4 of constrained shrin
kage deformation remains to be creep and 1/4 as 
tensile stress"*,  then it must be considered that, by 
taking modulus of elasticity for 2.5 X 106 kg/cm2 

*N.B. Opinion of Mr. Taiji Saji, Kyushu University.

along its total length, and in view of this value being 
an average one, there are some local parts where the 
value are higher than the average one.

No crack has so far been observed in any of paving, 
although there were differences in inner stresses as 
mentioned above. It is common practice to provide a 
construction joint in every 8 to 10 meters in ordinary 



concrete paving. The reason for observing no crack 
in this experiment may be that the job site was in 
rainy area and that traffic over the road was not so 
busy. However, as far as the use of expansive concrete 
was able to decrease greatly the inner stresses that had 

occurred within the paving, and with the use of 13% 
content CSA cement concrete, it was possible to decre
ase tensile side constrained deformation down to 1/10 
approximately.
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Synopsis

In this paper are reported the results of various experiments which were carried out 
for the purpose of checking inspection on general behaviors of the expansive cement mortar 
and concrete, on length change effects, strength, creep, modulus of elasticity, effect of steam 
curing, effect of resistance to rusting of steel, carbonation (neutralization) of concrete using 
the expansive cement, thermal properties of the expansive cement concrete, resistance to 
chemical attack (containing sea water attack) and resistance of the concrete to its frost action, 
and so on.

These tests for check were carried out with concrete or mortar which used cement con
taining various contents of calcium sulphoaluminous cement clinker, and the main results 
obtained were as follows:

Concrete of cement with about 10% content of the expansive agent showed good effects 
on compressive strength, bond strength and showed that the tendency of carbonation and 
steel rusting of the concrete with expansive cement of this content was a little larger than 
that of ordinary cement concrete, but it will be reduced to the same rate as that of ordinary 
concrete by adding dispersion admixture.

Intensity of expanding pressure reached to maximum at 7 days after reaction and 
decreased when cured in water.

Effect of steam curing on expansive cement concrete was recognized.
Thermal properties such as effect of high temperature on strength, or thermal conduc

tivity of the expansive cement concrete were observed.
The strength of the expansive cement concrete was rather promoted in alkali solution, 

but in the solution containing dilute sulphuric acid solution, its strength was reduced as 
much as the ordinary portland cement concrete.

The sea water resistance of the expansive cement concrete was good.
The result of freezing and thawing test showed that there was not much difference 

between the expansive cement mortar and the ordinary cement mortar.
This paper is based on a number of test results carried out by Tadao Nishi*,  Tamotsu 

Harada**,  Yoshiro Koh***,  Kazuo Gotoh11, Kazuyoshi Hirai21, Touhei Horishima31, 
Kyubei Kizawa41, Hiroshi Kuriyama51, Hiroshi Muruguma61, Syoichi Okushima7’, Yoshizo 
Ono8’, Taiji Saji9’, Toyokazu Shiire10’, Kazuhisa Shirayama11’ and Eiichi Tazawa12’.



Introduction

Ihs purpose of this paper is to clarify the general 
behavior of CSA-cement mortar and concrete, among 
others the effects of the contents of CSA and the 
curing conditions on the physical properties of mortar 
and concrete compared with ordinary mortars and 
concretes.

The durability and thermal properties were also 
tested in the light of every possible usage of the 
cements.

Two types of expansive cements with different 
calcium sulphoaluminous cement clinker were used in 
our experiments. The molar-ratios CaO: A12O3: 
CaSO4 of calcium sulphoaluminous cement clinkers 
were adjusted to 3: 1: 3 and 4:1:3.

The meanings of following abbreviations used in 
this paper are as follows.

CSA: Calcium sulphoaluminous
- cement clinker

CSA-cement: Expansive cement with cal
cium sulphoaluminous ce
ment clinker 

CSA-cement mortar: Mortar made of CSA- 
cement

CSA-cement concrete: Concrete made of CSA- 
cement

content of CSA

3-1-3 CSA: The molar-ratio CaO:
Al2O3:CaSO4 of CSA is 
3: 1:3

4-1-3 CSA: The molar-ratio CaO:
A12O3: CaSO4 of CSA is 
4-1-3

10% CSA: Expansive cement with 10%

Effects of Mixing Contents and Curing Conditions on 
the Expansion-Shrinkage Characteristics

Influence of Various Factors

Procedure and Results
In the factorial experiment shown in Table 1, the 

effects of a number of different factors on the expan
sion-shrinkage characteristics are investigated simul
taneously.

The concretes were made with the normal portland 
cement and 3-1-3 CSA and were cast in 10 x 10 x 
40 cm prisms. Results of the experiment with all 
factors were shown in Table 2.

In the analyses of variance for the expansion
shrinkage values at the age of 180 days, the relative 
efficiency of all factors were estimated in Table 3.

Concluding Remarks
Concluding remarks obtained are as follows.
(1) Among these factors which affect the expansion

shrinkage of concrete, the mixing content of 
CSA is most significant.

(2) The effect of admixtures is great following the 
mixing contents of CSA.

(3) As the conditions of the initial curing differ, 
the difference of the expansion-shrinkage of 
concrete is recognized.

(4) The effect of cement paste contents can be found, 
but is relatively low.

Effects of another factors have the same tendency as 
in the case of the ordinary concrete.

Table 1. Factors and levels

Factor
Level

1 2 3 4

CSA content* 0% 13% — —

Cement paste content 30% 25% *— —

W/C-ratio 70% 50% — —

Coarse aggregate gravel A.L.A.** — —

Admixture none A.E. agent Dispersing 
agent

Retarder

Fine aggregate ratio 45-50% 35-40%

Initial curing stored in cured in 
water — —

Relative humidity 70% 80% — —

* Normal porltand cement -j-CSA
**Artificial light-weight aggregate

Effect of CSA-Contents

j Prodedure and Results
A. The effect of variation in the CSA-content on 

the expansion-shrinkage of CSA-cement mortar was 
investigated. The normal portland cement and stand
ard sand were used as cementing material and aggre
gate respectively. The specimens were cast in 25 X 
25 X 280 cm prisms, and cured in water at the age of 
3 days, and then placed in air at 20°C and 80 % R. H.



Table 2. Results (by T. Shiite)

No.

Conditions Expansion-shrinkage value* 
X10-5

CSA 
content 

%

Cement 
paste 

content
W/C-ratio Coarse 

aggregate

Fine 
aggregate Initial 

curing
Relative 
humidity 

%
30 days 180 days

1 0 30 70 River gravel 45 in room 70 -35 -65

2 0 30 70 A.L.A. 50 in water 70 -20 -64

3 13 30 70 River gravel 35 in room 80 + 10 -38

4 13 30 70 A.L.A. 40 in water 80 + 66 +34

5 0 30 50 River gravel 35 in water 80 -24 -80

6 0 30 50 A.L.A. 40 in room 80 -1 -46

7 13 30 50 River gravel 45 in water 70 + 32 -4

8 13 30 50 A.L.A 50 in room 70 -17 -48

9 0 25 70 River gravel 35 in water 70 -39 -78

10 0 25 70 A.L.A 40 in room 70 -18 -45

11 13 25 70 River gravel 45 in water 80 + 88 +32

12 13 25 70 A.L.A 50 in room 80 +48 + 6

13 0 25 50 River gravel 45 in room 80 -17 -54

14 0 25 50 A.L.A 50 in water 80 +3 -48

15 13 25 50 River gravel 35 in room 70 -21 -45

16 13 25 50 A.L.A 40 in water 70 +94 + 54

* + ; expansion 
—: shrinkage

Table 3. Efficiency of factors

Factor Efficiency of factor %

CSA content 52.7

Cement paste content 3.9

Coarse aggregate 7.0

Admixture 22.1

Initial curing 7.5

Relative humidity 2.1

Error 4.7

Total 100

Table 4 shows the results measured. Note that addi
tions of 20 and 30% CSA-contents to the mortar 
resulted in the expansive cracks.

B. And the effect of variation in the CSA-content 
on expansion-shrinkage of the CSA-cement concrete 
was investigated, too. Normal portland cement, 
Portland blast-furnace cement and fly ash cement were 
used as cementing material, and natural river sand 
and gravel were used as aggregates. W/C-ratio was 
about 0.6, and the slump was expected to be 18 to

* 4-: Expansion
—; Shrinkage

Table 4. Mix-proportion of CSA and expansion-shrinkage 
of CSA cement mortar (by T. Saji)

3-1-3 CSA 
content 

%

Rate of expansion-shrinkage XlO-5*

3 days 7 days 28 days 63 days 118 days

0 0 0 -38 -22 -43

5 + 18 + 14 -25 -5 -29

10 + 102 + 145 + 116 + 127 + 105

13 + 159 +213 +272 + 386 + 508

20 + 539 + 1171 + 1940 +2620 —

30 + 1900 (4 days)
+2520 — — — '

20 cm. The specimens were cast in 10 X 10 X 50 cm 
prisms, and were removed from the molds at the age 
of 24 hours, and then stored in a room. The results 
obtained are shown in Table 5. ■

Concluding Remarks
The following conclusion will be gained.



* + : Expansion
—■: Shrinkage

Table 5. Mix-proportion of CSA and expansion-shrinkage 
of CSA cement concrete {by T. Nishi)

Cement type

3-1-3
CSA 

content 
%

Rate of expansion-shrinkage* X10-5

3 days 7 days 28 days 63 days 105 days

Normal portland 
cement

0 + 5 -2 -21 -51 -60

10 + 5 +2 -13 -40 -48

13 + 18 + 13 -2 -24 -33

Portland 
blast-furnace 
cement (Type-B)

0 + 15 + 11 -3 -20 -33

10 + 12 + 8 +4 -8 -16

13 + 18 + 12 +6 -8 -16

Fly-ash cement
(Type-B)

0 + 1 +2 -12 -39 -48

10 + 6 + 8 0 -21 -31

13 +24 + 33 + 20 -1 -11

(1) If the CSA- content is less than 5 %, the apparent 
effect of CSA-mixture on compensation of shrin
kage is not observed.

(2) If the CSA-content is more than 20%, even 
expansion cracks are markedly observed.

(3) The rate of drying shrinkage after finishing the 
initial expansion of CSA-cement mortar and 
concrete is little different from that of the ordi
nary cement mortar and concrete.

Effect of Curing Condition

Procedure and Results
A. The relation between the initial curing humidity 

and the expansion of CSA-cement mortar and concrete 
is shown in Fig. 1.

In this experiment, the normal portland cement, 
3-1-3 CSA and natural river sand and gravel were 
used as the mixing materials of the concrete. The 
mixing ratio of cement to fine aggregate and W/C- 
ratio for the mortar specimens were 1: 3.75 and 0.65 
by weight respectively. For the concrete specimens, 
the proportion of cement: fine aggregate: coarse 
aggregate and W/C-ratio were 1:2.58:2.44 and 0.6 
by weight respectively. All specimens reached to arbi
trarily constant expansion value at the age of around 
7 days.

B. The expansion value of 13 % CSA-cement mortar 
which was, prior to water curing, dried in air at 70 % 
R. H. at the various ages is shown in Fig. 2. The 
mixing proportion of cement: fine aggregate and W/C- 
ratio were 1:1.5 and 0.45 by weight respectively.

Fig. 1. Relation between initial curing condition and the maxi
mum expansion of the respective CSA-cement mortar and 
concrete {by T. Shiire) '

Fig. 2. Expansion-shrinkage value of CSA-cement {3-1-3, 13% 
CSA) mortars effected by various initial curing conditions 
{by H. Muguruma) '



Notes of Fig. 2
A, B: Curing in room, temp. 20°C, R.H. 70%

C: Curing in water after 15 days curing in temp. 20°C, 
R.H. 70%

D: Curing in water after 4 days curing in temp. 20°C, 
R.H. 70%

E: Curing in water after 8 days curing in temp. 20°C, 
R.H. 70%

F: Curing in water temp. 40°C
G: Curing in water after 2 days in temp. 20°C, 

R.H. 70%
H: Curing in water temp. 20°C

Table 6. Curing method and expansion-shrinkage 
of concrete (by K. Shirayama)

CSA- 
content Curing 

Condition

Rate of expansion-shrinkage* xlO-5

1 week 2 weeks 4 weeks 13 weeks 1 year

0

in water -5 -5 -6 -7 -21

in polyethylene 
bag + 5 -7 -4 -10 —

indoor — -27 -39 -64 -91

outdoor — -21 -26 -19 -16

13

in water + 146 + 161 + 162 + 146 + 188

in polyethylene
+ 88 + 92 +90 + 82

indoor + 55 +42 +32 + 14 „1

outdoor — + 128 + 111 + 136 + 130

*+: Expansion
—: Shrinkage

C. The concrete specimens were cured in either of 
four ways for a long time. Some were placed in water, 
some in a room, some in the open air, and the others 
were placed in polyethylene bags. The expansion data 
in these cases were shown in Table 6.

In this experiment, the ordinary portland cement,
3- 1-3 CSA and natural river sand and gravel were 
used as cementing materials and aggregate respecti
vely. The cement contents of concrete specimens were 
340 kg per cubic meter, and slump was 21-23 cm. 
W/C-ratio was 0.60. The specimens were cast in 15 X 
30 cm cylindrical mold.

D. The expansion values of mortars cured in water 
at 20°C and 40°C were shown in Fig. 2. And the expan
sion values of mortars cured in water at 20°C and 5°C 
were shown in Table 7.

In this experiment the ordinary portland cement,
4- 1-3 CSA and the standard sand (Japanese standard 
sand conforming to JIS R5201) were used as cement
ing material, expansive admixture and aggregate 
respectively, the mixing proportion of cement to fine 
aggregate was 1:2 by weight. The specimens were 
cast in 4 x 4 x 16 cm prisms.

Table 7. Curing temperature and expansion 
of concrete (by K. Kuriyamd)

4-1-3- CSA 
content %

Temperature of 
curing water, °C

Expansion value xlO"5

3 days 7 days 19 days

0
20 21 42 102

5 5 -6* 69

10
20 105 138 204

5 36 54 161

* Minus sign indicates shrinkage

Concluding Remarks

The concluding remarks obtained from this experi
ment are as follows.

(1) The expansion value of CSA-cement mortar 
and concrete cured in drying air was about 1/2 
or less than that of the mortar and concrete 
cured in water.

(2) The expansion, when cured in water, ceased to 
grow by one or two weeks.

(3) The longer a curing in drying air was conducted 
before water curing, the less expansion value 
was obtained after water curing. In order to get 
the expansion of about 30 x 10"  which might 
be necessary for the chemical prestressing, the 
concrete should be cured in air for less than 3 
days.

4

(4) If the temperature of curing in water is 5°C or 
40°C, little effective expansion is obtained as 
compared with 20°C.

Summary and Conclusion

(1) Effects of CSA on the expansion of mortar and 
concrete are produced. However, the drying 
shrinkage from the maximum free expansion is 
little different from that of ordinary mortar 
and concrete. The effective and stable expansion 
depends on the mix content of CSA.

(2) To produce the effective expansion, it is neces
sary to supply the sufficient water at the early 
age. The sooner the water supply, the better 
the effect is produced.

(3) If the temperature of water curing is too high 
or too low, the effective expansion of CSA- 
cement mortar or concrete does not grow.



Mechanical Properties of CSA-Cement 
Mortar

A number of flexural and compressive strengths 
tests were made on CSA-cement mortar specimens. 
Following six test series mainly on the effect of curing 
conditions were carried out by four research institu
tions.

M 1: Effect of curing conditions on flexural and 
compressive strength of mortars (Ono).

M 2: Effect of curing conditions on flexural and 
compressive strength of mortar (Shirayama).

M 3: Effect of curing temperature on compressive 
strength of mortars using diluvial sand and
3- 1-3 13 % CSA-cement (Koh and Gotoh).

M 4: Effect of curing temperature and content of 
CSA on compressive strength of mortars 
using diluvial sand and 3-1-3 CSA-cement, 
made in 1964 and 1965 (Koh and Gotoh).

M 5: Effect of curing temperature on compressive 
strength of mortars using diluvial sand and
4- 1-3 10% CSA-cement (Koh and Gotoh).

M 6: Effect of proportion and flow of mortars on 
flexural and compressive strength of mortars 
using river sand and 4-1-3 10% CSA-cement 
(Kuriyama and Hirai).

Series Ml
This is a part of fundamental test series to decide 

the amount of addition of CSA to normal portland 
cement. Three curing conditions, water curing, air dry 
conditions and air dry after 3 days water curing, were 
compared with each other, from the viewpoint of the 
drying condition at building site which causes the 
drying shrinkage.

Specimens in this series were 4 X 4 X 16 cm beam 
according to JIS for testing the strength of cement. 
Standard and a river sand were used for making 
mortars and their water cement ratios were 0.65 and 
0.45 respectively. The mixing proportion of cement 
and sand was fixed to 1: 2 by weight. Both 3-1-3 
and 4-1-3 CSA were tested and the content of CSA 
were varied from 0 to 15 %.

Series M2
In the test for measuring creep of mortar, the flexu

ral and compressive strengths were tested after curing 
in water or air for 7 days to 1 year. 4 x 4 x 16 cm 
beam were made of 3-1-3 13% CSA-cement and 
standard sand (w/c = 0.60).

Series M3, M4 and MS
Four kinds of mortar mix, with their water cement 

ratio varied over arange of 0.45, 0.55, 0.65 and 0.75, 
were tested after curing at 5 and 20°C for planned 
periods varying from 3 days to 1 year as shown in 
Table 8. Curing at 0°C was also applied only in M 3 
series. The mortar mixes, in which definite diluvial 
sand was used, were always fixed to compare the ef
fect of low temperature with that of definite ordinary 
portland cement of Hokkaido district, which is selec
ted as a standard for making our chart” for selecting 
water cement ratio to get required strength, established 
by Koh by using maturity according to Saul-Berg
strom.

The specimens were 4 x 4 x 8 cm square column, 
and most of them were wrapped with polyethylene 
sheet and cured in air. Curing in water or air is also 
carried out. The compressive strength was tested at 
definite ages from 3 days to 1 year as shown in Table 
8. The results obtained are shown in Figs. 3 and 4 
the series M 3 and M 5 respectively.

Series M6
Nine kinds of river sand mortar were used for the 

tests of flexural and compressive strength by using 
4 X 4 X 16 cm beam specimens made of 4-1-3 10 % 
CSA-cement. The results obtained are shown in 
Fig. 5. -

Table 8. Experimental scheme of series M3-M5 
(by Y. Koh, T. GotoH)

Test Series M3 M4 M5

Specimen 4x4x8 cm square column

Mortar mixture 
(without 
admixture)

W/C Cement : Sand Flow
0.45 1 : 2.13
0.55 1 : 2.75 200 mm
0.65 1 : 3.40
0.75 1 : 4.13

Cement

Normal portland cement

3-1-3 CSA-cement
(1964)

3-1-3 CSA-cement 
(1964 & 1965)

4-1-3 CSA-cement
(1966)

CSA content 13 5, 10, 13 10

Curing of 
specimens 

°C

(wrapped in 
plastic sheet) 

0, 5, 20

in air
(wrapped in 5, 20
plastic sheet)

In air 0, 5

In water 20

Age 3, 7, 14, 28, 56, 91, 182, 365 days
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Mechanical Properties of 
CSA-Cement Concrete

, Nine series of compressive strength tests and two 
series of tensile strength fests were carried out and 
elastic moduli were measured by four different re
search institutions to learn mainly on the effects of 
curing conditions on the mechanical properties of 
concrete. ■

Compressive Strength and Elastic 
Modulus of CSA-Cement Concrete

Followings are main object of test series.
CC 1: Effect of curing condition and content of 

3-1-3 or 4-1-3 CSA as compared with that 
of normal portland cement (Ono).

CC2: Effect of curing and testing condition in 
view of moisture conditions (Tazawa).

CC 3: Gain of strength at building site (Elorishima).
CC4: Effect of moisture condition, as supple

mentary test for drying shrinkage (Shira- 
yama). .. .

CC 5: Effect of curing temperature (Koh).
CC 6: Long term test to study the effect of curing 

condition (1) (Shiire and Kawase). .
Fig. 3. Part of test results in series M3 

(by Y. Koh, T. Gotoh)



Fig. 5. Compressive strength of mortars made of 4-1-3 10% 
CSA-cement and river sand (.by H. Kuriyama, K. Hirai)

CC 7: Long term test to study the effect of curing 
condition (2) (Koh, Gotoh and Kamada).

CC 8: Effect of curing temperature (1); differences 
between concrete mixes (Koh, Gotoh and 
Kamada).

CC 9: Effect of curing temperature (2); differences 
between two consistency grades (Koh, 
Gotoh and Kamada).

In the series CC2-7, 3-1-3 CSA-cement, mainly 
13% content of CSA, was used for test, however, 
4-1-3 10% CSA-cement was used in series CC 8 
and 9.

Series CC 1
This is a part of fundamental test series to decide 

the amount of addition of CSA to normal portland 
cement. Three curing conditions, the same with mor
tar test, were applied to 100 X 20 cm cylinder speci
mens made of a definite concrete mix, in which the 
cement content was maintained at 317 kg/m3 and 
water cement ratio was fixed to 0.60. River sand (<5 
mm, F.M. = 2.65) and river gravel (<25 mm, F.M. 
= 6.65) were used as aggregates. A part of results is 
shown in Fig. 6.

Series CC 2
To learn the effect of moisture conditions in curing 

and testing of concrete, 15 0 x 30 cm cylinder 
specimens were stored and tested under four condi
tions, i.e., water curing and testing in a saturated 
condition, water curing but dry test (3 days in air 
before test), exposed to dry air (20°C and 50% R.H.) 
and dry test, and exposed to dry air but saturated 
prior to test. Content of CSA was 0, 6 and 12% by 
weight.

Series CC 3
3-1-3 13% CSA-cement was used and 10 0 X 

20 cm cylinder concrete specimens were tested after 
curing in water or storage at building site.

* Series CC 4
Strength and elastic modulus were tested by 3-1-3 

13 % CSA-cement or portland cement.

Series CC 5
Effect of curing temperature on concrete strength 

were compared with each other by using 4 kinds of 
concrete mix. Cylinder specimens measuring 10 0 X
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Content of 4-1-3 CSA

Fig. 6. Compressive strength of mortar and concrete made of 
4-1-3 CSA-cement (water curing') (by Y. Ono)

20 cm and 15 0 X 30 cm respectively were made from 
3-1-3 13% CSA-cement or normal portland cement 
with or without air-entraining agent and cured at 20 
and 5°C. Test results obtained are shown in Figs. 7 
and 8.

Series CC 6 and CC 7
In these series, we intended to clarify long term 

behavior of concrete strength. In the former, 3-1-3 
13% CSA-cement were used and the test was carried 
out in Tokyo, while the latter was carried out in Sap
poro and used cement was changed to 3-1-3 10% 
CSA-cement, in view of rather large decrease of 
strength by the former cement, based on the results of 
other series, e.g., CC 1 and CC 5. Static and dynamic 
moduli of elasticity were measured in the latter series.

Series CC 8 and CC 9
Effect of temperature and its difference between 

various mix proportions were compared with each 
other. 10 0 X 20 cm cylinder specimens were mainly 
used. Concrete mixes of these series are shown in 
Table 9 and results are shown in Fig. 9.

Tensile Strength and Elastic 
Modulus of Concrete

Direct tensile test and splitting tensile test methods 
were applied in following two series.

CT 1: 3-1-3 CSA-cement concrete. Content of CSA 
was varied as 0,7,13 and 16 % (Shiire).

CT 2: 4-1-3 10% CSA-cement concrete (Shiire).

Table 9. Experimental scheme of series CCS and CC9 
(by Y. Koh, T. Gotoh, E. Kamada)

w/c Cement 
kg/m3

Water Slump cm
Series Cement kg/m3 Planned Measured

CCS

Normal 
portland 
cement

0.45
0.55
0.70

458
360
281

206
198
197

21

21
21
22

The 10%
4-1-3 
CSA-cement

0.45
0.55
0.70

476
372
291

213
204
203

22
23
22

Normal 
portland 
cement

0.563
0.544

320
300

180
163

18
8

17
8

CC9
The 10% 
4-1-3 
CSA-cement

0.572
0.544

320
300

183
163

18
8

19
8



In air at 5‘C, Wrapped in polyethylene bagkg/cm2

7

Age — days

Fig. 7. Test results of series CCS. Compressive strength tested 
by using I0^> X 20cm cylinder. Non-AE concrete (by Y. Koh, 
T. Gotoh)

A part of test results are shown in Fig. 10 and Table 
10.

Conclusion on Mechanical Properties of 
Mortar and Concrete

From all the test above mentioned, it seems that 
13% content of CSA is rather excess as the loss of 
strength is comparatively large, however, 10% addi
tion of CSA, either 3-1-3 or 4-1-3, will be suitable 
without considerable sacrifice of strength either com
pressive or flexural strength of both mortar and con
crete, because 10 % CSA- cement gives nearly the same 
result as ordinary portland cement either cured at 
20°C or 5°C.

In case of tensile strength of CSA-concrete, how
ever, the strength will be little affected when cured in 

365

Fig. 8. Test results of series CCS. Compressive strength tested 
by using 15<j> x 30cm cylinder after curing at 20°C (by Y. Koh, 
T. Gotoh)

water, and the more the content of CSA, the less the 
modulus of elasticity.

Creep and Expansive Force of 
Expansive Cement Mixture

For practical application of expansive cement, it is 
essential to .characterize the expansive force of the 
cement mixture. Earlier results have shown that 
mechanical behavior of expansive cement mixture 
depends to a large degree on the availability of water. 
Therefore, effect of storage conditions on the expan
sive force was mainly investigated and other mech
anical behaviors related to it, such as creep, volume 
change, strength etc. were also tested. This report 
consists of two experiments, that is, mortar test carri-



Cement Mark

Mixpfroportion

w/c cement 
content Slump

Normal 
portand 
cement

• 0.57 320kg/m3 18 cm

▲ 0.54 300 » 8 »
3-1-3 10% 

CSA- 
cement

o 0.5 7 32 0 « 18 »
A 054 300 « 8 «

J___________________ L

3 7
_l_________________ -1—
28 91

Age-days -

Fig. 9. Test results of series CC9. Specimens were wrapped by 
polyethylene sheet and stored in air (by Y. Koh, E. Kamadd)

ed out by K. Kizawa’s group, and concrete test carried 
out by K. Shirayama’s group.

Expansive Force of Expansive 
Cement Mortar

Scope
The principal objective of this study is to find out 

how advantageous the expansive cement with calcium 
sulphoaluminous cement clinker (CSA-cement) is, 
when applied to grouting materials for embedding the 
anchor of pier.

For this purpose, the expansive force and other 
mechanical properties, such as strength and volume 
change were determined for the mortar with CSA- 
cement and for the mortars with other cementing 
materials for comparison.

Materials
Cementing materials: As the base of cementing 

materials, ordinatry portland cement was used. The 
expansive cements were composed by adding the

—— in water

Norma 1 portland 
cement

4-1-3 10* 
CSA-cement

Direct Tensile test
28 days • O

Splitting Tensile test
28 days A

___ ' 7 day_____________ ▼ V

Fig. 10. Test results of series CT 1. (by T. Shiire)

Table 10. Results of series CT2 
(by T. Shiire, K. Kawase)

Cement content: 300kg/mJ
W/C = 0.60 Slump 16~17cm

Cement Curing

Direct 
tensile 

strength 
(Ft) 

kg/cm2

pressive 
strength 

(Fc) 
kg/cm2

Ft/Fc strain
X10-5

Elastic 
part of 
strain 
X10-5

The 10% 
4-1-3- 
CSA- 
cement

Air after 
9 days in 
water

17.3 291 5.9 33 5

Air after 
9 days in

(92%R.H.)
13.3 230 5.8 28 4

Air 10.3 107 9.6 26 4

Normal 
portland 
cement

Air after 
9 days in 
water

17.2 241 7.1 19 4

Air 7.0 122 5.7 20 5



following expansive agents to the base cement; a 
calcium sulphoaluminous cement clinker (4-1-3 CSA), 
a compound of gypsum and pulverized limestone: 
two compounds of iron powder and chemicals. Ag
gregate: The aggregate was natural sand having the 
fineness modulus of 2.78. Mortar: The mixing proport
ion of mortar is shown in Table 11.

Specimens and Measurement
Mortar was placed in 75-by 500 mm cylindrical 

mold, and the expansive force was determined based 
on the strain of the mold. Longitudinal expansion of 
each specimen was also restrained by the end plate 
set up and fastened to the cylindrical mold after plac
ing concrete, by tightening the nuts at the end of the 
rods, fixed to the bottom plate at another ends.

Two types of molds were prepared, the one being 
air-tight to prevent the water evaporation from mortar 
and the other being not air-tight having many small 
holes to allow the mortar to dry.

Test Results
Test results were shown in Fig. 11 and it demon

strates the following:
(1) The expansive force of CSA mortars was much 

larger than that of other mortars. CSA mortar No. 4 
casted in the air-tight mold showed the highest expan
sive force, i.e. 49.5 kg/cm2 at the age of about 4 days.

(2) The expansive forces of CSA mortars casted in 
perforated molds were not determined accurately 
after the age of 38 hours, because the molds were 
broken, but it seemed that about half or one-third 
of the expansive force developed in the air-tight 
mold.

Table 11. Mix-proportion of mortar

•Determined according to JIS R 5201: “Method of Test for Physical 
Properties of Cement,”

Mix 
number

Expansive 
agent

Mix-proportion by weight

Water Flow*
Cement Expansive

agent
Sand

1 None 1 0 1 0.473 248

2
3
4

CSA
1
1
1

0.124
0.150
0.176

1
1
1

0.508
0.500
0.491

256
258
260

5

Compound of 
gypsum and 
pulverized 
limestone

1 0.0548 1 0.428 269

6 
7

Compound of 
iron powder 
and chemicals

(A)
(B)

1 
1

1 
1

1 
1

0.531
0.518

260
248

Creep and Expansive Force of 
CSA-Cement Concrete

, Scope
The program of the test was concerned with deter

mining creep and expansive force of CSA-cement 
concrete kept in different storage conditions, that is, 
under water, in the wrapping of plastic sheet, and in 
the laboratory air. Compressive strength and volume 
change of concrete were also determined.

Materials
Cement: Ordinary portland cement and expansive 

cement with 10% content of 3-1-3 CSA both deli
vered as common sample to the laboratories concer
ned, were used. Aggregate: The aggregates were 
ordinary river sand and river gravel having the 
maximum size of 20 cm. Concrete: The mix propor
tion was exactly the same for portland cement con
crete and CSA-cement concrete. Both concretes had 
the cement content of 340 kg/m3, W/C-ratio of 0.6, 
and their consistensies measured by slump were also 
nearly the same.

Fig. 11. Expansive force development of mortar as affected by 
addition of expansive agent (by K. Kizawd)



Specimens and Measurement
The concrete specimens were cylinders 15 by 30 

cm. They were removed from the mold one day after 
casting, and then initial readings of the longitudinal 
length were taken by means of Whittmore gauge. 
After that, the specimens were stored in different 
conditions as follows:

(1) Curing in water: The specimens were placed 
in the sacks of plastic sheet, filled with water.

(2) Air-tight sealing: The specimens were wrapped 
by plastics sheets.

(3) Exposing to laboratory air: All specimens were 
stored and tested in the laboratory, maintained 
at the temperature of 20 ± 3°C and relative 
humidity of 60±3%. The longitudinal expan
sive forces of concretes without restraint of 
transverse expansions, were determined by 

Fig. 12. Expansive force development of CSA cement concrete 
affected by storage condition (by K. Shirayama)

Fig. 13. Expansion of CSA cement concrete affected by storage 
condition (by K. Shirayama)

measuring the load need to maintain the con
crete length between the gauge points equal to 
the initial reading.

At the age of 28 days, the specimens destined for 
creep tests were subjected to compressive stress of 30 
percent of the 28 day compressive strength, and main
tained under a constant stress from 2 to 22 months.

Test Results
Test results are shown in Fig. 12, Fig. 13, Fig. 14 

and Table 12. The expansive force was highest and 
lasted for longest time in case of the specimen cured in 
water, as expected from its large expansion, that is, it 
attained to more than 27kg/cm2 (about 15% of 28
day compressive strength) at the age of 7 days, and 
9.5 kg/cm2 of expansive force was still remained at the 
age of 60 days.

Expansive forces of the specimens wrapped by

Fig. 14. Relation between creep and logarithm of time under 
load for portland cement concrete and CSA cement concrete 
(by K. Shirayama)



Table 12. Summary of creep data (by K. Shirayamd)

Type of cement Normal portland cement CSA cement

Storage condition Wrapped by 
plastic sheet In laboratory air Wrapped by 

plastic sheet In laboratory air

Sustained load, kg/cm2 95 107 51 60

Compressive strength, kg/cm2

28 days 319 358 171 200

12 months 356 255

33 months 471 — 350 —

Initial elastic deformation xlO-4 3.2 4.2 2.4 3.0

At time under load in 8 weeks

Total deformation X1O-4 5,8 13.0 9.2 11.6

Creep x10~4 2.7 6.3 6.1 6.3

Creep function 0.84 1.50 2.54 2.10

At time under load in 22 months

Total deformation xlO*4 12.6 — 16.0 —

Creep x 10"4 7.1 11.4 —

Creep function 3.94 4.75 —

plastic sheet or in the laboratory air were about 
12kg/cm2 at their maxima, and disappeared in 30 days.

The CSA-cement concrete showed higher creep 
values than the portland cement concrete, perhaps 
owing to their lower strengths. However, the dif
ferences in creep values get smaller with the time, for 
the increase of strengths of the CSA-cement concretes 
was larger than the portland cement concretes.

Conclusions

These two experiments again showed the importance 
of curing conditions of CSA cement mixture. It seems 
possible to keep the expansive force of CSA-cement 
mixture for a considerably long period, if the curing 
condition is carefully taken.

Bond Strength between Concrete 
and Reinforcement

Pull out Bond Test
Pull out bond tests were carried out by T. Shiire. 

Round reinforcing bar, 13 mm in diameter, was 
embedded vertically in center ofl5xl5xl5cm 
concrete specimens. Concrete mix and the results 
obtained are shown in Table 13. Specimens cured in 
air show better values than that cured in water.

Beam Type Bond Test
M. Okushima investigated the effect of CSA- 

cement on the bond strength of reinforcement by

Plan

Fig. 15. Beam type bond strength specimens (Unit: cm)



beam type bond test shown in Fig. 15 from the view
point of factors such as the length of embedment of 
bars, use of the deformed bars and horizontally placed 
top or bottom bars.

Concrete mixes are shown in Table 14.

Table 13. Pull-out test (by T. Shiire)

Content 
of 

3-1-3 
CSA %

W/C
Cement 
content 
kg/m3

Slump Unit 
weight 
kg/l

pressive 
strength 

at
28 days 
kg/cm2

Pull-out bond 
strength kg/cm2

Curing

in water in air

0
356

21 2.34 330 56 59
7 0.60 22 2.33 271 __ _

13 3SR 21 2.35 194 11 19
16 22 2.33 133 7 9

Table 14. Concrete mixes for beam type bond 
strength test (by S. Okushima)

Cement
Water 
cement 
ratio

Slump
Sand 

percent 
by 

weight

Water
kg/m3

Cement 
kg/m3

Sand 
kg/m3

Gravel 
kg/m3

The 13% 
3-1-3 
CSA- 
cement

0.58 18 46.3 174 300 852 1006

Normal
Portland 
cement

0.63 18 45.9 180 285 845 1014

Specimens with 16 mm diameter reinforcement of 
round and deformed respectively, and length of 
embedment of 10, 15 and 20 cm, were tested at age of 
28 days.

The results are shown in Table 15 and Fig. 16, 17, 
that can be summarized as follows:

(1) Bond strength of reinforcement in 4-1-3 CSA- 
cement concrete is generally larger than that of 
normal portland-cement concrete.

(2) Both in CSA-cement concrete and ordinary 
concrete, the bond strength decreases as increas
ing the length of embedment of bars.

(3) Deformed bar is also effective in bond strength 
for CSA-cement concrete as for ordinary con
crete.

(4) Bond strength of the bottom reinforcement is 
larger than that of the top reinforcement in 
both CSA-cement concrete and the ordinary 
concrete, and it is especially remarkable that in

Table 16. Tested CSA-cement mortar mixes 
(by K. Gotoh)

No. Mortar Water 
cement

Content 
of CSA

Compressive strength at 
28 days restricted in 
steel moulds kg/cm2

A,A' 0 208
B,B' 1:1.5 0.50 10 203
C,C' 20 199
D,D' 40 106

E.C.: Expansive cement (The 10% content 4-1-3 CSA-cement) 
Normal portland cement

Fc: Compressive strength of concrete

Table 15. Bond stress of concrete with 4-1-3 CSA-cement and normal portland cement 
(by S. Okushima)

Steel Position 
of bat 

in beam

Length of 
embedment

•'O.Ol/Fc ’0.01/Fc Tmax/Fc

(D/(2) (3)/(4) (5)/(6)In case of 
E.C. (1)

In case of 
P.C. (2)

In case of 
E.C. (3)

In case of 
P.C. (4)

In case of 
E.C. (5)

In case of 
P.C. (6)

S-10U 0.168 0.120 0.113 0.069 0.174 0.120 1.40 1.64 1.45
15 0.087 0.105 0.053 0.042 0.112 0.109 0.83 1.26 1.03

Top 20 0.082 0.083 0.047 0.035 0.086 0.091 0.99 1.34 0.95

Plain
Mean 1.07 1.41 1.14

S-10L 0.181 0.132 0.140 0.080 0.202 0.142 1.37 1.75 1.42
15 0.138 0.148 0.061 0.064 0.168 0.169 0.93 0.95 0.99

Bottom 20 0.141 0.110 0.031 0.040 0.164 0.128 1.28 0.78 1.28

Mean 1.19 1.16 1.23

D-10U 0.221 0.202 0.139 0.061 0.383 0.280 1.09 2.28 1.37
15 0.168 0.156 0.052 0.039 0.237 0.253 1.08 1.33 0.94

Top 20 0.168 0.181 * 0.045 0.044 0.216 0.222 0.93 1.02 0.97

Deformed
Mean 1.03 1.54 1.09

D-10L 0.229 0.210 0.107 0.073 0.281 0.340 1.09 1.47 0.83
15 0.198 0.217 0.060 0.075 0.236 0.356 0.91 0.80 0.66

Bottom 20 0.159 0.160 0.049 0.046 0.229 0.226 0.99 1.07 1.01

Mean 1.00 1.11 0.83
■

—
Total mean 1.07 1.31 1.08



Fig. 16. Test results of beam type bond strength 
(by S. Okushimd)

Embedded Length Embedded Length

Fig. 17. Test results of beam type bond strength 
(by S. Okushimd)



CSA-cement concrete there is a little difference 
of bond strength between top and bottom.

Bond Test under Restriction
K. Gotoh investigated the bond strength of reinfor

cement in CSA-cement mortars under restriction for 
the purpose of jointing precast concrete panels. The 
round bars, 16 mm in diameter, were vertically placed 

in a steel pipe, 48.6 mm in diameter and 2.3 mm in 
thickness, and CSA-cement mortars were grouted into 
the pipe (Fig. 18).

The length of embedment of bars were 320 and 480 
mm. Mortar mix and strength are shown in Table 
16.

Pull out test results of specimens at 28 days are 
shown in Table 17 and Fig. 19.

CSA mortar

vertical
smooth bar

steel pipe

(by K. Gototi)

Table 17. Pull-out test results (by K. Gotoh)

(UNIT I mm)

d= 16mm
L: 20d= 320mm

30d= 480mm

No. Length of 
embedment mm

Content of 
CSA %

Maximum 
load Kg

A 0
2500
3000
2780

B
320

10
6700
6700
6450

C

<20 d)
20

6550
6950
6400

D 40
6300
6800
6570

a; 0
3000
3400
3400

B'

480

10
7300
6800
6830

C'
(30 d)

20
6700
6900
6900

D" 40
6650
6800
6930Fig. 18. Pull-out test specimen

Shp 5Shp »

Fig. 19. Bond slip at loaded end for 20d and 30d length of 
embedment (by K. Gotoh)



The results show that the bond strength of round 
bars in CSA-cement mortars under restriction are 

much the same value of yield point of steel, and about 
twice of the bond strength in plain mortars.

Effects of Steam Curing upon the General Behavior of 
Calcium Sulphoaluminous Cement Mortar and Concrete

Procedure of Experiment

Materials
The expansive cement used for this study carried 

out by Y. Ono, is composed of blended cement that is 
mixed with content of 0-17% calcium sulphoalu
minous cement clinker.

Aggregates used are river sand and gravel produced 
in Himekawa River, and they are as shown in Table 
18.

Procedure
Table 19 shows measuring items, varieties of speci

men and curing conditions.

Results Obtained

Results obtained are shown in Figs. 20-25: Fig. 20

Table 18. Physical properties of aggregates (by Ono)

Aggregate Name of Specific 
gravity

Absorption 
coefficient

Maximum Fineness 
modulus

Sand Himekawa 2.59 1.7 5 2.7

Gravel Himekawa 2.62 0.8 20 6.7

shows that when contents of calcium sulphoaluminous 
cement clinker in portland cement is less than 13% 
by weight, the higher the steam curing temperature 
goes, the larger the expansion grows. When concrete 

Content of CSA——

Fig. 20. Effect of contents of CSA on expansion when cured 
by steam at various temperatures, (by Y. Ono)

Table 19. Conditions of specimens and measurement

Specimen Reinforcement Curing CSA content % Measurement

mortar C: S = 1: 2 
w/c = 0.45 

flow: 180-200
none

a) Short period steam curing. Demolded 
at 24 hrs. after molding in test room, 
and cured at:

40°C ... 3 hrs
50°C ... 2.5 hrs
60°C ... 1.3 hrs

and cured in nature after out door 
sprinkling for one week.

0

11

12

13

expansion coefficient

Compressive strength

tensile strength
(split test)

concrete
C — 400kg/m3, max. 
size of gravel: 25mm 
w/c = 0.476 
Slump: 6—8cm 
S/A = 0.376

none a) Short period steam curing. 0, 11, 12, and 13 do

reinforced 
(Steel ratio: 2.6%)

a) Short period steam curing. 11, 13, 15, and 17 expansion coefficient

b) Long period steam curing. Demolded 
at 24 hrs. after molding in test room, 
and cured at:

40°C ... 32 hrs
60°C ... 19 hrs
70°C ... 11 hrs

and cured in water (20<3C)

13

15

17

do

1) Initial gauge length was measured by comparator when demolded at 24 hrs. after moulding.
2) Dimension of specimen for compresive strength is <^>10 x 20cm
3) Dimension of specimen for tensile strength is ^15 x 20cm
4) Steel bar used for reinforcement is SS41 (</>18mm, conformed to JIS G 3101).



is restrained by reinforcement bars, the maximum 
expansion coefficient reaches to 11 x IO-4 at tempera
ture of 70°C, 7 X 10-4 at temperature of 60°C, and 
4 X IO-4 at temperature of 40°C.

The general tendency of this result is akin to that of 
non-reinforced concrete. This fact will be seen in Figs. 
20,21 and 22.

Fig. 22 shows length change curves of reinforced 
concretes cured by steam for a comparatively long 
period.

Effect of steam curing times and temperatures on 
CSA-cement concrete will be seen in Fig. 23.

Fig. 24 and 25 show compressive strength and ten
sile strength respectively.

Fig. 21. Restrained expansion of CSA-cement concrete 
(short period steam curing) (by Y. Ono)

Fig. 22. Restrained expansion of 4-1-3 11 % CSA-cement 
concrete (long period steam curing) (by Y. Ono)

Summary and Conclusion

(1) Expanding behavior of calcium sulphoalumin- 
ous cement mortar and concrete shows that the 
higher the curing temperature goes, the swifter 
the ascending coefficient of expansion ratio 
becomes and the more rapidly it reaches to the 
maximum expansion.

Fig. 23. Effect of steam curing times and temperatures at 
different contents of CSA (by Y. Ono)

Content of CSA

Fig. 24. Compressive strength of CSA-cement mortar cured in 
water or by steam (by Y. Ono) ’



Fig. 25. Tensile strength of CSA-cement mortar cured in water 
or by steam (by, Y. Ono)

(2) Eventhough the curing period is short, if water 
sprinkling would be done after curing, expan
sive cement concrete will expand more effec
tively than in the case of long period steam 
curing.

(3) The relation between strength and expansion is 
in inverse proportion independently of their 
curing temperatures.

Durability

Carbonation of CSA-Cement Concrete and 
Corrosion of Reinforcing Steel

A. Carbonation of CSA-Cement and Rust of 
Embedded Steel Reinforcement

Procedure
In this study carried out by T. Horishima et al, the 

5, 10 and 13% CSA-cement concrete and normal 
portland cement concrete were used. Kinds of con
crete, their mixing-ratio and dimension of specimens 
are shown in Table 20 and Fig. 26.

Test specimens were cured in water (20°C) for 3 
days and then in dry room (20°C R. H. 50%) for 
12-15 months. And then, specimens were cut off by 
a quarter, and the depth of carbonation was mea
sured by means of spraying phenolphthalein alcoholic 
liquid on the cut surface. Measuring method of car

bonation are shown in Fig. 27.
Next, the remaining specimens were placed in a 

CO2 gas chamber (gas concentration 10%, 25°C, 
R.H. 50%). After 24 days the depth of carbonation 
was measured again, and the embedded steel bar was 
observed.

Results Obtained
The results of test are shown in Fig. 28.

T" ----------------------------------------

L ----------------------------------------

I----------------- 400----------------- 1

(1) s
V

(3)
—1
J

—100—1 I—100—i
id 
2( 

1—100—
(UNIT:mm)

(1) ---- No reinforcement
(2) -— ^-25 deformed triangular bar
(3) —» (19mm bar (4 bars)

Fig. 26. Dimension of specimens (by T. Horishima)

Table 20. Kinds of concrete and mixing-ratio

CSA 
content 

%

Materials (per ms)

Slump Unit 
weight 
kg/l

Air 
content

Compres-

strength 
kg/cm2

forcementCement 
kg

CSA 
kg

Water
1

Sand 
kg

Coarse 
aggregate 

kg

Pozzolith 
No. 8 
%, cwt

1 0 325 0 193 840 952 0 21.0 2.307 — 198 A -25

2 5 308 . 16.2 199 838 950 0 20.9 2.314 r — 247 A -25

3 10 293 32.5 210 841 953 0 ■ 20.3 2.305 — 216 A -25

4 0 290 0 202 824 941 0.25 22.3 2.170 5.7 — 4-9»

5 13 252.3 37.7 202 824 941 0.25 21.9 2.160 5.7 — 4~9^



The depth of carbonation of all specimens reached 
to 5-15 mm after 15 months. There was no significant 
difference in the depth of carbonation between normal 
portland cement concrete and the 5% CSA-cement

(1) (2)

Specimen of accelerated

(1) ----- Cut off a quarter first.
(2) ----- Out off after accelerated

carbonation test,next.
Fig. 27. Measuring method of carbonation 

{by T. Horishima)

Fig. 28. Frequency of the measured depth of carbonation 
(by T. Horishima)

concrete, but in case of the 10% CSA-cement con
crete it was slightly deeper than that of the former. 
The depth of carbonation after accelerated test 
reached to 15-25 mm and this tendency was the same 
as that in the previous case. Also, it was found that the 
depth of carbonation could be reduced considerably 
by using water reducing agent.

B. Corrosion of Steel Plates

This study was carried out by Y. Ono.

' Procedure
The solutions of CSA, the 10% and 13% CSA- 

cement, normal portland cement and lime were pre
pared, and in each of these solution, polished steel 
plates were dipped and were kept in conditions of 10, 
20 and 30°C. A change of pH value of solutions and 
increase of corrosion on steel plates (by weight) were 
measured for a month.

Results Obtained
The results of these tests are shown in Fig. 29 and 

Fig. 30.
pH value of CSA solution changed from 12 to 9 

after a month, whereas the others were remained 
equally 12. The tendency was same in every tempera-

Fig. 29. pH value change (by T. Horishima)



Fig. 30. Increase of corrosion (by T. Horishimd)

ture. With regard to the corrosion of steel plate, rust 
began to form at the boundary line between the solu
tion and the air. And the increase of weight by rusting 
was measured in the order of lime<normal portland 
cement <the 10% CSA-cement<the 13 % CSA-cement 
<CSA only. This tendency became larger in high 
temperature.

kg/cnr

500

200

E100

80

70

60

50

40
m

30

20

10

0

5 300 
&0

kg/crr?

100

Speci mens: Mor tar
1 O:s=l:2

Normal portland cement 3-1-3 10% CSA—ccmriit

400

immersed in Sodium 
Hydroxide solution 
immersed in Sulfuric

Ml Ac id solution

90

Fig. 31. Test results of mortar specimens at age of 1 year
. (fy Y. Ono)

Resistance of CSA-Cement Mortars and 
Concretes to Sulphuric Acid Solution,

• Sodium Hydroxide Solution and Sea Water

Procedure
For the purpose of studying the resistance of CSA- 

cement to sulphuric acid solution, sodium hydroxide 
solution and sea water, mortar and concrete speci
mens were made. These studies were carried out by 
Y. Ono et al.

After curing for 28 days in water, these specimens 
were immersed in different solution of 0.2 % sulphuric 

acid solution, 0.2% sodium hydroxide solution and 
sea water. The change in compressive and flexural 
strengths of these immersed specimens were measured 
at the ages of from 4 weeks to 2 years, to estimate the 
rate of attack by these solutions against water curing 
strength.

Results Obtained
The results obtained are shown in Fig. 31—Fig. 

34.
The test results are summarized as follows.
(1) When immersed in 0.2% solution of sodium



Fig. 32. Test results of concrete specimens at age of 1 year 
(by. Y. Ono)

Fig. 33. Test results of mortar specimens at age of 2 years 
(by Y. Ono)

hydroxide, the compressive and flexural 
strengths of CSA-cement mortar and concrete 
were as same as the case of ordinary portland 
cement.
And either specimens reduced slightly the 
compressive strengths comparing with that of 
water cured specimens, but the case of flexural 
strengths were vice versa.

(2) The compressive and flexural strength of mortar 
and concrete specimens immersed in sulphuric 
acid solution were very low comparing with the 
case of water curing.

(3) When immersed in sea water, the flexural 
strength of the CSA-cement mortar and con
Crete increased largely as those immersed in 
0.2% solution of sodium hydroxide.

(4) Hardly any mark of change was observed in 
strength of mortar and concrete by replacement

Fig. 34. Test results of concrete specimens at age of 1 year 
or 2 years (by Y. Ono)

For both test series, 27 kinds of mortar mixes altogether were used.

Table 21. Conditions of freezing-thawing test and factors of 
mortar applied to the test, (by H. Kuriyama, K. Hirai)

Series Freezing Thawing

FTM 1 -16-----18°C
X 22 hours 20° C X 2 hours Slow

FTM 2 -15 ± L5°C 5±1.5»C ' Rapid (8 cycles 
per day)

Factor

Mortar mix
Cement: Sand (by weight)

Flow of mortar tested 
by JIS (mm)

3-1-3 CSA content (%)

1:1 1:2 1:3

160 200 240

0 10 13

of ordinary portland cement by 10-13% of 
CSA.

Durability to Frost Action

Freezing-Thawing Test of Mortar
Following two series of freezing-thawing tests were 

carried out by Kuriyama and Hirai on mortars made 
of 3-1-3 CSA-cement and river sand.

Series FTM 1: slow freezing in air and thawing in 
water.

Series FTM 2: rapid freezing-thawing in water.
The specimens were 4 X 4 X 16 cm beam and were 

cured in water for 90 days at 20°C or stored in air 
(20 ± 1°C, 70 ± 10% R. H.) after 3 days water cur
ing and stored in water for 9 months at 20°C, for 
series FTM 1 and FTM 2 respectively. Results ob
tained are shown in Table 21-24.

Freezing-Thawing Test of Concrete
Following two test series were carried out by Koh, 

Gotoh and Kamada on concrete made of 3-1-3 and



Table 22, Decrease of relative dynamic modulus of elasticity by slow freezing in air 
and thawing in water after curing in water for 90 days 

(by H. Kuriyama, K. Hirai)

Mortar mix 
cement; sand

Flow of 
mortar

3-1-3 CSA 
content 

%

Compressive 
strength 

at 90 days 
kg/cm2

Relative dynamic modulus of elasticity Vo

Number of freezing-thawing cycles

0 5 11 17 28 41

0 717 100 99.7 99.5 99.6 101.4 99.9
160 10 809 100 98.6 96.8 96.4 96.7 96.0

13 609 100 98.1 98.9 98.1 99.2 98.1

0 677 100 98.1 94.4 94.4 95.8 95.0
1:1 200 10 730 100 97.0 96.3 96.6 97.3 97.3

13 649 100 94.8 92.6 92.6 95.0 92.5

0 644 100 95.8 94.2 93.8 92.4 87.6
240 10 691 100 86.3 84.2 81.5 71.8 66.8

13 549 100 85.1 70.5 40.2 —

0 569 100 99.3 97.7 97.7 99.2 99.2
160 10 630 100 96.7 96.3 96.1 98.0 96.9

13 637 100 99.2 99.6 98.8 100.2 100.2

0 689 100 98.0 95.0 94.6 96.3 95.5
1:2 200 10 649 100 99.5 96.6 97.3 97.9 97.2

13 569 100 98.8 96.9 97.0 96.1 95.3

0 454 100 94.9 92.2 89.5 90.2 88.6
240 10 498 100 79.8 63.6 34.8 __ —

13 397 100 67.7 ' 34.6 16.6 — —

0 454 100 96.4 96.8 95.9 96.6 96.2
160 10 462 100 99.2 97.6 98.3 99.6 98.4

13 423 100 95.7 95.6 91.3 90.2 87.5

0 409 100 96.9 90.6 88.6 90.9 88.5
1:3 200 10 403 100 88.5 78.4 __ __ —

13 385 100 72.9 48.9 36.6 — —

0 342 100 78.4 62.9 32.9 __
240 , 10 348 100 65.1 25.9 11.8 — —

13 236 100 13.7 4.2 — — —

4-1-3 CSA-cement and diluvial aggregates.
Series FTC 1: 3-1-3 13% CSA-cement concrete.
Series FTC 2: 4-1-3 10% CSA-cement concrete.
After 28 days curing in water at 20°C, the freezing

thawing tests were started by using 7.5 x 7.5 x 40 cm 
beams. Eight kinds of concrete mixes were compared 
with ordinary cement concretes, i.e. four water cement 
ratios and with or without air-entraining agent (Table 
25), by applying the slow freezing-thawing in water to 
all test series, however, the rapid freezing-thawing in 
water was also applied to series FTC 1.

The decrease of relative dynamic modulus of elasti
city was shown in Figs. 35-38.

Bond Strength of Mortar Rendering as a 
Reference to Winter Work

Considering the mortar rendering of walls in winter, 
the bond strength between base mortar and rendering 
was tested after freezing for 24 hours in early age.

The bond strength at normal temperature is affected 
mainly by the content of CSA, however, when dama
ged by freezing in early age the mortar mix or the time 

of start to freeze has large effect on the bond strength 
between rendering and base mortar. It seems that 
there is no significant differences of effect on bond 
strength between 10 or 13% CSA-cement and normal 
portland cement.

Conclusion
The following conclusion will be gained.
(1) The result of freezing-thawing test showed that 

there was not so much difference between the 
CSA-cement mortar and normal portland 
cement mortar having rich proportion and small 
flow, however, the CSA-cement mortar having 
poor proportion and large flow was a little 
weaker in its property, except excess content of 
CSA.

(2) Considering the bad results on mortar and
concrete obtained by using 3-1-3 13% CSA- 
cement, it seems that 13% content of CSA is 
excess. '

(3) For general use 10% content of CSA should be 
recommended, as the resistance against freez-



Table 23. Decrease of relative dynamic modulus of elasticity by slow freezing in air 
and thawing in water after 3 days curing in water succeeded by storage in air for 87 days 

{by H. Kuriyama, K. Hirai)

Mortar mix 
cement: sand

Flow of 
mortar

3-1-3 CSA 
content 

%

Compressive 
strength 

at 90 days 
kg/cm2

Relative dynamic modulus of elasticity %

Number of freezing-thawing cycles

0 5 11 17 28 41

0 755 100 100.3 99.3 99.2 100,7 100.7
160 10 735 100 97.1 97.1 94.5 97.4 96.1

13 460 100 94.3 93.9 93.5 95.1 95.0

0 725 100 98.1 96.2 96.6 99.1 98.3
1:1 200 10 716 100 97.4 97.0 95.6 97.7 96.7

13 569 100 97.5 96.1 95.8 98.0 95.8

0 663 100 98.1 96.1 _ __
240 10 633 100 98.1 95.8 94.2 94.2 90.9

13 450 100 81.4 63.8 52.9 — —

0 669 100 98,5 98.4 96.6 98.8 98.7
160 10 685 100 98.2 95.3 94.9 96.6 97.0

13 511 100 100.0 98.4 98.6 99.1 96.5

0 618 100 98.0 95.7 95.7 97.5 95.5
1:2 200 10 520 100 98.8 96.8 97.1 98.3 97.5

13 512 100 92.8 90.6 88.3 85.6 86.3

0 567 100 99.1 98.7 97.2 98.7 95.9
240 10 421 100 91.8 87.3 85.0 __ __

13 349 100 72.4 52.9 38.3 — —

0 481 100 98.3 97.5 95.5 95.7 96,3
160 10 434 100 99.2 98.8 97.2 98.6 98.2

13 309 100 98.3 97.1 95.1 95.0 93.8

0 392 100 98.4 94.4 94.1 92.5 93.6
1:3 200 10 362 100 94.7 91.5 88.6 90.8 85.4

13 293 100 90.2 82.8 — —

0 371 100 98.4 93.8 __ —
240 10 255 100 77.1 16.5 — — —

__ 13 207 100 63.6 — — —

Table 25. Concrete mixes for freezing-thawing test 
{by Y. Koh, T. Gotoh, E. Kamadd)

Cement
Water
cement

Cement 
content 
kg/m®

Water 
content 
kg/m3

FTC 1 _ FTC 2

Content 
of CSA

Air 
percent

Compressive 
strength 

at 28 days 
kg/cm2

Content 
of CSA

Air 
percent

Compressive 
strength 

at 28 days 
kg/cm2*

Non AE 
concrete

Normal 
portland 
cement

0.55 360 198 — 299 — 1.4 282

CSA-cement
0.40
0.45
0.55
0.70

573
475
372
291

228
213
204
203

3-1-3
**

259
203
109

4-1-3
10%

2.1
2.3
1.4
1.8

363
263
187

AE

Normal 
portland 
cement

0.55 342 188 — 5.8 244 — 3.2 —

concrete

CSA-cement
0.40
0.45
0.55
0.70

541
450
355
278

217
202
194
193

3-1-3
13% —

214
169
98

4-1-3
10%

3.7
3.3
3.3 
4.0

—

'Values for reference in other series. Wrapped in polyethylene sheet and stored in air at 20°C. 
"Not tested.

normal portland cement.ing-thawing of 10% CSA-cement concrete was 
about the same or a little larger than that of the



Table 24. Decrease of relative dynamic modulus of elasticity by rapid freezing-thawing 
in water after 9 months curing in water 

(by H. Kuriyama, K. Hirai')

Mortar mix 
cement: sand

Flow of mortar 3-1-3 CSA content Linear expansion 
after 9 months 

in water %

Relative dynamic modulus of elasticity %

Number of freezing-thawing cycles

0 20 30 40 50

0 0.024 100 97.3 96.4 95.1 94.9
160 10 0.497 100 93.9 62.2 24.8 24.6

13 ♦ 100 95.5 54.1 40.3 30.4

0 0.024 100 98.6 98.4 97.7 97.7
1:1 200 10 0.389 100 88.6 44.4 26.2 25.2

13 * 100 95.3 40.1 28.3 8.9

0 0.024 100 94.9 66.4 55.5 55.2
240 10 ' 0.343 100 83.3 50.0 41.8 33.0

13 ♦ 100 82.1 37.9 25.7 5.2

0 0.016 100 44.0 36.9 20.8 16.1
160 10 0.247 100 33.5 31.4 29.5 24.8

13 ♦ 100 34.1 18.3 7.7 —

0 0.021 100 35.7 29.1 19.8 14.1
1:2 200 10 0.276 100 35.1 33.1 25.5 24.9

13 ♦ 100 15.7 8.6 3.1 —

0 0.013 100 18.9 13.6 7.9 6.3
240 10 0.174 100 24.2 21.7 9.0 4.9

13 * 100 4.3 — —

0 0.012 100 29.9 22.8 11.8 5.9
160 10 0.199 100 24.2 10.6 3.1 —

13 * 100 13.3 4.7 —. —

0 0.013 100 13.6 13.0 10.8 10.1
1:3 200 10 0.207 100 18.4 11.6 — —

13 ♦ 100 9.5 2.4 — —

0 0.012 100 4.1 — — —
240 10 0.244 100 20.4 9.1 — —

13 * 100 7.8 — — —

♦Impossible to measure.

Fig. 35. Decrease of relative dynamic modulus of elasticity 
of series FTC1. Tested by rapid freezing-thawing in water. 
3-1-3 13% CSA-cement and normal portland cement were used 
(by Y. Koh, T. Gotoh)



Fig. 36. Decrease of relative dynamic modulus of elasticity of 
series FTC1. Tested by slow freezing-thawing in water 3-1-3 
13% CSA-cement and normal portland cement were used 
(by. Y. Koh, T. Gotoh) '

Fig. 38. Results of series FTC 2: 4-1-3 10% CSA-cement con
crete, tested by slow freezing-thawing in water. Difference 
between two consistencies (by Y. Koh, E. Kamadd)

Slow Freezing — Thawing cycles —•-

Fig. 37. Results of series FTC 2: 4-1-3 10% CSA-cement, 
tested by slow freezing-thawing in water (by Y. Koh, 
E. Kamadd)



Thermal Properties

Fire Resistance

The compressive strength and the modulus of elasti
city of concrete vary with the temperature. Effects of 
heating on properties of CSA-cement concrete and in 
comparison with them, those of the ordinary concrete 
were described in this paper.

Procedure
CSA-content of the expansive cement was 13% 

by weight. Aggregates were natural river sand and 
gravel. The mix of concrete is shown in Table 26.

The specimens of these concretes, prior to the test, 
were cured in water for 4 weeks and then placed in a 
room for a month. They were heated to a temperature 
up to 600°C at the rate of 1.0°C-1.5°C per minute 
and kept at the same temperature for about an hour. 
They were then cooled in air gradually to the room 
temperature. Further 4 weeks after cooling, com
pression tests were conducted. Numerous specimens 
heated at 500°C and 600°C showed marked cracks. 
Figs. 39 and 40 show variations in the strength and 
in the modulus of elasticity with the temperature.

Results Obtained
The results obtained are as follows.

Table 26. Mix-proportion of concrete (by Harada)

No. Cement
Mix-proportion (by weight) Slump

Cement Sand Gravel W/C

F-7 CSA-cement 1 2.6 2.7 65 15.3

F-8 (13%) 1 2.3 2.3 55 15.3

F-9 Normal portland 1 2.6 2.7 65 16.8

F-10 cement 1 2.3 2.3 55 16.9

Fig. 39. Temperature and residual strength, F

(1) In general, strength changes of the two diff
erent type concrete are about the same. The rates of 
their residual moduli of elasticity change also similarly 
with the temperature.

(2) Fig. 41 shows the effect of temperature on the 
stress-strain curve of CSA-cement concrete. 
As the temperature rises, the elasticity of con
crete decreases, indicating the increase of the 
plasticity of concrete.

Heat Insulation

Procedure
Values of the heat conductivity of CSA-cement mor

tar and concrete and of their thermal diffusivity at high 
temperature were measured. As compared with these 
values, those of ordinary portland cement concrete 
were also measured.

Fig. 40. Temperature and residual elasticity, E

Fig. 41. Characteristic stress-strain curves of CSA-cement 
concrete in the temperature range from room temperature 
to 400°C.



The content of the expansive material to CSA- 
cement was 10%. Mix proportion of the CSA-cement 
concrete was 1: 2: 2.5 by weight, as well as the ordi
nary concrete. W/C-ratio of the CSA-cement concrete 
was 0.75, and that of the ordinary concrete was 0.55. 
As to CSA-cement mortar, the cement sand ratio was 
1: 3 by weight. Aggregates used in the two type con
cretes and the mortar were also natural river sand and 
gravel. The thermal coefficients were measured in the 
temperature range up to 600°C. (see Fig. 42 and 43)

Results Obtained
The results obtained are as follows.
(1) Variations in the coefficients of the CSA- 

cement mortar and concrete with temperature 
are quite similar to those of the ordinary con
crete. As the temperature rises, especially from 
100°C to 150°C, these values are markedly 
reduced. However, it is inclined to somewhat 
increase in the temperature range to 600°C. 
This tendency of the variable coefficients with 
the temperature differs slightly from the com
mon informations.

(2) In general, the thermal properties of the CSA- 
cement concrete are almost the same as those of 
the CSA-cement mortar, just as the relation of 
the ordinary concrete to the ordinary portland 
cement mortar; mortar is just a little superior 
to concrete in its insulating property.

Fig. 42. Variations of the thermal conductivity according to 
temperature change



Summary and Conclusion

Following conclusion was gained.
1. Calcium sulphoaluminous cement clinker will 

work for effective expansion by being mixed in 
cement mortar and concrete, and then it can 
compensate for their shrinkage of early time.

2. The content of calcium sulphoaluminous ce
ment clinker is in a well mixed condition at 
about 10% by weight. In this case, final shrin
kage of the cement mortar and concrete will be 
decreased less than the case of ordinary cement 
ones without sacrificing strength.

3. Wet curing condition is necessary, especially at 
initial period, for calcium sulphoaluminous

cement mortar and concrete.
4. As the molar-ratio, CaO: A12O3: CaSO4 of CSA 

raw materials, it seems that 4-1-3 is generally 
better than 3-1-3 for CSA mortar and concrete 
uses.
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Supplementary Paper IV-86 Development of Expansive Cement 
with Calcium Sulphoaluminous Cement Clinker

Masaichi Okushima* Renichi Kondo,** Hiroshi Muguruma*** and Yoshizo Ono****

Synopsis

Expansive cement is generally used for two purposes; for preventing the shrinkage 
cracks of mortar or structural concrete and for chemical prestressing of concrete elements. 
In the first part of this paper, the fundamental expansion-shrinkage characteristics required 
for expansive cement will be generally discussed from the viewpoint of shrinkage crack 
prevention. The results show that crack prevention directly depends on the reduction of 
drying shrinkage after finishing the expansion and not always on the intial expansion.

Several fundamental problems concerning chemical prestressing are also discussed and 
the fact that limitations for the economical use of materials, especially the prestressing 
steels, should be considered in comparison with ordinary prestressed concrete elements is 
pointed out.

Expansive cement with unique characteristics fulfilling the requirements of concrete 
engineering has been successfully developed in Japan because of chemical research on synthe
sis, phase equilibrium, crystallography and chemical engineering data analysis.

The above-mentioned expansive cement is composed of portland cement with an amount 
of special expansive cement clinker limited to 10%. This clinker has characteristics that allow 
the composition to be adjusted to a ratio of CaO: A12O3: CaSO4 = 4: 1: 3, to be heated 
sufficiently in a rotary kiln under such conditions that the grain size of the crystals is as large 
as possible, and to be very coarsely ground.

Expansive cement composed of such a clinker makes it possible to minimize the drying 
shrinkage after finishing the expansion without the sacrifice of mechanical strength.

In order to elucidate the mechanisms of the hydration, hardening, expansion and 
shrinkage of mortar and concrete, physicochemical investigations are also carried on by 
means of optics, electron microscopy, X-ray diffraction, determination of capillary pressure, 
pore size distribution, and so on.

Introduction

One of the greatest disadvantages in concrete struc
ture is shrinkage cracking under drying conditions. 
The development of the expansive cement, which 
shows the expansion to overcome or to exceed the 
shrinkage of portland cement, has theoretically 
enabled to prevent the shrinkage crack formations. 
Research on the practical use of expansive cement was 
mainly carried out in Europe and the U.S.A., especially 
by H. Lossier (1), H. Lafuma (2), M. E. Perre (3), 
V. V. Mikhailov (4) and A. Klein (5). However, con
cerning the expansion-shrinkage characteristics of 
expanisve cement, basic study (for example, studies 
on how expansion-shrinkage curves are the most
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“““Kyoto University, Kyoto.
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suitable or most appreciable for preventing the shrink
age cracks) has been quite insufficient to this date.

Another active use of expansive cement is to produce 
prestressed concrete by chemical prestressing. Al
though at present sufficient data are available for 
chemical prestressing (5-7), the important thing is 
to find a reasonable limitation for the economical use 
of materials, especially from the viewpoint of making 
the best of concrete and steel strengths.

In the first part of this paper, the fundamental 
expansion-shrinkage characteristics of expansive ce
ment that are reasonable for the prevention of shrink
age cracks as well as for the economical use of 
materials for chemical prestressing with expansive 
concrete were theoretically discussed with reference 
to some test results.

Much research on expansive cement has been carried 
out in Japan as in other countries since Lafuma’s (2)



report.
The expansive cement developed in France was 

composed of portland cement, calcium sulphoalu- 
minous cement clinker (abbreviated as CSA in this 

- paper) as the expansive agent and granulated blastfur
nace slag as the stabilizer.

At that time, the mineral composition of CSA was 
not very well known, but it has been elucidated by 
degrees (10). The crystal structure (11 ,12) of the main 
component of CSA and the hydration mechanism 
(13, 14) of expansive cement have also been clarified. 

As a result, the expansive agent has been improved, 
so that it is now possible to produce an expansive 
cement of high quality by the addition of an amount of 
CSA that is only 10 % of the cement (expansive cement 
composed of portland cement and CSA is abbreviated 
as CSA cement in this paper).

The investigation of expansive cement has been 
rapidly promoted by mutual exchanges of information 
between specialists both in basic research and engineer
ing since the CSA Research Group was orgainzed in 
1964.

Expansion-Shrinkage Behaviours to be Required to Expansive Cement

Current Concept for Shrinkage Crack 
Prevention by Expansive Cement

The expansive cements recently used in practice 
generally consist of mixtures of portland cement 
and sulphoaluminate additives as the expansion 
ingredient. Fig. 1 shows the typical expansion-shrink
age curves of expansive cement paste in comparison 
with that of portland cement. (1) As shown in Fig. 1, 
the expansive cement shrinks upon drying, just like 
ordinary portland cement, but by undergoing an initial 
free expansion of a controlled amount before drying 
begins, the net free expansion after drying may be 
any desired amount within limits. That is, it has been 
considered so far in much research that the formation 
of shrinkage cracks can be prevented by using expan
sive cement when the net strain of initial free expansion 
and the subsequent drying shrinkage becomes suffi
ciently smaller than the shrinkage strain of ordinary 
cement.

However, in practice the shrinkage crack formation

Fig. 1. Volume changes of neat cement pastes

can not be prevented even if the net free strain of 
expansive cement remains in expansion even after 
drying. This fact has been showed by many laboratory 
or field tests. Fig. 2 shows typical test results on free 
expansion-shrinkage strains of lining mortars for steel 
water pipe, where the calcium sulphoal uminous cement 
clinker (simple substitute CSA) as the expansive agent 
is blended with Type B blast-furnace slag cement in a 
mix proportion of 11: 89 by weight. Also Fig. 3 
shows the test results on reinforced concrete slabs 
made of normal portland cement concrete and expan-

Lining mortar

Cement: Type B blast-furnace slag cement 
Mix prop.by weight i I : 2.06 
w/c-ratio : 0.38

Age in days

Fig. 2. Example of shrinkage crack tests on expansive lining 
mortar of steel pipe (tested by H. Muguruma and Y. Ond)



Fig. 3. Example of shrinkage crack tests on reinforced concrete 
slabs made of expansive concrete (.tested by K. Ohno, Hokkaido 
University).

sive cement with calcium sulphoaluminous cement 
clinker (simple substitute CSA-cement concrete). 
Thus, from these results it seems that the absolute 
conditions for the purpose of preventing shrinkage 
crack formation are not to compensate the shrinkage 
by initial free expansion, in order words, not to keep 
the net free strain after drying in expansion.

(1)

Ideal Expansion-Shrinkage Curve for 
Shrinkage Crack Prevention

Considering that the shrinkage cracks do not really 
take place without the external restraint of free shrink
age of mortar or concrete and also that the easiness of 
crack formation will be goverened by the degree of 
restraining, the problem of shrinkage crack prevention 
can not be discussed without respect to the effects of 
external restraint. When the initial expansion of expan
sive mortar or concrete is externally restrained, the 
inner compressive stress is induced according to the 
degree of restraint. And, with the lapse of time after 
finishing the expansion, it is reduced due to creep 
and shrinkage. Although the larger restraint results 
in a larger inner compressive stress, the reduction of 
stress also becomes larger with an increase in the 
degree of restraining.

To discuss the ideal expansion-shrinkage charac
teristics for shrinkage crack prevention, the model 
with elastic restraint shown in the upper part of 
Fig. 4 is considered by H. Muguruma (8, 9). When 
the maximum free expansion takes place at an early age 
in concrete, the corresponding inner compressive stress 
<tc induced in the concrete element due to the longitu
dinal elastic restraint can be written as

-ErSe

Fig. 4. Numerical example of expansion-shrinkage stress in 
concrete due to external restraint of free expansion-shrinkage 
strain (calculated by H. Muguruma)

ma
2E5As + ECAC 

where

(2)

Ec and Ac; Elastic modulus and sectional area of 
concrete specimen,

Es and As: Apparent elastic modulus and sectional 
area per unit length of elastic spring 
restraint.

In eq. (1), taking the reduction of stress due to creep 
during the expansion of the concrete into considera
tion, the apparent elastic modulus of concrete is as
sumed to be half that at the age of maximum expan
sion. After finishing the expansion, the inner com
pressive stress is released due to creep and shrinkage. 
Assuming the creep strain of concrete proportional 
to the applied stress (Davis-Glanville’s law), the super
position of creep strains (Whitney’s law) and the 
increase of shrinkage strain linear to creep strain, the 
following equation concerning stress reduction Aa, 
can be obtained:

+ = (3)(8’9) Ec Ec Jo <pn £-sAs

where



(p,; Creep factor of concrete,
<pB". Final value of creep factor,
S„: Final value of shrinkage strain measured from 

the maximum expansion strain.

Solving eq. (3) under the initial condition of Acrt = 0 
at the time t = 0 (the time when the expansion strain 
reaches its maximum), we obtain

Act, = (<7e + Ec j-”)(l - e-”«), (4)

where

Thus, the remaining stress becomes

<7, = <7. — Act, = cr,e""af’‘ — 5.^(1 — e-Oi8’‘)> (6) t e * e v x z * s z

where the compressive stress of cr, is assigned positive.
The first term of the right hand side in eq. (6) 

presents the reduction of expansive stress due to 
creep. Considering that the value of a is nearly unitary 
under such a stiff restraint as absolute rigidity and 
also that the final value of <pt will be 4 for usual con
crete, it vanishes rapidly to almost null. As a result, 
only the tensile streess due to the shrinkage strain 
subtracted from the maximum expansion given by 
the second term of eq. (6) finally remains in the 
concrete. Therefore, if the dropping difference between 
the maximum expanding strain and the shrinkage 
strain of expansive concrete is quite the same as that 
of ordinary concrete, the tensile stress similar to that 
induced in ordinary concrete could result, even in 
expansive concrete. That is, the initial expansion does 
not contribute to the prevention of shrinkage cracking, 
excepting the possible role of delaying the age of crack 
formation. This can be seen more evidently from Fig. 
4, where the expansion-shrinkage stresses correspond
ing to the free expansion-shrinkage curves shown in 
the upper part of this figure are obtained from eqs. 
(1) and (6) for a concrete specimen having a restraining 
of a' = 0.909 and a = 0.833.

Consequently, the necessity for preventing the 
shrinkage crack formation is not always to com
pensate the drying shrinkage by initial expansion, 
but also to reduce the shrinkage strain after finishing 
the expansion. The net free expansion or the remaining 
free expansion defined as the sum of initial expansion 
and subsequential shrinkage has no direct effect on the 
prevention of shrinkage cracks, excepting the closure 
of some voids in concrete or mortar by external 
restraint, which results in superior quality with respect 
to permeability and strength.

Expansion for Chemical Prestressing

Another use of expansive cement is for chemical 
prestressing. Much of the past research showed the 
possibility for the expansion of concrete to produce 
automatically the prestressed concrete element (3-7). 
However, no discussions have been given on such a 
fundamental problem as whether the prestress as 
required in ordinary prestressed concrete members 
can be simultaneously induced or not in concrete and 
embedded steels of the element having an ordinary 
percentage of prestressing steels. Assuming that the 
apparent elastic modulus of concrete is half that at 
the age of maximum expansion, the prestressing force 
P induced in the concrete section by free expansion 
S, can be obtained from

p =_____ (IX (g m

where .
n; Modular ratio (= EJE^,
p: Percentage of prestressing steels (= 

ASIAC\
e; Eccentricity with respect to the center 

of gravity of the section,
and Sectional areas of concrete and pre

stressing steels, respectively,
Ic: Moment of inertia of the concrete 

section with respect to the center of 
gravity of the section,

Ec and E$; Elastic moduli of concrete and pre
stressing steels, respectively.

Numerical example was made on the rectangular 
section having elastic moduli of Ec = 420,000 kg/cm3 
and Es =- 2,100,000 kg/cm2, respectively, and an 
eccentricity of e = Dj6 (where D denotes the height 
of the section). The results obtained for the various 
percentages of embedded steels are shown in Fig. 5.

From Fig. 5 it can be seen that the steel stress created 
by initial expansion varies only a little with the increase 
of steel percentage, while the compressive stress 
induced in the concrete section becomes larger 
approximately in proportion to the percentage of 
steel. In ordinary prestressed concrete members, the 
average compressive stress (P/Ac) that must be 
introduced into a rectangular concrete section is from 
50 kg/cm2 to 75 kg/cm2, which corresponds to con
crete strengths of 300 kg/cm2 to 450 kg/cm2. On the 
other hand, the ordinary percentage of prestressing 
steels is 0.5 to 1 %. Thus, from Fig. 5 it can be seen 
that the prestressing steels adequate for producing the 
average concrete stress of 50 to 75 kg/cm2 with a steel 
percentage of 0.5 to 1 % are of a type having the allow-



Fig. 5. Relations between free expansion of concrete and stresses 
induced in concrete and embedded steels by chemicalprestressing 
(calculated by H. Mugurutna)

able tensile stress of approximately 50 kg/mm2 to 
90 kg/mm2. The corresponding expansion of concrete 
effective enough to produce such prestressing stresses 
thus becomes 2.75 X 10~3 to 5 X IO-3. These results 
can also be approximately applicable to T or I-section 
concrete members. (8,9)

Consequently, it can be stated that prestressing 
steels satisfying the above requirements are the 
so-called high tensile prestressing steel bars with 
relatively lower strength, and the use of piano wires 
°r 7-wire strands having strengths of 150 kg/mm2 
or more would not always be economical from the 
viewpoint of the utilization of their higher strengths.

Possibility of Chemical Prestressing 
by Using CSA-Cement

As can be seen from Fig. 5, the concrete expansion 
effective for the production of adequate prestressed 

concrete members by chemical prestressing is from 
0.275 % to 0.5 %. While the free expansion of concrete 
can be controlled within some limits by increasing the 
contents of the expansive agent in ordinary cement, 
the entire amount of free expanding strain is not always 
effective in creating the tensile stress in steels and the 
corresponding compressive stress in concrete under 
the restraining conditions of embedded prestressing 
steels. Therefore, for the purpose of discussing the 
possibility of chemical prestressing, the expanding 
strain effective for the creation of prestress in concrete 
should be predicted from test on restrained expan
sive concrete specimens. In this report, such expanding 
strain is called the effective expansion.

Fig. 6 shows typical results for the expanding strains 
of CSA-cement concrete specimens restrained longi
tudinally by embedded prestressing steel bars. Three 
different mix proportions of CSA and normal portland 
cement, that is, 10: 90, 13: 87 and 15: 85 by weight, 
respectively, were used. The degrees of restraining 
were 0, 0.46, 0.93 and 1.61%, respecitvely, in the 
percentage of embedded prestressing steel bar. After 
casting and curing the specimens were removed to 
the storage room with 100% relative humidity and 
20°C room temperature to measure the longitudinal 
expanding strains. The strain measurements were 
made for 28 days, while the expansion reached its 
steady state by 7 days.

From Fig. 6, it can be seen that, although the free 
expansions (expansions of no restraining specimen) 
of the concrete having 13% and 15% CSA content 
were very large, those of restrained specimens were 
considerably smaller. The effective expansions pre
dicted from Fig. 6 are as follows:

CSA- Free
Predicted 
effective

Age contents expansion expansion
10% 0.03% 0.03%

3 days 13% 0.30% 0.15%
15% 0.59% 0.18%

7 days 13% 0.54% 0.23%
15% 3.0 % 0.35%

From the above results, it can be stated that 15% 
CSA content is not always adequate for chemical 
prestressing because of the larger decrease in the 28 
day compressive strength, as shown on the right side 
of Fig. 6. 13 % weight content seems to be a reasonable 
limit within the test results reported here. However, 
as can be seen from Fig. 7, such a content is evidently 
insufficient to get the adequate effective expansion 
mentioned in this section (or to induce the adequate 
prestress of 50 kg/cm2 or more in concrete). That is.



Fig. 6. Effective expansion and compressive strength of expan
sive cement concrete with various calcium sulphoaluminate 
contents (tested by H. Muguruma).

Fig. 7. Prestress induced in concrete specimen by chemical 
prestressing (Tested by H. Muguruma')

in the specimen of 13 % CSA content only 30 kg/cm2 
prestress was induced in the concrete section having 
1 % prestressing steels.

In practice, even if only 30 kg/cm2 prestress is 
induced in the concrete by chemical prestressing, it 
will be very valuable for increasing the cracking 
capacity of concrete members. For instance, when 
applying the chemical prestress in the ordinary 
reinforced concrete piles, which have quite insufficient 
flexural cracking capacity, the prestress of 30 kg/cm2 
in concrete is enough to increase their cracking capa
city to more than twice that of ordinary piles and 
consequently the formation of cracks during transpor
tation or driving in the field would be avoided entirely. 
(M. Okushima and H. Muguruma)



Basic Studies on Production and Properties of Expansive Cement

Calcium Sulphoaluminous Cement Clinker

The composition of CSA was originally designed 
to have a molar ratio of CaO: A12O3: CaSO4 = 
3:1:3 for the purpose of forming ettringite (trisulphate 
hydrate TSH) as much as possible by hydration of 
CSA cement. It was then improved to a ratio of 4:1:3, 
after the beneficial effect of CaO on expansion— 
shrinkage characteristics was found.

The CSA is approximately composed of 50% 
CaSO4, 30% C4A3S, and 20% CaO. In addition, it 
contains a small amount of glassy phase.

According to Kondo (11), a group of new com
pounds of the haüyne structure type, (Ca2Na6) 
Si6AlsO24(SO4)2, can be synthesized by the substitu
tion of Ca and Na by Ca, Sr or Cd, Al by Be, all of 
Al and Si by Al, as well as SO4 by CrO4, MoO4 or 
WO4. C4A3S is a typical member of this group. 
Furthermore, the hydraulic property of C4A3S can 
be explained by the existence of 4-fold coordinated 
Al+++, asymmetrically coordinated Ca++, and 
isolated SO4- in the structure.

The crystal structure of C4A3S (11) is shown in Fig. 
8, and the infrared absorption spectra in Fig. 18.

C4A3S is formed by either a solid state reaction 
between CaSO4 and mixtures or compounds composed 
of CaO and A12O3, or an SO3 gas reaction with the 

Fig' 8. Positions of atoms in ao]2 cube of CagAl 12024(804)2, 
projected on (007) plane. ’

above-mentioned mixtures. The C4A3S crystal is well 
grown in the presence of a melt containing CaSO4.

By means of the Griffine hot-stage microscope, 
it was found that eutectics exist between C4A3S and 
CA or CaSO4. However, C4A3S and CaSO4, and 
especially a mixture of them, decomposes rather 
rapidly to give SO3 gas when heated in open air. 
It was also found that CSA began to melt at 1180— 
1230°C. The higher the heating temperature, the 
greater the crystal size of either produced C4A3S or 
of residual CaO and CaSO4.

Necessity of developing a high level of technology 
confronted at the outset in order to fulfill the require
ments for the characteristics that would permit the 
growth of the crystal components of CSA, even though 
the heating temperature range of CSA is very small. 
In addition, it was improved to reduce the loss of SO3 
vaporization during the heating stage of production 
to a negligibly small amount. The CSA is heated in a 
rotary kiln these days, it can also be produced by 
electric furnaces, etc. (15) Fig. 9 shows a microphoto
graph of CSA industrially produced. -

CaSO4 is a colorless anisotropic crystal. CaO is 
an isotropic spherical pale yellow particle with a dis
tinctive outline because of its high refractive index. 
C4A3S is a colorless isotropic crystal having a little 

Fig. 9. Micrography showing the main components of CSA 
. . clinker (open nicol)



lower index than CaSO4. The mean diameter of C4A3S, 
CaO, and CaSO4 is 50, 15 and 8/t each in the clinker 
produced by the sintering process, and 120, 40 and 
20/z by the melting process. .

Silicates and ferrites are scarcely detected among 
the interstitial materials, but these materials are 
generally in a glassy phase. By means of a Shimazu 
electron .micro-probe analyzer, the composition of 
these materials was found to be rich in A12O3, Fe2O3, 
SiO2 and TiO2 were also present, but the amount of 
CaO was comparatively low and there was almost 
no SO3. During the cooling of the CSA, a part of 
C4A3S crystallizes out of the melted state at the 
periphery of the glassy material to form a fringed layer, 
as shown in Fig. 10. .

The rate of hydration of CSA powder with a dia
meter of 15-43/z in the paste form was quantified by 
X-ray diffraction. It was found that CaO is consumed 
within 2 days, and the fraction of hydration of CaSO4 
and C4A3S is as shown in Table 1. The reaction of 
CaSO4 is slower than that of C4A3S, which is similar 
to the results of the case of J and S described in the 
paper presented by Mehta and Klein (14).

To preserve the potential force of expansion for an 
extended period of time by gradual hydration, the 
crystal growth of CSA must not only proceed properly, 
but the CSA must also be ground in such a way that 
the range of particle size is small and the particles 
are remarkably coarser than those of ordinary cement 
(16).

Hydration Process of C4A3S and 
Morphology of Hydrates

The hydration process of C4A3S alone, or with 
Ca(OH)2 and/or CaSO4, were observed by optical and 
electron microscopes. For comparison, the hydration 
processes of C3A were also observed in the same way 
(17).

Each component used in these experiments was a 
powder of 5-10/z in diameter. '

When the mixture of C3A and 3 moles of CaSO4 is 
hydrated, the surface of C3 A begins to be covered with 
needle-shaped crystals of TSH, after which they will 
coexist with monosulphate hydrate(MSH or C3A - CS- 
H12) or a solid solution of the latter and C4AH13.

Fig. 11 shows the electron diffraction pattern of the 
solid solution. Grudemo (18) has described the forma
tion of hexagonal plate crystals under similar condi
tions. .

TSH is formed either on the surface of C3A particles 
or in the solution, but scarcely on the surface of CaSO4 
• 2H2O particles.

In the case of C4A3S alone, a complex layer of C3A- 
CS-H12 and A1(OH)3 form as the inner product of

Table L Percentage of hydration o/CaSO4 and C4AäS in CSA 
. clinker (%)

' Process 1 day 2 days 7 days

sintering 42 ' 53 58
melting 15 20 30

- sintering 75 72 85C4 AgS melting 27 42 55

Fig. 10. Micrography and characteristic X-ray images of CSA 
cement clinker with thin section

(a) (b) (c)

(a) Micrography showing especially the glassy phase.
(open nicol)

(b) Characteristic X-ray image of CaK„.
(c) Characteristic X-ray image of S: K„.



C4A3S, and this reaction is completed in 12-24 hrs. 
As shown in Fig. 12, it is remarkable that the outer 
shape and dimensions of each grain are almost 
unchanged throughout this hydration, and TSH, 
as an outer product, crystallizes out of the solution.

C4A3S hydrates quickly in the presence of CaO, 
and the outer shape of its grain is almost unchanged. 
When C4A3S is hydrated with CaSO4, the particles of 
the former are rapidly covered with needly-shaped 
crystals of TSH.

On the one hand, when a mixture of C4A3S, CaSO4, 
and CaO adjusted to a molar ratio of CaO: A12O3: 
CaSO4 =4:1:3 is hydrated, C4A3S particles are 
covered with a thick coating composed of fine crystals 
of TSH. This coating begins to expand after about 
6-8 hrs., and becomes 2-3 times larger than at the 
beginning at about 24 hrs., as shown in Fig. 13.

On the other hand, when the molar ratio of CaO: 
Al2O3:CaSO4 is 4:1.25:1, a solid solution of 
C3A CS-H12-C4AH13 crystallizes into a hexagonal 
plate.

It seems that the expansion due to hydration of 
C4A3S in the presence of much CaSO4 and CaO is 
closely related to the formation of TSH by the reac-

30 min

4 hrs

Fig. 11. Single-crystal diffraction pattern of 
C3ACSHi2-C4AHi3 solid solution

30 min 6hrs _
Fig. 12. Formation of inner products in hydration of C4A3S 

grain with water '



C3A CS H12 or its solid solution formed on the 
interface of each particle of C4A3S.

If we assume that the hydration of CSA powder 
produces TSH alone, CaSO4 and C4A3S should 
decrease accordingly, but the consumption of CaSO4 
is delayed as shown in Table 1. This suggests the 
possibility of the formation of at least a part of MSH.

Fig. 14 shows the results of a semi-quantitative 
analysis (by means of X-ray diffraction) of the hydra
tion process of CSA cement paste in comparison with 
that of portland cement.

In this experiment the W/C ratio of paste was 0.4 
and the curing temperature was 20°C.

In the case of portland cement, C3A is eliminated 
within 7 days, In consumption of CaSO4-2H2O, 
and at the very early stage it forms TSH, which then 
converts into MSH after about 3 dyas.

The hydration of C3S, C3A, and C6A2F in CSA 
cement is slower than that of C3S, C3A, and C6A2F
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Fig. 14. Variation of quantity in progress of hydration of CSA 
cement and portland cement

in portland cement. After C4A3S is consumed in 1 day 
to form large amounts of TSH, C3A reacts gradually.

CaSO4 is not only expended in the reaction, but inde
pendently hydrated to form CaSO4 ■ 2H2O. When the 
CSA cement clinker content is low, TSH partially 
changes into MSH after 3 days.

The Location of the Deposition of Hydrates 
in the Hydration of C4A3S or C3A

The location of the deposition of hydrates in the 
hydration of C4A3S or C3A with CaO and/or CaSO4 
should be closely related to the hydration velocity 
and the irreversible expansion due to hydration.

First of all, a couple of pastes with different com
ponents, such as C4A3S and CaSO4, were put together 
with 17 sheets of filter paper between them. The 
consistency of the pastes was kept constant at about 
W/C = 0.5-0.6, and they were hydrated for 3, 7, 
and 28 days at 20°C. On the above days, the filter 
papers were peeled off to measure the pH of each piece 
and to be dried for 12 hrs. at R.H. 4 % for examination 
by X-ray diffration, etc.

Furthermore, the surface of the hardened paste 
containing C4A3S or C3A was repeatedly ground to 
remove the top 0.2-0.3 millimeters at one time. The 
surfaces and powders of each paste were examined 
by X-ray diffraction, and the powders were also 
analyzed by DTA and TGA.

In addition, the expansion was measured for com
pacts composed of either C4A3S or C3A with CaO 
and/or CaSO4 after moistening at 20°C and then being 
immersed in saturated solutions of CaO and/or 
CaSO4.

The series shown in Table 2 were examined for 
hydration and expansion (19). The particles of each 
component here were adjusted by the BAHCO micro
particle classifier to be r = 11 — 22/z.

The peaks (20, CuKJ selected for detection of 
hydrates by X-ray diffraction are as follows:

C3A-3CS H32 (TSH) 9.0°,

Table 2. Interaction between C4A3S or C3A and additional 
components in hydration

Series Main component Additional component

1 C4A3S CaSO4
2 C4A3S + CaSO, CaO
3 C4A3S 4* CaO CaSO4
4 C.AsS CaSOi + CaO
5 C4A3S + CaSO4 + CaO

11 c3a CaSO4
12 C3A + CaSOi CaO
13 C3A+ l.SCaO CaSO4
14 c3a CaSO4 + CaO
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Fig. 15. Variation of quantity and location of reactants and 
products in progress of hydrations

(a) Results after 28 days in paste part and after 3, 7 and 
28 days in interstitial part of series 1.

(b) Results after 28 days in paste part and interstitial 
part of series 3.

(c) Results after 28 days in paste part and interstitial 
part of series 11.

(d) Results after 28 days in paste part and interstitial 
Part of series 12.

C3A-CS-H12 (MSB) 9.9°,
C3A-CS-H12-C4AH13 (solid solution) 10.5°, 
C3A-CS H19 (M phase) 9.3°,
C4AH13 11.5°,
C3AH6 31.8°,
A1(OH)3 20.3°,
Ca(OH)2 34.1°.

Some of the experimental results for hydration are 
illustrated in Fig. 15. Some results of the expansion 
measurements are shown in Figs. 16 and 17.

Series 1 and 4: components which dissolve into the 
filter paper from both pastes form TSH in the pores

Fig. 16. Expansion of compacts containing C4A3S

Fig. 17. Expansion of compacts containing C3A.

Age in days •



of the filter paper. Fig. 15 (a) shows the results in the 
case of Series 1.

Series 2: TSH forms rapidly inside the paste of 
C4A3S and CaSO4, but the expansion was very slight.

Series 3: a dense layer of TSH is finally formed 
along with the remarkable expansion due to the 
reaction between the permeated CaSO4 and the 
C3A-CS-H12-C4AH13 solid solution which has 
formed in the paste of C4A3S and CaO.

Series 5: TSH gradually forms with time and 
increases in the paste of C4A3S, CaO and CaSO4 
along with remarkble expansion, similar to the case of 
Series 3. But the deposition of hydrates in the filter 
paper is negligible in this case.

Series 11: in C3A paste, C3AH6 and C4AH13 are 
detected, but no TSH. The latter is deposited in the 
filter papers, and MSH appears on the interface 
between the filter paper and the C3A paste. In such a 
case, there is very little expansion.

Series 12: in the first stage, C3A hydrates with 
CaSO4 to form TSH, which reacts afterwards with the 
unreacted C3A to form C3A-CS H12 or a solid solu
tion of it. In this case there is remarkable expansion.

Series 13: TSH forms only on the interface between 
the filter paper and paste, while C4AH13, C3AH6, 
and Ca(OH)2 form on the back surface of the paste, 
and the solid solution forms in the paste near the filter 
paper. In this case there is no expansion.

Series 14: C3A hydrates with CaO and CaSO4 
to form C3AH6 thoughout the paste, but the above 
mentioned solid solution in the paste is limited to the 
area near the filter paper. A condiderable degree of 
expansion occurs in spite of the limited formation of 
TSH in this case.

These experimental results led us to the conclusion 
that the hydration of C4A3S proceeds stepwise as fol
lows:

C4A3S + 8Ca(OH)2 + 30H2O
— (C3A-CS-HI2-2C4AH13),

(C3A-CS-H12-2C4AH13) + 6Ca++ + 8SOj-
+ 58H2O 3(C3A.3CS-H32).

Many investigators acknowledge that very little 
expansion occurs, regardless of the formation of 
TSH, if the concentration of CaO in the solution is 
low (13,14,20,21). On the contrary, the grains of 
C4A3S are coated with hydrates at an early stage 
of reaction as a consequence of the lowering of the 
solubility of the hydrates if the concentration of CaO 
is high. Consequently, C4A3S reacts with H2O per
meated through pores to form C3A-CS -H12 or solid 
solution of it with low crystallinity on the interface 
of C4A3S. Remarkable expansion would take place 

as the result of a secondary reaction if the above 
hydrates with SO;- ion come from the liquid phase 
by diffusion to form fine crystalline TSH.

At the same time, expansion due to the formation 
of MSH was also confirmed when C3A hydrates at an 
early stage with a limited amount of CaSO4 to form 
crystalline TSH, which then reacts with lime to form 
fine crystalline MSH in the product layer.

Properties of Ettringite (TSH)

We have obtained several additional results (24) 
concerning the properties of TSH, especially for the 
state of combined water,which was investigated pre
viously by Berman and Newman (22), and also by 
Takemoto and Saiki (23).

TSH was synthesized for our study by titration of 
A12(SO4)3 solution into a saturated solution of CaO 
and CaSO4 • 2H2O at 25°C. The precipitate was filtered 
by suction, and dried over 70% H2SO4. The resulting 
TSH contained 31.2 moles of combined water. It was 
found to dehydrate to 10.3 moles of H2O by drying 
over CaO, and 6.9 moles of H2O in the case of 
MgClO4. TSH is however not dehydrated by portland 
cement used as a drying agent.

The changes in the amount of combined water of 
TSH with heating are as follows:
heating temp. (°C) 20 40 65 100 300 400 600 800 1000 
H2O (mole) 31.2 28.0 13.3 6.5 1.8 0.6 0.6 0.8 0.0

Fig. 18 shows the infrared absorption spectra of 
compounds related to TSH or CSA-cement.

The absorption of OH radical of TSH due to stretch
ing and bending vibration appears at 3400 cm-1 
and 1650 cm-1 each when caused by polymeric inter- 
molecular hydration bond, and at 3640 cm-1 and 
1620 cm-1 each when caused by monomeric OH 
radical. TSH changs into the amorphous state when 
heated above 80°C due to the dehydration of inter
layer polymeric water, and the monomeric structural 
water is lost above 200°C. In addition, the spectrum 
of TSH heated above 600°C shows the existence of 
CaSO4 and C4A3S.

The specific surface area of TSH is slightly increased 
by the dehydration of interlayer water, and decreased 
when it becomes amorphous. Furthermore, the specific 
surface area of TSH increased rapidly with the destruc
tion of the outer shape of the original crystal, and 
CaSO4 was deposited by heating above 500°C.

The specific surface area decreased remarkably 
in relation to the crystallization of C4A3S, CaO, and 
C12A7 and sintering by heating above 700°C 
(Fig. 19).

When the heated specimen is wetted, TSH is easily



Fig. 18. Infrared absorption curves

Fig- 19. Surface area of heated ettringite measured by Nj 
adsorption (Kept 30 min. at each temp?)

reproduced, and the higher the heating temperature, 
the greater the expansion.

Pore Structure of Hardened CSA Cement

The relationship between the pore structure of 
hardened CSA cement and characteristics such as the 
expansion or drying shrinkage of CSA cement was 
investigated (25).

The proportion of mortar was 1: 2, W/C = 0.45, 
and the cements used were 9-13% CSA cement and 
portland cement as the contrast. It was cured at 20°C 
in water and in the air with R.H. = 50 %.

In this paper, only the results obtained with 
specimens cured for 18 months will be described.

The mechanical strength is not affected very much 
by the CSA in the case of water curing, but it decreases 
gradually with air curing. The strength of the mortar 
cured in air is about 85 % for portland cement and 
75% for expansive cement comprised of 13% of the 
amount of CSA of that in water curing. The degree of 
neutralization of specimens cured in air increases 
slightly with the addition of CSA.

According to the X-ray diffraction, the amount of 
TSH increases with the addition of CSA in the 
specimens cured in water, while a small amount of 
CaCO3 was detected, instead of TSH and Ca(OH)2, 
in specimens cured in air.

In order to examine the pore structure of mortar 
specimens, measurement of the adsorption and desorp
tion of N2 gas was carried out.

It was found that the hysteresis of the isotherm is 
more remarkable for the specimens cured in water 
than in air. The existence of hysteresis is related to 
the complexity of the pore structure. •

The specific surface area of the specimens cured 
in water was about 15 m2/g, while that of those cured 
in air was only about 4 m2/g. in comparison, the spe
cific surface area of portland cement and CSA cement 
were nearly the same for the specimens cured in water, 
but the latter had a slightly larger value than the former 
in the case of specimens cured in air.

In regard to the specific surface area, a value about 
20% larger than the results obtained by the BET 
method is given by calculating under the assumption 
that the pore shape is a circular cylinder in the case of 
specimens cured in water, while in the case of air 
curing almost the same values are obtained by both 
methods.

The pore size distributions calculated by means 
of a digital computer are shown in Fig. 20. A large 
peak appears at about 15Ä (in diameter) in the case 
of water curing. In air curing, it is shifted to about 
20Ä, and the total pore volume falls to lower than 
30 % of that of the specimens cured in water. This 
tendency is remarkable in the case of portland cement.
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Fig. 20. Pore size distribution curves calculated 
by Cranston-Inkley method

(a) Results of the mortars cured in water for 18 months
(b) Results of the mortars cured in air for 18 months

The position of the peak is not affected by the curing 
conditions, but it is shifted toward a finer pore size 
in the case of CSA cement, compared to .portland 
cement. This seems to be related to the formaton of 
TSH.

In addition, the distribution of pore sizes greater than 
75Ä in radius was measured by the Carlo Erba mercury 
pressure porosimeter, with the results shown in Fig. 21.

A peak in pore radius at 75-140Ä appeared for the 
specimens cured in water, and the pore volume cor
responding to this range of radius decreased to 60 % 
for the specimens cured in air, for which the peak is 
broadened and shifted to 430-2400Ä.

The pore volume in the range of 75-140Ä is the

(a)

Radius (Ä)
(b)

Fig. 21. Pore size distribution curves measured by mercury 
pressure porosimeter

(a) Results of the mortars cured in water for 18 months
(b) Results of the mortars cured in air for 18 months

lowest in the case of portland cement and increased 
with the amount of CSA content, but there is no rela
tion to curing.

Since the pores are not perfectly saturated by water 
in the specimens cured in air, large pores remain 
because the pores are not completely filled up by the 
outer hydration product.

Furthermore, the expansion due to the hydration 
of CSA cement seems to be mainly accompanied by 
an increase in the volume of pores with a radius of 
75-240A judging from the results for the specimens 
at an early curing age.

The peak for the pore size is shifted towards the 
finer side with the progress of hydration. Also, it seems 
that the reason for the much lower degree of expansion 
in the case of curing in open air and even in moisture, 
compared to the case of water curing, is related to the 
surface tension or capillary force.

Although the above description gives a fairly clear 
picture, more precise analysis is being carried out to 



determine more accurately the relationship between 
the pore structure of hardened CSA cement and such 
characteristics as expansion, drying shrinkage, and 
the rate of neutralization.

Mechanisms of Irreversible Expansion 
due to Hydration

When cement reacts with water, the total volume 
decreases but the solid volume increases. Also, the 
volume increases when a super-saturated solution 
deposits crystals. It is not exceptional for the reaction 
to form TSH. Therefore the expansion in CSA cement 
can not be explained by an increase in the specific 
volume due to the formation of TSH.

The reaction of C3S, CA, C3A, and C4A3S, for 
example, with water is not accompained by remarkable 
expansion. In the case of such a reaction, besides the 
formation of an inner product, an outer product is 
also formed at the same time by outward diffusion 
owing to the high solubility of the reactant surrounded 
by the product layer. For instance, Ca(OH)2 formed 
in the hydration of C3S can only be deposited as an 
outer product because its solubility is not low enough 
for it to be deposited in the gel pores as an inner pro
duct.

However, very slight expansion occurs in' the 
induction period because of the permeation of water 
into the surface of the cement grain. Also, a small 
amount of shrinkage is detected in the acceleratory 
period because of remarkable effluence.

On the other hand, in respect to the irreversible 
expansion of expansive cement, there is much dis
cussion, (14,20,26) but many physico-chemical factors 
should be considered and experiments along this line 
should be carried out. On the remarkable irreversible 
expansion of expansive cement, it can be explained 
according to the present state of knowledge as follows 
(19).

In the hydration of CSA-cement, CaO and CaSO4 
are considered the outer reactants because their rate 
of dissolution is larger than that of aluminates such 
as C3A or C4A3S, and the surface of aluminate grain 
is covered with a less permeable layer of coating. 
The outer reactants permeate through this layer to 
the interface of the inner reactant. The inner product 
is rapidly formed by interaction between the diffused 
materials and the inner reactant, which also has a 
large rate of dissolution. The accumulation of hydrates 
begins inside of the grain because of the low solubility 
of the aluminate sulphate hydrates formed.

The essential problem is to decide what is the driving 
force of expansion in which the crystals of products 

can be grown under compressive stress and the struc
ture of the product previously formed can be 
deformed.

As for the driving force, to be considered are (1) 
expansion of the crystal lattice of the hydrate by means 
of ion exchange, (2) the osmotic pressure produced 
in aluminate solution, (3) crystal growth pressure 
occuring at the apex of the crystal undergrowing, 
and (4) the surface tension which is expected on the 
interface between the crystal apex to be grown and 
another solid face. .

If the first assumption is true, the conversion of 
C4AH13 into C3A-CS-H12 must take place by ion 
exchange without dissolution when the former comes 
in contact with calcium sulphate solution. This is 
believed very difficult, since the diffusion coefficients 
within the solid are so small.

Next, we have tried to measure the osmotic pres
sure in relation to the hydration of CSA cement, 
and found that it is not likely to be the main cause 
of expansion because the hydrates formed are mainly 
crystalline and do not form a semi-permeable mem- 
brance. However, the osmotic pressure was formerly 
regarded to be attributable to the expansion accom
panied by the alkali-aggregate reaction.

In consideration of the crystal growth pressure, 
Jorgensen (27) tried to explain hydration expansion. 
He found, countrary to his expectation, that the degree 
of expansion is bigger when small crystals are formed. 
Nevertheless, the peripherical length was assumed 
as an assisting factor to effect the crystal growth 
pressure.

On the other hand, uniaxial pressure appears when 
crystal growth continues after the apex comes in con
tact with another fixed solid face. In order for crystal 
growth to continue, however, it is necessary to allow 
the liquid to penetrate against the pressure into the 
interface between the crystal apex and the other solid 
face.

Correns and Steinborn (28) pointed out the requisite 
conditions: ycs > yci + y,,, where y is the surface 
energy and C,S, and 1 mean the growing crystal, the 
other solid and the liquid, respectively. The uniaxial 
pressure is a function of the degree of super-saturation 
and also equated by them: P = (RT/v)ln (CM/CJ, 
where C represents the concentration and ss and s 
mean super-saturation and saturation.

In respect to the hydration of CSA cement, beside 
high concentration of SO;- ion at the outer space of 
aluminate grain, the concentraton of the liquid phase 
at the interface of unreacted C4A3S or C3A should 
be very high in respect to the solubility of TSH, which 
is especially lowered by an increasing concentration 



of lime. Moreover, it is probable tht TSH possesses a 
comparatively high surface energy and heat of wetting. 
Under these conditions, it is expected that significant 

expansion or compressive stress appears due to the 
formation of TSH at or near the interface of anhydrous 
aluminates (R. Kondo).

The Manufacturing Process and Characteristics of CSA Cement

The Manufacture of CSA Cement

Responding to the progressive requirements of 
concrete technology, basic research on expansive 
cement has been carried out, with the result that an 
expansive cement possessing unique characteristics 
was developed in Japan several years ago. CSA cement, 
a mixture of CSA and portland cement, can be used 
both for preventing shrinkage cracks and for self
stressing by means of changing the mixing ratio of 
CSA and portland cement.

The CSA is manufactured by a process similar to 
that of ordinary portland cement. Raw materials for 
preparing CSA are material that contain CaO,Al2O3, 
and SO3 individually or together. Impurities such 
as SiO2, Fe2O3, etc., are undesirable because they 
react with CaO and A12O3 to produce less expansive 
components. Ordinarily, we use limestone for CaO, 
white bauxite for A12O3 and chemically produced 
anhydrous gypsum for CaO and SO3. An example 
of the chemical composition of the raw materials is 
shown in Table 3.

These raw materials are mixed in a proportion to 
make the ratio CaO: A12O3: CaSO4 = 4: 1: 3 in mole 
(CSA 4-1-3). A molar ratio of 3: 1: 3, which cor
responds to a dehydrated TSH, was also tried (CSA 
3-1-3). Weighed raw materials are ground together 
by a mill. The rotary kiln with a cooler is used for 
heating. Since the sintering degree of clinker has a 
great influence on the expansion characteristics of 
CSA, the heating temperture and cooling rate should 
be carefully controlled. The clinker contains three 
principal phases: calcium sulphoaluminate, quick 
lime, and anhydrous gypsum. Closed circuit type 
ball milling is used for grinding.

As the fineness of CSA has a remarkable influence 
on the expansion characteristics, two air separators 
are used for strict adjustment of grain size distribution. 
Ground CSA is mixed with portland cement at an 

Table 3. Chemical composition of raw materials (wt. %)

Ig. loss SlO2 A12O3 FesOs CaO MgO SO3 Total

Lime stone 41.8 1.3 0.1 0.1 56.1 0.2 trace 99.6
White bauxite 0.3 7.3 86.3 1.9 trace trace trace 95.8
Anhydrous 

gypsum 4.3 0.3 trace trace 38.3 trace 57.4 100.3

optional ratio by an ordinary rotary mixer. The 
normal mixing ratio of CSA: portland cement is 
10:90 for drying shrinkage prevention, and 13-17: 
87-83 for selfstressing.

Characteristics of CSA and CSA Cement

Measuring Method
All the measurement described in this section were 

made according to the Japanese Industrial Standards 
(JIS) R5201, R5202, and Al 125. The expansion of 
mortar and concrete was measured as follows.

The dimensions of the specimens were 4 X 4 X 16 
cm for mortar and 10 X 10 X 40 cm for concrete. 
They were cast in the mold and cured for 24 hrs., 
after which the mold was removed and a lined piece of 
glass was affixed to both ends of the specimens.

Chemical and Physical Properties of CSA
Table 4 and Table 5 show the chemical composition 

and some physical properties of CSA.

Aeration of CSA Cement
The 10 % CSA cement was packed in a sack made of 

three-fold craft paper and exposed to a temperature 
of 35°C and a relative humidity of 85 %. The weight 
change of the cement, the expansion and the strength 
of mortar were measured for aerated CSA cement. 
The results are shown in Table 6. The results show that 
the aeration of CSA is more rapid than that of port
land cement. Thus CSA cement should be tightly 
packed in a four-fold sack.

Table 4. Chemical composition of CSA

Ig. loss Insol. SiOg A12O3 FegOs CaO MgO SO3 lime Total

0.9 1.4 1.4 13.1 0.6 47.8 0.5 32.2 19.4 97.9

Table 5. Physical properties of CSA

Specific 
gravity

Specific 
surface area 

(Blaine method)

Sieving test

Residue on 297/z Residue on 88g

2.93 1,510 cma/g 0.1% 61.4%



Mixing: c/s = 1:2 W/C = 0.65 
Curing: 7 days in water (20°C)

Table 6. Results of aeration test

Length of 
exposure 

in air (day)

weight 
increase

Expansion
(%)

. Bending 
strength 
(kg/cm2)

Compressive 
strength 
(kg/cm2)

0 0 0.087 41.8 161
10 3.2 0.049 44.9 187
20 5.5 0.029 45.6 186
30 7.8 0.021 40.0 161
40 9.0 0.020 41.2 162

Table 7. Results of setting test (.JIS')

Fraction of
CSA (wt. %)

Mixing water 
(%)

Initial setting 
(hr-min)

Final setting 
(hr-min)

0 26.4 2—52 3—52
8 26.4 2—57 3—49
9 26.1 2—45 3—46

10 26.3 2-^10 3—37
II 26.0 2—40 3^0
12 26.0 2—50 3—40
13 26.0 2—31 3—35

Setting of CSA Cement
In general, expansive cement has the disadvantage 

that it begins setting at a relatively early period. This 
disadvantage, however, can be overcome by proper 
chemical composition and the fineness of the CSA. 
From the data shown in Table 7, it is apparent that 
mixing of CSA gives little effect upon setting.

Fig. 22. Results of flow test of 10% CSA cement
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The Fluidity of CSA Cement Mortar
Fig. 22 shows the relation between the fluidity and 

W/C ratio of 10% CSA cement mortar. The ordinary 
flow test method was used. It is apparent that the 
fluidity of CSA cement mortar is almost the same as 
that of portland cement mortar. The proportion of 
mortar or concrete can be set in the same manner 
as in portland cement. ■

Expansion Characteristics of CSA Cement Mortar
Fig. 23 shows the curve that represents the relation 

between expansion and mixing amount of CSA. The 
curve is not linear and is rather similar to an ordinary 
stress-strain curve, supposing that the expansive 
force is proportional to the quantity of CSA. In the 
case of no restraint, the use of 14% or more CSA ce
ment causes expansion cracking and destruction. 
If some restraint exists, it is expected that the curve 
will become linear one. ,

Fig. 24 shows relation between expansion and curing 
age for 10% CSA cement mortar. The expansive reac
tion seems to end at a relatively early age of 4-7 days. 
As it dries, CSA cement mortar shrinks, but the 
amount of shrinkage is much smaller.

OL--------- 1 I I-------- I------------ 1---------- 1.. J
0 2 4 6 8 10 12 14.

Mixing amount of CSA(%)
Fig. 23. Relations between expansion and the amount of CSA

Fig. 24. Relations between expansion and curing age

Table 8. Results of strength test (JIS)

Fraction 
of 

CSA (wt. %)

Bending strength 
(kg/cm2)

Compressive strength 
(kg/cm2)

3 days 7 days 28 days 3 days 7 days 28 days

0 33.4 48.7 64.0 121 220 393
8 28.5 42.8 57.2 118 184 283
9 23.0 41.6 63.7 109 173 283

10 19.0 31.2 57.3 84 138 250
11 14.9 18.9 51.1 71 79 204
12 12.5 14.9 39.7 62 75 153
13 12.8 14.8 19.7 59 55 60

Compressive and Bending Strength of CSA 
Cement Mortar

Table 8 shows the results of a strength test on CSA 



cement mortar. Owing to the large free expansion, 
the compressive strength of CSA cement mortar is 
much lower than that of portland cement. The bending 
strength is also less than that of portland cement, 
especially 10% or more CSA cement. But the degree 
of decrease is not as much as that of its compressive 
strength. It can be considered that a little selfstress 
caused by internal restraint makes some contribution. 
If some external restraint exists, as in the general case 
in practical use, a certain amount of self-stress appears 
and the bending stength will be increased to the value 
of portland cement.

Expansion and Strength of CSA Cement Concrete
The mixing of the concrete is shown in Table 9. 

Table 10 and Table 11 show the results of the measure
ment of expansion and compressive strength respec
tively both in the case of water curing and drying 
condition.

Since the ratio of cement to aggregates is less than 
that of mortar, internal restraint is more. Conse
quently, the expansion is less and the compressive

Table 9. Proportions of concrete

’ Portland cement + CSA 310kg/m3

W/C 
Slump 
Sand 
Gravel

Proportion of sand to aggregate

0.65
20 ± 1 cm 
F.M == 2.70 
Top size 20 mm 
47%

Expansion (10~4)

Table 10. Results of free expansion test for concrete

tion of 
CSA 

(wt.%)

Cured in water (20°C) Drying (20°C 50%RH)

\ 2 4 7 28 184 365 1 2 4 7 28 184 365

0
(-) 
0.1 0.0

(-)
0.1 0.1 0.1 0.6 0.3

(-) 
0.2

(-)
0.7

(-) 
1.0

(-)
1.2

(-)
3.5

(-)
6.0

(-)
7.0

10 3.2 3.7
4
4.2

3
4.3 4.7 5.5 5.5 1.5 1.9 1.5 0.4

(-)
1.2

(—)
2.1

(~)
2.8

11 3.3 3.7 4.5 5.0 5.7 6.4 6.4 1.4 2.4 2.2 1.4
(—) 
0.7

(-)
1.5

(-)
1.6

12 5.4 5.5 5.8 6.3 7.7 8.3 7.9 2.1 3.1 3.5 3.2 0.9 0.2 0.5
13 7.3 14.0 20.0 21.0 20.9 20.9 21.0 2.8 4.5 5.0 4.3 2.4 0.4 0.3

Specimen size 10 X 10 x 40 cm

Table 11. Results of strength test for concrete

Fraction 
of CSA 

(%)

Compressive strength (kg/cm2)

Cured in water (20°C) Drying (20°C 50% RH)

7 days 28 days 365 days 7 days 28 days 365 days

0 138 292 370 124 176 225
10 175 289 388 124 183 235
11 134 252 390 142 212 238
12 161 289 381 119 179 235
13 121 212 359 127 173 224

Specimen ^>10 x 20cm cylinder

strength is no less than that of portland cement. 
Apparently, the drying shrinkage is smallest, so the 
resistance to cracking due to drying shrinkage is natu
rally great.

The Effect of Reinforcement on the Expansion
• of CSA Cement
An ordinal steel rod (SS41) was buried in the center 

of a CSA cement concrete specimen. Both ends of the 
specimen were restrained by two steel plates, which 
were connected to the internal rod. The relation 
between expansion and the degree of reinforcement is 
shown in Fig. 25. The proportion of concrete is the 
same as that in Table 9. The specimen was cured in

Fig. 25. Effect of the degree of reinforcement on expansion

Table 12. Proportions of concrete

W/C Slump Gravel 
top size

Quantities per m3 of concrete (kg)

Water Cement Sand Gravel

0.44 3-w7cm 10mm 185 420 746 949

Table 13. Dimensions of concrete pipe

Longitude
Diameter Arrangement of reinforcement

Outside Inside Parallel Spiral

2,000 mm 414 mm 350 mm ^4.96mm X 12 4>2.9 mm 
pitch 20 mm

Table 14. Results of loading test

Fraction 
of 

CSA(%)

Load T/m

Initial cracking 0.1mm crack 0.25mm crack Break point

0 1.66 1.97 3.37 7.51
13 3.02 3.43 4.68 8.16
17 3.94 4.43 5.12 6.92



water for three days and after that at drying condition 
of 20°C and a relative humidity of 50%. Apparently 
the expansion decreased, but the drying shinkage also 
decreased.

Chemical Prestressing of Concrete Elements by CSA
The introduction of chemical prestress was tried 

with a pressure pipe. The proportions of the concrete 
and dimensions of the pipe are shown in Table 12, 
and Table 13. After about five minutes of mixing, the 
concrete was cast in a rotating mold. Revolution of

the mold was stopped after ten minutes and the con
crete pipe was left in the mold for about 24 hrs., after 
which the mold was removed and reinforcement bars 
were anchored at the end by nuts. The specimen was 
cured at 65°C for 2 hrs., in moisture for 7 days, and 
then in the open air. At the age of 15 days, the pressure 
pipe was subjected to an outside load ranging over 
the entire length. The results are shown in Table 14. 
The larger load required to crack the CSA cement 
concrete pipe suggests a contribution of chemical 
prestress. (Y. Ono)

Conclusions

From this study, the following conclusions were 
obtained.

(1) The initial free expansion of expansive cement 
mortar or concrete which compensates subsequent 
drying shrinkage is not as important for the preven
tion of shrinkage crack formation as was formerly 
thought. It is necessary to reduce the drying shrinkage 
after finishing the intitial expansion.

(2) Concerning the chemical prestressing of con
crete elements, the limitations for the economical use 
of the mechanical properties of materials, especially 
the strength of prestressing steels, should be considered 
in designing the elements. In this study it can be pre
dicted that the use of high tensile prestressing bars 
having the allowable stresses of 50 to 90 kg/mm  is 
most desirable for this purpose.

12

(3) In the test results on chemical prestressing by 
CSA-cement reported in this paper, 13 % CSA content 
in normal portland cement is most adequate for 
chemical prestressing, although only about 30kg/cm  
prestress is expected to be introduced into the concrete 
section having 1 % prestressing steels.

2

(4) In the manufacture of CSA cement clinker, 
raw materials in which the molar ratio of CaO: A12O32 
CaSO4 equals 4: 1: 3 are heated to produce C4A3S 
crystals of the proper size at about 1200°C. Then the 
clinker is ground rather coarsely so that the particle 
size distribution is limited. The optimum mixing 
ratio of portland and CSA for expansive cement was 

1- H. Lossier, “L’Autocontrainte des Betons par les 
Ciments Expansifs”, Memoires, Societe des Ingeni
eurs Civils de France, 3-4, 189 (1948).

2. H. Lafuma, “Expansive cements”, Proc, of the Third

found to be 90: 10 by weight.
(5) In the hydration of C4 A 3 S in the presence of CaO 

and CaSO4. the grain of C4A3S is at first coated with 
hydrates, through which the liquid phase permeates 
to the interface of unreacted C4A3S to form mono
sulfate hydrat or its solid solution. Irreversible expan
sion then takes place by the reaction of SO4_ ion 
diffused from outside and either anhydrous or 
hydrated aluminates to form TSH. Remarkable expan
sion also occurs when C3A reacts secondarily with the 
previously formed TSH that coats the C3A grains to 
produce MSH.

(6) The mechanism of irreversible expansion due 
to the hydration of CSA cement are regarded as being 
related to the lack of balance of inward and outward 
diffusion through the product layer, the degree of 
super saturation of TSH, especially in the presence of 
lime, and the surface energy of TSH when adequate. 
These are most likely the essential factors in making 
possible the crystal growth of TSH, even under com
pressive stress, and in giving rise to the remarkable 
expansion.

(7) The manufacture of CSA cement in Japan was 
initially undertaken on the basis of the above
mentioned investigations, which made possible a 
product whose characteristics were very satisfactory. 
Further research will be carried out on the properties 
of mortar and concrete.
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Synopsis

These studies provide information useful in determining the utility of expansive cement 
systems under a variety of conditions, thus contributing to proper engineering usage.

Earlier work at the PCA Laboratories evaluated the expansive properties of various 
mixtures of portland cement, calcium aluminate cement, and gypsum in mortars. This was 
followed by an extensive series of tests, using a particular mixture of portland cement- 
calcium aluminate cement-gypsum, a Klein-type shrinkage-compensating cement, and Klein 
expansive cement, which included an evaluation of expansive characteristics and freeze-thaw 
durability of relatively high cement content (729 to 752 Ib/cu yd—approximately 8 U.S. bags) 
concretes typical of those used in the precasting industry.

The present study was directed to the evaluation of a wider range of concrete properties 
for air-entrained concretes typical in proportions to those used in cast-in-place structures 
and pavements (approximately 564 lb of cement/cu yd—6 U.S. bags). These properties include 
the development of compressive and flexural strength for ages from one day to one year, 
including the effect of initial and curing temperature; volume change in moist storage and 
in air, including alternations of wetting and drying; creep under sustained stress; resistance to 
freezing and thawing and de-icer scaling; resistance to sulphate exposure; abrasion resist
ance; and other aspects. With respect to durability, sulphate resistance, and abrasion, the 
data obtained is for both non-reinforced and reinforced (restrained) systems.

Cement formulations included in this study are: (1) portland, ASTM Types I, II, and V : 
(2) two shrinkage-compensating cements manufactured by intergrinding the expansive 
component with the portland cement clinker; (3) a shrinkage-compensating cement manu
factured as an integral-burn clinker; (4) a portland cement-calcium aluminate cement-gypsum 
mixture; and (5) a very high C3A portland cement-gypsum combination.

Included also is information relative to certain use aspects of such cements, including 
the effect of mixing time and temperature on the expansive potential.

KEY WORDS: Abrasion resistance; air-entrained concrete; aluminous cements and 
concretes; chemical composition; compressive strength; creep (materials); curing; de
icing; durability; expansion; expansive cements; flexural strength; freeze-thaw durability; 
mixing time; portland cements; restraints; scaling; shrinkage; stresses; sulflate resistance

Introduction

Most studies of concretes made with expansive 
cement formulations have been concerned with prop
erties such as expansive potential and strength 
development. Recent work in our laboratories(l)**  
presented the results of an extensive series of freeze
thaw and surface scaling tests of relatively high ce
ment content concretes (729 to 752 Ib/cu yd— 

approximately 8 U.S. bags). An earlier paper (2) 
reported tests on properties of mortars and concretes 
made with portland cement-calcium aluminate ce
ment-gypsum blends.

This present and more comprehensive series of 
tests was undertaken to develop data on a wider range 
of concrete properties, using concretes typical in 
proportions of those used in cast-in-place structures, 
pavements, and general concrete construction (approx
imately 564 lb of cement/cu yd—6 U.S. bags).



Scope

The concretes used in this study had nominal cement 
contents (including the expansive materials) of 564 
lb (6 U.S. bags) per cubic yard. One 752 lb of cement 
(8 U.S. bags) per cubic yard concrete was included to 
provide a comparison of performance with respect 
to certain properties. Slumps were of the order of 2 to 
3 inches and air contents 5 to 6 percent. The maximum 
size of aggregate used was 3/4 inches.

Specimens were both of the unrestrained and re
strained variety. In the case of the prisms, restraint to 
expansive force was provided by an embedded 1/4 
inch diameter threaded steel rod, providing a longi
tudinal reinforcement percentage of 0.30. The restrain
ed slabs contained welded wire fabric in an amount 
providing a reinforcement percentage of 0.89 in both 
directions.

A variety of curing conditions were used. These 
included curing at temperatures of 40, 73, and 100°F, 
either in a moist-room at 100% R. H. or in water. 

Some concretes were subjected to simulated steam 
curing at 160°F and atmospheric pressure, with sub
sequent curing at 73°F and 100 % R. H. Specific details 
on curing procedures used are presented in subsequent 
discussion of various phases of the program.

These tests included (1) the effect of mixing time 
on unrestrained expansion, (2) the effect of curing 
environment on strength development of unrestrained 
concretes, (3) volume change of unrestrained concrete 
as influenced by curing history, including the effect 
of alternate cycles of wetting and drying, (4) freeze
thaw and de-icer scale resistance for both unrestrained 
and restrained concretes, (5) creep of unrestrained 
concretes under sustained load, (6) sulphate resistance 
of unrestrained and restrained concretes, (7) abrasion 
resistance of unrestrained and restrained concretes, 
and (8) the influence of amount of cementing material 
on unrestrained expansion in moist and water stor
age. 1

Materials

Cementing Materials

Table 1 shows the chemical analyses and finenesses 
of the portland cements, the calcium aluminate cement, 
and the various expansive (shrinkage-compensating) 
cements used in this study. Table 2 provides a brief 

description of the cements or cement formulations 
used in the concretes, together with a letter or letter
number designation which will be used in subsequent 
discussions for identification.

The American Concrete Institute’s “Cement & 
Concrete Terminology” (SP-19) defines expansive 

Table 1. Chemical composition and fineness of cements and expansive materials

Item
P-I 

Type I 
portland 
cement

P-II 
Type II 
portland 
cement

P-V 
Type V 

Portland 
cement

Calcium 
aluminate 

cement

K-l 
Shrinkage

compensating 
cement 
(blend)

K-2 
Shrinkage

compensating 
cement 

(integral burn)

K-3 
Shrinkage

compensating 
cement 
(blend)

S-l 
Shrinkage

compensating 
cement 

(high C3A clinker)

PCA Lot No. 20497c LTS 234 20342« 19753 20596 20626 20794 20779e

SiO2, % 20.90 21.4 23.40 8.5 18.53 17.96 18.15 18.41
A12O3, % 5.42 4.3 3.16 41.2 6.99 5.33 6.18 7.97
FesOj, % 2.64 5.4 2.92 11.4» 4.10 1.83 4.28 2.35
CaO, % 63.06 63.9 64.60 36.1 62.72 62.93 62.06 62.40
MgO, % 2.87 0.9 3.33 1.3 1.24 3.35 1.19 2.70 *
SO3, % 2.18 1.5 1.44 0.4 4.44 5.58 5.68 4.48

Ign. loss, % 1.56 0.7 1.07 0.8 1.77 2.30 1.53 1.36
Insol. res. % 0.12 0.10 0.11 — 0.06 0.11 0.17 0.24
Free CaO, % 1.20 0.4 0.35 0.0 3.11 4.04 2.64 1.19
Na2O, % 0.35 0.59 0.08 0.06 0.08 0.25 0.14 0.04
KsO, % 0.69 0.14 0.17 0.12 0.34 0.47 0.53 0.05
Specific gravity — — — 3.11 3.11 3.03 3.00 3.09

Fineness (Blaine)/ 
cm2/g 3470 3110 3520 2970 3540 3980 3370 3925

<">CSAcontent = 3.4%, C4AF + 2(C3A) - 15.7%.
<b>Any Fe or FeO is here calculated as FegOs.
<c>Blend of 4 brands of Type I cement purchased in the Chicago, Ill. area.
<d>Calculated potential C3A content = 3.7%, C4AF + 2(CaA) = 24.0%.
<e)Calculated potential CgA content = 17.1 %
(/IBlaine values for cements other than portland corrected for specific gravity.



cements as follows:
“Expansive cement (general')—A cement which 

when mixed with water forms a paste that, after 
setting, tends to increase in volume to a significantly 
greater degree than portland cement paste; used to 
compensate for volume decrease due to shrinkage 
or to induce tensile stress in reinforcement (post
tensioning).

“Expansive cement. Type K—An expansive ce
ment containing anhydrous aluminosulfate (4 
CaO-3Al2O3 -SO3), burned simultaneously with a 
portland cement composition, or burned separately 
when it is to be interground with portland cement 
clinker or blended with portland cement, calcium 
sulphate (CaSO4), and free lime (CaO).

“Expansive cement. Type M—A mixture of port
land cement, calcium-aluminate cement, and 
calcium sulphate.

“Expansive cement. Type S—K portland cement 
containing a large computed C3A content and 
modified by an excess of calcium sulphate above 
usual optimum content.”

Referring to Table 2, Cements K-l, K-2, and K-3 
are, by these definitions, Type K; Cement M-l is 
Type M; and Cement S-l is Type S.

The amount of expansive component in Cements 
K-l, K-2, and K-3 is not known. These are samples 
of commercially available shrinkage-compensating 
cements. The formulation for Cement M-l is shown in 
Table 2. Cement S-l was prepared in our laboratories 
by intergrinding a high C3A portland cement clinker 
with gypsum and anhydrite to produce the composi
tion shown in Table 1. The oxide analysis of the 
clinker used is shown in Table 3. Note that the com
puted potential C3A content is just over 20 per cent.

Aggregates

Table 4 shows the grading of the aggregates. The 
sand from Elgin, Illinois is a partly siliceous and 
partly calcareous natural sand. The 3/4-inch maxi
mum size natural coarse aggregate from Eau Claire, 
Wisconsin, is principally siliceous and contains a 
small percentage of crushed over-size. ■

Admixture

Neutralized Vinsol resin in solution, added at the 
mixer, was the air-entraining admixture. The solution 
contained 22.7 g. NVX per liter. No other admixtures 
were used in these tests.

Concretes

Concretes were designed to contain 564 lb of cement

Table 2. Identification of cements

Designation Description

P-I Type I portland cement
P-V Type V portland cement

' P-II Type II portland cement
M-l 78.33% Type V portland cement .

15.00% Calcium aluminate cement
6.67% Gypsum

K-l Shrinkage-compensating cement (blend)
K-2 Shrinkage-compensating cement (integral burn)
K-3 Shrinkage-compensating cement (blend)
S-l Shrinkage-compensating cement (intergrind of high 

C3A portland cement clinker with gypsum and 
natural anhydrite)

Table 3. Oxide analysis of clinker used in preparing S-l

SiOs
A12O2
FegOg
CaO
MgO
SO3
Na2O
KSO
Mn2-Os
Free CaO
Insol. res.
C3A content

% by weight

20.28 
8.87 
1.95 

65.40 
2.97 
0.14 
0.04 
0.05 
0.04 
1.16 
0.13

20.2

Table 4. Aggregate grading

Elgin sand r Eau Claire gravel •

Sieve Percent
No. passing

Sieve Percent
No. passing

4 100
8 82

16 67
30 43
50 13

100 5

3/4 in. 100
3/8 in. 50
No. 4 0

Fineness modulus 
of sand == 2.90 '

per cubic yard (6 U.S. bags). A few mixes made with 
Cement K-l also contained 752 lb of cement per cubic 
yard (8 U.S. bags). Sand percentage used was 40 
percent by weight of total aggregate. All concretes 
were air-entrained, with air contents generally in the 
range of 5 to 6 percent by volume. Most of the 
slumps were in the range of 2-1/4 to 3-1/2 inches. 
In those tests involving different mixing times, there 
were expected changes in slump and air contents.

Detailed concrete mix data are presented in Tables 
5 and 15.



Strength and volume change tests Creep tests

Table 5. Concrete mix data for:

Item
Cement designation

Item
Cement designation

P-I M-l K-l K-2 K-3 S-l P-I M-l K-l K-2 K-3 S-l

Slump, in. 2.7 2.3 2.6 2.2 3.4 2.3 Slump, in. 2.8 2.0 3.6 2.8 2.9 2.3
Unit wL, Ib/cu ft 146.6 146.2 146.6 146.7 146.4 146.7 Unit wt., Ib/cu ft 145.8 147.2 145.8 144.1 147.8 146.9
Air content, % 5.60 5.45 5.90 5.57 5.60 5.70 Air content, % 6.20 5.30 6.40 6.30 4.60 5.70
Cement content<a> Cement content<a>

Ib/cu yd 561 565 569 565 565 567 Ib/cu yd 565 574 565 569 570 569
bag/cu yd (U.S.) 5.97 6.01 6.05 6.01 6.01 6.03 bag/cu yd (U.S.) 6.01 6.11 6.01 6.05 6.07 6.05

Water content. Water content.
Ib/cu yd 236 247 230 262 240 230 Ib/cu yd 232 235 227 257 243 228

Water-cement ratio. Water-cement ratio.
by wt. 0.42 0.44 0.40 0.46 0.42 0.40 by wt. 0.41 0.41 0.40 0.45 0.42 0.40

A/E admixture. A/E admixture,
ml/lb cement 3.1 5.1 1.7 1.1 1.1 1.9 ml/lb cement 2.9 4.3 1.6 3.8 1.0 2.0

Sulphate resistance testsFreezing and thawing and de-icer scaling tests

Item
Cement designation

Item
Cement designation

P-1 M-l K-l K-2 K-3 S-l P-V P-II M-l K-l K-2 K-3 S-l

Slump, in. 2.3 2.8 2.2 2.5 3.8 2.6 Slump, in. 1.9 2.8 2.6 3.0 1.9 2.9 2.8
Unit wt., Ib/cu ft 146.0 145.1 146.9 144.7 146.6 146 4 Unit wt., Ib/cu ft 147.8 146.0 145.8 146.8 145.0 147.0 145.9
Air content, % 
Cement content^)

5.83 5.95 5.73 5.77 5.50 6.03 Air content, % 
Cement contenK")

4.80 5.92 5.50 5.60 5.50 5.00 5.90

Ib/cu yd 558 567 564 564 565 566 Ib/cu yd 577 570 568 574 563 573 570
bag/cu yd (U.S.) 5.94 6.03 6.00 6.00 6.01 6.02 bag/cu yd (U.S.) 6.14 6.07 6.04 6.11 5.99 6.10 6.06

Water content. Water content.
Ib/cu yd 238 249 227 264 237 228 Ib/cu yd 238 235 250 232 262 244 237

Water-cement ratio, 0.43 0.44 0.40 0.47 0.42 0.40 Water-cement ratio.
by wt. by wt. 0.41 0.41 0.44 0.40 0.46 0.42 0.42

A/E admixture, A/E admixture,
ml/lb cement 3.2 5.2 1.7 4.3 1.1 1.9 ml/lb cement 4.0 3.4 4.3 1.5 3.9 1.0 1.9

(“^Includes expansive components. (a)Includes expansive components.

Fabrication and Testing

Concrete Mixing and Fabrication 
of Specimens

All materials were stored at the temperature at 
which the concrete was produced: 40, 73, or 100°F. 
Most of the concretes were cast at a temperature of 
73°F. Aggregates were weighed in the air-dried con
dition (moisture content known) and inundated with 
a known amount of water 18 to 20 hours prior to use. 
Excess water was drawn off and weighed immediately 
prior to mixing.

Concrete batches were mixed for 2-1/2 minutes in 
a 1-3/4 cu. ft. capacity Lancirick mixer (horizontal 
open tub), except when mixing time was a variable. 
Unit weight, slump, and air content by the pressure 
method were determined immediately after mixing.

All specimens were cast in watertight steel molds, 
except for the abrasion specimens which were cast in 
watertight plastic-coated plywood molds. Consolida
tion of concrete in the molds was accomplished by 
hand rodding or on a vibrating table operating at a 
frequency of 4000 cycles per minute for low slump 
mixes and the slabs with two-way steel. Generally, 

specimens were made from duplicate batches, each 
mixed on different days. .

Unrestrained prisms, 3 by 3 by ll|-in. in size, con
tained stainless steel end plugs for length change 
measurements. Restraint in prisms was provided by a 
1/4-inch diameter mild steel rod, threaded over its 
entire length, and embedded along the longitudinal 
axis of the prism. The modulus of elasticity of the steel 
was 27,500,000 psi. yield strength was 55,000 psi. 
The ends of the rod passed through 3/8-in. thick 
3 x 3-inch metal end plates and protruded from the 
specimen ends. The rod ends were provided with 
stainless steel acorn nuts, in contact with the steel end 
plates, which served as reference points for length 
change measurements. The steel percentage amounted 
to 0.30 percent. This calculation was based on a root 
diameter of 0.185 inches. Restraint in the slab speci
mens, which were 3 by 6 by 15-in. in size, was pro
vided by a double layer of 4 x 4 4I4 w.w.f. (welded- 
wire fabric) placed at mid-depth of the specimens. 
The reinforcement in the longitudinal and in the 
transverse directions amounted to 0.89 percent. All 
slabs also were equipped with stainless steel end plugs



Fig. 1. Specimen molds and arrangement of reinforcement for 
unrestrained and restrained prisms and slabs

for length change measurements. Fig. 1 shows the 
molds, .arrangement of reinforcement and specimens. 
Restraint in the abrasion specimens was provided by 
one layer at mid-depth of criss-crossed (at right an
gles) 1/4-in. diameter threaded rods, providing rein
forcement percentages of 0.30 percent in each 12-inch 
direction.

Curing

Immediately after casting, specimens were covered 
with cfamp burlap kept slightly above the finished 
surfaces. The burlap was covered with polyethylene 
to retain moisture. The molds containing concretes 
made with portland cements were stripped at 24 
hours. Those containing the various shrinkage-com
pensating cements were stripped at times ranging 
from 5 to 12 hours, depending upon the strength gain 
characteristics of the concrete, thus utilizing as much 
of the expansive potential as possible under these 
circumstances.

Most specimens were then cured moist at 100% 
R.H. at either 40, 73 or 100°F. Some were cured in 
water at these temperatures. Specimens for strength 
tests were cured continuously moist until test. Volume 
change specimens were made for both moist curing 
and water curing for 7 days at the three temperatures, 
followed by one day of equilibrating at 73°F in the 
same environment before being subjected to wetting 
and drying cycles. One group of volume change speci
mens was moist cured continuously for 6 months, 
while a companion set was subjected to drying at 

50% R.H. after 7 days of moist curing. Specimens 
for freeze-thaw and de-icer scaling tests were cured 14 
days moist, then 14 days in air at 50% R.H., followed 
by 3 days immersion in water for the prisms and 3 
days with water on the top surface for the slabs, 
always at 73°F. Creep specimens were cured 7 days 
moist at 73°F prior to test, as were the specimens for 
sulphate resistance and abrasion tests.

The simulated steam curing cycle was essentially as 
follows: ■'

1. Preset period of 6 hours after casting at 73°F.
Specimens made with shrinkage-compensating 
cements removed from molds and measured for 
initial length. Specimens made with portland 
cement remained in molds during whole cycle, 
while the others were exposed directly to the 
curing atmosphere. '

2. Heating period of about 5 hours to reach 160°F.
3. Holding period of about 11 hours at 160°F.
4. Cooling period of about 4 hours to reach 73°F.

. Portland cement concretes removed from molds 
for initial length measurement. Other specimens

■ measured to determine expansion during curing.

Test Methods

Strength
Concrete prisms were tested in flexure, with the load 
applied at the third-points of a 10-inch span, as per 
ASTM Designation: C78-64. Prism ends were tested 
in compression as 3-inch modified cubes, as per ASTM 
Designation: C116-65T. No capping of cubes was 
required as the loads were applied to surfaces cast 
against the flat steel surfaces of the mold.

Freezing and Thawing
Concrete prisms were frozen and thawed while 
continuously immersed in water. Two complete 
cycles of freezing and thawing were obtained every 
24 hours. The rate of cooling at the center of the 
specimens was approximately 20°F per hour. The 
minimum and maximum specimen temperatures 
attained were approximately — 10°F and +55°F, 
respectively. Periodically during the tests, determina
tions were made of changes in length, weight and fun
damental transverse frequency. This test method 
is equivalent in severity to ASTM Designation: 
C290-67. ■ '

. De-Icer Scaling
The de-icer scaling test consisted of freezing a 1/4- 
inch layer of water on the top surface of the slab in a 



room maintained at 0°F and then thawing the ice at 
about 70°F applying flake calcium chloride in an 
amount equivalent to 2.4 lb per sq yd of surface area. 
The slabs were subjected to one cycle of this procedure 
per day. The amount of scaling was determined by 
visual examination rated numerically as follows:

0 = no scale 3 = moderate
1 = slight 4 = moderate to severe
2 = slight to moderate 5 = severe

Sulphate Resistsnce
Concrete prisms were stored continuously immersed 
in a 10 percent sodium sulphate solution at 73°F. 
Exapansion was used as a criterion of performance.

Creep
Concrete cylinders were subjected to a sustained 
stress of 1600 psi (1200 psi for those made with Ce-

Discussion

Table 5 shows the concrete mix data for the unre
strained specimens made for evaluating strength 
development and volume change characteristics. 
Note that the water requirements for the different 
cements did not vary greatly, hence the water-cement 
ratios are quite similar. There were, however, signif
icant differences in air-entraining admixture require
ments, with some of the shrinkage-compensating 
cements requiring more and some less than the port
land cement.

The strength data are shown in Table 6 and are also 
illustrated in graphical form. Some of the 1-year data 
are not as yet available.

Figs. 2 and 3 show the compressive and flexural 
strengths of the unrestrained concretes cured continu
ously moist at 73°F for ages from 1 day to 1 year 
(1-year data not as yet available for Cements K-3 
and S-l). With the exception of Cement M-l (the 
portland cement-aluminate cement-gypsum blend), 
the strengths of the concretes made with the shrinkage
compensating cements are quite comparable to those 
for the protland cement concretes (Cement P-I). At 
1 year, however, the difference between Cement M-l 
and the others is relatively minor.

Curing temperature influences the strength devel
opment characteristics of the concretes made with the 
shrinkage-compensating cements in much the same 
manner as for the portland cement concretes. Figs. 4 
and 5 show the compressive and flexural strength data 
for all of the concretes cast at 73°F and then stored 
immediately in a moist-room at temperatures of 40, 73, 

ment M-l) in a loading frame which met the require
ments of ASTM Designation: C512-66T. Length 
change measurements were made using a 10-inch 
Whittemore strain gage. Companion cylinders were 
provided for drying shrinkage measurements. Testing 
was performed in a room maintained at 73°F and 50 % 
R.H.

Abrasion Tests
Twelve-inch square by 3-inch deep slabs, restrained 
and unrestrained, were subjected to abrasion tests 
following 7 days of moist curing at 73°F and a period 
of at least one year of air-drying at 50% R.H. The 
troweled surfaces were subjected to 20 minutes of 
abrasion by three assemblies of dressing wheel units 
revolving about a horizontal axis at a speed of 170 
rpm.

of Results

and 100°F for the first 7 days. After 7 days, all of the 
concretes were stored moist at 73°F until test. As other 
studies have shown, the lower the initial curing tem
perature, the lower the 1- and 7-day strengths. Subse
quent curing at 73°F resulted in a reversal at the later 
ages, with the concretes cured initially at low tempera
tures generally showing higher strengths at 1 year. 
The reversal is often apparent as early as 28 days, as 
can be noted in Figs. 4 and 5.

In addition, Cement K-l was used in concretes 
which were cast and cured moist during the first 7 
days at 40, 73, and 100°F, with subsequent moist 
storage at 73°F. Strength data are shown in Table 6 
and in Figs. 6 and 7. These changes in initial tempera
ture of the concrete did not materially influence the 
strength development in comparison with the 73°F 
initial concrete temperature Cement K-l strength data 
shown in Figs. 4 and 5.

The strength data for these same concretes sub
jected to steam curing at 160°F and atmospheric pres
sure are shown in Table 6. Again, the 1- and 7-day 
compressive strengths of the concretes made with 
Cement M-l are significantly lower than for the other 
cements, but the difference is relatively small at 28 
days. Flexural strengths of the Cement M-l concretes 
were essentially equal, however, with the others at all 
ages.

These strength data indicate that concretes made 
with the shrinkage-compensated cements respond to 
curing environment in much the same manner as 
portland cement.



Table 6. Strength development of concretes
Unrestrained 3 x 3 x ll|-m. prisms cured continuously moist at73°F after first 7-day history shown, 
unless otherwise indicated. Comp. Str.—3-in. mod. cubes. Flexure—1/3 point loading, 10-in. span.

Mix 
designation

Temperature ’F Compressive str., psi

As First
cast 7 days 7d. 28d. 1 yr. Id.

Flexural str., psi

7d. 28d.

73
73
73
73

73 
100 
40 

(a)

1540
2620
480

4170

4760 6720 8370 285
5100 5480 440
3600 6750 8500 100
4860 5320 7860 550

620
680
530
650

760
660
870
760

905

880
830

(a) Steam-cured: 6 hrs. at 73° F, 18 hrs. at 160° F, then to 73° F curing.

M-l 73 73 860 3330 4730 7400 160 465 650 925
73 100 1340 3520 4370 6870 245 485 540 830
73 40 190 1870 4880 7960 30 270 555 1020
73 (a) 2900 3770 5180 7060 490 570 685 850

K-l 73 73 1580 4970 6710 8180 235 650 700 910
73 100 2730 5260 6120 7940 370 540 635 925
73 40 450 3370 6580 7740 80 500 685 890

100 100 3230 5400 6500 7870 400 590 635 980
40 40 140 2870 6410 7290 20 465 715 940
73 (a) 4000 5020 6570 6610 500 620 720 760

K-2 73 73 2260 5420 6540 7680 330 630 710 780
73 100 2970 4840 5700 7080 400 540 590 760
73 40 920 4280 7140 — 170 500 685 925
73 (a) 3920 4280 5250 5580 570 525 605 705

K-3 73 73 1790 4850 6750 260 590 775
73 100 2720 5560 6040 460 720 740
73 40 320 3460 6860 45 480 800
73 (a) 4040 5190 6350 480 575 685

S-l 73 73 1170 4560 6520 185 610 890
73 100 3050 5860 6740 350 690 870
73 40 300 1750 6320 35 245 760
73 (a) 4140 5150 6800 570 620 760

Fig. 2. Compressive strengths of concrete cured at 73°F

Volume Change

Effect of Mixing Time
Earlier work (1) reported that extended periods of 

mixing resulted in reduction of expansive potential of 
mortars which were wet-screened from concretes mix
ed for either 45 seconds or 10 minutes. It was felt that 
this reduction was due both to grinding and abrasion
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Fig. 4. Effect of curing temperature on compressive strength 
Concretes cast at 73°F, then immediately to temperature 

shown for first 7 days

of hydrate coatings, thus accelerating the reaction 
between sulphates and aluminates (the expansive 
mechanism in the hardened concrete) before the con
crete sets. All of the shrinkage-compensated cements 
were used in repeat batches which were mixed con
tinuously for different periods of time: 1, 2-1/2, 10 
and 30 minutes. Table 7 shows data on resulting 
slumps and air contents, on the unrestrained expan

sion during 28 days of moist curing at 73°F, on shrin
kage on drying for the next 28 days, and on strengths 
at 56 days.

Fig. 8 shows the unrestrained expansions as a func
tion of mixing time. Extension of mixing time beyond 
2-1/2 minutes significantly reduces the expansive 
potential. In some cases, the expansions for the 2-1/2 
minute mixing times were less than for the 1-minute



Fig. 5. Effect of curing temperature on flexural strength 
Concretes cast at 73 °F, then immediately to temperature 

shown for first 7 days

mixing time, in other cases the reverse was true. This 
latter situation might be attributable to differences in 
mold stripping time, since the 1-minute mix for Ce
ment M-l and Cement S-l required a little more mold 
time to enable handling without damage, thus pos
sibly losing some of the expansive potential. Verifica
tion of this effect is shown for Cement K-l at 

10-minute mixing time, for which two different mold 
times were used. Those specimens stripped at 5 hours 
showed significantly more expansion than those strip
ped at 6 hours. In the case of Cement M-l, which was' 
a blend made at the mixer, the 1-minute mixing time 
may have been inadequate for uniform distribution 
of the ingredients.
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Fig. 6. Effect of casting and curing temperature 
on compressive strength

Fig. 7. Effect of casting and curing temperature 
on flexural strength

Table 7. Effect of mixing time on expansion, drying shrinkage, and strength 
Unrestrained concrete prisms, 3 x 3 x 11| in., cured continuously moist at 73° F for 28 days after removal from molds, 

then to drying in air at 73° F and 50% R.H. for 28 days

designation

Mixing Slump, Air 
content,

Time in 
molds, 

hr.

Expansion, millionths Shrinkage, 
millionths 56-day strength, psi

Id. 3d. 7d. 28d. 28 days of drying 
after moist curing

Comp.
str.

Flex, 
str.

M-l 1 1.7 4.0 7 400 670 780 770 360 7400 705
21/2 2.6 5.7 6 560 1010 1110 1080 400 5270 680

10 1.5 5.6 6 370 610 590 580 390 5750 680
30 0.2 3.1 4 200 210 230 250 390 8060 865

K-l 1 3.5 4.9 6 930 1000 1040 1080 390 9460 815
2V1 2.9 5.7 6 820 880 920 960 400 8540 775

10 0.6 3.9 6 440 460 510 560 400 10,600 825
30 0.2 2.7 6 160 190 230 270 440 9950 960

10 1.1 4.6 5 660 690 720 800 430 8840 870

K-2 1 1.6 4.2 6 740 1190 1260 1370 460 7300 775
2i/2 2.7 5.9 6 710 1040 1110 1210 470 5560 790

10 1.9 6.6 6 560 750 830 930 470 4930 790
30 0.7 4.4 4 350 370 470 540 420 8000 890

K-3 1 3.3 5.0 6 700 1210 1430 1470 370<O 9700(2) 935(2)
2‘/2 2.9 5.2 6 590 1100 1260 1310 370<i> 9140(2) 925<«>

10 1.6 3.6 5 490 710 750 780 370(0 9300(2) 915(i)
30 0.2 2.7 4 200 260 300 320 390(0 11,040( = ) 940(D

S-l 1 2.1 4.4 8 340 1180 1420 1410 390 7900 860
21/2 2.3 5.0 8 400 1290 1360 1370 410 7690 815

10 1.2 4.3 7 390 850 900 930 410 7440 790
30 0.2 2.6 6 380 390 390 420 420 9180 1035

(1) 35 days.
(2) 63 days.

The data indicate further that for any particular 
continuous mixing time, expansion reached a maxi
mum at about 3 days, with only additional small 
increments at 7 days and essentially none at 28 days.

The 28-day drying shrinkages are essentially equal, 

showing no effect of mixing time. Strengths appeared 
to be influenced primarily by changes in air content 
which resulted from the different mixing times, i.e. 
increases in air volume resulted in lower strengths, 
and vice versa.



Fig. 8. Effect of mixing time on unrestrained expansion
3 x 3 X 11’/«-in- prisms

Effect of Continuous Moist Storage and Air 
Drying

Fig- 9 shows the expansions of unrestrained prisms 
cured continuously moist at 73°F and the shrinkages 
of companion concretes subjected to drying at 50% 

R.H. after an initial 7-day moist curing period. Con
crete mix data are shown in Table 5. Note that expan
sions during continued moist storage remain constant 
after 7 days, with different maxima obtained for the 
different shrinkage-compensating cements. The



Table 8. Effect of curing and storage temperature on expansion and stability in wetting and drying
Specimens are 3 x 3 x unrestrained concrete prisms all cast at 73° F, cured in molds at temperatures shown, 
then stored in moist room or water at temperatures shown for 7 days. After an additional day to equilibrate at 73° F 

where required, all prisms subjected to cycles of 14 days wetting and 14 days of drying at 73° F.

designation
Time in 

molds, hr.
Mold storage 

temp, °F
Storage temp, 

rest of 
7 days, °F

Expansion, millionths^0)

Id. 3d. 7d. 28d.O) After indicated period of 
wetting and drying

<a>Preset at 73° F for hours shown, 16 hrs. at 160° F, then to VS’F.
Cb)Expansion after 1 day conditioning at 73°F.
<c)Based on length after removal from mold.

Storage in moist room first 8 days

P-I 24
24
24
24

40
73

100 
160<«>

40
73

100
73 —

30
40
10

30
40

-20
20

200
40 

-140
20

—60 at 1 yr. 
-180 at 1 yr. 
—280 at 6 mo. 
— 160 at 1 yr.

M-l 12 40 40 1210 1620 1810 2180 1960 at 1 yr.
6 73 73 780 1200 1220 1220 1080 at 1 yr.
6 100 100 530 580 590 520 410 at 1 yr.
6 160<«) 73 370 — 420 420 280 at 1 yr.

K-l 9 40 40 660 840 880 1110 950 at 1 yr.
6 73 73 670 740 780 780 700 at 1 yr.
6 100 100 610 640 660 560 520 at 1 yr.
6 160<=> 73 520 600 620 630 490 at 1 yr.

K-2 9 40 40 500 780 940 1180 1080 at 1 yr.
6 73 73 480 850 940 950 900 at 1 yr.
6 100 100 560 . 650 720 650 630 at 1 yr.
6 160(fl) 73 800 1020 1060 1060 970 at 1 yr.

K-3 10 40 40 720 1180 1260 1440 1310 at 6 mo.
6 73 73 420 900 1040 1040 920 at 6 mo.
5 100 100 1000 1170 1180 1110 950 at 6 mo.
6 160(°) 73 720 820 870 880 690 at 6 mo.

S-l 12 40 40 160 530 970 1800 1560 at 6 mo.
8 73 73 270 1110 1420 1440 1270 at 6 mo.
5 100 100 730 720 720 620 570 at 6 mo.
8 160<a> 73 460 480 500 500 380 at 6 mo.

Fig. 9. ■ Length changes during moist storage and air drying
" for extended periods

' Unrestrained prisms .

concretes made with Cement P-I (ASTM Type I) 
show the usual very low expansions during moist 
storage.

The magnitude of drying shrinkages for all of the 
concretes, including Cement P-I, are quite similar.

Volume Stability on Wetting and Drying 
as Influenced by Prior Curing

Unrestrained concrete prisms were cast at 73°F, 
kept in molds at temperatures and for times shown in 
Table 8, and then subjected to moist curing and to 
water curing at 40, 73 and 100°F for 7 days. One 
group was also sujected to steam curing at 160°F, 
followed by moist curing and water curing at 73°F. 
All specimens were equilibrated to 73°F on the 8th 
day, for both the moist and water curing environments 
and then subjected to alternate cycles of wetting and 
drying (14 days immersion in 73°F water followed by 
14 days of drying at 73°F and 50 % R. H.).

Table 8 shows the expansions which took place 
during the 8-day period described above for these 
concretes and the residual expansion after cycles of



Table 8. Effect of curing and storage temperature of expansion and stability in wetting and drying ^Cont'd.^

designation
Time in 

molds, hr.
Mold storage 

temp, °F
Storage temp, 

rest of 
7 days, °F

Expansion, millionths(c)

Id. 3d. 7d. 28d.<e) After indicated period of 
wetting and drying

Storage in water first 8 days '

P-I 24 40 40 — 60 50 220 —20 at 1 yr.
24 73 73 — 60 70 70 — 120 at 1 yr.
24 100 100 — 20 30 -100 —280 at 6 mo.
24 1 160<“> - 73 — — 60 60 — 80 at 1 yr.

M-l 12 40 40 1320 2280 2650 3070 2820 at 1 yr.
6 73 73 1300 1740 1740 1740 1610 at 1 yr.
6 100 1000 980 1020 1030 930 830 at 1 yr.
6 160<«) 73 280 — 350 340 270 at 1 yr.

K-l 9 40 40 1240 1500 1540 1780 1660 at 1 yr.
6 73 73 800 860 900 900 800 at 1 yr.
6 100 100 860 920 930 840 760 at 1 yr.
6 160<»> 73 640 720 740 750 580 at 1 yr.

K-2 9 40 40 470 720 940 1190 1130 at 1 yr.
6 73 73 590 940 1020 1020 960 at 1 yr.
6 100 100 900 1080 1040 980 940 at 1 yr.
6 160(") 73 870 1110 1140 1140 _ 1060 at 1 yr.

K-3 10 40 40 930 1440 1540 1730 1580 at 6 mo.
6 73 73 450 1060 1200 1200 1070 at 6 mo.
5 100 100 1280 1670 1690 1580 1430 at 6 mo.
6 160<“> 73 960 1110 1120 1130 960 at 6 mo.

S-l " 12 40 40 200 600 1040 1980 1730 at 6 mo.
8 73 73 320 1260 1460 1460 1320 at 6 mo.
5 100 100 850 870 880 750 640 at 6 mo.
8 160<"> 73 440 530 540 520 480 at 6 mo.

(■^Preset at 73° F for hours shown, 16 hrs. at 160° F, then to 73° F.
(^Expansion after 1 day conditioning at 73° F.
<c>Based on length after removal from mold.

wetting and drying for, in most cases, as long as 1 
year. Note that all of the concretes show excellent 
stability to these alternate cycles of wetting and drying.

The effect of curing temperature on the level of 
expansions is somewhat variable. For Cements M-l, 
K-l, and K-2, the 7-day expansion level attained gen
erally decreased as curing temperature increased. For 
Cement K-3, the 7-day expansions at 40 and 100°F 
were similar, but at 73°F the expansions were signi
ficantly lower. For Cement S-l, the 7-day expansions 
were greater at 73°F than at either 40 or 100°F. 
There seems to be no consistent effect attributable to 
the time the specimens were in the mold prior to 
stripping. After equilibration to 73°F on the 8th day, 
the residual expansions as a function of initial 7-day 
curing temperature show excellent correlation except 
for Cement K-3, with the residual expansion increas
ing as curing temperature decreased. This is in line 
with the lower strengths at lower temperatures, i.e. 
less “internal restraint” in these unrestrained prisms.

Resistance to Freezing and Thawing 
and De-Icer Scaling

Table 5 shows the mix data for the concretes used in 

this portion of the program. Concretes for these 
durability tests were cast and cured moist at 73°F for 
14 days, followed by 14 days of air-drying at 50% 
R.H. The prisms were then soaked in water at 73°F 
prior to the start of freezing and thawing and the top 
surfaces of the slabs were covered with water for 3 
days prior to the start of de-icer scaling tests.

Tables 9 and 10 show the length change data for the 
unrestrained and restrained prisms and slabs at vari
ous stages of this prior curing treatment. In addition, 
the tables show the calculated stresses in both the 
reinforcing steel and the concrete of the restrained 
specimens. At maximum expansions during moist 
storage (7 or 14 days), the restrained expansions of the 
prisms ranged from 52 percent to 72 percent of the 
unrestrained prism expansions. For the slabs, the 
range was 45 percent to 56 percent. These percentages 
did not appear to be influenced by the level of unre
strained expansion. Drying shrinkage, during the fol
lowing 14-day drying period were essentially similar 
for all concretes and the two types of specimens. On 
rewetting for 3 days, the prisms regained about two- 
thirds of the expansion lost during drying. The slabs 
regained only about 15 to 20 percent of the expansion 
during the 3 days with water on the top surface. ■



Table 9. Length change of concrete prisms prior to freezing and thawing and stresses in restrained prisms 
Curing: 14 days moist, 14 days in air, then 3 days in water.

designation
Restraint

(b)

Length change during storage indicated, millionths
Calculated stress—psi<a> 

at time indicatedIn moist room In air at 
50%R.H.

14 days 
(-)

In water 
for next 
3 days 
(+)

Id.
(+)

3d.
(+)

7d.
(+)

14d.
(+)

4day
rc

28 day 
fs fc

31 day 
f. fc

u 20 40 60 350 210 _ _ ___ ___ __
R — 20 50 50 250 170 1500 5 -6000 - 18 -900 -3

U 610 1130 1150 1150 340 220 ___ ___ __ __ ___

R 270 590 600 600 340 210 18,000 54 7800 23 14,100 42

U 460 560 620 660 340 240 — __ __ __ __
R 340 400 450 480 300 200 14,400 43 5400 16 11,400 34

U 560 1010 1070 1120 400 270 — — — ___

R 350 630 690 730 360 230 21,900 66 11,100 33 18,000 54

U 310 880 1150 1170 290 220 __ __ ___ __
R 190 520 660 660 220 200 19,800 59 13,200 40 19,200 58

U 330 1060 1290 1310 340 230 — — — —
R 230 670 750 750 280 200 22,500 68 14,100 42 20,100 60

<a>Minus indicates compression in steel and tension in concrete.
(tOU = unrestrained, R = restrained, 0.3% steel—single threaded rod.

<a)Minus indicates compression in steel and tension in concrete.
(b>u = unrestrained, R = restrained, 0,89% steel, welded-wire-fabric.

Table 10. Length change of de-icer slabs prior to de-icer scaling test and stresses in restrained slabs 
Curing: 14 days moist, 14 days air, then 3 days with water on top surface.

Mix 
designation Restraint<b)

Length change during storage indicated, millionths Calculated stress—psi<a> 
at time indicated

In moist room In air at 
50%R.H. 
for next 
14 days 
(-)

Water on top 
surface 
for next

3 days 
(+)

Id. 3d. 7d. 14d. 14 day 28 day 31 day

(+) (+) <+) <+) f. t= f. fe f. fe

P-I U _ 30 40 30 300 40 —— _ — — — —
R — 20 30 40 280 40 1200 11 -7200 -64 -6000 --53

M-l U 300 820 830 800 300 60 _ — — — —
R 180 400 370 360 250 40 10,800 96 3300 29 4500 40

U 400 500 530 570 320 40 _ — — — —
R 210 260 290 310 270 30 9300 83 1200 11 2100 19

K-2 U 540 940 1010 1060 1 350 50 ___ — — —
R 300 490 540 560 310 40 16,800 149 7500 67 8700 77

K-3 U 230 640 860 860 260 70 __ __ — — — —
R 120 360 470 480 250 50 14,400 128 6900 61 8400 75

S-l U 250 860 920 940 310 60 ___ _ _ — — —
R 150 450 410 420 280 40 12,600 112 4200 37 5400 48

The compressive stresses in the restrained concrete 
prisms (0.3% steel) and slabs (0.89%) were quite 
similar at the end of the 14-day moist curing period, 
ranging from 43 to 68 psi for the prisms and 83 to 149 
psi for the slabs. The concrete stresses in the restrained 
slabs were higher than those in the restrained prisms 
by about 90 percent. Earlier work (1) with slab speci
mens and different amounts of steel ranging from 0.7 % 
to 1.8% showed that concrete stress was relatively 
independent of the amount of reinforcement, at least 
at these percentages of reinforcement. During the 14- 

day drying period, a substantial proportion of this 
compressive stress was lost due to drying shrinkage, 
but for the prisms at least most of this loss was recov
ered on subsequent wetting.

Table 11 shows the expansion of concrete prisms, 
based on the 31-day length, at 100, 300, and 500 cycles 
of freezing and thawing in water, along with the dura
bility factors calculated from changes in fundamental 
transverse frequency at 300 cycles. In addition, the 
weight changes of prisms after 300 cycles are shown.

The concretes made with Cement K-3 did not



Table 11. Results of freezing and thawing and de-icer scaling tests

Mix 
designation Restraint*0)

3 x 3 x lll/4-in. prisms

Durability 
factor 

at 300 Cy.

Weight change

300 cycles, 
%

3 x 6 x 15-in. slabs
Expansion after cycles shown, 

millionths
Scale rating after

300 cycles100 300 500

U 90 170 240 102 +0.3 0 +
R 70 120 280 105 +0.3 0 +

U 70 140 160 104 -1.9 1-
R 60 80 170 104 -0.4 1-

U 120 220 270 102 +0.4 0 +
R 110 190 250 103 +0.4 0 +

U 190 310 380 100 -0.1 0 +
R 110 150 280 103 +0.2 0 +

U 80 140 170 at 400 96 -10.5 2 at 200
R 30 110 140 at 400 82 -7.8 2+ * »

U 90 130 150 at 400 105 0 0+ » "
R 50 130 160 at 400 104 +0.1 0 * V

— unrestrained, R = restrained (0.3% for prisms, 0.89% for slabs).

Table 12. Creep of concretes
Nominal cement content—564 Ib/cu yd (6 U.S. bags)
Specimens: 6 x 12-in. cylinders—no reinforcement.
Cured 7 days moist at 73 F.
Loaded at 7 days age, companions to drying environment (50% R.H.) and to compressive strength tests at that age.
Elgin sand and Eau Claire gravel (3/4 in. max. size)

(a,8-month value.

Mix Net w/c, Slump, Air 
content, 

%

7-day 
comp, str.,

Sustained 
stress.

Secant E, 
million

Creep strain, millionths/psi
designation by wt. in. 28d. 9 mo. 1 yr.

P-I 0.41 2.8 6.20 4120 1600 4.29 0.323 ‘ 0.579 .598

M-l 0.41 2.0 5.30 3080 1200 3.75 0.444 0.707 .740

K-l 0.40 3.6 6.40 4020 1600 4.12 0,323 0.502 .516

. K-2 0.45 2.8 6.30 3880 1600 3.80 0.473 0.711 .734

K-3 0.42 2.9 4.60 3990 1600 3.43 0.397 .566<a>

S-l 0.40 2.3 5.70 3920 1600 3.85 0.395 .596<ti>

perform as well as the others. Durability factors were 
somewhat lower, but still excellent. Weight loss, 
however, was quite high and de-icer scaling resistance 
significantly lower. All of the other air-entrained 
concretes, restrained or unrestrained, show excellent 
resistance to freezing and thawing and de-icer scaling.

Creep of Unrestrained Concretes

The mix data for the concretes used in casting 6 X 
12-in. cylinders for creep and supplementary drying 
shrinkage tests are shown in Table 5. These cylinders 
were cured 7 days moist at 73°F and then loaded to a 
stress level of 1600 psi, except for those made with 
Cement M-l which were loaded to 1200 psi due to 

somewhat lower 7-day strength. Creep tests were 
conducted at 73°F and 50% R. H.

Table 12 shows the modulus of elasticity for these 
concretes calculated from the immediate strain on 
loading and the creep strain per psi after 28 days, 9 
months and 1 year of sustained loading (9-month and 
1-year data for Cements K-3 and S-l not yet available). 
Moduli and creep strain values are reasonably similar. 
Fig. 10 shows the creep strains and drying shrinkages 
plotted as a function of time. Concretes made with 
Cements K-2 and M-l show significantly greater creep 
strain per psi than the other concretes. The K-2 
concrete required more water and hence had a higher 
water-cement ratio than the others, however the 7-day 
strength was about equal to those for Cements K-l,



K-3 and S-l. The 7-day strength of the concrete made 
with Cement M-l was significantly lower. All of the 
concretes showed similar drying shrinkages, as were 
the case in the prism and slab tests.

Resistance to Sulphate Solution

In these tests, the performance of the shrinkage- 
compensated concretes was compared with concretes 
made with Cement P-II (ASTM Type II) and Cement 
P-V (ASTM Type V). Mix data for these air-entrained 
concretes are shown in Table 5. Concretes were cured 
moist at 73°F for 7 days and then kept continuously 
immersed in a 10 percent sodium sulphate solution at 
the same temperature.

Table 13 shows the expansions of unrestrained and 
restrained prisms during the initial 7 days of moist 
curing and additional expansions which occurred 
during immersion in the sulphate solutions. Con
cretes made with Cements P-II and P-V (ASTM Type 
II and V) showed exceedingly small expansions after 
16 months’ exposure. All of the shrinkage-compen
sated concretes show large additional expansions 
considerably earlier, particularly the unrestrained

(«)U = unrestrained.
R = restrained w/threaded steel rod, 0.30 % steel.

(&)D — discontinued at time shown.

' Table 13. Sulphate resistance of concrete prisms
3 x 3 x llf-in. concrete prisms, cured 7 days moist at
73 F, then continuously immersed in 10 % Na2SC>4 solution.

desig
nation

Re
straint 

(a)

Expansion in millionths during

7-day 
moist 
storage

Months of immersion in sulfate solution

1 3 4 5 6 7 9 16

P-V u 20 0 30 40 10 40 40 60 40R 0 0 0 30 0 40 70 60 110

P-II U 50 -20 10 30 0 20 -20 0 0R 10 -40 0 30 10 60 100 80 120

M-l U 1120 100 440 730 1140 2030 3420 D<b>R 340 40 210 320 540 660 760 880 1420

K-l U 780 150 620 1000 3110 DWR 350 100 320 440 740 900 1100 1340 2390

K-2 U 1060 280 880 1220 1920 3140 D<b>
R 710 200 550 660 730 900 1060 1210 1890

K-3 U 1160 160 620 1190 2150 3970 DC6,R 640 130 360 460 490 570 660

S-l
U 1120 160 560 1020 D<b)R 620 200 500 640 740 870 1000

concretes. Although the restraint provided by the 
steel reinforcement afforded marked improvement in 
performance, the level of additional expansions would 
indicate that these shrinkage-compensated concretes 
are not able to resist this continuous exposure to 
concentrated sulphate solutions. Higher percentages of 
steel reinforcement than that used, 0.30 percent, 
would probably be helpful in such exposures. In addi
tion, a lower water-cement ratio, richer mix would 
also be helpful, since numerous studies of sulphate 
attack have shown the importance of low water-ce
ment ratio in such exposures. Additional work in this 
area is planned, including also exposure to seawater.

Resistance to Abrasion

Four of the Cements (P-I, M-l, K-l, and K-2) 
were used in making unrestrained and restrained 
concrete slabs for evaluating resistance to abrasion. 
Table 14 shows pertinent mix data, compressive 
strengths at 28 days and 1 year, and the average abra
sion loss for these slabs. Note that the abrasion speci
mens were given only 7 days of moist curing and were 
dried at 50% R.H. at least 1 year before being sub
jected to test.

Although the repeatability and accuracy of the 
abrasion test requires more than duplicate test speci
mens, the results indicate that the shrinkage-compen
sated concretes made with Cements K-l and K-2 
may be somewhat more resistant to abrasion than the



Table 14. Abrasion resistance of concretes
Specimens for abrasion tests (2 per mixture) were 12-in. 

square by 3-in. deep, with steel-troweled surfaces.
Curing for abrasion specimens was 7 days moist at 73°F, 

then to air of laboratory at 73 °F and 50% R.H. until 
test at ages of 12 to 15 months.

Strength specimens were 3-in. modified cubes, cured con
tinuously moist.

Restrained abrasion specimens reinforced with 1/4 in. 
diameter continuously threaded rods in both 12-inch 
directions. Percentage reinforcement in each direction 
= 0.30%.

Abrasion machine used dressing wheel units.

O)u = unrestrained. 
R = restrained.

Mix 
desig
nation

Net
Slump,

Air Comp, str., psi
Average 

abrasion loss 
after 20 

minutes, mils
28d. 1 yr.

U<» Rd)

P-I 0.42 3.0 5.85 6720 8370 293 286

M-l 0.44 2.7 6.00 4730 7400 359 266

K-l 0.40 2.6 5.90 6710 8180 146 114

K-2 0.46 2.7 5.65 6540 7680 192 187

concrete made with Cement P-I. The Cement M-l 
shrinkage-compensated concrete showed less resist
ance to abrasion than the Cement P-I concrete, prob
ably a reflection of its lower 28-day strength. In this 
instance, restraint was helpful in reducing abrasion 
loss. For Cements K-l, K-2 and P-I, restraint appear
ed to have little influence on abrasion loss.

a Influence of Cement Content on Strength 
and Volume Stability

Using Cement K-l, concretes containing 564 lb 
(6 U.S. bags) and 752 lb (8 U.S. bags) of cement 
per cubic yard were prepared to compare strength 
and volume stability. The mix data for these concretes 
are shown in Table 15. Specimens were unrestrained 
prisms. For both cement contents, a mold stripping 
time of 6 hours was observed. In addition, for the 752 
lb of cement/cu yd mix a mold stripping time of 18 
hours was used. Those for strength tests were cured 
continuously moist at 73°F. Volume stability prisms 
were cured 7 days moist or 7 days in water at 73°F, 
then subjected to the wetting and drying cycles de
scribed earlier.

Table 16 shows the compressive and flexural strength 
data for these concretes. The 752 lb of cement/cu 
yd concretes showed somewhat higher strengths than 
the 564 lb of cement/cu yd concretes, except for the 
1-year compressive strengths. The effect of mold strip
ping time on the higher cement content concrete

Table 15. Concrete mix data for comparison 
of effect of cement content 
Cement designation: K-l

Item
Nominal cement content, 

Ib/cu yd

564 . 752

Slump, in. 2.6 2.7
Unit wt., Ib/cu ft 146.6 146.2
Air content, % 5.90 6.02
Cement content/0)

Ib/cu yd 569 756
bag/cu yd (U.S.) 6.05 ' 8.04

Water content, Ib/cu yd 230 249
Water-cement ratio, by wt. 0.40 0.33
A/E admixture, ml/lb cement 1.7 2.3

OJlncIudes expansive components.

<a)Jb of cement/cu yd.

Table 16. Influence of cement content on strength of concretes 
made with shrinkage-compensating cement K-l

Unrestrained prisms, 3 X 3 x 11| in
Strength specimens cured continuously moist at 73°F.
Compressive strength—3-in. modified cubes.
Flexural strength—1/3 point loading, 10-in. span.

Item Test age

Mold stripping time

6 hr. 18 hr.

564(«> 752<«> 752(”)

Compressive strength, psi 1 day 1580 2260 2510
7 days 4970 6210 6010

28 days 6710 7620 7050
lyr. 8180 7160 7240

Flexural strength, psi 1 day 235 310 315
7 days 650 705 645 •

28 days 700 780 795
910 1110 1055

Table 17. Influence of cement content on expansion and sta
bility in wetting and drying of concretes made with shrinkage
compensating cement K-l 
Unrestrained prisms, 3 x 3 x 11| in-, cured 7 days moist 
or in water at 73°F, then subjected to cycles of 14 days 
of wetting and 14 days of drying (50% R.H.) at 73°F for 
one year.

Item

Mold strippnig time,

6 hr. 18 hr.

5641«) 752(°) 752<«>

Moist storage

Expansion, millionths:
1 day 670 570 140
3 days 740 740 300
7 days 780 820 380

Residual, 1 year of 
wetting and drying 700 740 300

Water storage

Expansion, millionths:
1 day 800 1060 280
3 days 860 1240 440
7 days 900 1300 510

Residual, 1 year of 
wetting and drying 800 1180 430

(»)Ib of cement/cu yd.



strengths did not appear to be significant.
Table 17 shows the expansions during 7 days of 

moist storage or water storage and the residual expan
sions after 1 year of wetting and drying. The expan
sions in water storage were significantly greater than 
those in moist storage. For the higher cement content, 
the 18-hour mold stripping time resulted in large 

reductions in expansion. Longer time in the mold 
results in less total expansion remaining. This lower 
remaining expansion must also operate against a 
stronger concrete at 18 hours than one at 6 hours.

Residual expansions after 1 year of wetting and 
drying cycles indicate concretes of both cement con
tents to be quite volume stable.

Summary

This report presents data on a variety of engineering 
properties of air-entrained concretes made with expan
sive cements of the shrinkage-compensating type. 
These cements were used in concretes having 564 lb 
(6 U.S. bags) of cement per cubic yard and suitable 
for general cast-in-place construction work, for pave
ments, for precast concrete units, and for other uses 
of concrete as a construction material. Both unre
strained concretes and restrained concretes (internal 
steel reinforcement, etc.) were included in these tests.

The shrinkage-compensating cements used includ
ed three Type K cements, one Type M cement, and 
one Type S cement, as they are defined in the Ameri
can Concrete Institute’s “Cement & Concrete Termi
nology” (SP-19). For comparison purposes, the 
tests included one each of ASTM Types I, II, and V 
portland cements.

The tests included an evaluation of strength devel
opment as influenced by curing history, the effect of 
mixing time on expansive potential, the volume stabil
ity in continuous moist or air storage and after nu
merous wetting and drying cycles, the creep under 
sustained stress, the resistance to freezing and thawing 
and de-icer scaling, the resistance to sulphate expo

sure, and the resistance to abrasion.
The results of these tests showed that the strength 

development characteristics of these concretes in 
response to curing environment are similar to normal 
portland cement concretes, that their volumes change 
and creep characteristics after attaining their de
signed maximum expansion are comparable to those 
of portland cement concretes, that they are equally 
resistant to freezing and thawing and de-icer scaling. 
Where abrasion tests were conducted, abrasion resis
tance of restrained specimens was at least comparable 
to normal portland cement concrete. There was signif
icantly less resistance to sulphate attack, however, 
than for the concretes made with the ASTM Type II 
and V portland cements. This defect might be offset 
by the use of a lower water-cement ratio, richer con
crete and a greater percentage of steel reinforcement 
to provide more restraint to expansion resulting from 
sulphate attack.

With respect to expansive potential, the data indi
cate that higher curing temperatures generally result
ed in lower expansions and that increased continuous 
mixing time markedly reduced the level of expansion.
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Synopsis

Chemical gypsums, the by-products from various industries, are regarded as a main 
source of gypsum for control of the setting time of portland cement and portland blastfurnace 
slag cement in Japan. Phosphogypsum is a by-product of phosphoric acid manufacture. 
The quantity of its production is the largest among chemical gypsums. Therefore, phos
phogypsum is now the most important among chemical gypsums. However, it is well known 
that the impurities usually included in phosphogypsum injuriously affect the hydration of 
portland cement. The object of this paper is to clarify the characters of impurities in phospho
gypsum as well as to understand the effects of impurities on the hydration of cements.

The impurities which mainly affect the hydration of portland cement are P2O5 substi
tuted in the crystal lattice of gypsum, the water-soluble P2O5 and the water-soluble F which 
adhered to the surface of gypsum crystals. The analytical procedures for these impurities 
have been proposed and proved to be useful and successful. The impurities in phosphogypsum 
generally retard the setting of portland cement, but do not affect the development of three 
day strength of mortar.

The large quantities of phosphogypsum are now produced from the hemihydrate
dihydrate process in Japan. Since the phosphogypsum produced from the dihydrate process 
has a relatively large amount of impurities, it is neutralized with milk of lime after dehydra
tion of phosphogypsum.

The grinding of portland cement clinker together with natural gypsum of a higher grade 
or chemical gypsum requires a larger power consumption than with natural gypsum of a 
lower grade. The power consumption in grinding, in particular, at a temperature of over 
130°C, increases more markedly than at ordinary temperature. The clay minerals included 
in natural gypsum of the lower grade tend to improve the grindability at a higher as well as 
lower temperature.

The retarding action of the impurities in phosphogypsum was investigated by measuring 
the rate of heat liberation of cement hydration with calorimeter and the specific surface area 
of the hydration products as well as the electron microscopic observation of the hydration 
products. It has been consequently suggested that the insoluble compounds produced by the 
reaction between the impurities in phosphogypsum and the high-lime surface of cement grains 
or lime in the liquid phase of paste form the protective coatings on the surface of cement 
grains and that they retard temporarily the hydration of portland cement. .

The advantages brought by the utilization of the waste products such as chemical gypsum 
are so great that the present success in Japan will surely become a valuable example.



Introduction

Generally, the by-product gypsum made from 
various industries is called “chemical gypsum” in 
Japan. These chemical gypsums are regarded as the 
valuable sources of raw material in making gypsum 
board, gypsum plaster, and of gypsum for control 
of the setting time of portland cement because the 
abundant sources of natural gypsum have not been 
found in Japan.

By the recent development of the gypsum produc
tion technique, most types of chemical gypsum have 
the specific properties satisfying the requirment.

Since the production of phosphogypsum is the 
largest among the chemical gypsums, it is regarded as a 
valuable source of gypsum for the portland cement 
industry which requires the largest amounts of gyp
sum. It has been demonstrated that phosphogypsum 
containing the impurities of over some quantities 
injuriously affects the early stage of the hydration of 

protland cement.
The purpose of this paper is to clarify the charac

teristics of impurities in phosphogypsum and the 
intrinsic features of its influence on the hydration of 
portland cement. The author believes that the results 
of these studies will be useful in the various applica
tions of chemical gypsum.

The author expresses his gratitude to
Dr. Y. Suzukawa of Ube Industries, Ltd.
Dr. M. Kanada of Yawata Chemical Industry 

Co. Ltd.
Dr. K. Miyazawa of Sumitomto Cement Co. Ltd.
Dr. Prof. M. Sekiya of Kogakuin University.
Dr. Prof. T. Kusano of Kogakuin University.
Mr. Assist. Prof. H.Tanaka of Tohoku University 

for their invaluable assistance in carrying out the 
investigation.

Recent Features of Chemical Gypsums in Japan

The Kinds, Productions, Production Reactions, 
Consumption and Chemical Compositions of 

Chemical Gypsums

Chemical gypsum is by-produced from various 
industries. Table 1 shows the most of representative 
chemical gypsums and their production reactions (1-4). 
The content of SO3 of natural gypsum in Japan is 
approximately 30% to 40%. The grade is generally 
poor. On the contrary, chemical gypsum has a higher 
content of SO3 as shown in Table 2 (5). Table 3 shows 
the history of the production, the estimation of the 
production of natural gypsum and their consump
tions respectively in Japan for the period from 1965 
to 1968 (6). These data also indicate that phospho
gypsum, which is the largest in production, is the most 
valuable source for the set control of portland cement 
above other chemcial gypsums.

Phosphogypsum and Wet Process in Making 
Phosphoric Acid

Operations of the wet process in making phosphoric 
acid ate closely related to the compatibility of hospho- 
gypsum for controlling the setting time of portland 
cement because phosphogypsum is a by-product 
in making phosphoric acid. Photo shows 
a optical microphotograph of the agglomerated 
phosphogypsum produced from the conventional 

dihydrate process. This agglomerated phosphogypsum 
includes the relatively large amounts of impurities in the 
interstice among the crystals and in the lattice of phos
phogypsum crystals. It will be later clarified that the 
agglomerated phosphogypsum must be regenerated 
by the special chemical treatments to be used for 
controlling the setting time.

There are many reports on the dihydrate process 
in making phosphoric acid (7-10). Murakami and 
Hori (11,12) established the hemihydrate-dihydrate 
process, by which the recovery of phosphoric acid is 
higher than by dihydrate process and the quantity of 
impurities in the by-produced phosphogypsum is 
less than that in phosphogypsum produced from 
dihydrate process.

At the present time many plants using this hemi
hydrate-dihydrate process are operating industrially 
in Japan (13-26) and also a plant in China. Recently, 
some new processes directly producing the concent
rated phosphoric acid and hemihydrate or anhydrite 
have been investigated (27, 28).

Qualities of Chemical Gypsum as Gypsum for 
Control of the Setting Time of Portland Cement

It has been well known that phosphogypsum and 
fluorogypsum contain some amounts of impurities 
which unfavorably affect the hydration of portland 
cement. Most of the previous works have reported



In this paper, each chemical gypsum is described as special 
name or numbered chemical gypsum as shown in this table.

Table 1. Various chemical gypsums and their production 
reactions

No. A Chemical gypsum by reaction phosphate rock and sulfuric acid. 
“Phosphogypsum”
Ca3(PO4)2 + 3H2SO4 + 6H2O = 3CaSO42H2O + 2H3PO4

(Dihydrate Process)
Ca3(PO4)2 + 3H2SO4 + 3H2O = 3CaSO4-l/2H2O

+ 2H3PO4 + 3/2H2O
CaSO41/2H2O + 3/2H2O = CaSO4-2H2O

(Hemihydrate-dihydrate process)

No.B Chemical gypsum by reaction of calcium compound with sulfate 
in making NaCl from sea water. “Saltgypsum” 
MgSO4 + CaCl2 + 2H2O = MgCh + CaSO4-2H2O

No. C Chemical gypsum by reaction of fluorite and sulfuric acid in 
making HF. “Fluorogypsum”
CaFg + H0SO4 = 2HF 4- CaSOi (Anhydrite)
CaSO4 + 2H2O = CaSO4-2H2O

No. D Chemical gypsum by neutralization reaction of waste sulfuric 
acid in making TiOs from ilmenite. “Titangypsum” 
FeOTiOz + 2H,SO4 = TiOSOt + FeSOi + 2H2O 
TiOSOi + 2HZO = TiO(OH)s + H2SO4 
FeSOj or H2SO4 + CaCO3 or Ca(OH)ä CaSO42HsO

No. E Chemical gypsum by neutralization reaction of CaCOs and 
Ca(OH)2 with waste sulfuric acid in pickling process of iron 
making.
H2SO4 + CaCOs + H2O = CaSO42H2O + CO2
FeSO4 + Ca(OH)2 + 2HSO = CaSO42H2O + Fe(OH)2

No. F Chemical gypsum by neutralization reaction with calcium 
compounds to waste sulfuric acid in refining of cuporus sulfate 
and zink sulfate.
H2SO4 + CaCO3 + HsO = CaSO42H2O + CO2

No. G Chemical gypsum by oxidation and neutralization reaction of 
SO2 in combustion gas, exhaust gas from various industries or 
power plant.
SO2 + Ca(OH)2 = CaSO3l/2H2O 
2CaSO3 1/2H2O + O2 + 3H2O = 2CaSO42H2O -

No. H Chemical gypsum by reaction of CaCl2 with Na2SO4, from 
soda ash industry and rayon industry, respectively. “Soda
gypsum”
CaClg 4- Na2SO4 + 2H2O = CaSO42H3O + 2NaCl

No. I Chemical gypsum by reaction of CaCOs with aluminum sulfate 
from activation process of Japanese acid clay.
Al2O34SiO22H2O + 3H2SO4 = Al2(SO4)s + 4S1O2 + 5H2O
A12(SO4)3 + m,CaC03 + H2O = m'Al2(SO4)3Al(OH)3

+ CO2 + CaSO42H2O
m'Al2(SO4)3AI(OH)3 + m2CaCO3

=- m"Al2(S04)3Al(OH)3 + CO2 + CaSO4-2H2O

No. J Chemical gypsum in making phenol and humic acid.
(COO)2Ca + H2SO4 + 2H2O = (COOH)S 4- CaSO42H2O

No. K Chemical gypsum by reaction of ammonium sulfate with 
Ca(OH)2.
(NHOaSOi + Ca(OH)2 = 2NH3 + CaSO42H2O

that the impurities of phosphogypsum are the reac
tion products in the wet process and the impurities 
in phosphate rock, such as phosphoric acid, alkali 
silico-fluoride, monocalcium phosphate, dicalcium 
phosphate, * some organic substances, undecomposed 
phosphate rock, quartz and other inorganic oxides 
(29-34). '

The water-soluble compounds among them are 
likely to affect injuriously the hydration of portland 
cement. A large portion of impurity is found on the 
surface of gypsum crystals and in the interstice of

Table 2. Chemical compositions of chemical gypsum.

C.W. SO3 CaO CaSO42H2O*

No. A
1 18.0%, 40.3% 34.5% 86.6%

2 20.2 44.4 33.1 95.5

No. B 1 20.5 46.0 31.7 98.9

1 19.2 42.6 29.6 91.6
2 18.4 41.1 29.1 88.4

No. C 3 19.4 44.3 32.1 95.2 '
4 18.8 41.1 28.9 88.4
5 19.2 42.4 31.1 91.2

1 18.6 41.3 32.7 88.8
No. F 2 19.4 43.8 32.7 94.2

3 19.1 42.4 32.9 91.2

No. H 1 18.3 44.4 31.8 95.5
2 20.5 46.9 32.9 100.8

No. K 1 19.9 44.2 32.5 95.0
2 20.2 45.0 32.8 96.8

1 19.1 42.5 33.3 91.4
Others 2 20.3 45.9 32.4 98.7

3 18.9 43.8 33.0 94.2

C.W.: combined water. '
*: gypsum content calculated from SO3.
C.G.: chemical gypsum.

Table 3. Production and consumption of various gypsums
(Metric ton)

Production 1965 1966 1967 1968

Natural 
gypsum

Japan 615,041 63,000

Import 51,981 50,000

total 667,022 680,000

Chemical 
gypsum

Phospho
gypsum 1,448,212 1,592,000

Others 294,000 300,000

total 1,742,212 1,892,000

Total 2,409,000 2,572,000

Consumption

Portland 
cement

Natural 
gypsum 620,153

Phospho
gypsum 339,569

Others 230,374

total 1,190,093 1,275,000 1,360,000* 1,445,000*

Plaster 
board

Phospho
gypsum 654,025

741,060 1,230,000* 1,364,000*

Others 34,001

total 688,026

Plaster

Phospho
gypsum 308,087

Others 12,973 ♦estimated value

Natural 
gypsum 3,243

total 402,000



agglomerated crystals. Some portions of phosphate 
enter into solid solution with gypsum by the substitu
tion of HPO»- for SO;-, because the both crystals 
have the similar lattice parameters and belong to the 
analogous space group.

Optical microphotographs of several phosphogyp
sums are shown in Photograph 1 by Murakami, 
Tanaka and Sato (35). The appearances of phospho
gypsum HDS-1, 2 and 3 produced from the hemihy- 
drate-dihydrate process show the unagglomerated 
single crystal or twin crystal with the smooth surface,

that the impurities which adhered to the surface are 
easily removed by a single washing with water. 
Phosphogypsum HD shown in Photo 1 is also a by
product from the hemihydrate-dihydrate process. 
Except for phosphogypsum HD-2, however, other 
phosphogypsums-HD have a large amount of the 
agglomerated crystals which are resulted from the 
incomplete decomposition of phosphate rock in 
the digestion step of the wet process. All phosphogyp
sum D-l by-produced from the dihydrate process 
are agglomerated crystal, the impurities of which

(c) HDS-3(a) HDS-1

(d) HDS-4(b) HDS-2

Photo 1. Optical microphotographs of phosphogypsum. (X125).



are impossible to be removed by a single washing 
with water or lime water. •

Table 4 shows the both lattice parameters of dical
cium phosphate dihydrate (CaHPO42H2O) and 
gypsum (CaSO42H2O) (36). Maki and Suzukawa (37), 
using infrared spectroscopy, reported that phospho
gypsum showed, besides the absorption spectrum of 
gypsum, weak absorption at 1015 cm"1 and 837 cm-1 
in the related characteristic absorption bands of 
HPO4- (Fig. 1). From the study on the absorption 
of the system CaSO42H2O-CaHPO42H2O, these

displacements can be ascribed to the formation of the 
solid solution of gypsum with dicalcium phosphate 
dihydrate equivalent to the amount of P2O5 in the

Table 4. Lattice constant «id space group of gypsum and dical
cium phosphate dihydrate.

CäSO42H^O CatHPO^H^O

a 5.68 Ä 5.812 Ä
b is.re A. 15.180 Ä
iC 652 Ä 6J239 A
@ 11'8 O23z
S-O. K2/» lT2/a,

(e) HD-1 (g) HD-4

Photo 1. Optical microphotographs of phosphogypsa®. (xl25).



(i) D-l
Photo 1. Optical microphotographs of phosphogypsum ( X 125).

crystal lattice of phosphogypsum. Recent work by 
Dahlgren (38) also indicates that the amounts of 
HPOj" substituted in the crystal lattice of phospho
gypsum vary with changing the concentrations of 
phosphoric acid and sulfuric acid during the opera
tion of the wet process.

Kusano (33, 34, 39), through the measurement of 
average molecular weight, the infrared abosrption 
spectra, the detection of functional radicals and the 
spot test proposed the chemical structure of organic 
substance in phosphogypsum. Namely, he got the 
acidic and neutral substance by treating with sodium 
hydroxide the matters extracted from phosphogypsum 
by ether and ethanol. The former is a family of car
bonic acids. The latter is a family of aliphatic ketons. 
The number of carbon atoms in a molecule of each 
compound is approximately from ten to thirty-five. 
Fig. 2 shows the infrared absorption curve of organic
matter extracted from phosphogypsum by ether.
The absorptions at 1710 cm-1 and 2900 cm-1 indicate 

that\c = O or —C = C and —CH is respectively
Z I I

OH
included in the structure of above substance.

Analytical Procedure of the Impurities in 
Phosphogypsum

Gypsum contained in cement enters into water 
immediately after cement comes contact with water 
and then reacts with the components of cement.

Fig. 1. Infrared spectra of the solid solutions of system 
CaSO4 • 2H2O-CaHPO4 • 2H2O.

(1) CaSO4-2H2O (2) By-product gypsum. (3) CaSO4-2H20 
(95mol%)-CaHPO4-2H2O (5mol%) solid solution. (4) 90-10 
(mol%) ss. (5) 80-20 (mol%) ss. (6) 70-30 (mol%) ss. (7) 
60-40 (mol%) ss. (8) 50-50 (mol%) ss. (9) 20-80 (mol%) ss.
(10) CaHPO4-2H2O.
ss.: solid solution.

Wavenumber (cm-1) „

Fig. 2. Infrared absorption curve of organic substance extracted 
from phosphogypsum by ether.

How the impurities of chemical gypsum affect the 
hydration of portland cement varies with the kinds, 
amounts and locations of impurities presenting in 
chemical gypsum. In order to estimate the effect of 
impurities on the hydration of portland cement, the 
appropriate analytical procedure for the impurities 
in phosphogypsum must be established. -

The existing analytical procedure specified in5fS (40) 
lay some emphasis on the quantitative analysis of the 
main component of gypsum, such as CaO, SO3, HZO 
etc., but does not refer tothe analysis of the impurities.

In large user of chemical gypsum, such as manu
facturer of portland cement, gypsum plaster and 



gypsum board, the arbitrary procedures devised by 
themselves have been used for analysis of the impurities 
in phosphogypsum. Some results obtained by these 
procedures indicated that the exact distribution of the 
impurities in phosphogypsum is not shown frequently 
and that the analytical procedures are also unfavor
able.

In order to improve the existing analytical procedure 
of the impurities in phosphogypsum, Murakami (35), 
considering the varieties of crystals of phosphogypsum 
as illustrated in Photo 1, assumed that the impu
rities are in the following states; adhering to the 
surface of crystals of phosphogypsum, settling in 
the space among crystals of the agglomerated phos
phogypsum, solid-soluting in the crystal lattice of 
phosphogypsum, and remaining in undecomposed 
phosphate rocks. Then the items of analysis to be 
accomplished are shown as follows; >

1) The water-soluble P2O5 adhered to the surface 
of phosphogypsum—Aw.P2O3

2) The water-insoluble F adhered to the surface 
of phosphogypsum—Ai.F

3) The water-soluble P2O3 substitutedin the crystal 
lattice of phosphogypsum —Ss.P2O5

4) Total P2O5—T.P2O5
5) Total F—T.F

Analytical Procedure

Samples of phosphogypsum must be previously 
pulverized under 325 mesh.

Aw.P2O5 (Sum of the water-soluble phosphates, 
such as phosphoric acid, monocalcium phosphate 
and dicalcium phosphate).

The pulverized phosphogypsum (10 g) is boiled for 
thirty minutes with stirring in distilled water (300 ml) 
saturated with pure gypsum. Then, the resultant 
suspension is filtered. The soluble P2O5 in the filtrate 
is determined colorimetrically by the molybdovana- 
dophosphoric acid method.

Ss,P2O5 (Phosphate in the crystal lattice of phos
phogypsum).

The pulverized phosphogypsum (20 g) is boiled 
for thirty minutes with stirring in distilled water 
(200 ml) with acid mixture (5 ml) consisted of one 
volume of concd.HNO3 and three volumes of concd.- 
HC1. The resultant suspension is filtered. The residual 
gypsum crystals are washed with distilled water and 
then dried. Gypsum (1g: accurately weighed to mg 
unit.) with the crystal surface which was cleaned by 
the aforementioned treatment is completely dissolved 
in distilled water (200 ml) with coned.HC1 (5 ml). 
Then, P2O5 in solution is determined colorimetrically,

as in the case of Aw.P2O5. '
Ai.F (Sum of the water-insoluble F, such as cal

cium fluoride and undecomposed phosphate rock).
The pulverized gypsum (10 g) is boiled for thirty 

minutes with stirring in distilled water (500 ml to 700 
ml). Then, the resultant suspension is filtered. The 
residual gypsum is washed and dried. The water
soluble impurities adhered to the surface of crystals 
of phosphogypsum will be completely removed by 
these treatment. The resultant gypsum (0.1 g to 0.5 g: 
accurately weighed to mg unit) with cleaned surface 
is steam-distilled in the presence of sulfuric acid and 
the finely powdered silica.

The vaporized silicon fluoride enters into the sodium 
hydroxide solution and forms sodium silicofluoride. 
The water-soluble F in sodium silicofluoride is deter
mined colorimetrically by the Th-alizaline or Th- 
neothorine method (41-49).

T,P2O5 (Sum of the water-soluble and water
insoluble phosphates, such as phosphoric acid, 
monocalcium phosphate, dicalcium phosphate and 
undecomposed phosphate rock).

The pulverized gypsum is dissolved in mixed acid 
solution consisted of one volume of coned.HNO3 
and three volumes of coned.HC1. The solution is 
completely evaporated on a water both or sand bath. 
The residual substance is dried until the residual 
HC1 is removed completely. This substance is dis
solved again in dilute HC1. P2O5 in the solution is 
determined colorimetrically as in the case of Aw. 
P2O5 (50-52). ■

T.F (Sum of the water-soluble and water-insoluble 
F, such as fluoric acid, sodium silicofluoride and 
undecomposed phosphate rock).

The pulverized gypsum (0.1g to 0.5g: accurately 
weighed to mg unit) is steam-distilled in the presence 
of sulfuric acid and finely powdered silica. The sub
sequent procedures are similar to those of the analysis 
of Ai.F.

The results of chemical analysis of phosphogypsum 
using the aforementioned procedures are shown in 
Table 5. Each crystal of phosphogypsum HDS-1, 2 
and 4 illustrated in Photograph 1 has the unagglome
rated and relatively regular form. Therefore, when 
the filter cake which has been discharged from the 
filtration step of the wet process is simply washed 
again with water, the quantity of the impurities in 
the washed cake is reduced to under Aw.P2O3 0.05 % 
and Ss.P2O5 0.2%. Furthermore, the thermal differ
ential analysis of phosphogypsum was studied and 
its results are illustrated in Fig. 3. The endothermic 
curves of the first dehydration of phosphogypsums 
HDS-1 and 2 show a relatively regular profile which is



(%)

I.M.: insoluble matters

Table 5. Chemical compositions of phosphogypsum

p2o5 F

CaO SO3 T. P2OS T.F. HSO I.M. Total Aw. Ss. Ai.

HDS-1 31.52 43.85 0.20 0.15 20.35 2.48 98.55 0.05 0.16 0.05
HDS-2 31.10 43.88 0.19 0.19 20.79 2.90 98.86 0.05 0.15 0.13
HDS-3 31.31 43.48 0.52 1.09 21.32 2.17 99.86 0.32 0.17 0.65
HDS-4 33.55 45.17 0.18 0.06 20.82 0.88 100.66 0.02 0.11 0.01
HDS-5 34.86 43.97 0.28 0.65 20.77 0.29 100.82 0.00 0.20 0.60
HDS-7 33.31 46.94 0.21 0.01 — 0.75 __ 0.03 0.19 —
HD -1 30.98 41.95 0.76 0.49 21.82 4.10 101.00 0.17 0.54 0.38
HD -2 32.45 43.93 0.28 0.36 20.46 1.16 98.64 0.06 0.16 0.18
HD -4 31.43 42.70 0.66 0.92 21.81 2.04 99.56 0.18 0.47 0.30
HD -5 31.81 45.42 0.46 0.46 — 5.72 __ 0.05 0.40 —
D -1 30.74 42.50 0.89 0.88 21.77 2.63 99.41 0.18 0.60 0.54

Proposed procedure was used for analysis of impurities.

Fig. 3. Differential thermal analysis of various chemical 
gypsums.

Rate of heating : 2° C/min.
Weight of sample : about 0.7 g.
Thermo-couple : Pt-PtRh 13%.
Standard substance: a-AhOj.

very similar to that of chemical gypsums No. I and H 
without impurities. On the contrary, major portions 
of crystals of phosphogypsums HD-1 and D-l are 
agglomerated and, in which a large quantity of impuri
ties is included. The quantities of their Aw.P2O3 and

(%>

Table 6. Chemical compositions of some of fluorogypsums

CaO SO3 Total F Insoluble
F

H9O Insoluble 
residue

F-l 36.40 46.74 3.07 0.92 14.81 0.43
F-2 41.35 55.12 — 1.44 1.51 0.33
F-3 33.25 45.12 2.91 0.62 20.04 0.26

F-l: mixture of anhydrite and dihydrate
F-2: anhydrite
F-3: dihydrate

Ss.P2O5 are larger than those of phosphogypsums 
HDS-1, 2 and 4. The endothermic curves of their 
first dehydration are also broad and anomalous. 
In the results shown in Table 5, a value of “T.F 
minus Ai.F” means the water-soluble F, the amount 
of which is small in phosphogypsum HDS-1, 2 and 4 
and large in phosphogypsum D-l. Phosphogypsum 
HDS-3, which was not washed once with water after 
removing from the filter step in the wet process, 
contains the large amounts of impurities. But, in HDS- 
3 made from the hemihydrate-dihydrate process, the 
amount of Ss.P2O5 is amsll as in the case of HDS-1. 
Phosphogypsum HDS-5 is the chemically treated 
HDS-3, in which the large portions of the water
soluble impurities have been neutralized and inac
tivated with milk of lime. The quantity of Aw. P2O5 
and “T.F minus Ai.F” in HDS-5 is markedly small.

The results shown in Table 5 indicate evidently 
that there is a large difference among the wet processes 
of phosphoric acid manufacture and that the appear
ances of various phosphogypsums in optical micro
photograph and the features of their first endothermic 
curves in differential thermal analysis are closely 
related to the quatity of impurities in phosphogypsum. 
Therefore, the author believes that the proposed 
procedure is suitable for analysis of the impurities 
in phosphogypsum.



Table 6 obtained by Murakami (41) shows the 
chemical compositions of fluorogypsums. Fluorogyp
sum is produced usually as an anhydrite by the pro
duction reaction shown in Table 1. Some portions of 
the original fluorogypsum are converted into a dihy
drate by the hydration reaction while anhydrite is kept 
standing in the settling pond. Usually, fluorogypsum 
used for portland cement industry is the mixture of 

anhydrite and dihydrate. F-3 in Table 6 is a dihydrate 
which was industrially produced by the hydration of 
anhydrite in dilute sulfuric acid solution. The water
soluble F originated from the residual fluoric acid 
in fluorogypsum is different from that originated from 
sodium silicofluoride including in phosphogypsum. 
The influence of fluorogypsum on the hydration of 
portland cement will be later demonstrated.

Utilization of Chemical Gypsum for Portland Cement

Introduction

It has been about long years since phosphogypsum 
was first used for the manufacture of gypsum plaster 
and gypsum board in Japan. The first study of phos
phogypsum for control of the setting of portland 
cement was attempted in 1956 by Takemoto, Ito and 
Suzuki. They examined the false set and the setting 
time of paste and the strength development of mortar. 
These paste and mortar were made from portland 
cement with each of such chemical gypsums as phos
phogypsum, fluorogypsum, titangypsum and sodagyp
sum. When phosphogypsum produced from the 
dihydrate process was used, the impurities in phos
phogypsum markedly retarded the set of paste and 
slightly lowered the strength of mortar at early stage 
on the hydration of portland cement. Consequently, 
they suggested that the setting period of portland 
cement can be prolonged by the retarding action of 
impurities into what is normally the hardening period. 
In addition, they also reported that the false set of 
paste caused by the dehydration of gypsum in cement 
and the aeration of cement is scarcely developed 
from protland cement containing? phosphogypsum 
and sodagypsum. ~

The water-soluble P2O5 of phosphogypsum adheres 
to the surface of gypsum crystals and also subsitutes 
for SO3 in the lattice of gypsum crystals. These water
soluble impurities enter gradually into aqueous phase 
of cement paste with dissolution of phosphogypsum 
and affect the hydration of portland cement. The 
water-soluble F tends to more markedly retard the 
setting of paste than in the case without it. Except 
for phosphogypsum, the effect of other chemical 
gypsums on the hydration of portland cement is 
similar to that of pure gypsum. ,

Takemoto, Kataoka and Suzuki (53,54) and 
Yamaguchi (54) have deviced the special chemical 
treatment for regeneration of phosphogypsum con
taining a large quantity of the impurities. Phospho
gypsum regenerated by this treatment did not injuri

ously affect the hydration of portland cement because 
all of the water-soluble impurities were turned into 
the insoluble and inactive compounds. Since this 
treatment pelletizes the powdered phosphogypsum, 
the supply of phosphogypsum to cement mill becomes 
easy (55). Kuzumi and Murasugi (56), in actual use 
of the regenerated phosphogypsum, reported that, 
in spite of the complete inactivation of the water
soluble impurities, the delayed set of paste accidentally 
occurred. The author suggests that this fact is probably 
due either to the residual impurities that are not 
neutralized or to the lime added over required for the 
neutralization of impurities. The results obtained by 
Yamaguchi (55) and Takemoto (54) et al. on the use 
of the regenerated phosphogypsum are shown in 
Table 7.

Yamaguchi, Kobayashi (57), Mori and Sudo (58) 
have used monocalcium phosphate, dicalcium phos
phate and sodium silicofluoride as the representative 
water-soluble impurities in phosphogypsum and 
examined the influence of each impurity on the setting 
and the strength development of portland cement. 
In their experiments, each of chemical reagents cor
responding to each impurity was added to portland 
cement in eqiuvalent quantity as found in phospho
gypsum. The setting of paste is retarded markedly 
in proportion to the amount of reagent in cement. 
However, the three day-strength of mortar is not so 
affected, even when each chemical reagent is added 
to cement at relatively high concentrations. If a very 
large amount of each chemical reagent is added to 
portland cement, the development of three day- 
strength may be retarded. Kobayashi prepared four 
kinds of so called “artificial gypsum” containing 
water-soluble P2O5 in substitution for SO3 in the 
crystal lattice of gypsum. The quantities of P2O5 
in them are 0.2 %, 0.5 %, 1.0 % and 2.0 %. The retarding 
action of these artificial gypsum with P2O5 substi
tuted in the lattice is stronger than that of gypsum with 
P2O5 which adhered to the crystal surface.

As mentioned above, hitherto, phosphogypsum



Table 7. Setting time and mortar strength of cements containing the reproduced phosphogypsum

Gypsum used for cement Setting of cement Mortar strength of cement

Method of treatment for gypsum
W/C Initial

hr.-min.

Final 

hr.-min.

Bending strength
(kg/cm2) 

Id. 3d. 7d.

Compressive strength 
(kg/cm2)

Id. 3d. 7d.

Ph
os

ph
og

yp
su

m

| Origin
al

Untreated 23.2 6.25 7.45 10.1 32.0 44.8 29 129 245

Washing with water 23.5 2.30 3.50 10.0 33.2 45.0 30 130 244

Mixing with 4% Ca(OH)a milk 23.4 3.00 4.20 9.9 32.4 46.2 28 129 240

Re
pr

od
uc

ed
 

|

Temp, of 
calcination 

(°C)

Matter mixed with 
gypsum after calci
nation

150 4% Ca(OH)2 milk 23.4 1.52 2.53 _ _ _ — — —

200 4% Ca(OH)a milk 23.4 1.53 2.52 14.0 23.0 46.3 36 130 245

150 4% Ca(OH)2 milk 
with 0.4% NaOH

23.4 1.51 2.50 — — — — — —

200 23.5 1.50 2.43 — — — — — —

300 4% Ca(OH)s milk 23.3 1.45 2.45 _ _ — — — —

Natural 
gypsum — 23.5 1.45 2.40 13.8 33.8 44.5 35 131 241

has been used for control of the setting time of port
land cement only in Japan. Recently, Lejsek (59) in 
Czeckoslovakia has reported a similar results with 
Japanese investigator’s on his study of the utilization 
of phosphogypsum.

In view of above results, only phosphogypsum 
among chemical gypsums has some amounts of the 
impurities harmfully affected the hydration of portland 
cement. Other chemical gypsums do not have any 
impurities which are likely to cause trouble on their 
utilization. However, their productions are far less 
than phosphogypsum.

A patent about making the super-sulfate cement in 
which phosphogypsum is used as a main component 
has been licenced in Germany (60).

In this chapter, the mechanism and the effective 
protection methods of the retarding action of phos
phogypsum on the hydration of portland cement 
will be investigated.

It is now well known that the setting retardation 
is the most characteristics action of phosphogypsum 
and largely dependent upon the amounts, kinds 
and locations of impurities in phosphogypsum. If it is 
assumed that the retarding action is caused by the 
temporary suppression of the hydration with the 
formation of the insoluble compounds as protective 
coatings on the surface of cement grains, the setting 
time will be shortened by agitation for a longer time 
than specified in JIS. Namely, the protective coatings 
are probably consist of the reaction products between 
the impurities of phosphogypsum and the compounds 
of cement. Therefore, it is suggested that the prolonged 

agitation of paste or mortar is a suitable method for 
destroying the coatings.

Assuming that the hydration of portland cement 
at early stage is a chemical process predominatingly, 
it will be expected that the retarding action may be 
increased at lower temperature.

Natural gypsum produced in Japan contain, in 
general, a relatively large amount of clay minerals 
and their average SO3 content are about 30%. On the 
other hand, the SO3 content of most of chemical 
gypsums is usually 40% to 45%. However, chemical 
gypsum is generally produced in a state of powder. 
Such discrepancies in the feature between natural 
and chemical gypsum indicate that there are many 
important problems which should be newly investi
gated for the use of chemical gypsums. These problems 
are the grindability of cement together with chemical 
gypsum, the fineness of the resultant cement, the 
dehydration characteristics of chemical gypsum and 
the setting character of the resultant cement.

On the study of mechanism of the setting retarda
tion caused by the impurities of phosphogypsum, 
it should be noted that phosphogypsum usually 
contains several impurities at the same time. Therefore, 
on understanding the retarding action, it is necessary 
to investigate the effect of each single impurity on the 
hydration of cement in order to exclude the complexity 
resulted from the multiple impurities.

Little has also been demonstrated that which of 
cement clinker minerals is attacked by the impurities 
and causes the setting retardation of portland cement.

In the last section of this chapter, the mechanism 



retarding action on the hydration of portland cement 
will be explained with referencing to the results of the 
studies on the heat liberation during the hydration, 
the change of specific surface area of the hydration 
products measured by the adsorption of water vapor 
and on the elecrton microscopic observation of the 
hydrating particles of cement.

Practical Methods for Removal of the Impurities 
in Phosphogypsum

When phosphogypsum is used as gypsum for control 
of the setting time, it is necessary that the impurities 
of phosphogypsum are reduced as much as possible. 
In other words, phosphogypsum used for this purpose 
should be such that the impurities included in phos
phogypsum are easily removed by a simple washing 
with water. In view of aforementioned fact, it can be 
said that the industrial success of the hemihydrate
dihydrate process and the utilization of phospho
gypsum by-produced from that process is very signifi
cant in Japan. Phosphogypsum by-produced from the 
dihydrate process must be chemically treated in order 
to be used for control of the setting. The chemical 

treatment proposed by Yamaguchi and Takemoto 
is an appropriate one for this purpose. There are two 
suitable treatments for removing or inactivating the 
impurities of phosphogypsum produced from the 
hemihydrate-dihydrate process. One method is to 
obtain phosphogypsum, such as HDS-1, containing 
only the small amounts of impurities through vigoruos 
washing of the filter-cake of phosphogypsum which 
was discharged from the filter step of the wet process, 
while it is transported to the storage tank by the water 
stream. The other method is practiced at place where 
the sufficient quantity of water cannot be provided 
for washing the filter cake. Namely, Kanada (61) 
neutralized the water-soluble impurities in filter-cake 
of phosphogypsum, such as HDS-3, with milk of lime 
and consequently got phosphogypsum containing 
less amounts of impurities, such as HDS-5. When it is 
indispensable to minimize the effects of even small 
amounts of the impurities in phosphogypsum, or when 
it is allowed for using only a small quantity of phos
phogypsum containing a large amount of impurities, 
the mixture containing a large amount of natural or 
chemical gypsums which do not contain the harmful 
impurities are usually used by Kanada (61).

Physical Properties of Portland Cement Containing Phosphogypsum

Setting Time and Strength Development of Portland 
Cement Containing Phosphogypsum

The results of the studies by Miyazawa (62), using 
two normal portland cement A and B (total SO3 
content 1.6%) which were mixed with each of phos
phogypsums listed in Table 8, indicate that the setting 
time of paste is markedly retarded when portland 
cement is mixed with phosphogypsum No. 2 containing 
a larger quantity of water-soluble F than with other 
phosphogypsums in Table 8 (Table 9). Table 10 

shows that the three day-strength of mortar containing 
these phosphogypsums is slightly lowered in propor
tion to the amount of impurities in phosphogypsum. 
Tables 12 and 13 are the results of tests on the setting 
and the development of mortar strength that was 
undertaken by Kanada (63) with three kinds of blast
furnace slag cement (total SO3 content 1.8 %) cntaining 
each kind of phosphogypsums which were neutralized 
with milk of lime and not. Table 11 shows the chemical 
compositions of the both phosphogypsums. Table 12 
shows that, using the mixture of natural gypsum and

Table 8. Chemical compositions of phosphogypsum

No. H2O c.w. CaO so3
P2Oä F

a b c total d e

1 31 9 45.6 0.015 0.189 0.051 0.255 0.032 0.019
2 32 3 45.6 0.038 0.259 0.028 0.325 0.304 0.265
3 32 5 45.9 , 0.016 0.261 0.063 0.340 0.058 0.020
4 4.0 18.6 32.5 46.0 0.016 0.124 0.020 0.160 0.028 0.014

c.w.: combined water.
a 1 water-soluble PgOs adhered to surface of gypsum crystals.
b ; substituting P2O5 in crystal lattice of gypsum.
c : insoluble P2O 5.
d : total F.
e 1 water-soluble F adhered to surface of gypsum crystals.



phosphogypsum, the retarding action of the untreated 
phosphogypsum is effectively alleviated. The results 
on the development of mortar strength given in Table 
13 emphasizes that the appreciable reduction in the 
three day-strength is not observed as far as the quantity 
of impurities remains in the range of that contained

Table 9. Setting time of portland cement containing natural 
gypsum and phosphogypsum

Cement—A Cement—B

Initial Final Initial Final

Natural 
gypsum

100 
(3-00)

100 
(4-15)

Natural 
gypsum

100 
(2-20)

100
(3-50)

P.G. No. 1 106 122 P.G. No. 1 118 104

P.G. No. 2 186 175 P.G. No. 2 164 152

P.G. No. 3 125 142 P.G. No. 3 132 115

P.G. No. 4 127 139 P.G. No. 4 136 111

P.G.: phosphogypsum.

In this table, numbers without parentheses are relative value 
of that of other paste when the setting time of paste with natural 
gypsum is described as 100. Also, numbers in parentheses are 
real value of setting time.

in phosphogypsum used.

Effect of Prolonged Mechanical Agitation over 
Three Minutes with Hand Mixing

Since the hydration of portland cement tends to be 
accelerated by agitation, it is suggested that the pro
longed agitation will tend to prevent the retarding 
action on the setting of paste with posphogypsum. 
In transportation of the ready mixed concrete, the 
prolonged agitation of concrete has already been in 
practice. Hanada (63) prepared nine kinds of portland

(%)

Table 11. Chemical compositions of phosphogypsum

SCh T.P. W.P. T.F. W.F.

P.G. 45.4 0.27 0.15 0.93 0.12
P'.G. 44.3 0.28 0.02 0.94 0.008

P.G. : phosphogypsum.
P'.G.: phosphogypsum neutralized with milk of lime
T,P. : total P2O5.
W.P.: water-soluble P2O5.
T.F. : total F.
W.F.: water-soluble F.

Table 10. Physical properties of two cements containing natural gypsum and phosphogypsum

- Bending strength (kg/cm2) Compressive strength (kg/cm2)

Cement Gypsum 3 days 7 days 28 days 3 days 7 days - 28 days

Natural 100 100 100 100 100 100
gypsum (32.9) (49.0) (69.6) (126) (232) (392)
No. 1 101 100 104 100 99 102

A No. 2 95 103 108 96 102 108
No. 3 93 102 104 94 96 104
No. 4 92 104 108 92 98 100

- Natural 100 100 100 100 100 100
gypsum (33.2) (49.3) (70.1) (140) (245) (403)
No. 1 90 99 101 92 94 99

B No. 2 94 98 103 91 94 99
No. 3 100 106 98 99 98 98
No. 4 103 104 100 101 98 100

In this table, numbers in parentheses are real value of mortar strength. Numbers without parenthesis are relative value.

N.G.: natural gypsum.

Numbers without parentheses are real value of the setting time of pastes. Numbers in parenthesis are relative value. Numbers in 
parentheses in the first column are the proportion of each component of blastfurnace slag cements.

Table 12. Setting time of three blastfurnace slag cements containing natural gypsum and phosphogypsum

Blastfurnace P.G. N.G. 25P'.G. SOP'.G.
slag cement Setting hr.-min. hr.-min. 75N.G. 50N.G.

Slag (20) Initial 3-50 (100) 2-30 (103) (110) (147)

Cement (80) Final 4-45 (100) 3-20 (105) (105) (141)

Slag (45) Initial 4-45 (100) 3-10 (108) (111) (150)

Cement (55) Final 5-45 (100) 4-10 (108) (112) (144) _

Slag (35) Initial 5-25 (100) 3-40 (115) (124) (167) _

Cement (65) Final 7-00 (100) 4-50 (107) (115) (163)



Table 13. Development of mortar strength of blastfurnace slag cement with natural gypsum and phosphogypsum

Bending strength Compressive strength

N.G. P.G. 3 days 7 days 28 days 3 days 7 days 28 days

Slag (20)
Cement (80)

10 0 100
(32)

100
(49)

100
(72)

100
(125)

100
(230)

100 
(420)

7.5 2.5 106 98 103 103 100 100
5 5 106 100 101 102 101 100
0 10 116 106 99 106 101 98

Slag (45)
Cement (55)

10 0 100
(27)

100
(41)

100
(73)

100
(95)

100 
(190)

100 
(421)

7.5 2.5 104 98 100 98 95 100
5 5 96 98 96 95 97 102
0 10 100 100 96 100 96 103

Slag (35)
10 0 100

(24)
100

(39)
100

(68)
100

(80)
100 

(178)
100

(380)
Cement (65) 7.5 2.5 88 98 100 98 99 99

5 5 96 100 99 104 104 100
0 10 92 95 99 98 100 99

In this table, numbers in parentheses in the first column are the proportion of each component of blastfurnace slag cements.
Numbers in other parentheses are real value of mortar strength.
Numbers without parentheses are relative value.
Unit of mortar strength is kg/cm2. '
Numbers in the second column are the proportions of each component of the gypsum mixture contained in cements.

Table 14-1. Chemical compositions of various gypsums

H2O C.W. SiOg AI2O3 Fe2Oa CaO MgO SO 3 Total

N.G. 0.02 16.85 13.48 2.62 0.54 25.64 5.21 34.76 99.12
P.G. 0.01 20.15 4.00 0.01 0.27 29.73 0.04 45.70 99.91
P.G. 0.02 20.30 2.30 0.07 0.21 31.87 0 45.47 100.24
W.G. 0.06 18.33 6.46 0.74 0.18 29.48 0.11 44.74 100.10
A.G. 0.15 19.80 2.96 0.14 0.24 31.80 0.44 44.32 100.20

C.W.: combined water.
N.G.: natural gypsum.
P.G. : phosphogypsum.
P'.G.: phosphogypsum neutralized with milk of lime.
W.G.: chemical gypsum by reaction of lime with waste sulfuric acid.
A.G.: chemical gypsum No. K in table 1.

(%)

Table 14-2. Impurities of phosphogypsum

T.P. W.P. T.F. W.F.

P.G. 0.30 0.11 0.72 0.20
P'.G. 0.31 0.02 „ 0.80 0.03

T.P. : total P2O5
W.P.: water-soluble P2O5
T.F. : total F
W.F.: water-soluble F

cement as well as nine kinds of blastfurnace slag 
cement containing five kinds of gypsums shown in 
Table 14 and measured the setting time of paste which 
was mechanically agitated by Robert mixer for longer 
time, such as 3, 5, 7, 10 and 15 minutes, than specified 
in JIS. The results shown in Tables 15 and 16, indicate 
that the mechanical agitation, even for three minutes, 
tends to more accelerate the setting than the agitation 
with hand, and that also the longer the mechanical 
agitation the shorter the setting time. Similarly, 
Miyazawa (64) studied the influence of the agitation 

time on the flow and strength development of mortar 
containing several phosphogypsums as shown in Table 
17. The SO3 content in the prepared protland cement 
was 1.5%, 3.0% and 5.0% and the duration of me-, 
chanical agitation was 3,5 and 30 minutes. The results 
illustrated in Fig. 4 reveal that, except for the case 
of a relatively high SO3 content, such as 5.0 %, the 
mechanical agitation within thirty minutes is inde
pendent of the strength development of mortar. But/ 
the fluidity of mortar is considerably reduced by the 
prolonged agitation. Murakami (65) reported that the 
strength development of mortar containing phospho
gypsum or even pure natural gypsum is markedly 
lowered by the prolonged agitation over thirty minutes. 
This results seem to support the Verbeck’s hypothesis 
that the excess agitation of a partially hydrated con
crete mixture leads to a weak product.

Effect of Increased Addition of Phosphogypsum

Aside from phosphogypsum, an attempt of adding a



Table 15. Setting time of paste of portland cement with various gypsums {Mechanical agitation by Hobert mixer)

W/C 
(%)

Initial time (hr.-min.) Final time (hr.-min.)

JIS Mechanical mixing JIS Mechanical mixing

3 min. 3 min. 5 min. 7 min. 10 min. 15 min. 3 min. 3 min. 5 min. 7 min. 10 min. 15 min.

N.G. 25.4 1-50 1-39 1-37 1-40 1-29 1-33 3-00 2-48 2-42 2-42 2-07 2-31
P.O. 24.8 3-15 3-22 3-15 3-01 3-00 3-00 5-35 4-21 4-15 4-11 4-10 4-07
P'.G. 24.3 2-30 2-29 2-32 2-23 2-13 2-11 3-35 3-18 3-15 3-23 3-14 3-02
W.G. 24.0 1-50 1-39 1-34 1-30 1-30 1-20 3-05 2-42 2-33 2-20 2-23 2-15
A.G. 24.0 1-35 1-43 1-36 1-32 1-32 1-32 2-50 2-55 2-48 2-40 2-32 2-19

P.G. N.G.
(1:1)

25.0 2-30 2-34 2-31 2-31 2-27 2-23 4-05 3^13 3-35 3-31 3-30 3-28

P'.G. N.G.
(1:1)

24.5 1-50 1-56 1-56 1-51 1-44 1-32 3-05 2-55 2-49 2-44 2-41 2-50

W.G. N.G.
(1:1)

24.6 WO 1-43 1-37 1-35 1-35 1-38 2-50 2-33 2-29 2-25 2-25 2-25

A.G. N.G.
(1:0

24.6 1-25 1-25 1-19 1-21 1-21 1-15 2-45 2-24 2-18 2-17 2-17 2-10

W/C: water-cement ratio
JIS: JIS R 5201 (1953)., agitation with hand for three minutes

Numbers in parenthesis of the first column are the proportions of each component of the gypsum mixture contained in cement.

Fig. 4-1. Three day-strength of mortar agitated over three 
minutes.

—o—: so3 1.5%.
—A—: SO3 3.0%.
— x—:SO3 5.0%.

Ordinate is ratio of mortar strength, in which the strength 
of mortar (agitating for 3 minutes) containing natural gypsum 
1.5% was written as 100.

larger amount than the present amount of gypsum in 
portland cement (under total SO3 content 2.5%) has 
been discussed in relation to the optimum quantity of

agitating time (min.)

Fig. 4-2. Seven day-strength of mortar agitated over three 
minutes.

—O—:SO3 1.5%.
—A—: SO3 3.0%.
—x—: SO3 5.0%.

Ordinate is ratio of mortar strength, in which the strength of 
mortar (agitating for 3 minutes) containing natural gypsum 
1.5% was written as 100.

gypsum, the false set caused by plaster set, the develop
ment of strength, the reduction of contraction and 
the supply-demand relationship of gypsum. In this 
chapter, the influence of impurities, which increase 
in portland cement in proportion to the quantity of



Table 16. Setting time of paste of blastfurnace cement with various gypsums (Mechanical agitation by Hobert mixer}

'S^3ypsum^Xx\\

W/C 
(%)

Initial time (hr.-min.) Final time (hr.-min.)

JIS Mechanical mixing JIS Mechanical mixing

3 min. 3 min. 5 min. 7 min. 10 min. 15 min. 3 min. 3 min. 5 min. 7 min. 10 min. 15 min.

N.G. 28.8 2-50 2-25 2-16 2-21 2-20 2-19 4-10 3-51 3-28 3-31 3-29 3-29
P.G. 28.0 5-10 4-40 4-35 4-39 4-38 4-26 6-45 6-07 6-10 6-17 6-10 6-08
P'.G. 27.0 4-30 4-22 4-18 4-15 4-06 4-00 5-40 5-39 5-34 5-38 5-21 5-17
W.G. 27.2 2-45 2-55 2-49 2-44 2-32 2-43 4-30 4-03 4-18 3-59 3-56 4-00
A.G. 28.0 3-10 2-36 2-36 2-43 2-35 2-36 4-35 4-27 4-23 4-29 4-18 4-09

P.G. N.G.
(1:0

28.1 4-05 3-55 3-46 3-40 3-39 3-28 5-55 5-14 5-10 5-05 4-56 4-52

P'.G. N.G.
(1:1)

28.0 2-55 3-05 2-59 2-55 2-49 2-45 4-50 4-27 4-20 4-15 4-06 4-04

W.G. N.G. 
(1:1)

27.9 2-35 2 41 2-23 2-23 2-20 2-18 4-35 3-58 3-51 3-42 3^10 3-46

A.G. N.G.
(1:0

28.0 2-25 2-23 2-12 2-05 2-00 1-58 4-25 3-58 3-17 3-38 3-29 3-26

WiC: water-cement ratio
JIS: JIS R 5201 (1953)., agitation with hand for tliree minutes

Numbers in parentheses of the first column are the proportion of each component of the gypsum mixture contained in cement.

28days

Bending strength Compressive strength

Natural gypsum Natural grpsum
120r 120r

60l 60

Phosphogypsum No.V Phosphogypsum No.V 
120r

3 15 30 3 15 30

Agitation time (mm )

Fig. 4—3. Twenty-eight day-strength of mortar agitated over 
three minutes.

—O—: SO3 1-5%.
—A—: SO3 3.0%.
—x—: SO3 5.0%.

Ordinate is ratio of mortar strength, in which the strength of 
mortar (agitating for 3 minutes) containing natural gypsum 
1.5% was written as 100.

phosphogypsum, on the setting and the strength 
developmentof portland cement will be investigated.

Miyazawa (64) prepared several portland cements 
containing phosphogypsum with the impurities as

Table 18. Setting time of paste with various quantities of gypsum

so3% w/c%
Initial 

hr.-min.
Final 
hr.-min.

1.6 25.2 2-45 (100) 3-50 (100)
Natural 2.0 25.2 2-15 ( 82) 3-30 ( 91)

2.9 25.4 2-20 ( 85) 3-30 ( 96)
3.9 26.6 2-30 ( 90) 3^10 ( 96)
4.9 25.6 2-40 ( 97) 3-55 (102)

1.5 25.2 2-30 ( 91) 3^10 ( 96)
Phospho- 1.9 25.2 34)0(109) 4-10 (109)

gypsum 2.9 25.2 2-40 ( 97) 3^15 ( 98)
No. I 3.9 25.2 4-00 (145) 5-25 (141)

4.8 25.0 4-20 (158) 6-15 (163)

1.5 25.2 3-50 (139) 5-20 (139)
Phospho- 2.0 25.2 3-35 (135) 5-05 (133)

gypsum 3.0 25.2 4-10 (152) 6-05 (133)
No. II 4.0 24.8 4-53 (178) 6-23 (167)

5.0 25.0 4-25 (161) 6-05 (159)

1.6 25.6 3-20(121) 4-30 (117)
Phospho- 2.0 25.2 4-02 (147) 5-35 (146)

gypsum 3.0 25.2 5-30 (200) 7-05 (185)
No. hi 4.0 25.2 5-15 (209) 7-30 (196)

4.8 25.2 5-50 (212) 8-30 (222)

1.5 24.8 5^15 (209) 7-55 (206)
Phospho- 2.0 24.6 7-00 (254) 9-20 (244)

gypsum 3.0 24.6 9-50 (358) 14-10 (370)
No. IV 4.0 24.8 10-40 (388) 15-10 (396)

5.0 24.8 10-30 (382) 15-15 (398)

w/c: water-cement ratio

In this table, setting time without parentheses is real value. 
Numbers in parentheses are relative value, when the setting time 
of paste with natural gypsum (SO3 content 1.6%) is described 
as 100.

in Table 17. The SO3 contents in the prepared cements 
are 1.5%, 2.0%, 3.0%, 4.0% and 5.0%. The results 
shown in Table 18 indicate that, for example, the 
setting ime in the case of SO3 content of 2% is pro
longed in comparison to natural gypsum and that the 
degree of prolongation is in the order of phospho
gypsum No. IV > III > II > I. Therefore, it can be 
said that the larger the quantity of phosphogypsum



Table 17-1. Chemical compositions of phosphogypsum

C.W. CaO so3 Total C.W.
SO3

CaO
SO 3 f. CaO

Phospho
gypsum No. I

18.14% 32.33% 45.66% 96.13% 0.397 0.708 0 %

Phospho
gypsum No. II

17.15 34.07 40.71 91.93 0.421 0.831 0.60

Phospho
gypsum No. Ill

17.60 32.39 44.25 94.24 0,398 0.732 0

Phospho- 
gypsum No. IV

18.31 31.83 42.64 92.76 0.430 0.747 0

Phospho
gypsum No. V

18.80 32.39 44.19 95.38 0.425 0.733 0

Natural 
gypsum

17.88 31.31 44.07 93.26 0.406 0.710 0

C.W.: combined water 
f. CaO: free lime

Table 17-2. Impurities of phosphogypsum

p2o6 (%) F(%)

a b c Total d e

Phosphogypsum No. I 0.012 0.223 0.037 0.272 0.10 0.05
Phosphogypsum No. II 0.002 0.007 0.647 0.656 1.05 0.08
Phosphogypsum No. Ill 0.051 0.129 0.175 0.355 1.06 0.19
Phosphogypsum No. IV 0.029 0.438 0.095 0.563 0.85 0.39
Phosphogypsum No. V 0.084 0.068 0.128 0.280 0.57 0.20
Natural gypsum 0.001 0.000 0.003 0.004 0.07 0.00

a: water-soluble P2O5 adhered to surface of gypsum crystals
b: substituting P2O5 in crystal lattice of gypsum
ci insoluble P2O5
d: totalF
e: water-soluble F adhered to surface of gypsum crystals

in cement, the longer is the setting time of cement. 
Phosphogypsum No. IV containing the largest 
quantity of impurities of all the other phosphogypsums 
in Table 17 shows a strong retarding action on the 
setting of cement. The results given in Table 19 show 
that the three day-strength of mortar containing 
phosphogypsum, the total SO3 content of which is 
in the range of 1.5% to 3.0%, is not less than that 
of the mortar containing natural gypsum. The addi
tion of a large quantity of gypsum, such as total SO3 
content 5.0%, causes the expansion of the hydrating 
cement to result in markedly lowered mortar strength 
regardless of using phosphogypsum or not. Further
more, Miyazawa reported that the length change of 
the mortar after drying is reduced as the quantity of 
gypsum in cement increases and that the length change 
of the mortar is not closely related to the quantity of 
impurities of phosphogypsum within the limit of his 
experiment. The expansion-contraction test of mortar 
was made using the test procedure J.C.E.A.S.H (1962) 
under the following conditions: curing for five days 
in water at 20°C followed by standing for thirteen 
weeks in air with the relative humidity of 44 %.

Mixing and Curing at Relatively Higher and Lower 
Temperature Than 20°C

Assuming that the hydration of portland cement at 
its early stage is predominated by chemical reaction, 
it is expected that the time of set is markedly affected 
by temperature during the mixing or curing of paste 
and mortar. In practice in cold seasons, it is feared 

. that, on account of the decreased rate of the hydration 
reaction at lower temperature, the setting period of 
cement containing phosphogypsum can be prolonged 
into what is normally the hardening period. Hanada 
(63) prepared nine kinds of portland cements and nine 
kinds of blastfurnace cements containing various gyp
sums, namely, a natural gypsum, two kings of phos
phogypsums, two kinds of chemical gypsums and 
four kinds of the mixtures of two of them. Then, he 
measured the time of set of pastes and the strength 
develoment of mortars at each temperature of 5, 10, 
20, 30 and 40°C. Tables 20 and 21 show the results 
of the time of set, in which the time of set of paste 
containing natural gypsum is written as 100 and those 
of paste containing other gypsums are shown with a



Table 19. Mortar strength of portland cement containing various quantities of natural gypsum and phosphogypsum

so3

(%)
Flow

Bending strength kg/cm2 Compressive strength kg/cm2

3 days 7 days 28 days 91 days 3 days 7 days 28 days 91 days

1.5 100 100 100 100 100 100 100 100 100
(35.9) (50.9) (66.1) (69.3) (139) (225) (385) (416)-* Q< 2.0 100 107 100 105 103 107 101 95 98a 3.0 100 125 107 95 98 118 103 92 95s 4.0 95 113 97 96 99 113 98 83 90z 5.0 94 71 64 86 96 71 62 74 88

M 1.5 100 100 100 100 100 100 100 100 100
a (35.0) (51.2) (64.0) (67.5) (134) (237) (381) (412)

6 2.0 100 107 103 103 100 110 100 96 96*gE 3.0 100 117 108 105 105 118 102 96 96
o * 4.0 96 110 104 98 102 118 96 88 90

5.0 92 74 73 87 99 77 68 79 94

y 1.5 100 100 100 100 100 100 100 100 100
0 (33.1) (47.3) (62.4) (64.1) (131) (229) (373) (415)

2.0 104 121 111 102 108 120 105 101 100
•gj 3.0 102 129 124 109 108 128 107 95 94
0 & 4.0 101 93 100 99 108 98 91 85 91

5.0 98 73 64 83 95 71 52 70 84

1.5 100 100 100 100 100 100 100 100 100
Q (31.9) (48.7) (65.5) (67.5) (122) (221) (370) (403)

2.0 97 - 108 102 101 100 106 102 99 99
3.0 98 133 114 108 106 134 108 100 99

5” 4.0 95 113 106 98 96 120 99 91 95
sS 5.0 95 76 71 84 94 77 65 76 91

> 1.5 100 100 100 100 100 100 100 100 100
(28.9) (42.7) (62.2) (63.8) (116) (194) (368) (405)

6Z 2.0 101 128 116 106 102 125 107 99 99
3.0 98 140 117 109 106 132 114 94 96

0 8. 4.0 97 90 92 84 99 94 92 79 89

£ M 5.0 94 69 61 80 91 67 55 69 79

In this table, flow is written as relative value for that of paste with total SO 3 content 1.5 %.
Numbers in parentheses are real value of mortar strength. ,
Numbers without parentheses are relative value of that of cement with other contents when mortar strength of cement with SO3 
1.5% is written as 100.

Table 20. Setting time of paste ofportland cement containing various gypsums

5°C 10°C 20°C 30°C 40°C

W/C Initial Final W/C Initial Final W/C Initial Final W/C Initial Final W/C Initial Final

N.G. 26.5 100 
(3-05)

100 
(5-30)

26.0 100 
(1-30)

100 
(2-20)

26.2 100 
(1-30)

100 
(2-45)

26,9 100 
(1-00)

100 
(1-45)

27.8 100 
(1-00)

100 
(1-30)

P.G. 23.8 206 199 24.0 283 254 24.5 300 236 25.2 284 248 25.9 234 239
P'.G. 23.8 100 117 23.8 150 157 24.2 167 145 25.0 158 152 25.6 150 150
W.G. 23 9 76 76 23.6 106 103 23.9 96 97 24.6 100 100 25.1 100 1U6
A.G. 25 0 103 109 25.0 133 118 25.2 133 130 25.8 125 129 26.6 142 128
N.G. + P.G. 25.0 152 155 25.0 156 168 24.1 178 152 26.2 183 156 26.9 167 161

(I: 0
N.G. + P'.G. 24.2 89 106 24.6 134 129 24.8 122 127 25.5 150 129 26.2 117 125

(1:1)
N.G. + W.G. 24.6 81 85 24.8 106 107 24.8 95 103 25.8 117 109 26.5 100 106

(1: 1)
N.G. 4. A.G.

(1:1)
24.6 81 83 25.0 100 111 24.8 89 100 25.5 108 109 25.2 100 115

W/C: water-cement ratio (%)

Setting time (hr.-min.); Numbers in parentheses are real value of setting time.
Numbers without parentheses are relative value of that of paste containing various gypsums for the set
ting time (100) of paste with natural gypsum. , . .

Numbers in parentheses of the first column are the proportions of each component of the gypsum mixture contamed m cement.

relative value to the former. Both time for the initial 
and final set of paste with natural gypsum at 5°C tend 
to be two times as longer as the setting time at 20°C. 
However, it is not observed that, at lower temperature, 

the setting of paste containing phosphogypsum is 
more markedly retarded than that of paste without 
phosphogypsum. Such a tendency is observed in the 
case of blastfurnace slag cement as well as portland



cement. Table 22 shows the strength development of 
mortars made from the both cement at each tempera
ture. In view of his results, regardless of whether 
natural gypsum is contained in cement or not, the 
strength development of mortar is relatively reduced 
by lowering the temperature, although the tendency 
that the lowering in curing temperature increases the 
retarding action of impurities on the strength develop
ment is not observed, even on the three day-strength.

Influence of Phosphogypsum on Properties of 
Concrete

In view of practical point, the properties of concrete 

made from portland cement containing phospho
gypsum should be investigated in order to be related 
to those of pastes and mortars obtained by laboratory 
test. Kanada (63) prepared concrete from portland 
cement and blastfurnace slag cement containing 
various gypsums in Table 14 and showed, as in Tables 
23 and 24, the change of slump of concrete from the 
time just after mixing concrete up to 150 minutes. 
The change of slump of concrete is scarcely affected 
by the quantity and the kind of impurities in gypsum. 
Consequently, it can be said that, within the limit of 
his experiment, the impurities in phosphogypsum do 
not exert any unfavorable effects on properties of

Table 21. Setting time of paste of blastfurnace slag cement containing various gypsums

5°C 10°C 20°C 30°C 40°C

w/c Initial Final W/C Initial Final W/C Initial Final W/C Initial Final W/C Initial Final

N.G. 27.5 100 
(5-00)

100 
(8-50)

28.6 100 
(2-20)

100 
(3-40)

28.6 100 
(2-25)

100 
(4-05)

29.5 100 
(1-55)

100 
(2-55)

30.2 100 
(1-40)

100
(2-35)

P.O. 26.5 168 172 26.8 231 193 28.1 194 177 28.2 196 174 29.0 180 158
P'.G. 26.8 165 164 27.0 208 173 27.2 184 172 28.1 187 157 28.6 165 155
W.G. 26.6 128 135 27.0 129 125 27.4 116 117 28.1 117 114 28.6 115 100
A.G. 26.4 105 123 27.0 121 118 27.4 106 114 27.8 100 103 28.2 105 94
N.G. + P.G.

(1:1)
27.8 190 166 28.2 182 152 28.2 161 157 29.0 157 152 29.5 165 145

N.G. + P'.G.
(1:1)

27.0 152 144 28.2 163 148 28.2 123 135 28.8 126 126 29.2 115 126

N.G. + W.G.
(1:1)

26.8 99 115 28.1 129 125 28.1 103 115 28.9 113 109 29.2 100 97

N.G. + A.G.
(1:1)

27.0 105 109 28.1 125 112 28.2 100 110 28.8 104 106 29.1 95 100

VtjC: water-cement ratio (%) -

Setting time (hr.-min.); Numbers in parentheses are real value of setting time.
Numbers without parentheses are relative value of that of paste containing various gypsums for the 
setting time (100) of paste with natural gypsum.

Numbers in parentheses of the first column are the proportions of each component of the gypsum mixture contained in cement.

Table 23. Slump of concrete (Portland cement with various gypsums')

Slump (cm) Ratio

3 min. 30 min. 60 min. 90 min. 120 min. 150 min. 3 min. 30 min. 60 min. 90 min. 120 min. 150 min.

N.G. 16.0 11.5 11.1 9.4 7.2 7.2 100 72 69 59 45 45
P.G. 17.1 9.0 8.5 5.5 5.5 5.0 100 53 50 32 32 29
P'.G. 16.5 13.8 12.0 9.7 8.1 6.7 100 84 73 59 49 41
W.G. 16.0 11.8 8.2 6.6 4.2 3.7 100 74 51 41 26 23
A.G. 16.7 14.1 7.1 4.8 3.7 3.3 100 84 43 29 22 20
P.G. + N.G.

(1:1)
16.5 11.9 7.8 6.0 4.0 3.3 100 72 47 36 24 20

P'.G. + N.G.
(1:1)

16.7 13.7 11.1 9.7 6.9 6.6 100 82 66 58 41 40

W.G. 4- N.G. 
(1:1)

16.5 14.0 7.6 7.2 5.6 5.3 100 85 46 44 34 32

A.G. + N.G.
(1:1)

15.0 12.2 8.6 7.5 5.7 5.5 100 81 57 50 38 37

Numbers in parentheses of the first column are the proportion of each component in the mixture of natural gypsum and chemical 
gypsum added to cement.

The concrete in this table was prepared from portland cement with various gypsums 4 %.
The proportion of aggregate and cement in the concrete mixture is as follows;

water-cement ratio 60% Weight of each component of concrete (per Im3)
sand-aggregate ratio 41.1% cement 305 kg

sand 741 kg
aggregate 1106 kg
water 183 kg
total 2335 kg



(kg/cms)
5°C

Table 22. Bending strength and compressive strength of portland cement and blastfurnace slag cement containing various gypsums

3 days 7 days 28 days
Bending 
strength

Compressive 
strength

Bending 
strength

Compressive 
strength

Bending 
strength

Compressive

2 N.G. 14.6 45 32.2 124 52.6 333P.G. 12.1 34 30.2 118 66.5 336
1 P .G. 10.0 37 25.7 121 64.0 345W.G. 12.5 45 31.6 132 66.5 351■Q A.G. 14.8 46 30.6 132 64.0 338P.G. + N.G. (1: 1) 12.3 35 33.9 132 65 340■3 P'G. + N.G. (1: 1) 13.3 39 35.8 139 65 343o W.G. + N.G. (1: 1) 14.2 42 35.1 134 64 320A.G. + N.G. (1:1) 14.4 42 33.9 138 62 330

N.G. 8.8 25 23.4 74 48 212P.G. 7.8 23 19.5 68 47 212
P'.G. 7.2 23 21.8 67 45 211

5 E W.G. 6.8 23 18.9 . 72 49 227
a s A.G. 9.9 26 24.8 74 49 211

P.G. + N.G. (1: 1) 8.6 24 23.8 70 49 205J2 <8 P'.G. + N.G. (1: 1) 6.1 24 21.0 71 51 201P4 cfl W.G. + N.G. (1: 1) 9.7 28 24.9 78 53 212
A.G. + N.G. (1: 1) 9.6 27 22.8 72 50 202

1U"C
N.G. 18.7 69 42.7 187 57 325c P.G. 16.0 54 40.2 158 65 348

E P.G. 12.1 59 40.2 180 66 366
o W.G. 21.3 79 46.4 198 63 354

"O A.G. 20.5 75 43.1 188 63 340c P.G. 4- N.G. (1:1) 17.6 65 41.0 185 65 352
P'.G. + N.G. (1: 1) 20.1 73 40,2 180 66 381

o W.G. + N.G. (1:1) 27.3 106 40.2 196 63 353cu A.G. 41 N.G. (1: 1) 27.9 115 43.3 190 67 364
N.G. 13.7 40 28.7 100 57 262

X) P.G. 8.6 31 23.2 87 52 206
"1 P'.G. 12.1 38 25.5 93 55 254
£ i W.G. 15.2 41 21.6 94 50 259
,5 Ö A.G. 14.8 45 29.6 105 53 262

OT hn P.G. 4- N.G. (1:1) • 14.2 40 27.5 104 52 258
53 P'.G. 4- N.G. (1: 1) 16.8 44 29.2 106 53 261ffl W W.G. + N.G. (1: 1) 16.2 48 30.3 108 52 267

A.G. 41 N.G. (1: 1) 17.6 48 29.5 112 54 268
20°C

.« N.G. 33.5 134 48.0 229 68.1 401
c P.G. 32.6 131 43.1 207 63.4 379
E P'.G. 32.2 134 46.0 237 70.4 422

W.G. 35.9 148 49.4 245 68.1 417
*0 A.G. 32.8 130 46.0 242 71.4 434ti P.G. + N.G. (1: 1) 29.8 , 132 47.4 238 69.1 417
zz P'.G. 4- N.G. (1: 1) 31.0 128 48.3 233 68.9 428
0 W.G. 4- N.G. (1: 1) 31.8 131 46.4 238 70.0 433

A.G. 4-N.G. (1:1) 30.0 129 47.0 226 65.5 404
N.G. 25.2 85 36.8 160 64 404
P.G. 23.4 79 37.9 163 66 401
P'.G. 23.4 79 42.3 187 71 452

= £ W.G. 24.4 85 39.6 175 70 420
,3 5 A.G. 25.2 87 40.8 184 72 427

P.G. + N.G. (1: 1) 24.2 82 40.2 189 70 452
« * P'.G. + N.G. (1: 1) 25.0 82 38.0 152 70 409
Ä « W.G. 4- N.G. (1: 1) 24.6 90 39.0 171 67 421

A.G. + N.G. (1:1) 23.6 87 38.4 165 67 420
30°C

N.G. 42.1 193 53.6 295 67.1 385
y P.G. 42.2 187 51.9 297 67.9 393
E P'.G. 42.5 198 54.6 304 66.9 398

W G 47.0 210 56.0 322 65.4 413
"O A G 43.5 196 56.0 311 66.1 410
c P.G. + N.G. (1: 1) 43.1 199 51.7 314 68.1 407

P'.G. 4- N.G. (1: 1) 42.7 194 54.6 291 65.0 393
Q W.G. 4- N.G. (1: 1) 42.1 202 58.3 307 66.5 402
a. A.G. 41 N.G. (1: 1) 42.7 205 54.0 308 67.5 403 __

35.7 148 51.7 273 62,6 399
34.1 147 55.4 275 61.7 406

y r 34.5 145 54.8 282 68.4 408
E e 34.9 158 57.6 301 65.9 445
.d o 36.8 150 57.5 282 68.3 402

Bl
as

tf 
sla

g 
c P.G.'4- N.G. (1:1)

P'.G. 4- N.G. (1: 1 
W.G. 4- N.G. (1: 1) 
A.G. 4- N.G. (1:1)

33.3
35.9
36.5
37.2

157
154
159
157

56.0
58.9
56.0
57.8

287
290
293
296

65.6
65
60
63

417
438
455
441

40°C ________________
48.6 267 64.4 346 62

a RG.‘ 49.1 254 53.5 339 62 402
E 47.8 258 59.9 349 69 398

£

W.G.
A.G.
P.G. 4- N.G. (1: 1)
P'.G. 4- N.G. (1: 1)
W.G. 4- N.G. (1: 1)
A.G. 4- N.G. (1: 1)

50.0
48.0
45.4
45.8
50.5
47.6

285
273
239
236
272
265

58.7
59.3
56.5
54.5
61.2
60.5

375
360
318
303
352
345

66 
66 
63 
58 
70
66

412
383
396
414 

______ 401_______

Bl
as

tfu
rn

ac
e 

sla
g 

ce
m

en
t

N.G.
P.G.
P'.G.
W.G.
A.G.
P.G. 4- N.G. (1:1)
P'.G. 4- N.G. (1: 1)
W.G. 4- N.G. (1: 1) 
A Ci J- N r. ri • n

39.2
47.2 '
46.8
48.0
47.2
45.4
48.4
48.4
43.5

221 
222 
221 
247 
245 
235 
245 
231
232

43.7
57.2
54.6
52.9
53.9
51.5
54.1
57.4
55.6

323 
324 
330 
323 
312 
313
327 
321 
317

59
61
65
61
60
61
52
62
59

374 
378 
390
367 
356 
361
349 
353

Numbers in parentheses of the second column are the proportions of each component of the gypsum mixture contained in cement.



Table 24. Slump of concrete (Blastfurnace slag cement with -various gypsums)

Slump (cm) Ratio

3 min. 30 min. 60 min. 90 min. 120 min. 150 min. 3 min. 30 min. 60 min. 90 min. 120 min. 150 min.

N.G. 15.9 12.9 8.4 7.0 6.2 5.5 100 81 53 44 39 35
P.G. 17.6 14.3 10.2 7.2 5.8 4.8 100 81 58 41 33 27
P'.G. 18.8 14.7 13.3 10.6 7.9 7.0 100 78 71 56 42 41
W.G, 16.8 12.3 9.2 6.2 5.1 3.7 100 73 55 37 30 22
A.G. 16.3 10.6 7.3 5.0 4.0 3.0 100 65 45 31 25 18
P.G. + N.G.

(1:1)
15.8 9.3 7.5 5.7 4.5 3.6 100 59 47 36 28 23

Pf.G. + N.G.
(1:1)

17.0 11.0 10.8 6.5 6.3 4.8 100 65 64 38 37 28

W.G. + N.G.
(1:1)

16.4 10.6 7.8 5.5 5.5 4.2 100 65 48 34 34 26

A.G. + N.G.
(1:1)

15.7 10.0 7.8 6.2 4.4 4.2 100 64 50 39 28 27

Numbers in parentheses of the first column are the proportion of each component in the mixture of natural gypsum and chemical 
gypsum added to cement.

The concrete in this table was prepared from blastfurnace cement with various gypsums 4%.
The proportion of aggregate and cement in the concrete mixture is as follows;

water-cement ratio 
sand-aggregate ratio

60% Weight of each component of concrete (per Im3)
41.1% cement 305 kg

sand 741 kg
aggregate 1106 kg
water__________________ 183 kg
total 2335 kg

concrete. The results given in Table 25 indicate that 
the development of compressive strength of concrete 
is independent of the impurities of phosphogypsum 
in concrete, as mentioned previously.

Furthermore, Hanada (63), through ASTM Desig
nation : C403-63T, measured the time of set of concrete 
prepared from portland cement with various gypsums. 
The results given in Figs. 5-1 and 5-2 show that the 
time of set of concrete is not considerably affected by 
the impurities of phosphogypsum.

Utilization of Other Chemical Gypsums for 
Portland Cement

There are many kinds of chemical gypsum in Japan, 
as in Table 1. But phosphogypsum alone is very impor
tant for portland cement industry at the stand point 
of the quantity and property of gypsum. The major 
part of this paper has been givn for the discussion on 
the utilization of phosphogypsum. But, some of chem
ical gypsums are also frequently useful for portland 
cement. In this chapter, the utilization of other chem
ical gypsums in making portland cement and the 
hydration of the prepared cement will be treated.

Fluorogypsum, as in Table 1, is usually produced 
in the form of anhydrite. After standing in storage 
ponds, some portions of anhydrite are converted to 
dihydrate through the hydration reaction. Therefore, 
fluorogypsum usually used in making portland cement 
is a mixutre of anhydrite and dihydrate. Generally,

Table 25. Compressive strength of concrete (Blastfurnace slag 
cement with various gypsums)

Compressive strength (kg/cm2)

3 days 7 days 28 days

N.G. 86 138 319
P.G. 70 122 279
P'.G. 72 122 303
W.G. 69 136 275
A.G. 71 140 303
P.G. + N.G.

(1:1)
78 146 346

P'.G. + N.G.
(1:1)

74 136 331

W.G. + N.G.
(1:1)

72 145 304

A.G. + N.G.
(1:1)

71 133 286

Numbers in parenthesis of the first column are the proportion 
of each component in the mixture of natural gypsum and chem
ical gypsum added to cement.

The concrete in this table was prepared from blastfurnace 
cement with various gypsums 4%.

The proportion of aggregate and cement in the concrete 
mixture is as follows;

water-cement ratio 60%
sand-aggregate ratio 41.1 %

Weight of each component of concrete (per 1 m3)
cement 305 kg
sand 741 kg
aggregate 1106 kg
water 183 kg
total 2335 kg

fluorogypsum have some amounts of the water
soluble impurities, such as residual hydrofluoric 
acid, unreacted sulfuric acid and other inorganic 
salts. Table 6 shows the chemical compositions of



Table 26. Influence of fluorogypsum on setting time and strength development of portland cement

SOs
(%)

w/c 
(%)

Initial 
hr.-min.

Final 
hr.-min.

Compressive strength

3 days 7 days 28 days

1.4 25.0 2-50 4-25 111 108 111Fluorogypsum |
2.1 25.0 3-20 5-05 120 118 119

Mixture of natural | 1.4 25.4 2-35 4-10 100 100 100
gypsum and waste <
plaster mold I 2.1 25.4 2-55 4-25 100 100 100

In this table, compressive strength of portland cement with fluorogypsum is expressed as relative value for that (assuming as 
100) of portland cement with the mixture of natural gypsum and waste plaster mold.

Time (hours)

Fig. 5-1. Setting time of concrete with various gypsums 
(By ASTM Designation 403-63T). 
--------- : Natural gypsum.
-------- : Chemical gypsum No. E.
- -™: HDS-5.
-------- : HDS-3.

fluorogypsums.
Miyazawa (64) prepared portland cement (total 

SO3 content; 1.7% and 2.4%) containing fluorogyp
sum and the mixture of natural gypsum and the waste 
Paris mold. The results given in Table 26 show that 
the retarding action caused by the impurities of 
fluorogypsum is relatively smaller than that by the 
impurities of phosphogypsum. Form these results, 
it is supposed that there is a distinct difference in the 
reaction mechanism on the hydration of cement 
between the water-soluble F originated from hydro
fluoric acid and that from sodium silicofluoride. The 
three day-strength of mortar containing fluorogypsum 
is greater than that containing natural gypsum. Mochi- 
zuki (67), using another fluorogypsum obtained from 
the same source, prepared portland cements con
taining total SO3 contents 1.7% and 2.4% and 
measured the time of set of pastes and the strength

Fig. 5-2. Setting time of concrete with various gypsums 
(By ASTM Designation 403-63T).

—•—: Sodagypsum.
—O—: Pure gypsum.
—<8—: Ss.P2O5 0.1%.
—■—: Ss.P2O50.5%.
— —: Ss.P2O5 1.0%.
—X—: Ss.P2O5 2.0%.

development of mortars. The results obtained by 
him showed that the time for initial and final set is 
longer when the content of SO3 was 2.4% than when it 
was 1.2%. In both cases, however, the strength devel
opment of mortar was not affected by the impurities of 
fluorogypsum.

A characteristic phenomenon in using fluorogyp
sum for cement is a marked increase of the power 
consumption for grinding of cement clinker together 
with fluorogypsum. Comparing with natural gypsum 
in Japan, the increments of the power consumption 
are 13% to 18% with the coarse powder of fluoro
gypsum and 30% to 40% with fine powder. The 
great increase in power consumption in grinding may 
be caused by the lack of clay minerals in fluorogypsum.



Takemoto (68) also prepared portland cement con
taining each of fifteen kinds of fluorogypsums and 
measured the setting time of its paste and the strength 
development of its mortar. The amount of the water
soluble F contained in fluorogypsum was 0.003 % to 
0.05 % and the amount of total F was 1.00 % to 1.50 %. 
His results indicate that the amount of the water
soluble F and iron salt as well as the acidity of fluoro
gypsum affected the strength development of mortar. 
In other words, the increase of the water-soluble F 
results in the increase of iron salts and the lowering 
of the strength development of mortar.

The utilization of chemical gypsum No. D for 
control of the setting time of portland cement was 
studied by Hanada (63). Table 27 shows the chemical 
compositions of two kinds of chemical gypsums 
No. D produced from the first and second neutraliza
tion reaction in their production process. The latter 
has about 6 % iron oxide as an impurity. The setting 
time of paste and the strength devlopment of mortar 
with these chemical gypsums is given in Tables 28 and 
29. The results indicate that the both chemical gypsums 
do not have any adverse effects on the setting and the 
strength development. The properties of portland 
cement with two kinds of chemical gypsums No. D 
are similar to that of portland cement with a com
mercial chemical gypsum.

Table 27. Chemical compositions of chemical gypsum No. E
(%)

Water Combined 
water FeaOa CaO SO3

Gypsum by 
first reaction 13 19.6 0.5 31.8 44.7

Gypsum by 
second reaction 25 19.2 5.7 30.8 43.1

In Tables 20-25 of last chapter, Hanada, comparing 
with the setting time of paste and the strength develop
ment of mortar containing phosphogypsum and 
natural gypsum, showed the setting time of paste and 
the strength development of mortar with two kinds 
of other chemical gypsums (63).

The work by Takemoto, Ito and Suzuki (53) on the 
properties of portland cement containing fluorogyp
sum, titangypsum and sodagypsum indicates that, 
except that sodagypsum slightly lowers the utilmate 
development of mortar strength, these chemical 
gypsums have scarcely the different effect from natural 
gypsum on the propetties of port! and cement. Naka- 
mori and Mizoguchi (69) examined the compatibility 
of phosphogypsum, saltgypsum, sodagypsum and 
chemical gypsum No. J for control of the setting time 
and said that these chemical gypsums can be used if 
they contain only a small amount of impurities.

Table 28. Setting time of cement containing chemical gypsum 
No. E

w/c 
(%)

Initial 
hr.-min.

Final 
hr.-min.

*o
Gypsum by 
first reaction

24.1 2-20 3-35

E
Gypsum by 
second reaction

24.2 2-20 3-35

£ 8 Commerical 
artificial gypsum

24.2 2-20 3-35

U d
Gypsum by 
first reaction

26.7 3-15 4-20

5 i Gypsum by 
second reaction

26.5 3-15 4-30

Bl
as Commerical 

artificial gypsum
27.0 3-15 4-40

The quantity of gypsum added to the both cements is 4 %

Table 29. Strength development of mortar containing chemical gypsum No. E

Bending strength (kg/cm2) Compressive strength (kg/cm2)

3 days 7 days 28 days 3 days 7 days 28 days

I
Gypsum by 
first reaction

31.6 42.4 74.0 116 201 404

1 Gypsum by 
second reaction 1

30.2 40.8 73.2 119 205 . 401

H
an

d Gypsum by 
second reaction 2

31.8 42.1 75.0 118 206 402

0 Ph Commerical 
artificial gypsum

32.1 42.5 74.0 118 205 404

Gypsum by 
first reaction

27.2 39.6 73.0 96 182 410

1 i Gypsum by 
second reaction 1

27.0 39.0 73.3 95 180 399

S s
Gypsum by 
second reaction 2

28.0 40.2 74.0 98 185 403

co * Commercial 
artificial gypsum

27.0 41.0 73.1 95 180 400

The quantity of gypsum added to the both cements is 4%



Grindability of Clinker together with Chemical 
Gypsum

While natural gypsums are usually produced in the 
form of lump, most of chemical gypsums are by
produced in state of powder, unless it is pelletized. 
The SO 3 content of chemical gypsum is as high as 
that of pure natural gypsum. Natural gypsum used 
generally in Japan for making portland cement con
tains a relatively large amount of clay minerals which 
may give a favorable effect on the grinding efficiency 
of cement.

Miyazawa, in preceding chapter, showed that the 
power consumption in grinding of cement markedly 
increases when fluorogypsum is used. He also reported 
that, when pure natural gypsum, pelletized phospho
gypsum and powdered chemical gypsum are used, the 
power consumption required to obtain the cement with 
a definite fineness was 5 % to 19 % larger than that in 
using the relatively poorer grade natural gypsum con
taining some quantities of clay minerals.

Suzukawa and Kobayashi (70,71) investigated 
systematically a group of problems on the grindability 
of cement with chemical gypsum in connection with 
the dehydration of gypsum caused by the temperature 
elevation during the grinding process and the resultant 
false set. They used some natural gypsums and phos
phogypsums having the chemical compositions listed 
in Table 30.

The results of grinding tests at ordinary temperature 
and 160°C are given in Table 31. It is evident that at 
each temperature there are some differences in the 
grindability of cement caused by the grade of gyp

sums. In grinding at ordinary temperature, the 
grinding time required to obtain the cement with a 
definite fineness is minimum when the lower grade 
natural gypsum is used, and it is more when the ordi
nary natural gypsum is used and is longest when pure 
natural gypsum or phosphogypsum is used.

When grinding is carried out at 160°C, it is generally 
observed that the amount of ball coatings and the 
grinding time as well as the quantity of coarse particle 
in the sieving residue increase markedly. In particular, 
the grade of gypsum is closely related to the length 
of grinding time. Namely, using the lower grade 
natural gypsum, even in grinding at 160°C, it is 
apparently observed that the amount of ball coatings 
is greatly decreased, that the grinding time is relatively 
shortened than grinding at ordinary temperature and, 
however, that the amount of coarse particle in the 
sieving residue is unusually increased. Since the cement 
which is ground together with the lower grade natual 
gypsum has the size distribution different from that 
of cement ground with other gypsums, it is suggested 
that the abnormal acceleration of grinding has been 
happened only during the milling with natural gypsum 
of the lower grade. In view of the aforementioned 
results, the most reasonable conclusion is that the 
mineral impurities naturally included in natural gyp
sum are markedly effective to the improvement of 
grindability of cement.

Some portions of works undertaken by Suzukawa 
and Kabayashi in order to reconfirm the above results 
and to solve the problem on grinding of the cement 
with chemical gypsum are shown in Table 32. In this 
experiment, they investigated the grindability of

Table 30. Chemical compositions of cement clinker and various gypsums

h2o I.L. I.M. SiOs AUO3 FesOs CaO MgO so. Crystal size 
(/i)

Cement clinker —% 0.2% 0.2% 22.3% 5.4% 3.7% 65.8% 1.1% 0.5%

Natural gypsum-1 0.2 13.0 18.4 3.5 25,1 4.0 35.5

Natural gypsum-2 0.5 21.0 1.4 0.3 31.7 0.3 44.7

Natural gypsum-3 0.0 20.9 0.1 0.1 32.3 0.1 46.0

Natural gypsum-4 0.2 4.3 6.9 1.1 35.6 1.5 50.1

Natural gypsum-5 0.3 1.7 38.2 4.5 14.6 6.0 20.4

Phosphogypsum-1 0.0 20.4 — — — — — — 44.2 (100 - 150) x (50 - 70)

Phosphogypsum-2 0.3 20.9 1.9 1.8 31.0 0.0 44.2 (30- 50) X (20 - 30)

Phosphogypsum-3 0.0 20,6 — — — — — — 45.0 (20 - 30) x (10 - 20)

Chemical gypsum-1 0.0 22.5 0.1 0.1 32.6 0.0 44.5 (100 - 150) X (20 - 30)

Chemical gypsum-2 0.0 16.5 2.5 33.5 0.0 48.6

IX.; loss on ignition 
I.M.: insoluble matters



Table 31. Grinding tests of cement clinker together with various gypsums at ordinary temperature and at 160°C

Grindability Fineness Flake Ball coating

%G.T. T.R. Blaine 
cm3/g

>88/x
%

>44p.

N.G.-l 40 100 3260 0.4 10.4 0.20 0.5
N.G.-2 45 113 3240 0.4 10.0 0.22 0.5

e N.G.-3 46 115 3250 0.5 10.2 0.26 0.515 N.G.-4 57 143 3260 0.9 11.8 0.50 0.9
, ■ « N.G.-5 35 88 3280 0.5 11.4 0.20 0.5

P.G.-l 46 115 3270 0.4 9.8 0.20 0.2
.= 8 P.G.-2 46 115 3240 0.5 10.8 0.22 0.5
•o S 
Ö P.G.-3 48 120 3260 0.5 10.4 0.28 0.5

C.G.-l 46 115 3260 0.4 9.8 0.22 0.5
C.G.-2 44 110 3250 0.4 9.0 0.24 0.2

N.G.-l 43 108 3230 1.1 14.2 0.44 3.4
O N.G.-2 50 125 3290 1.2 14.8 0.74 6.4
o N.G.-3 50 125 3280 1.3 14.8 0.70 5.9

N.G.-4 57 143 3250 1.2 12.0 0.62 1.8
cd N.G.-5 32 80 3270 1.4 15.6 0.34 0.7

P.G.-l 50 125 3290 1.4 14.4 0.80 5.0
*0 P.G.-2 50 125 3300 1.6 16,2 0.76 6.8

P.G.-3 50 125 3300 1.3 13.4 0.74 6.1
o C.G.-l 50 125 3280 1.3 13.8 0.82 4.3

C.G.-2 50 125 3280 0.8 11.6 0.68 2.7

G.T.; grinding time
T.R.: time ratio
N.G.: natural gypsum
P.O. : phosphogypsum
C.G.: chemical gypsum

Quantity of gypsum used in grinding is as follows., N.G.-l 3.8%, N.G.-2 and 3, P.G.-l, 2 and 3, C.G.-l 3.0%, N.G.-5, 
C.G.-2 2.7%

All the quantity of gypsum are written as wt. % to clinker. .

Table 32. Grinding tests of cement clinker together with various gypsums at ordinary temperature and at 160°C

Grindability Fineness Flake

(%)

Ball coating

(7.)G.T. T.R.
(%)

Blaine 
cm/g

>88/i
(%)

>44/i
(%)

N.G.-2 + N.G.-5 
(2.4: 1.4)

42 105 3250 0.6 10.4 0.28 0.5
e

□ S
N.G.-3 + N.G.-5

(2.4: 1.4)
42 105 3240 0.6 11.0 0.28 0.5

N.G.-4 + N.G.-5 
(2.0:1.8)

43 108 3280 0.5 10.4 0.28 0.5

E 8
"is P.G.-2 + N.G.-5 

(2.4:1.4)
42 105 3250 0.6 10.6 0.26 0.5

6 C.G.-2 + N.G.-5 
(2.0: 1.8)

40 100 3260 0.5 10.0 0.18 0.2

u N.G.-2 + N.G.-5
(2.4: 1.4)

40 100 3240 1.0 14.2 0.34 0.9

o N.G.-3 + N.G.-5 
(2.4: 1.4)

40 100 3260 0.9 14.0 0.36 1.1

a
N.G.-4 + N.G.-5

(2.0:1.8)
43 108 3240 1.1 14.2 0.46 1.1

*a P.G.-2 + N.G.-5 
(2.4:1.4)

40 100 3250 1.3 16.0 0.44 1.6

6 C.G.-2 + N.G.-5 
(2.0:1.8)

39 98 3240 1.2 14.0 0.30 1.1

Numbers in parentheses of second column are the proportions of each component in the gypsum mixture added to clinker.

cements containing the mixture of the lower grade 
natural gypsum and one of other various gypsums at 
ordinary temperature and 160°C. Before the mixture 
of each gypsum and the lower grade natural gypsum 
is ground together with cement clinker, the quantity 
of the lower grade natural gypsum in the mixture is 
adjusted so as the quantity of the insoluble substance 
in the mixture is equal to that in the ordinary natural

gypsum in order to avoid the discrepancy on the 
amount of insoluble substance in the resultant port
land cement. These results show that the presence 
of the mineral impurities is effective to the remarkable 
reduction of the time of grinding without disturbing 
the distribution of particle size of the resultant cement. 
Moreover, the similar tendencies are observed in 
grinding at 160°C. Fig. 6 illustrates the grindability



gypsum Composition of natural gypsum and
chemical gypsum in mixture (%)

Fig. 6. Grindability of cement with various gypsums.
I: Natural gypsum (SO3 35.5%)—Chemicalgypsum

mixture.
II: Natural gypsum (SO3 28.5%)—Chemical gypsum

mixture.
HI: Natural gypsum (SO3 20.4%)—Chemical gypsum

mixture.
Grind temperature 160°C.
Grinding time of cement with only natural gypsum (SO3 35.5 %) 
is a assumed as 100%.
Values in parentheses are the amount of insoluble substance in 
cement, (wt. % to cement)

of cements containing the mixture of each of chemical 
gypsums and the different grade natural gypsums. 
It is apparent that the lower the grade of natural gyp
sum used by them, the shorter is the time of grinding.

The setting time of paste of portland cement which 
was ground together with ecah chemical gypsum alone 
or with the mixture of each chemical gypsum and the 
lower grade natural gypsum is given in Tables 33 and 
34. These results show that the mineral impuritiess

Table 33. Setting time of portland cement containing various 
gypsums

Setting Ratio

W/C
<%)

Initial 
hr.-min.

Final 
hr.-min. Initial Final

N.G.-l 25.8 2-02 3-10 100 100
cd N.G.-2 24.5 2-00 3-02 98 96
S O N.G.-3 24.3 2-02 3-00 100 95
sä N.G.-l 24.8 1-34 2-47 77 88
** 2 N.G.-5 28.3 2-05 3-22 102 106
Ml P.G.-l 24.8 3-55 5-22 193 169
.s g P.G.-2 24.3 2-27 3-47 120 119
.5 * P.G.-3 24.0 2-05 3-07 102 98

C.G.-l 24.8 2-21 3-19 116 105
C.G.-2 24.8 2-37 3-33 129 112

N.G.-l 23.8 2-09 3-15 106 103
u N.G.-2 25.0 M5 2-45 86 87
0 N.G.-3 25.5 1-46 2-36 87 82

N.G.-4 24.8 1-31 2-51 75 90
cd N.G.-5 28.3 2-15 3-25 111 108
c* P.G.-l 24.0 3-00 4-25 148 139

P.G.-2 24.5 2-15 3-25 111 108
P.G.-3 25.0 1-43 2-34 84 81

O C.G.-l 25.3 1-47 2-45 88 87
C.G.-2 23.8 1-54 2-55 93 92

Quantity of gypsum added to cement is as follows; N.G.-l 
3.8%, N.G.-2 and 3, P.G.-l, 2 and 3, C.G.-l 3.0%, N.G.-5, 
C.G.-2 2.7%, N.G.-4 2.7% All the quantity of gypsum are 
written as wt.% to clinker.

asgypsumIn this table, ratio of setting time is relative value of the setting time
100) of cement with natural gypsum-No. 1 in Table 33. , ,

Numbers in parentheses of the second column are the proportions of each component of the gypsum mixtures added to cement 
clinker. .

Table 34. Setting time of portland cements containing various gypsums

W/C

(%)

Setting Ratio

Initial 
hr.-min.

Final 
hr.-min.

Initial Final

N.G.-2 4- N.G.-5 25.5 2-13 3-16 109 103
(2.4:1.4)

■•S 2 N.G.-3 4- N.G.-5 24.8 2-06 3-07 103 98
12 (2.4:1.4)
*• 2 N.G.-4 4- N.G.-5 26.3 2-25 3-28 119 109

(2.0: 1.8)
1" P.G.-2 +• N.G.-5 25.3 2-29 3^11 122 116

(2.4:1.4)
C.G.-2 + N.G.-5 26.5 2-31 3-54 124 123

(2.0: 1.8)

N.G.-2 + N.G.-5 26.3 2-01 3-02 99 96
u (2.4:1.4)
0 N.G.-3 + N.G.-5 26.0 1-56 3-00 95 95

(2.4:1.4)
100ä N.G.-4 + N.G.-5 24.3 2-08 3-10 105

oe a 
•5

(2.0:1.8)
P.G.-2 + N.G.-5 25.5 2-22 3-35 116 113

§ (2.4:1.4)
107 1080 C.G.-2 4- N.G.-5 23.0 2-11 3-25

(2.0:1.8)



scarcely affect the setting and even the development of 
the strength of mortar. The results shown in Table 35 
indicate that the weight loss of cement on heating and 
the amount of SO3 of each section of particle size of the 
cement ground at 160°C are approximately indepen
dent of the change of gyspum grade and, that most of 
gypsum in the ground cement are present as the particle 
under 15/z. In a previous paper, Nakamori and Mizo
guchi (69) have reported that all the gypsum contained 
in a commercial portland cement are as fine as the 
particle under 15/z.

Relation between Chemical Gypsum and False Set

The purpose of this chapter is to investigate whether 
or not the use of chemical gypsum for portland 
cement is responsible for the development of a false 
set of fresh cement. Takemoto, Ito and Suzuki (53) 
reported that the false set which was caused by aera
tion scarcely happened in cement containing phospho
gypsum or sodagypsum.

Table 35. Loss on ignition of cements and distribution of SO3 
in cements ground together with various gypsums.

Cement Cement 
under 15g

Ig-loss (%) SO3

(%)

Ig-loss 
950°C 
(%)

SO 3

(%)350°C 950°C

N.G. 1 0.03 0.31 1.65 1.34 2.75
N.G. 3 0.06 0.35 1.68 1.81 3.01
N.G. 4 0.05 0.33 1.74 1.98 3.27
N.G. 5 (+) 0.10 1.69 1.17 2.83
P. G.2 0.03 0.30 1.64 1.37 2.77

Quantities of gypsums added to cement is as follows: N.G.- 
13.8%, N.G.-3, P.G.-23.0%, N.G.-4 and 52.7%.

All the quantity of gypsum are written as wt. % to clinker.

Suzukawa and Kobayashi studied in detail the rela
tions between the false set of fresh cement and the 
addition of phosphogypsum (70,71). Table 36 shows 
the chemical compositions of various gypsums used 
in their experiments, namely: three kinds each of na
tural gypsums, phosphogypsums and artificial gyp
sums. In two of the three kinds of artificial gypsums, 
some portions of SO3 in their crystal lattice are 
substituted by HPO;-. Each kind of gypsums was 
dehydrated and mixed in the cement. False set is 
examined by J.A.S.S method after paste was agitated 
for 1.5, 3 and 5 minutes. The relation between the time 
of hydration versus the penetration of paste is illus
trated in Figs. 7-1 and 7-2. These results show that 
the development of false set is not only affected by the 
change of grade of gypsum, but also the amount of 
gypsum in cement. The cement containing phospho
gypsum No. 3 that is chemically untreated shows a 
frequent anomalous set which may be caused by the 
large amounts of impurities of phosphogypsum. 
Therefore, in cement containing natural gypsum and 
even phosphogypsum, a false set is a likely possibility.

False set of the cement made from two clinkers is 
examined in order to investigate the anomalous set 
mentioned above under two conditions: one of them 
is of a constant consistency and the other is of a con
stant water cement ratio. The chemical compositions 
of clinkers used in this experiment are given in Table 
37. In both cases, the SO3 content in the prepared 
cement containing phosphogypsum and natural gyp
sum is from 0.25% to 2.0%. From the results illus
trated in Figs. 8 and 9, the optimum amount of 
gypsum required for normal set seems to depend on 
the kind or grade of gypsum. In regard to the devlop- 
ment of false set, the influence of the chemically 
treated phosphogypsum on settting is analogous to 
that of pure gypsum. It is naturally suggested that the

Table 36. Chemical compositions of various gypsums used for the test offalse set

Gypsum Dehydrated gypsum

C.W.

(%)

so3
(%)

T-P2O5

(%)

W-P2O5

(%)

F

(%)

Specific 
surface area 

(m2/g)

C.W.

(%)

SOs

(%)

Specific 
surface area 

(m2/g)

N.G. 1 20.6 46.3 0.00 0.00 0.00 0.81 6.4 54.7 4.41
N.G. 3 9.5 35.8 0.03 0.01 0.04 0.56 3.1 38.6 9.58
N.G. 4 13.2 27.9 —. _ — 0.76 5.1 30.7 8.78
P.G. 1 20.6 46.2 0.03 0.02 0.01 0.85 6.5 54.2 4.86
P.G. 2 20.4 43.5 1.11 —. 0.10 —. 6.9 51.1
P.G. 3 20.5 44.4 1.12 0.92 0.12 0.46 6.8 52.2 3.70
A.G. 1 20.8 46.4 0.00 0.00 0.00 1.34 6.2 54.2 7.69
A.G.2 20.7 45.1 1.02 0.81 0.00 2.68 6.2 52.6 6.08
A.G. 3 20.7 40.5 5.04 4.02 0.00 2.99 6.2 46.9 6.93

N.G.: natural gypsum 
P.G.: phosphogypsum 
A.G.: artificial gypsum 
C.W.: combined water 
T—P2O5: total P2O5 
W-P2O5: water-soluble P2O5
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Fig. 7-1. Test of false set of paste made from clinker I with 

natural gypsum and phosphogypsum.
Numbers in parentheses are water-cement ratio required for a 
definite consistency.

■ O agitation for 1.5 minutes.
—: agitation for 3 minutes.

agitation for 5 minutes. 

Fig. 7-2. Test of false set of paste made from clinker II with 
natural gypsum and phosphogypsum.

Numbers in parenthesis are water-cement ratio required for a 
definite consistency.

....Q... : agitation for 1.5 minutes. 
—•—: agitation for 3 minutes. 

agitation for 5 minutes.

0.32 0.82 1.32 1.75 2.32 0.32 0.82 1.32 1.75 2.32

Total SO/^) in cement Total S0a(%) in cement

Fig. 8. Relations between various gypsums and false set 
{Using clinker 7).

—•—; high grade natural gypsum. (N.G.-l).
--O—: ordinary natural gypsum. (N.G.-2). .
■■■•▲ treated phosphogypsum. (P.G.-l).
—A—: untreated phosphogypsum. (P.G.-3).
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1.03 1.53 2.03 3.03 1.03 1.53 2.03 3.03

Total SO3 (%) in cement Total S03 (%) in cement

Fig. 9. Relations between various gypsums and false set.
' (Using clinker Ilf

—•—: high grade natural gypsum (N.G.-l).
- -O - ■: ordinary natural gypsum (N.G.-2).

A ■■■: treated phosphogypsum (P.G.-l).
. —A--: untreated phosphogypsum (P.G.-3).

0.32 0.82 1.32 1.75 2.32 0.57 1.32 1.75 2.32

Total S03 (%) in cement Total S03 (%) in cement

Fig. 10. Relations between various gypsums and false set. 
(Using clinker 1). 

pure artificial gypsum.
—A—: articial gypsum substituting 1 % P2O5.

x ■: artificial gypsum substituting 5% P2O5.
—O—: ordinary natural gypsum (N.G.-2).
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Table 37. Chemical compositions of clinkers I and II

Ig.loss Insol. SiOj A1sO3 PegOa CaO MgO SO2 Na30 K2O Total Free-CaO

I 
II

0.2
0.3

0.2
0.1

22.8
22.5

5.0
4.9

3.0
2.9

66.7
66.3

1.1 
LI

0.32
1.03

0.28
0.30

0.63
0.79

100.21
100.19

0.6
0.5

Ig. loss: loss on ignition 
Insol.: insoluble matters

behavior of cement with phosphogypsum which is 
not chemically treated differs from that of cement with 
other gypsums. In addition, they prepared some 
cements containing various gypsums and then, 
examined a false set, analysed the soluble components 
in the liquid phase of paste and measured the solu
bility of gypsums.

The curves in Fig. 10 show the relation between 
the time of hydration and the penetration of pastes 
with artificial gypsums. These results indicate that the 
tendency to develop false set of fresh cement with 
artificial gypsum substituting 1.0% PZO5 is similar 
to that in the cement with phosphogypsum No. 3 
in Table 36. Also, it was reported that the solubilities 
of SO4-, Ca++ and OH- in the liquid phase of paste 
are obtained as the anomalous curves corresponding 

to the development of the false set.
Consequently, it may be generally concluded that 

the dehydration of gypsum during the grinding and 
subsequent “plaster set” caused by the dehydrated 
gypsum during the hydration are likely to predominate 
the development of a false set.

However, the mechanism mentioned above may 
not be supported, because the present experimental 
results show that a false set is scarcely developed in 
cement containing the ordinary or the lower grade 
natural gypsum. Therefore, it is natural that the false 
set phenomenon of fresh cement should be investigated 
on such many factors as the grade of gypsum, the 
amount of added gypsum and the quantity of 
impurities.

Influence of Impurities of Phosphogypsum on Hydration of Portland Cement 
and Its Clinker Minerals

Introduction

It is now generally accepted that the impurities of 
phosphogypsum have some adverse effects on the 
hydration of portland cement. Hitherto, the results 
obtained by Takemoto, Ito and Suzuki (53) showed 
that the several impurities picked out by them act as a 
retarder at concentrations 0.1% to 1.0% to gypsum 
in cement. These impurities are sodium silicofluoride 
and phosphoric acid as an inorganic substance, and 
humic acid and sugar as an organic substance. Also, 
these impurities were used respectively as a single 
mixture and compound mixture. The retarding action 
markedly increases, when the compound mixture is 
used. These results are given in Table 38. Kobayashi 
also has undertaken a similar experiment and observed 
the marked retarding action resulted from these com
pound additives. Mori and Sudo (58) prepared port
land cement and blastfurnace slag cement containing 
monocalcium phosphate and dicalcium phosphate 
and they reported that the time of set was markedly 
prolonged with increasing concentration of each 
impurity in cement. Murakami has also studied the 
influence of phosphoric acid, monocalcium phosphate. 

dicalcium phosphate and sodium silicofluoride at 
relatively higher concentrations and, as in Table 39, 
he has obtained the same results with those of the 
preceding investigators.

Each impurity of phosphogypsum, when it is con
tained in the cement as a chemical reagent, does not 
give a slightly negative effect on the development 
of three day strength. These results are shown in Table 
40 by Murakami and also are well identical with the 
previous works (53, 57, 58).

The experiments mentioned above were undertaken 
to clarify the influence of impurities which adhered 
to the surface of the crystals of phosphogypsum. 
However these impurities are likely to turn insoluble 
rapidly, owing to the neutralization reaction of lime 
in its liquid phase of cement paste or mortar, imme
diately after the cement comes into contact with water. 
Therefore, the retarding action may be relatively 
weaker than that of the impurities in phosphogypsum 
even if it is subjected to the same concentrations.

Consequently, it can be said that the retarding 
action markedly depends upon the rate of dissolution 
of impurities from inside or outside of the gyspum 
crystals. Kobayashi has already reported that the



Table 38. Influence of additions on setting time of cement

Percentage of additions to gypsum in cement (%) Setting time

F2O5 
(%)

F 
(%) Organic substance w/c 

(%) Initial setting Final setting

0.0 0.0 0 24.2 2.07 3.11

0.0 0.25 0 24.2 3.02 3.57
Sodium silicofluoride 0.0 0.5 0 24.2 3.23 4.21

(Na2SiFs) 0.0 1.0 0 24.2 3.30 4.30
0.0 1.5 0 24.2 3.43 4.53

Phosphoric acid 0.5 0.0 0 24.2 2.30 3.25
(H3POJ 1.0 0.0 0 24.2 2.38 3.33

Humic acid 0.0 0.0 0.1 24.2 2.06 3.10

Sugar 0.0 0.0 0.1 24.2 2.10 3.12

0.5 0.5 0 24.2 4.05 5.25
(NasSiFal . 0.5 1.0 0 24.2 4.15 5.50
(HjPOi J mixed 1.0 0.5 0 24.2 4.20 6.13

1.0 1.0 0 24.2 4.30 6.25

0.5 0.5 0.1 24.2 4.40 6.00(Na-jSiFe • {Humic 1.0 1.0 0.1 24.2 5.30 6.401H3PO4 1 acid
10rganic- |

0.5 0.5 0.1 24.2 4.40 5.50
mixed 1.0 1.0 0.1 24.2 5.20 6.40

Table 39. Setting time of portland cement with chemical reagent corresponded to the impurities of phosphogypsum

Phosphoric acid Monocalcium phosphate

P2O5 in cement w/c Initial set Final set P2O5 in cement w/c Initial set Final set

% % - hr.-min. hr.-min. % % hr.-min. hr.-min.

0.00 27.5 2-14 3-24 0.00 27.0 2-28 3-26
0.01 28.0 2-28 3-53 0.01 27.0 2-58 3-53
0.05 28.5 3-11 4-16 0.05 27.5 3-30 4-28
0.10 29.0 3-32 4^6 0.10 28.0 4-05 5-06
0.50 32.5 5-41 7-52 0.50 28.5 5-00 6-21
1.00 40.5 6-52 9-32 1.00 30.0 5-26 7-24

Dicalcium phosphate Sodium silico-fluoride

P2O5 in cement w/c Initial set Final set F in cement w/c Initial set Final set

% % hr.-min. hr.-min. % «/ hr.-min. hr.-min.

0.000 27.5 2-23 3-18 0.00 28.5 2-40 3-35
0.013 27.5 2-35 3-03 0.01 28.5 3-30 4-27
0.016 27.5 2-35 3-07 0.05 28.5 6-31 8-23
0.126 27.5 2-58 3-48 0.10 28.0 8-25 10-39
0.633 28.0 2-50 3-47 0.50 28.0 8-17 11-41
1.265 28.5 3-18 4-38 1.00 28.8 8-35 14-07

In this table, each chemical reagent is expressed as the concentration of that in cement. The concentrations of chemical reagent 
to gypsum in cement is written as follows; (concentration in cement) x (33). Therefore, some portions of this experiment were under
taken at extremely high concentrations of chemical reagent.

retarding action of the P2O3 substituted in the crystal 
lattice is stronger than that of the P2O5 which adhered 
to the surface. Murakami also prepared the artificial 
gypsums with substituted P2O5 using calcium chlo
ride, sodium sulfate and disodium phosphate. Their 
chemical compositions are given in Table 41. Kanada 
(63) prepared some portland cement containing four 
kinds of artificial gypsums substituting P2O3 and 
measured the time of set and the development of 

mortar strength at the three varied temperatures of 
10°C, 20°C and 40°C. The total SO3 content in the 
prepared cement is 1.0%, 2.0%, and 3.0%. The 
results are illustrated in Fig. 11. The cement with 
1.0% SO3 content shows a flash set, however, the 
retarding action in the other hand is strengthened 
proportionally by increasing the amount of the 
gypsum substituting P2O5 or by increasing the quantity 
of P2O3 substituted in the crystal lattice of gypsum.



(20+2°C)

Phosphoric acid

Table 40. Strength development of portland cement with various 
chemical reagents

PjOs

cemen
(%)

Bending 
strength (kg/cm2)

Compressive 
strength (kg/cm2)

3 days 7 days 28 days 3 days 7 days 28 days

0 35.2 54.1 73.3 116 219 388
0,01 34.8 53.3 74.7 117 211 407
0.05 35.8 54.1 75.2 134 233 438
0.10 33.1 52.3 76.4 133 258 421
0,50 30.1 55.0 68.0 114 275 382
1.00 20.0 44.1 63.2 62 180 340

Monocalcium phosphate

0 27.9 47.4 76.1 116 211 388
0.01 31.0 43,9 76.9 144 198 391
0,50 34.8 45.2 77.0 140 181 424
0,10 35.0 44.9 79.2 161 204 396
0.50 37.6 46.1 74.7 158 227 399
1.00 30.1 44.9 73.3 99 197 400

Dicalcium phosphate

0 35.0 47.4 77.4 126 205 404
0.013 31.5 44.3 71.5 126 188 368
0.016 31.7 43.8 70.6 118 204 376
0.126 29.2 43.6 80.2 121 224 420
0.633 31.6 44.1 79.2 117 203 422
1.265 31.5 44.0 75.3 123 188 351

F in 
cement Sodium silico-fluoride

0(%) 24 48 81 126 230 426
0.01 27 49 81 124 225 434
0.05 27 52 83 123 235 436
0.10 28 59 82 123 250 421
0.50 30 53 76 147 246 409
1.00 31 60 78 140 241 436

Table 41. Chemical compositions of artificial phosphogypsum 
substituting P2O5 in the crystal lattice of gypsum

NO. 1 2 3 4

CaO 32.6 32.7 33.0 33.5
SO s 45.3 45.1 44.3 43.9
H2O 21.4 21.6 21.8 21.5
HPO3 0.06 0.16 0.44 0.94

Total 99.36 99.56 99.54 99.84

PsO5* 0.05 0.13 0.35 0.74
HPO3/SO3 0.13 0.35 0.99 2.14

’Quantity of P2O5 substituted in crystal lattice

Their action are relatively severe at a lower tempera
ture, and especially a final set is characteristically 
retarded. In spite of the above retarding action, as 
in Table 42, the development of mortar strength even 
at early stage of the hydration is hardly lowered by 
the prolonged set.

In order to systematically investigate the compound 
action of impurities in phosphogypsum, Murakami 
(65) prepared the artificial pure gypsum and arti
ficial gypsum with the water-soluble F which adhered

P,b,(%) P2O5(%)
in gypsum in gypsum

Fig. 11. Setting time of portland cement paste with artificial 
gypsums substituting P2O5.

■—O—: curing at 10°C.
—-A-: curing at 20°C.
— —: curing at 40°C.

to the surface of crystal containing to substituted 
P2O5 in the crystal lattice. The quantity of water
soluble F added to artificial gypsum is 0.5% and 1.0%. 
The water-soluble F represents a fluorine content 
in sodium silicofluoride which adhered additionally 
to the surface of gypsum crystals. Kanada, again 
using these aritflcial gypsums, prepared some portland 
cements with three varied SO3 contents, such as 1.0%, 
2.0% and 3.0% and he measured the time of set and 
the development of mortar strength at 20°C and 
40°C. At 20°C, the setting is generally retarded in 
proportion to the amount of these gypsum. Further
more, it is found that the development of mortar 
strength, in spite of the accumulation of impurities, 
is increased as the quantity of gypsum increases. 
Namely, the development of mortar strength is more 
closely related to the quantity of gypsum in the cement 
than the quantity of impurities. From the results 
in Tables 42 and 43, it is apparent that at 40°C the 
time of set is also progressively delayed in proportion 
to the quantity of impurities in gypsum. Consequently, 
the increase of impurities in the cement, resulted from 
the increase of either quantity of impurities in gypsum 
or quantity of the added gypsum with impurities, 
strengthens the retardation of set at 20°C and even 
at 40°C. But, the retardation at 40°C is less than 
that at 20°C. The addition of gypsum containing the 
substituted P2O5 in the gypsum lattice or the P2O5 
which adhered to the surface of gypsum crystals 
does not give any adverse effect on the development of 
mortar strength at 40°C, within the limit of this 
experiment. .

Sekiya (75) suggested that major part of an organic 
impurity in phosphogypsum may be originated from



Curing at 10°C

Table 42. Setting time and strength development of portland cement containing artificial gypsum with the substituting P2O5

A.G.
SO 3

(%)

Setting Bending strength (kg/cm2) Compressive strength (kg/cm2)

(%)
Initial set 
hr.-min.

Final set 
hr.-min. 3 days 7 days 28 days 3 days 7 days 28 days

No. 1 1.0 24.4 2-15 3^0 20.3 39.8 58.1 ■ 67 165 318
No. 2 1.0 23.9 0-20 0-48 19.1 36.5 55.6 72 141 280
No. 3 1.0 23.6 1-05 3-20 18.3 36.5 57.2 69 161 290
No. 4 1.0 23.6 0-22 0-50 18.3 37.8 54.6 66 149 289

No. 1 2.0 23.6 2-40 4-25 28.7 41.0 64.4 101 167 314
No. 2 1.9 24.0 2-45 4-50 28.3 42.3 63.6 100 176 312
No. 3 1.9 23.8 2-55 5-25 " 29.2 47.8 63.2 98 185 323
No. 4 2.0 24.1 3-05 5-45 27.9 43.1 61.7 ' 95 181 305

No. 1 3.0 24.1 3-10 4-50 31.8 46.4 62.6 108 201 313
No. 2 3.0 24.0 3-15 5-05 34.1 44.0 61.5 121 186 287
No. 3 2.9 24.1 3-35 5-30 31.6 47.4 67.5 112 181 300
No. 4 2.9 24.3 4-00 6-10 32.6 44.7 64.0 117 178 299

Curing at 20°C

No. 1 1.0 24.4 0-10 0-20 27.5 43.5 63.0 118 203 384
No. 2 1.0 23.9 0-10 0-25 25.1 40.6 59.3 110 194 361
No. 3 1.0 23.6 1-30 2-55 25.4 41.3 57.2 106 199 358
No. 4 1.0 23.6 0-17 0-23 24.6 37.8 57.0 102 174 350

No. 1 2.0 23.5 2-15 3-15 31.0 45.3 66.9 130 214 382
No. 2 1.9 24.0 2-20 3-40 32.4 47.4 67.7 135 220 387
No. 3 1.9 23.8 2-35 3-55 32.3 48.0 66.3 140 229 391
No. 4 2.0 24.1 2-20 4-00 34.1 49.6 66.0 133 217 374

No. 1 3.0 24.1 2-20 3-30 35.1 46.6 64.2 145 212 367
No. 2 3.0 24.1 2-35 3-45 36.9 50.5 68.1 143 • 225 382
No. 3 2.9 24.1 2-55 4-05 35.3 50.1 67.1 136 216 375
No. 4 2.9 24.3 3-25 4-50 37.7 51.1 64.9 140 223 366

Curing at 40°C

No. 1 1.0 24.5 0-13 0-25 44.5 56.6 62.8 211 301 373
No. 2 1.0 24.0 0-12 0-20 37.8 55.8 57.5 202 288 343
No. 3 1.0 23.8 0-15 0-23 41.2 55.6 59.7 206 302 347
No. 4 1.0 23.8 0-13 0-20 38.8 50.8 52.6 207 296 343

No. 1 2.0 24.1 1-35 2-15 45.4 56.2 60.9 221 310 364
No. 2 1.9 24.1 1-35 2-15 45.3 52.1 59.3 214 309 366
No. 3 1.9 24.3 1-45 2-20 45.0 55.1 57.5 227 306 368
No. 4 2.0 24.3 1-50 2-35 43.7 56.2 59.7 224 306 365

No. 1 3.0 24.3 1-25 1-55 44.1 52.9 59.3 200 271 337
No. 2 3.0 24.1 1-30 2-05 46.0 54.0 59.9 211 297 373
No. 3 2.9 24.3 1-35 2-20 43.5 54.8 65,9 213 292 368
No. 4 2.9 24.3 2-00 2-45 42.5 56.6 62.0 198 290 347

Artificial gypsums No. 1, 2, 3 and 4 are similar to those in Table 41.
The time of set of paste and mortar made from portland cement with natural gypsum is as follows: (curing at 20°C)

Initial set (hr.-min.) Final set (hr.-min.)
Paste (JIS) 1-45 3-15
Mortar (ASTM) 5-50 8-45
(The quantity of SO 3 in cement is 2%)

chemical reagents which were used for the floatation 
of phosphate rock. In order to examine the influence 
of this organic impurities on the hydration of portland 
cement, he measured the time of set and the strength 
development of the cement containing oleic acid and 
diethylen triamine which are regarded as floating 
agent. But, both chemical reagents did not affect the 
set and strength development.

Investigation of the Retarding Action of Impurities 
of Phosphogypsum

Considering the various results obtained in pre
ceding chapters, we are likely to obtain the practical 
evidence that most of chemical gypsums, especially 
even phosphogypsum, can be safely used for control 
of the time of set of portland cement. When a large



Table 43-1 Setting time and strength development of portland cement containing pure gypsum.

SO3 
(%) w/c

Setting Bending strength (kg/cm2) Compressive strength (kg/cm2)

Initial 
hr.-min.

Final 
hr.-min. 3 days 7 days 28 days 3 days 7days 28 days

1.0 25.2 2-30 3-50 84 190 340
20QC 1.9 25.0 3-20 4-25 108 198 328

Blastfurnace slag cement
3.0 24.7 3-50 4-50 129 189 320

1.0 25.3 1-50 2-20 156 249 350
40°C 1.9 25.0 1-50 2-30 188 298 375

3.0 25.3 2-40 3-20 167 250 365

1.0 24.3 2-10 3-20 20.5 41.8 58.6 62 159 321
10°C 1.9 23.5 2-50 4-00 28.9 41.2 65.5 100 166 319

3.0 24.3 3-00 4-20 31.2 46.0 63,0 110 210 313

1.0 24.2 0-10 0-20 27.0 40.5 64.0 118 205 380
Portland Cement 20°C 2.0 23.5 1-45 2-45 32.4 48.2 62.6 130 230 389

3.0 24.3 1-50 3-10 34.1 49.2 65.2 148 220 377

1.0 24.5 0-15 0-26 43.9 57.1 62.5 215 303 371
40°C 2.0 24.2 1-25 2-10 45.0 55.9 61.8 222 316 364

3.0 24,2 1-20 1-40 44.3 53.9 59.5 205 273 339

'W/C: water cement ratio

Table 43-2. Setting time and strength development of portland cement containing various artificial gypsums

20°C 40°C

SO3 Blaine W/C
Setting Compressive 

strength (kg/cm2) W/C

Setting Comoressive 
strength (kg/cm2)

(%) cm2/g (%) Initial 
hr.-min.

Final 
hr.-min. 3d. 7d. 28d.

(%) Initial 
hr.-min.

Final 
hr.-min. 3d. 7d. 28d.

G. + 0.5F 1.0 3170 25.0 3-05 4-45 84 184 331 25.4 2-00 2-50 158 253 352
G. + LOF 1.0 3240 24.8 4-05 5-35 55 184 323 25.1 2-05 3-25 169 196 371
Ps.G. + 0.5F 1.0 3200 24.8 3-00 4-40 73 179 319 25.0 1-50 2-50 161 248 351
Ps.G. + LOF 1.0 3260 25.0 4-40 6-20 73 169 320 25.4 3-05 4-05 174 283 351

G. + 0.5F 1.9 3200 24.7 4-20 5-55 109 196 326 25.3 2-20 3-00 187 297 364
G. + LOF 1.9 3240 25.0 4-35 6-05 88 174 309 25,3 2-35 3-25 168 270 353
Ps.G. + 0.5F 1.9 3280 24.8 4-45 6-50 111 192 325 25.0 2-50 3-30 186 278 345
Ps.G. + LOF 2.0 3300 25.0 5-30 7-00 113 194 317 25.3 3-15 4-15 179 271 338

G. + 0.5F 2.9 3160 24.7 4-50 6-35 128 194 318 25.3 3-10 4-15 166 237 310
G. + LOF 3.0 3170 24.7 4-00 5-55 123 184 304 25.4 3-00 4-00 176 257 321
Ps.G. + 0.5F 2.9 3170 25.0 5-25 6-55 124 187 313 25.3 3-30 4-10 179 271 346
Ps.G. + 1.0F 2.9 3160 24.8 5-35 7-10 117 183 310 25.3 4-00 5-00 167 242 332

A.G.: artificial gypsum
G.: pure artificial gypsum
Ps.G.: artificial gypsum substituting 0.35 % PgOs
Ps.G. + LOF (for example): Ps.G. adhered 1.0%F to its surface

Ps.G. with water-soluble Fl .0% adhered to its surface

quantity of impurities is contained unfortunately 
in these gypsums, they will be inactivated by the 
chemical treatments mentioned above. Furthermore, 
in view of the character of impurities, it will 
be worth emphasizing that the impurities of phos
phogypsum should rather be utilized than be avoided. 
Before reaching such conclsuion, however, it is neces
sary to clarify the detailed mechanism of retarding 
action of the impurities.

In this chapter, the influence of impurities on the 
hydration of tricalcium aluminate and tricalcium 
silicate is also studied.

The samples used in this study are the eleven varied 
phosphogypsums produced from the wet process 

in many places in Japan and some artificial gypsums 
containing the impurities corresponding to the quan
tity of that of phosphogypsum. Table 44 obtained by 
Murakami shows the time of set of pastes containing 
each kind of eleven varied phosphogypsums. Total 
SO3 content of these cements is 2.0%. The chemical 
compositions of phosphogypsums have been shown in 
Table 5. When phosphogypsum containing a small 
amount of the water-soluble impurities is used, such 
as HDS-1, 2 and 4, a normal set is given as in the case 
of pure gypsum. When phosphogypsum containing a 
large amount of the water-soluble impurities is used, 
such as HDS-3, HD-1, 4 and D-l, the setting of cement 
is retarded. Especially, when D-l is used, it is char-



Table 44. Setting time of portland cement containing various 
gypsums

Water cement 
ratio

Initial set

hr,-min.

Final set 

hr.-min.

Pure gypsum 25.7 2-10 3-20
HDS-1 25.5 2-12 3-39
HDS-2 25.5 2-15 3-30
HDS-3 25.7 2-45 4-25
HDS-4 25.6 2-15 3-25
HDS-5 25.5 2-20 3-35
HD-1 25.5 2-49 4-06
HD-2 25.5 2-10 3-28
HD-4 25.5 2-40 4-00
HD-5 25.7 2-40 4-25
D-l 25.6 5-46 7-05
F-l 25.5 2-21 3-41
org-1 26.1 3-15 4-30
org-0.5 25.6 2-30 3-50

F-l: fluorogypsum in Table 6
org-1: artificial gypsum with 1 % organic substance adhered to its surface 

(Organic substance was collected from crude phosphoric acid.)

acteristically retarded.
Since the tendency of setting is identical with that 

predicted by the results of the chemical analysis of 
the impurities of phosphogypsum, it is possible to 
conclude that the proposed procedures for the chem
ical analysis of the impurities of phosphogypsum are 
very appropriate. Murakami prepared some early 
strength portland cements containing phospho
gypsum and artificial gypsum and measured the one 
day-strength of mortar. His results shown in Table 45 
are closely related to the chemical compositions of the 
impurities given in Table 5. In other words, the one 
day-strength is sensitively influenced by the amount 
of impurities.

Heat Liberation during Hydration of Portland . 
Cement and Clinker Minerals with Phosphogypsum

Since the hydration of portland cement and its 
clinker minerals is generally an exothermic reaction, 
the mesurement of the heat liberation process during 
hydration has helped in understanding the nature of 
various changes in the normal hydration or the pro
longed hydration caused by the impurities in phos
phogypsum.

For this purpose, various calorimeters have been 
developed by many investigators. Calorimeter is 
generally classified into adiabatic and conduction 
types (approximately “isothermal”). In the field of 
cement hydration, one of the former was developed 
by Carlson and Forblich (72) and the first of the 
conduction calorimeter was devised by Carlson and 
Lerch (72). Recently, various modifications of the con
duction calorimeter have been devised and used for 
the studies of the cement hydration by Stein (73), 
Danielson (74), Portland Cement Association in

Table 45. One-day strength of early strength portland cement 
containing phosphogypsum and artificial gypsum

Bending Compressive

kg/cm2 Ratio kg/cm2 Ratio

Pure gypsum 26.3 100 79 100
HDS-1 28.9 110 79 99

2 27.3 104 79 99
3 24.5 93 69 84
4 25.2 96 80 101
5 25.2 96 71 90
6 28.2 107 92 116

HD -1 23.6 90 77 97
2 21.6 82 69 87
3 22.2 84 66 83
4 20.8 79 61 77
5 21.6 82 61 76

D -1 20.5 78 63 80
3 22.6 86 68 86

P 0.8 20.7 79 68 86
1.8 20.8 79 68 86

F 0.1 21.6 82 70 88
0.3 19.5 75 61 76
0.5 18.3 70 61 76
1.0 16.8 64 53 66

P 1.8: artificial gypsum substituting l.SXPgOs in crystal lattice 
F 1.0: artificial gypsum adhering 1.0 %F to surface of crystals

U.S.A. (75)and Amaya (76). In the present study, both 
types of the calorimeter devised in the author’s labora
tory are used. The cross sections of these two calori
meters are schematically shown in Figures 12 and 15, 
respectively. The detailed operating procedure of the 
adiabatic calorimeter has already reported (77).

The valuable characteristic of this device is that the 
heat liberation developed immediately after cement 
comes into contact with water can be easily measured. 
Therefore, it is better than the conduction calorimeter 
in order to study such rapid reaction as a hydration of 
tricalcium aluminate. It has been well known that the 
hydration process of tricalcium aluminate is intricately 
affected by the temperature of hydration and the 
co-existing other material in the hydration (77-79). 
Therefore, for the purpose of studying the role of 
tricalcium aluminate on the hydration of portland 
cement, the system required for measuring the hydra
tion process of tricalcium aluminate should be cor
responded to the condition of hydration of portland 
cement. ; .

However, there are some unsolved phenomena 
which may be caused by the complicated matrix 
structure of cement clinker or alkali in clinker in the 
hydration of portland cement. It is still difficult to 
understand completely the hydration behavior of 
tricalcium aluminate.

In spite of the features mentioned above, some rela
tively simple systems are used to study the effects of 
impurities of phosphogypsum on the hydration of



Fig. 12. Construction of devised adiabatic calorimeter.
1. Vacuum bottle, lOOcc.
2. Bakelite cell.
3. Paraffin ground.
4. Powder sample.
5. Wood stopper.
6. Thermocouple holder.
7. Bakelite plate to keep wood stopper.
8. Air stack.
9. Water stack.

10. Thermopile.
11. Water holder.
12. Rubber packing.

tricalcium aluminate, namely: C3A-H2O system, 
C3A-C3S-CaSO42H2O-H2O system and C3A- 
CaSO42H2O-H2O system. The curves illustrated in 
Figure 13 show the heat liberation process of the 
hydration of tricalcium aluminate in various systems 
at 20°C. Curve I shows that the hydration of trical
cium aluminate alone in water consists, first, of the 
rapid rising on heat liberation indicating the first 
formation of hexagonal plate-like crystals (C4AH, and 
C2AHa) on the surface of tricalcium aluminate grains 
immediately after they come into contact with water 
and, second, of the subsequently slow rising on the h ea t

Fig. 13. Heat liberation curves on hydration of C3A in various 
systems.

I: C3A-H2O.
II: C3A-Pure gypsum-CjS-FhO.

Ill: C3A-Pure gypsum-H2O.
IV: C3A-HDS-1-C3S-H2O.
V: C3A-D-1-C3S-H2O.

VI: C3A-0.3% SS.P2O5, 1.0% F Gypsum-C3S-H2O.
VII: C3A-1.8% SS.P2O5, 0.3% F Gypsum-C3S-H2O.

Preparation .
C3A(3 g) + C3S(1 g) + Gypsum(l g) + H2O(13 cc)

+ diluent — A12O3(19 g). "
Temperature 20°C ± 0.01 °C. -

liberation indicating probably the termination of the 
initial rapid hydration by the formation of protective 
coating on the surface of tricalcium aluminate grains. 
Also, it has been suggested that the conversion from 
C4AHx and C2AH8 to cubic C3AH6 as well as the 
direct formation of C3AH6 in the hydration of trical
cium aluminate occures in the latter half of curve 
I. Curve II shows that the combination of calcium 
hydroxide produced from the hydration of tricalcium 
silicate and gyspum is very effective on retarding the 
hydration of tricalcium aluminate. Some investigators 
have emphasized that the tight protective coatings of 
trisulfate formed on the surface of tricalcium alu
minate grains suppress the subsequent hydration of 
tricalcium aluminate (78,79). Curve III shows that the 
addition of only gypsum accelerates the rapid forma
tion of trisulfate, and does not give an available sup
pression on the hydration of tricalcium aluminate. 
Curves IV, V, VI and VII show that, when tricalcium 
aluminate is mixed with phosphogypsum and aritficial 
gypsum containing impurities, the suppressing action 



to the heat liberation is a little more strengthened than 
when it is mixed with pure gypsum. This tendency is 
also observed on the heat liberation process immedi
ately after portland cement comes into contact with 
water. The early stage of hydration of tricalcium 
aluminate and portland cement is considerably differ
ent from that of tricalcium silicate, moreover, their 
hydration processes are not markedly affected by the 
impurities of phosphogypsum, even when a large 
amount of phosphogypsum is used.

Especially, it has frequently been said that “imme
diate heat” in early stage of the hydration of portland 
cement is not mainly caused by the hydration of trical
cium aluminate and calcium aluminoferrite, but that 
it may be partly caused by such complex exothermic 
reaction as the hydration of clinker minerals con
taining alkali or the hydration of defect in all the 
clinker minerals. Therefore, it is consequently con
sidered that the influence of tricalcium aluminate on a 
initial heat liberation of the hydration of portland 
cement may be relatively small. The results illustrated 
in Fig. 14 show that the initial heat liberation of 
portland cement is only slightly lowered by phos
phogypsum D-l and aritficial gypsum with the large 
amounts of impurities.

Fig. 14. Curves of "immediate heat" of portland 'cement with 
various gypsums.

I: Synthetic pure gypsum 4%.
II: Synthetic pure gypsum 8%.

Ill: D-l.
IV: 0.05%P2O5, Ss-gypsum.
V: 0.74 %P2O s, Ss-gypsum.

Temperature 25°C ± 0.01 °C.

Since the calorimeter, as illustrated in Fig. 15, 
is not capable of determining the rate of the hydration 
reaction immediately after cement comes into contact 
with water, it is not suitable for measuring the rapid 
hydration of tricalcium aluminate. On the other hand, 
such device is very appropriate for the slow and long 
continued hydration of tricalcium silicate and port
land cement, because the rate of their hydration can be 
determined by using the paste and mortar prepared 
with a practical water-cement ratio and a definite 
agitation. The conduction calorimeter used in this 
experiment consists of three parts, namely: sample 
holder (4,5,7), heat flow meter (6) aluminum base and 
block (2, 1). The heat flow meter is made of a poly
vinylchloride round plate (thickness 3 mm, diameter 
50 mm), on each of both surfaces of which thirty
eight thermocouples [chromel (diameter 0.1mm)— 
constantan (diameter 0.1mm)] are arranged in series. 
The sample holder is a double layered container, con
sisting of the inner tray being made of 18-8 stainless 
steel and the outer tray being made of copper. They 
directly contact together for good thermal conduction 
and the inner tray can be easily removed from the 
outers. The former directly holds the cement paste 
and mortar owing to its resistance to the strong alkali 
solution in cement paste. The outer tray does not 
directly holds the paste for fear that it may be ruined 
by the strong alkali solution in the cement paste.

Fig. 15. Construction of devised conduction calorimeter.
1. - Aluminum block
2. Aluminum base
3. Aluminum cap
4. Copper vessel (Outer tray)
5. Steel cap
6. Polyvinylchloride heat flow meter
7. Sample holder (Inner tray)
8. Cement paste



The bottom surface of the outer tray is tightly bound 
to the upper surface of the heat flow meter with a thin 
layer of epoxy resin in order to provide for a good 
electric insulation and a thermal conduction between 
the both surfaces. Similarly, the under surface of the 
heat flow meter is tightly bound to the upper surface of 
aluminum base. Moreover, the lower half of alu
minum base is tightly set in a cavity made on the 
surface of aluminum block. Aluminum has a good 
thermal conductivity and the outer surface of the block 
always comes into contact with water in the both 
which is kept at constant temperature (20 ± 0.005°C) 
during the runs. Though the construction of the pres
ent device is approximately analogous to that of 
Stein’s calorimeter, it is dum-bell type and is capable 
of measuring the heat liberation of two paste simul
taneously.

In the case of this device, the rate of heat liberation 
of paste (cal/g.hr.) is shown by the following equa
tion:

q = AA.E +
where A5 is the temperature difference or voltage 
difference between the two surfaces of heat flow meter 
(mV), t is the time (hr.), A is the thermal conductivity 
(cal./g.hr.mV) of the heat flow meter and B is the total 
heat capacity (cal./g.mV) of sample holder, cap and 
paste.

Aj 9.83 x 10-1 Bt 15.83 X 10"1
An 10.73 X IO"1 Bu 15.97 X 10"1

Murakami measured the rate of heat liberation on 
the hydration of pastes made from portland cement 
containing phosphogypsum given in Table 5. Tables 
46-1 and 46-2 show the chemical compositions of

Blaine 3250 ± 20 cm5/g

Table 46-1. Chemical compositions and mineral compositions 
of portland cement clinker

<y.)

1B" SiO2 A12O3 FesOg CaO MgO SO3 Total f. CaO

0.8 20.8 5.3 3.2 64.4 2.6 0.5 97.6 1.6

C3S £C2S C3A C4AF f. CaO MgO CaSO4

56.0 17.4 8.6 9.7 1.6 2.6 0.8

portland cement clinker, tricalcium aluminate and 
tricalcium silicate. The curves shown in Figs. 16-24 
indicate that the time when the apex on the second 
cycle corresponding to a period of the most rapid 
hydration of tricalcium siliate phase in cement clinker 
appears is delayed as the amount of impurities of 
phosphogyspum increases. In other words, “dormant 
period” from the end of the first cycle to the beginning 
of the second cycle is markedly lengthened with in
creasing the amount of impurities. The development of 
the second cycle with phosphogypsum with less impu
rities, such as HDS-1, 2,4 and 5 and HD-2, is approx
imately similar to that with pure gypsum (Figs. 16 
and 17). This tendency closely relates to the results 
When the artificial gypsums containing such water
soluble phosphates as phosphoric acid, monocalcium 
phosphate and dicalcium phosphate which adhered 
to the surface of gypsum crystals with the substituted 
P2O3 are used, their retarding actions increase as the 
acidity of phosphates which adhered to the surface 
increases, namely; its degree is strengthened in the 
order of phosphoric acid > monocalcium phosphate > 
dicalcuim phosphate. In this case, the retarding action 
of the setting time of cement paste and the strength 
development of early strength cement mortar in 
reference to the quantity of impurities. The retarding 
action of artificial gypsum with only P2O5 substituted 
in the crystal lattice is relatively weak (Fig. 18).

Fig. 16. Effect of phosphogypsums on rate of hydration of port
land cement. (Powder of ordinary portland cement clinker 
50g + gypsum 1.5g + H2O 14 cc.) (Water-cement ratio 27%?) 
(Agitation 3 minutes')

-------- : pure gypsum. —■—1: HDS-1. 
------ : F-l (Fluorogypsum)—•—2: HDS-2.

______: D-l. ------- 3: HDS^l.

Table 46-2. Chemical compositions of C3A and C3S
■ (%)

—
Ig.loss CaO sio2 AhOs MgO FeaOs f. CaO Total

CSA
C3S

0.03 62.34
73.81 26.01

37.50
0.01 0.03

0.04
0.02

0.3
0.5

99.91
99.88



also increases in proportion to the quantity of the 
substituted P2O5 in the crystal lattice (Figs. 19-22). 
Figure 23 shows the effect of artificial gypsum with 
the water-soluble F which adhered to the surface of 
the pure gypsum crystals and the gypsum crystals 
substituting P2O5. From these results, it is apparent 
that the retarding action of the water-soluble F is 
stronger than that of the water-soluble P2O5. Also, 
the retarding action is progressively strengthened as 
the quantity of the water-soluble F and of the sub
stituted P2O5 in gypsum increase (Figs. 23 and 24).

The curves illustrated above on the rate of the heat 
liberation process show that there is no appreciable 
difference between the tangent of the ascending curve 
of the second peak that is normally developed and 
that of the ascending curve of the second peak that is 
considerably retarded. Therefore, the mechanisfh of

Fig. 17. Effect ofphosphogypsums rate of hydration of portland 
cement. (Powder of ordinary portland cement clinker 50 g 
+ gypsum 7.5^ + H2O 14 cd) (Water-cement ratio 27°/f) 
(Agitation for 3 minutes.)

— . pure gypsum. ---------1: HD-l.
-1: HDS-3. ---------2: HD-2.
-2: HDS-5. ---------3: HD-4.

__ . .4; HD-3.

5
Time (hour)

10

Fig. 18. Effect of artificial gypsums with P2C>5 substituted in the 
crystal lattice. (Powder of ordinary portland cement clinker 
50g + gypsum 1.5g + H2O 14 cc.) (Water-cement ratio 
27 %.) (Agitation for 3 minutes.) 

----- : pure gypsum. —•—3: Ss.P2Os 1.0%.
— • — 1: Ss.P2O50.5%.--------- 4: Ss.P2O5 2.0%.
---------2: Ss.P2O5 0.8%.--------- 5: SS.P2O5 10.0%.

retardation is likely that the impurities of phospho
gypsum do not directly relate to the hydration reaction 
of tricalcium silicate, but that the hydration products 
connected with the impurities are formed as the 
protective coatings on the surface of cement particle, 
thus, those suppress temporarily the hydration reac
tion of tricalcium silicate. .

In order to confirm whether the hydration of trical
cium silicate is mainly retarded by the impurities in 
phosphogypsum or not, the rate of the heat liberation 
is measured on the hydration of pastes made from the 
mixture of tricalcium silicate and tricalcium aluminate

5
Time (hour)

..

Fig. 19. Effect of artificial gypsums with H3PO4 adhered to the 
crystal surface and P2O5 substituted in the crystal lattice. 
(Powder of ordinary portland cement clinker 50 g + gypsum 
1.5g + H2O 14 cc.) (Water-cement ratio 27%.) (Agitation for 
3 minutes.)

pure gypsum.
Ss.P2O5 0.3%, Aw.P2O5 0.5%.
Ss.P2O5 0.3%, Aw. P2O5 1.0%.
SS.P2O5 0.8%, Aw. P2O5 0.2%.
Ss.P2O5 1.8%, Aw.P2O3 0.2%.
SS.P2O5 1.8%, AW.P2O5 0.5%.
SS.P2O5 1.8%, Aw. P2O5 1.0%.

5 10
Time (hour)

Fig. 20. Effect of artificial gypsums with Ca(H2PO4)2-H2O 
adhered to the crystal surface and P2O 5- substituted in the 
crystal lattice. (Powder of ordinary portland cement clinker 
50g + gypsum 1.5g -V H2O 14 cc.) (Water-cement ratio 27%.) 
(Agitation for 3 minutes.)

--------  : pure gypsum.
-------- 1: Aw. P2O5 0.5%.
-------- 2: Aw. P2O5 1.0%.
---------1: SS.P2O5 0.3 %, Aw. P2Os 0.5 %.
---------2: SS.P2O5 0.3%, Aw. P2O3 1.0%.



with phosphogypsum and artificial gypsum as illus
trated in Fig. 25. These results show that the change 
caused by the impurities jn the development of the 
second peak is more apparently observed in experi
ments using the mixture of the both clinker minerals 
than those using portland cement. Consequently, it 
may be concluded that only the hydration reaction 
of tricalcium silicate is predominantly delayed by the 
impurities of phosphogypsum.

Another interesting phenomenon concerned with 
the retarding action is also observed in Fig. 25. 
It has been well known that the third peak in the heat

Time (hour)

Fig. 21. Effect of artificial gypsums with CaCHzPOilz-HzO 
adhered to the crystal surface andP2O5 substituted in the crystal 
lattice. (Powder of ordinary portland cement clinker 50 g + 
gypsum 7.5g’+ H2O 14 cc) (Water-cement ratio 27%.'). 
(Agitation for 3 minutes.)

•--------  : pure gypsum.
---------1: SS.P2O5 1.8%, Aw. P2O5 0.5%.
---------2: SS.P2O5 1.8%, Aw. P2O5 1.0%.
-------- 1: SS.P2O5 0.8 %, Aw. P2O5 0.2 %. 
---------2: SS.P2O5 0.8%, Aw. P2O5 0.5%. 
------- 3: SS.P2O5 0.8%, Aw. P2O5 1.0%.

Fig. 22. Effect of artificial gypsums with CaHPO4-2H2O 
adhered to the crystal surface and P2O5 substituted in the 
crystal lattice. (Powder of ordinary portland cement clinker 
50g + gypsum 1.5g + H2O 14cc.) (Water-cementratio27%.) 
(Agitation for 3 minutes.)

--------- : pure gypsum.
--------- : SS.P2O5 1.8%,Aw.P2O5 1.0%.
---------1: SS.P2O5 0.8 %, Aw. P2O5 0.5 %. 
--------2: SS.P2O5 0.8 %, Aw. P2O5 1.0 %. 
------- 3: SS.P2O5 1.8%, Aw. P2O5 0.5 %.

liberation curve is caused by the rapid hydration of 
tricalcium aluminate occurring immediately after the 
protective coatings of trisulfate produced on the 
surface of tricalcium aluminate grains at early stage 
of the hydration were broken. The development 
of the third peak on the hydration of the mixture of

Fig. 23. Effect of artificial gypsums with the water-soluble F 
adhered to the crystal surface and PiOs substitutedin the crystal 
lattice, (C3 A-C3S mixture 35 g + gypsum 1.5 g + H2O 14 cc.) 
(Water-cement ratio 37%.) (Agitation for 3 minutes.)

------- 1
-------- 2
------- 3
-------- 4
---------1
---------2
---------3

pure gypsum.
Ss.P2Os0.3%, F0.1%.
SS.P2O5 0.3%, F 0.3%.
SS.P2O5 0.3%, F 0.5%.
SS.P2O5 0.3%, F 1.0%.
FO.3%.
F0.5%.
F 1.0%.
Ss.P2O5 0.5%, FLO %.

Fig. 24. Effect of artificial gypsums with the water-soluble F 
adhered to the crystal surface and P2O5 substituted in the crystal 
lattice. (Powder of ordinary portland cement clinker 50 g -V 
gypsum 1.5g + H2O 14cc.) (Water-cement ratio 27%,.) 
(Agitation for 3 minutes.) . ‘

--------  : pure gypsum.
--------1: SS.P2O5 1.8%, F 0.1%. ■ 
------- 2: SS.P2O5 1.8%, F0.3%.
— 3: SS.P2O5 1.8%,F1.0%.
---------1: SS.P2O5 0.75%, F 0.1%. 
---------2: SS.P2O5 0.75%, F0.3%. 
---------3: SS.P2O5 0.75%, F 0.5%.
--------- 1: SS.P2O5 0.75%, F 1.0%. -



20. 0

Fig. 25. Effect of phosphogypsums and artificial gypsums with 
the adhered water-soluble F and the substituted P2O5 on the 
rate of hydration of C3A-C3S mixture. (C3A-C3S mixture 
35g +gypsum 1.5g + H2O 13cc.) (IKater-cement ratio 
37 %.) (Agitation for 3 minutes.) Composition of the mixture is 
C3S (30g) and C3A (5g).

--------  : pure gypsum.
---------1:
---------2:

' ---------1;
--------2:
---------3:

phosphogypsum HD-4
phosphogypsum D-l.
artificial gypsum F 0.3 %.
artificial gypsum Ss. P2O5 0.3%.
artificial gypsum Ss. P2O5 0.3%, F 0.3%.

tricalcium aluminate and tricalcium silicate is observed 
after approximate thirty hours, when pure gypsum is 
used. However, when phosphogypsum with a large 
amount of impurities such as D-l and some artificial 
gypsums is used, the development of the third peak 
is markedly accelerated and is characteristically found 
on the apex of the second peak in the heat liberation 
curve.

A resonable explanation for the accelerated third 
peak is probably that the protective coatings sup
pressing the first rapid hydration of tricalcium alu
minate are not only made of trisulfate, but also 
structurally strengthened by calcium silicate hydrates 
produced from the hydration of tricalcium silicate. 
Because, when the hydration of tricalcium silicate is 
extremely delayed by the impurities, the development 
of third peak is more markedly accelerated than that 
without impurities.

Measurement of Specific Surface Area by Water 
Vapor Adsorption

It is suggested that the thermal measurement alone 

on the hydration process of portland cement or 
clinker minerals is still insufficient for understanding 
the mechanism of the retardation of set and the devel
opment of the strength at early stage by the impurities. 
In addition to this, the quality and morphology of the 
hydration products formed in the presence of 
impurities should be studied. For this purpose, the 
measurement of the specific surface area of hydration 
products is considered to be meaningful. On the 
measurement of specific surface area, it has been 
frequently discussed about the kinds of adsorbed 
gas. Powers (81), using water vapor, has reported the 
details of the structure of cement paste hardened under 
various conditions. Recently, Hunt and Mikhail 
(82, 83) studied the structure of the hardening psate 
by using water vapor, nitrogen, methanol vapor, 
isopropanol vapor and cyclohexan vapor. They 
reported that the fine structure of the hardening 
paste is so sensitive to the polarity and the molecular 
cross area of adsorbed gas that the change of fine 
structure of paste with varying the water-cement ratio 
could be evidently detected.

Since the molecular cross area of water vapor is



Table 47. Specific surface areas of hydration products of portland cement and the mixture of C3A and C3S

Portland cement (m2/g) Mixture of C3A-C3S (m5/g)

30 min. 3 hr. 6 hr. 14 hr. 24 hr. 48 hr. 30 min. 3 hr. 6 hr. 14 hr. 24 hr. 48 hr.

No gypsum 3.0 5.9 7.0 20.9 35.6 76.1 ' 6.2 11.9 21.1 58.6 93.9 119
Pure gypsum 3.4 13.6 16.5 38.3 74.4 99.9 4.0 5.5 21.0 59.7 94.8 110
HDS-4 4.1 11.0 15.7 38.5 64.5 89.4 4.8 5.1 12.4 60.3 87.9 105
HDS-3 5.1 — 13.2 __ — — — __ __ — — —
D-l 3.4 8.0 12.2 14.1 48.2 81.8 4.2 4.7 9.0 35.9 43.2 112
SS.P2O5 -0.05% 5.4 8.7 16.0 32.4 61.1 83.5 3.9 4.8 9.6 52.9 96.9 105
Ss.P2O5 -0.74% 7.3 9.3 12.1 28.6 60.4 84.0 4.1 4.6 9.5 43.1 96.4 116
F -0.5% 5.9 6.9 9.7 27.1 51.9 80.2 4.1 4.9 9.5 49.0 94.7 101
F -1.0% 5.8 6.1 9.2 28.3 52.8 77.6 4.2 4.0 9.3 38.6 98.7 101
Ss.PsOs -0.05%
F -0.5%

4.6 5.9 8.6 25.3 57.8 85.2 4.2 4.7 9.2 34.3 93.5 119

SS.P2O5 -0.05% 
F -1.0%

4.8 6.0 ' 7.7 27.9 57.2 85.6 4.3 4.7 9.3 32.5 90.4 96.7

Adsorbent: water vapor
Hydration temperature: 20°C
Preparation: powdered portland cement clinker 5 g 4- gypsum 0.2 g + HgO 2.5 g 

CsA 1 g + C3S 7 g + gypsum 0,3 g + HgO 4 g
Ss.PgOs: artificial gypsum with P2O5 substituted in the crystal lattice
F: artificial gypsum with water-soluble F adhered to the crystal surface

smaller than any one of the aforementioned gases, 
it is favorable to measure total surface area of the 
hydration products of cement independent of the 
water-cement ratio. Table 47 obtained by Murakami 
shows the specific surface area of pastes made from 
portland cement and the mixture of tricalcium 
aluminate and tricalcium silicate with various gyp
sums listed in the first column of Table 47. Since 
there is no difference caused by the kinds of gypsum in 
the specific surface area of plastic paste after thirty 
minutes, it can be also said that the hydration of 
tricalcium aluminate or the early stage of hydraion of 
portland cement is not relatively affected by the 
impurities of phosphogypsum. The increase of specific 
surface area of the paste of portland cement during 
the period from three hours to twenty-four hours 
or that of the mixture from six hours to twenty-four 
hours, namely, corresponding to the setting period, 
is markedly lowered as the amount of impurities 
increases. Accordingly, it is natural that the develop
ment of one day-strength of mortar becomes insuffi
cient when the increase in specific surface area is 
delayed into what is normally the hardening period. 
A similar results has also been obtained in the case of 
one day-strength of mortar of the early strength port
land cement.

Since the lag caused by the impurities in specific 
surface area of the hydration products in setting 
period, as shown in Table 47, is gradually restored 
from twenty-four hours to fourty-eight hours, even 
when the retarding action is relatively strong, it is 
true that development of three day-strength is scarcely 
affected.

Consequently, it is again confirmed that the 
impurities of phosphogypsum effectively retard the 

hydration of tricalcium silicate. However, phospho
gypsum containing less impurities, such as HDS-1, 2, 
and 4 as well as pure gypsum, does not seriously affect 
the hydration of portland cement and the cement 
clinker minerals.

Retarding Mechanism of Water-Soluble F and 
Water-Soluble P2O5

The author has already suggested that the mecha
nism of the retarding action may be that the impurities 
of phosphogypsum probably form the protective 
coatings on the grains of the cement and tricalcium 
silicate to suppress temporarily the hydration of 
cement. The study for ascertaining the proposed 
explanation has been undertaken by Murakami (65), 
Suzukawa and Kobayashi (71). The former reported 
that only little amount of P2O5 is detected in the 
liquid phase extracted from the paste from one minute 
to eight hours after the preparation of paste. Since 
the liquid phase in paste of portland cement has 
generally the high pH value due to the high concen
tration of lime and alkali, it is naturally suggested that 
the insoluble calcium salts are produced near the 
cement particles immediately after P2O5 enters into 
the liquid phase and subsequently they cover the 
surface of the cement grains. Suzukawa and Koba
yashi, quoting the explanation proposed by Jones and 
Forsen, said that the P2O3 in gypsum may be settled 
consequently near cement particle in the paste as the 
compounds of C3A-CaSO4-P2O5 system.

Furthermore, Murakami, considering such phe
nomenon that sodium silicofluoride usually produces 
silica gel or alkali silicates by the reaction with strong 
alkali, proposed the following equations on the 



retarding action of the water-soluble F originated 
from sodium silicofluoride;

Na2SiF6 + CaO + H2O
(or Ca(OH)2)

-> CaF2 + SiO2 + NaOH ............................(1)
or -» CaF2 + Calcium Silicate Hydrates +

NaOH................................................... (2)
or CaF2 + Calcium Silicate Hydrates + 

Sodium Silicates ............(3)

In spite of the incomplete reaction, the reaction 
products corresponded to the right side of the above 
equations have a larger specific surface area (115 m2/g.) 
than the algebraical sum of those of each component, 
namely; CaO-H2O (16.2 m2/g.) and Na2SiF6 (1.3 
m2/g.). Additionally, X-ray diffraction pattern of the 
reaction products showed the formation of calcium 
silicate hydrates. These results indicate that the reac
tion between the water-soluble F and the lime in high 
alkaline solution of the cement paste is available.

It may be confirmed by explanation that the high- 
lime surface of the cement particle is attacked by the 
water-soluble F and that the protective coatings con
sisted of silica gel or calcium silicate hydrates are 
produced on the surface of cement grains. However, 
the chemical compositions of these coatings have 
essentially the isomeric relations to the hydration prod
ucts of portland cement. Therefore, the author sug
gested that they do not injuriously act on the hydration 
of portland cement, but may cause only the temporary 
retardation.

The water-soluble F of fluorogypsum does not so 
markedly retard the hydration of cement as the 
water-soluble F of phosphogypsum, because most 
of them originate from fluoric acid.

Electronmicroscopic Observation on the Surface 
of Hydrating Tricalcium Silicate Grains

Murakami, using electron microscope, observed 
directly the influence of impurities on the hydration 
of tricalcium silicate. He prepared some pastes from 
tricalcium silicate and the mixture of tricalcium 
silicate and tricalcium aluminate with artificial gypsum 
containing the watersoluble F 1.0% and the water- 
solbule P2O5 1.0% and phosphogypsum D-l. Then, 
the carbon replica of the hydration products at 15 
minutes, 30 minutes, 120 minutes and 300 minutes 
were made by the dispersion method.

Electronmicrophotographs illustrated in Photo 
2 show that the formation of CSH-like products is 

increasingly developed with time on the hydration 
of tricalcium silicate containing pure gypsum. In the 
three cases using gypsums with impurities, it is appar
ent that a small amount of the CSH-like products is 
produced only at the latter stage of the hydration and 
that the hydration is markedly retarded.

Closure

The present investigations have been undertaken 
at the time when various gypsums in Japan are being 
utilized progressively in cement industry. It has been 
recognized that phosphogypsum among chemical 
gypsums is valuable as a main source of gypsum for 
cement industry. However, there have been many 
problems to be solved on the impurities included in 
phosphogypsum. The results obtained in the present 
study show significantly that a prediction that the 
impurities of phosphogypsum injuriously affect the 
hydration of portland cement should be converted 
to a view that the impurities of phosphogypsum can 
be useful as the suitable retarder for portland cement.

If, however, the presence of impurities is still unde
sirable, they can be removed or inactivated by applying 
the chemical treatment shown in this paper.

Considering the great advantages which are brought 
by the utilization of waste products such as chemical 
gypsum, the present success in Japan will certainly 
become a valuable example.
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C3S-pure artificial gypsum CsS-artificial gypsum with 1 %F

Photo 2. Electronmicroscopic photographs of surface of the 
hydrating C3S and C3A in presence of impurities (x600)



15 mins.

C3S C3A artificial gypsum 
with substituting P2O5

2 hrs.

5 hrs.

C3S-C3 A-phosphogypsum D-l

Photo 3. Electronmicroscopic photographs of surface of the 
hydrating C3S and C3A in presence of impurities (x600)
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Written Discussion

Richard A. Kuntzc and Peter Hawkins

The false set of portland cement is attributed to the dehydration of gypsum to hemi
hydrate during the grinding of the cement clinker and the subsequent reprecipitation of 
gypsum in the cement paste. The relationship between the stiffening of the cement paste and 
the crystallization of gypsum has been studied mainly by determining the changes in the 
SO 3 concentration of the liquid phase of the cement. These studies have shown that the 
false set is affected by nuclei present in the cement which accelerate the crystallization of 
gypsum. The effect of impurities and additives which delay the crystallization of gypsum 
have been examined to a lesser extent.

However, it is well known that various types of hemihydrate, particularly those prepared 
from phosphogypsum, have different hydration properties and form gypsum at different 
rates. For this reason the effects of some of these properties on the false set of portland 
cement have been studied and the results are discussed in the present paper. In this study, 
various types and amounts of retarders for the hydration of hemihydrate have been added 
to the cement to delay the crystallization of gypsum. The quantities of gypsum and ettringite 
formed during the first 30 minutes after mixing cement and water have been determined by 
differential thermal analyses and compared with the rate of stiffening of the cement paste.

The relationship between different retarders and the quantity of unconverted gypsum, 
which provides nuclei and accelerates the recrystallization of hemihydrate to gypsum, has 
been studied also. Mixtures of gypsum and hemihydrate in various proportions have been 
added to the cement and the time and magnitude of a small temperature rise indicative of 
gypsum precipitation has been measured by a method developed for this purpose. Retarders 
have been added in conjunction with the gypsum-hemihydrate mixtures to demonstrate the 
effect of both retardation and acceleration on the crystallization of gypsum. This procedure 
provides information about the quantity of gypsum which must crystallize under certain 
conditions before false set is obtained.

The severity or degree of the stiffening of cement paste cannot be determined adequately 
with standard penetration methods. Therefore, a cone penetrometer has been developed with 
which it is possible to study the normal setting process and deviations from it, such as false 
set. ’

The results of these studies indicate that the occurrence of false set in portland cement 
depends not only on the quantity of gypsum crystallizing but also on the time and the rate of 
crystallization. These factors are influenced by additives and impurities such as phosphates 
that may be present in dehydrated phosphogypsum. Ettringite appears to contribute to the 
false set, probably because it forms crystals with a needle-like habit and has a tendency to 
form crystal clusters similar to gypsum.

Introduction

K. Murakami reported data by Suzukawa and 
Kobayashi (1) which indicate that dehydrated phos
phogypsum behaves differently from natural gypsum 
with respect to the formation of false set in portland 
cement. These data show that the development of 
false set is affected not only by the quantity and the 
grade of dehydrated gypsum, but also by the type and 
amount of impurities present. He concluded that the 
anomalous setting behaviour of cement containing 
chemically untreated phosphogypsum may be caused 

by the large amounts of phosphate impurities.
Considering our own data, we would like to suggest 

that the differences observed may be due to the effect 
of phosphate impurities on the hydration or setting 
characteristics of dehydrated phosphogypsum. It is 
well known that some hemihydrates prepared from 
phosphogypsum hydrate at a different rate and 
respond to accelerators to a lesser extent than hemi
hydrates obtained from natural gypsum. Also, the 
setting behaviour of natural hemihydrates can be mod



ified to resemble that of dehydrated phosphogypsum 
by the addition of polyphosphates or polycarboxylic 
acids which are known to retard the crystallization of 
gypsum. Using various types of retarders, we have 
found that the time and the rate at which the gypsum 
crystallizes in the cement paste substantially affects 
the false set phenomenon.

At the Fourth International Symposium on the 
Chemistry of Cement in Washington in 1960, it was 
the consensus of opinion that false set is the result of the 
dehydration of gypsum to hemihydrate during grinding 
or storage, and the subsequent reprecipitation of 
gypsum in the cement paste. Hansen (2) states that the 
crystallization of gypsum is demonstrated by the 
reduction of the SO3 concentration in the liquid phase 
of the cement paste at the time when false set is 
determined by penetration measurements. It is also 
generally agreed that the crystallization of gypsum is 
accelerated by the cement particles and undehydrated 
gypsum present in the cement. Consequently, false 
set is not observed when the crystallization of gypsum 
is accelerated sufficiently to take place during the 
mixing period. In contrast, false set may be observed 
after aeration of the cement, which apparently delays 
crystallization until the mixing is completed.

The above statements are based to a large extent 
on the correlation between the changes in SO3 con
centration and penetration measurement during the 
early stages of the setting process. Direct determination 
of gypsum in the cement paste has not been carried 
out except by X-ray diffraction which is capable of 
detecting only changes on the surface of the paste. 
Also no attempt has been made to examine the role 
of calcium sulphoaluminates, particularly ettringite. 
For this reason we have studied the relationship 
between the stiffening of the cement paste and the 
concentration of gypsum and ettringite as determined 
by a direct analytical method (DTA) and a method 
by which small temperature changes during the setting 
process can be detected.

Differential Thermal Analysis of Hydrates Formed 
in Cement Paste

A sample of false setting cement was obtained by 
the addition of 4 percent hemihydrate to a com
mercial portland cement. Another sample was pre
pared by adding, in addition to the hemihydrate, 
0.25 percent of an aminopolycarboxylic acid, which 
was known to delay the crystallization of gypsum 
without directly affecting the setting behaviour of the 
cement.

The rate of stiffening of mortars prepared from

Temperature (°C)

Fig. 1. Differential thermograms for cements hydrated in the 
absence of retarder 

heating rate 4”C[min.

both samples was determined by penetration measure
ments (3) over a period of 30 minutes. During this 
period samples were taken at regular intervals and 
dispersed in ethanol to prevent further hydration. 
Differential thermal analyses were carried out on 
these samples using a procedure and an apparatus 
described in detail elsewhere (4, 5). The areas under 
the peaks in the thermograms (Fig. 1 and 2) were 
used to determine the amounts of ettringite (first 
endotherm) and gypsum (second endotherm).

As shown in Fig. 3, the cement containing hemi
hydrate only exhibited false set approximately 6 
minutes after addition of water. The false set of the 
cement containing both hemihydrate and the retarder 
was delayed to about 10 minutes and was more severe.

The rates of formation of gypsum and ettringite 
are shown in Fig. 4. These results indicate that the 
crystallization of gypsum is delayed in the presence of 
retarder and less gypsum is precipitated even after 30 
minutes hydration time. However, ettringite is formed 
at a considerably faster rate when retarder is present,
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Fig. 2. Differential thermograms for cements hydrated in the 
presence of retarder 

heating rate 4 ‘Cjmin.

probably due to a longer period of supersaturation 
with respect to gypsum (high concentration of SO3) 
in the cement paste during the initial stages of the 
hydration.

The crystallization of gypsum coincides with the 
beginning of the rapid stiffening when only hemi
hydrate is present. In the presence of retarder the 
stiffening takes place before the maximum amount of 
gypsum has crystallized. The difference in the behav
iour between the two samples may be due to the 
contribution of ettringite to the stiffening of the 
cement, since both ettringite and gypsum have a 
similar needle-like crystal habit and a tendency to form 
crystal stellates. Therefore, less gypsum is required 
to produce a false set when the ettringite content is 
high.

The Effect of the Hemihydrate-Gypsum Ratio on 
the False Set

It has been suggested that the gypsum added to the

Fig. 3. Stiffening of cements hydrated in the presence or 
absence of retarder

—O— Cement hydrated without retarder.
--® - Cement hydrated with retarder.

T Denotes 50+ mm penetration.

cement is often incompletely converted to hemihydrate 
during grinding. The remaining gypsum particles act 
as nuclei and therefore accelerate the recrystallization 
of hemihydrate to gypsum. If the crystallization of 
gypsum is accelerated sufficiently to fall within the 
mixing time false set is not obtained because stiffening 
is destroyed by the mixing.

However, some impurities or additives which delay 
the crystallization are particularly effective in reducing 
the accelerating capacity of the gypsum. To study this 
effect, several samples of cement were prepared by 
adding mixtures of gypsum and hemihydrate in various 
ratios maintaining a constant concentration of 2.5 
percent SO3. The temperature variations occurring 
in mortars prepared from these cements were measured 
continuously by a differential thermocouple in con
junction with a preamplified recording potentiometer. 
The data obtained were compared with the rates of 
stiffening of the mortars as determined by standard 
penetration methods (3).

As shown in Table 1, a hemihydrate concentration 
of less than 60 per cent does not produce a stiffening 
of the cement mortar because the quantity of crystal



lizing gypsum is insufficient and the crystallization 
takes place during mixing. At a concentration of 60 
to 80 percent of hemihydrate some stiffening is 
obtained, particularly at the initial penetration. This 
indicates that part of the crystallization takes place 
after the mixing is completed. However, the stiffness 
is relatively weak since most of it is destroyed by 
slight vibration on handling during the initial test. 
At a concentration of 90 and 100 percent hemihydrate 

Hydration Time (minutes)

Fig. 4. Formation of gypsum and ettringite in cements 
hydrated in the presence or absence of retarder

—O— Gypsum content of cement hydrated without 
retarder.

-- • -- Gypsum content of cement hydrated with retarder.
—O— Ettringite content of cement hydrated without 

retarder.
- - Ettringite content of cement hydrated with retarder.

sufficient gypsum crystallizes after mixing to produce a 
more severe stiffening which can only be destroyed by 
remixing.

Fig. 5 shows the corresponding temperature rise 
curves of the same cement samples, beginning imme
diately after mixing. All curves show a single peak 
which increases in size with increasing hemihydrate 
content. These peaks are due to the exothermic effect 
of gypsum crystallization superimposed on another 
but unidentified exothermic effect. This can be demon

Fig. 5. Temperature rise of cement hydrating in the absence 
of retarder

Table 1.

Compound added Penetration depth (mm)

CaSO42H2O 
percent

CaSO4-l/2H2O 
percent Initial 5 mins. 8 mins.' 11 mins. Remix

100 0 48 48 44 37 48
90 10 46 46 1/2 42 35 48
80 20 48 47 44 37 1/2 48
70 30 48 47 45 39 49
60 40 48 47 42 38 48
50 50 47 47 40 1/2 35 1/2 48
40 60 37 44 41 1/2 38 48
30 70 25 45 44 1/2 45 49
20 80 11 1/2 35 33 34 49
10 90 7 1/2 2 1/2 7 12 490 100 10 8 1 1 49
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Fig. 6. Temperature rise of a cement hydrating in the presence 
of various amounts of retarder

strated by adding retarder (amino polycarboxylic acid) 
to cements containing hemihydrate and gypsum in 
various proportions. As shwon in Fig. 6 the exother
mic effect due to the crystallization of gypsum is pro
gressively delayed by the retarder. This indicates that 
the stiffening of the cement mortar will be postponed 
also. The extent to which gypsum crystallization is 
delayed depends on the type of retarder and the con
centration of the unconverted gypsum available for 
nucleation. With some retarders the effect is con
siderable (Fig. 7) and with others which behave simi
larly to phosphates, the effect is relatively small 
(Fig. 8).

The Effect of Phosphates on the False Set of 
Portland Cement

The standard penetration methods are often not 
sufficiently sensitive to distinguish between false sets 
with various degrees of stiffening. However, the deter
mination of the severity of the false set is important, 
since it is indicative of a variety of factors which 
influence false set, particularly the hydration behaviour 
of the dehydrated gypsum. For this reason a more 
sensitive penetration method has been developed 
using a blunted cone with an apex angle of 20° and a 
weight of 250 grams.

The effect of polyphosphate on the false set of cement 
is demonstrated in Fig. 9. A mild false set was

Fig. 7. Acceleration of the precipitation of gypsum in cement 
hydrated with 0.2% amino polycarboxylic acid retarder



Fig. 8. . Acceleration of the precipitation of gypsum in cement 
hydrated with 0.2 % polycarboxylic acid retarder

Hydration Time (minutes) ‘

Fig. 9. Effect of polyphosphate on the severity of the false set
—O— Normal setting cement.
--O— Cement containing 4% hemihydrate.
— Cement containing 4% hemihydrate and 0.5% 

polyphosphate.

obtained by adding hemihydrate to portland cement 
to a total of 4 percent. The relatively small deviation

from the setting pattern of normal portland cement 
is considered to be due to the fact that part of the 
gypsum crystallizes during the mixing period. This is a 
borderline case which may not be detected by the 
usual false set method. The addition of polyphosphate 
delays the crystallization sufficiently to take place 
largely after the mixing is completed. Consequently, 
the false set is somewhat more severe. This type of set 
will be detected by standard methods to determine 
false set.

These results indicate that impurities which interfere 
with the precipitation of gypsum have a considerable 
effect on the false set of cement. It is felt that the pro
perties of dehydrated phosphogypsum should be 
examined from that point of view.

Conclusions ■

The false set behaviour of portland cement may be 
affected by the type of impurities present in the gypsum 
which is added to the cement clinker and forms hemi
hydrate during grinding. If these impurities are capable 
of retarding the hydration of hemihydrate, e.g. 
phosphates in phosphogypsum, the reprecipitation of 
gypsum in the cement paste is delayed until the mixing 
is completed. Therefore, false set is observed since the 
gypsum crystals are no longer broken up during the 
mixing.

Impurities that retard the hydration of hemihydrate 
also increase the rate of ettringite formation becuse



they maintain a high SO3 concentration (supersatura
tion with respect to gypsum) for a longer time. Ettrin
gite appears to contribute to the false set possibly 
because of a needle-like crystal habit similar to that 
of gypsum and a greater tendency to form crystal 
stellates. Consequently, less gypsum is necessary to 
produce false set at a high ettringite content and the 
false set tends to be more severe even before all gypsum 
has crystallized. -
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Author’s Closure

Keiichi Murakami

Here, I would like to introduce the written discus
sion proposed by Dr. Kuntze and Mr. Hawkins to my 
principal paper and subsequently to tell you a new 
data by us about the false set which is attributed 
to the impurities in phosphogypsum.

In my principal paper, I have concluded, by quoting 
the experimental results obtained by Dr.Suzukawa and 
Mr. Kobayashi, that the anomalous setting of cement 
containing untreated phosphogypsum may be caused 
by the large amounts of impurities.

In respect to the false set caused by the dehydration 
of gypsum to hemihydrate occured during grinding, 
Hansen has stated at last symposium that the crys
tallization of gypsum is demonstrated by the reduction 
of the SO 3 concentration in the liquid phase of the 
cement paste at the time when false set is determined 
by penetration measurement.

And the false set is not observed when the crystalliza 
tion of gypsum is accelerated sufficiently to take place 
during the mixing period. '

In contrast, false set may be observed after introduc
tion of CO2 into the cement by areation, which delays 
the crystallization until the mixing is completed.

However, Dr. Kuntze and Mr. Hawkins has pointed 
out some of lacks in the Hansen’s statement as follow; 
Hansen’s statement are based to a large extent on the 
correlation between the changes in SO3 concentration 
and penetration measurement during the initial stages 
of the setting process. '

But, the direct determination of gypsum in the 
cement has not been carried out and also no attempt 
has been made to examine the role of ettringite.

Then Dr. Kuntze and Mr. Hawkins have studied 
the relationship between the stiffening of the cement 
paste and the concentration of gypsum and ettringite 
by using DTA and a standard penetration method 
and by measuring small temperature changes of the 
cement mortar during the setting process.

They have prepared the cement samples containing 
hemihydrate and both of hemihydrate and retarder 
such as aminopolyoxylic acid.

Initially, the rate of stiffening of mortars prepared 
from both samples was determined by penetration 
measurement.

Then it was reconfirmed that the false set of portland 
cement does not occur if the crystallization of gypsum 
which converted to hemihydrate during grinding 
takes place during the mixing.

But, if the crystallization is delayed by retarder 
until after the mixing, the false set occures.

Fig. 3 shows the above relationship in penetration 
measurement. '

Fig. 6 shows that the exothermic effect due to the 
crystallization of gypsum is progressively delayed 
by the retarder, such as aminopolycarboxylic acid.

Secondary, they have suggested that the ettringite 
which produced in initial stage of hydration of portland 
cement contributes to the stiffening of the cement 
because both ettringite and gypsum have a similar 
needle-like crystal habit and the former will be act 
as neuclei in the crystallization of gypsum.

Besides, ettringite is formed at considerable faster 
rate when retarder is present.



Finally, they have developed a new penetration 
method which is capable of detecting the weak 
stiffening impossible to determine with the standard 

penetration method.
Fig.9 shows the results obtained by using the new 

method. '
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. GENERAL REPORT
, . . OF . -

SESSION 1-1: STRUCTURE OF PORTLAND CEMENT MINERALS - . / : .

• T. Hahn (West Germany) . * 1 -

The following Supplementary Papers are summarized in this report.

Paper No. 1-10 ' ‘
SYNTHESIS AND CRYSTALLOGRAPHIC INVESTIGATION OF SOME BELITES ' 1 ' : : -
M. Regourd, M. Bigare, J. Forest & A. Guinier (France) ‘ : '

Paper No. 1-36 '
CATION AND ANION REPLACEMENTS IN THE STRUCTURE OF TRICALCIUM SILICATE
N. A. Toropov (U.S.S.R.)

Paper No. 1-54 
POLYMORPHISM AND SOLID SOLUTION OF THE FERRITE PHASE
E. Woermann, W. Eysel & T. Hahn'(West Germany) "

Paper No. 1-55 
CRYSTAL CHEMISTRY OF TRICALCIUM SILICATE SOLID SOLUTIONS - 
T. Hahn, W. Eysel & E. Woermann (West Germany)

Paper No. 1-92
A STRUCTURAL STUDY ON «'-Ca2SiO4

K. Suzuki & G. Yamaguchi (Japan)
Paper No. 127 

NEW CRYSTALLOGRAPHIC DATA OF SOME CALCIUM SILICATE PHASES
F. K. F. Liebau (West Germany)



This report deals with six papers on the structure and the 
crystal chemistry of three major mineral constituents of 
cements: Tricalciumsilicate (CgS, alite), dicalciumsilicate 
(CgS, bellte) and ferrite (CgF, C4AF). One paper treats in 
addition some other Ca-silicates. Accordingly, the contrlbu- i
tions are treated in three groups: . ,

GROUP I: TRICALCIUMSILICATE AND ALITES , '
(1) N.A. Toropov, Leningrad, USSR

"Cation and Anion Replacement In the Structure of Trical
ciumsilicate"

(2) Th. Hahn, W. Eysel and E. Woermann, Aachen, Germany 
"Crystal Chemistry of Tricalciumsilicate Solid Solutions"

GROUP II: DICALCIUMSILICATE (BELITES) AND OTHER Ca-SILICATES
(3) M. Regourd, M. Bigar^, J. Forest and A. Guinier, Paris, France

"Synthesis and Crystallographic Investigations of some -
Belites" 1 . |



(4) K. Suzuki and G» Yamaguchi, Tokyo, Japan - - , : .
"A Structura1;Study on a’-CagSiO^” . • - - -

(5) F.K.F. Liebau, Kiel, Germany ' " '
"New Crystallographic data of some Calcium Silicate Phases"

GROUP III: FERRITES " ’ ’ ’ *’ z
(6) E. Woermann, W. Eysel and ThZ Hahn, Aachen, Germany • 

"Polymorphism and Solid Solution of the Ferrite Phase"

1 . 'S ~ i-i*  T ». 1 , > , ; ' " • 1 ’ - j ,

GROUP I: TRICALciüMSILICATE AND ALITES ‘ " -'l\ " ’ , ' ’

In both contributions solid solutions of Ca^SiOg are dis- ;. 
cussed with respect to types and limits of, substitution as 
well as effects of polymorphism.,,.» - - r >

Two problems have been investigated independently by both 
authors (Toropov; Hahn, Eysel & Woermann): Polymorphism and 
solid solution in the system CagSiOg-CagGeO^ andithe stoichio
metry of pure CagSiOg. - ■ , 

System CagSiOg-CagGeOg: The two investigations are in good : 
accord and confirm each other. This is the only case known 
in which,CagSiOg forms a complete solid solution series, in 
contrast to the very limited solution ranges observed for 
other oxides. ‘ '* 5 ' - • "

[Table I] •[Figure 1]

This solid solution corresponds to the substitution formula

-Ca3<Sil_xGex)°5 - wlth OSxSl (Ca/Ge = 3.0)
„ V? •- , i 1 V £ » „ _ ■ L . 4

The polymorphism of CagGeOg, as obtained.by both authors, is 
demonstrated in Table I and compared with that of CagSiOg. 
The DTA results of the system CagSiOg-CagGeOg are shown in 
Figure 1. Throughout the series, modification Tj occurs at , 
room temperature.



The similarity of the silicate and the germanate extends even • 
further: Hahn et al. report, that foreign atoms (Al, Zn, Mg 
etc.) can be Incorporated into Ca^GeOg with similar stabil!- > ■> 
zation effects as in CagSiOg. Thus, there exist germanate 
alites analogous to the silicate alites. CagGeOg also is meta
stable at low temperatures (below 1335°C), the decomposition > 
rate being much higher than that of CagSiOg. 

Stoichiometry of CagSiOg: Here the two authors disagree:
Toropov has found an excess of CaO (between 0.5 and 1.0 wt.% 
CaO, error of the analysis - 0.3% CaO) in the strucuture, 
corresponding to CaO^iOg ratios between 3.02 and 3.04. He 
reports a similar excess for CagGeOg (up to 1.5 wt.% CaO). 
This effect is interpreted as additional incorporation of 
CaO into vacancies of the structure.

Hahn, Woermann and Eysel, on the other hand, could find 
neither a composition range for CgS nor a significant devi
ation from the stoichiometric composition SCaO’SiOg, They * 
attribute a small excess of CaO which lies within their limit . 
of error (- 0.2 wt.% CaO) to the effect of introducing addi
tional SiOg by fining the samples in an agate mortar. - ' '

Solid Solution CagSiOg-YgSiOg: Toropov discusses this solid’ 
solution series, which involves the substitution 3Ca ■*  2Yt 
producing vacancies in the Ca lattice of CagSiOg. Analogous 
results have been obtained for LagSiOg. ’

[Figure 2] " - ? : -

The phase diagram CagSiOg-YgSiOg (Figure 2) shows a temperature
dependent solubility of Y2SiO5 in Ca3SiO5» 8 wt«% at 900°C. 
Beyond the solubility limit YgSiOg occurs as a second phase. * 
Throughout the range modification Tj appears at room temperature.

All samples within the solid solution range contained ß- and



Y-CagSiO^. The amount of CgS (up to 10-15% CagSiO^) Increased . 
with the YgSiOg-concentration. As second surprising effect * . 
is that the excess of CaO increases with the Y-content, ranging 
from 0.5 wt.% CaO in pure CgS to 2.5 - 3.0% CaO at the solubi-: 
lity limitjfor YgSiOg (corresponding to. an increase‘in the ■ 
CaO:SiOg ratio from 3.02 to 3.13). According to.Toropov this 
additional incorporation of CaO is caused by the vacancies ,. 
produced by the 3Ca -*  2Y replacement. Thus, the solid solution 
must have a ratio Ca/Y smaler than 1.5, the value for pure , 
3Ca -*  2Y substitution. < . , ; - . - ■ , . r - • i

Combined substitution of MgO, AlgOg and FSgOj in Ca^SiOg, .

Hahn, Eysel and Woermann have investigated the substution 
of the most important minor components of clinker - MgO, 
Alo0„ and Feo0o - in Ca„SiO_,.i.e. the alite phase,in the . 
three quaternary systems CaO-MgO-AlgOg-SiOg, CaO-MgO-FegOg-SiOg 
and Ca0-Alo0r,-Fe_0„-Si0o and in the quinary system CaO-MgO- 
A1203-Fe2°3"'Si®2*  . * ’ ' .

For the three quaternary systems it was found, that the CgS- 
phase must be represented by three-dimensional bodies of , 
solid solution. The shapes and extensions of the bodies are. 
given in Figures 3, 4 and 5. ' *

[Figures 3 to 5]

The fact that bodies occur implies that the CgS solid solutions 
in these systems have 3 degrees of freedom: Two are the con
centrations of foreign oxides, the third is the concentration , 
of CaO. All bodies, therefore, possess a •’CaO-width**,  i.e. 
solid solutions with constant concentrations of foreign oxides 
may still vary in CaO-content. This result is of interest for 
the preparation of cement mixtures and for the evaluation of 
"lime-standard* ’ formulae. The shapes of the bodies indicate 
that MgO and AlgOg as well as MgO and FegOg do not influence 
each other upon substitution in COS, while there exists an

*- A- — <3 t ! i i



Interaction between the trivalent atoms Al and Fe (curved face • 
in Figure 5). r’ - ' - ■ ' . '

In the solid solution characteristic composition regions * » 
occur in which*the  modifications Tj, TIX and Mj are stabilized - ’ 
at room temperature. These regions are indicated in Figures 3, 4 
and 5. ‘6 r • ,• :i ' - *.  .

.% > , . 1', , - i v •' , j- ■; I ? ''' >■

The combined substitution of the various atoms essentially is * -*•  
a superposition of the individual substitution types:*  ■- - *"
Mg replaces Ca
Fe replaces Ca and Si - ■ • - 1 *-  * "*i-  ■

Al replaces Ca and Si arid occupies 6-coordinated voids 
' ” ' in'the structure. * ' v"

From this viewpoint the "CaO-width" of the solid solutions*  
appears as a variation of the*  distribution scheme of Al in the 
three structural sites. Therefore, it is predominantly Al,' * 
which is responsible for the "CaO-width”. '. C "

The results in the quaternary systems permit conclusions to be * ‘ 
drawn about the alite phase in the quinary system CaO-MgO-AlgOg- 
FegOg-SiOg and in cement clinker. * . . ' .

GROUP II: DICALCIUMSILICATE AND OTHER Ca-SILICATES - •' *
CagSiO^ occurs in four principal forms: y, ß, a*  and a.‘ Two * 
of the papers to be reported here are concerned with the forms * 
a*  and ß, both of which occur as belites in cement clinker.' ' 
The third paper by Liebau treats some other newly discovered 5

_ _ ' ‘ _ 1 ’ , „ ’ - v t "i ' f S' r •Ca-silicates. -
■ . ■_ • v ..... .v;Xi

Regourd, Bigare, Forester and Guinier have determined accurate’ 
lattice constants of pure ß-CagSiO^:



a “ 5.506 8. -
b - 6.749 8 (Space group PB^/n) * '*  *■

. c - 9.304 8
ß = 94.62° ‘

Different belites have been prepared by incorporation of 
various foreign atoms. According to the'authors, these sub
stances correspond to the formula

Ca2lMextsll-xl°4. X ‘ . .

' ?4. 1 ' -with Me - B : 0 £ x £ 0.10 3*  > 'Me = Fe +: o £ x ^0.02
Me = Al3+: 0 s x £.0.06 -

(The,solubility limits, i.e. the maximal values of xj have 
been obtained by DTA investigations of the a1- a - CgS transfor
mation.) ■

This formula involves the exchange
2Si4+ + 02“ - 2Me3+ , <

which is particularly interesting because it implies vacancies 
in the oxygen framework of ß-CgS.

The authors distinguish two forms of ß-Ca2Si04: ßj^ Is the . 
variety in which the lattice of pure ß-CgS is not significantly 
modified and which also occurs in technical clinkers; ß2 is a 
bellte (e.g. CagFe^ .O5A1O.O5SiO. 9O°3 95^ in which the Powder 
lines are very broad and where larger variations in the cell 
parameters c and ß are observed. *

Two forms of a,-Ca2SiO4 ,

In the extant literature, two different cells and several space



I

groups have been reported for the a*-modification  of CagSiO^ 
(Table II). , ' -

■ [Table II]

Recently it has been shown, that two different a’-CagSiO^ 
forms exist: a "high" form (aj) and a "low’.’ form (a£) . The 
transformation a*  —* a' occurs at 1170°C and is reversible.

Li - jli • . >- ■
The first indications for these forms were given by Smith, 
Majumdar and Ordway and by Niese1 and Thormann.

Regourd et al. have confirmed these two forms by careful high- 
temperature powder investigations and by indexing the patterns 
(Figure 6). .

[Figure 6] • ' :

The transition a*  -*  a*  is characteristed by the disappearance, 14 11 '
by discontinuities and by merging of some lines intthe powder . 
patterns. , I.

For the form the simple orthorhombic cell, first suggested j
by Bredig, was established. The structure is very similar to 
low-KgSO4. The extinctions in the powder pattern clearly 
establish Pmcn as space group (the non-centrosymmetric space j 1 5 X . - X. „ , » 1group PZ-^cn being excluded due to the analogy with.the centro
symmetric low-KgSO4 structure).

The a£-form, on the other hand, is characterized by a doubling 
of the a- and b-axes caused by some additional weak lines in 
the powder pattern. It corresponds to a superstructure of 
dj*-Ca 2SiO4. Regourd et al. have chosen the same space group 
for this larger cell as for a^-CagSiO4, Pmcn. It should be 
noted, however, that the extinctions in the powder pattern 
are equally computable with Pmnn (obtained by Douglas for 
bredigite) and even better with Pbcn (the okl reflections with 
k - 2n are absent in the pattern). Excluded, however, is a



6*-centered  cell (obtained by Suzuki and Yamaguchi, see below) .

The ’’weak’’ superstructure of a£ and the fact that the transition 
a£ *—* a*  is accompanied by a very small reversible DTA' signal " " '*  
at 1170°C indicate that both structures are closely related ' * ' 
and that <t£ represents a small displacive deformation of the ' ' 1 
low-KgSO^ structure (see structure determination below). It 
should be noted that all stabilized crystals in Table II are ‘ ‘ 
of the a£-type. , , .

Suzuki and Yamaguchi have grown single crystals of a‘-Ca^SiO^, 
which are stabilized by BaO (11.2 wt.%), SrO (8.6 wt.%) and 
BgOg (0.9 wt.%). The.authors make the reasonable assumption 
that Ba and Sr substitute for Ca while B replaces Si. The -,.i
lattice constants are contained in Table II. They fit, well 
into the system of the a£-forms. The space group of all 3 crystals-, 
is given as Cmc2^. [This is not unique since C2cm and Cmcm have 
the same extinctions; in view of the successful structure .
determination (see below), however, this non-centrosymmetric " "
space group must be accepted.] It should be noted that this 1 *
space group differs from the two space groups reported above ‘ :
for a£; Pmcn (Regourd et al.) and Pmnn (Douglas, obtained from ' 
single crystals of bredigite). *'  1 ”

Suzuki and Yamaguchi stress the fact that a high-temperature • 
X-ray diagram (152 lines) of pure a»-Ca2SiO4 at 1000°C is com-’ 
pletely compatible with the large cell, derived from the single 
crystals. Since 1000°C lies within the temperature range of 
a’ the"stabilized a’-forms are a*  too. It is noteworthy that 
the CagSiO^-powder patterns of Regourd et al.’ and of Suzuki ‘ 
et al. - both obtained at 1000°C - indicate different space 
groups. ‘ '

Suzuki and Yamaguchi have determined the crystal structure of5.1 
a£-CagSiO4, using the BaO-stabilized crystals. This is the first 
structure determination of a’-CagSiO^. The intensities were ■ 
measured by the multiple film technique. The structure was - ;



refined by two- and three-dimensional Fourier series to 
an R-factor of 0.11. (Figure 7).  -

[Figure 7]
■ j i - i i .. : s t " v- - x ■ r: ' •" - •

The structure shows that the doubling of the a- and b-axes« , 
is- caused by small shifts of the atoms with respect to the < , ’ . .
low-K2S04 structure., . .. , , . . \ j-:. 'v.'

« . x'; X ■■ ■ • ■ - f - •' ■ L' ' ‘ :
The authors list only some of the bond lengths (Table III). ... • >

[Table III] *

(1) A new stacking modification of high-Ca3SiO3 (pseudowollasto- , 
nite, SigO^-ring structure) , was obtained by. heating . CagSiOg ....
*, small, amounts of Ca(0H)2 and CaFg at 1300°C. The crystals? . >
are disordered and represent analogues to the disordered;.
forms of SrSiOg and BaSiOg. The various forms of pseudo- '■ . 1
wollastonite, known so far, are characteristed in Table IV. I

" ' ' ' [Table IV] ‘

(2) In mixtures of Ca2SiO4 + CaO with excess of CaClg needle- j

■ like single crystals of two related forms were found. The - i
composition of these crystals is still unknown and their *- ’
cell dimensions (Table V) show no simple relations to any - - 
known Ca-silicate. ' - ' - >- ‘t .. •=

[Table V]

There appear to be large deviations in the Si-0 distances from ' - 
the accepted value (1.60 S) as well as'rather different 0-0 
distances within the tetrahedra. No errors of atomic positions 
are given, however . The authors state that three of the six ‘ - -
different Ca-atoms show 8-fold, the other three'Ca 6-fold ‘ -
coordination/ . . > - ' < ; « - - . • r

■ . V . ... . \ ' j ... ; -1 2
Further Ca-silicates i
—————— -------------- : . , ■ s . - , . , . i . ' r 1 ’ 1
Liebau has,obtained single crystals of several new Ca-silicate j

phases. These materials were obtained during experiments to 
grow CagSiOg and CagSiO4 single crystals under various condi-' % 
tions. / . • : , x.



(3) In mixtures of CftgSiOg + Ca2S104 with large excess of 
CaClg, heated to 1500°C, plate-like single crystals i . 
were obtained, most of which were twinned. First it 
was  thought, that they were o^-CagSiO^. Untwinned 
crystals gave the following cell dimensions: , , , , .
*

a - 9.89 8 ' ' ' " ' ’ '" ' •
b = 6.77 8 Space group P2-/C . -

’ ' c = 10.91 8 x ‘
ß - 106.0° ' J '"V;

The chemical composition of this phase probably is *v ' ' 
Ca2SiO4*CaCl 2. .. ,

GROUP III: FERRITES
: . * ■ ’ . .• i , , <

The last paper by Woermann, Eysel and Hahn deals with the 
ferrite solid solution series Cao(Fe- Al )o0-.. > , A _ P * V r 1 . - „

Substitution of Mg in ferrite „ ; - ,
The types and limits of incorporation of Mg atoms in the ' ' 
ferrite structure were analyzed by the lime deviation method.

Two types,of,substitution have been found, none of:them re- . »«>
presenting the simple replacement Ca/Mg (Table VI). - - - -

[Table VI] ,

The first type implies that two of three Mg atoms substitute 
for R(Fe+Al), while the third Mg occupies interstitial sites.*  
The second type involves replacement of Ca and R atoms by Mg ' 
in addition to occupation of interstitial positions by Mg. '

The change in the mode of Mg-incorporation near p - 0.50 indicates 
that at this composition a discontinuity in the ferrite series 
occurs.



Discontinuities and polymorphism of the ferrite solid • " -
solution series - » ’ •
Smith has described a small structural change at p « 0.30, 
involving a gradual transition from space group Pnma to Imma 
and explained by a change in the distribution of Al over 
the tetrahedral and octahedral sites.

The cell dimensions of the ferrite series as a function of p, 
both for MgO-free and MgO-saturated samples, exhibit weak 
but distinct changes of slope at p = 0.30 and p = 0.50 
(Figure 8), thus confirming the two discontinuities.

[Figure 8]

CagFegOg shows two weak reversible DTA signals at 43O°C and 
69O°C resp. High-temperature X-ray patterns reveal no change 
of symmetry, especially no transition from space group Pnma 
to Imma, in either of these transitions.

The variation of the DTA signals as a function of temperature 
in the ferrite series, again both for MgO-free and MgO-saturated 
samples offers further evidence for the discontinuities at ‘ 
p •= 0.30 and at p = 0.50 (Figure 9). . .

* [Figure 9] ‘

At p = 0.30 the two signals, mentioned above, disappear, but 
a new weak signal occurs in the region 780-800°C. At p = 0.50 
this signal disappears also and for p > 0.50 there is no 
indication of any phase change.

The investigation has revealed several small discontinuities 
and phase changes in the ferrite series, the structural nature 
of which still remains to-be elucidated. '
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TABLE III: SOME BOND LENGTH IN THE STRUCTURE
OF "£ - CagSiO^:.:

(Suzuki arid Yamaguchi)

■■■ -- i;77 X - ------------Ca^ - Oi - " 2.42*
1 sir - °2 1.77 ' ' Cai - °3 2.81

six -o3 1.67 * Cai ' °5 2.401
- ;S11 ‘ - °4 " 1.75< 1 ■ ' Cai - °6 2.56

Average■- ■ _ 1.74 Är - Cai - °7 2.32

°1 - °2 2.78 . Ca6 ‘ °3 . 2.47
°1 " °3 2.64 Ca6 - °3- 2.23
°1 - °4 3.02 Ca6 ' °5 2.79
03: E-504 : 2.86 r ; . Ca6 - °8 2.40

Average j 2.82
k_*  * » \



TABLE IV: CELL DIMENSIONS OF THE POLYTYPES OF > •.*
PSEUDOWOLLASTONITE" - ■_

(Liebau) .

Author

Liebau
Me Geachin

(ordered)
Smith

65Jeffery and.
Heller -

(disordered)

a(8) b(&) d0011'^'1

6.90 * 11.95 9.72 “
6.9 ' 11.8 ^9.8 21

s... „ ",
6.90. L . 11.78 2 x 9.83 = 19.

6.9 - , 11.8 X.3 x 9.8 ^29

TABLE V: CELL DIMENSIONS OF TWO NEW CALCIUM SILICATE
’ PHASES OF UNKNOWN COMPOSITIONS

‘ (Liebau) ’- l..
- "■ -1 - S j '*

Phase I Phase-II , 0
a (8) 16.08 ' • 18.36 ■ '
b(8) 7.56 7.75
0(8) 7.62 12.63
«(O) 90.0 90
^(o) 104.4 90.0
y(o) ^90 90
v(83) 897 1797
Symmetry Triclinic Orthorhombic or 

Monoclinic
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(DOWenhty.DCAliD, L ft << 2Ö 2*f ’• 21
- weicht YtOj-SiO,; V1-/

Figure 2 : Phase diagram of the system
Hl i r - Ca_Si0--YoS10- - ’

t , d 5 2 5
V''- - ' ■/ ' -« *■'  • 4-

, ,-- ■jit'- -7; ■; i- “

a - Monoclinic 
b - Triclinic III
c , - -*  Triclinic II
d - Triclinic I
e - Ca3Si05 ss + Y2S1O5

(Toropov)



Figure 3 Body of,Ca3S105 solid solution in the 
quaternary system CaO-MgO-AljOg-SiOg 
at 155O°C (wt.%). The regions of the 
modifications Tj, Tjj and Mj apply to 
room temperature.

f I , < j. 4
• t (Hahn, Eysel, Woermann)



Figure 4 : Body of CagSiOg solid solution in the 
quaternary system CaO-MgO-FegOg-SiOg at 
155O°C (wt.%). The regions of the modi-

i ' floations Tj, Tjj and apply to room 
f t"-rtemperature. ‘

, . s 'r '• . ' ‘

, (Hahn, Eysel, Woermann)



Figure 5 : . Body of CaqSiOe solid solution in the 
quaternary system CaO-AlgOg-FegOg-SiOg 
at 1550° (wt.%). The regions of the mo-

'' 'difleations and Tjj apply to room
temperature.

(Hahn, Eysel, Woermann)



Figure 6 : Variation of some characteristic d-spaclngs with 
temperature for a£-» ciy- and a-CagSiO^ : » *r"

(Regourd, Blgare, Forest, Gulnler)



i

Q- :
Bounded projection 
p.(xoz) * between - 
y - 0.25 and y. - 0.50

‘ r

Bounded projection 
p(xoz) between 
y - 0.00 and yt^.0.25

Figure 7 Fourier syntheses of a’-Ca„SiO ' ■ * 1« - 2 4 *
(Suzuki, Yamaguchi)



A

Figure 8 • Variation of lattice parameters of the 
ferrites series Ca2(Fe1_pAlp)2O5 as a 
function of the Al-content (p).^

(Woermann, Eysel, Hahn)



Figure 9 : Variation of transition temperatures of the 
ferrite series C»2(Fe ' Al ) 0*  as determined 
by DTA; u - y i

(Voermann, Eysel, Hahn)



' * ' ' ‘ - GENERAL" REPORT ' " * ' "
- OF . ..

SESSION 1-2: PHASE EQUILIBRIA AND FORMATION OF PORTLAND GEMENT MINERALS

Y. Suzukawa (Japan)

4 $
The following Supplementary Papers are summarized In this report. " ~

Paper No. 1-9
MANUFACTURE OF PORTLAND CEMENT FROM PHOSPHATIC RAW MATERIALS
W. Gutt (United Kingdom)' -- - - - - -

Paper No. 1-18 ,
BURNABILITY OF RAW MIXES  ' '

J. P. Sulikowski (Poland)
Paper No. 1-38 t

' ON KINETICS OF FORMATION OF PORTLAND CEMENT CLINKER ' "

P. F. Rumyantsev(U.S.S.R.)
Paper No. 1-49 i , 

CLINKER BURNING IN FLUIDIZED BED '
Y. Suzukawa, H. Kono, H. Miyazaki & S. Nakai (Japan)

Paper No. 1-75 t x ~ t ‘
NEW COMPOUND CaloS1.01QFo IN THE SYSTEM " *

" Ca0-S102-CaF2 AND THE ROLE OF CaFg IN THE BURNING OF ' '

CEMENT CLINKER - - — ‘
M. Tanaka, G. Sudoh & S. Akalwa (Japan) 4 .

Paper No. 1-82 ‘
FORMATION OF DOUBLE SALTS IN CEMENT BURNING ’ - i
M. Amafuji & A. Tsumagarl (Japan) -  . - -I ' ,

Paper No. 1-94' ' *
PROBLEM OF ADMIXTURES >• ‘
M. M. Sichov (U.S.S.R.) ,  s 

Paper No. 1-98
MECHANISMS AND KINETICS OF PORTLAND CEMENT CLINKER FORMATION FOR AN 
EXAMPLE OF THE SOLID-STATE REACTION IN THE PRESENCE OF A LIQUID PHASE 
R. Kondo & S. Choi (Japan)

Paper No. 1-133 ,
A REFINEMENT OF THE LIME STANDARD FORMULA
E. Spohn, E. Woermann & D. Knoefel (West Germany)



I

Among nine Supplementary Papers of this Session, Nos. 9, 75, 82, and 

94 presented by Gutt, Tanaka, et al., Amafuji and Tsumagari., and Sichov, 

respectively, are on the minor components or admixtures in portland cement 

clinker.

In No. 133 SP, an improved new lime standard formula of cement raw mix 

is presented by Spohn, et al.

Nos. 13, 38, and 98 SP presented by Sulikowski, Rumyantsev, and Kondo 

and Choi, respectively, are on the burnability of cement raw mix or on the 

kinetics of cement clinker formation.

The last one No. 49 presented by Suzukawa, et al. is on the clinker 

burning in fluidized bed which has already been known as the Pyzel process.

SP No. 9 by W. Gutt - '

‘ 1 ,
To utilize phosphatic limestone for cement manufacture in Uganda, 

Africa, studies have been made by Nurse, et al. at the Building Research 

Station since 1950. This work was further extended by the author to 

detailed studies in the ternaiy system 2Ca0*Si0„-3Ca0«P o0e-Ca0 as shown in 

Fig. 1. Tricalcium silicate has a primary crystallization field extending 

to 13 per cent P2O5, and there are two reaction points and Rj. Com

patibility relations were established that apply at 1500°C, and the ey-i «f

ing solid solutions defined in the phase diagram were identified. The 

practical significance of the phase data for this ternary system to the 

cement making process is’ discussed.

Since fluorides are sometimes added to the raw mix to improve the



quality of phosphatic cement, the role of fluorine has been explored by . ; , 

investigations of the ternary system CaO—SiC^—Two new calcium . 6".: 

silicofluorides were found; ^S^’CaFg and a compound of the approximate , ■_

composition (CQS)Q*CaE,  which correspond to Phase B and Ä reported by

Breczky, respectively. A calcium silicofluoride which differs slightly in , 

composition from the latter compound was reported by Tanaka, et al. as- ,. ; ~-

described in SP No. 75, but their X-ray diffraction pattern is identical 

with each other. Based on the results, the following reaction sequences „ r -

have been identified as shown in Tab. 1. . Further,, existing knowledge of :

the quaternary system containing discussed« Lfr 1 - -- ,: ':z y - t

As the amount of SOj in the clinker influences the quality of phos- , 

phatic cement, the ternary system CaO-SiO2-SO^ and to a limited degree the ,1 

quaternary system containing fluorine are being.studied. kA new calcium >» 

silicosulfate (C2S)2*CaS0^  was found. Moreover, compositions on the join - . ■> 

CjS-SO^ with and without 0.5. per cent fluorine have been tested, for  . ,

strength. , . ‘ -J-

Finally, the properties of the phosphatic cements made in Uganda are 

described, especially, on the low early strength of "Spot11 samples of 

clinkers taken from the plant.

This paper is very valuable not only to the manufacture of portland . 

cement from phosphatic limestone but also to the possible utilization of ? c

industrial by-products containing phosphates and fluorides. „ : J

SP No. 75 by M. Tanaka, G. Sudoh, and S. Akaiwa

The authors studied the role of CaF2 in the burning of cement clinker j 

by investigations of the ternary system CaO-SiO2-CaF2...They found a new j d.-J 

ternary compound llCaO*4SiO^CaF2  and further an unknown phase designated 1 

tentatively as Biase II. Optical, crystallographic,-and thermal properties >t .



of this ternary compound are given in detail. The results obtained by 

Breczky, Gutt and Osborne, and the authors, respectively, are comparative

ly shown in Tab. 2. This ternary compound melts incongruently at 1185°C 

into trigonal C^S and od’-C2S, together with a liquid phase. - Further," 

primary" crystallization field in the ternary system 2CaO,SiO2-SiO2-CaF2 

was determined. • ' • - - J "

When cement raw mix containing CaF2 was heated, the formation of this 

compound was conspicuous at about 1050°C, and at 1100 to 1150°C it melted 

incongruently. Accordingly,4the addition of Cap2 decreases the tem

perature of formation of alite at 150 to 200°C in comparison with that in 

a raw mix containing no CaF^*  During cooling,'this compound is again 1 

formed by peritectic reaction with covering alite. This peritectic 1 

structure is considered to be a cause of decrease in the strength of .

cement. ■< Further, the addition of CaF2 increases the amount of ferrite

phase, and its composition becomes rich in Al^O^

the amount of aluminate phase is decreased.

On the other hand, the

SP No. 82 by M. Amafuji and A. Tsumagari

The ring formation in cement rotary kiln is related not only to the 

operating condition of the kiln but also to the mineral1 composition and 

texture of the ring. .In this paper the authors studied the mineral com

position of the ring and found that CaCO^, CaSO^, and (K*Na) 2S04 and 

double salts, such as 2C2S-CaC03, 3C2S«2CaS04, and 2CaS04-K2S04, are 

formed. The composition of this calcium silicosulfate is assigned 

tentatively.- However, its X-ray diffraction pattern is identical with - 

that of ^S^'CaSO^ reported by Gutt and Smith. C •- '> > i ,

Laboratory experiments in an electric furnace showed that the above 

compounds are formed by gas-solid reaction between C02 or S02 and "



raw mix or .clinker. Further, when mixed gas having a composition similar 

to that of the, exit gas in rotary kiln was used, the reaction of clinker 

and S02 preferred to that of clinker and C02. - ■ _ , 1 ,

The coagulation force of the double salts at high.temperatures was 

also measured with an improved Vicker's apparatus and expressed by 

penetration degree.

This paper is valuable for elucidating the ring formation and also 

for evaluation of the temperature of the kiln lining. ■

, . SP No. 94 by M. M. Sichov .

The author studied the effects of minor components or a small amount , ■ .

of admixtures on sintering and properties of cement.0 At first the pre- * -

sence of P_0c or B-0- on the synthesis of,.C_S is described. When their 

amount is larger than their solubility limit in C^S, respectively, the • - . 

dissociation of C^S and simultaneously the passivity of CaO and SiO2 ; , ,

occur.. The addition of Ti02, .and Cr2O^ decreases the mechanical . 

strength of sintered C^S, thus the grindability being improved.■*  . , 

Hydraulic activity of C-S increases by the addition of P-0-, Cr„OQ, and 

Ti02, etc. The upper allowable amount of these additions has been , 

studied. , ., , , „ 4 _ , _ . . x - - „ . , _ : • ,v-

Further, it is shown that the increase in hydraulic activity of . r.

cement by the addition of admixtures is due not only to.the,formation of 

solid solution but also to the modification of microstructure of clinker. , 

Typical modifiers of microstructure are Cr20^ and P2O5 because their 

addition decreases the surface tension of clinker, liquid phase. Finally,v 

the effects of MgO and alkali oxides are described on the viscosity of the * 

eutectic melt in the quaternary system and also on the crystallization and T 

microstructure of clinker minerals. , -,-v,. . $ , ,



Based on the results, it is concluded that when the amount of admix- - 

tures is within a certain limit, their addition is desirable but when the 

amount, exceeds this limit, it has a harmful effect on the sintering and 

properties of the resulting cement.

SP No. 133 by S. Spohn, E. Woermann, and D. Knoefel

Lime standard formulas suggested by Kuehl and later modified by Lea 

and Parker are well known. Both formulas, however, are functions of four 

major components, and minor components, such as i4g0, alkali oxide, and S0^: 

are not being considered. In this paper the authors modified the formula 

by Including a factor for MgO.

To a series of laboratory-prepared clinkers having a different 

chemical composition, various'amounts of MgO were added, and after reheat

ing at 1500°C, free CaO was determined by the Franke method. An example 

of the results is shown in Fig. 2. Temperature dependence of the amount 

of MgO combined was also determined. , This value can be assumed as 0.6 per 

cent MgO per 100°C. v, ’ ' - ' s

In order to apply successfully to commercial clinker manufacture, the 

results obtained may be simplified as follows: a maximum 2.0 per cent MgO 

can be combined in clinker at a CaO/MgO ratio of 0.75. Accordingly, the*'  

new formula by the authors will be as follows (Tab. 3): * " '

' • 100(Ca0 + 0.75 MgO) c a -
---------------------------------- , , where MgO<2.0% and 
2.80 SiO2 + 1.18 Al203 + 0.65 Fe.^ ■ -

100(Ca0 + 1.50)/ - ' 
----------------------------—--- , where MgO>2.0%.
2.80 S102 + 1.18 Al203 ♦ 0.65 Fe203 -

To check the validity of this formula/ commercial clinkers from nine 

different plants were tested/ and for the greater part of the tested - 

clinkers, the results were satisfactory. " **--



- - SP No. 18 by J. P. Sulikowski .)

The author suggests a laboratory method which makes it possible to 

estimate comparatively the burnability of cement raw mix in rotary kiln. 

This method consists of two series tests: the first is the determination ' 

of free lime after heating at 800-1400°C and the second is the measurement 

of the deformation of cylindrical specimens during heating under a constant 

load of 0.02 kg/cm^. '

From the test results, the following three values characterizing the 

burnability are obtained: ' ■

"K" is the ratio of the lime content of ignited cement raw mix to the 

maximum free lime content which occurs during heating;

’•L1* is the temperature range at which the content of free lime is over 

10 per cent as shown in Fig. 3; and ~

"M11 is the temperature at which the height of cylindrical specimens 

contracts by 5 per cent.

Long time observations were made on the behavior of cement raw mix 

in the burning zone of rotary kiln at four cement plants from which the 

tested cement raw mixes were sampled. It was found that the above three 

values ,,Kn, "L", and 11.4" are effective to estimate comparatively the •*  

behavior of cement raw mix during burning. The actual meaning of each 

value as regards the behavior during burning in rotary kiln is also 

shown. " * - * •

SP No. 38 by P. F. Rumyantsev '

Investigation of portland cement clinker burning as a single process ' 

and derivation of a general kinetic equation are inconceivably difficult. 

Therefore, the author considered the sintering of clinker as a complex of 

the following three interdependent processes: ‘ ‘ ' *



(1) dissolution of the minerals in raw mix and the solid-state reaction

products in the liquid phase of clinker?

(2) diffusion of Ca2+ and SiO^- > andi , ,, - *

(3) crystallization of new phases. , . , , ., 

As these processes are connected with each other and have a chain „ > f

character, the process which proceeds with a minimum rate has a determin- . 

ing role in the sintering of clinker. From the analysis of previous ,

reports, it is assumed that the dissolution process has a minimum rate. 

Observations under high-temperature microscope showed that the crystal- 

lyzation of clinker liquid phase at above 800°C occurs very quickly. „ .

Therefore, the formula which describes the dependence of the dissolu

tion time on temperature and diameter of the dissolving particles may be ? 

used in reciprocal expression as the kinetic equation for clinker „

formation. , „
$1 1.? 4 j % v » * 4 S-

SP No. 98 by R. Kondo and S. Choi
> . » > r-.- .k \ i

The authors assumed that in the presence of the melt the reaction of

CaO with C9S to form CqS is controlled mainly by the diffusion of each
* * r t '< 5 - ' i-1 - j a .. t t - v

component in the liquid phase. Specimens made with two compact disks con

sisting of CaO and ß-C2S, respectively, were used, the two disks being 

sandwiched with powaered glassy phase. After heating the specimens, the 

boundary surface of the formation of C3S and the concentration distribu

tion of four major elements, i.e., Ca, Si, Al, Mid Fe were determined.

The viscosity of the liquid phase containing various amounts of CaO, 

y=-C2S, and CgS was measured by the ball pulling-up method. . t

Tjf^ d°eS nOt permit to exPlaln the mathematical derivation of the . 

kinetic equation in detail, and so let me just show you the final result 

as shown in Tab. 4. From Equation (3), a curve is obtained on o( versus , 



t/tg 5.This curve showed a good agreement with experimental-results.’*

Further/’ the activation energy calculated by the Arrhenius1 equation ; 

increased with increasing the amount of the melt. Finally, the diffusion * - - 

coefficient calculated from Equation (1) in Tab. 4 and from the viscosity 

measurement, respectively, was compared with that obtained by the tracer 

diffusion results reported by Towers and Chipman. All these results show 

that the assumption on the kinetics described in this paper seems to be 

reasonable.

SP No. 49 by I. Suzukawa, H. Kono, H. Miyazaki and S. Nakai

The authors established the basic chemical process designs of the 

burning of clinker in fluidized bed through the operation of the pilot 

plant, especially on the combustion of fuel oil in the bed, control of the 

size distribution of solid particles in the bed, and heat-recovery 

devices of the exit gas and of the red hot clinker from the bed.

Fig. 4 shows the schematic diagram of the pilot plant. Fuel oil was 

injected into the bed through injection nozzle (6), and by means of the 

hot-air jet stream which does not pass through gas distributor, complete 

combustion of the fuel oil was attained, thus the bed being held at a 

high temperature required for sintering of clinker. The size distribution 

of solid particles in the bed was controlled by the following two para

meters: (I) the gas velocity for use to discharge selectively coarse 

clinker particles through discharge pipe opening (12); (II) the size and 

feed amount of seed pellets made with cement raw mix. The enthalpy of 

high-temperature exit gas from the bed was recovered by using cyclones in 

which calcareous and argillaceous components are preheated separately and. 

also the former component is calcined partially, thus the inside wall of 

cyclone being prevented from the adhesion of cement raw mix.



The resulting clinker showed a low value in free lime and alkalis and 

also superior quality. However, it is indispensable to obtain superior 

clinker that cement raw mix fed into the bed is partially calcined.
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Tab. I.
ej 

; 950*e  1040 C t I
' CaO-f-SIC^ +CaF2 ——- (C^S^-CaFa------- -- «CgS^-CaFg
" 95^^ V
< rt^S-FCaFa^^ °

v->

Ca0fSI02 +CaFi-^^ (q,S)2*CaF 2-tCaO'-^^^CgS+CaCH-CaF2 . 

‘ «9/ U30eCV'
f

V (C3S),-C<lFa 

* Z>n7oc -T-- 
C^et+liquM

i s /
Breczky / Gutt & Osborne Tanaka, et al.

Phase A (1964) (C3S)3-CaF2 (Apr. 1968) 1 ICaO-4Si O2- CaF2(May 1966)

Phase B (1964) (C2S)2-CaF2 (Sept.1966) Phase E (May 1967)
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Tab. 3.

L$t ( Kuehl ) __________ 100 CaO__________
2.8 SiO2 11-1 AI203+0.7 Fe2O3

LSt (LeagFhrker^ 2.8OSiO2 + 1,18AI2O3 +O.65Fe2O3

- - s I -

E. Spohn, et al. : '
. ■« ■>’ J •

LS+ = - - 100 (CaO 4-0.75 MaO) ; 1
L 2B0Si02-blJ8AI203+0.65Fe203 , where MgO^2.O% 

» i e I
' T e 1 ! f

* X ' / ’ '
’ I J T .

LSt = - iob( CaO+1,50) ? -
1 2SOSiO2 +1.18AI203 +0.65Fe2O3 'where M9° >2.0%
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\ Tab.4/

/

(I)F(ol)
0

where o< is the reaction ratio, 
J K the reaction constant^ , 
, thg ,reaCfjon time j I /
’ D the diffusion^coefficient, 
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When o< is 'equal to 0.5 , Equation (I) becomes 1
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F(0.5) = Kto.5 =0.0426. * (2)
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From Equations (I) and, (2), - we obtain ;
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4: Gas distributor 
5: Feed pipe of fuel oil 
6" Injection nozzle of fuel oil 
T- Feed pipe of gas jet stream 
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gas jet stream ■ ■ " 
9: Feed pipe of solid maierial 
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II:Selective discharge pipe
12 Selective discharge pipe 

opening . .
13: Heat exchanger
14-Cooler
15'.Discharge gate '
16-Blower _
I?: Inlet of calcareous component 
18: Hot cyclone for heating 

. calcareous component
19: Inlet of argil laceous 

component ■
2O:Hot cyclone for heating 

argillaceous component
21:Dust collector 
22: Suction blower

Fig.4. Schematic diagram of the pilot plant.
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Of the twelve papers presented, to this session only two deal mainly 

with a single analytical technique; the remainder all report work using 

a number of different techniques, on aspects of the problem of the role

of minor elements in modifying the major phases. This problem has -

already been discussed in Session I, but I think the majority of the ' 

papers in this session deal not only with crystallographic modification 

but also with effects on reactivity. This leads to a question on which 

I hope we shall hear discussion; to what extent is the reactivity ' * 

affected by crystallographic modification, and to what extent is the 

effect purely chemical, or due to the presence of the modifying oxide 

in solution. ; ‘ *

I will deal first with the two purely analytical papers; first

"Cement surface area determination by gas adsorption near room temperature" 

by TABIKH describes a method of specific surface measurement which is ' 

applicable both to anhydrous and to hydrated cements. The method is based 

upon the adsorption of nitrogen or organic vapours at known partial pressure 

from a gas stream, followed by desorption of the adsorbate into an inert 

carrier gas stream whose thermal conductivity may be compared with that of 

the pure carrier gas by means of a thermistor bridge. This gives a d.c. - — 

voltage output which is integrated to give a calibration for each adsorbate 

in terms of samples of known specific surface, 1



Alternatively, measurements can be made at several partial vapour • - 

pressures and the BET equation used to calculate the specific surface. r

Dr Tahikh’s Table I shows results for 5 anhydrous cements and three 

different organic liquids, as well as measurements of specific surface , 

from adsorption of nitrogen or benzene using the BET calculation determinations 

These show that a single point determination can give sufficiently satisfactory 

agreement with nitrogen/EET to be a useful laboratory method, although the 

specific surface is about 10 times that measured by the Blaine method. .

The technique when used for hydrated cements may be open to some 
criticism: the sample is oven dried, then heated to 200°C in a helium stream 

with presumably a very low water content. This must surely change the 

nature of some of the hydration products (e.g. ettringite, if no other). 

However, this is a reflexion of the need to choose a sample condition which 

can be accurately reproduced, before and after the adsorption°desorption - ■ 

cycle. The curves shown for two hydrated cements suggest that the technique 

at least offers a useful method for comparison of hydration rates. - 4. r

The next paper - "The use of thermogravimetrio measurements in cement (  . 

chemistry" by LONGTJET - presents an exhaustive review of the technique and 

literature of. thermo gravimetry. ■ ,

He draws attention to a number of experimental details which rsqm*pg  

particular care such as heating rate, sample size, buoyancy correction, 

thermocouple materials, and control of atmosphere, especially water vapour 

pressure. Techniques employed in conjunction with thermogravimetry such 

as OTA. or evolved gas analysis ane discussed.



Two reactions of interest to the Portland, cement field, are dealt 

with in detail;'- decarbonation, of both CaCO^ and MgCO^, and de-hydration 

of CaCOHjg and CaSO^.- Other processes dealt with include 

oxidation-^reduction and adsorption-desorption. Also in the cement field,

the use of TGA for a study of reactivity is described, where additions

of calcium

A point of

atmosphere

at between

variable proportions; yet in the presence

proceeds more rapidly and quantitatively:

to determine the C^S content of 
600 and 800°C to form a mixture

fluoride are shown to promote the early loss of COg fix>m CaCO^. 

particular interest is the use of thermogravimetry in a COg *

clinker. C,S reacts with CO- - 

of spurrite and CaCO^ in 

of fluoride, the reaction ’’

2 C^S + 2 COg s > CaC03 + (CgS)2 CaCO^

and the two different forms of combined COg are released at two distinct 

temperatures in equal steps (Fig. 8). It is not quite clear to me how 

the fluoride is combined during this reaction, one would expect the 

formation of '

The next group of four papers deals with studies of single compounds 

in the anhydrous cement field, modified by the addition of usually only

one or two other oxides. These studies make use af a number of techniques, 

some well-known such as optical and electron microscopy, XRD and DTA, 

some less well-known such as conductivity and colour measurement.

Starting with the simplest system, we have "Thermal stabilization 
of ß 2CaO.SiOgM by KORNEEV and BYGALINA. These authors show that use of 

a carefully controlled annealing treatment, 30 mins at 1OOO°C, will

permit 85^ stabilization of pure CgS. This material has the habit of 
"^fcgS but the birefringence and reactivity of ß , as well as X-ray and

DTA properties characteristic of



The authors further show that the presence of 10J? excess CaO over T 

that required, to form CgS will permit the stabilization of ß CgS over a „ 

wide range of temperature, as is well known, but in addition gives a 

material having apparently much improved hydraulic properties in terms 

of strength at 91 days or later. The authors suggest that the itaproved 

reactivity is due to irregular Ca co-ordination in the ß CgS, but it is 

unfortunately not clear how much of the excess lime is disposed in the 

ß CgS lattice and how much remains as free CaO, or even possibly forms CgS.

Another comparatively simple system is described by BOIKOVA in

"The effect of chromium oxide on the structural transformations in

tricalcium silicate". Mixtures of CgS and chromium oxide were fired at

15OO°C in air and using optical and X-ray methods, DTA and free CaO determinatinn, 

it was found that the limit of solid solution was 1.5^ Cr20g; this solid 

solution was light green with higher refractive indices than C3S. The  

system is unusual in that above 2$> Crs03, the solid solutions decompose to 

CsS and free lime, and above 5% CrgOg, no solid solution occurs.

Mixtures of C3S with MgO as well as Cr203 show that MgO prevents this 

decomposition. This presumably indicates stabilization of one of the 

higher symmetry polymorphs of C3S.

The colour of chromium-substituted C3S can be changed by the conditions 

of heat treatment. Annealing at 600°C in air gives yellow; at 1500°C in 

air green; and 16-18OO°C in argon gives blue coloration.

Chemical analysis shows the valence state of the Cr in these 
preparations to be mainly Crff+, mixed Cr6"1" 

respectively.

and Crs+ and mai nly Crs+



Boikova suggests that Cr^+ replaces Si^+ with production of holes:

3 ST  X--- 2 Gr + L —J*

but that Cr^+ replaces Ca:

3 Ca2+ -- -  2 Cr'3+ +1 I

also with production of a vacancy. . '

The ne:.rt paper *•  "The effect of minor components on the early 

hydraulic activity of the major phases of Portland cement clinker"

by SAKURAI, SATO and YOSHTNAGA. also deals with the effect of chromium 

oxide additions to C2S, 1 -

These authors consider that. at 155O°C in air, the limit of CrgO^

solubility in C^S is 1.7% wt. (This should be compared with 1.4% at 

155O°C found by Woenann, Hahn and Eysel and 1.5% at 15OO°C by

Boikova (paper in this session).) They find that up to 1.4% the

modification remains triclinic (T^), with decreasing lattice parameters, 

but between 1.4 and 1.7% CrJD,j Ttt is formed. The discontinuity Tt - T--.
D J-X X jX

is both larger and in the opposite sense from that produced by

The average valency of the chromium is 4.6 throughout this series.

suggesting that there is no change in the replacement at the transition.

The average valency for Boikova's three green mixes, which are comparable," 

is 5.15, ® 5.14; this is perhaps due to the slightly lower firing

temperature of Boikova's mixes, 15OO°C against 1550°C. " -

For their next series of mixes, the authors made a series of high-lime

C-S-A-F-CrgO^ mixes with graduated content, designed to give C^S, 

CjA. and Fss but no CgS. They then dissolved the C^S to analyse its A, F 

and Or content. and re-synthesized these C^S compositions which are

saturated with A and F, for a given Crcontent. The limit of

content was again found to be 1.7%» the modification T^ and average ‘ 

chromium valency 4.6 as before. The authors suggest that both Cr and Al 



are substituting for Si, but that even so, it is impossible to balance 

the charges on the basis of this simple replacement. Using conduction 

calorimetry, they also show that (Fig. 3) increased Cr content both 

increases the maximum rate of heat production on hydration and shortens 

the time for this maximum rate to -be attained, although it does not 

affect the total heat production. They go on therefore to a study of ' 

the do conductivity of these compositions, which show (Fig.Zj.) a considerable 

increase in conductivity for increasing Cr content. The activation energy 

of the conductivity calculated from these measurements is slightly greater 
than that for Cr^+ - Cr*""*"  and the authors suggest that the conduction 

mechanism is due to a combination of Cr^+ - Cr^*,  Cr1-4 - Cr^ and Cr^+ - Cr^+

Electron microscopy of fractured and etched surfaces in these samples 

confirms that etch-pit density increases with Cr content, both screw 

dislocations and grain boundary dislocations being observed. A series of ' 

electron micrographs illustrates the way in which reaction is initiated at . 

these dislocations and at the surfaces of contact with interstitial phases.

The authors describe a further series of C^S .compositions in which 

chromium is replaced by fluorine and phosphorus while maintaining saturation 

with respect to Al and Fe. The compositions found are tabulated in Fig. 23.

The effects in this system are by no means as clear-cut as in the

C-S-A-F-CrgO^ system. ,

A further study is reported by the same authors on the effects of 

chromium oxide additions to the ferrite phases. The limits of Cr^O^ 

stability in both CgF and C^AF are found to be about 3^ (wt.) but the 

authors feel that the changes in lattice parameters are anomalous. I would 

suggest that these changes are most interesting and merit further study 

as they must reflect a preference of chromium atoms for either the 

tetrahedral or the octahedral sites, which overrides the normal preference 

for the aluminium to occupy the tetrahedral sites first. The valence state 

of the chromium is obviously of great importance here, . .



The authors feel that the XRD Intensities are also anomalous but I, 

suggest that this is simply a preferred orientation effect, which occurs 

also with ferrites containing SO^. The crystal growth along the b axis 

is inhibited and thin platelets are formed with faces parallel to hOl;

the tendency to preferred orientation can be removed by fine grinding -• 

as is seen in Pig, Jij-. The analogy with sulphur may indicate that the 

chromium atoms have a preference for the tetrahedral sites.

Because it also deals with the effects of chrome oxide additions.

I think that The crystallization of compounds in the presence of

These authors prepared clinkers designed to contain either C^S or CgS 

and an interstitial phase calculated as of C,A and llj-% of C> AF with 

CTgO^, P2°5 an<3, added singly at levels of 0,5, 1.0, 1,5, 2,0 and

by weight as the oxide. Table 1 shows the amount of each oxide retained 

Cr90,, Pr,0_ or SO, and the properties of the cement resulted" by 

BUTT, TIMASHEV and MALOZHON should be considered next.

in the lightafter firing but for chrome oxide only CrgO^ is reported;

of the previous papers. it would be interesting to know if CrO^ was

present. The clinkers were examined by both reflected and transmitted - 

light microscopy and the refractive indices and crystal development are 

tabulated. It is interesting that although no SOj was retained in the 

belite series, the refractive indices were still lower than those of

ß CgS in the zero SO^ mix. Possibly the fluxing action of the SO^ 

introduces additional Al_0, and Pe^O, into the lattice. '
2 5 2 5

These clinkers were than ground with ^8 CaSO^ to a specific surface 
of 5000 cm^/g and made into paste cubes 1,M cm side. These were tested » , 

in compression at ages from 0,5 days to 6 months and examined by ZBD to 

determine the rate of reaction of the compounds, at 0.5, 3 and 28 days.

The results are shown in Table J (XRD) and Figures 3, 4 and 5« .



The X-ray measurements suggest that both SO3 and. Cr203 give ' 

increased, reactivity in C3S at one day and this is partially borne out by 

the strength measurements; but at later ages, there is no marked increase 

in strength and the X-ray measurements show that at 28 days the cements 

with CrgOa and SO3 are very comparable to the cement with no additions; 

only the P205 cement is still less reactive and weaker at 28 days. 

In this case, there is a tendency to show increased strength at 6 months, 

presumably due to the slow reaction of the C2S-C3P solid solution.

The last paper in the group dealing with single compounds and a single 

added oxide is "Miscibilities of special elements in tricalcium silicate 

and the hydraulic properties of the resulted solid solutions" by 

KONDO and YOSHIDA, which studies the effect of titanium or manganese 

oxide additions to C3S or Alite. These authors made four series of 

compositions: C3S - "3CaO.TiOs", C3S - "3CaO.MnO2", Alite - "3CaO.TiO2" < 

and Alite - "3CaO.MnOs". By both free lime determination and lattice 

parameter measurement, they found the limits of titania solid solution 

to be 13 mol % at 15OO°C and 12^ at 16OO°C, with the transformation to - 

Tjj occurring at 5 mol % TiO2. With Alite, the limit of titania solid 

solution is the same as with C3S, 13 mol %, even though the alite is 

already saturated with respect to Al3"1" and Mgs+; the monoclinic II form 

transforms to rhombohedral (r) at about 6 mol The authors feel 

that in both cases this is a true solid solution with Ti4+ replacing 

only Si4+.

In the case of manganese, the picture is rather different; for - 

both C3S and alite, free-lime is detected at 1% replacement and free- 

lime curve (see Figures 1 and 2) shows an inflection at 6% replacement. 

For C3S, the symmetry transformations are Tt-> T and 19? and T T 
1 II ' ** ■‘■tt™ ■‘•ttt



at 6% replacement. For alite however, there is a decrease in symmetry -■ 

from to at 6^. I feel some reserve about the authors 

interpretation of this system; surely the valency of manganese is 

likely to be reduced to 2 at 16OO°C, and possibly at 1500°C; and 

replacement of CaO by MnO 'is most likely together with formation of 

a (CaMn)O solid solution. . - ... 

For the hydration studies the author used one composition from ‘ •

each series, C3S and alite with 7 mol % Ti, or 5 mol Mn. These 

samples were ground to J22O cm2/g (CsS) and 3^20 cm2/g (alite) and 

formed into both neat-paste samples and mortar bars. The progress 

of hydration was followed by free Ca(OH)g determination, XBD of anhydrous 
\ 

phases, conduction calorimetry and strength development. These studies ’ 

present a consistent picture, typified by Fig. 11. Both Mn and Ti 

retard reaction between 0 and 24 hours but at this point there is a rapid 

acceleration in Ti-containing pastes and by 3 days they have overtaken 

the unmodified C3S or alite. By 28 days the Mn-containing materials 

have also caught up or overtaken the unmodified materials. The mortar 

strength measurements show a very similar picture.

The authors use the measurements of initial particle size and ' 

degree of hydration to calculate the thickness of the hydrated layer, 

assuming all particles spherical, and show that this can be represented 

by two straight lines on log thickness/log time scales (Fig. 15). They 

suggest that this indicates a three-stage reaction process, first an ‘ 

induction period, then an accelerating period in which hydration is auto

catalytic, and finally, a third stage where the rate is diffusion 

controlled and therefore proportional to the density of the hydration 

product. This part of the paper is due for discussion in the session on 

kinetics, but I hope that the question of the relative effect of the



chemical composition and. the crystallographic modification will be , -

ventilated., either in this session or later.  e ,

We come now to papers dealing with systems closer to commercial . 

cements, containing both several phases and several modifying oxides.

"Properties of substituted diaalcium silicate and alumiho-ferrite", ,

by GHARPUREY and PAI deals first with an attempt to prepare a CgS in 
which ts, or of the Si4+ are replaced by Al3*,  using felspars • 

(bytownite or microcline) as the source of tetrahedrally co-ordinated alumina. 

Unfortunately, no chemical analyses are given for the compositions so it . 

is not clear if they were designed as CsS -MCSA", C2S-C3A or even CsS - A . ■

series. It seems probable that the first was the case and the formation 

of CaA from excess alumina has resulted in a shortage of lime for - 

complete reaction of the silica to C2S and hence the formation of 

y C2S which is notoriously favoured by excess silica. The X^ray 

diffraction diagrams given for.the bytownite series certainly suggest . 

that CaA has formed to an extent which makes it difficult to separate 

the effects of this during hydration from those due to alumina .,

substitution in C2S. 

The second part of the paper deals with the hydration reactions of 

some compositions in the system G-A-F-M-M*  (M1 = MngOa). 
■ (2 3)A number of authors * ' have indicated that in the "C2A,’-C2F 

series, greater reactivity in solution is correlated with higher 

aluminium content. The figures which the present authors gave for 

combined water indicate that the C6AF2 in this series was unduly 

reactive; the unit cell dimensions found for this compound are much 

closer to those of C2F than those usually reported for C6AF2 and it 

seems probable that equilibrium was not reached during firing and the 

sample therefore contained CA,Ci2A7, or C3A, any of which would have



shown increased, ractivity. (The unit cell dimensions quoted for 

C6A2F are qrong, possibly due to incorrect indexing in the original 

publication; they should read a = 5«32» b = c = 5«53»)

The compositions C4AF, C4AF0e5M,o.iB# C4AF.8M,,S, C4AM’ were 

also prepared; since these have constant aluminium content, any 

differences in reactivity should be due to the effect of manganese

iron replacement only, and would be expected to be comparatively 

small. The combined water measurements for C+AJJo.bsM’o.15 indicate 

such a marked increase in reactivity compared with those for C4A]?, 

while higher manganese contents show much less reactivity, that it 

seems almost certain that equilibrium was not reached in the , 

preparation of this series. ; ■ ■ e

The next paper in this group, which also deals with the ferrite . 

phase is by MIYAZAWA and TOMITA "On the color change of Portland cement" 

These authors prepared synthetic cements of three compositions, normal, 

high CaS and high CsS, with graduated additions of MgO, 0, 0.5, 1.0, .

1.5, 2.0, 2.5 and 3% (wt.). . The colours of these cements were , 

measured photoelectrically for L (luminance), a (+ = red, - = green) 

and b (+ = yellow, - = blue) component. In all three types there 

was a marked darkening with increasing MgO content to a minimum L at 

about 1.5^i b also decreased (i.e, the colour became less yellow) and 

a was approximately constant. - . . ;

A series of ferrite phases was prepared in which MgO replaced CaO 

in C4AF at levels 0, 1.5, 3»0, 4«5, 6.0 and ?.O molar These - 

compositions were examined both for colour and resistivity and Pig. 5 

shows that luminance and specific resistance show very similar relations 

with MgO content. Because they find very little change in the XBD . 

patterns of this series, the authors suggest that the resistivity



change is not related, to structure but to replacement of Fes by Mg8 

with consequent production of positive holes. ''

A further series of experiments was made to study the effect of 

cooling conditions on colour and reactivity of industrial clinkers. 

Two industrial clinkers were re-heated and cooled in five different 

ways. All ten samples were then made into cement with added gypsum 

(1.6^ as S03) and examined for colour, heat of hydration and strength 

of mortar bars (in compression and bending). Early strength does 

appear to be inversely correlated with luminance but at later ages 

the slowly cooled clinker which is not the lightest shows least 

strength development.

From the XRD patterns in Fig. 6 I would suggest that it is the 

effect of cooling on the C3A which has had the marked effect on early 

strength. The sample quenched in water shows a micro-crystalline 

ferrite phase (broad_diffraction lines) with a cubic C3A; all the 

other patterns show a well-crystallized ferrite and an orthorhombic
(5)CgA. Forrester and Skalny ' have shown that orthorhombic C3A 

is more reactive than cubic at early ages; so apparently, even though 

a glassy ferrite is considered to be more reactive than a crystalline 

one, it is not enough to counteract the effect of the cubic CSA.

The next paper "I.iicroscopic observations of alite and bellte and 

hydraulic strength of cement" by ONO, KAWAMURA and SODA, correlates 

microscopic and crystallographic properties of clinker minerals in 

commercial cements and laboratory preparations; it shows how these 

properties are affected by burning and cooling conditions and hence 

how they may be used to predict strength of cements.

The authors point out that the presence of impurities in alite 

(especially alkalis and sulphate) raises the birefringence, that '



slow cooling may allow exsolution of these impurities and. that an 

alite slowly cooling in the range 1250 - 1300°C may show low , 

birefringence and. mosaic structure; XRD shows it to be monoclinic 

alite, not C2S + CaO, but it is possibly disordered.. - - ■

In bellte, impurities are absorbed by the l/ form but not by <X,1 

and are exsolved according to the cooling rate; if-they are fully 

exsolved, the colour of the bellte goes to muddy yellow.-

The oC and cZ * polymorphs of C2S have been reported to be weakly- 

or non-hydraulic but these authors show that this is not always so; • 

three synthetic belites stabilised'in thecZ,cZ1 and ß forms are 

described, with strengths as follows:--

7 days ■ ’ 28 days 91 days . ' ■**

o< 47 80 169 (kg/cm®) '’ '

oL' - 11 ■ 41 86 • '

ß 11 58 51 ’ '

Furthermore, using only one composition but varying the proportions 

of the C2S polymorphs (excludingX) by the burning and cooling conditions, 

strength (of 1 x 1 x 7 cm mortar bars) at days is shown to be 1 

correlated with cZ content (as determined by XRD).

Similar experiments on plant raw mixes show that conditions which 

favour high<X content, and therefore high later-age strength, need not 

be incompatible with high alite strength. Finally, a survey of 45 

Japanese commercial cements shows that high strength correlates with 

(1) high cZC2S content, (2) colourless belite, and (3) high birefringence 

alite. ' The authors therefore suggest that a fairly long high 

temperature burn, followed by quick cooling from a moderately high 

temperature, is desirable.

The remaining two papers deal mainly with analyses of commercial 

cements in order to estimate true chemical compositions of the clinker 

phases.



The paper "by POLLITT and. BROWN on "The distribution of alkalis 

in Portland cement clinker" is based mainly on chemical analyses of 

commercial cements separated into fractions by selective solvent 

extraction and hydrolysis. 

These authors show that the al kali sulphates may occur as members . 

of the range of Kg/faaaSO« solid solutions or as the double sulphate, 

calcium langbeinite, 2CaS04.KaS04 (see Fig. 2). I think that this , 

is the first time this compound has been reported in Portland cement, 

although it is known to occur in kiln rings. It seems likely that 

it occurs only in high KgO/iTaaO ratio cements.

Most interesting also are Table 2 and Fig. 3 which show clearly , 

what I take tp be a partition coefficient for potassium and sodium, 

between sulphate and clinker minerals of two to one. The authors 

deduce that this reflects the greater affinity of potash for 

sulphate but I would like to suggest that the similar ionic radii 

of Na and Ca favours retention of Na in the clinker minerals.

The authors tabulate the distribution of K and Na in sulphates, 

silicates, aluminate and ferrite phases in Table and show that 

several correlations can be extracted.
* - <

The K/K + N ratio seems to be the same for the ferrite and the C3A, 

and the silicates, but there is also a correlation between the 

potassium/alumina ratio of the C3A and that of the ferrite phase. 

There is not much evidence to support Newkirk’s suggestion that 

potash goes preferentially into belite. The authors show also that 

both potassium and sodium are capable of inducing the cubic-to-orthorhombic 

transformation of C3A, at 2.^ equivalent potash or 1.8% equivalent soda.



The last paper, hy MIDGLEY, reports."The minor elements in alite 

and belite from some Portland cement clinkers as determined by eleotron 

probe X-ray micro-analysis". It contains analyses for N, K, M, A, F, 

Ti and Mn. The main problem in obtaining quantitative estimates from 

the electron-probe lies in the inter-element absorption effect. Midgley 

has surmounted this by using as standards synthetic materials made to 

compositions very close to those being analysed. He reports partition 

coefficients for these elements between the silicate phases, which have 

not appeared in print before, to my knowledge.

In Table 9 (the last column) values 1 indicate enrichment in belite 

with respect to alite; thus only MgO is higher in alite than in belite; 

even Al203, usually considered to be the essential stabilising oxide 

in alite, is in fact enriched 5:2 in belite. It seems possible that the 

alite was not saturated with respect to MgO, as none of these cements 

contained more than 1.5^; this possibility seems to be borne out by 

Yamaguchi's EPMA figures for MgO (page 6? of the Principal paper) which 

indicate that in two cements with MgO contents of about 1.1^, the belite 

has the higher MgO content. Belite is also shown to be very considerably 

enriched in potash (in contradiction of Pollitt and Brown’s findings) with 

a higher partition coefficient than any of the other oxides measured. 

The figures Midgley gives for average molar composition of belite (p.7) 

correspond to 3»5/o replacement of the cations (and only 5% of the oxygen,

i.e.  an 0.3% oxygen defect).

One of the uses which we hope to make -of-this kind of measurement 

is to predict the composition of the phases in a given clinker and hence 

possibly to arrive at a better calculated composition. A number of 

the previous papers have made it clear that burning and cooling conditions 

may have as much effect on reactivity as does composition but it is still 

tempting to see what correlations exist between total chemical analysis 

and concentrations in the phases. For Fe2O3 and AlgOa# using measurements



by Peterson^), Miägley^\ Fletcher^\ Terrier and. Hornain^) one

obtains the relation shown in Slide no. 1 for alite and belite. This 

seems to indicate a fairly promising correlation for FesOs, but

considerable scatter for AlgOs.
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The following Supplementary Papers are summarized in this report.
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THE CRYSTAL STRUCTURE OF llCaO. 7A12O5. CaFg / ... .
P. P. Williams (New Zealand) -

Paper No. ^1-90 j ■ *
THE SOLID-SOLUTION IN THE SYSTEM C?AS (GEHLENITE)-CA? AND A NEW 
TERNARY. PHASE . • . .
K. Sugiura & T. Yoshioka (Japan) r , .



Ikper: “The Crystal structure of UCaO.TAlgOs »CäPa" by P.P. WILLIAMS '

This paper is of particular interest in that it provides a convincing 

explanation of the pecuXar zeolitio behaviour of CigAv first reported by 

Roy and Roy, and Nurse, in 1960 and subsequently investigated in more
(1) 

detail by Majumdar and reported this year' '. ' * *<-  .

Briefly, at temperatures up to 1100°C ’CisAt’ can.retain water, 

even in an environment of low partial water vapour-pressure and indeed - 

as normally prepared ’CxsAy1 must be regarded as a ternary compound in 

the system Ca0-Als03-H20 and not a binary compound. In equilibrium 

conditions Cis-A-vH appears to be the composition of this substance. '

Dr Williams has obtained a specimen of a compound apparently isomorphous 

with C12A7H in which the water, as Ca(0H)8 has been substituted by CaP2. 

This compound is not only more stable than C12A7H but also lends itself 

more readily to crystal structure analysis and Dr Williams has presented 

in convincing detail a structure which agrees well with observed x-ray 

diffraction data *.  - 1 ' ■

A further merit of the proposed structure is that it offers an 

acceptable explanation of the reactivity of ’C^A?*  toward water and 

for the close similarity of the structure of anhydrous C12A7, C12A7H , 

and the halogen substituted analogues. 1 v
l

The proposed structure of CnA7.CaFa is a three dimensional network 

of linked A104 tetrahedra in which the Ca-0 and Ca-F coordination is - •



very iregular. , To quote Dr Williams: "the anions which cannot be 

accommodated, in a fully ordered structure are randomly distributed on . 

a 12-fold equipoint of point symmetry 4« These anions contribute 

to a modified octahedral coordination of up to one-third of the calcium 

atoms. Large holes occur in the structure where sites in this 

equipoint remain unfilled, and adjacent calcium atoms have an unbalanced ' 

coordination shell", • ■

The compound Ci2A7 contains one more oxygen atom per formula unit 

than can easily be accommodated in a simple fashion in its unit cell ■ . 

and no doubt the presence of this excess atom is associated with the 

reactiviy, of the anhydrous compound towards water and equally with the 

close si milarity of .the X-ray diffraction pattern of the anhydrous , ,

compound and . . .   • -

The majority of the paper is devoted to a lucid exposition of the 

reasoning which has led to the definition of the proposed structure of , 

CiiAvCaig and of compounds generally of the composition CiiA7GaXs 

where X can be OH , f. or Cl and calls for no further comment from me.

What, however, is of some interest is the stability of the compound 

C12A7H. There are very few substances which are capable of retaining 

water at temperatures above 1000°C and one might justifiably speculate 

upon the reasons for the greater stability of the 0-H bonds in C12A7H 

compound with, say Ca(0H)s or the hydrates which are formed when ■ portland 

or aluminous cements react with water. Dr Williams has given an 

expalanation of the manner in which the OH (or F or ei’") is incorporated 

in the structure of these compounds. Perhaps the thermodynamin.isfs 

would come to offer an explanation for their stability? .



Paper: "The Solid Solution in the System C^S (G-ehlenite) - CA„ and 
a new Ternary Phase by K. SUG-IURA and T. YOSHIDA 2

This interesting paper describes a detailed investigation of a

The authors show clear evidence that a metastable ternary phase 

can be formed in melts having compositions represented by a zone in 

the CAS2-CA2-C2AS triangle and that this phase can have the 

monophase without much change in optical properties or cell dimensions 

compositions C^A^S and C^A^Sg as well as other compositions.

It appears that this ternary solid solution phase can exist as a 

small region of the ternary system CaO-AlgO^-SiOg bounded by CASg 

(anorthite), CAg and CgAS (gehlenite).

in compositions represented by a considerable area of the phase 

diagram and if my interpretation of the authors*  explanation for 

(i) A continuous series of solid solutions exists of composition

ofrepresented by a portion

of solid solutions exists of composition

the line CAg- CASg (anorthite)represented by a portion of

this is correct, this implies that:-

at C^A^S.

(ii) A continuous series

the line C^A^S - CASg (anorthite) starting

(iii) Solid solutions can apparently be formed between any member of 

the solid solutions mentioned above as (i) and (ii), thus giving a wide 

range of compositions in which monophase production is possible.

(iv) The area of the phase diagram which represents this wide range 

of compositions cannot be regarded as homogeneous because when the 

properties of solid solutions represented by lines running from 

CASg (anorthite) towards the CaO - AlgO^ boundary are studied, there 

are inflexions in the refractive index v composition graph as one passes 

the compositions represented approximately by the line

GjA^Sg - C^AgS^ - CgA-jSg. There are thus perhaps two zones of ,



composition which represent similar but not identical kinds of solid 

solution. •

The composition of the compound lies on the edge of one 

of the zones mentioned above and is also on the line CgAS (gehlenite) - 

ca2. .. ,

It is shown that clearly exists as a monophase when 

equimolar proportions of CgAS and CAg are heated to 1000-1100 C, | 

and the authors have passed on from this to study the phase  

composition of mixtures with compositions represented by other points 

along the CgAS - CAg line to discover whether solid solutions can be 

formed between CgAS and CAg over a limited range of proportions.

The authors show that when such mixtures are heated to temperatures

in the range 950 - 1530°, the sole identifiable phases are a melilite, 

a glass, CAg and phase "X", a ternary phase. They argue that phase

"X" is C,A,S but 3 3 do not appear to support this contention by experimental

evidence.

As the ratio CAg/CgAS in the mixtures is increased at temperatures 

of 1000-1100 and with compositions having a CAg content up to

15 per cent, there is a corresponding increase in aQ cell dimension 

of the melilite as the CAg content increases. This the authors take 

to Indicate that there is a small range of compositions which form 

solid solutions of CAg in CgAS giving a melilite in which aluminium 

atoms substitute equally for calcium atoms in the "A" sites of the 

melilite structure and aluminium atoms substitute for silicon atoms 
in "C" sites. The latter substitution was foreshadowed by Christie^ 

as possible but the former substitution seems unlikely because of the

great difference in size of aluminium and calcium atoms. If such

substitution does take place, it ought to give rise to a considerable 

decrease in the cQ cell dimension from that found in gehlenite but 

the authors do not say whether this change was observed.



If, as the authors claim, phase "X" has truly the composition 

CjA^S, then the claim that CAg is entering into solid solution with 

C2AS is well founded. If, on the other hand, phase "X" is not 

CjA^S hut has some other composition, for example, one represented by 

the large area mentioned earlier in (iv) or lying along the linet 

C^A^S-C^A^Sg, then the melilite composition must, in the case of the 

preparations which contained only melilite and phase "X", be silica 

deficient and lie off the CgAS - CAg line towards the CaO - AlgOj , 

boundary.

To summarise, the authors have clearly demonstrated the - ■

existence of a new metastable phase in the CASg - CAg - CgAS region 

and have offered strong but not completely convincing evidence that -1 

CgAS can absorb up to 15 per cent CAg to form a continuous solid ' -- ' 

solution series. , ' 1 " * ‘ “

(1) OLAF, H.J. and CHRISTIE. Norsk G-eologisk Tidskrift, 1962, A2, 

1-29. '' -I

P.E. Halstead
Cement and Concrete Association
Slough, UNITED KINGDOM
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The following Supplementary Papers are summarized in this report.

Paper No. 11-14
QUATERNARY CALCIUM ALUMINATE HYDRATES: CRYSTAL STRUCTURE OF CALCIUM 
ALUMINATE MONOBROMIDE HYDRATE
F. Le Bel & G. Grasland (France) "

Paper No. 11-15 ,
CONTRIBUTION TO THE STUDY OF COMPLEX ALUMINATES: HYDRATED CALCIUM 
AND MAGNESIUM MONOCARBOALUMINATES ' '
G. Sadran & B. Cottin (France) 

Paper No. 11-19
X-RAY INVESTIGATIONS OF SOME COMPLEX CALCIUM ALUMINATE HYDRATES AND 
RELATED COMPOUNDS
H. -J. Kuzel (West Germany)  " ' ‘ "*

Paper No. 11-27
PROTON MAGNETIC RESONANCE STUDIES OF C„AHc d O
R. Kiriyama, H. Kiriyama & M. Takagawa (Japan) 

Paper No. 11-29
CALCIUM ALUMINATE HYDRATES AND RELATED BASIC SALT SOLID SOLUTIONS 
M. H. Roberts (United Kingdom) 

Paper No. 11-77 -
CRYSTAL STRUCTURES AND REACTIONS OF C^AH-^ AND DERIVED BASIC SALTS
S. J. Ahmed, L.S.D. Glasser & H. F. W. Taylor (United Kingdom) 

Paper No. 11-137
THE ALTERATION OF SILICATE ANIONS IN TOBERMORITE GELS 
H. Funk (West Germany)



SYNOPSIS'’' ' ' - ” 1 ' ' - ■
The degree of condensation of silicate anions in tobermorite - -

gel - has been investigated by H. Funk. A- criterion for the degree« - 
of condensation is the rate of formation of molybdato silicic "■ -
acid,'which occurs after addition of paramolybdate to the sample • ■ - 
dissolved in methanolic hydrochloric acid. The-results show that ■ -
the hydration products of tricalcium silicate and dicalcium silicate 
contain as well monosilicate as higher condensed silicates.'The'- 
degree of condensation Increases with decreasing CaO/SiOg ratio 
in the -tooermorite gel and with aging. H. Funk assumes that the • -
coexistence of various-silicate'anions is the-cause for the low • 
aegree of"crystallisation of tooermorite gel. - -

The crystal structure of tricalcium aluminate hexahydrate 
5Ca0.Al20^.6H20, especially the positions of the hydrogen ions, " 
was determined by-R. Kiriyama, H. Kiriyama and M. Takagawa with - -
proton magnetic resonance studies.- Accordingly the structure - 
consists of LAl(OH)glv anions, which form a ionic lattice of -

- 2+the garnet type together with the-Ca cations. Inside the oxygen 
tetrahedrons there are no discreteclusters. •' • '

According to recent investigations of M. H. Roberts the tetra
calcium aluminate"hydrate 4CaO.Al2O^.aq occurs in 4-stages of " 
hydration with 19, 13, H and 7 H20 depending on the drying con- - 
dltlons. * -r" ’ ’ ' - ■ ......



The hydrates with 13, 11 and 7 H20 can dehydrate and rehydrate . .. , 
reversibly. X-ray investigations of S. J. Ahmed, L. S. Dent Glasser 
and H. F. W. Taylor have shown that the crystal structure of tetra
calcium aluminate hydrate consists of principal layers of the compo- . . 
sition LCa2Al(0H)g]+, each combined with an interlayer containing, 
one OH ion per unit cell and the water molecules. The principal . 
layer is composed of Al(OH)g and Ca(OH)g octahedrons connected . , , 
with one another by common edges. , ■ =

The composition of the, complex compounds of tetracalcium alumi-.
nate hydrate corresponds to the general formula 3CaO.R20^.Ca(X,Y2).aq, 
with R representing Al^+, Cr^+, Ga^+ und Fe^+, with X representing... -

■ 2- 2- 2-a divalent anion such as CO^ , 30^ , CrO^ , and Y representing , ? c 
a monovalent anion such as Cl~, Br~, J-, NO^- or BrO^-respectively. 
X-ray investigations of H.tJ*  Kuzel and of F. Le Bel and G.,Grasland , 
confirm that the complex compounds have the same crystal structure u 
as tetracalcium aluminate hydrate and that,the anions replace the ;~ 
0H~ ions in the interlayers. Furthermore H.-J, Kuzel .describes . . 
double salts of the composition SCaO.AlgOyl/2CaS0^.1/2CaCl2.12H20 . • 
and 3Ca0.A120yl/2Ca(N02)2*VSCaC^.loHgO,  in which sulfate and 
chloride containing interlayers alternate in the unit cell.

There is a continuous.series of solid solution between the mono- , 
sulfate 3Ca0.A120yCaS0^.12H20 and the compound 3Ca0.Al20yl/2Ca(0H)2l 
• l/^CaSO^.^HgO, which probably belongs to the double salts described, 
by H.-J. Kuzel. The investigations of M. H. Roberts indicate that 
in the adequate systems hydroxide-carbonate and hydroxide-chloride 
exist similar series of solid solution.



A complete solid solution series also occurs between the '' . •
compounds 5CaO.A1„O_.CaCO^..IIH^O and 3Ms0.Al90,.MgC0,.llHo0. ' 
According to G. Sadran and B. Göttin the phases of this series 
can be prepared by addition of hydromagnesite 5MgC0^.Mg(0H)2.5H20' ' • 
to a metastable calcium aluminate solution with a molar ratio 
CaO/AlgO^ = They also occur when high alumina cement hydrates 
in presence of hydromagnesite and when various calcium aluminate - - •: 
hydrates react with hydromagnesite in a paste.< ’ ; ; ■

1. INTRODUCTION ' ■ " 1 : : <
This general report is concerned with the structural composition 

of tobermorite gel, with the crystal structure of tricalcium alumi- r 
nate hexahydrate and with equilibrium relations and crystal structure 
of tetracalcium aluminate hydrate and the related complex compounds. " 
It is based on the following supplementary papers: * * . - .
Toberyorite gel :« . ... . . . .
H. Funk: The alteration of silicate anions in tobermorite gel. - 

\ -Arrival No. 157 ' . ’ . - . . . ■ . -
Tricalcium aluminate hexahydrate . . : . - .
R. Kiriyama, H. Kiriyama, M. Takagawa: Proton magnetic resonance

t , studies Of C^AHz;. . • ■. 15 o .
Arrival No. 27 - :

Tetracalcium aluminate hydrate and related complex hydrates "
M. H. Roberts: Calcium aluminate hydrates and related basic salt . .

solid solutions. ■: f . J-- - '
Arrival No. 29 - - - " ! . ' ' . ■

S. J.,Ahmed, L. S. Dent Glasser, H. F. W. Taylor: Crystal structures!)
- ■. -and reactions of C^AH12 and derived basic salts. -> - ■

Arrival No. 77



H.-J. Kuzel: X-ray investigations of some complex calcium aluminate 
hydrates and related compounds. - <
Arrival No. 19 - ’ 1 -

F. Le Bel, G. Grasland: Quaternary calcium aluminate hydrates.
Crystal structure of calcium aluminate monobromide hydrate.
Arrival Nr. 14 ■ -

G. Sadran,,B. Cottin: Contributions to the study of complex . .
aluminates: Hydrated calcium and magnesium monocarbo- -
aluminates.
Arrival No. 15

2. TOBERMORITE GEL , „ . . ■ -
, The paper of H. Funk Is concerned with the degree of condensation • ' 

of silicate anions In calcium silicate hydrate formed by hydration 
of tricalcitim silicate and 0-dicalcium silicate at 25 °C. To determine 

the degree of condensation, a weighed sample is dissolved in metha- 
nolle HC1 and then a paramolybdate solution is added, which forms 
a complex compound together with the silicic acid. Under stan
dardized conditions the rate of reaction only depends on the degree 
of condensation of the silicic acid in the solution which corres-> ■ . 
ponds to the condensation of the silicate anions in the tobermorite 
gel. ... 1

The increase in content of molybdato silicic acid H^SiMo120^o 
plotted against reaction time on a logarithmic.scale yields a ... 
straight line, the slope of which is a criterion for the rate of 
reaction and consequently for the degree of condensation,.too 
(1)(2)(5)(4). Using this.method the monosilicic acid of ß-CagSiO^,’. . 
the disilicic acid of NagSigO^., the tricyclosilicic acid of a-CaSiO^,



the tetracyclosilicic acid of K^H^S1^012, and hexacyclosilicio - 
acid of CugSigO-^Q.öHgO can be significantly distinguished (fig. la). 
Mixtures of silicic acids with different degrees of condensation j 

yield a curve instead of a straight line. From the profile of the 
curve the type and the amount of silicate components in the mixture^ 
can be estimated. 'J1,1 - " 1

The results of adequate investigations on hydration products of 
tricalcium silicate and ß-dicalcium silicate show that both sub- - - 
stances contain monosilicate and higher condensed silicates, too. 
Compounds with-more that 6 SiO^ tetrahedrons are produced by tri-'" 
calcium silicate to less than 4o by ß-dicalcium silicate to - ' ’
about 5o %. The degree of condensation of silicate anions in tober- 
morite gel does not depend on the kind of the basic material only, 
but on the conditions of hydration, too. Tricalolum silicate • . 
hydrated for 9o days at 25 °C in a saturated calcium hydroxide 
solution yields, a calcium silicate hydrate with a molar r.atio - - ' 
CaO/SiOg of 1.76, consisting of mono-, di-, tri-, and tetrasili- ' 
cates. ’ - • - "r* - '.<1.' ' . 4 ■■ - r

Hydrating tricalcium silicate under same1 conditions but in ’ 
water•calcium silicate hydrates with a CaO/SiOg ratio of 1.5^ -
are formed, 4o of which have a degree of condensation of 6 or’ 
more. Still higher condensed calcium silicate hydrates with about r 
the same CaO/SiOg ratio of 1.51 arise from paste hydration of tri
calcium silicate after 5 years.- 1 '

Furthermore the influence of.CaO/SiOg ratio on the degree of 
condensation was investigated on calcium silicate hydrates pro- - 
duced by reaction of a o.l molar solution of NagHgSiO^ with a 
solution of Ca(C10^)g. The CaO/SiOg ratio was gradually raised



from 0.89 to 1.41 by addition of* increasing amounts of NaOH. The 
degree of condensation in the calcium silicate hydrates increases r 
intenselytwith decreasing CaO/SiOg ratio. There is an increase of 
condensation, .too, when the calcium silicate hydrates remain in 
contact with the mother liquor for a longer period or when they 
were dried after filtration (fig. lb). • -> -

The investigations show that the S10H groups in the tobermorlte 
gel can react to larger units. The degree of condensation mainly ' 
depends ontthe content of CaO in the. tobermorlte gel and on the „ 
method,of preparation, especially, on aging.' Consequently in tober- 
morite gel silicate anions of various degrees of condensation are 
present. H. Funk assumes, 2.that the occurence of different silicate 
anionsrln the tobermorlte gel is the cause for the low degree of 
crystallization of, the,.calcium silicate hydrates.. .

5. CRYSTAL STRUCTURE OF TRICALCIUM ALUMINATE HEXAHYDRATE . J
The.crystal structure of tricalcium aluminate hexahydrate with 

the formula ^CaO.AlgO^.GHgO or Ca^Alg(OH)^g was investigated by .. . 
R. Weiss and D. GrandJean (5) using X-ray diffraction..Accordingly 
the space group is, lajd and the lattice constant at room tempera
ture 1312.575 A. , - . •

The positions ofthe heavy; atoms are:, l-rf-'. „ j.

-. *„ . ". 16 al in (a) - (o,r 0,0) ' - - • ,
24 Ca in (c) (1/8, o,l/4) , - -

'' 96 0 in (h) (xo,;yo,1zo) ... .
where .r-.- . xQ = o. o^o r, . «- t r

yQ = 0.052 and r >
' zo = ot^° r - . t

The positions of the hydrogen atoms are not yet.known. They are 



of special interest with regard to the .isomorphism, with grossula-.,'-, v,_ 
rite Ca^AlgtSiO^)^, which requires a substitution of 1 Si^"*"  by
4 H+. Therefore R. Kiriyama, H.. Kiriyama .arid M. Takagawa used the 

proton magnetic resonance method .to. determine the position of f- 
hydrogen atoms. „ L,.. ... . . j. ...i

Tricalcium aluminate hexahydrate, was' prepared .by slow addition; o 

of.aluminium powder to a saturated solution of, calcium hydroxide. 
The-exact X-ray investigations showed a.latticejconstant of 
12.566 A at 24 °C and 12.556 A,at -17o.°C_respectively., .4.. 

•,The. infrared absorption indicated that,, the .sample, contained. t 
no adsorbed water and that the hydroxyl, group.was, free,, from anyj 
hydrogen bond. The. measurements-by proton magnetic .resonance, were 
carried outjina temperature range.be tween.,-186 0 and 4-25 °C. From.,,. , 

2o measurements at low temperature and 15 measurements at room.o ‘ 
0temperature for the second moment AHg mean values resulted of

22.7 ± 0.5 gauss^ at.- 186 ^Cjand , j ... ...
19.6 + 0.5 gauss2 at + 25 °C . . - -

respectively. - / .? ir/.
From considerations of symmetry. the. hydrogen atoms must*  occupy - v, ;■ 

and. z^. Sincet t..>
only one value of the second moment is available, from the1 proton  •
magnetic resonance, the three parameters cannot be determined in-vv..; 
dependently. So for the various model structures theoretically 
possible .the second moments were calculated by. the .method of, .4 
J. H. van Vleck (6) and compared with the measured moments. For,, 
the positions of the hydrogen atoms following parameters resulted:0

■ . . , Xh = o.o95; yH = o.o74; zH = 0.68I . j „ -< .1 t.
These values differ from those of ,C... Cohen-Addad,s P., Ducrps and -q . 
G. F. Bartaut (7), who found the following positions for the

the 96 (h), positions with the. parameters XH'-ytp



hydrogen atoms,- resulting from neutron diffraction at 4 °K: ' • ‘ "

. ■ Xy = o.lol; yH = o.o49; zh = 0.662 ■ ‘
2For this static model the calculated■second moment Is 26.9 gauss ■ ’ 

compared with the experimental value of 22.7 gauss^ at -186 °C.

However both investigations showed that there are no discrete • -
clusters inside the oxygen tetrahedrons. • • - - - • '
The distances between two hydrogen atoms of the same (OH)^ tetra— 

hedron are I.96 Ä and 2.56 Ä, the shortest H-H distance between - 
adjacent tetrahedrons is 2. o2 Ä. This arrangement of the hydrogen - 
atoms confirms that the structure is composed of [Al(OH)g]^~■anions,• 

2+which together with the Ca cations form a ionic lattice of the •
garnet type. The Al-O-H bond is not linear as in a free [Al(OH)^]^- * 

complex owing to electrostatic interactions but forms an angle of - 
158 0 caused by the approach of the other ions. - - - ■

4. TETRACALCIUM ALUMINATE HYDRATE
4.1 Composition, Water Content - •_ -

The composition of the tetracalcium aluminate hydrates, . 
especially their water content was studied again by M. H. Roberts.. 
As all phases of tetracalcium aluminate hydrate react with COg very - 
quickly, any contact with atmospheric COg during preparation and 
investigation had to be avoided strictly. The tetracalcium aluminate 
hydrate with the composition 4Ca0.Alg0y19HgO is only formed as a • 
metastable phase in an aluminate solution with a high content of 
lime under atmospheric pressure at temperatures in the range from ■ • < 
1 0 to 5o °C. There are two polymorphs and Og which have the ' ■ 
same longest basal spacing dß = I0.7 A but slight differences in 
the position of the non-basal reflections. . 



At relative humidities in the range from 81 to 11 the * - 
^CaO.AlgO-yISSigO dehydrates to ^CaO.AlgO-^.l^HgO with a longeste" 
basal spacing of 7*9  A. Rehydration of the:13 HgO hydrate to'- '
19 HgO hydrate is not possible. In earlier publications M. H. 
Roberts (8) and F. E. Jones and M. H. Roberts (9) assumed that 
^CaO.AlgO^.l^HgO exists in two polymorphs a and ß with dQ = 8;2 A ' 
und 7-9 A respectively. But recent X-ray investigations showed - 
that the a-modification with d^ = 8.2 A is a C0o containing phase • XJ d.

of the composition 3Ca0.A120^.1/2Ca(0H)2*l/2CaC0-j.l2H 20 (chapter 6.2). 
So 4CaO.A1„O_.. 13Hn0 only exists in one modification with dn = 7-9 A,. 

d. ) d. - Jo
the water content of which - 15 HgO - was confirmed by exact chemi- ' 
cal determinations. 

i '
The investigations of P. Seligmann and N. R. Greening (lo)(ll) 

gave the same results. In contrast to this view R. Alegre (12), 
F. Lavanant (15) and W. Dosch and H. zur Strassen.(14) suggested 
that there exist a 4Ca0.AloCU.12Ho0 with dD -'7*9  A and a 

d. ) d. ID
^CaO.AlgO^.15H2O with d^ = 8.2 A. According to W. Dosch.and .
H. zur Strassen this 8.2 A spacing likewise is derived from a . .. 
compound of composition 5Ca0.A120^.5/4Ca(0H)2*l/ACaCO-^.aq.  These 
differences M. H. Roberts attributes to an inadvertent carbonation 
which can hardly be avoided during preparation and X-ray investi
gations. . . . '

4Ca0.Aln0,.llHo0 with dQ = 7*4  A is formed by drying . .. .
d. d £5

4Ca0.Al20^.15H20 over anhydrous CaClg or solid NaOH. When exposed 
to a moist atmosphere, ACaO.AlgO^.llHgO rehydrates very easily .
giving the 15 HgO hydrate. When dried over ^2^5*  A-CaO.Al^OyTH^O ■ 

with a weak basal reflection with dn = 5.5 A is formed. Higher '



values for the longest basal spacing found by other authors ' >
(12)(13)(14), M. H. Roberts attributes to rehydration which • 
occurs very readily, or to carbonation.

4.2 Crystal Structure - •
The crystal structure of various stages of hydration of tetra

calcium aluminate hydrate is described in the supplementary paper 
of S. J. Ahmed, L. S. Dent Glasser and H. F. W. Taylor based on 
recently published results (15)(16). The X-ray investigations were- 
carried out on single crystals of'the approximate composition 
4Ca0.Al20^.12-13H20, containing some structural carbonate. The - - 
crystals are trigonal, space group R J c, the unit cell with 
a = 5-75 A, c = 47.16 A (referred to trigonal axes), contains 
6 formula units of mean composition CagAl^H)^ 3/4<C0?)i/8-2 V2H20 
or in the carbonate-free compound Ca2Al(0H)^.2 l/2H20. - '

The structure (fig. 2) consists of 6 "principal layers" of the - 
composition LCa2Al(OH)^]+'perpendicular to c with a distance of -• - 

7.86 A in c-directlon. The layers are formed by Al(0H)g and Ca(OH)g 
octahedrons which are connected with one another by common edges. 

2+The Ca ions, however, are shifted along the c-axes for + 0.5 to 
0.6 A out of the plane of the Al^+ ions at z - o. Accordingly the - 

Ca(OH)g octahedrons are distorted. Each principal layer Is com- - 
bined with an interlayer containing one further (OH)*  ion and the >*  
water molecules. Two of the water molecules occupy sites marked P 
in fig. 2, raising the Ca-coordlnatlon to 7. The OH ion and ■ 
eventually one further H20 molecule occupy the cavities designated 
by X. The layer complexes, each of them composed of principal and 
interlayer, are displaced to each other by 2/3 a and 2/3 b.



Including the results of M. H. Roberts the principal layers ' 
and interlayers of tetracalcium aluminate hydrates have the '
following composition and c distances: * ' - • *

4CaO.AlpO,.19HpO [Ca^Al(OH)z-.2HoO]OH.4hq0 Io.? A '
4Ca0.Al20yl3H20 [Ga2Al(0H)6.2H20]0H.H20 7-9 A '
4Ca0.Al205.llH20 [Ca2Al(0H)6.2H20]0H ' 7.4 A '
4Ca0.Al205’.7H20 [Ca2Al(OH)6 ]0H .. 5-5 A

According to S. J. Ahmed, L. S. Dent Glasser and H. F. W. Taylor 
the great diminuation of the layer distance of 4Ca0.Al20^.7H20 is 
caused by a small changing of the arrangement of the Al(OH)^- 

octahedrons and the Ca ions. The 4CaO.Al2O^.19H2O contains one 
additional layer of water molecules between the principal layers. ,

5- COMPLEX COMPOUNDS OF TETRACALCIUM ALUMINATE HYDRATE 
5«1 Composition

The composition of the complex tetracalcium aluminate hydrates 
corresponds to the formulas 5Ca0.Al20,.CaX.nRgO or ^CaO.AlgO^.CaYg 
•nHgO with X representing a divalent and Y representing a mono
valent anion respectively. At relative humidities of about 55 % 
the compounds contain lo-12 water molecules per formula unit.

The supplementary paper of H.-J. Kuzel describes the crystal . 
structure of compounds containing Cl", Br~, J-, NO-,”, and BrO,- 

2- 2as monovalent and SO^ and CrO^ as divalent anions. The com
pounds with Cl", Br", and N0^~ were investigated by S. J. Ahmed, 
L. S. Dent Glasser and H. F. W. Taylor, too, the compound with 
Br" by F. Le Bel and G. Grasland. '



From these complex salts series of similar compounds can be 
derived replacing A1'J+ by other trivalent cations. G. Malquori 

and V. Cirilli (17) already reported about the corresponding v 
x» ferrite hydrates. New results about the substitution of Alv by 

Ga^+ or Cr^+ are communicated here by H.-J. Kuzel. r

According to the supplementary paper of G. Sadran and B. Cottin 
’ 2+it is moreover possible to replace the Ca in the monocarbonate

04.JCaO.AlgOyCaCOyllHgO by Mg gradually. These results will be 
reported in the last chapter about the formation of solid solutions 
between tetracalcium aluminate hydrate and the related complex 
compounds. *

5.2 Preparation *
Bulk preparations of complex compounds can be made by mixing 

adequate solutions of calcium and aluminium salts with addition of ‘ 
calcium hydroxide solution. Instead of aluminium salt solution often 
a metastable solutioh of calcium aluminate is used. Complex salts " 
are also formed when a suspension of ^CaO.A^O-y 19^0 In mother 
liquor is treated with a sufficient addition of corresponding 
calcium salt. '

F. Le Bel and G. Grasland prepared single crystals of monooromide/ 
^CaO.AlgOyCaBrg.loHgO with a diameter up to o.4 mm involving the ' 
slow diffusion of a basic alkali aluminate solution or of a calcium " 
bromide solution into water or into a bromide containing solution. 
H.-J. Kuzel obtained single crystals of monosulfate, JCaO.AlgO^.CaSO^ 
.12H20 and monochromate, JCaO.AlgOyCaCrO^.12H20 with diameters up * " 
to 1 cm by reaction of JCaO.AlgO^.GHgO with calcium sulfate or



calcium chromate solutions respectively. Smaller single crystals;.
of compounds which are stable at temperatures above loo ®C can ,, ,
be prepared by heating CaO and Al(OH)^ with adequate solutions , ; -
of calcium salts at about 15o °C in autoclaves for several weeks.„ 

X-ray inspectionsshowed that crystals prepared under hydrothermal. 
conditions were ordered completely, but crystals precipitated from 
metastable aluminate solutions often showed considerable disorder. /

n * 2. » 6 V T 'v —* S A >• t — *.
5>.5 Crystal Structure j .

The results of H.-J. Kuzel’s X-ray investigations are listed
in tables 1 and 2. For the unit cell of the monobromide, ,
^CaO.AlgOyCaBr2.loH20, F. Le Bel and G. Grasland found the same 
value as H.-J. Kuzel for aQ (5»76 Ä), but half the value for cQ 
(24.45 A) and the space group R 3 or R 3 instead of R J c or R J c.

According to a former investigation of H.-J. Kuzel (18) the t  

monochloride, 5CaO.Al2OyCaClg.loHgO occurs intwo polymorphic 
modifications with the transition point at about 28 °C. The crystals 

of both polymorphs are small pseudohexagonal plates, but the a-phase 
stable at lower temperature is monoclinic with d^ » 7-89 A, the r . 
ß-modification is trigonal with dg = 7-31 A- 

. The new compound, 3>Ca0.Al20^.1/2Ca(N0^)2.1/2CaC12.1oH20 is very 
similar to the compound JCaO.AlgO^.l^CaSO^.l/ZCaClg-lSHgO already 
described earlier (19)• Single crystals were prepared under hydro
thermal conditions. , •

H.-J. Kuzel assumes that in the crystal structures.of these 
compounds interlayers containing Cl” alternate with interlayers 
containing SO^2” or NO^” respectively. Thus double layers result 
with composition £Ca^Al2(0H)^2j2tci-.l/2S0^2”.5i20or ,



[Ca^Al2(0H)12]2+.Cl*.N0^~.6H 20. The unit cell of these complex - 1 

salts contains six double layers. According to H.-J. Kuzel com- • 
pounds of this type are to be expected in similar systems with '
anions of considerably different sizes. Probably the compounds 1 
5Ca0^Al20;5.l/2Ca(0H)2.l/2CaS02t.12H20 and }Ca0.Al20yl/2Ca(0H)2 
.l/2CaC0y12H20 described by M. H. Roberts (chapter 6.1 and 6.2) - 
belong to this type, too. "

The values in table 1 show that with increasing size of the 
anions the lattice constant co grows, but aQ remains nearly con- '"■ 
stant. But when Al^+ is replaced by the larger cations Cr^+, Fe^+ J 

"5+ - -or Gav a increases and c decreases, o o
Further information about the crystal structures of these com- -■ 

plex compounds give the dehydration"reactions of monochloride, ' 
monobromide and mononitrate observed with thermal analysis. X-ray ' 1
investigations1and infrared absorption measurements by S. J. Ahmed; 
L. S. Dent Glasser and H. F. W. Taylor. After longer heating at * 
loo1 °C the reaction products showed the composition * -
^CaO.AlgOyCaYg.öHgO with a basal spacing of 6.8 Ä for monochloride, 
7.1 A for monobromide and 7-9 A for mononitrate respectively. These ' 
infrared absorption spectra compared with those of the initial " 1 
materials are nearly unchanged. On further heating the residual water 
is expelled and the crystal lattice is destroyed. -

All present results agree with the crystal structure proposed * ' * 
by S. J. Ahmed and H. F. W. Taylor (16), which is especially con
firmed by the preliminary Fourier synthesis of monojodide by * “ 
H.-J. Kuzel. Accordingly the complex compounds of the type
JCaO.RgOyCa(X,Y2).aq have unit cells similar to those of the - -
various phases of tetracalcium aluminate hydrate (fig. 2). Each ‘ '**



principal layer, with the composition [Ca2R(0H)g]+,;consisting of '.Ublca 
R(OH)g and Ca(OH)g octahedrons is combined with one interlayer J"«’ 2.

2- —containing the anions" (1/2X . or Y ) and 2 or "5 HgO molecules. :
Two of these H20 molecules occupy regular sites marked.P (fig. 2), s...r: 
the monovalent all and the divalent anions half. of the cavities c ' ... .a) 
of the type marked X, which eventually can take up further HgO .
molecules. . . t.. . .r 1.

6. SOLID SOLUTION BETWEEN TETRACALCIUM ALUMINATE HYDRATE AND THE , 
VARIOUS COMPLEX COMPOUNDS

6«1 Tetracalcium Aluminate Hydrate - Monosulfate .. . -r';
The formation of solid solution between.4CaO.AlgO^.mHgO and ... 

3Ca0.Al20^.CaS0^.nH20 was investigated by M. H.’ Roberts.' The various 
solid solution.phases were.prepared by treating a suspension of r-. ' 
4Ca0.Al20^.19H20 in mother liquor with increasing additions of 
gypsum. '

The results of.the.X-ray investigations are.shown.in.fig. 5» '
Thd indexing of these particular reflections was.based .on.the - 
hexagonal pseudocell, with aQ = 5»76 A and cQ = 26.79 A determined ■ -’-oi 
by H.-J. Kuzel (19)-.Fig. 5 shows that for CaSO^/AlgO^ molar ratios. 
from 0.5 to 1 the values for 1/5 c, corresponding to.the longest7 . v
basal spacing (oo5)> increase continuously from 8.77 A .to 8.96 A „ . 
with increasing CaSO^ content, but aQ with'5-75 A remains constant. 
These results indicated that’there is. a solid-solution series. .
between the.compounds 5Ca0.Al20^.1/2Ca(0H)2.l/2CaS0^.12H20 and 
5Ca0.Al20^.CaS0^.12H20. Solids of CaSO^/AlgO^ ratios.below 0.5.. ; . lA 
consist of mixtures of 4ca0.Al20^.19H20 and the limiting solid-



Solution compound with' the lowest sulfate content, for ratios over " 
1 the mixtures consist of monosulfate and jSCaO.AlgO^.^CaSO^.^HgO. ■ .

The compound JCaO.AlgO^.l^CaCOHjg.l/SCaSO^.iaHgO probably r: 
belongs to the type of double salts described by H.-J. Kuzel 1 »
(chapter 5-3) Just as the'corresponding carbonate compound, >
mentioned in the next chapter. It may be assumed that interlayers ; 
with hydroxyl ions alternate with interlayers containing sulfate ' > 
ions in the unit cell and that in the hydroxyl Interlayer the 0H“ 
ions can be replaced by sulfate ions continuously. ' - -

6.2 Tetracalcium Aluminate Hydrate - Monocarbonate  ■ • ' . .
To prepare carbonate containing tetracalcium aluminate hydrates

M.' H. Roberts treated.suspensions of 4Ca0.Al20^.igHyO in mother -..r ■ . 
liquor with different amounts of carbon dioxide. With increasing .' 
content of carbonate increasing amounts of a carbonate containing C • 
phase with dn = 8.2 Ä occured. When the molar ratio C0o/Aln0-, of ,

J3 d d. 2)

0.5 was reached only this compound was present. Hence it follows .- 
that the composition of the 8.2-Ä compound corresponds to the " -
formula 3CaO.A120^.1/2Ca(OH)2.l/2CaC0^.12H20. With still larger - 
amounts of C02 the monocarbonate, 3Ca0.Al20y CaC0^.11H20 with ... . ;
dg = 7.6 Ä was also formed while the 8.2 A compound diminished.. 1

So in this way it was not-possible to detect*any-solid  solutions 
between 3Ca0.Al205.l/2Ca(0H)2.l/2CaC05.12H20 and JCaO.Al^.CaCO^ . .
.llHgO. But when samples of 3CaO.Al20^.1/2Ca(OH)2.l/2CaC0^.12H20 
were treated with dilute solution of calcium hydroxide, part of the ! 
A1„O-. is dissolved from the solid phase and thus the CaO/Al_O, . . :2 3 " 2 j
ratio increased. X-ray investigations showed that the basal spacings . 
decrease continuously from 8.15 A to 7.8 A.



Already on drying at 33 % relative humidity the compound ' - 
3Ca0.Al20^.1/2Ca(0H)2-l/2CaC0^.12H20 loses two water molecules. - 
The new lo HgO hydrate with a longest basal spacing of 7-7 A is 
even stable over waterfree calcium chloride-. When dried over - 
phosphorus pentoxide it loses two more HgO molecules and the ■
basal spacing decreases to .7*3  A. On the other hand the mono- * •* 
carbonate ^CaO.AlgO^.CaCO^.llHgO is essentially more stable. -• . - 
Even when dried over waterfree calcium chloride it loses no water. * '

6.3 Tetracalcium Aluminate Hydrate - Monochloride ■-  - - -*
Some preliminary investigations of M. H. Roberts obtained-on 

suspensions of 4CaO.A12O-j.l9H2O with increasing additions of calcium 
chloride, suggest that there exists a limited solid solution series 
between 4CaO.AlgO^.13H20 and 4Ca0.Al20^.CaCl2.loH20, similar to ' - 
the-series between 4Ca0.Al20^.1/2Ca(0H)2.l/2CaS0j|.12H20 and * ' ' - 
4Ca0.Al20^.CaS0^^12H20. The basal spacing of•the•solid■solution - -
phases decreases from about 8.o A to 7-8 A, when the CaCl2/Al20^ ’ 
molar ratio Increases from o.S to l.o. A solid solution series be-' 
tween monosulfate and monochloride was not yet observed. The phase 
3Ca0.Al20^.1/2CaS04.l/2CaCl2;i2H20 found by H.-J. Kuzel (18) is a- 
stoichiometric compound. . • - 1 - -

6.4 Substitution of Calcium by Magnesium in Monocarbonate - -
Possibilities for the"replacement of calcium in-monocarbonate,- " ' 

3CaO.Al20^.CaC0^.11H20 by magnesium were•examined by G. Sadran ’ 
and B. Göttin. At first they treated a calcium aluminate solution 
with a CaO/AlgO^ ratio of 3 with increasing amounts of hydromagnesite 
3MgC05.Mg(0H)2.3H20. . ... -



The X-ray Investigations showed that without addition of hydro- . 
magnesite only dicalcium aluminate hydrate aCaO.AlgO-^ÖHgO with  . ■
a longest basal spacing of dg = lo.8 A was formed. With low additions  
of hydromagnesite also monocarbonate with dß = 7-6 A and (according , 
to M. H. Roberts):5Ca0.Al205.l/2Ca(0H)2.l/2CaC05.12H20 with dß - 8.2 A 
occured. At hydromagnesite contents just required fur the formation  
of 5CaO.AlgO^.MgCO^.aq the solid consisted of monocarbonate only. For - 
still higher hydromagnesite additions corresponding to COg/AlgO^ ratios 
above 1, monocarbonate coexisted with calcite and aragonite.

Differential thermal analysis showed that the magnesium hydroxide 
present in hydromagnesite, did not react and ocdured unchanged In 
the precipitates. From the chemical composition of the solid including 
the results of the thermal and X-ray analysis the phase composition 
of the solid aijd the chemical composition of the monocarbonate were 
calculated with the assumption that the molar ratio COg/AlgO^ of the 
monocarbonate is 1 and that the magnesium hydroxide of the hydro- . .
magnesite did not react. The results indicate that a substitution

2+ 2+of Ca by Mg in monocarbonate is possible. With increasing addition 
of hydromagnesite the Ca0/Al20^ ratio in monocarbonate decreases from
4.5 to 0.2 and the Mg0/Al20^ ratio increases from 0.6 to 4.1. Thus 
the composition of the mondcarbonates corresponds to the general ,, 

of mono
carbonate occur

formula [Ca2_xMgxAl(0H)g]C0^.5-6H20, where x can vary from o to 2.
The solid solution phases show the same X-ray patterns as 3CaO.Al2O^ 
.CaCO^.llH^O, but if more than half the Ca Ions are replaced by 
2+Mg ions only the considerably broadened main reflections 

When mixtures of high alumina cement and hydromagnesite hydrated 
in suspensions with a water/solld ratio of lo or in pastes with a 



water/solid ratio of 0.5 at first monocalcium aluminate hydrate, "
CaO.AlgO^.loHgO was formed, at higher temperatures dicalcium 
aluminate hydrate SCaO.AlgOySHgO and the cubic, tricalcium aluminate 
hydrate JCaO.AlgO^.öHgO. But afterwards all aluminate hydrates re
acted with the hydromagnesite forming monocarbonate solid solutions.
Pastes prepared from the pure aluminate hydrates with addition of 
hydromagnesite showed a similar behaviour. In any case the monocarbo
nate solid solutions were formed very quickly, especially from the (■ 
cubic trlcalclum aluminate hydrate. - , ,



REFERENCES

(1) - - H. Funk and R. Frydrych/ "The degrees of anion condensation
' in silicic acids and silicates", Sympos. on

■ - - Structure of Portland Cement Paste and Concrete,
■ -- ‘ - Special Report 9o, Highway Research Board, *

■' -- - Washington D. C., 284-29o (1966) -
(2) E. Thilo, W. Wieker and H. Stade, "On the relations be

tween the degree of polymerization of silicate ‘ ' 
anions and their'reactivity with molybdic acid" 
(in German), Zeitschr. anorg. allgem. Chemie 54o, 
261-276 (1965)

(5) G. B. Alexander, "The reaction of low molecule weight
silicic acids with molybdic acids", Journ. Amer. 
Chem. Soc. 7,5, 5655-5657 (1955)

(4) E. Weitz, H. Franck and M. Giller, "investigations on
silicic acids" (in German), Zeitschr. anorg. allgem. 
Chemie 551, 249-255 (1964)

(5) R- Weiss and D. GrandJean, "Structure of tricalcium
aluminate hydrate, 5Ca0.Al20j.6H20" (in French), 
Acta Cryst. IJ., lJ29-155o (1964)

(6) J. H. van Vleck, "The dipolar broadening of magnetic
resonance lines in crystals", Phys. Rev. 74, 
1168-1185 (1948)

(7) C. Cohen-Addad, P. Ducros and E. F. Bartaut, "Studies on
the substitution of SiO^ group by (OH)^ in the 
garnet type compounds, Al2Ca^(0H)^2 and 
Al2Ca^(Si0^)2>1g(0H)^^g" (in French), Acta Cryst. 
22, 220-250 (1967)



(8) ' r .-M. H". Roberts,-"New calcium aluminate hydrates",
 .'J. appl. Chem. 7.,-5*5-546  i (1957) '

(9) F. G. Jones and M. H.-Roberts, "The system Ca0.Al20^.H20
: "'at 25 °C", Building Res.'Current papers,-Res. Ser. 1 

' (1962) ■ ' ■- ■"
(10) . P. Seligmänn" and N. -R. Greening, "New 1 techniques for

temperature and humidity control-in X-ray
- •diffractometry", Journ."PCA Res. Dev.-Lab. 4, I

.vi:-'-: . . <(Nr.'2, 2-9 (1962). •--<• •'
(11) P.vSeligmann and Ni R.■Greening, "Studies of early

hydration reactions of portland cement by X-ray
' diffraction". Highway Res. Rec. No. 62, 89-lo5 (1964)

(12) R. Alegre, "investigations on the hexagonal hydrated tetra
calcium aluminate" (in French), Rev. Mater. Contr. 
No. 566, 501-514 (1962)

(15) F. Lavanant, "Contribution to the study of some calcium 
aluminate hydrates" (in French), Rev. Mater.
Constr., No. 592, l-lo; No. 595, 76-8?; No. 595, 
195-2o7; No. 596,- 251-261; No. 597, 298-5o4 (1965)

(14) W. Dosch and H. zur Strassen, "Investigation of tetra
calcium aluminate hydrate I. The various hydrate 
stages and the effect of carbonic acid" (in. 
German), Zement-Kalk-Gips 18, 255-257 (1965)

(15) F. G. Buttler, L. S. Dent Glasser and H. F. W. Taylor,
"Studies on 4Ca0.Alo0,.15Ho0 and the related25 2
mineral hydrocalumite", J. Amer. Ceram. Soc. 42, 
121-126 (1959)

(16) S. J. Ahmed and H. F. W. Taylor, "Crystal structures of
the lamellar calcium aluminate hydrates". 
Natura 21^, 622-625 (1967)



(17) G.,Malquori and V. Cirilli,' "The calcium ferrite complex v
salts",.Proc. Ill Intern; Sympos. Chem. Gem.,

. London (1952), 321-528, •. ' .■
(18) . , . H.-J. Kuzel, "X-ray investigations in the system

5CaO. AlgO-j. CaSO^. nH20-5Ca0. AlgO^. CaCl2. nHgO" 
: ■ (in German),.Neues Jahrb. Mineral., Monatsh. Nr.;7

195-200 (1966) ■
(19) , H.-J. Kuzel, "Synthesis and X-ray investigations of

5Ca0.Al20^.CaS0^.12H20" (in German), Neues Jahrb.
_ Mineral.*,  Monatsh.. Nr. 7> 195-197 (1965) x



Ta
bl

e 
1:
 Un

it
 c

el
ls

 a
nd

 s
pa

ce
 g

ro
up

s 
of

 c
om

po
un

ds
 J

Ca
O.

 A
l?

O-
..
Ca
(X
)Y
;)
) 
.n
H„
O

c o

CQO ” a E O

3C
a0

.A
l2

05
.l

/2
Ca

S0
4.

l/
2C

aC
l2

.1
2H

20
 

5,
75

02
 

- 
10

0,
62

 
- 

16
,7

70
 

12
 

R5
c,

r3
c

JC
a0

.A
l2

0,
.l

/2
Ca

(N
0,

)2
.l

/2
Ca

Cl
2.

10
H2

0 
5,

7
*4

 
- 

98
,2

8 
- 

16
,3

80
 

12
 

R3
c,

R3
c



Ta
bl

e 
2:
 Un

it
 c

el
ls
 a

nd
 s

pa
ce
 g

ro
up
s 

of
 c

om
po

un
ds
 3

Ca
0.

R9
0.
,.
Ca
(X
,Y
9)

.n
H9
O



in methanolicof known degree of condensation 
hydrochloric acid '-

b. Condensation degree of anions of silicic acid in ■ 
tobermorite gel depending on CaO/SiOg ratio and 
on aging

Figure 1
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SUM,URY , , • : . ; ,

The contents of five Supplementary Papers to he presented, at the Fifth 

International Symposium on the Chemistry of Cement, Tol<yo, October 1968 ■ 

are summarised, and. discussed. ; Two of the papers deal with particular 

aspects of specific hydrated compounds, and are respectively concerned 

väth the precipitation of different calcium chloroaluminate hydrates.by 

mixing calcium chloride and monocalcium aluminate solutions, and with,the 

reaction of silica-containing hydrogarnets related to JCaO.Al^O^.SHgO with ' 

lime-calcium sulphate solutions. 1 Of the remaining papers,, one is devoted., 

to an attempt to prevent the loss in strength of. high-alumina cement

concrete under warm and wet conditions,.another,paper discusses the .

reaction of.certain clay minerals with lime solutions to form the so-called , 

•hydrated.gehlenite1 (SCaO.algO^.SiOg.S HgO), and the final paper describes 

the properties and crystal structures of barium hydroxide monohydrate and  . 

particular.anhydrous and hydrated barium aluminates and silicates. ,
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Five Supp lernen ta.ry Papers have been assigned to a theme devoted to the!-'.. 

properties of hydrated calcium aluminates and ferrites and related more *'  

complex hydrates." Two of the papers deal with particular aspects of 

specific hydrated compounds,' and are respectively concerned with the 

precipitation of different calcium chloroaluminate hydrates by mixing

calcium chloride and monocalcium aluminate solutions, and with the'1.' 

reaction of silica-containing hydrogarnets related to C.AH, with lime-' 6
calcium sulphate solutions. Of the remaining papers. one is devoted to

an attempt to prevent the loss in strength of high-alumina' cement concrete -

under warm and wet conditionsanother paper discusses the reaction of -

certain clay-minerals -with lime solutions to form the so-called ’hydrated-"1 

gehlenite*  (CgaSHg), and the final paper describes the properties and -5’- 

crystal' structures of particular anlyrdrous and hydrated barium aluminates .• i'1. 

and silicates.. In view of the widely-varying nature of the topics'-s cc; : c.:" 

covered in these Supplementary Papers, it is therefore proposed in this - *•  - ; 

General Report to separately summarise and discuss the more essential 

details of each paper. 1



1 * ^I^amas, * -^mo^phous Phase in the CaO-ÄlgO^-CaClg-HgO System*

A study is made of the solids precipitated when supersaturated monocalcium 

aluminate solutions are mixed with calcium chloride solutions at temperatures ’ 

in the range 0O-70°C, but mainly at 22O-25°C.J The concentration of the'CaClg ' 

solution varied from 0.125 molar to 2.0 molar, but that of the calcium 

aluminate solution is not given. The precipitates were separated from the 

reaction mixtures after 1 hour, and investigated by chemical and X-ray “ '

analysis, infra-red spectroscopy and electron microscopy. '

It is concluded that the concentration of.the CaCl^ solution has a marked 

effect on the nature Of the precipitated solid. . While crystalline precipitates

are obtained at CaClg concentrations of 0.4 molar and below, higher concentra

tions of 0.5 molar and above resulted in the formation of amorphous solids ' 

giving X-ray patterns with only a broad band in the region 3.6-4.4a. The 

crystalline solids gave X-ray patterns very similar to that reported for the 

calcium monochloroaluminate decahydrate (C^A. CaClg .lOHgO), but their chemical

compositions varied considerably, the alumina content always being higher 

than that of this formula while the calcium content is lower," and it is ‘ 

inferred that they are members of a C^AH^-C^a .CaCl^ .lOH^O solid-solution '"T‘' 

series. The reported transition from a crystalline to an amorphous solid '

appeared to be a gradual change, and it is not markedly affected by tempera
ture in the range 0°-70OC. The crystalline and amorphous phases are also 

said to differ under the electron microscope and in their infra-red spectra, 

but few details are given. "• “ ' *' *

. . r - - ' - - -
It is of interest to compare these results with those obtained in previous ,

C1 “4-)studies on the system CaO-Al^O^-CaCl^-HgO by other investigators ' • On the



one hand., provided, that sufficient free Ca(0H)2 is present in solution, it has f 

been established that pure crystalline .CaClg .lOH^O is obtained when the , . 

CaC12 concentration in the equilibrium solution is about 3per cent (or 0.27 ,

solution resulted in the formationmolar), but lower CaCl^ concentrations in

of a solid-solution series between C. AH.. . . . . 4 13 and C^A.CaClg .lOHgO, probably only r

over a restricted range of compositions. On the other hand, when insufficient 
Ca(0H)g is present in the reaction mixture, it has been shown^"*̂  that hydrated , 

alumina is also precipitated. The composition of the product obtained by" a -- • • • -e- «u. A- a*  \
mixing CaClg solutions and calcium aluminate solutions will therefore depend 

not only on the CaCl2 concentration but also on the composition of the calcium?!

aluminate solution and on the amount, if aiy.of added lime.

an indication of the presence of more difficultly soluble hydrated al im-ina. 

The ’crystalline’ precipitates may therefore really consist of mixtures of <"L 

hydrated alumina and Cyl.CaClg.lOHgO, 'at any rate at the higher CaCl^

suggested that the broad band in the X-ray patterns of ’amorphous’ solids may 

really arise from alumina gel. Similarly, the weak spacings at about 4.8° . ; +
• -i - A -6

and 4.35° which'are included in the X-ray patterns of ’crystalline’ solids

may also be attributed to hydrated alumina. It is noteworthy that the lauter . , 

spacings are more intense in the preparation made at 70°C (Table 1, column 5), 

and this could be explained by better recrystallisation of the hydrated alumina . 

to bayerite and/or gibbsite at the higher temperature.. Furthermore, the . , 

reported partial solubility of the precipitates in nitric acid may also be lrr.r 

Since a monocalcium aluminate solution was used in the experiments by Tamas, 

it seems probable that the results were influenced by the lack of free Ca(0ji)2, 

together with the progressive reduction in pH caused by increasing CaCL, . f , 

concentrations, and the consequent precipitation of alumina gel. It could be , .



concentrations. ' The presence of varying amounts of hydrated, alumina, probably 

with some occluded, and/or adsorbed Ca and Cl ions, could well account for the 

widely varying chemical compositions which are indicated. It is clear • ■ 

therefore that further work is needed before the conclusions made by Tamas : - 

with regard to the reaction products from CaClg and monocalcium aluminate 

solutions can be accepted. r . . ■ ..' -

Terms to Sulphate Attack1

After treatment with calcium sulphate■solution. X-ray analysis and optical

and electron microscopy showed the formation of 

X-ray analysis and by differential calorimetry, ' Similar results were

obtained with each method, and these showed that both the rate and the 

An investigation is made of the reactivity at ordinary temperatures of " -

particular hydrogarnet compositions in contact with calcium sulphate "

solutions saturated with respect to CaCOHjg for periods up to 4 months.” - * 1 " 

The four lydrogarnets studied were members of the solid-solution series ''“ " 

CytHg-CyX.jSiOg (grossularite). These compounds were prepared hydrothermally
Q ' * 1 -.1- I - 1 ™ '

at 150 C from glasses of appropriate compositions to give respective molar 

ratios of SiO^/AlgO^ of 0.22, 0.28, 0.35 and 0.43»"and a corresponding " 

increasing shrinkage of the crystal lattice relative to that of C^AHg.

CTA.3CaS0, . 31H„0 in each3 42
followed by chemical andcase. The extent and rate of this reaction was

2. B. Marchese and H, Sersale, ’Stability of Hydrogarnet Series

extent of reaction with sulphate progressively decreased with increasing - ■,

SiOg content of. the original hydrogarnet. . . -  • , . '

‘ t, 4 . . A ... . _■ . - • r

The diminished reactivity of silica-containing lyrdrogarnets with calcium 1 

sulphate solution indicated by these results may therefore partly account 



for the improvement in sulphate resistance obtained, by high-pressure steam

In this connection, it may be noted that it has also 

that in the case of the hydrogarnet solid solutions formed

at room temperature

towards

and the

curing of cements.
(5) been established'

in which replaces ^2^3 re-1-a't;i-ve reactivity . - 

calcium sulphate solution decreased with increasing FegO^ content,t ... 

behaviour is thus very similar to that of the silica-containing " .r

hydrogarnets.

3. P.K. l.ehta, 'Successful Prevention of Loss of Strength in

Concrete Made with High-Alumina Cement'  , ,

This paper describes an attempt to develop a suitable additive for high-

alumina cement to prevent the loss in strength which occurs especially in

and wet conditions, and is accompanied by theconcretes exposed to warm

conversion of the initial

that the diminution in strength is associated with an increase in internal

porosity in high-alumina cement samples of normal or high water/cement

ratio, arising from the conversion of the constituent hydrates, and high

Y 5h2u jobsite)

main hydration product into and

Recent investigations' ''' have established

strengths and low porosities can be obtained at low water/cement ratios

even when C,AH, 
> o

and gibbsite are formed.

In the described investigation, 2 in. x 4 in. (50 mm x 100 mm) concrete l , 

cylinders were prepared at 4O-10°C, using a water/cement ratio of 0.60, x e 

standard sand and crushed quartz aggregate, and a laboratory-prepared ’ . 

high-alumina cement composed essentially of monocalcium aluminate," both c 

without and with 5 per cent (by weight of total cementitious material) of 

an additive consisting of a synthetic anhydrous calcium sulphoaluminate .. 



similarly tested periodically up to an age of 21«. weeks. The tests included 

of composition .CaSO^. The concrete cylinders were cured in cold water 

(2t.o-1O°C) up to an age of 28 days, and tests were then made on some of the 

cylinders, while the remaining cylinders were stored in water at 38°C and 

determinations of the compressive strength and modulus of elasticity of the 

various concretes, and X-ray analysis of the separated lyrdrated cement 

fractions to establish the proportions of the hydrated compounds present.

The compressive strength data showed that comparable strengths of about
2 28000 Ib/in. (55»2 N/mm ) are obtained from concretes with and without the

sulphoaluminate additive after 28 days at low temperature.. On storage at 

38°C, the strength of both concretes initially increased during the first 

28 days to about 11,000 lb/in.^ (75.8 N/mm^), probably caused by further 

hydration of the cement, but subsequently the strength of the plain con- 
2 2Crete progressively diminished to about 2,000 Ib/in. (l3.8 N/mm ) at an 

age of 24 weeks, whereas only a slight decrease in strength to about 
10,000 Ib/in.(68.9 N/mm^) occurred over,the same period in the concrete 

with the sulphoaluminate additive. Similar trends are also observed in 

the values of the modulus of elasticity of .the different concretes.

The X-ray diffraction analysis of the hydrated cement fractions from the 

different concretes confirmed the findings of many previous studies, and 

cretes cured at low temperatures, changes in the mineralogical 

composition occurred in the concrete without any additive and the loss in 
compressive strength at 38°C is accompanied by the formation of increasing 

established that while CAH^ is the main hydration product in the con

amounts of C.AH, relative to CAH,n. Only a small amount of C7AHr appeared
j b 1U u - -* - o - • 



"to be formed, at 38°C in'the concrete containing the-sulphoaluminate additive.

It is therefore concluded that the C,u._.CaS0 additive is capable of ■ \ -r)
D D Ci

stabilising the hydrate, • thereby maintaining a high compressive  

strength and preventing the usual-loss in strength of high-alumina cement - - - - 

concretes when these are exposed to warm and wet conditions.1 - - ■ .1: _

The mechanism of the action of the sulphoaluminate additive in preventing

to produce

possible,that

produced

during the hydration of high-alumina cement and prevent its subsequent -J

to be desirable to"carry out additional experiments with commercial.high- , 

alumina cements, and at"longer duration, in order to confirm the. effectiveness.

formation and growth of nuclei from, the aqueous .phase is decreased.

Further work is needed to investigate these possibilities, and it also appears , .

these hydrates precipitate as protective coatings on the 

the conversion of CzJI,  into and gibbsite seems to be rather obscure1U 3 O

This •CaSO.' compound would be expected to react with water 
5 5 4-

alumina gel and calcium monosulphoaluminate, hydrate, and at is

of the C,A,.CaS0, additive in preventing the conversion reaction and the„ 

associated loss in strength in high-alumina cement concretes.

dis solution; to form .alternatively, the solution composition may. be 1

changed in the presence of the monosulphdaluminate hydrate so that the > 

4. a., xxriizumi, ^Formation of Hydrated G-ehlenite through the " ' ' '' 

Reaction of Clay Minerals with Lime ' - ■1 ■ ■

A review is made of studies on the reaction of'saturated lime solution with 

co-precipitated alumina-silica gels and with hydrated aluminium silicate " • 

clay minerals, such as allophane,’ halloysite and kaolinite; and on the 1 

so-called ‘hydrated‘gehlenite*  C^ASHgthat is thereby formed." The extent "' 



of the reaction was followed, by determining the amount of lime removed from 

solution, and the reaction products were characterised by X-ray diffraction, 

differential thermal analysis and other methods. , ■ »,

CoASHq hydrate is obtained at temperatures below. 50°C, and also at low

lime concentrations at 60°C, but C,AH, is formed with high lime concentrations
5 b ■

at 60°C and at all concentrations at 80°C. A certain minimum lime concentra

Treatment of allophane with saturated lime solution produced C2ASHg, 

(or eventually a silica-containing hydrogarnet),.and C^A.CaCO^. 

11H20, depending upon the lime concentration and the temperature. The •

tion is necessary to form C2A3Hq, while it is unstable in the presence of

excess lime. Preliminary heat treatment of the allophane resulted in 

higher reactivity with lime solutions. In addition, allophane reacted with - 

lime-calcium sulphate solutions to form calcium sulphoaluminate hydrates.

either the monosulphate or the trisulphate depending upon the temperature 

and the amount of calcium sulphate present. On the basis of this type of 

reaction, it has been established that treatment with lime and gypsum is

effective and economical for soil-stabilisation purposes. ; v

Hydrated halloysite showed a similar reaction course to allophane in lime , 

solutions, and absorption of lime from solution is followed by the formation 

of 'C. AH.’ and C,A^CaCO,.11H_0, and eventually CnASHo is obtained at longer 

.reaction times. The better-crystallised halloysite samples, absorbed larger, 

amounts of lime and showed increased reactivity, but dehydration of,the ,

halloysite by heating at 150°C decreased its reactivity. Finely-ground . 

kaolinite also reacted easily with lime solutions to form C2ASHq. * , 5 , 



The reaction of co-precipitated. alumina-silica gels of varying Al20j/Si02 

ratios with saturated, lime solution showed a similar behaviour to that 

observed with natural allophane. In particular, the treatment of u. gel 

with an A^Oj/SiOg ratio of 1.0 with saturated lime solution at 20°C for 

1 year resulted in a product of composition 2.50 CaO .lal^O^ 1.OSSiOg.

O.lüCOg.S.öSJHgO, after drying over CaClg. This"preparation consisted ' 

predominantly of CgASHg, together with small amounts of calcite and hydro

garnet, and possibly also traces of a calcium silicate hydrate, ^part 

from calcite, the latter compounds are not observable in the DTA curve, 1 • 
which showed an endotherm at 210°C owing to the loss of hydrate water and 1 

an exotherm at 94-O°C arising from the formation of CgjiS. The thermal 

dehydration curve showed no definite steps, but loss of water started at 
50°C, became intensified at about 150°C and all water is practically completely 

removed at 350-M)0°C. The X-ray powder diffraction data and the electron

microscopical observations showed broad agreement with previously published 

data for hexagonal CgASHg. -

It may be noted that the CgASHg preparation described above contained

1.7 per cent COg, and while this is attributed to the presence of calcite 

it is possible that some C^A .CaCO^ .11HgO is also present. Indeed, the .

formation of this monocarboaluminate hydrate with a basal spacing of 7.6Ä was - 

also observed during the reaction of the various clay minerals with lime 

solution. Furthermore, the * which was frequently present was J

apparently identified by a 8.2a basal spacing in the X-ray powder patterns,*  

and this hydrate probably really corresponds to the quaternary carbonate ' 

hydrate C^A.^COg.^HgO. Unintentional carbonation may therefore have had 

some influence on the reactions studied by Ariizumi, as also seems to be 



the case in previous work' ' on the reaction of montmorillonite with lime 

solution, where .CaCO^.1IHgO was evidently formed.

5. H. Uchikawa and K. Tsulciyama, 'Barium aluminate and •L - i ,

Barium Silicate and their Hydraulic Properties*  -*  - * 1 " 1

The final paper gives an account of investigations on the properties and ’ 

crystal structures of barium hydroxide monohydrate and particular anhydrous 

and hydrated barium aluminates and silicates. 1 -■ 11 - - j. o.i

Anhydrous monobarium aluminate and dibarium silicate were synthesised by

respective hexagonal and orthorhombic compounds were determined from X-ray

powder diffraction data. It is also shown that can reP-Lace ^"n A" 

BaO with expansion of the crystal lattice to form a solid-solution-' L- 

series. ' '•- 1 - - - t

heating stoichiometric mixtures of BaCO^ and Qf-Al^O^ or silica powder at 
1500°C. The crystal lattice constants and atomic co-ordinates of the

Hydration of the dibarium silicate at room temperature resulted in the - 

initial precipitation of a fibrous dibarium silicate hydrate ^BaO.SiOg.- ‘ 

n HgO), but this hydrate later converted into thin plates of a monobarium -' 

hydrate, BaO.SiOg.SHgO, together-with hydrated barium hydroxide. ' The * 

latter hydrate is referred to as the monohydrate BaCOHjg.HgO, but it 

evidently should occur as the octahydrate BaCOHjg.SHgO in contact with - 

solution. X-ray studies on the BaO.SiOg.ShigO hydrate showed it to be- " 

orthorhombic, and its X-ray pattern remained essentially unchanged in dry 

and wet nitrogen, but an orthorhombic basic barium carbonate hydrate *' -1 

(BaCO^.m Ba(OH)g.n HgO) is readily formed on exposure to moist COg. - - e : 



Both barium hydroxide and hydrated alumina are liberated when BaO.algO^ is 

treated with water at room temperature, and initial precipitation of alumina 

gel and rectangular plates of a monobarium aluminate hydrate of composition

BaO.nl^O^.ö.SHgO is followed by the additional formation of polyhedral 

plates of a hexagonal dibarium aluminate hydrate, 2BaO-A120j«9H20. The rate 

of hydration, as measured by quantitative X-ray analysis, increased as the 

water/solid ratio is raised from 0.4 to 0.6 and then to 1.0. Measurements 

of heat liberation with a conduction calorimeter showed the presence of a 

second peak after 3-4 hours, and this is considered to arise from the later

formation of the dibarium aluminate hydrate. However, the hydration product 

obtained after a long period of hydration at a water/solid ratio of 0.6 x

apparently consisted

a different compound

solid ratio of 0.4.■

aluminate hydrates is not clearly established, and the .the different barium

essentially of BaO.AlgO^.ö.S^O, while it appears that 

of composition BaO,AlgOy4^0 is produced at a water/ , 

The difference in properties and relationship between .

drying conditions used to obtain the stated water contents are not given.

From a study of the X-ray and electron diffraction patterns, it is concluded 

that the crystal'structure of the monoclinic BaO.AlgO^. h.SHgO compound 

contains the structural framework of that established for orthorhombic

BatOH^-^O, with a linkage of two A10^. tetrahedra extending along the 

c_-axis and water molecules also stacked along this axis. The latter water- - 

molecules can be removed without destruction of the crystal structure, since - 

a reversible transformation is observed under different drying conditions, 

the longest spacing in the X-ray powder patterns changing from about 7.1^ in 

dry nitrogen to about 8.2X in wet nitrogen. Exposure to moist COg resulted 

in the gradual appearance of the X-ray pattern of a basic barium carbonate 

hydrate.



The behaviour of hydrated, barium aluminate samples at elevated, temperatures 

varied, somewhat, depending upon the initial water/solid ratio, and hence. .

upon the particular hydrates presents X-ray, DTA and thermal dehydration r 

studies showed in some cases the formation of an apparently amorphous< 

phase at temperatures up to about 200°C,•though the external form of the . •

original crystals is retained, and at higher temperatures a cubic mono

hydrate BaO«AlgO^.HgO is first obtained," followed by the formation of .. =

anhydrous BaO»Al2°3 Associated with these changes, the compressive „1.

strength of 1;2 BaO.Ad^O^: sand mortars first increased by drying of the 
specimens at temperattires up to about 250°C, then decreased slightly with

increasing temperature up to about 700 C, followed by a marked increase 

in strength' up to 1300°C accompanied by the formation of anhydrous

BaO.Al^. - Except at the highest temperature, higher strengths are

obtained with mortars of initial water/solid ratio of 0.4 as compared with

O.6.. A similar relation between water/solid ratio and compressive and ; .. , 

bending strengths of 1:2 mortars is also obtained at ordinary temperatures.

The strength values decreased with age ftom J to 28 days, and this is . . .. 

attributed to carbonation and the consequent formation of the basic barium -_• 

carbonate hydrate BaCO^.m Ba^Hjg.n HgO which can be identified in the. = 

X-ray powder patterns of moist-cured mortar specimens at 28 days.

It is evident from these results that the hydration reactions and products 

of these barium compounds bear some analogies to those of the corresponding 

products of the latter, the barium-containing hydrates are highly water 

soluble, and they appear to harden mainly by processes of drying and 

possibly carbonation. The behaviour of BaO^Ü-gOj.ö.SHgO on dehydration in

calcium silicate and aluminate. However, in contrast to the hydration 

- Ill -



dry nitrogen, resulting in changes in the X-ray powder pattern, resembles 

that of the hexagonal-plate dicalcium and tetracalcium aluminate hydrates, 

though CAH10 behaves differently in that loss of water from this compound 

occurs without marked changes in the X-ray pattern apart from its , . , 

deterioration. The possibility of the existence of different states of. 

hydration in other barium aluminate hydrates seems to warrant further ' . 

investigation, as well as the possibility of the formation of complex - - 

quaternary carbonate hydrates similar to the calcium carboaluminate ' - ,

hydrates. - • . <

However, despite the apparent similarities in composition between some L ? ■ 
(9 io) calcium and barium aluminate hydrates,1the view has been expressed' ’ ' 

that the various barium aluminate hydrates are in no way analogous;to the 

calcium aluminate hydrates, since they show distinct differences in . 

crystal habit, refractive indices, binefringence and X-ray powder patterns 
(11 12)On the other hand, it , has been established' * * that the two strontium t 

aluminate hydrates, JSrO «^HgO.and SrO.AlgO^ .tOHgO, show properties 

very similar to those of C^AHg and CAH^, and the corresponding tydrates 

are isomorphous. : - ' - • >
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Among the Supplementary Papers presented to topic 11*4»  Nos. 122, 
43, 62, 26, 41 and 96 deal with the mechanism of hydration of cements.

The first two show that the electron microprobe is a useful 
instrument for the study of portland cement hydration. The third 
one is concerned with the behavior of aluminate-ferrite phase during 
hydration. The fourth one deals with the influence of sugars on the 
hydration of CjA, and the fifth one presents some principles in cement 
hydration. The last one deals with the development of new binding , 
materials in the solid-liquid system. ' - ' - -

This report summarizes these papers. , r. ,
-“J » ? '? 5 ■

I. ELECTRON MICROPROBE STUDIES OP CEMENT PHASES .(SP No. 122)
by D.M. Roy and M. W.‘Grutzeck

This study was undertaken in order to explore the possibility of 
obtaining direct analytical information on hydration products of - 

. fr . - ' T
CjS, C2S, CjA, and their mixtures at various stages by using an ' 
electron microprobe. ; . \

After the allocated reaction time the-hydrated sample-was mounted 
in polyester resin, polished, and examined by the electronmicroprobe. 
Visual cathode-ray tube displays of characteristic elemental■emission, 
and electron back scatter displays were used to follow the progress 
of hydration. Further, counting techniques of characteristic > .
elemental emission were employed to obtain quantitative analytical 
data. In order to eliminate the effect of many non-random 
sources of error in quantitative measurements, empirical correction 
was made by use of calibration standards.

X-ray intensities of the sample were measured at l/i intervals 
taken from the central portion of the crystal through the rim into 
the plastic. Figure 1 shows an example of the actual data obtained 



on a CjA sample hydrated for one day. This figure gives measured 
X-ray-intensities and shows the electron back scatter photograph. ' 
The latter shows the sharp boundaries of the crystal and the distinct 
hydration rims. The vertical lines seen in the curves of the X-ray 
intensities also show these boundaries. The points of first break 
in the slope of these curves represent a CaO/Al'gOj molar ratio of ■ ’ 
approximately 2.8. Although X-ray diffraction data identify the ' 
hydration product as C4AH13, it is postulated on the basis of the 
microprobe and other microscopic data^ to further 'consist of a 
crystalline solution of C4AH15 with CgAHg or a 1:1 mixture of them.

Furthermore/ such data were obtained on the hydration products ' ■ 
-of CjS and of a mixture of C^S^CgS, and CjA. It appears that the 
relatively slow rate of hydration of CjS prevents sufficient buildup 
of the hydration rim for the accurate analysis. ’ '' ' f •

■' 1 The authors conclude that existing electron microprobe techniques 
have been successfully modified to cope with the specialized problems 
inherent in portland cement hydration studies. They also conclude 
that the use of electron back scatter display data and elemental 
display-data offer a1 physical description of the grain-hydrate 
relationships'during the progress of hydration and the use of the 
elemental’ analysis data make it possible to follow the progress of 
hydration in a quantitative manner. '• 7 •’ ’
II. ' CONTRIBUTION:OF ANALYSIS'BY MEANS OP AN ELECTRON MICROPROBE :

- TO THE CEMENT-CHEMISTRY - (SP No. 43) ' " " ” ' ' 1 - ‘ -

by p. Terrier ■ •
In this study an electron microprobe analysis was also applied 

to the study of the composition of the minerals of cement clinker, 
the composition of fly ashes, the hydration of portland cement, and '



the pozzolaniclty of the fly ash. The quantitative analysis is - 
carried, out by comparing the intensities of the radiation emitted by 
the sample with those emitted by standard samples. ;

Compositions of alite and belite of portland cement clinker as 1 
determined by the electron microprobe are shown in Table 1. It - 
appears that alite contains about 5 1» minor oxides and belite as much > 
as 5 $6 minor oxides. On the other hand, the phase contains about 
3 % SiOg, 5 % Fe205, 0.6 $ MgO, 0.9 56 K2O, etc., and the C4AF phase ' 
about 2 $ S102, 2 $ MgO, and 1.8 Ti02» - - ■

The chemical composition of fly ashes is relatively constant. ' 
However some heterogeneity is observed between the grains in the same 
fly ash as the result of the rapid passage of the coal leavings through 
the flame. . - *

In portland cement pastes the hydration of aluminates takes place 
with fixation of the sulfate ion and produces acicular crystals which 
are grouped in discrete sites in the intergranular interstices. The > 
hydration of tricalcium silicate occurs with the penetration of water 
which transforms the anhydrous silicate into hydrated silicate, while 
a part of the lime diffuses outside the grain and crystallizes, in ; r) 
the hydroxide form» portlandite. The measurements obtained by . 
electron microprobe analysis have shown that the hydrated silicate . 
had a mean ratio Ca0/S102 of 1.65 for a duration up to 90 days. ' -

Furthermore, the portlandite crystals have the following composition 
at the end of three years: 74.2 % CaO, 2.5 % S102, 1.7 $ AI2O3, 0.7 $ 
K2O. -

The reaction of the ash grains in cement or lime pastes takes 
place with formation of a hydrated envelope with a low silica 4 1
content. - • , , .«



The author points out that the electron microprobe is a basic - , 
research instrument which is unique for the punctual analysis by , 
comparison with standards placed in the same geometry and detected 
by the same radiation. , , , il " '

III. THE BEHAVIOR OF ALUMINATE-FERRITE PHASE DURING HIDRATION (SP No.62 
by H.E. Schwiete, U. Ludwing ■

- ■ and P. Jäger  -
In this paper, the mechanism of hydration of C^A, CgA2F, C^AF 

and O2F in the presence of Ca(0H)2 and gypsum or anhydrite has been , r 
investigated by chemical means, infrared spectroscopy. X-ray . 
diffraction, and electron microscopy. -

In the system OjA-CaSO^-CaO^O, ettringite was formed immediately 
after the addition of water and the formation of monosulfate hydrate ; 
was retarded by gypsum: that is, the amount and the stability of , 
ettringite increases with the rising content of gypsum. When all the , 
sulfate ions have been used to form ettringite or the concentration 
of sulfate ion becomes insufficient to allow this mineral to crystal
lize, ettringite reacts with the remaining CjA to form monosulfate 
hydrate and mixed crystals of monosulfate hydrate and tetracalcium 
aluminate hydrate. > .  . , ■

In the system calcium aluminoferrite-CaSO^-CaO-^O, similar -.. 
reactions take place. With increasing alumina content of calcium 
aluminoferrite, the trisulfate hydrate ( (/^(AjFjJCaSO^Hjg ) is 
altered faster into monosulfate hydrate and mixed crystals of mono- * 
sulfate hydrate and tetracalcium aluminate hydrate by using up the • 
remaining aluminoferrite.• Weight increase of the solid substance - 
in the hydration of aluminate and aluminoferrite is shown in:Figure 2.- 
Furthermore, the kind of calcium sulfate used has a great influence ' t 



on the hydration of aluminoferrite. The reaction is much faster in 
the presence of anhydrite than in the presence of gypsum.'

Prineipal hydration products of calcium aluminate and alumino- 
ferrite in portland cement clinker are trisulfate hydrate, monosulfate 

*• hydrate and mixed crystals of monosulfate hydrate and tetracalcium - > <
aluminate hydrate, - ■

The trisulfate hydrate first formed is more or less completely 
altered to monosulfate hydrate after a few hours depending upon 
the amount of sulfate present. - *'  ' " - ‘

These results lead to the authors to conclude that the amount * 
and the kind of calcium sulfate used is of prime importance for 1 
the rate and course of initial hydration of CjA and calcium~ -
aluminoferrite. Particularly, the accelerative effect of anhydrite 
as compared to gypsum is of great importance in the production of - 
portland cement low in, or free of CjA. *‘ * ' " * ,'
IV. THE INFLUENCE OF SUGARS ON HYDRATION OF TRICALCIUM ALUMINATE ' '

1 ' v ' (SP No. 26)
’ - - by J. F. Young 1 *

This paper presents results of studies'on the*influences  of 
monosaccharides and polysaccharides on the paste hydration öf C5A -" * ’ 
with or without gypsum for periods up to 90 days by means of X-ray 
diffraction, thermal analysis, and electron microscopy. ‘

Each of nine kinds of the sugars used was found to retard the 
hydration of tricalcium aluminate paste. According to the results of 
quantitative X-ray diffraction analyses of the CjA' remaining in pastes 
after different times of hydration,"sucrose and raffinose strongly 
retarded the hydration of CjA at all ages. Xylose, ribose, and 
trehalose were the weakest retarders.. The other sugars studied”gave * 



intermediate results.
In pastes without additives the main hydration product is O^AHgt 

and in pastes containing sugars C^AH]^ is the predominant phase 
while CgAHg is often present. -

In CjA-gypsum pastes with a O^A: gypsum ratio of 2, ettringite " 
is the only product detected up to 14 days. By 28 days monosulfate 
hydrate is forming in pastes without sugars. However, its appearance • 
is delayed to after 60 days in pastes containing lactose, trehalose, ' - 
and raffinose, and beyond 90 days with other sugars.

The amount of ettringite formed in O^A-gypsum pastes which was - ' 
calculated from TGA is shown in Table 2. Sucrose also retarded - 
strongly at all ages, and lactose, trehalose, and raffinose were 
initially strong retarders. On the other hand, xylose, glucose, 
and fructose accelerated the hydration of CjA-gypsum pastes at " '
early ages, but retarded strongly later. As described above, sugars - 
retarded the formation of ettringite and its subsequent conversion - -
to low-sulfate. Furthermore, morphology of ettringite was modified 
by sugars. - - - - ■ ' : .

From the results of these experiments, no definite correlation 
between the effects of different sugars and their structural - 
differences was observed, as sugars are structurally-labile and can 
exist in several different forms. ' •*  ■' ”

Mechanism of retarding by sugars may be explained by complexing, * 
adsorption, and solubility change. The author suggests that • 
complexing of sugars with metals, especially calcium, aluminum, and ' 
iron, may be the main factor underlying their behavior as retarders. :



V. SOME PRINCIPLES IN CEMENT HYDRATION (SP No. 41) ,
hy A. Joisel

The paper presents some principles extracted inductively in 
the hydration of calcium silicate and aluminate and the reaction 
mechanism of retarders and accelerators.

The hydraulic components of the cement grains go into solution 
in water, and this dissolution is accompanied by a hydrolysis, that 
is to say that the acids (particularly silica and alumina) and the 
bases (mainly lime), which constitute cement, regain a certain 
individuality at the time of dissolution.

Calcium silicates have an incongruent dissolution, i.e. lime 
passes into solution much faster than silica, and their hydration 
occurs as shown in schematizing in Figure 3a. The initial surface 
of each silicate grain keeps a solution of continuity in the 
hydrated paste during hydration, and the bonds which are formed 
in the interstices of the grains are growing in number. When 
recovering a certain individuality during hydration, the lime has 
a tendency to make its concentration roughly uniform in the whole 
paste. Therefore, the hydrated silicate has a total composition 
roughly situated between CSH and ^,58^,5.

Calcium aluminates pass into solution in their stoichiometric 
ratio, the faster the richer they are in lime. The hydration of 
CjA takes place as indicated in Figure 3b. The surface of the 
grains in contact with the solution is progressively dissolved by 
water. It results that the hardening occurs immediately after the 
moment in which the first bonds are established. Thus this hardening 
is always rapid and the most stable hydrated aluminate is CjAHg.



The products which accelerate or retard the dissolution of 
the hydraulic components of cement are accelerators or retarders. 
The acid anions which accelerate the dissolution of the lime are 
Cl and S0^~. On the other hand, the basic cations which 
accelerate the dissolution of alumina and silica are Na , K , and - 
nh+, etc. f -

Retarders are classified into two groups. One is reducers of 
solubility and the other is coaters. Representative of the reducers 
is Ca(0H)2» and those of the coaters are alkaline tetraborates and 
fluorides, etc.

Calcium sulfate is amphoteric and it behave as an accelerator 
for silicates and aluminates low in calcium and as a retarder for ' 
highly calcic aluminates. -

The author emphasizes that future researches will formulate 
more precise knowledge concerning hydration, particularly from the 
point of view of the development of more quantitative data.
VI. SYNTHESIS OF THE ANALOGUES OF PORTLAND CEMENT AND OTHER

MATERIALS ON THE BASIS OF ACIDIC-BASIC REACTIONS (SP No. 96) 
. by N. F. Fedorov .

This study was undertaken to search for new binding materials 
in the solid-liquid systems where the acid-base reactions take 
place, because the hardening of portland cement, alumina cement 
and other most widely distributed binding materials is the result 
of the chemical reactions in which acid radicals and metal cations 
interact. . •

Four groups of materials including less distributed and even 
rare elements have been investigated in this paper. A great number 
of combinations in each group have been examined mainly from the



aspect of coapresslve strength.
Firsts in the mineral-water system, plumbates, stannates, * 

titanates, and zirconates of the alkali earths have been synthesized 
and examples of those binding properties are shown in Table 3. 
These minerals show pronounced binding properties, and autoclaving • • 
intensifies the process of hardening of these minerals.

To determine the character of the hydration process of the 
analogous minerals of calcium silicate, the hydration of calcium . ' 
stannate has been investigated by means of X-ray, infrared and 
chemical analyses. As a result, it is shown that calcium orthostannate 
is hydrolyzed giving off calcium hydroxide and forming hydrostannates, 
while metastannate is hydrated. -

Second: in the metal oxide-acid system, HNO^, H2S0^, HC1, ■ v 
®2®2®4’ have been used as acid and combined with oxides of 
different groups of the periodic table. It is shown that on the . 
basis of metal oxide-acid system many kinds of cements may be 
synthesized, their strength characteristics being similar to those 
of portland cement and sometimes even much greater. •

Third: in the base oxide-acid oxide-water system, oxide of 
elements of group II are used as base oxides and ones of group IV 
are used as acid oxides. Prepared mixtures of these materials are - 
ground, molded under pressure, and autoclaved. In this system high 
strength artificial stones have also been produced.' ' '

Fourth: in the metal oxide-polyatomic alcohol system, calcium, 
strontium, barium and lead oxides when mixed with glycerine or glycol 
form high strength materials. " .



The author concludes that it is theoretically possible te 
obtain new binding materials having much greater strength or 
having more specific properties than existing cements. He else 
concludes that the combination of solid inorganic powders and 
organic liquids will lead to the development of many new binding 
materials.
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Kinetic data on the very early stages of the paste hydration of C^S . - 
(liquid/solid ratio 0.7 to 1.0) are reported by K. Fjtjii and W. Kondo. 
By isothermal calorimetry, in the main the same heat evolution rate vs. 
time curve is found as that reported earlier ) ), showing an increasing 
heat evolution rate in the beginning. Fujii and Kondo, however, are able 
to discern various stages before the heat evolution rises; During the 
first five minutes, some heat evolution is observed (stage 1) followed by 
a dormant period (about 30 minutes). After that, the reaction proceeds 

, S tu.
sluggishly for about three hours (stage 2), and then heat evolution rate ■ 
rises rapidly (stage 3).

to the
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mole layers
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of 
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csh2,

During stage 1 C^S starts to dissolve congruently; soon, however, the ■ 
molar Ca0/Si02 ratio in solution becomes higher than 3. The amount 
combined water at the end of stage 1 corresponds to a layer of 3 to 
moles on the surface; the authors conclude that stage 1 corresponds 
dissolution of one mole of C^S throughout the surface. They have to 
however, that the hydrate formed during stage 1 has the composition
(which means that it is the equilibrium product formed in the solution 
concerned), and that "adsorbed water" is a principal constituent of combined - 
water (which means that it cannot be removed by organic solvents; it is re
garded as a "compensation" for the OS dissolved). Assuming further that • 

2 2+
per mole of O^S reacting during stage 2 as much Ca ions are given off to 
the water phase as during stage 1, it is remarked that about 
of CjS react during stage 2. During stage 2, heat of hydration 
of combined water is high; this is ascribed to a rearrangement 
water" to the formation of hydrates.
The onset of stage 3 is thought to be connected with incipient



of Ca(0H)2j but no other argument is adduced for that apart from the 
simultaneity of the phenomena. . - ,. ' s

of the 
character

" - T' 5 
is shifted towards later
greater amounts of C,A.

5
in water, small amounts

of C^S accelerate precipitation, presumably because silicate ions are 
built into C^AHg crystals and accelerate therefore C^AHg nucleation; the 
concentrations in the water phase adjust themselves ultimately to the C^AHg 
solubility line. However, at high CjS/C^A ratio the crystallization of 
C^AHg is suppressed, and the concentrations, after leaving the point of 
metastable coexistence of COAHQ and Ci,AH.„ with solution, follow the ,
C^AH^^ solubility line; the solution continues to contain considerable' 
amounts of aluminate ions. Heat evolution rate and X ray analyses of the , 
hydration products indicate that the same phenomena occur in pastes, though , 
the time scale may be different: small amounts of C,S accelerate C^AH,5 3 o
formation, large amounts retard it. The strong retardation, exerted on C^S , 
hydration by small amounts of C,A, may then be understood by the retarding

5 action of aluminate ions, such as found also in pastes C_S + Al(OH), + H-,Cr).3 3 2
This has been ascribed to aluminate ions being built into "First hydrate" 
stabilizing the latter toward conversion, as reported by Kalousek^) for the 

case of tobermorite. The absence of this strong retarding action in pastes 
of high 0 A/C S ratio can then be understood by the formation of C^AH/-, 

> j 5 o
lowering the aluminate ion concentration in the water phase. It might be 
objected that formation is expected at later times only, such as to
make this mechanism operative only after some hours'hydration; however, 
X ray data indicate in mixed C^A + C^S + water pastes of high C^A/G^S ratio

No explanation is offered by Fuji! and Kondo for the retardation 
hydration reaction near the end of stage 1, and for the sluggish 
of the subsequent reaction during stage 2. For this dormant stage of the

2 "5 *hydration of C^S, de Jong, Stein and Stevels ) ), basing themselves partly 
on results obtained by Kantro et alii ), had postulated earlier the for
mation of a metastable hydrate called "First Hydrate" by these authors.
They report now data on the interaction of C^A and C^S during their hydra
tion, obtained in pastes of water/solid ratio 1:1, and varying C^A/C^S 
ratio. The heat evolution peak due to C^S hydration 
hydration times by small amounts of C^A, but not by 
This is explained as follows: In suspensions of C^A



the presence of C,AH,
5 b

and the absence of hexagonal calcium aluminate hydrates
at very early stages. A_confirmation.of,these ideas will.be found in the , 
results of TenoStasse on pastes C^S + + CaSO^^HgO + water, to be dis«» , - 

cussed later. •
A mathematical simulation of processes during the hydration of C^S by , ,
Frohnsdorff, Fryer and Jonhson indicates that.an induction period.alone cannot 
be regarded as a proof for the existence of the First Hydrate as postulated .
by Stein and Stevels. ,The authors postulate equations describing the rate of.
dissolution of C^S as a function of ion concentrations in solution, and the
rate of precipitation of hydrates to be governed in addition by the surface 
area of nuclei. By suitable choice of parameters in thesejequatiqns,,Frohnsdorff 

et alii are able to obtain a heat liberation vs. time curve resembling experi
mental data (fig. 2). The course of events suggested is:

of the anhydrous C^S untill the aqueous phase is close to satura—a. solution
tion with respect to C^S. ' ’ * < '■

b. nucleation of the products of hydration,
c. growth'of'the nuclei to form larger particles,1 1 - '
d. as the surface area of particles-increases, the rate of product formation 
increases and the concentrations of the ions in solution"fall. This can
be considered as an autocatalytic reaction in which the rate-determining ' 
step is the deposition of the products of hydration on the growing. ‘ - 
particles. • : ? * * , - ' 1 '

e. At a still later stage, as the surface area of .the anhydrous C^S falls, - 
its rate of solution appears to become-rate controlling. ‘ '

The authors emphasize that they regard these calculations as crude first , 
approximations, intended to illustrate how simulation can be uded. Such 
considerations cannot prove or disprove any mechanism proposed on independent 
evidence. The model is not yet'able to take into account different retarding 
effects of hydrates on the hydration, but such effects could easily be in
cluded. . ' ‘ "

The kinetics of hydration reaction of cement compounds in a more restricted 
sense are the subject of an investigation by Taplin. This author distinguishes 
"linear kinetics" (reaction rate proportional to the surface area of cores 
of unreacted cement) and "quadratic kinetics" (reaction rate inversely propor
tional to the resistance to diffusion provided by a coherent coating of 



reaction products, with special attention to the case where the resistance 
of the outer products is negligible compared to that of the inner products). 
It is easily seen that for a reaction characterized by quadratic kinetics 
the rate decays more rapidly than for a reaction characterized by linear 
kinetics. Taplin compares the kinetics of various hydration reactions 
(MgO in MgCl2 or MgSO^ solution; CaSO^ in potassium alum solution;
alite and G,S in water) with those calculated on the basis of either 
"linear" or quadratic kinetics, giving due regard to particle size dis- - 
tributions.
In stirred suspensions^ or slurries, linear or quadratic kinetics are 
found except for where the rate decays too slowly for even linear
kinetics. This is explained by assuming a process accelerating the reaction 
(as evidenced by an induction period) counteracting the retarding effects ' 
of hydrates. In hardening pastes, the rate tends to decay more rapidly than 
in stirred suspensions or slurries, for C^S especially in the later stages

The data are consistent with a model where the reactions start linear but 
may become diffusion controlled if the resistance of the diffusion process 
exceeds that of the surface decomposition. At least the outer products are 

7 
thought to form a coherent network ) and to minimise the generation of 
disruptive stress; it is assumed that these products must be precipitated 
from material which has diffused away from the cement grains. Nucleation 
and^precipitation of hydrates near the grain surface is thought to be 
inhibited by the narrow pore size at those places. .

However, then the outward diffusion process must always keep pace with the 
rate of mineral decomposition; and if we suppose that the hydration rate 
is controlled by the inward diffusion of water, then the outward diffusion 
of hydrated material should occur more readily than the Inward diffusion 
of water. But this seems difficult to accept, in view of the higher concen
tration and greater mobility of water compared to say divalent cations^

In the case where the solubility difference between cement mineral and hydra
— I - f v ’ 1 •*  —

tion product is small (e.g., CaSO^ - CaSO^.SH^O) a mechanism is possible



. However, an im- 
ettringite layer 
now thought to 
decreases during

Temperature differences in the range 5 “ 70°C do not greatly influence the 

reaction during the first heat evolution peak, but in the "dormant" period 
between the two peaks the reaction rate is considerably increased by an in~ 
crease in temperature ). This is ascribed to differences in properties of 
the ettringite layer: at lower hydration temperatures finer ettringite crys. 
tals are formed and the ettringite coating of the C^A is more compact. This 
interpretation is supported by microscopical observations. At 70°C, no pro**  

tective layer is formed. Addition of CaCOH)^ acts similarly as lowering of 
the temperature. *

where the dissolution rate of the anhydrous material is retarded because ’ 
the concentrations rise towards the solubility of CaSO^. For thermodynamically 
unstable materials such as C^S, it is assumed that a stable surface is pro
duced by the adsorption of an outward diffusing chemical species which in 
this way poisons the reaction if its concentration rises. Joint control by 
the surface decomposition and by the outward diffusion of the poisoning^pecies 

is possible too. The experiments indicate that such joint kinetics can exist 
only in those regions where the kinetics are affected by merging outer pro- ’ 

ducts. .
Turning to C^A hydration, we direct our attention first to an investigation 
by H. Mori and K. Minegishi on the effect of temperature on the early hydra
tion of the system C^A ♦ CaSO^.H^O + Ca(OH)g + H^O.
Again, isothermal calorimetry "is used to classify the reaction into stages; 
two heat evolution peaks are observed. The interpretation follows in the main 
that given by Stein °): gypsum retards C^A hydration by formation of an 

ettringite layer, the second heat evolution peak occurs when the gypsum con
tent in the system is insufficient for ettringite formation 
portant difference with earlier interpretations is that the 
previously considered to be removed by scaling off ) ) is
be removed by a chemical reaction: the amount of ettringite 
the rising branch of heat peak II } in marked contrast to the situation in 
pastes C^AF + CaS0^.2H20 to be discussed later. By direct experiment it is 
shown that ettringite is converted by C,A in Ca(OH)_ solution. Similar ideas 

11have been put forward previously ) for the reaction of C^A with CaSO^^^O 
in water. ’



Kinetically the reaction is discussed on the basis of the equation

(1 - 1 - oC ' )N = KT ' ' ' ’ ' '

with et= degree of hydration, t * time, N and K = constants. During the 
dormant period between the two heat evolution peaks, N is rather high (=4) , 
at 5°C, indicating that the coating becomes more compact as the reaction 

proceeds. With increasing temperature, N decreases, it is equal to 2 at 
40°C : at this temperature an increase in the amount of ettringite during  

the progress of the reaction increases the thickness of the surface layer 
but brings no change in its structure.

2, at all tempera-After the second heat evolution peak, N is higher than 
tures investigated^ndicating that the hydrates form a new barrier around 
the C^A grains in this stage.

Similar phenomena are described by Tenojftasse for pastes C^A + CaSO^.

2H-0 + H-0 : two heat evolution peaks are found. This stands in contrast 
11x ~ * •with results published previously by Stein ) showing a more complicated 

heat evolution ascribed to successive formation of ettringite, amorphous 
Al(OH),, monosulphate and C.AH,-. The difference between the results ob~> yu *r I y 4 i _
tained by Teno/tasse and those reported by Stein may be due to differences 
in particle size (the sample employed by Tenogtasse contained smaller 
particles than that used by Stein) in water/C^A ratio, and to the presence 
of quartz employed as a filler by Stein. The interpretation is in the 
main along the same lines as that discussed already for pastes
C^A + CaS0^.2H20 + GaCOEDg solution, but gypsum is considered to be con
sumed at the top of the second peak. Kinetically, the reaction is described , 
by the same equation as that used by Mori and Minegishi, but M is now 
found to be = 2. From the temperature dependence of the reaction, an activa-

-1 *■ 1 _ v Jtion energy of 12 Kcal.mole is calculated. =- t
Pastes C^A + CaCl., + water show a similar behaviour, but in combined pastes , 
C,A + CaSO. .2H_0 + CaCl- + water more complicated phenomena are observed:

—• 1 I C» S-*  e- J J £ ’'"V
At the beginning a small amount of CaClg reacts to give chloroaluminate, 
but sulphate ions react more extensively to give ettringite. Consumption 
of 01" ions starts again after the sulphate ions have been used up.



Tenojftasse reports also some results on the hydration of C S (agreeing 
2 3 .with previously published data )v)) and finds that it is accelerated 

by CaClg. No hydrate containing Cl” is formed except at very high CaCl2 
contents. " " ' ' - * - 1 • -

remarked
de

hydrates in

Jong, •
evolution

phenomena are reported on hydrating calcium aluminoferrites by 
and Tenoxtasse. C^F hydrates very slowly, but the hydration velocitj 
with replacement of iron by aluminium. Hexagonal hydrates are

_ Ca(0H)2 ~
the hydration of C2F,' and retards the conversion of hexagonal 
the case of and ‘ '

Analogous 
de Keyser 
increases 
found first, and are ultimately converted into cubic C-XA,?)^ 
accelerates

Results on combined pastes C^S + C^A + water agree with the results of 
de Jong, Stein and SteveIs mentioned earlier: C^A slows down the hydra
tion of C,S (C,A/C,S ratio = 0.25). The additional presence of CaSO.,2H_0 
modifies the results as follows: when the second heat peak attributed to 
the hydration of C^A + CaS0^.2H20 + water lies before the peak due to the • 
hydration of C^S, the latter peak is greatly retarded. If, however," the ’ 
second heat peak attributed to C,A hydration lies after the peak due to ‘ 

(A. TenoXtasse - 
be

oyuunu iieciu pccux auuij.uutcu uu _
the hydration of C^S, the latter peak is practically unchanged, 
does not offer an explanation for these observations; it should 
however that they can be explained by the mechanism proposed by 
Stein and Stevels: aluminate ions retard the start of the C^S heat 
peak, but in order to do so their concentration must be reasonably high, i.e 
sulphate ion concentrations should not be such as to precipitate ettringite.

Addition of CaSO^.RHgO exerts an influence similar to that observed in the 
case of C^A. CaClg however reacts so fast with calcium aluminoferrites that 
it is very difficult to analyse the reaction; the hydrate C^CAF).5CaCl2.30H£) 
is formed under certain conditions but easily converted into C^(AF), 
CaCl2.12H20. Replacement of H20 by 020 greatly reduces the rate of hydration.

In mixed pastes C^AF + CaS0^.2H20 + CaCl2 + water, three heat peaks are 
seen. Between the first and second peaks, gypsum reacts forming calcium- 
trisulphoalumiioferrite; all gypsum is consumed when the top of the second 
peak ha^1 been reached. During the rising branch of the second peak, the



trisulphoaluminoferrite X ray diffraction lines still increase in intensity 
this is ein interesting difference with the observations of Mori and - 
Minegishi in pastes C^A + CaSO^^HgO + CafOlOg + HgO. When the gypsum has 
been consumed, the hydrates rich in sulphate are converted into hydrates 
poor in sulphate, but this transformation does not occur as long as Cl 
ions are present. Instead, monochloroaluminoferrite is formed. This is 
explained by assuming that trisulphoaluminoferrite reacts above all with 
the hydrated aluminoferrites, C^(AF)H^^ and .

S. Koide and K. Okada studied the hydration of alumina cement by - 
ultrasonics. Much attention is paid to the development of apparatus that 
can be used to investigate muddy samples or slurries by ultrasonics. The - 
ultimate apparatus works well at W/C ratios 0.28-0.JO, but when W/C ratio 
drops below 0.28 it becomes difficult to obtain sharp modes of the sonic 
wave on the oxilloscope by lack of homogeneity of the sample. -- ,

Use of the apparatus is exemplified by sound velocity vs. time curves at 
different hydration temperatures. Sound velocity is found to rise sharply, r 
simultaneously with a drop in electrical conductivity. An increase of the 
temperature from 20 to 30°C retards this effect, but still higher tempera

tures accelerate it. - '

From the sound velocity of the hardened specimen, Young's modulus is calcu
lated and Mechanical strength is predicted, on the basis of a relationship 

13previously established ). . , . .
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The following Supplementary Papers are summarized, in this report.- -

Paper No. 11-2 - ’ . : , - >. j,
CONTRIBUTION'OP CALCIUM THIOSULFATE TO THE "ACCELERATION OF THE - 
HYDRATION OF PORTLAND CEMENT AND COMPARISON WITH OTHER SOLUBLE 
INORGANIC SALTS . " ,, ' . '
H. Tanaka & K. Murakami (Japan) , ' * " ‘ "

Paper No. II-4 * " * ’ ' ’
SIGNIFICANCE OF TOTAL AND WATER SOLUBLE ALKALI CONTENTS OF' 
CEMENT ■ ” -■ '
W. J. McCoy & U. L. Eshenour_(U.S.A.) r • - * - • -- -

Paper No. 11-22 1 ’ - - l • - - • '• , > 5'. *. ; . - . . .
THE INFLUENCE OF LEAD AND ZINC COMPOUNDS ON THE HYDRATION • *
OF PORTLAND CEMENT -
W. Lieber (West Germany) 1

Paper No. 11-47
SOME OBSERVATIONS UPON THE DETERMINATION OF HEAT OF HYDRATION 
OF SLAG AND PORTILlND CEMENTS BY THE METHOD OF DIFFERENTIAL HEAT 
OF SOLUTION

■ G. A. Touheau (Belgium)
Paper No. 11-117

THE INFLUENCE OF ALKALI-CaRBONATE ON THE HYDRATION OF CEMENT 
E.M.M.G. Niel (Netherlands)

Paper No. 11-129
AQUEOUS PHASE IN PORTLAND CEIffiNT PASTES CONTAINING SOLUBLE 
CHLORIDE ION
K. T. Greene & K. E. Palmer (U.S.A.)

Paper No. 11-134
THE EFFECT OF TRICALCIUM ALUMINATE ON THE HYDRATION OF TRI- 
CALCIUI4 SI3JCATE AND PORTLAND CEMENT
A. Celani, P. A. Moggi & A. Rio (Italy)



This General Report deals with the •' following Supplementary’ 
Papers: • ---"

, " 7. ' ■ r - r r. ■ • ' ' i r ’ ! 7 7 2 t L ■' 7 ' < ~ h-

1. G.A. Toubeau: Some observations upon the determination of
heat of hydration-of slag and Portland'cements by the meth- -'s 
od of differential heat of solution. 1 ‘ v !

2. K.T. Greene, K.E. -Palmer: Aqueous phase in Portland ce- ' -
ment pastes containing soluble chloride ion. " " o; '

3. A.’Celani, P.A." Moggi/ A. "Rio: The effect of tricalclum ? 
aluminate on the hydration of-tricalcium silicate and 
Portland cement.-'. *

4. W.J. McCoy, O.L. Eshenour: Significance of'total and water - ‘ -
soluble alkali contents of Portland cement,

5. E.M.M.G. Niel: The influence of alkali-carbonate on the - ■
hydration of cement. ~ - 1 - r" -



6. H. Tanaka, K. Murakami: Contribution;of calcium thiosul-; 
fate to the acceleration of the hydration of Portland ; ... 
cement and comparison with other soluble inorganic salts.

7. . W. Lieber: The influence of lead and zinc compounds on .the
hydration of Portland cement. . , ■ . '..j '

The Papers are ordered.in,such a manner, .that the first . . 
two deal with measuring of properties of the cement paste - 
heat of hydration (No.l) and supersaturation of the aqueous 
phase (No.2) - the other ones with the influence of variation, 
of cement composition on,the setting and-hardening and other., 
properties - variations of C^A content (No.J) and alkali . 
content (No.4) in the clinker, addition of potash (No.5), 
calcium thiosulfate - (No.6), lead and zinc (No.7). to-the paste.

HEAT OF HYDRATION
For the purpose of .winter concreting, the Belgian cement ,, 

industry intended to classify the cements according to heat 
development after curing for 5 days at + 5°C. In a first se

ries of comparative determinations, the original ASTM heat of 
solution method was used, but the results were not satisfacto
ry (Table 1, first column). When using the modified solution 
method by Santarelli and Goggi, however, the results of the 
participating laboratories agreed well (second column).and 
allowed a classification of Belgian cements into 6 classes 
(third column).



Table 1

Later on, however, a repetition of these comparisons 
showed marked differences up to 15 calories between the re
sults of the various laboratories; it appeared that some labo
ratories had modified the mode of procedure. The present work, 
therefore, was undertaken to clarify and eliminate the possi
ble causes of error.

Among other factors, the most important sources of error 
were found the determination of the loss on ignition and the 
grinding of the hydrated sample. The loss on ignition requires 
a calcination temperature of 1050 ± 50°C. For blast-furnace 
cements, too, the direct determination - instead of analyzing 
the CaO-content - is the best method and must be carried out 
in a nitrogen or argon atmosphere.

The best conditions for grinding the hydrated sample, 
however, are still a problem. After curing for three days at 
+ 5°C, the hardened paste is still relatively humid; it is 
not possible, therefore, to grind the paste in the dry state, 
but only in an organic liquid, alcohol - according to Goggi - 
or acetone*  being used. The resulting heats of hydration are 
dependent both on the nature of the liquid used and on the 
conditions of washing and drying the sample.



The Author prefers the use of alcohol because it is eas
ier to eliminate this liquid without alterating the paste 
structure, hc questions if it would be advisable to use a r 
liquid for grinding of samples which are cured for longer ,
periods at + 20°C. r ir

The work done byi Dr. Toubeau is of high value for the 
heat of solution method. But it should be considered if this , 
method may yield exact values when the sample is grand in an , , 
organic liquid because the hydration stage after drying is not 
the same as in the original paste. , ,  „ v

AQUEOUS,PHASE CONTAINING CHLORIDE ION ,
The results of the equilibrium study by Greene and Palmer 

on the aqueous system containing the ions K++ Na+, Ca++, SO^--, (l 

OH™, Cl" are reproduced in 3 diagrams in the Abstract. These ' .
+4- -- -diagrams show the equilibrium values of Ca , SO^ , and OH 

when the solutions are saturated with CaS0L-2Ho0 and Ca(0H)o , 
at different levels of K+- and Cl-- content. The Ca++- content , 
increases with increasing Cl" and decreasing K+, SOÜ- and OH- 
increase with decreasing Cl and increasing K+. . , t

•- - - - - - - * ■- ’1 Vr ’
Table 2 shows the compositions of some extracts of cement , , 

pastes. With the aid of the solubility diagrams, the ion prod- , 
ucts in these extracts are calculated and compared with the , „
analytical values (Table 5)- From this comparison is shown 
that some supersaturation with gypsum exists in cement pastes



containing calcium chloride up to 15 minutes after mixing, ' 
and that supersaturation with calcium hydroxide is sometimes -  

very high. »
Table 2

THE EFFECT-OF C-A ON THE HYDRAULIC PROPERTIES
In a comprehensive work Celani, Moggi and Rio studied the , * 

influence of various contents of C^A in the clinker, upon - "
strength development, rate of hydration and development of ' 
specific surface, combined with the additional influence of 
gypsum and calcium chloride. The C^S and CgS content of the 
clinkers were kept constant"at about 50 and 25 respective- 
3v. the C^A content varied from 5 to 15 f»« the rest being the 
ferrite phase. The correlations between C^A content, compres
sive strength and specific surface are represented In Figures 
1 and 2. , 1 •

- Figure 1

Table 5

In Figure 1 a slightly different connection is chosen 
than given by the Authors, the compressive strength being * 
represented as function of the C^A content. This figure - 
shows clearly, that the compressive strength - determined 
on ISO mortar 1 : 5» w/c ratio 0.5 - has In each series at 
every age - except the 1 day values of cement without added



gypsum - an optimum value shifting from the third cement , 
(- 10 C-^A) at the early ages to the second one ( 5*5  C-^A)
at the later ages. At the age of 28 days, the strengths fall . 
off considerably if the C^A content is raised markedly over 
the optimum value.

In the series containing gypsum, the gypsum content was 
adapted to the C^A content so that the ratio C^A/CaSO^ was . 
■~'1,75« The addition of calcium chloride was constant 2 by 
weight of cement, dissolved in the mixing water. The addition 
of gypsum + calcium chloride results in the highest strengths 
in any case. - . ■ ’

Similar representations are possible for the other para
meters studied, but it seemed more informative to show in 
Figure 2 the strong correlation between strength and specific 
surface, the only exception being two points at the age of 28 
days. If the revealed correlation is not accidental, the de- . 
viations of these two points would result with high proba-. 
bility from a false determination of the specific surface.

Figure 2

A close relation, too, exists between strength'and the 
extent of hydrolisis, but the dependence is not linear as in 
the case of specific surface. . / - •



The Authors propose the theory that the presence of C^A pro
motes the penetration of water into the clinker grain, so that 
more water becomes available for the hydration of tricalcium ' ' 
silicate. Successively the aluminate would crystallize with
out contribution to the specific surface and to the strengths.

TOTAL AND WATER SOLUBLE ALKALI OF PORTLAND CEMENT
The study of McCoy and Eshenour was carried out" to clari

fy the effects of total and water soluble alkali. The solubil
ity was found to vary between 10 and 60 % of total alkali. 
Potassium and sodium sulfate are the most soluble compounds. .
Then follows sodium as-contained in the NCgA^ pha.se. The most
insoluble is potassium as contained in the KC q23 12 phase.

To obtain information about the influence of alkalis on • 
strength development from a commercial clinker three lots of 
cement were prepared: the one .by reburning the clinker in a 
laboratory kiln (0,57 /» alkali as Na20), the second by re
burning the clinker with addition of NH^Cl to eliminate the 
alkalis (0 alkali), the third with addition of KOH to the 
alkali free cement. Table 4 shows the compressive strength 
of these 3 cements. The strength of the

Table 4

alkali free cement is abnormally low, but can be raised by
‘ • 1 " , ’the addition of KOH. ' ' - “ :



The effect of total and xvater soluble alkali on alkali - 
reactive aggregates was studied with 5 cements with equal to
tal but different soluble alkali content. Table 5 shows that 
the expansion of the mortar bars is dependent on the content 
of soluble alkali. ,

Table 5

INFLUENCE OF ALKALI CARBONATE
The work of Niel had the aim to clarify the irregular

ities on setting and hardening by addition of potash.
Potash is Imovm

Figure 5 vzhich shows the setting properties of a Portland
cement
little
trerae points at approximately 0.25
The properties of these distinguished
led in detsil.

Figure 5

In Figure 4 are represented the temperature" curves du- '
ring setting which reflect the changes in setting properties
Also the hardening in the first hours shows characteristic
differences (Figure 5)

Figure 4 Figure 5

2.5 and 20 fo KgCOy 
compositions are stud.-

as a rapid accelerator of setting. But

in function of the K^CO^ content reveals that at very 
amounts potash acts as retarder. There are three ex-



The most detailed research Is done in analyzing the rate
of hydration by X-ray and infrared measurements. The results 
of the X-ray study are represented^in Figures 6 and 7• For * 
better comparing, the curves are somewhat otherwise ordered 
than it was done by the Author. < <

_ , Figure 6 Figure 7

- j'i ■ ~ ‘ ‘ /and gypsum
In Figure 6 the decrease of C-,S, C^,A/and the formation of 

- 1' > , ,

Ca(OH)g as caused,by different amounts of admixture are com- t 
pared. Neglecting the - possibly accidental - differences in 
the first hour, by the addition of 0.25 KgCO^ the decompo
sitions of C^S and C^A are markedly delayed during the first 
day, whereas the reaction of gypsum is accelerated. "

At higher amounts of KgCO^, the gypsum seems to be de
composed instantly. The reactions of C,S and C,A are accel"  5 . 5 , , .
erated during the first hours, but at the end of 28 days the

< ' I 1 . T . ‘ ’ ■

decomposition of C^S is very incomplete. In the case of 2.5U^ 
addition, the decomposition of C-,A is incomolete, too, the X-

■> . , V' u ■. r t

ray intensities not being changed from 16 hours to 28 days.
From Figure 7 it is seen that by addition of 0.25 % ,
the formation of ettringite, CgASH^j, is accelerated

and its amount augmented. At higher amounts of K-CXK, the 
sulphate exists as K„C0,, only at the 2.5 level there re
mains a rest of ettringite for two hours. ,

“ T « X. ..I"./ J ’ -X ! ’ 11. V < ' X ” 3 7 U , 1 1



The C02*content  of the pastes Is found as monocarbonate1 
C^ACH^^ at 0, 2.5 and 20 % in increasing amounts, at the' ’IO 
highest level as j5K2CO^,2CaCO^*6H 2O and CaCO^, too. At 0.25 
addition no carbonate containing phase'is recorded,'but'one " 
can assume that the so - called C^AH^ phase - as well as the r 
same in the paste vdthout admixture - is in reality_the qua- 
ter - or semi - carbonate phase.!The "ups and downs";of sev-

i

eral curves are not easy to be explained; in the case of the 
monocartonate C^ACH^^, the decrease in X-ray intensity during 
the first hour at 20 K2C0^ cannot be ascribed'to decompo-'-' '
sition of this phase at higher temperatures because such a " 

- '. ■ 11r - > 'r 1 t jdecomposition is only described at the tricarbonate phase
C/f AC -ZH 1 . 1 1 -b 5 51 . , , ,

In general, the phases as observed by X-rays are in
- i 't'l ' ’ . .1accordance with the changing chemical composition of the 

pastes and with their setting behaviour! Especially the ob- “ 
served retardation of setting by' addition1 of 0.25 /» ^CO^ is 
well to' be explained: by conversion" of some CaSO;.'to CaCOl, and , , , . *<■  5- 1 . ' , 1 .I ' 11KgSOji, the 30^ content of the aqueous phase is'increesed and 
the formation of ettringite augmented; the larger'coat of ' ' 
ettringite causes a delayed setting. ‘ ~ 1 ’ ' 1 - -

CALCIUM THIOSULPHATE’AS ACCELERATOR*  ' *''  L
- " • -b • . - r ,Tanaka and Murakami have detected that calcium thiosul-

X I'f * 1 t- . . ■ 1 -x >■ - ,phate CaS20y6H20 can be used as accelerator for setting and 
hardening of cement pastes. In Figure 8 heat liberation curves



of Portland cement containing admixtures of calcium chloride 
and of various amounts of'thiosulphate are represented. It is 
shown- that both salts cause at about the same acceleration of 
setting time but that the intensity is higher in the case of 1 
chloride. By larger additions of thiosulphate, the effect can , 
be improved. • '

Figure 8

In accordance with this, the gain of early strength is . 
slightly poorer than caused by calcium chloride. In blast fur
nace slag cement,' calcium thiosulphate is used very advanta
geously because it acts only on the Portland clinker part of 
the cement. The early strength is improved, therefore, ac- " 
cording to the ratio admixture / clinker,.whereas the devel- . 
opment of strength in the later ages is caused by hydration 
of the slag part'and is not affected by the admixture. ->'• '

The specific advantage of the thiosulphate admixture 
compared with calcium chloride is that"it is not corrosive 
on steel.Test pieces of mild steel embedded in mortar with 
5 and 6 admixture of thiosulphate were scarcely corroded ' 
after 6 months, whereas*the  same steel embedded in mortar 
containing 2 % of chloride showed considerable corrosion ‘ 
after one month. ' 1 * ' * " ' ’ ’' c ’



INFLUENCE OF LEAD AND ZINC i . _ , I
Lead and zinc were known as strong retarders of the set- t 

ting time, even in very small quantities. The rules of,*retar 
dation as revealed by Lieber are illustrated by the following 
figures. . . - > > . f t

Figure 9 ' ' ""
------------------------- -t

' I

Figure 9 shows the influence of various amounts of PbO
on the setting time of two Portland cements,,as measured by 
the rise of temperature in the paste. The influence differs 
considerably for different cements. The heat evolution is , 'xn 
about the same or«larger then in the-unretarded cement. ' c , 
After the retardation period has finished.the„cements,harden „ . J
quite normally.and attain even better final strength.

When ground to different finenes^s the retardation changes, 
in inverse sense as the specific surface (Figure 10).

r /1 s * , . . - . _ .<> . '„j _ "*■ I l . > i . no

By experiments on pure cement minerals, it was shown , ,
that lead oxide has only an influence*on  tricalcium silicate, 
the other phases being not retarded. During the?retardation 
period of a C„S paste, no water is bound and no lime snlit „ 
off, but with the setting a very rapid hydration takes place.

Figure 10



The, technologicalrbehaviour-of zinc oxide is identically 
the same as that.of lead oxide,: but-with-regard'to, chemical ^.x 

reactions a deviation was found. During the retardation 1peri- > 
od, the formation of an intermediate phase was detected which 
proved to-be calcium hydroxo zincate, according to,the equa- <: • -r' 
tion - ■ 1 r ' r . .: «. J

' r~ ~l.2 ZnO + Ca(0H)o.+ 4 Ho0 -- > Ca Zn(0H)-Ho0L. 1
x C. C. i— P C. c.

This compound begins to disappear1at about" the sameJtime when T"' 
the hydration of tricalcium silicate starts. Consequently, the *

' • -k - 4 r * » • -I * i -j1?behaviour of cement pastes was studied in which'the*admixture  

of zinc oxide was replaced by the equivalent amount of zincate. 
From Figure 11 it is seen that the retardation caused by cal
cium hydroxo zincate is very short as compared with the ef
fect of zinc oxide.

Figure 11

In a last diagram (Figure 12) the influence of the various 
admixtures on the reactions of added gypsum is represented. In 
the presence of calcium zincate, gypsum reacts with the alumi
nates and ferrites in approximately the same way as if no ad
mixture were present. Lead and zinc oxide, however, retard 
the combination of about half of the SO^ for several days.

Figure 12



By admixture of calcium zincate, in spite of a slight - 
retardation of setting, the initial and final strengths are ' 
markedly increased. - - -

A satisfactory explanation for the mechanism of retar- ' 
dation by lead and zinc is not yet'to be given. The retar- - 
dation is caused obviously by a blocking up of the C^S sur
face. With the beginning of the hydration period, the re
tarding elements probably enter the crystal lattice of the v ; rr 
calcium silicate hydrates. But it is4 still obscure which , ; _> it 

factor causes the hydration to start., , , • -

I '

• j n
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PHR 5 56,6 + • 8,2 5 41,5 + 8', 5 L ’-J. 45 + 5

PDR 2 60,6 +i 8,2 J 6 .57,8 +;12';2 ! i ’ 1, 55 + 5
i r S " 5

HFN 5 51,7+| 14,9 -1 5 j25,8 + j- 4<1 i7. 25 + 5'.:-

HFHR 4 24,1 +|12,1 5 -5o,*2 +
474 $"; 50 +

i '
5

HFDR 2 46,9+! 7,0 </■ 5 749,0 +’n 6,5 77 50 + 5"I *■*3  ' - 1 J 1 ■

Table 1: Comparison of original and modified ASTM heat of 
hydration methods • - : : 5,1 ~

17 4-110,5 26 7. + '’ 8,0 ' 1
f Ij . . *' 7" L

\ •

i ' J : < ; !?
I ' ' ,
! r- n e / i .
? # i ’ i < I v,.P = Portland cement 5 HP = slag cement'/ L

N = normal HR = high strength DR =|rapid hardening 
! • . - , I *

The original values are transformed in terms of statistics. 
? , • t 5

About 95 % of measured values are lying in the range x + 2 s
i , L.
v I if;
t 1 . ■ ' . » 1 , « I■ I ">I I ; j» -
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Table 4: Effect of the absence of alkali in Portland cement 
i on compressive strength (psi) - ’..I

cement sample 1 day 5 day 7 day 28 day

alkali = O.57 x 660 1 1750 V 2670 1 4250
no alkali h ’> "160 "500 ”, 2150 * 3650
no alkali + KOH ■ . 5^0 1410 - ' 2410; - 5850

‘xD *

i'" e *
X s v --z

2 i 1
>4 v ‘■’1

■ z

» r r. t ' -1

1Cement r"' V
(-rx % NapO Equiv. ' = ■ fo Expansion :

) Total Water-Sol. 1 mo. 2_J1O- r>6 mo. 1 yr.

Reactive p1 <' i.
. ' ^7

Dolomite .83 .48 .026 K*. 040 K .068
f > .8? .32 P .024 L037 6 .049; .062

\ .84 .14 ,.018 .028 \ . f .048
i t

V r' K 5 r > >■
Watertown 1 - ’ J

Sand .83 .48 .013 > .022 v. .028 . 036

< > .83 '52 .008 rl. 014 I; •°15 f '°22
.84 .14 .002 .005 " .005

! i
.010•*> z-.

Table 5:‘Effect of water, soluble alkali on expansion of
alkali - reactive aggregates ' : 1

r r - -t , 1 - - -»
• r1 *

ih »
♦

V-, t-n
<>

*— i - ■# ?» t"l * 1 " *"
t * F 

11 'A ' '

, -
-

f 5 > 1 8l‘
J-n
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Fig.l : Strength development in Portland cement'1



Fig.2 : Correlation between specific surface (nitrogen ad
sorption) and compressive strength in the cement



Fig. 3 s Getting time ol* Portland- cement depending upon
the amount of KgCO^ added



Fig.4 : Development of temperature in a Portland 
cement paste (w/c = 0,5) at different

of Portland cement at different amounts
Fig.5 : Development of early strength in mortars
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Figure 6: Comparative curves on~ the inf luence of .various... 
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Figure 7: Hydration products of Portland cement pastes 
(w/c = 0.5) with various additions of KgCO^



Figure 8: Influence of calcium chloride and calcium 
thiosulphate on the heat liberation of a 
Portland cement paste (w/c = 1.6)



Figure 9t Influence of various admixtures of lead oxide on the | 
setting time of two Portland cement'pastes (w/c = 0-55)



Figure.10: Influence of cement fineness on.the retarding effect 
of lead oxide . . ...



Figare 11: Influence of calcium hydroxo zincate on the setting J 
of Portland cement pastes ’ *• ‘ c



Figure 12: Fixation of SO^ during hydration Ln presence of-lead 
and zinc, compounds . ' ' i  < . ...I_ ,'JC
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■CHANGING"OF THE SPECIFIC SUBFACE OF CEMENT-STONE IN DIFFERENT' ' 
I '

CONDITIONS OF HARDENING" 0. P. Mohedlov-Petrosian & D. A. Uglnolus.
These investigators studied, the development of the specific 

surface of cement-stone under different temperatures of curing 
and in the presence of chemical additives» The surface was 
calculated in accordance with the BET theory» Fig. 3 °f the paper 
shows the influence of water-cement ratio on the surface obtained 
with a Type II cement. Curves 1, 2, 3 and 4 represent respectively 

J T ** **the surf aces'at ly 3» "7 28 days at-20°C. — • -
i , 1 . • I
Fig. 4 shows the1 influence of heating on a Type I cement.

, j ’ i ‘ ! 1 1 1
Specimens.were heated in closed molds at the rate of,40°C per hour» 
Curves 1,T2, and 3 respectively represent the data for temperatures 

' a : * iof 40, 60 and 90°C. After the temperature reached the prescribed 
f t ■ ! ' 1 1 Ivalue, the specimens were maintained at that temperature for from 

1 to 9 hours and then at 20°C for 28 days. These data show that 
the surfaces of the specimens cured at 40 were much greater than 

1 “ ■*  j (

were those of the specimens cured at 60 and 90. Also that the
■ ! i x ’ : i1 ’1 is S 1 t .surfaces.generally decreased with time after the Initial heating

t i , 1 T I \
for 1 hour and became constant at 3 hours of heating at 40, at 5

■ j 5 • *,'•

hours.at"60 and at 6 hours at 90. Die authors point out that 
heating accelerates " the rate of hydrolysis and1 solution but-.causes 
the formation of dense hydrate films on the cement grains which 
retard the diffusion of water and formation of new nuclei.-All
of these result in a gel with a coarser "texture and less- specific 
volume. r- * 11 1 " ‘’

Fig. V represents data for a Type III cement. Curve 1 represents





cd
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the control sample'cured at 20°C» Curve 2 a specimen"which" ' 
immediately after molding was placed in a freezer at minus 20° , s

' . ' • ■> -1 j
for 1 day and which after demolding was cured at 209« Surface 
measurements were begun after ,1 day at 20°e * "* 1 ‘ ~s - Vi

• The author points out that the solubility of the silicate j ,:' ' \ > \ |' ‘ 
minerals decreases with decreasing temperature but that the 
probability of the appearance of more basic hydrosilicates Increase 
because the solubility of calciurihydroxide increases« These : 
favorable conditions created in the primary cooling period greatly 
influences the hardening of the paste at normal temperatures. ‘
"SOBPTION AND LENGTH-CHANGE SCANNING ISOTHERMS OF METHANOL AND ''

'''■ 1 \ — j ‘

WATEB ON HYDRATED PORTLAND CEMENT" B« F« Feldman \ :
x 1. 1 - 

Detailed studies of sorption and desorption isotherms led to '
I 1 - . - -

the conclusion that the surface area of hydrated portland cement
1 , & 1 
' ’ ’ D . i rwas considerably less than the value of approximately 200m/g / '
1 ' “ - 1 ' 

obtained from determinations by the BET equation for adsorbed water.
is - ;

This^based on the fact that the BET equation, which is valid for 
the low pressure region of the adsorption isotherm. Implicitly . h 
assumes reversibility and a constant surface area and the fact that 
detailed studies of the adsorption and desorption isotherms at low , 
pressures show that irreversible changes occur when hydrated 
portland cement is dried at low vapor pressures. !

The author made detailed studies, by means of scanning loops, 
of hydrated cement and compacts of bottle-hydrated cement. His Fig. 1 
shows weight changes vs,vapor pressure for I. compact degassed in 's * -
a vacuum at 80°C and II. compact degassed in a vacuum at 96°C. The 
scanning loops show that the isotherm is irreversible even at as



FIGURE 1 (by*Rolf F. Feldman)
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FIGURE 7 (by Rolf F. Feldman)



low a p/po of 0.05 and. that much of the Irreversibly sorbed, water 
is sorbed, below p/po of O»35e Calculations based, on the scanning 
loops lead, to the conclusion that irreversibly „'s orbed, water is 
interlayer water in tobermorite.

The process of exit and. entry of interlayer water is illustrated.
in his Fig. ?. Initially drying will take place from the edges with 
little contraction (a) to (b); drying to state (c) will provide 

a
some collpase and large contraction; drying at the edges probably 
occurs below p/pQ of O.3O and stronger drying of state (c) below 
p/Pq of O.O?. Final removal of water in the middle will not occur 
above p/po of 0.09. This water is believed to provide the main 
bracing for a higher rigidity and removal decreases the modulus 5 "■ l < *
as his results show. The state of drying (d) also involves possible 
reorientation of the plates to produce irreversible contraction. 
Resorption occurs at the edges, states(c) and (f) being initiated 
by physical adsorption and resultant surface free energy change 
on the external surfaces.

The author believes that the surface areas based on nitrogen 
adsorption probably are nearer correct than those based on water 
adsorption.
ON SOME ASPECTS OF THEORY OF SOLIDIFICATION AND STRENGTH FORMATION
OF CEMENT-STONE AND CONCRETE" I. P. Vyrodov.

The author divides his paper into three chapters as follows:
I. On the possibility of applying the main principles of molecular 
physics and thermodynamics for the study of the character of change 
of mineral binders.
II. Role of diffusion kinetics of reactions in the process of 
hardening of mineral binders.



III. On some,principal aspects of the theory of solidification - 1 
and strength formation of cement-stone and concrete. » '■■ ■

Time does not permit any meaningful review of the highly.'*  ' < 
mathematical*material  covered In chapters I and II. In chapter III 
the author points out that (a) some foreign workers consider the 
modern point of view of Soviet workers to be that of Reblnder and- - 
coworkers and (b) that some foreign and Soviet sclentitists also, 
share the false Impression that Heblnder and coworkers continue the j 
main hypothesis of Baikov In their through-solution theory of the " 
solidification of mineral binders. The theory of Balkov was based 
on a topochemical mechanism and was divided Into three periods.
1. Dissolving of the original mineral binder with the formation of '
a supersaturated solution. '
2. Colloldatlon, that is the formation by chemical reaction on the 
surfaces of the binder the small particles of. the final product " 
sponsoring the formation of high supersaturation.
3« Crystallization of amorphous gels. ’ ’

According to the author these concepts seem to be accepted by * 
many Soviet and foreign scientists except for the main point of - 
Balkov’s theory regarding the solidification of mineral binders. " - 
According to Balkov solidification occurred primarily because of the 1 
topochemical reactions of step 2 and not from the crystallization 
which occurs In step 3. The author restates the three steps of the 
Baikov-theory as followst * - : *
1. Dissolving of hydrates formed by the Interaction of cement grains '
with water. -
2. Formation of solid crystalline products or semicrystalline products



0» the surfaces of the cement grains after the liquid becomes -~ 
saturated*  - - " • '
3*  Crystallization of the semicrystalline products*  - - * •/ . -

These processes may occur simultaneously*  The author.has found 
from X-ray studies that crystalline products are formed at the very . 
beginning of the reaction with water. However the topochemical ' - * 
reactions of step 2 are responsible for the solidification and. - 
development of strength*  ■ - * ' '■ J -
"CEMENT PASTE SHRINKAGE-RELATIONSHIPS TO HYDRATION, YOUNG’S , _.i . r .
MODULUS AND CONCRETE SHRINKAGE" Harold Roper*  ' 1 ' " ■ '

The paper presents paste shrinkage, hydration and Youngs’s? . 
modulus data for sixteen cements. It also presents shrinkage data 
for concrete specimens ■ • . ' . - ;

Linear regression analyses relating paste shrinkage at constant .. 
w/o to cement composition were calculated using an equation of the" 
f orm . ' r ‘ ‘ ‘

dl = a(C3S) + b(C2S) + cfC^A) + d(CZjAF) + efSO}) .. r. ♦"
where dl = paste shrinkage.

The only regression coefficient which was consistently - ,
significant was that for C^A. The most significant equation for ~ ? 
predicting shrinkage is of the form, •' "

1/dl = f - g(CjA) ' ■ ’ ■ 1 ■ :

The constant f remains the same for all w/c ratios, whereas , 
the coefficient g changes systematically. Up to 80 per cent of the 
variations of paste shrinkage is explicable by the variation in C^A..; 
It was concluded from the results of all these analyses that the - 
role of CjA was dominant in explaining the variance in shrinkage*  - * i



It was considered, that the effects of,differences in hydration - 
rates were influencing the shrinkage results significantly hence  '
the non-evaporable water contents of the various pastes were 
determined*  By means of. an emperical approach the following equation 
was found,to apply for each individual cement*.  . „ , < ' > „ _"v *j.

- . 1/dl = a - b(Wn) . ' ■ /■
dl is the paste shrinkage expressed as a percentage, Wn is.the 

non-evaporable water and a and b are constants*  "a" in physical 
terms is interpreted as representing the reciprocal of, the percentage 
shrinkage which an unhydrated cement compact undergoes from a .. 
saturated state to the.experimental drying condition. Treating the 
results as a series of endependent variables gives the following 
equation*  ■. - - ■ ; . 

■ 1/dl = 10.844- 37*O35W n . \ \
r =. • Including Xoung’s modulus gives the following equation*  .• . .

. . 1/dl = 7*620  - 27*301W n + 0.485E ■
Regression analyses were conducted on data for paste shrinkage, 

and concrete shrinkage for fifteen cements*  Paste shrinkage at 28 ■
days was used*  The correlation coefficients for 13 degrees of 
freedom were 0*962;  .0*966;  0*886  and 0*841  for shrinkages of . -
concrete at 7, 28, 90 and 365 days*  A value of "r" greater than •*  
0*760  Indicates a significant relationship at the 0*001  level*  It . 
is concluded that highly significant correlation exists between the . 
paste and concrete. shrinkage ‘ even for drying periods up to one year*  
"IBB STRUCTURE OP CEMENT-STONE AND THE USE OF COMPACTS AS.j . . ‘
STRUCTURAL MODELS", I*  Soroka and P. J*  Serada. - * « , -

This.study was undertaken to obtain data on the structure of



cement-stone, particularly with regards the nature of the 
Interparticle bonds» The specimens were discs of the following» 
I. Cement pastes porosity 73 to 98 per cent» '
II» Compacted cement paste porosity 25 to 60 per cent. 
III. Compacts of bottle-hydrated pastes porosity 20 to 55 per cent.

Some believe that the limited swelling of cement-stone In 
water Is evidence for the existence of some chemical (primary) 
bonds between the gel particles although they believe that secondary 
bonds account for most of the strength. ‘Bie authors Interpret ’ -
primary and secondary bonds as follows: Chemical bonds between - 
particles are solid to solid contacts slmlliar to that of a grain 
boundary In a polycrystalllne material where some atoms approach - 
the spacing arrangement In the crystal. Secondary bonds assume that 
adsorbed water Is a constituent part of the Interparticle bond; 
hence the general term of van der Waals forces Is considered appropriate 

The authors*  Fig. 2 Is a plot of modulus of elasticity vs 
porosity together with the regression lines calculated to fit the 
data. It Is seen that the modulus vs porosity relation is the same 
for the cement paste as for cement paste compacted from a porosity 
range of 40 to ?0 per cent to a porosity range of 25 to 60 per cent. 
This Is taken as strong evidence for the absence of chemical bonds - 
because It Is likely that these bonds would be broken (if they were . 
present) when the pore volume Is reduced by half during compaction. 
Also the fact that the values for the modulus of the compacts of <■
bottle-hydrated cement fit so closely to those of the paste and 
compacted paste lends further support to the idea that the system 
has none or very few chemical bonds. The results of their Fig. 3 In 
which hardness Is plotted against porosity lead to the same conclusion.
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Diese results lead, the authors to the conclusion that the ■ z 
strength of cement-stone is mainly derived from a particular - •
type of interparticle bond*  It is further concluded that this • 
bond is a solid to solid contact resulting from the bringing »
together of surfaces and that it is essentially the same in - 1 " 1

compacts as in cement pastes*  * 1 ' ‘ - -• ‘
"MOLECUIAR SIEVE EFFECT IN CONCRETE." B. H.1 Mills ■ ■ ■ .

Investigators have shown that hardened cement pastes act as • • ■ ■ 
molecular sieves in that the quantity1of fluid adsorbed is a * 
function of the size of the molecules of the fluid. Water is - -- -■
capable of greater penetration than other fluids but it is not • »
capable of complete penetration1 of the finer pores. .

Oven dried specimens were vacuum saturated with an organic ■ • ■ -
fluid, such as kerosene, and the resaturated with water. A "k" •' . -
factor was calculated by the equation k = (Vw -Vf)/Vw in which 
V„ and V_ represent respectively the volumes of water and organic wi r
fluid at saturation. This ratio represents the fraction of water - 
which has access to space which excludes the organic fluid. To a - 
first approximation, kVw is a measure of the pore water strongly 
adsorbed in the micro-cellular structure of the cement hydrate. v 
It is that portion of the pore water which is active in the sense 

g -of applying swellin or drying pressure tending to separate primary 
particles of the paste. ' ’ •

The author’s model for the structure of the paste is based on : 
electron microphotographs which show hydrated calcium silicate - •
flowers growing on a grain of cement. The author concludes that the * 
space•separating primary particles is unlikely to have parallel1 1 ' 

r 1 t * ** r - , t f ' -- j
* J. < - *•••*,



sides and judging from the microphotographs may be described as 
wedge shaped with the sharp end of the edge pointing in random 
directions. In terms of this model, water is excluded from the . 
apex of the wedge where Interparticle cohesion is provided by . . „
primary bonds. . . ', ,

Strength is a linear function of k. Volume changes due to£ . 
creep and shrinkage appeared to increase with increase in k but . 
values of kV^ after shrinkage and creep had taken place were less 
than at the start of the test. This suggests a collapse of structure 
in the cement hydrate. The volume kVw was found to represent between 
1 and 3 monolayers of water and corresponds to the water held at - 
relative humidities between 0 and 28 per cent. Shrinkage varies ,s . 
linearly with weight of water gained or lost within this range of 
relative humidities. ■ , , .

The author concludes that the parameter k = i-8
related to the degree of hydration, surface area and strength. 
And that further research may show a close dependence of creep , 
and shrinkage characteristics on this parameter. .
ELSCTHON MICROSCOPIC INVESTIGATION ABOUT THE RELATION BETWEEN __ , 
STRUCTURE ANO STRENGTH OF HARDENED CEMENT." Werner Richartz. ,

According to the author, electron microscopy shows that the , 
hardening of cement may be divided into three stages. In stage I 
ettringite crystals form as a thin layer on the cement grains and , 
calcium hydroxide forms as thin plates in the liquid phase« These 
phases are visible within minutes after the paste is prepared. 
After about an hour a thin layer of hydrated calcium silicates can 
be observed on the cement grains. As hydration continues, ettringite 
and hydrated calcium silicate crystals grow as interlocking fibers



and. extend, across the large pores and divide them into smaller * 
pores*  After hydration is completed these fibers act as a micro
reinforcement of the structure and will increase the ultimate 
strength. Following this stage II, which requires about twenty four 
hours, the remaining pores are filled with new hydration products. 
During this stage hydrated tetracalcium aluminoferrite is formed . 
instead of ettringite and the latter is converted to the monosulfate. 
Hence the contribution of ettringite to the total strength is : 
doubtful, but it influences the setting of the cement and the 
early strength. « '. ’ - .

Low temperatures retard hardening but generally result In - • 
higher ultimate strengths. Extension of stage II results in Increased 
formation of long fibrous calcium silicate hydrate crystals and - 
increases strength. Retardation of hardening also results in the 
formation of long fibers of the calcium silicate crystals and In ■ 
higher strengths. ’ ' . - ■, >

When hardening is accelerated either by finer grinding, higher ’ 
temperatures or accelerators, the surfaces of the cement grains are 
activated so that the solution in the pores is always supersaturated. 
This favors spontaneous nuclei formation and increased crystal 
growth. Accordingly only a few crystals can grow as long fibers In 
stage II. During about the first 28 days the strength of the .
accelerated cement exceeds that of the unaccelerated cement but 
after that the strengths are reversed. These results show that a-'x*'  

strict relationship exists between the development of structure and 
strength. Hie author gives sixteen electron photomicrographs In 1 
support of. the conclusions.given in the paper. ’ • ' " -



"A STATISTICAL STUDY OF THE EFFECTS OF TRACE ELEMENTS ON THE :
PROPERTIES OF PORTLAND CEMENTS." RAYMOND L. BLAINE . - - •

A digital computer was used, to evaluate significant relationships ' x 
between the properties of 199 oomercial cements. The tests were *.  , r 
hydration, autoclave expansion, potential sulfate resistance, t r, ' <* 
compressive strengths of mortars and concretes, and nonrestrained 'P. <1 
and restrained shrinkage. The computer was used to find and evaluate J . £ 
significant relationships between the results of tests (dependent " '.P
variables) and variuous independent variables which included chemical' . . 
composition, minor constituents and trace elements. Multivariable 
regression equations were calculated by a least-squares method using 
only commonly determined variables, including sodium and potassium ; 
oxides, and these variables together with trace elements. Numerous .-z*.  -
trial equations were required to determine independent.variables - ,"L 
which were significantly related to the dependent variable,'and the x:-z 
combination of variables which resulted in the lowest estlamted z , -r ; 
deviation for the equation. . . . . .. • • -• "«

Up to 13 dependent variables could be accomodated in an equation 
with the computer program used. The output of the computer, included - . 
the estimated coefficient of each of the endependent variables as ' PP 
well as the estimated standard deviation of each of the coefficients. . ; 
An independent variable was retained in an equation if J the. ratio of - -'ic. 
the estimated coefficient to the estimated standard deviation 
(coef./s.d.) was greater than 1.0. Although this represents a very i 
low probability of significance, such independent variables were ■ * :;*  
retained primarily because these studies were exploratory. Values ti. 
between 1.0 and 2.0 may also be considered of doubtful significance. , x .

i



Values of 2.0 or greater would occur by chance with a probability 
of 0.05 and therefore Independent variables having values of 
coef/s. d between 2 and 3 are referred to as probably having a 
significant relationship to thedependent variable. When used as 
Independent variables In multivariable equations, the coefficients 
of sodium and potassium oxides. In some tests, were highly ‘ k 
significant and In other tests variations In one or both of-these 
alkalles had no apparent effect on the property measured. Trace , 

have , ‘elements that were found to coef./s. d. greater than 1.0 were Sr., 
Ba, Cu, and Bb most often, second were Zn, V, P, and Or and third 
were Co, Nl, Mn, LI, Pb and Tl. Mo detected In a few cements did 
not appear In any of the equations.
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The following Supplementary Papers are summarized in this report. . .
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This is a condensation and summary of seven supplementary papers 

on the general relationships between the nature and structure of cement 

pastes and the engineering properties of concretes and mortars made 

therewith. .

The seven papers can be divided logically into three groups: 1) a 

general review of deformation processes (Slate and Meyers), 2) the in

fluence of composition and other properties of the cement on engineer

ing properties of concrete (Alexander et al, Popovics, Vivian) and 3) .

the influence of chemical and physical properties of the paste on these . 

same engineering properties (Ishai, Mishima, Seki et al). Categories 2 

and 3 are, of course, a separation based on emphasis rather than on the 

fundamental difference. •

The present author has, in his reportorial function, deliberately 

not taken the part of critic, but has tried merely to summarize the 

main aspects of the papers assigned to him.

Slate and Meyers discuss in turn the various components of a con

crete that‘are subject to deformation, called deformees, and the various 

influences that bring about deformation, called deformers. The former 

comprise all the phases of the concrete: the aggregate pieces, the larger 

crystals and small crytallites of the paste, the free, capillary, adsorbed, 

and chemically-combined water, and any air-filled spaces such as bubbles, 

voids and cracks in the paste or at the paste-aggregate interface.

The deformers considered are the forces attributable to chemical reac

tion, such as hydration and carbonation, stress and pressure, and changes 

in moisture content. 



The processes that are brought about by interactions of these " 

forces and objects are elastic strain, fracture, flow, diffusion, ' " *

solution, and reprecipitation.

The authors evaluate these processes in terms of the magnitude 

of the resulting deformations. Important distinctions are made be

tween deformations from short term loads that result in elastic 

strain and fracture and those from long term loads that result in ‘ ‘

creep. • - 1 J

Particular emphasis is placed on the aggregate-paste interface ' ' '

and on the effects that result from cracks at this place. In general," •’ 

important distinctions are drawn between generalized and localized de- ' * ’ 

formations, and the conclusion is made that the engineering behavior * 

of concrete is determined by and limited by the localized changes that 

take place at crack tips, water filled voids, and aggregate-paste inter

faces. '

The paper of Popovics is an attempt to describe the changes in 1 "

important engineering parameters of concrete by a model that has simple ' 

properties. The most important ones are that the cement is composed of ' 

only two active components, the C^S and everthlng else, and that the 

decelerations in the values of any properties' associated with the hydra-' 

tion are, at any time, proportional to the magnitude of the property yet '* 

to be developed. For example, at any time the deceleration of the strength 

change would be proportional to the difference between the strength at that 

time and the ultimate strength to be obtained. ' This proposition has previ- ’ 

ously been tested with respect to strength development. In this paper, in



addition to a review of the strength results, the model is tested*  

against two other indexes of cement hydration, the non-evaporable . 

water content and the specific surface of the gel formed. A further 

assumption was made that the C^S component is responsible for the 

generation of three times the non-evaporable water of "other” com

ponent. , , .

The test was made by a comparison of the experimental values 

of others with the values predicted by the model. In addition, ef

fects of curing temperatures are included by combining the model 

with the Arrhenius equation. , >

The results are that the model provides a reasonable prediction 

of the parameters in question, with the agreement for strength being . , 

the best and that for specific surface the poorest. The coefficients 

of deceleration were found to be linear functions of the C^A content 

of the cement in the cases of strength and non-evaporable water 

development. , . .

The considerations of temperature gave a result similar to the 

well-known maturity rule. , , .

One of the interesting empirical aspects of Popovic’s model is 

that it seems to include the consequence, often observed, that any . 

condition that increases the early strength of concrete will result .. 

in a decreased final strength and vice versa. Such conditions as 

temperature, the presence of accelerators or,retarders, and cement „ 

fineness seem to follow this generality. . ■

Alexander, Taplin and Wardlaw present data showing the relation

ships between composition and certain other properties of thirty 



cements and the strength and degree of hydration of pastes made there

with. The conditions of hydration include a wide range of water-cement 

ratios, 0.35-0.80, and temperatures from 5 to 75 C. The duration of 

hydration of the pastes was from a few hours to six months. The com

pound compositions of the cements varied from about 40-62 percent for 

CjS and from practically nil to 11 percent for C^A.

The resulting data were analyzed by means of mutiple regression 

analysis. The most significant general result is the very great 

dependence of the strength differences on the C^A contents of the 

cements. This influence was predominant at ages from 7 days to three 

months and most important at intermediate ages and water-cement ratios, 

i.e. at just those conditions under which the strength of concrete is 

most often determined as an index of its quality, water cement ratios 

of about one-half and an age of 28 days. This influence of the C^A 

seems to be in accord with the findings of Popovics, mentioned earlier. 

The relatively large differences in C^S content proved to be compara

tively unimportant.

Since the influence of C^A left a relatively small but significant 

residual variation unaccounted for, the influence of other compositional 

and physical property variables was examined. Particle size, free lime, 

and potassium were the only ones that correlated significantly with 

strength. The influence of the reciprocal of the mean particle size on 

strength was positive and appreciable in magnitude at intermediate ages. 

The influence of free lime was negative and greatest at later ages and 

lower water-cement ratios. It was also fouiid that the influence of the



manganese content on strength variation was significant at very early

ages.

The data seem to show that the silicates are hydrating faster in

cements with higher C^A contents. Speculation is advanced for the

possible reasons for this effect.

The data on hydration and on the influence of .temperature showed

the influence of C^A content on hydration to be even greater then for

strength and to be most important at intermediate temperatures.

Vivian examines certain properties of cement that may be of 

considerable importance to the workability, strength, and durability

of concrete and that are not adequately controlled or measured in

current cement production practice. .

It is pointed out that the particle size distribution of the 

finished cement is Influenced by the particle size distribution of

the raw meal as well as by the final grinding. Inadequate control 

of these features of the meal can result in variability of the 

cement that is significant in its performance in concrete. An 

important aspect is the difference in grindability between the 

clinker and the gypsum, which results in the presence of the gypsum 

in predominantly the finer fractions of the cement. Further differ

ences in the cement can be introduced during grinding if the mills , 

are air-swept and the cement is subject to variable amounts of, 

aeration.

Vivian advocates a reduction in the amount and temperature of 

the air stream, closed circuitry of the air system and increased



separator efficiency to minimize the time the finer particles stay 

in the circuit.

The paper describes the problems the author'states arise when 

gypsum particles are occluded by the hydration products of the cement 

and thereby become prevented from going into solution for perhaps long 

periods of time. This condition can result in insufficient gypsum for 

normal retardation and a consequent lack of workability of the concrete. 

At much later times a further problem can exist when some influence, 

perhaps the volume changes associated with wetting and drying, disrupts 

the encapsulation of the still-unreacted gypsum and liberates it to 1 

undergo possibly expansive reaction with aluminate components of the ' ‘ 

paste. It is stated that this may be the cause of surface crazing of 

concrete subjected to temperature and moisture-content cycles.

The author discusses also the influence of particle size and 

particle size distribution of the cement on the strength and shrink- " 

age of concrete. The main differences seem to be in the distances 

hydration products may travel during their deposition as well as in J 

the more obvious matters of degree of hydration at any given time.

The paper by Sekl, Kasahara, Kuriyaina, and Kawasumi examines the 

relationships between the degree of hydration of cement and several 

mechanical properties of concrete. ' ' ‘ * '*  ’ '

Experiments were conducted with a moderate heat' cement in a con

crete designed to be typical of mass concrete construction, although ‘ 

the largest size aggregate was screened out prior to the casting of 

samples. The concrete was then cured under water. ’ • 1



Bound water was determined on pastes by vacuum drying at 5mm Hg 

over silica gel for three days. The resulting value of 0.37 of the 

cement weight for complete hydration means the "bound" water In this 

study includes more than the non-evaporable water of other studies. 

Values of bound water were used to determine the degree of hydration ' 

of the concrete at any given time. . "

The compressive strengths showed a linear relationship to the 

ratio of hydrated cement to original water content ratio, both for 

the laboratory concretes and for samples taken from various dams In 

Japan. This relation Is similar to the well-known gel-space ratio 

relationship, which is discussed in the principal paper of this ‘ 

session. " ' ■ ' ' - o

Elastic moduli were determined by measurement of"the longitu

dinal wave velocity In the concrete samples. The wave velocity was 

found to be a linear Inverse function of the volume of water In the 

sample that was not "bound", i.e. the greater the extent of hydra

tion, the higher the velocity and therefore, the elastic modulus, 

which is normal.

Comparisons were also made between the static and dynamic 

Young’s moduli of elasticity, and the empirical relationship obtained ’ 

was that the dynamic modulus was about 37 percent greater than the 

static. ; . ■ ‘

The creep studies resulted In a linear relationship between the 

creep factor, which Is proportional to the creep strain, and the ’ 

volume of "uncombined" water present. Such results are an additional



confirmation of the seepage theory of creep behavior of concrete. - '

In general, these studies show, once again, the commanding impor- " i < 

tance of the amount of hydrated cement in determining the mechanical 

properties of concrete.

Ishai investigated the strength, elastic modulus, shrinkage, and 

creep of mortars that had either been cured In the usual fashion or :

had been subjected to preconsolidation by an applied pressure of. about 

2400 psi at various times early In their lives. ' ■ i:

The preconsolidation always brought about changes In the measured ' 

properties. Since the compaction squeezed out a considerable portion . 

of the mixing water and resulted in a lower water-cement ratio. It is' .•

understandable that such changes in mechanical properties should occur. - 

It is possible, of course, that the compaction also resulted In a changed 

structure including more bonding points of contact between the solid 

phases than are present In normally-cured materials. • <

When the mortar was preconsolidated about 3 hours after casting the 

strength was over twice that of normally-cured specimens. The elastic , 

modulus difference was smaller and not nearly proportional to the strength.." 

change, which probably in Itself is an indication of microstructural 

change. Precompressed specimens exhibited smaller volume changes on wet-' •. 

ting and drying and somewhat less creep strain than their counterparts. 

Further, specimens that were oven-dried showed no creep strain at all, a . • 

result that confirms earlier work. . - ■ -

All the foregoing papers were concerned with problems of portland 3 .

cements. The paper by Mishima turns to problems of high-alumina cement. ,1 



He examines the relationships between the compound composition of the 

hydration products of high-alumina cement and the strengths of their 

mortars. The conditions included water-cement ratios of 0.4-0.7, 

curing temperatures of 10-40 C, and curing times up to 7 days.

The compound compositions were determined by semi-quantitative 

x-ray diffraction methods. The predominant hydrates formed at 10 and 

20 C were and C2ÄHg, there being relatively more of the former ‘

at the lower temperature. At 40 C no CAH^q was found and the larger 

amount of CjAHg initally formed progressively converted to the stable 

cubic C AH, and gibbsite, AH_, in the well-known reaction that brings 3o J
about important engineering problems in the use of these cements.

At 30 C the formation of significant amounts of any hydrate was 

delayed until about 12 hours and the conversion to C^AH^ began only 

after several days. ' ,

Strengths roughly followed the amounts of hydrates produced ex

cept that the conversion to C^AHg resulted in the usual strength 

decrease. Strengths attributable to the presence of CAH^q seemed to 

be greater than those attributable to the presence of C^AHg. The 

influence of the water-cement ratio was about the same as with port

land cements. . ,

At 30 C, which temperature seems to represent the onset of the 

conversion reaction, the lesser reactivity was reflected in longer 

setting times and lower strengths.
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■ The resistance of the concrete respectively of the cement stone 
against external aggression is a constant subject of international 
conferences. On the occasion of the III.. International Symposium on - 
the Chemistry of Cement, Washington, I960,, the VI.. Section /Destruct
ive Process in Concrete/ dealt with questions of corrosion, but dur
ing the deliberations of other sections questions related to the . 
corrosion of concrete were breached as well. Since then, in 1961 the 
BILEM.had a Colloquium in Prague on the durability of concrete. - In 
1966. an international conference on silicates was held in Weimar; . .. 
its III. Section discussed problems of. the corrosion of .concrete. In. 
1967 a conference in the same field of interest was organized in . 
Leipzig. Representatives of 37 states participated in the.three last 
mentioned gatherings and more than 90 papers were, read, concerned 
directly or indirectly with problems of concrete corrosion. , _■

It must be mentioned here that among several states, in Japan 
the Cement Association of Japan organizes General Meetings, where 
papers are read in this subject matter, and are published in the 
yearly Reviews. "

After such antecedents it may be appropriate to consider, what



kind of phenomena should be included in the scope of concrete corro
sion problems. In first concept we mean by the term ’corrosion pro
cesses of concrete*  damages of concrete caused by the penetration of 
liquid or gaseous substances into the solidified concrete.

Thus we may speak about corrosion by carbonic acid, by nitrogen 
oxide, hydrogen sulphide, by gases or by sulphatic, chloridic or „ 
other salt solutions of natural origin or occurring as - industrial by
products. I would term these as external corrosive effects. Neverthe
less the internal transformations of the cement stone, and the re- ' 
crystallization of the hydrated compounds, produced during the bind
ing of the cement, can cause also structural changes which may initi
ate or accelerate the start of corrosive processes. . , '

In my German book - Betonkorrosion — Betonschutz, i.e. Concrete 
corrosion — Concrete Protection; 1968 - I termed these processes as 
processes cf internal origin, shortly as internal corrosive processes. 
Properly speaking, the destruction of the cement stone caused by the 
free lime and magnesia and accompanied by expansion, comes also under 
this heading, although it is not usual to discuss these occurrences 
within the scope of corrosive effects. ....

Nevertheless the expansion induced by an excessive quantity of 
gypsum interground to the clinker, or the destruction effected by 
the recrystallization of the hydrate compounds of aluminate cements, 
had appeared in the discussions also as a corrosion phenomenon since 
a longer time. These latter typical phenomena of internal corrosion 
were considered always as belonging to this subject matter.

The occurrences of external corrosion are effected by solutions 
diffunding into the cement stone. Any occurrences promoting diffu-



aion, i.e. increasing the porosity of the concrete, accelerate 
the proceeding of corrosion. Therefore phenomena having a' feeaT-ing ■
on the porosity of the cement respectively cement stone can not 
be separated from the investigation of concrete corrosion. Many 
observations and theoretical considerations lead to the assump- ' 
tion, that the increasing of the pore volume is brought about by 
the transformation of the unstable hydrate compounds, developed 
primarily daring the hydratation, or of hydrate compounds getting 
unstable"due to the changes of the surrounding to stable com
pounds . If the filling of the space by this stable formation is •• - 
diminishing, fine cracks appear which facilitate the penetration - 
of aggressive solutions and gases. ~

The study of the corrosive phenomena within the concrete - 
necessitates therefore the examination of the internal corrosive 
phenomena as well as the exploration of the pertaining research 
results."It follows from this statement that I deem it necessary 
to take into consideration the thermodynamical investigations con
cerning the stability of the products appearing during the setting/i 
of cement. On the occasion of the Washington Symposium Brunauer 
and Greenberg rendered account of such investigations. /Mono-.' 
graphy. Vol.I. p.155: Free Energies and Entropies of Hydratation/ 
as well as Mchedlov—Petrosyan and Babushkins /Monography. Vol.I. ' 
p.533: Thermodynamics of the hardening processes of cement/. In 
1962 a book edited by Mchedlov—Petrosyan appeared in Russian,. 
later in 1965 in German, discussing the thermodynamics of sili
cates /Thermodynamik der Silikate/. — The same authors have read 1. 
a very important paper in the next year at the Weimar conference



with the heading: "Die Thermodynamik der Korrosionsreaktionen' des ' 
Zementsteins" /The Thermodynamics of the Corrosion reactions of * 
the Cement.Stone/. -

According to these theoretical investigations ahd estima- .
tions, during the hydratation of the tricalcium silicate /C^S/ -
and of the 'beta-dicalcium silicate /C2S/, any of the known calcium ' 
hydrosilicates may be produced. The values of free reaction »"■ 
enthalpies of the development of hillebrandite, phosphagite, to- , 
bermorite, riversideite and xonotlite are so near to each other 1 
that from a thermodynamical point of view,the production of any . . 
named hydrate compounds is possible. However only the hillebrand
ite possesses a stable material structure:.up to 200 centigrades. 1 

a6
portlandite occur stratified alternately, yet its Ca^OH^g-content . . 

may be more or less. — Thus the proportion CaO/SiOg can vary x
withoht a change of the basic structure /see e.g. Kantro, Bru- . .r 
nauer and Weise, Portland Cement Ass. Bulletin 1961 and 1962, — .
further Locher: Zement-Kalk-Gips, 1964/. ♦ " ..

Although several research workers term this product tober-  - 
morite, instead of hillebrandite, in accordance with thermodynam- , 
leal investigations the stable product constitutes hillebrandite. 
/I do not consider it as my task to discuss this contradiction./ 
Due to the variable proportion of Ca/Si, deformations occur, - 
wherefore the hydrate. changes its original uniform structure and .j. 
appears sometimes in a lamellar structure, or in a coiled habit, r 
similar to halloysite. This stable phase is represented in the . 
technical literature by the formula C9SH and the different morpho-

[sie0!^ (0H)2/In its elementar cell films of xenotlite /C



Logies are differentiated by the three capital letters A, B, C.-' 
Influenced by various outer factors the hydrosilicates may trans- - 
former recrystallize, however this process is accompanied on the '- 
one hand by more or less swelling, mostly by volume decrease and 
the generation of structural discontinuities, which contribute to 
the shrinkage consequent upon the removal of the gel-water, — on * 
the other hand hair cracks develop easing the diffusion as a con
sequence of the transformed structure. •  ,, .

Brom X-ray photographs one must conclude that neither of the : > 
mentioned appearances possesses a good stable lattice structure, _• 
which fact renders their identification difficult.

These symptoms, the kinetics of the transformations, are,in
fluenced by the rate of hydratation, the water-cement ratio and , .
the temperature, — thus the rate of stabilization depends on the . 
mineral composition of the clinker, the grinding fineness of the 
cement, moreover on the technology of concreting. As the shrink
age of the mortar is somewhat slowed down due to mechanical and 
physical facts — by the sand blended to the cement paste, and this 
is veryfied by the fact that the mortar shrinkage estimated on 
the base of the shrinkage of the cement paste, measured in labor
atories, surpasses essentially the actually measured value, — it 
is apparent that the occurrence of cracks promoting the corrosion 
is dependent also on the ratio of the cement/fine sand. /Under ■ 
the term "fine sand" an aggregate finer as a grain size of 0,2 mm 
is meant./ .

Here already I want to indicate that, contrarily to the 
above mentioned proceedings, the selfeeaLing processes - in most _ 



cases occurrences of calcite /which is a result of carbonization 
caused, by the carbonic dioxyde content of the air/ or of its modi
fications — may occlude in the case of a Portland-cement binding 
agent the capillaries carrying water, still with concretes in - 
which the formation of calcium carbonate is not probable or is 
lacking a possibility, this process — increasing greatly the 
durability of concrete — does not develop. — It is to be noted

• that in a moist air the hillebrandite reacts with the carbonic- 
dioxide content of the air, and some modification of calcium 
carbonate comes to being, accompanied by a segregation of a 
silica-gel contributing also to the self-sealing.

It is a known fact that daring long-time studies of concrete^ 
fluctuations can be observed, with investigations of strength as
well as with measurements of dilatations. It is deplorable that
these observations were not cross checked until now by minera
logical investigations and by tests of stability. ,

The thermodynamical studying of the aluminate hydrates needs 
yet completions. According to the present computations in the 
temperature range of 20 to 120° C, the C^AH^g is the stable 
hydrate compound /which is mentioned mostly as C^AH^^ in the 
technical literature/, whereas at a higher temperature the hydrate
compound C^AHg — appearing in the cubic system of crystallization —
is stable. Hence it follows that tetracalcium aluminate hydrate
ought to originate equally from C^A, from C^^Ay, CgA-and CA.

However the experimental results contradict this statement
in some respects. The tesseral modification arises already at a 
lower temperature than 120° 0, while below 25° C if or CA 



la hydrating the monocalci tun aluminate hydrate is the dominating 
product. As for the calcium aluminate hydrates, I will deal, with 
them in connexion with the dissertation of van Aardt. -

Two types of sulphatic aluminate hydrates are known; their 
formation is equally possible according thermodynamical computa
tions, yet the stable crystallizing compound up to 70° C is the 
trisulphate, the so called ettringite; above this temperature the 
formation of a monosulphate is more probable. ’ '

Although the classic opinion -• evolved already at the end 
of the past century — was accepted generally for a long while, 
and was in accordance with the practical experiences, — recently 
different misgivings arose, as our knowledge was deepened by the 
development of new instrumental investigations and new theories 
have been published. For. a long time the begin of crystallization 
of the ettringite could not be observed by microscopic examina
tion, by means of the latest instrumental analytics it could have 
been proved that the ettringite crystallizes in the cement stone 
after a delay of some minutes following its getting mixed with 
water. /Schwiete, H.E.; Ludwig, U.; Jaeger, P. — Zement-Kalk
Gips. 12, 1964. p. 103/« — Nevertheless this statement is contra
dicted by the observation that at a temperature of about 20° 0 
also a monosulphate may come into being, further that ettringite 
can be found in a concrete strengthened by steam curing and auto
clave treatment.

Some research workers furnished data referring to the possib
ility that ettringite may decompose at a temperature of about 
20° C. Thus Koyanagi showed on the occasion of the 1952 London



Symposium a microphotograph, which enabled readily the observation 
of disintegrated crystalline ettringite needles. /Report ... 1952. 
p. 252./ Schwiete and Kiel /see Zement-Kalk-Gips, 18, 1965. p. 
157./ established by means of infra-red absorption photographs 
that the aluminate-sulphate hydrates issuing from the first 
minutes of the binding process, disintegrate partly and that * 
gypsum separates out. It has been verified that this disintegra
tion is due to the change of concentration of the cement water.

The calcium-sulpho-alumlnate formed on occasion of the bind
ing of cement may be characterized by two features. Investiga
tions conducted up to now show that within a pH-value margin of . 
11,5 - 11,8, minute rods precipitate from the solution into the 
dispersed pores, yet their formation does not endanger by any 
means the stability of the cement stone, on the contrary, their 
intergrowth increases its strength, /it is an established fact 
that the hardening of the sulphatic blast-furnace slag cement is 
due in the first place to the ettringite./

However with a pH-value of the cement water between 12,5 - 
12,9, spherically protruding crystal agglomerations arise from 
the tricalclum-aluminate grains — probably by some topochemical . 
effect — which produce a swelling by their crystallization 
pressure. Therefore if the CaO-concentration of the cement water 
is high, /in this case it is usual but perhaps not justified to 
speak of supersaturation/ a swelling may issue. Not many electron
microphotographs are available, showing a cement structure which 
has produced in the practice a swelling by gypsum, nevertheless 
from the few photographs we obtained, the same structure can be



identified which was verified in the case of the ettringite pro
duced by a topochemical process. A difference may be established - 
perhaps by the fact that the ettringite needles do not radiate " ' 
from a single point, but they appear also in bundles. /See e.£. 
Dreizler, Zement-Kalk-Gips, 1^, 1966. p. 221./ This harmful 
crystallization of the ettringite can be diminished by the same • 
measure by which we are able to decrease the Cation-content' of - 
the cement water, respectively its pH-value. ■- No ulterior re- '* 
crystallization is to be feared, as this process can not take 
place except through a solution, but in this case only an j‘
ettringite can be produced which is harmless from a morphologic
al view. While the swelling phenomena caused by the etttingite - 
are proven by microscopic, and in exceptional cases also by macro- ' 
scopic observations, in recent times — as I mentioned it already — 
other explanations became known too, which will be discussed in . 
my report referring to the individual papers.

We consider it a necessity to pay further great attention . 
to the elucidation of the formerly outlined phenomena. Before 
fifty years a dosage of more than JjS of gypsum was not permitted; 
today there exist cement norms which do not object to a dosage 
of 9,4 gypsum stone, if during the grinding of cement a specified 
fineness or a specific surface area expressed in "Blaine" value 
can be attained. As a result of an intensive mechanical exploira- .. 
tion it is expected that the transformation of calcium aluminates - 
accompanied by a volume increase takes place already prior*to  the 
solidification of the cement stone. By this way on the one hand 
the initial strengthening effect of the ettringite crystal-inter- „ 



growth is folly exploited, on the other hand — and this is of 
importance from the viewpoint of resistance against corrosion — 
there remains hardly any tricalcium aluminate as anhydrite in 
the cement stone, therefore no ulterior sulphate-effect can appear.

Following our opinion the development of the processes can 
not be clarified so readily, as the change of concentration of 
the solution must be taken also in consideration, as well as the 
chemical potential of different olinker-minerals and the acces
sory processes, which increase or decrease the Oa-ion content of 
the solution. There await many uncleared questions their elucida
tion till the introdueement of increased gypsum quantities ensur
ing the enhancement of the initial strength could be recommended 
with responsibility. This remark refers to the fonnulas also, 
which were proposed by some research workers for the permissible 
gypsum dosage. •

The sulphatic corrosion and the products appearing at the , 
hydratation of the calcium-aluminates in presence of gypsum, are 
dealt with by the dissertations of J.H.P. Aardt and S. Chatter^!. 
These two papers represent the continuation of the discussion 
arisen by the publication in 1965 of the "New Hypothesis of Sul
phate Expansion" — a theory of S. Chatterji and J.W. Jefferey.

In his present treatise Chatterji introduces this hypothesis; 
he starts from the fact that on occasion of the hydratation of 
calcium aluminates the primary product is the C^AH.^, which re
acts with the CaSO^ being in solution, and forms the complex salt 
termed monosulphate. This formation of crystals is one cause of 
the sulphatic corrosion, vulgarly of the gypsum swelling. In the



Last years several research workers /M.H. Robert, P.K.'Mechta, 
A. Klein/ expressed their opinions on this theory. '

Van Aardt does not agree completely with this theory.'In the 
first part of his paper presented on "The Influence of Temperature 
on Sulphate Attack on Portland Cement Mortars" he furnishes new 
data, completing the knowledge of the hydrate compounds originat
ing from the hydratation of the tricalcium aluminate. These com-^ 
pounds are characterized by the basal spacing of the lattice in' - 

■ othe crystal phases, thus the cubic C^AHg by 5,14 A; the hexagonal 
tricalciurn-aluminate hydrate by.7 the C^AH^g by 10,6 and 5,3 A; 
the CgAHg by 10,7 5. Those are all known hydrates, but he has ' ' 

found an other, which he terms by 8,2 and 4»1 As there exist 
some differences between the literary publications, it is to be '- 
noted that the C^AH^ is identic with a C^AH^g dehydrated in a . 
small degree. ‘ - 1 "

Among the sulphatic complexes Aardt has detected beside of •_ 
the known ettringite /9,7 and 5»6 X/ and the monosulphate com
pounds /8,9 and 4,4 X/ 3 intermediary products, which he charac
terizes by the d-spacing data 10,3 X, /9,6 and 4,77 A/ and last . 
by /8,5 and 4,23 1/. - . . . ; , . . . - .  -

Though the limited space of such a summarizing report does - .
not permit digressions and the approach of special details, I 
feel it justified to stress the observation of the intermediary " 
products, because the instrumental analytical methods at our dis
posal make it already possible to control the views and opinions., 
accepted up to now and considered almost as classic. It turns out 
in nearly eveiy case that the endproducts develop through instable



intermediary products, nevertheless those intermediary products 
get in many times stabilized. . '

Van Aardt published his observations of reactions at 5° re
spectively 25° 0. -

At 5° 0 the aluminate-hydrate substance 10,6 j? forms from ’ 

the tricalcium aluminate, which produces with 1 mole CaSO^ the 
intermediary product.9,6 in the course of time the monosulphate 
develops from this substance.

Similarly at 5° 0 with 3 moles CaSO^ ettringite forms, which 
disintegrates after 10 days producing an instable product oharact- - 
erized by 10,3 1. -

At 25° C different transitions lead ultimately to ettringite, 
but a transitory product 9,6 X comes into being too. Thus the 

temperature of hardening influences the set up of the hydrates ' - 
forming daring the hydratation, as well as the composition of the - 
complex compounds forming ander the influence of the gypsum. -

The author deals with the favourable influence of autoclav- . 
ing. The autoclaved concretes — as established by other research .. 
stations also — are din a great measure sulphate resistent. With- . 
out intending to predict the results of future research works, I' 
may remark that any heat treatment, in consequence the autoclav
ing too, increases the rate of recrystallization; the solubility 
of the rough-grained calcium hydroxyde lessens, the pH-value of 
the cement water decreases, what all has a bearing on the composi
tion of the complex sulphate compounds.

By those meqns we obtain about the same effect as when we 
diminish the quantity of the Ca-ions dissolved in the cement :



water by acidic additions or by intergrinding of blast-furnace '"' 
slag. . - -  , ~ v

S. Chatterji proposes in his thesis on "Mechanisms of sul- - 
phate expansion of hardened cement pastes" to add fineground 
calcite to the cement and. transform this way the into a :
well known product containing CaCOj , which is nnable to trans- : 
form into a sulpho-compound causing swelling. The author deals 
further with the specific effect of cations which he classifies 
into three groups. . -

The treatise of Dr.Ing. Heinz G. Smolczyk "Einige Beobach-- 
tungen und neue Gesichtspunkte zur Einwirkung von Meerwasser auf 
Beton in der Vasserwechselzone" /Some observations and new view
points' on the effect of sea-water on concrete in the zone of tidal 
fluctuations/ /RILEM Bulletin, Nr. 32. 1966./ can be considered 
as an introduction to his paper presented here on the Chemical 
Reactions. of_Strong Salt-Solutions_with ConcreteThe author sur
veys the present state of the Helgoland experiments carried out 
since fifty years concerning the action of sear-water on concrete.

He states that the sea-water having a relatively high chlor
ide content causes on a compact concrete but a slow sulphatic " .
corrosion. /This statement will yet come up in this report later./ 
However the salt solutions get concentrated in the tidal zone by 
evaporation. This necessitates the study of the corroding effects 
of concentrated salt solutions. In his later paper, before our :
Symposium, he describes the preparation of the .test specimens ..
with a water-cement ratio of 0,4» which were stored in a salt 
solution containing 1,3 mol/liter, further in concentrated salt ,



Solutions. His research results which were not concluded till the ' 
spring of 1968, can be harmonized in general with other research 
results. ‘ .

The most intensive corrosion was brought about by the solu
tion of magnesium chloride, /ffe know that this type of corrosion 
is due not only to the chlorine-ion, effecting chemical decomposi
tion, but also to the ability of the magnesium-ion to replace the" r 
chlorine-ion. — To a lesser.degree the calcium chloride causes ' 
corrosion too, and the sodium chloride was proved harmful to a 
least extent. It is surprising that the Portland cement possessing 
but a small saturation by lime, supported the attack of saturated 
solutions better than expected. For the sake of completeness we ■ 
may remark that the American Concrete Institue Committee Report ' 
515 declares all chlorides as aggressive, strongly aggressive the 
calcium-, magnesium-, sodium- and potassium-chlorides, and infers 
with the ferrous-, copper- and zincum-chlorides a slow concrete r J-2. 
destructing effect. ‘ • ■ ■ - v

During the last eight years many treatises appeared on ag- -- 
gressive effect of de-iceing solutions. As no paper concerning ’ 
this theme was submitted to our symposium, I do not want to dis
cuss this most important question in detail. Nevertheless it is 
evident that against the influence of these solutions containing 
magnesium-, sodium-, calcium- and often potassium-chlorides, the ■ 
floorplates of pavements and road surfaces must be protected. One ■ 
method of protection is the maintaining of the fines-content of 
the dry concrete mix above a minimum value /of 500 kg/m^/, further 

the production of an air-entraining concrete. -



' It must be stated that the question of sulphate-tesistihg 
concrete was discussed by very many authors in the last eight " " 
years. The participation of the individual clinker minerals in 
the sulphate-resistance of the concretes was cleared, except the 
specific behaviour against sulphatic solutions of the products * 
proceeding from the hydratation of the brownmillerite; this latter 
problem awaits yet its fuU. elucidation. It has been established 
what quantity of blast-furnace slag ensures the sulphate resist
ance of cement, further a light was thrown on the fact that not " " 
every metallurgical slag behaves the same way.

The adopting of the rapid testing method by Koch and Stein
egger /Zement-Kalk-Gips, 13, I960, p. 317./ facilitated largely 
the performing of these examinations, further other investigation 
methods were employed, which had not been at disposal in the 
earlier years, e.g. the infra-red spectroscopy, the frequency dis
tribution of the resonance and the electron microscopy. It is but 
natural that routine tests of strength, of the relative bending
strength value, and measurements of dilatation are used further 
on, and even the old needle—test of Le Chatelier is employed again.

P.W. Locher /,,Influence of Chloride and Hydrogen carbonate 
on the sulfate attack* 1/ carried out experiments with small prisma
tic specimens to study the influence of chloride and hydrocarbon
ate on sulphatic attack. His dissertation submitted to our Sym
posium has the purpose to clear the problem, why a concrete shows 
a greater resistance in sea-water than in solutions of identical 
concentration prepared in various laboratories. It was supposed 
till now that this differential behaviour is due to the presence *



of sodium chloride. — The work of Professor Locher does not veri
fy this assumption, as he found out that the hydrocarhonate con
tent of the sea-water attenuates the aggressivity of the salt e , - 
solution. — The formation of a calcite stratum protects the inter
ior of the concrete from the diffusion of the aggressive solution. 
He proved further that the sodium chloride alone does not dimin
ish the amount of ettringite and that the occurring monochloride 
originates from the C^A unconsumed up to then. The determination 
of these facts will enforce the revision of our present knowledge. 
The remaining conclusions of the dissertation verify prior re- . 
search results. -

This work proves once more how important a water-insoluble 
finegrained coating, precipitated on the surface of the concrete 
is. The fine precipitates seal the microchannels promoting the 
inflow of the salt solution, as well as the fine cracks originat
ing from the water loss of concretes containing excess water for 
easier workability, or cracks due to the stabilization of hydrate , 
compounds. The different physical processes and phenomena over
lap each other and it is often most difficult to analyse the some
times uncommunicative descriptions of the research’symptoms and 
to harmonize them with the practical experience.

' From among the pores of the cement stone those are important 
from the view-point of resistivity, which enable the throughflow 
of gases and solutions in particular. This "apparent porosity", 
its determination and Interdependence with corrosion phenomena, „ 
were the objects of several investigators. Thus Schwiete and Lud
wig published methods for the measurement of pore sizes /Tonindu-



atrie-Zeitung, 22,/ 1966, p, 562./ Zagar introduced the unit of 
measurement for the specific peimeability, the "perm”. — Schwiete 
and Ludwig show most valuable diagrams demonstrating the frequency 
distribution of the different pore radii and"the variation of this 
distribution during the hardening of the concrete resp, the cement 
stone. ■ ....

It would have been most interesting to compare these research 
results with our knowledge concerning the stabilization of the 
hydrate compounds in dependance of time and the pertinent role - * 
of different hydraulic additives. /This has been done partly, 
though in the form of a short reference, in the case of changes 
taking place in the structure of aluminous cements./ "

Schwiete, Ludwig and Böhme submitted to this Symposium a dis
sertation on this subject matter. Their paper on "Measuring of 
gas diffusion for the valuation of open porosity on mortars and 
concretes" discloses the determination theory of specific perme- " • 
ability and comes from experimental results to the conclusion • *
that beside the volume diffusion into the cement stone, surface 
diffusion must also be taken into account. The authors deduce an 
interdependence between the specific permeability, the carboniza-4 
tion, the compressive strength and the freeze proofness.

I have'to mention here that Schwiete and Ludwig presented * 
also a second and very important study with the heading "Influence 
of open porosity on the stability of concrete and mortar against 
aggressive solutions" which can be considered as a continuation - 
of the former and contributes by a most valuable item to the clari
fying of this very important problem. — The authors performed, .



their experiments in solations of sodium-, magnesium- and calcium-t 
sulphates, and of sodium-phormiate and acetic acid. They layed 
down the fact that a low permeability renders the cement stone 
corrosion resistant to a greater extent, than could be expected 
on the basis of the mineral composition of the cement, and of its 
hydraalite- or blast-farnace-slag-content. In order to ensure the 
sulphate resistance of the concrete by chemical means, the corrosiv
ity-limit value mut be below 0,8. /Under corrosivity-limit Value 

the following fraction of mo^-values is meant:

It is an interesting statement that the composition of the 
cement stone undergoes after a time a change by the influence of 

—2a sulphatic corrosive attack. Not only SO^ diffuses into the 
cement stone, but there takes place a migration of material also 
in the opposite direction. — If the Ca-content of the system is 
reduced to a certain extent, the further sulphatic corrosion slows 
down or may cease completely. „ s.

This dissertation contains extremely many interesting and , 
important observations. Nevertheless one could want an answer to 
the question: if ettringite is produced subsequently, what condi
tions make possible the development of the harmless type of ettrin
gite, — taking into consideration that the sulphatic slag cements 
contain even after a delay of several months some anhydrite. More
over in the brownmillerite cements the rate of hydratation of this 
ferrite phase is so small that a hydratation of aluminates can 
occur even in the cement stone hardened already. — I consider the 
the compilation reporting on the results of the more important



seventeen corrosion tests as a particularly valuable item of the 
treatise. .

Concerning the high-aluminous cement, this time a self-con
tained dissertation comes before the Symposium: Ryuichi Tsukayama,s 
"Effect of Conversion on Eroperties of Concrete Using High-Alumin-, 
ous Cement". '

Questions in connection with aluminate cements were handled 
at the Washington Symposium by L’Hopitalier /Paper VIII.-4/, who 
summarized the research results since 1938, particularly stressing 
the hydratation of the different calcium aluminates. — He intro
duces in his report the table of 7/ells and Carlson, accordin^Qwhich 
under 24° C the monocalcium aluminate hydrate is the dominating 

product, whereas at a higher temperature the C^AHg , crystalliz
ing in the cubic system, dominates. This result compares fairly . . 
with the statements of other researchers, yet there exists a re- . 
search result, according to which hexahydrate can be found already 
at 10 centigrades in case of a higher water-cement ratio*

All these results verify in general the thermodynamical 
computations, and as the differences of free enthalpy are in the 
case of different hydratation phases not significant, at least 
temporarily unstable hydrate compounds may arise, which transform 
at a higher temperature, or after a longer period, or influenced 
by both, to a stable hydrate. This transformation is accompanied 
by a 40$ diminution of the solid matter volume. ,

This stabilization process increases greatly the porosity, 
which fact implies — according to the formerly discussed papers — 
a lessening of strength and the deterioration of the corrosion



resistance. Research Eng. Talab^r reported, on the experiments con
cerning the loss of strength, conducted for 25 years approx., at 
the RILEM colloquium /Report II. 1962. p. 109/. — This diminish
ing of strength starts in general after a delay of six months, and 
no settling of this process at some lower strength level can be 
determined. With the parallel series of Portland cement fabricates, 
the increase of strength continues in average for a year, and from 
this time on the strength remains stable . — It could be recommend-'' 
ed to perform on occasion of such well defined experiments complete 
crystal-chemical investigations. ...

' Now the treatise of Tsdkayama brings new data pertaining to ' ~ 
this question. The curing of the samples was done at 50 centigrades, 
at which temperature the hexahydrate should be already the dominat- 1 
ing product. As at the time of setting also the formation of un- '
stable mono- and dicalcium-hydrate is possible, the researcher '
could state a loss of strength. However the apparition of the stable 
product in a greater quantity could have slackened the extent of ''' 
transformation and the attendant structural decomposition.' It would 
be of interest to compare these research results with the formerly 

‘ ’ *•  * -treated items. — One must agree fully with the author stating that' 
the transformation and the accompanying growth of the pores is 1 
interdependent with the loss.of strength. * ~

The author raises the idea too, whether the destruction of ' 
the high-aluminous cement could be avoided by enforcing initially' ‘ 
the formation of stable products. However this technological ap
proach would imply the loss of the great initial’strengths. ~

The durability problem of high-aluminous cements is not only r



a scientific question but one of great economic consequence. Biczdk 1 
summarized, at the Leipzig conference in 1967 the damages of 'confetes 
made with aluminous cements, come out in the last decade in several ■f 
countries, which necessitated e.g. in Hungary and Bavaria costly - ' 
reconstruction works. ‘

In this connexion I show a diagram /see the figure in the 1" ' 
Annex/, which is the result of many years of research' and practic- “ 
al data collection, and appeared in the Hungarian Cement Handbook, - 
published in 196?. ■ . . ' - -

This diagram enables the designer to predict the development 
of the strength of an aluminous cement mortar under the influence 
of the temperature in function of time. - , . ' —

I can’t omit to mention here that the cement stone made of r '- 
a high-aluminous cement shows various changes of colour due -to ■ " r* ' 
its intrinsic transformations. An oxydizing firing produces’a’- - - < 
brownish-rosy shade, a reducing one a dark grey or light gray shaded 
whereas cements-produced from iron-free raw materials — by burning 

blastin a metallurgical/furnace — show a discolouration of white.into- -v 
gray. These discolourations enable5the technicians in a certain.
measure to draw conclusions’.concerning, a qualitative change.-In 1 *• 

the course of the reconstruction works mentioned formerly, the > f : 
grade of the decomposition of .concretes is established by means" .
of diffraction radiograms, and recently also by..the thermographic < 
determination of the Al/OH/^ proceeding from the CAH. - .. v-. .

The frost resistance of the concretes is the subject of three j 
papers; one of.them investigates the behaviour of the concrete at L 
an extremely low temperature of —180°.C.Vfoshiro Koh and.Eiji -



Kamada judge /in their paper on "The Behaviour of Concrete Sub
jected to Freezing and Thawing as a Reference for Frost Resistiv
ity of Concrete"/ the freeze proofness of concrete on the basis 
of its freezing and thawing characteristics. The researchers con
trolled the length change of the 25 cm high test cylinders with/ ‘ -1- 
recording dilatometers. Part of the test specimens were first dried 
cautiously and then exposed to alternate thermal effects, part of 
them were saturated at the start of the experiments by storage in' 
water. There have been prepared test specimens also with different
ly absorptive aggregates. ■ J

The specimens water saturated in a different measure behaved 
— as expected — in a different manner during, respectively after, 
the 15 freezing and thawing cycles. The specimens marked by the 
author with an "s" showed in the course of experiments no greater r 
volume change than corresponding to the temperature change. On the ‘ 
other hand the saturated specimens expanded at freezing and follow
ing the experimental cycles a residual volume increase up to 0,5%' 
was observed. *

In connection with this treatise some former experimental and 
theoretical research results deserve mentioning. — In the cement 
stone — as a result of the occurring chemical proceedings — an in
ternal dewatering ensues, because the fill by the substances of ' 
hydrate compounds requires less volume^^the volume of the react- ' 

Ing clinker minerals and the necessary hydrating water together. 
At hardening uniformly distributed pores develop in the"cement ’ 
stone, possessing enough volume to takeup the volume increase. . 
caused by the freezing of the.residual water in the air-dry concrete.



I may refer here to the computations of Czernin /Zement-Kalk-eips, 
2., 1956. p. 525/.

Thia extraction of water proceeds in parallel with the hydrat 
ation, therefore a period exists when the necessary porosity is 
already developed; from this point the concrete attains the grade 
of curing where it can be considered as freeze resistant. /RILE.! 
recommendation, see BETON, 14, 1964. p. 411./ The desirable pore 
volume estimated on this train of ideas obtains only 1%, whereas 
we aim with air-entraining cements at a pore content of This 
is explained by the fact that it is impossible to ensure such an 
uniformity of pore distribution in the air-entraining concretes 
which comes about automatically in the cement stone as a result of 
the processes taking place automatically. This question was handl
ed in theory by Powers in 1956 on occasion of a Symposium dealing 
with the concreting in winter.

Gr. Tognon controls by his treatise on "Behaviour of mortars 
and concretes in the temperature range from +20 to —180° C" the 

effect of freezing on the three strength characteristics and on 
- z '■ - - - - , - ' ■* - - 

the modulus of elasticity. — It is somewhat surprising that by 
the decrease of the treating temperature the strength of the 
specimens increased, yet this increase halted in the temperature 
range of —35° and —60° 0,

For being able to value such experiments, the structure of 
the specimens, their pore distribution and their grade of satur
ation ought to,be known. One can not disregard that the cement 
stone contains, a certain quantity of water which — absorbed by 
the surface of the hydrated products - does not freeze, respective 



ly remains in such' a state that it may be nearly considered, äs’ a 
solid, even at +20 centigrades. Consequently the experimental de
termination of the water distribution should" belong to the valua
tion of the experimental results.

Professor C. Maclnnis is occupied by the "Frost Resistance of 
Cement Grouts for Prestressed Concrete Applications". — He reports 
on three experimental programs and comes to the conclusion that 
even with prestressed concrete in a restrained condition /under 
pressure/ the curing period is the most important factor determin
ing the frost resistance. — His statement that the utilization of 
air-entrained concrete has also good results, coincides with the 
results of other workers and with the practice.

K.R. lauer and C.Y/. Gray "deal in their paper "A Durability ‘ 
Study of Concrete Using Monte Carlo Simulation" with an investig
ation of the durability of a hypothetical bridge deck. They ac
complish their study by employing a calculus of probability known 
as Monte Carlo simulation method. This work can be considered also 
as a comparative study of the ordinary dense concrete and of the 
air-entrained concrete. ' ‘ '

This mathematical method, employed formerly on other fields 
of scientific research, studies by the consideration of the 
stochastic variables the probability of material qualities. The 
method termed formerly "model sampling" would be impractical with
out a high-speed /digital/ computer. ‘ ~ '

In order to judge the durability of a concrete bridge deck " 
the following influencing factors concerning the material were con
sidered: “ ‘ '



the probability of occurrence for compressive strength, 
the probability of occurrence for air content, if air-entrain

ed concrete is employed, r , ... . . ■.
the probability of compressive strength loss,,-due to air-en

trainment, ... . . . . ■ . 1 * ’
the time and temperature effects /that is the effects of cur- 

ing/ on-the gain in strength, studies by a half-year 
experiment conducted between -8 and +38 centigrades, 

dynamic modulus of elasticity and freeze-thaw cycles, ’ and 
de-icing salt scale rating and the^number of scale1cycles.

The experiments were conducted in a climatic environment com
parable to that of South Bend, Indiana /near Lake Michigan/. The 
results were summarized in 10 diagrams, the computations in 7 

v x ' - * I . • 1 1 ! J Atables. - * ' - J
According to the computations the air-entrained deck will be 

in service for about five times as long /16 years/ as the non air
entrained concrete /3,1 years/. It would be of interest to compare 
the results of these computations with the experiences obtained 
with the practical concrete decks in the chosen climatic environ
ment.

- o -
The aforesaid summarizing remarks accentuate the fact that 

in the last years a very considerable development of the research 
on concrete corrosion can be recorded. Several phenomena of corrosion 
were put in a new light.

- o -



' ConFiguration oF the standard compression strength 
oF aluminous cements depending From the tempe
rature and the time. AFter Bereczky-



GENERAL REPORT
OF

SESSION III-3: CARBONATION OF CONCRETE  
H. G. Smolczyk (West Germany)

The following Supplementary Papers are summarized in this report.

Paper No. III-16 1 "
VARIATION IN STRENGTH OF MORTARS MADE OF DIFFERENT CEMENTS DUE TO 
CARBONATION -
W. Manns & K. Wesche (West Germany) - .

Paper No. III-52
INVESTIGATIONS ON THE CARBONATION OF CONCRETE .
A. Meyer (West Germany)

Paper No. III-116
MECHANISMS AND KINETICS ON CARBONATION OF HARDENED CEMENT
R. Kondo, M. Daimon & T. Akiba (Japan)

Contents:

1. Introduction *
2. The work of R. Kondo, M. Daimon and T. Akiba
3. The work of W. Manns and K. Wesche
4. The work of A. Meyer
5. Comparison of Results Being in Complete Accordance
6. Final Conclusions for Practice

SUMMARIZING SURVIEW

REFERENCES

4 TABLES

9 FIGURES



GENERAL REPORT

1. Introduction '  ' * *

It is a great honour for me to give a summarizing report 
of the three very interesting papers by Professor K.H. Wesche 
and Mr. W. Manns, by Professor A. Meyer and by Professor R. Kondo, » 
Mr. M. Daimon and Mr. T. Akiba.

These very extensive works reveal an abundance of experi- ■' 
mental results concerning the carbonation of concrete under ' « 
quite different test conditions.

It gives me great pleasure, indeed, to be able to indicate 
that the experimental results without exception show a sur
prisingly good conformity. Furthermore there is additional proof 
given by the test results of other authors and also by our own 
comprehensive studies. ** 1 *

On the other hand I am afraid that I cannot extend this' 
statement as far as the theoretical evaluations and conclusions 
are concerned. In few cases, moreover, I could not see the 
relation between experimental results and final conclusions.

Therefore - to overcome this difficulty - it proved useful 
to differentiate strictly between the measured test results 
and the conclusions of the authors. •

The following abbreviations have been chosen: * ' " '

x = depth of carbonation " * ' * ' ‘
t = time of carbonation . ' . - /

PZ = Portland cement (Portland Zement) ' "" "
HOZ = blastfurnace slag cement in general___ 1 2

(Hochofenzement allgemein)
EPZ = blastfurnace slag cement with less than 30 % of slag 

(Eisenportlandzement) ‘ -

All the other abbreviations are explained in text, figures and 
tables.



2. The Work of R. Kondo, M. Dainion and T.'Akiba

«‘MECHANISMS AND KINETICS ON CARBONATION OF 
HARDENED CEMENT". ~ i,

a) Experimental results
Mortar prisms 2 x 2 x 8 cm with 1 PZ (65 % CaO) and

1 HOZ (55 % CaO) are carbonated in CO2~gas of 44 % RH. , ,
After 7 days*  respective 28 days*  curing in saturated Ca(0H)2 -
solution and before carbonation the prisms are stored at 44 % RH - 
to approach equilibrium. Their surfaces are sealed with epoxi- . - 
resin in such a manner that only one surface 2 x 2 cm remains 
free for CO--penetration. Part of the mortars are made with an

3 additive (0,3 cm vinsol’ resin / 1 kg cement). ‘ - ■
The pore size distribution of 7 specimens (75 to 75000 X) 

is measured. A surview on the total pore volume of the 6 best . 
comparable specimens is shown in Table 1.

The chemical analysis of fixed CO2 after complete carbonation 
does not correspond with the content of free Ca(OH)2 before 
carbonation. On the contrary the amount of fixed CO2 is equi
valent to the total content of CaO in the specimen. The- amount 
of produced calcite - as tested by X-ray analysis - is lower 
because the certainly also produced vaterite has not been taken 
into account in the calculation. * "

The carbonation strongly depends on the curing conditions 
before carbonation and on the w/c ratio, and the HOZ carbonates 
at a faster rate than the PZ. The carbonation curves ;
- expressed as*  x s f ( ) 

do not start from the origin. After a short period of induction 
they increase at a markedly faster rate than a function

would permit



b) Evaluations and conclusions , / _
The authors evaluate a carbonation formula for concretes . 

and mortars on the supposition that the approximation *
2 = k • t

is applicable to further calculation, and taking into considera 
tion the diffusion of CO2 and of H20. \ , ’1

The calculation itself is to be seen in Table 2. The , 
connection between the experimental constant ke and the - ' ..
calculated theoretical constant k^. is given by introducing - 
the "tortuosity" f. By taking into consideration the order - 
of magnitude of "f" it is possible to decide when the rate of 
neutralization was controlled by diffusion of CO2 into the 
specimen and when by diffusion of l^O out of the specimen.•3

The comparison of the rate of neutralization measured -• 
by M. Hamada and the new formula of the authors results in 
the empirically expected value X = 10." .

3. The Work of W. Manns and K. Wesche t

»VARIATION IN STRENGTH OF MORTARS MADE OF * - ■
DIFFERENT CEMENTS DUE TO CARBONATION". ' “ t

a) Exgerimental_results
Cores taken from concrete structures with supersulfated 

slag cement had shown a lower compressive strength in the 
carbonated layer near the surface than in the deeper located 
alkaline parts. ‘ -■ -

For further investigation of this phenomena mortar prisms 
4 x 4 x 16 cm, w/c 0,6 with 6 very different cements after 
28 days' watercuring are completely dried at 40 °C and then 
completely carbonated with 9 % CO2 at 25 °C. During the whole 
carbonation period a great number of strength tests are per
formed.

The final result is clearly recognizable on one diagram 
of the authors which is copied in Figure 1.



First of all It proves clearly that the supersulfated slag 
cement shows a behaviour quite different from all the other 
cements. With this cement the drying has resulted only in a very 
little increase in strength of 16 % and the carbonation effects - 
a genuine loss in strength. . . * 1 -7

, The five other cements - on the contrary - have gained ■ ‘ 
strength increases between 27 % (PC) and 48 % (TBFC I) as a • ' 
result of the drying process. e
(Remark: These strength increases are comparable with the normal 

afterhardening of concretes during the very slow 
longtime process of carbonation in practice.) '

Furtheron there is to be seen that under these practice-like 
conditions (afterhardening and carbonation = full marks) all the - 
tested cements show an increase in strength which is largest 
with the PZ and small with the two cements with 25 % clinker and 
18 % clinker. 

Taking the strength after the drying procedure as starting 
point (carbonation without afterhardening = open marks) all.„the 
strengths are lower in exact equivalence to the missing after
hardening, naturally. .

It is remarkable that in both the forms of representation - 
the PZ and the two trass-blastfurnace cements form a straight 
line corresponding to the clinker content, whereas the two HOZ . 
show 10 - 20 % higher strengths with respect to their clinker 
contents. Under the chosen experimental conditions the strengths 
obviously increase most with regard to the clinker content and , 
least with respect to the trass content of the five cements.

The tensile strengths (F) change in a similar way as the'" 
compressive strengths (B). On the other hand the fact has to be

* ' (1) - emphasized that the well-known relation for mortar prisms
4 x 4 x 16 cm 7 '- F ~ Bu’ 1 . , •

which has proved valid for all cements, so far, (also for super
sulfated cements and high alumina cements, and also for comple
tely carbonated mortars) does not prove to be valid any more 
after the applied drying procedure and also after the carbonation



Furthermore, the change in weight of the~prisms are - 
measured during carbonation. An increase in strength is accom
panied by an increase in weight and with decreasing strength * 
also a decrease in weight is measured. '' . - - - -

The carbonation is slowest with the HOZ with 60 % clinker 
and fastest with the trass-blastfurnace cement with 25 % clinker. 
The HOZ with 60 % clinker carbonates approximately according to • 
the function . -> 1

The carbondtion curves of the other cements increase at a faster 
rate after a short period of induction.

b) Evaluations and conclusions •
The authors come to the conclusion, that not only with ' 

supersulfated cements but also with all other cements containing 
less than 40 % clinker the strengths of concretes would decrease ' 
with progressing carbonation. ‘ '

Further they state: "... it cannot be expected, in general, 
that a building may loose its stability. This statement can, 
however, be considered as secured only by profound investigations 
in all questions, ...". '

4. The Work of A. Meyer ‘ '
"INVESTIGATIONS ON THE CARBONATION OF CONCRETE"

a) Exgerimental_resuits ' - ’ - "
. * > - i

Numerous tests on old constructions and on test specimens - 
in the laboratory are carried out because the carbonation is . 
suspected to have a very negative effect upon ,the corrosion of 
reinforcement. , .

In a forty-year-old dairy the carbonation of the concrete 
had reached a depth of 26 mm. In places where the concrete cover 
of the reinforcement was only 15 mm, the steel was severely ' 
corroded, where, however, the cover increased to about 60 mm, * 
the steel showed no sign of corrosion.1 " ' " '



The change in compressive strength is tested with tiny - '• •
mortar cylinders of 11,3 mm in diameter which - after 28 days' 1 
water curing - are carbonated in 10 % C02 within 21 days.-- •• 
Three PZ, two EPZ, two HOZ(and one high alumina cement show 
increases in strength, two HOZ with 75 % slag come up to the 
same average strength after the carbonation as they have after,. „ . , 
56 days' water curing, and one supersulfated cement shows a loss 
in strength of more than 40 %.

On cores from old constructions the permeability, and the b 
moisture movement is measured. The permeability is about the. , , 
same in the carbonated part and in the noncarbonated part. The 
drying rate at the beginning, however, is much higher in the x ,x 
carbonated part than in the noncarbonated part. , . s

The majority of the tests deal with the parameters of . ,
carbonation. The experimental conditions of the five test series , 
carried out in the laboratory are shown in Table 3. As the test . 
conditions listed in the supplementary paper differ slightly 
from the ones given in the corresponding German publication,  
I took the test values in the identical diagrams for granted ,  .

1 - (2) " *and made use of the already published information . ,
Four parameters are investigated; -

Type of cement "  11 . -
Water/cement ratio - . 'i - „ <_
Storage conditions during carbonation - .
Effect of age. . ’ - .. > * ” . >

Not investigated are the influences of 11 - < <- • -
r '' 5 - . .

Hydraulic capacity of the cement 
Chemical composition of the cement and its hydration product 
Curing condition before carbonation. ,

In all the test series all the PZ carbonate less than all the HOZ , 
and all the pozzolanic cements. In the upper part of Figure 2 the 
results of the test series 4 are shown as a typical; sample. , , i x

The carbonation increases gradually with growing w/c ratio rl3 
(Test series 2, 3, 4 and 5). The carbonation ratio of HOZ to PZ 
on the average decreases with increasing w/c. This gets parti
cularly evident in the test series 3 with concrete.

The moister the storage conditions are, the slower gets



the carbonation.
In any case 

increases faster

x

In general this deviation is worse with the PZ than with the HOZ.
In addition a so-called “test series 6” with 60 concretes 

is mentioned. This, however, brings nothing new, because it 
includes 12 chosen"specimens of test series 3, furthermore, 15 of 
the remaining 48 specimens are not older than two years. As these 
specimens are not defined by far as well as those of the test , 
series 2-5, an only very indistinct connection of the carbonation 
with the w/c is to be seen. The main result of this test series, 
I presume, consists of the reference that here again the average 
carbonation of the PZ is about half as strong as the average ' 
carbonation of all the other cements. ,

The also mentioned numerous tests on old and very old 
concrete structures are far more informative. Here the exact 
conditions of the three types of storage “indoors", "outdoors" 
and "outdoors protected from rain" can also not be defined . 
accurately^but at least the older concretes with the storage 
of the type "outdoors protected from rain" should be rather - * 
comparable. Furthermore this study includes a great number of 
tests, and the mean age of the specimens is 5- times greater than 
the one of the "test series 6". - .. - * ’ -

The carbonation depths and the compressive strengths were - ? 
measured. To calculate the w/c ratios of these old concretes 
it was necessary, however, first to estimate the mixing water 
content of the fresh concrete mix and its porosity. Therefore 
these values are not given here as measured test results. The 
curing conditions before carbonation are unknown. Assuming that -- - 
the general usability "indoors" and "outdoors" is the same for: - 
PZ as well as for HOZ and that the specimens are fairly comparablej 
I calculated the average values of all test results in Table 4.*  -

(Test series 2 and 5) * ■ ' 
(Test series 1, 2,3,and 5) the carbonation 
than is corresponding to the function *



The difference in compressive strength between the concretes 
with PZ and the.concretes with HOZ after about 23 years amounts 
to 49 kp/cm .,The measured difference.in carbonation depth of 
4 mm to 5 mm corresponds exactly to the theoretical value which t 
is to be expected with this difference in compressive strength.

Taking into consideration that all storage conditions and 
many other unknown influences have been included,this result 
proves an excellent experimental technic. . * 1

. . > _ . 1 - , -

b) Evaluations and conclusions • ' * * '
Mr. Meyer draws the conclusion that the carbonation of 

concrete can be characterized satisfactorily and also be pre
dicted up to 50 years by using the following parameters:

A_2_e ' - ' ' ' " '
The carbonation at all events obeys the equation

x - const • t * . . 1

which is evaluated with the application of Fick’s first > 
diffusion law. - L -

W a_t_e r / c e m e n_t -
The carbonation of all concretes•increases linear with 

increasing w/c ratios, and with W/c 0.80 it will be twice as 
deep as with w/c 0.50 (see Fig. 2). ‘ ,

T y g e °_£___c e m e_n t'' - .
The resistance against carbonation is largely due to the 

content of free CaCOH^ in the paste. Therefore the carbonation 
depths in concretes with slag cements and with pozzolanic cements 
are always expected to be deeper than those in concretes with 
Portland cement, all other conditions being identical. The relative 
ratio of the carbonation depths remains constant in all storage 
conditions, all carbonation periods, all w/c ratios, and all 
curing conditions of the young concretes. "



S_t o r a g e c o n d i t 1 g n . . L : '> '?
Concrete with PZ and w/c 0.50 will have a carbonation * ' 

depth of 10 - 15 mm after 50 years if, it is stored outdoors 1 - '* 
protected from-rain. Xn case it is unsheltered from rain, less * 
carbonation will occur. Stored in a closed dry room#the carbo- ' 
nation will be deepest. T ' ' *

Mr. Meyer’s final statement is: < ; • .
"The carbonation resistance of a fully compacted and normally 
cured concrete is essentially determined by its water/cement - 
ratio and by the type of cement used." i

5. Comparison of Results being in Complete Accordance
Comparing all the carbonation tests known to me - the 

published as well as the unpublished ones - I discovered two " 
empirical relations which have been proved by all tests results 
very nearly without exception, so far. Therefore, I think, they 
have the significance of universal rules. They are once again • 
demonstrated by these three reported papers in a surprisingly 
distinct way. .  ....
The carbonation increases -nearl y'l 
always at a f a s ter .rate than a t - - - 
function x ~ w t would - permit. • —>

This can distinctly be observed1*-  drawing carbonation . r- 
depth x and carbonation time t to double logarithmic scale - ~ 
the gradient 1/v of the curves is greater than 1/2. " *'

Figure 3 shows the carbonation of the specimens of 
R. Kondo, M. Daimon and T. Akiba and also the carbonation curves 
published by W. Manns and K. Wesche. In both cases the function ' 
appears to be j--------------------« ‘ '- X ~ const. • i/ t - t 1 . •

= y o
The values of v are calculated without taking into account . 

the induction period tQ. Therefore they are even a little bit 
too high.



Figure 4 shows the mean results of the test series 3 of. ■ 
A. Meyer. The slope of the curves is extremely strong in this . . 
case — especially with the PZ — though the concretes carbonated 
in normal room atmosphere only. The test series 1 likewise resulted 
in an average v-value v - l,7,and the test series 2 in v =. 1.6. 
Both the test series 1 and 2 show short induction periods. The 
test values are taken from the original German paper^\

Many authors calculate with the approximation x ~ t 1,.. 

This can lead to bad mistakes as far as extrapolations over , . .
long-time periods are concerned, as is to be seen in Figure 5. . ,
The thick curves represent the genuine experimental carbonation 
functions of the two cements Z 1 and Z 9 of our own mortar carbo
nation studies: . >-------- \ . •

(typical for PZ)

Among the three possibilities of a linear y t -approximation,'.
the simple linear extrapolation of the one-year-old carbonation 
curves (thin lines) leads to unbearable deviations after 10 years.

The second general conformity of test results has even more 
consequences for practice: -

The. carbonat io n o. f concretes and
mortars with increasing time b e - 

factor f y compressive strength .,

This fact is proved by all experimental carbonation studies 
which include strength tests. Probably the permeability - as 
reported by R. Kondo and several other authors - is the essential 
factor^which is only represented by the far better measurable 
strength. ‘ ,

This relation includes the influences of w/c ratio, type 
of cement, and precuring condition, and has been proved to be 
valid for cements of most different compositions. The only 
exceptions are the supersulfated cements and the high alumina 
cements, so far.



This relation, moreover, is apt to interpret the fact that the 
slow-hardening PZs (e. g. C^A-free PZs) carbonate at a markedly " " ' 
faster rate than quick-hardening cements,' and that HOZs with " ' ?
higher strengths, if sufficiently cured, often carbonate less 
than normal PZs. - " " v ’ '" 1'

Therefore, in the results of W. Manns and K. Wesche ' ' ■
- see Figure 6 - it is not the PZ that shows the least carbo- T ■ - - 
nation depth but the mortar which had the highest strength' at ' 
the beginning carbonation. Consequently it is not the cement - -
with the lowest clinker content that shows strongest carbonation l''- 
but the mortar with the lowest compressive strength. The test ' '

. . - (3) - -values are taken from the original German paper “
This relation is also valid"for very different w/c ratios, ’ *'  

as is to be seen in Figure 7, in which the results of the test 
series 4 of A. Meyer are evaluated. Because of the still very 
steep strength increase at the beginning of the.carbonation 
(7 days), in this case the 14 days' strengths had to be taken 
into account. The test values are taken from the original-. - . . \' (2) ’ . .German paper . . - :■r. . ‘r . kt

The studies on old and very old concrete structures by . , „(2) " "
A. Meyer and by two other authors reveal the same tendency ’ 

and The concretes being best comparable must be those, , .
which had been stored outdoors sheltered from rain and which , . ,
are old enough for a statistical surview without inaccurate 
extrapolation of carbonation depths.-In Figure 8 all the speci
mens (without exception) are shown which firstly met- this - ' *-  'k-
storage condition, secondly were older than 20 years, and thirdly ’ "■ 
were published with strength datas;. (The dotted line is calcu- * -
lated according to results of another very comprehensive German 
longtime study including more than 15 cements and 3 w/c ratios.) 
In the case of the old structures, only the final strengths — •
are known. A calculation with the initial strengths and with 
the certainly very different afterhardenings would"surely have1 
brought about a more accurate diagram. *



6. Final Conclusions for Practice ' - •
The empirical relation x ~ l/^B 1 is proved by so many . 

test results - also by our own laboratory studies - that a rule, 
can be taken for granted. Before estimating the carbonation be
haviour of a concrete with given strength, its afterhardening , 
must be taken into consideration, which possibly can result in t  
remarkable strength increases, especially if slow-hardening , 
cements are concerned. Naturally, this process takes much more , 
time in air than it would take in water, but the carbonation is 
a longtime process, too. ,

Provided that also the slow afterhardening in air corresponds 
to Sadran's formula r  ,

- 11:- , ' 
. ' . . B t .. .... ,

— which must be slightly altered for this purpose — X calculated 
the diagram of Figure 9, which takes into consideration all the 
carbonation studies known to me so far. It is valid for concretes 
with dense aggregates, which are carbonated outdoors sheltered 
from rain in average German air conditions. It does neither 
require the knowledge of the w/c ratio nor the type of cement, 
with exception of supersulfated cements and high alumina cements.

This diagram contains quite a number of statements and 
evaluating possibilities. Only two of them shall be pointed out 
here:

Figure 9 gives an explanation for the fact that a strength 2 difference from 335 to 384 kp/cm after ~ 23 years must result 
in a carbonation difference of about 5 mm. (See Table 4)

Then Figure 9 shows that in short time tests, i. e. without 
the effect of afterhardening, a greater carbonation difference 
must be taken into account, comparing slow-hardening and quick
hardening cements, especially in case of small specimens and 

’ (7)short precuring periods .In longtime studies, however, these 
differences will be compensated or diminished, at least, by the 
higher afterhardening of the slower cements. This explains the 
fact that by a statistical evaluation of numerous tests on old and 
very old concrete structures only very little if any differences in 

( 8 ) the carbonation behaviour of different cements could be observed



SUMMARIZING SURVIEW

The three reported papers reveal a number of corresponding 
test results and observations which enable us to enlarge our

i ’ 7 -Jpresent knowledge and to recognize new aspects of carbonation. 
At this not the type of cement or the amount of free Ca(OH)„, *~

I - - ■ i I 'but the permeability and the quality of the concrete and the 
special storage condition proved to be the decisive factors.

Unfortunately there have been reported no experimental ' 
studies on steel corrosion itself, which does not depend on 
carbonation only, but also on the durability of the concrete *~ K 
in other aggressive media. To complete this surview I just want 
to mention the comprehensive longtime studies on seawater action 
on reinforced concretes, carried out,in England, Belgium, France, 
and Norway (12) and (13). In ^hese studies especially
those cements which are often reported of as carbonating faster , 
than Portland cements, provided the better protection of rein-  
forcement against steel corrosion. ■ . ,
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Tab.1 Total Pore Volume of Mortars 
incmVa (75-75000Ä) .

Test results by R. Kondo, M. Daimon, T. AkU

Binder ,
, w/c 0,50

• watercuring
, w/c 0,65 .. 
watercuring -

28 d 7d 28 d 7d

PZ without 
additive, ' -

0,036 ■ 0,051 ■ 
(0,037)*

7 1

PZ with 
- additive

' 0.036 
(0,032)* “ ' -

X " _ 1

0,062 \

HOZ with ’ 
, additive - ■

0,061 . 0,047
-

*. carbonated part



Tab; 2   
Carbonation Rate of Mortars and Concretes

1 ' . '
by Renichi Kondo, Masaki Daimon and Tokuji Akiba , .

Experimental approximation : " ; . .

j X2 = ke-t .
Calculated formula : ' J

kt

Introduction
*

e

Carbonation formula ;

175 ■

t : carbonation period [sec], 

R : gas constant = 82,1 

Z\P: difference of pressure [atm]

x : carbonation depth [cm] . '

D : diffusion constant [cm2/sec] 

T : abs. temperature [eK] •

■ 5 : porosity of specimen [cm3/cm3] ? : density of specimen[g/cm3]

C : maximum amount of fixed C02 or produced H20 [mole/g specimen]

- 2D 1 . T1'75’ A 
'‘ R-273’-75 ' C-
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Tab.4 Jnvestigations on Building Constructions
Average results of carbonation, age and compressive strength 

according to test results of A. Meyer, H^kWierig andK.Husmann

i

fy/»e 

<* 9f 
cement

lumber mean mean 
carbonation

[mm]

mean ' 
compressive 
strength

[kp/cm2j

mean carbonation 
after 20 years

[mmj

of 
speci

mens

age 

years

pz 27 25 10,6 _ 384 97
- -

HOZ — --
and - 36 21 14.6 - 335 142
EPZ

1

6

1

experimental difference 49 45

theoretical difference according 
to the difference in compressive 
strength from 335to 3b4kp/cm2

, = 5t imm
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VfO 1 2 4 6 12 25 40 60 61 120 months

Fig. 5: Genuine Carbonation Progresses of Z1 and Z9 
and Trend Lines of 2X/F-Approximation.

---------------- blest approximation
---------------- good long-time approximation
---------------- wrong approximation
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N = slow afterhardening in kp/cm2 
x = carbonation depth in mm

Fig. 9: Approximative Carbonation of Concretes 
"Outdoors Sheltered from Rain ”



GENERAL REPORT , .
OF " ■'

SESSION III-4-a; HYDRATION OF PORTLAND CEMENT PASTE AT HIGH-TEMPERATURE 
. UNDER ATMOSPHERIC PRESSURE 

and
SESSION III-4-b: HIGH-TEMPERATURE CURING OF CONCRETE UNDER ATMOSPHERIC 

PRESSURE

P. J. Sereda (Canada)

The following Supplementary Papers are summarized In this report.

Paper No. III-65 '
INFLUENCE OF CEMENT CHARACTERISTICS ON MIX PROPORTION FOR STEAM-CURED 
PRESTRESSED CONCRETE
R. K. Lewis & F. A. Blakey (Australia) *

Paper No. III-91
HEAT OF HYDRATION OF PORTLAND CEMENT DURING STEAM CURING UNDER 
ATMOSPHERIC PRESSURE , .
H. Teramoto & N. Kawada (Japan)

Paper No. III-108 , ' -- -
PHYSICAL AND CHEMICAL PROPERTIES OF CEMENT MORTAR CURED AT ELEVATED 
TEMPERATURES . ' *
P. Freiesleben Hansen, J. Jessing, K. M^nsted & E. Truds/ (Denmark)

- These papers present results of a number of the physical and 

chemical changes that occur during curing of cements and their constituents 

at elevated temperatures. These studies were carried out for the purpose 

of explaining the complex processes involved In hydration of cement with the 

hope that such understanding will enable the prediction of the useful 

properties, such as strength. ’ t



Paper No.65- INFLUENCE OF CEMENT CHARACTERISTICS ON MIX 
PROPORTIONS FOR STEAM CURED PRESTRESSED CONCRETE by 

F, A. Blakey and R, K, Lewis

The Australian Code for Prestressed Concrete requires that a com

pressive strength of 4000 p. s.i. on cylinders be obtained before transfer of t 

prestress is permitted.

The authors set themselves the goal of establishing relations to 
enable the prediction of the strength of concrete at any age, given the - 

chemical composition of the cement, the cement factor, and water/cement 

ratio, after fog curing and following the steam-curing cycle.

Six cements were used with the phase composition shown in Table I.

TABLE I
PHASE COMPOSITION OF THE CEMENTS TESTED, % ''

Cement 
No.

Phase Composition • -
C„AF 4 C3A c2s c3s ;

1 10 12 12 59
2 13 9 19 53
3 16 4 36 39
4 - 13 _ 5 14 - 48
5 11.2 4.4 18. 6 58
6 13.1 2.2 27.7 50. 6 :

The slump of all mixes was maintained at approximately 2 in. Samples 
were compacted for 10 sec. on a vibrator table. When steam curing was used, 

a delay time of 4 hr was followed by a temperature-time gradient of 10 deg. C/hr 
and an isothermal period of 6 hr at 80°C.

/
]

!



Typical curves for strength development for fog-cured concrete 
and steam-cured concrete followed by fog curing is shown in Fig. . i

The plot for fog-cured samples can be represented by two straight 
lines on a semi-log plot. The authors made use of the slopes of these two - 

curves naming them as the Initial Gradient Constant (L) and Second Gradient 

Constant (M) and succeeded in obtaining empirical relations where:

L = 50(C_S + (X) C A + 0.75C S)/—: '
5 5 C. * 3DUU -

where (X) is a function of the ratio of SO^ to C^A and ‘

S is the specific surface area. 

M = 50( 0. 64C,S + 4.23CS - 2.36 (X)C A 7-^- 
. 5 c. 5 V 5DUU !

The authors also obtained an equation relating the Initial Gradient 
Constant and the cement factor. '

The success attained by the authors in predicting concrete properties 
is shown in Table V, part of which is included in this report. "

■ TABLE V
CALCULATED VALUES OF COMPRESSIVE STRENGTH 
•OF CONCRETE

Cement 
No.

- ■- Compressive Strength
(Fog Cured), 

" Ib/sq. in.
1 day 91 day

Theoretical Error, % Theoretical ,Error, %

1 1700 + 1.8 9020 + 0. 1
2 . ' . 1690 - 6.1 9610 ■ ■- 1.2
3 1770 0 13100 - 0.6
4 1680 + 11.2 9140 + 7. 1
5 . 1720 + 4.2 9460 0
6 1690 - 4.6 9650 -4.8
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The cement factor, was predicted to within ±5 per cent, the 1-day:. i 
compressive strength to within +11.2,.' -6. 1 per cent and the 91-day com- . . 

pressive strength to within +7.1,' -4. 8 per cent. • ■ ; >

The authors state that the results'apply only to concrete mixes ■ <. 
having the same type of ingredients. Variations in the grading of the sand ■ .

aggregate, the maximum particle size of.the stone, the strength level after
steam curing and the workability desired will all affect the relationship., - ... 

They suspect that a cement which produces rapid early strength in the first 

24 hr followed by a lower rate^of strength growth thereafter, will give different 

relationship from the one found in this investigation. , , _ 1

Conclusions _• ..f. \ ' vj r • i . I -

Thus the authors claim to have found a relationship that enables the' ‘ 

prediction of strength-age characteristics of fog-cured concrete, proportioned 

to give a compressive strength of 5100 p. s. i. after a steam cycle giving a .. ' 

maturity of about 1200 deg. C. hr. Such concrete need not necessarily have. 1 • 
a strength less than the normal 28-day fog-cured strength. ,■> Prediction can: -, L 
also be made of the development of strength of steam-cured concrete with 

subsequent fog curing to 28 days. The cement factor necessary to produce 
this strength can be predicted from the chemical characteristics of the cement. 

The important characteristics of the cement, from the standpoint of these . 

predictions, were found to be the proportions of C S, C A, C S, the specific- w -- * ' - 1 t ? - J * O - ,- I • J . 1 -
surface area, and the SO /C A ratio. . , , .- . ,...33........... . , k *■  - - - -

Paper No, 91- HEAT OF HYDRATION OF PORTLAND CEMENT DURING STEAM . ■ 
CURING UNDER ATMOSPHERIC PRESSURE by Hideo Teramoto and
Naoya Kawada

To understand the hydration process of cement during steam curing 

under atmospheric pressure the authors measured a number of parameters.



These included the rate of heat liberation, volume change, non-evaporable 

water and uncombined SO^ as sulfoaluminate in the paste of samples of 

pure constituents of cement as well as normal portland cement. 1

By measuring the rate of heat liberation with a twin-type con
duction calorimeter the authors were able to follow the progress of the 

hydration reactions especially, as these were compared for the different 

conditions of presteaming and different temperatures of isothermal heating. ,

The authors describe the principal features of several twin
conduction calorimeters and show comparable results obtained with several 

different types. Using two conduction calorimeters, one having a dummy 

sample, enables the measurement of rate of heat evolution during a heating 

period.

. Volume change measurements were made by placing the sample in 
a rubber container and weighing it in water during the progress of the 

reaction. Volume change was obtained by multiplying the density of water ) 

by the change in weight of sample in water. 1

In Figure 7 the authors show the effect of gypsum on the hydration 
of normal portland cement for 5 hr at 25°C then heated at the rate of 20°C/hr 

up to 75°C at which temperature it was cured for 16 hr. The maximum rate 
of heat liberation at 75°C was 5 to 6 times higher than at 20°C. The two 

peaks observed are considered to be due, first, to aluminate hydration and 
second, to the hydration of alite. At SO3 content of 2. 8 per cent, the two 1 

occurred together. ,



Effects of Sth on Heat Liberation

Time (hr.)

Figure 7 (from Teramoto and Kawada)

In Figure 8 the authors show the strength that developed in cement 

mortar when different times of presteaming were used. All samples were 

cured for 5 hr at 85°C and followed the same cycle of rate of heating and 

cooling. Figure 9 shows the rate of heat liberation for the same series of 

samples. The fact that maximum strength when measured 1 hr after cooling 

is obtained at a different presteaming time than that for 28-day cured 
specimens leads to the conclusion that presteaming time must be determined

according to conditions necessary for practical performance and not from heat 
liberation curves. ' * j y 'v.* !



Effects of Presteam Time on Strength

Figure 8 (from Teramoto and Kawada)

Figure 9 (from Teramoto and Kawada)



Figure 26 shows, for normal portland cement, typical results of 

rate of volume change, rate of heat liberation, increase of combined water 

and the SO^ content obtained during the curing cycle of presteaming time 
of 2 hr, and curing temperature of 60?C. A large number of similar results 

are presented by the authors for normal portland cement and pure constituents

of cement at different temperatures and different presteaming times. ,

Time (hr.)

. . , Figure 26 (from Teramoto and Kawada) i '

A large number of D. T. A. curves are included to indicate the 
changes in composition that occur during hydration reactions.

2 59 —



Conclusions

The results of physical and chemical changes occurring during ’ *'

accelerated curing of cement and its constituents seem to give a fairly 1 *
- . ' > . 5 cinformative picture of the hydration processes. Especially significant ' -" * 

are the simultaneous measurements of the various parameters so that * 1 
interrelations of different effects such as heat liberation and volume " " *'  ’ ' 

change could be assessed.

Paper No.lQS-PHYSICAL AND CHEMICAL PROPERTIES OF CEMENT 
MORTAR CURED AT ELEVATED TEMPERATURE by P. F.' Hansen, 

J, Jessing, K, M0nsted and E. Truds0. ’ * ' » ~ ' t

The purpose of the investigation was to explain the effect of the 
1 - ** 

curing temperature by the changes it produces in the chemical and 
physical processes during hydration. The basic variable was the curing 

temperatures of 25, 45, 60, and 80°C. A standard cement mortar, made
'' X - 2

from a rapid-hardening portland-type cement having a fineness of 3930 cm /g. 
(Blaine) was used. The ratio of water to cement was 0.5 and the ratio of 
paste to sand was also 0.5 (by weight). Two types of specimens were used: 

cylinders 4 by 8 cm. and a rectangular prism 5 by 10 by 20 cm.

Measurements of compressive strength, dynamic modulus, 
volume contraction, sound velocity, internal damping, electrical resistance, 
alkalinity, and content of non-evaporable water were determined intermit

tently or continuously at the four levels of temperature at ages from 1/2 to 
24 hr. , - v



Tlie results for"the various physical and chemical changes 

obtained by the authors are too voluminous to include in this short f
1 ' §

summary. Some of the more common properties were selected to *
illustrate the nature of the results and indicate the behaviour of the i

; , J
mortar at the different levels of temperature. |

i ' ' i
Mechanical Properties - ’ , ,

i \ ■ !
The authors show in Figure 7 that the compressive strength in ;
i - x ' ‘

the early stages of the hardening process may be represented by ,
! > ' - * 5 >

exponential growth curves which are parallel until a certain level of J
! ' '' \ ' "■ X $

strength is reached. When this level is reached, specimens at 60 and i 
$ x

80eC begin to develop strength at a lower rate than those at 25 and 45°C. |

Similar results were obtained for dynamic modulus of elasticity as shown •

in Figure 8 and obtained by the pulse velocity method. The same apparatus 
and method were used to measure the internal friction which was 

expressed as log where the assumption was made that V (the voltage) 

was proportional to the amplitude of the pulsed wave." The correspondence 
of the changes in~E (dynamic) and the internal friction parameter were" " j 

made apparent in plots of the type shown in Figure 11b.
I ' - o - . r , , ’

Chemical Reactions and Mechanical Properties ' !
s - ’

To indicate regions of different reactions or changes in rates of i 

reactions the authors plotted the parameters of dynamic modulus of 

elasticity, ^electrical resistivity, temperature, pH and volume contraction
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as differentials with respect to time. Thus maxima and minima on the 

differentiated curves correspond to inflection points on the basic curves. 

These appeared quite reproducible as shown in Figure 17 for changes in
I 8 X ‘ 1 ‘' S

3

Figure 11 (a and b) (From Hansen, Jessing, M^nsted and Truds0) 
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resistance, E, , AV, temperature, and pH with time. The various (
■; dyn / >, «

maxima and minima are explained as representing different reactions 1 
s ■ ■— -—a
i *

and different stages of hydration beginning with hydration of C,rA then |
t is is . <v' *1 T**»  '-iwns»»*«  s - 51 s -v \ m- v*»- k-u »t xöv »<*-  -u M '^vt*  7 5 «-<ti i riuwejmi ‘-»2«'

followed by hydration of C S. ’ 1

1 '

. : 1 , ; ! ■ ‘ s ' I I 6
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Figure 17 (from Hansen, Jessing, M^nsted and Truds0)



The authors show that the plot of the log of the rate of the 

reactions, as indicated by various measured parameters, versus the 

inverse of the absolute temperature give fairly straight lines thus in
dicating a fairly good agreement with the Arrhenius equation. - Activation 

energy corresponds to the reaction energy of C^S, ' • • • 

Conclusions

The authors conclude the following:

1. Curing at elevated temperatures below 100° C accelerates the *

development of mechanical properties. The acceleration can be accounted 

for by the concrete maturity, but at ages above 24 hr the quality obtained" 

by curing above 45°C may be impaired due to other influences. , , „

2. By curing at temperatures above 45°C it seems that the hydration
of C^S is accelerated in particular; in cases where this process starts  

before the hydration of C^A, the mechanical properties may be impaired. -

GENERAL CONCLUSIONS ‘

These papers have indeed advanced the understanding of cement 
curing at elevated temperature and have given some possibility of pre
dicting the useful properties and the optimum conditions for curing. 

Perhaps the most useful results of these investigations are the techniques 
that were developed for the measurement of a number of physical pro

perties during the progress of the curing. These can be used for evalu
ation of different cements.
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SESSION III-5: HIGH-TEMPERATURE CURING OF CONCRETE UNDER HIGH PRESSURE

H. E. Vivian (Australia) - i « -

The following Supplementary Papers are summarized in this report.

Paper No. III-80 . ,
HYDROXYL ELLESTADITE PRODUCED BY HYDROTHERMAL REACTION CONTAINING 
CALCIUM SULFATE > -
K. Takemoto & H.,Kato (Japan) , , , >

Paper No. III-87
SOME PHYSICAL PROPERTIES'OF AERATED CONCRETE UNDER AUTOCLAVE PROCESS
K. Ono & K. Ojiri (Japan) - > • , >

Paper No. III-lll » , r ,
INFLUENCE OF'MINOR COMPONENTS ON THE’STRENGTH OF CALCIUM SILICATE 
HYDRATE SYNTHESIZED BY HYDROTHERMAL REACTION X 1 , >
G. Shikami (Japan)

-A i -

r



These three papers, which are concerned, with rather . ' -
different aspects of hydrothermal reactions of clinker compounds . 
and raw materials, are not closely interconnected. • Consequently 
this summary may appear to be somewhat disjointed. All these ’ 
papers discuss reactions that occur at elevated temperatures * 
and steam pressures, the compounds formed under these conditions 
and the effects of various admixture compounds on the chemical , 
reactions and the mechanical properties of the reaction products. 
Some conclusions drawn from these studies may be usefully 
applied in the manufacture of concrete products and could have 
some significance in other fields. - -
, paper No. Ill by G. Shikami is concerned with the effects 1 
on the hydrothermal reaction rates of calcium hydroxide and * 
silica of small additions of beryllium, zinc and alkali metal 
oxides and with the strength of the resultant calcium silicate 
hydrate. The results obtained indicate that additions of 
beryllium and zinc oxides in quantities up to 0.4 per cent retard, 
but do not inhibit, the rate of hydrothermal reaction. The 
chemical composition of the reaction products formed in the 
presence of beryllium and zinc oxides is comparable with that 
of products formed in the absence of these compounds even 
though their degree of crystallization is generally poorer. " 
Higher temperatures and longer reaction times tend to correct 
these defects. '

In contrast to the depressing effects of beryllium and 
zinc oxides, small additions of alkali metal oxides promote the 
calcium hydroxide-silica reaction and improve the strength



developed by the reaction product. Additions in excess of 0.3 
per cent appear to retard the calcium hydroxide-silica reaction . 
and reduce the mechanical strength of the reaction product. It 
is considered that the progressive lowering in the calcium .. -
hydroxide solubility, as the alkali concentration is increased, 
accounts for the reduced reaction product strength. The -
physical properties of the hydrothermal reaction products . :
suggest that for autoclaved products the bulk density should 
increase and the water absorbency and permeability should decrease.

It can be indicated briefly that small alkali additions, 
improve the reaction characteristics and physical properties of 
lime-pozzoloma mixtures even when cured at atmospheric temperature. 
It would appear that the presence of the more common alkali metal 
hydroxides (e.g. sodium and potassium) can increase the rate of ' : 
lime-silica .reaction by acting as a catalyst. Other work has - 
indicated that lithium hydroxide behaves very differently from 
sodium and potassium hydroxides and under some circumstances may ■ 
inhibit silica reaction. ■ ■ , . :

Paper No. 80 by K. Takemoto and H. Kato is concerned with 
the effect of calcium sulphate on the strength of hydrothermally- 
formed calcium silicate hydrate. The formation of hydroxyl 
ellestadite, Ca-^Q(Si0^)^(S0^)^(0H)2> has been demonstrated in , - 
mixtures with Ca0/Si02 molar ratios exceeding 1 while in mixtures 
of lower CaO/SiOg molar ratios anhydrite was the only observed : 
sulphate-bearing phase. . , .

Various properties of synthetically prepared hydroxyl , 
ellestadite were measured and the strength of hydrothermally - ,



produced paste specimens determined. It was observed that, 
as the SO5 content of the raw material increased to 2 per cent, 
the measured specimen strengths increased. At greater SO5 
contents however the measured strengths decreased. It is 
suggested that the formation of hydroxyl ellestadite could 
reduce the strength of these pastes.

The actual mechanism of strength improvement in pastes . 
made from materials containing up to 2% SO3 followed by strength . 
decline when the raw material SO3 content exceeds 2 per cent . 
has not yet been studied. Such a study would have very wide ' 
implications for specifications for cement used in autoclaved ■ 
products and may help to account for some of.the anomalous 
behaviour observed in such products. The authors also suggest 
that hydroxyl ellestadite or some of.its thermal decomposition 
products can be observed in sulphate ring deposits in rotary ' 
kilns. The effect of these ring deposits on burning and kiln 
performance is economically significant especially in oil fired 
kilns and consequently further studies of the formation, -
composition changes and properties of these products would be 
desirable. . 1 . *

Paper No. 87 by K. Ono and K. Ojiri is concerned with .the ■
physical properties of autoclaved aerated or light-weight . 
concrete specimens. These authors have recognized the difficulty 
in obtaining suitable test measurements and consequently have . . 
discussed equipment and experimental techniques as well as 
product properties and changes. ; .

Although this paper contains a considerable amount of 
discussion on the dimensions of specimens, heating and cooling



treatments and heat and moisture distributions in specimens, 
the most interesting part of this paper is concerned with ■ 
the linear measurements of specimens during the autoclaving 
process. An apparatus using an "optical differential lever - 
method" has been described and its use discussed.

It was concluded that the observed expansion-temperature -. ... 
relationship was mainly dependent on the thermal expansion 
of the solid phase of the specimen and that moisture movements • r 
and changes in the amount of hydrated material could also '
affect the overall measured movements. It is of interest to \ 
note that the thermal expansion of specimens is virtually . „ 
independent of density. . .

Additions of increasing amounts, of hard burnt magnesia to . . 
specimens caused expansion, severe cracking and ultimately . -
disintegration. The expansion-contraction performance of . - - .
specimens indicates that two separate and distinct mechanisms 
can operate simultaneously in a specimen and affect the . .
observed movements. Even though a specimen is expanded by - :" = 
the hydration of magnesia, shrinkage can occur under appropriate 
conditions due to the shrinkage characteristics of the hydrated ' 
cement and the magnitude of the,shrinkage is largely unaffected 
by the magnitude of the expansion. . . . - : a 

. This paper points out the significance of thermal stressing . 
and cracking in specimens and emphasises the need to determine ' 
specimen requirements and autoclaving procedures in relation ; 
to the physical performance of concrete specimens. -1 ---- >



A» a group these papers, while acknowledging the importance 
of chemical composition of cements raw materials and 
hydrothermally-prepared specimens, place a somewhat greater 
than usual emphasis on physical characteristics and. changes in 
specimens. The reviewer commends these authors for taking up 
this view since it is considered that., the, performance of ^cement 
and concrete is very largely dependent on the physical properties 

r*T - 

of the materials and the physical changes that occur in specimens 
as a result of changes in the environmental conditions. ..
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SESSION IV-1: USE OF SURFACE ACTIVE AGENTS IN CONCRETE

K. Okada (Japan)

The following Supplementary Papers are summarized in this report. ’ '

Paper No. TV-5
INFLUENCE OF SOME ADMIXTURES ON CREEP OF CONCRETE
E. L. Jessop, M.'A. Ward & A. M. Neville (Canada) ‘ ’

Paper No. IV-45
EFFECTS OF ORGANIC COMPOUNDS ON THE HYDRATION REACTIONS OF TRICALCIUM 
ALUMINATE .
K. E. Daugherty & M. J. Kowalewski, Jr. (U.S.A.) 

Paper No. IV-51
ABNORMALLY DELAYED SETTING OF A LOW-HEAT PORTLAND CEMENT WITH CALCIUM 
LIGNOSULPHONATE ADMIXTURES
R. Bauset (Canada)

Paper No. IV-89
INVESTIGATIONS ON THE METHOD OF TEST FOR SETTING TIME OF CONCRETE 
ESPECIALLY FOR CONCRETE CONTAINING WATER REDUCING ADMIXTURE
J. Okabe, K. Nakajima & T. Yoshihara (Japan)

Paper No. IV-107 ■
STUDY ON THE ADMIXTURE FOR AERATED CONCRETES INCLUDING ANHYDRIDE 
MODIFIED RESIN
K. Akutsu (Japan)



Five papers concerned, with the theme of Section IV-1 have been studied, 

for this reports, and the following account is the reporter's summary of 

their contents. .

Pour of the papers are essensially related to the water-reducing admix

tures, two papers (lV-45> 51) dealing with the effects of additives on the 

phase composition of hardening cement water paste, one (lV-5) on the creep 

of concrete and one (lV-89) discussing the testing method of setting time of 

concrete when additive has been used. Remaining one. paper (IV-IO?) is 

devoted to the research on using an organic resin as foam-forming agent in 

foamed cellular concrete.  -

Two kinds of admixtures as dealt with in the papers - water reducing 

admixtures and foaming admixtures - are to be classified to different 

groups, although both being the surface active agents.

IV-45 Effects of Organic Compounds on the Hydration

Reaction of Tricalcium Aluminate

Kenneth E. Daugherty

Milton J. Kowalewski ,

This paper describes the investigation on reaction of organic compounds 

containing various types and number of hydroxyl groups and carbonyl groups

group HO - C - C = 0 adsorbed on C^A is thought to play a major role in

with C^A. Reviewing literatures reveals that the cZ-hydroxyl carbonyl •



termining the relationships of carbonyl and. hydroxyl groups relative to the 

ce of organic compound is believed to pass through the metastable hexagonal

The method of investigation is to observe the disappearance of trical

retarding hydration of portland cement, and this investigation aimed at de

manitol, sorbibol etc. were selected and used in this study.

unds including acetic acid, glycolic acid, glyceric acid, sucrose, fructose, 

set-retardation of C^A hydration in the absence of sulfate and calcium ions.

*■ Possible mechanism for hydration of tricalcium aluminate in the presen

hydroaluminates (C^AHq, and C^AH^, n = 13 or 19) and transformed to the more 

stable C,AHZ under normal conditions. '• ' ' '
J 0

Some organic compounds delay the conversion of CgAHg and C^AHn to CgAHg 

while others permit the to be formed readily.’ ‘ ‘ ‘

Thirteen well-characterized, interrelated, water-soluble"organic compo

cium aluminate and the appearance of new hydrated phases in the course of

the hydration of C^A in the presence and absense of organic' compound by x- 

ray diffraction using a C^A-C^AHg calibration curve. .

Mixtures having a H2O/CgA ratio of 0.6 and containing 1 $ by weight of 

organic compound to C^A were stored at 20°C for 22 minutes to 64 days.

These samples were ground and analysed by x-ray diffraction.- Special empha

sis was placed on sucrose and the effect of varying concentration of sucrose

on the hydration of C^A was examined Effects of the blocking action of, .

organic compounds preventing the hexagonal hydroaluminates from forming

C^AHg are also discussed.

Principal conclusions derived from the investigation are

(1) Organic compounds containing hydroxyl, carboxyl or carbonyl groups act

dependingas either accelerators or retarders for the hydration of C^A

upon their concentration levels and composition.



(2) The ot—hydroxyl carbonyl group does not appear to he especially impor

tant in the hydration of C.A.'

(3) A simple organic compound, containing a carboxylic acid group and aero or

In •

caie hydroxyl group accelerates C^A hydration and a simple organic compo

und containing two or more ’ hydroxyl groups retards C^A hydration.

this test mandelic acid is a strong accelerator'and sorbitol a strong re

tarder. - ■“

CT-51 Abnormally Delayed Setting of a Low-heat Portland

Cement with Calcium Lignosulfonate Admixture

K. Lauset

This paper reports abnormally long setting time which occurred in the - 

dam concrete at one of the sites of hydro-electric power project in Canada.

Low heat cements were used in the concrete combined with lignosulfonate 

type of water-reducing agent, and cements from one supplyer showed excessive

delay in setting time. 

Chemical composition and compressive strength development of the cement 

compared with other normally-set cements show that the slow setting of the

particular cement with calcium lignosulfonate additive was probably due to

low C^A arid low SO^ content in cement.

A similar case of slow-hardening concrete were reported in tunnel lin-
1) 2)ing construction in California and Milena pointed out that it might be 

caused due to the low-alkali cement of high C^A? and low C^A content in that 

case.

Table 4 in the paper shows that the cements designated as "A" and caus

ing the slow setting have higher C^S content (44, 40 lower C^A content 

(4.4, 5.3 %) and lower S0^ content (1.27, 1.31 %) than the other low-heat



cements, and appear to belong rather to type Il (ASTM) cement, actually cor

responding to the moderate heat cement of Japan when judged from only the 

chemical compounds. , , j t

The retarding effect of the admixture on the concrete containing cemen

ts supplied„by the particular manufacturer "A" was very pronounced when 

cement contained 1.1 % SO^. „ Therefore it appeared that addition of normal 

dosage of the lignin-base water reducing agent to cement "A11 might cause

excessive retardation of setting when higher percentage of SO^ than the 

value described above was present. Thus, "Having discounted possibility of 

a high sugar content lignosulfonate being used and the possibility of over

dosage of the mixture and delayed addition of the admixture", the dosage of

the admixture was regulated to dependending upon the SO3 content of the

cement as follows.

1 for < 1.6 $ S03 .... 

for 2 $ S03 ....

Author also suggests that lower

dosage < 0.2 % - 

' dosage ^,0.3 % (normal) r'n 

alkali content of 0.5 ~0.6 % for

cements "A" may be a contributory.factor in this case.

IV-5 Influence of Some Admixtures on Creep of Concrete ,

- , E. L. Jessop, M. A. Ward

. - . ' • • . A. M. Neville - •

Authors reported before that larger creep was observed in concrete con
*' ’ * ‘ . 's. ' l - / ' • - 1 ;r t

taining water-reducing and set-retarding admixtures than in the correspond

ing plain mixes having the same workability and the same compressive streng

th at the time of application of sustained loading.

This paper describes the experimental study done to find the mode of

influence of admixtures on creep, on the less of water from hydrated paste



at higher temperatures, density of hydrated paste, surface tension of the 

solution of admixture in water, and morphology of the hydrated paste and -

therefore the shape of stress-strain curve. " '

" Tests were done using neat cement pastes of w/c = 0.5 with and without 

admixture. Type III high early strength portland cement and two admixtures 

(one belonging to hydroxylated carboxylic acid and one to lignosulfonic acid 

) were used. 1 "

Results of test show that no possible correlations between the surface 

tension of water or density of hydrated paste and creep exist, and that some 

relation between the ease with which water can move within and out of the " 

paste and creep is shown to exist.

Several workers observed change of crystal size and shape of hydration 

products of trioalcium aluminate and of calcium aluminoferrite and changes 

in the morphology of hydration products of C^S and CgS when the admixture is 

added.

Although the electromicrographs, of which the magnification is 15,000 

times, was inadequate in this test to show significant morphological diffe

rence between the mixes with and without an admixture, it may be imaginable 

that the modifications described above as well as the possible modification 

of boundary relationship among the hydration products undoubtedly affect the 

creep of hydrated cement.

More important effects of admixtures on physical properties of cement 

paste are change of pore size distribution and porosity.
Stupachenko1s observation^ using absorption method of benzol and the 

mercury porosimeter revealed that use of a lignosulfonate admixture at the 

rate of 0.25 did not significantly change the total porosity but the 
* - * - 1 o "

volume portion of pores with smaller radius of 500 to 1000 A was decreased 

3 % in mortar and 30 % in paste with admixture.



Hence theoretically the cement paste with the admixture should.,be more 

permeable,.and. therefore more easily loss water from the gel than that with

out the admixture. .

This conclusion, however, would not necessarily relate to the practical 

concrete as a whole which involves^various other factors. - - ,, ,

In this-investigation moist loss of cement paste was measured in an ' 

over at 105°C on specimens cured in fog at BH 100 f°r 28 days. Consider

ing this result and the measured value of surface tension in parallel, the 

authors concluded that some relationship between the ease with which water 

in paste can move and creep may exist. . 3 . -

■ IV-89 Investigations on the Method of Test for Setting Time

of Concrete Especially for Concrete Containing Water, . 

Reducing Admixtures  , .. ..

Jiro Ckabe, Koji Lakajima .

. Takuji Yoshihata ,

The term "setting of concrete" is used to describe the comparative 

hardening of concrete with and without set-controlling agents, although the 

definition is somewhat arbitrary. Easily available methods for measuring 

the time of setting of concrete are ' * ‘

(1) determination of resistance to the penetration of a needle according to

ASTM Standard C 403, and '

(2) determination at various intervals of time of the resistance to pulling'
out of a series of pins^\ '

And the penetration resistance method (ASTM C 403) is being used more " 

widely. This method requires wet-screened concrete mortar in order to ob- 
r x \ r- r ' < i-'jf . r

tain information more closely related to the hardening characteristics of' 



concrete to be used, in site

However, in the penetration test, which is essentially more suitable 

for mortar than for concrete, additional handling and compaction of wet- 

screened mortar are needed. Hence, use of mortar instead of wet-screened 

mortar from concrete is sometimes tried in the laboratory. ,

Authors investigate the effects of mix-proportion, kind of lignosulfo

nate water-reducing admixtures, mixing sequence and time and temperature on 

the time of setting by using tnc mortar method as well as ASTM me.hod, and , 

clarified that the mortar method can give satisfactory information on set

ting time of practical concrete and obtain more accurate and more reprodu- 

ciole results tnan ASTLI C 403 method. .

In the mortar motnod, test should be performed as follows.

(1) The proportion of mortar shall be theoretically indentical that of the 

screened mortar from concrete, that is, shall have the same water cement 

ratio and. sanu-cernent ratio.

(2) The same materials as in the concrete shall be used.

(3) Similar mixing sequence as in the concrete shall be adopted.

Mixing sequence has remarkable effect on the setting time as already
3 " 5)

pointed out by V. H. Dadson txid H. Farkas * who discussed on the effect of 

delayed addition of set-retarding admixture to concrete.

When cement and surface dry saturated aggregates are premixed before 

the admixture solution is added, the setting time of concrete delays by two 

to five hours depending upon the kind of admixtures compared with when the 

mixing starts after the whole materials are introduced into the mixer.

The above delayed setting due to change of mixing sequence was caused 

probably by quick reaction of cement with a small amount of water absorbed 
in aggregates prior to addition of admixtures as illustrates by Bruer^\



The retarding or accelerating effect of the water-reducing and set-re

tarding or set-accelerating admixture on the setting time of concrete also 

varies with the change in proportion, mixing sequence, mixing period and 

temperature. ".

It seems that the accelerating affect of the water-reducing and set

accelerating admixture decreases with increase in consistency of the conc

rete and that the prolonged mixing alleviates the retarding effect of the 

water-reducing and set-retarding admixture.

The above findings indicate that due considerations should be taken 

of the various factors described above in establishing the standard testing 

method for setting time of concrete. " -

IV-107 Study on the Admixture for Aerated Concrete

Including Anhydride Modified Resin

■ Kenji Akutsu

Some surface-active agents used in structural sand-gravel air-entrain

ed. concrete may be used as foaming agent for foamed cellular concrete.

Foaming agent is required to introduce stable, and. uniformly distri

buted minute foams into the slurry concrete and consequently to reduce 

bleeding.

Author tested the basic properties, to be required as foaming agent, 

of a maleic anhydride modified resin and compared with those of surface 

active agents such as salt of resin, salt of sulfonated lignin, alkylbenze

ne sulfonate, and. non-ionic compounds.

Maleic anhydride modified resin which is processed by adding maleic 

anhydride to abietic acid, has totally three carboxyl groups, and so the 

negative charge may be increased much. The admixture was finaly produced



"by saponifying the said, maleic acid, copolymer and. emulsifying it with syn

thetic foam stabilizers, thus the superior stability of quality and. storabi

lity being obtained.. '' - 1 ’

Addition of 0 to 0.2 concentration of the maleic resin admixture de

creases surface tension so much in the saturated lime solution with increas

ing concentration successively to nonionic agent and alkylbenzene sulfonate’.

The least bleeding was obtained by using the maleic resin foaming agent 

in cement paste of w/c = 0.65» It is inferred that the carboxyl groups ■ 

introduced into the molecule of the maleic anhydride modified resin, may be 

combined with calcium ions to form an insoluble salts. -

All foaming agents except lignosulfonate had little effect on the sett

ing time of cement paste,"so far the dosages’of■admixtures ranged from 0.05 

to 1.0 % by cement weight. khen adding accelerating or retarding agents to 

the maleic resin foaming a-^nt, the normal acceleration or delay of setting 

time was obtained. "

In the tests of mortars having mix proportion of 1 : 2 (w/c = 0.60) to 

1 : 4 (w/c = 1.00) and containing the maleic resin foaming agent, maximum ■ 

air content (10 to 20 as well as maximum flow was obtained when the ' 

dosage of the foaming a.gent was 0.1 to 0.2 Jj, almost corresponding to the - 

critical micells concentration.- ' ' .... .

Strength of mortar decreased with increasing air content, and the com
pressive strength at 2c1 days being 90 to 250 kg/cm2 for around 15 £i-£' con

tent depending upon the nix-proportions.

drying shrinkage also varied with mix proportions and was 0.09 to 0.17 

% at 2Ö days. Another test revealed that mortar of 1 : 3 mix proportion 

containing the foaming agent of not less than 0.5 5° by weight and so conta

ining about 10 % air showed good waterproofness comparable to the non-foamed



plain mortar.

Author concluded, that the maleic anhydride modified resin used in this 

study may he approved as an effective foaming agent. ,
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The following Supplementary Papers are summarized in this report.
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Paper No. IV-135 ‘
THE DIFFERENT ACTION MECHANISM OF POZZOLANIC MATERIALS AND SLAGS IN THE 
HYDRAULIC BINDERS 
A. Celani, P. A. Moggi & A. Rio (Italy) ■



INTRODUCTION
Among the supplementary papers on Topic IV - 2, Bauman’s paper 

relates to fly ash and those by Celani - Moggo - Rio , Schwiete 
- Käst an ja - Ludwig - Otto , and Sersale - Orsini relate to 
puzzolanas. Fly ash is a special artificial puzzolana which can be 
distinguished from other puzzolanas (natural or artificial) by the 
form of the grains or by a given carbon content, for example. This 
topic could therefore be entitled "Puzzolanas and Puzzolanic Cements"

I am going to endeavour to compile a survey of these papers which 
is not a repetition of the synopses prepared by the Authors and 
wnich takes account of all the principal papers read at the 
oymposium which I have received and in particular the paper " ‘ 
oy Lasatane Kokubu on the'same topic.

ra,v Materials

The substances studied by the Authors are varied. Their chemical 
compositions by weight are plotted on figure 1 in which the apices 
of the triangle correspond respectively to to the sum
.i,loC^ + Feo0, + TiO„ + SO-,, and to the sum CaO + MgO + Nao0 + Ko0.2 p 2 p 2 5 2 2
(Figures 1 end J have been drawn under these conditions for 
simplification. It is known that many constituents are only 
interchangeable molecularly , and not without some reservations 
wnich are mentioned in the study by Sersale - Orsini in particular).

These raw materials comprise:

- natural "■puzzolanas": Italian puzzolanas, trass, tufa,
molererde, zeolites: zone (a) of fig.l

- fly ashes(b) ,
tone-\ acid slag (c)
- basic slags (d) "
- artificial glasses (e)



- one clinker (in the triangle C^S - C^S - C^A) , (f). „„ „ —
- one silica sand (g) . ,

The overall chemical composition is not enough to characterise the 
substance for a variety of reasons. For example, a given - 
composition may correspond, to a complex mass of grains of very 
different chemical and mineralogical compositions, and in particular 
the vitreous nature has a most important influence. A vitreous 
substance, at the molecular scale, always involves local arrange
ments analogous to those of glass, and in addition a crystalline 
substance may be amorphous in part, particularly at the surface 
since the atoms are not regularly surrounded by their neighbours , 
at the surface like they are within the body of the substance. 
This may explain, at least partially, why a siliceous sand, which 
is habitually considered to be inert,"fixes" a small quantity of 
lime as has been shown by Celani - Moggi - Kio.
However, a substance is not truly puzzolanic unless it is vitreous. 
in part at least. This is why these Authors indicate a considerable 
difference between the behaviour of sand and that of "puzzolana 2" 
in spite of the close similarity of their chemical compositions,« 
(fig. 1).

"Puzzolana", by definition, combines with lime at ordinary -L" 
temperatures in the presence of water to give bonding products.
Sauman reports reactions at 175®C. The other papers relate to
the reactions at ordinary temperatures or at 40®C. '

The combination with lime has been studied in several ways: . . „

- the development of the concentration of a solution of lime.
- X rays. ' ♦ - ' «
- differential thermal analysis. .
- electron microscope, , -  . j t

- B.E.T. surface adsorption.
- leaching of the lime, . ' .

- mechanical strength.



FIXING OF LIMS

The development; of the concentration of a solution of lime in the 
presence of puzzolana has been traced by all the Authors by means 
of acidimetry, complexometry, and weighing methods. * 
Maintaining a temperature of 40° C as practised by Ge}.ani" - Moggi - 
Rio, accelerates the fixation of lime without modifying the 
process qualitatively. Naturally increasing the fineness of the 
substdnce-is favourable to combination. But this substance has 
also an intrinsic puzzolanity in this respect.

' Celani - Moggi - Rio, classified the puzzolanity of the 
substances they studied in the following descending order

- "puzzolana 2", "puzzolana 1", "slag I 1," "slag 2", sand.*

Their fineness is classified by the residue on a 40 micron • 
sieve. , , ~

25 Vo for the puzzolanas, 14 for the slags, 21 Vo for - 
the sand. • ‘ 1

Schwiete - Kastanja - Ludwig - Otto, classified their 
substances in the following order;- .

- molererde, «.ustrian trass, Rheinland trass, Italian
puzzolanas and acid slags, Bavarian trass. (

But their fineness may be considerably different# the Blaine 
specific area in particular, which is so important in all the * 
hydration reactions (as pointed out by the Authors) above all at 
the early stages (as found by Bauman). The fineness of the 
molererde, for example, is three times greater than that of the 
trasses and the Italian puzzolanas. These are overall classificatiore 
therefore and they do not necessarily affect the intrinsic 
puzzolanity of these substances. r

Sersale - Orsini, have used substances "powdered to 250 mesh" and 
they obtained the values reproduced in figure 2. "



It will be seen from figure 1 therefore, in accordance with, 
the several papers, that in general the fixing of limeJLncreases 
as the ratio A + F + T + SOj / 0 4- M + K + K of the substance 
increases. . L - I ,

The basic slags (which almost conform in figure l.to thef , 0 - 
simplified potential formula fix little lime. '
The same applies to glass ASQ , Furthermore it is known 
that clinker (which in figure 1 conforms to the simplified*  . 
formula AS^) does not fix lime but liberates it instead ’ 
during hydration.

The substanceswhich are capable of fixing lime,,and which are 
volcanic substances (puzzolanas, trasses, tufas, molererde) 
or artificial substances of similar chemical composition 
(calcined clays, fly ashes, acid slags, artificial glasses)are 
more"acid”than the slags known as "basic slag". A limiting 
com-position between substances which liberate lime and those 
which fix it. is given approximately by compositions situated 
on the OS - C^A line, (for example those corresponding to the 
simplified formula Cg AS^) .That may thus k made, out : hydrated 
substances, the most stable.may be considered as formed of " 
silicate which is designated 0 - S - H (I) ( the molecular
ratio C/S of which is more often about 1) and of tricalcium
aluminate in the hydrated condition °5 m6.
Thus Oelani - Moggi - Bio, have found that in a mix consisting 
of 75 % puzzolana and 25 % calcium hydroxide at 40°C all the * 
hydroxide disappeared. Sauman found the same thing at 175°C 
for 75 zS of fly ash and 25 7<> of CaO or C^S. '

HYDBATSD SUBSTAKCSS .

All the papers gave data regarding the X-ray analysis of hydrated 
substances.

During the hydration of puzzolanas in the presence of lime at 
40’0, Celani - Moggi - Rio, found 0 - S - Hi (I). Theydid ' 
not find C - S - H (II) (with a high C/S ratio ), C^ AHn and 
0^ ASH^ , which they obtained during the hydration of basic slags.



Schwiete - Kastanja - Ludwig - Otto, only found "CSH",(which may 
contain small amounts of aluminate) as a hydration product of 
molereyde at ordinary temperatures.‘ KVith all other puzzolanas 
which they hydrated in the presence of lime they found in . 
addition hydrogarnets 0^ (A,F) Hg - (A,I*)  which we will
write (A,F) Wltn volcanic puzzolanas they found GZtAHn.
C2 onl5r appeared occasionally. With Austrian trass containing 
2 /o of SOj , or by adding calcium sulphate during the hydration, 
they obtained mono—sulpho aluminate, and also tri-sulphoaluminate in 
the cas3of adding sulphate.

Sersale - Orsini found by the hydration of puzzolanic and zeolite 
substances of the (a) zone in figure 1 and of slags in the (d) ' 
zone, in the presence of lime: •'GSH11, CgASH^, G^AHn, or 
or CjACaCOjH.ft and hydrogarnets G^A3yHn. At times some hydrates 
were missing: C^ASH^ or or" G^AS^H^.

With the artificial glasses viz. GAS, C^ASq and
they obtained CjAS^H^, and with CAS glass they found "CSH" and 
G2ASHn. Gj ^ASOe6 glass may give C^ASpHn even without the 
addition of lime. The C/A ratio of the hydrate therefore follows 
the ratio of the anhydrous substance. ‘ ■

vSauman working on fly ash at 175°0 obtained "CSH" and C^(A,E)SI)Ha 
as hydrated substances in the presence of lime or of G^S ( the 
hydration of which releases a high proportion of lime). On the 
other hand tnere is scarcely any reaction with the ash in the 
presence of ßC^S and even the hydration of ßG^S is retarded 
unless from 1 to J yS of lime is added. The Author attributes 
the cause to a coating of the grains of BC^S by a silica gel 
from the ash, even when the ash is only present in small amounts 
(8 to 10 %). The hydrogarnet is also formed from mullite, 32^5 
and from Ga(0H)2 principally when the two compounds are present 
in equal proportions, and from mullite and G^S principally when 
the ratio between the two compounds is 2/1 by weight.
The composition of these hydrogarnets is approximately, with 
CaO : GjASHn and with C^S or ßCgS : C^AS^



The studies carried out by differential thermal analysis, by ' 
electron microscope and by surface adsorption have only 
confirmed-the results obtained by H-ray diffractometry.

Thus a ,summary of .the principles which can be derived from . 
the four papers can be seen in figure 51 , -7 * V . " . ;

- The '’basic" slags have compositions which are intermediate 
between the clinkers and the puzzolanic substances. (The areas , 
of the puzzolanas, basic slags and clinkers shown on figure 5 
are the, most usual ones. They correspond to molecular ratios 
S/A + F + T + SO^ of the order of 5 and weight ratios of the 
order of 2). . . '

- Substances the hydration of which tends to fix lime are 
situated to the right of the. OS - 0-,A line. The farther,they 
are from this line the more "puzzolanic" they are providing they 
are vitreous. . - - . .

- The hydration of clinkers situated to the left of the ■
CS - G,A line is accompanied by the liberation of lime (portlandite).

- Hydrated substances defined as the most stable are mainly.
(OS, C5AS5,. C2AS, 05A)Hn. , „

- Some of these hydrates since they are situated to the right
of the CS - C^A line may be thought to be capable of "fixing" 
(in a manner which has not been explained perfectly) a certain 
amount of hydrated lime. ' >•  - 

This may explain why Celani - Moggi - Rio found an essential 
difference,during leaching experiments, between puzzolanas and 
basic slags which are situated on either side of the broken, line 
CS - C^ASj - C^AS - C^A . - They hydrated both substances at 40*0  
in the presence of saturated lime water. They then found on 
subjecting the hydrated substances to leaching with diluted 
lime water that the slags gave up lime while the puzzolanas 
continued to fix it.



MäOHANIGAL STRENGTH

Combination with lime is an essential condition of -puzzolani-fry« -" - 
but it is not a sufficient condition; it is also essential 
that bonds should result from this combination from which ' --
mechanical strength results ipso facto. Mullite which, - 
according to Bauman, combines with lime but does not give 
practically any strength, even at 175°0 is not .a puzzolana *"  
therefore. ' \ " ..
v ' 1 .
Sauman considers that there is a certain proportion between the - 
vitreous silica content of puzzolana and the mechanical strength - 
it can develops. -* ; -

Schwiete - Kastanja - Ludwig - Otto have observed that the ” 
mechanical" strength confered by puzzolanic substances depends - - 
not^only on their intrinsic puzzonality but on the fineness 7 1- 
an<^)on the amount of water required for mixing. ’ ' '

CONCLUSIONS . ■ .  . ■ „ - -. J' ”
f , * , r -1 J -

The papers given at the symposium relating to puzzolanas and 
fly ashes constitute a coherent whole. The results presented in "" 
them are not at variance with those which had been- obtained x'* ? f 
previously and they provide very useful information on puzzolanic 
substances and their hydration products.  - ~

Substances richer in lime than the compositions corresponding * 
to line CS - C^a( figure 3)liberate lime during hydration. - \
Substances which are capable of fixing lime are vitreous 
substances less rich in lime. They then give the hydrated •' ‘ 
products, C - S - H, O^AS^(Hn), O^ASH^, O^AH^, some of ' ■ 
which fix a small quantity of lime themselves which can be ■ 
said to be adsorbed. This lime is not revealed by X-rays but ~
it can be leached out more easily than the lime from well Jeffned 7
hydrates .. - ;
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The following Supplementary Papers are summarized in this report. j « •
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AGENT FOR CONCRETE , .   . - £ <
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V. I. Satarin & Y. M. Syrkin (U.S.S.R.) " '

Paper No.' IV-48 ' - -, - .  2 > •_ • . , ■, » ..  , .
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a

Hydration and hardening processes of rapid-hardening slag portland 
cement, in comparison to portland cement and ordinary slag 'portland 
cement, have been studied by Satarin and Syrkin (1), by means of diffe-,

In the session "Slag and Slag Cements" nine valuable papers have 
been devoted to investigate the different aspects of the effects of 
the composition, the constitution, the way of activation, the nature 
of the hydration products, on the properties of blastfurnace slags 
and blastfurnace cements. 1 ' '* ”■ "*

Three papers have in fact investigated the influence of different 
slag treatments on the hydration process and on the properties of'the r<‘' 
slag cements.

Two papers have investigated the rate of slag hydration and.the 
related physico-chemical phenomena in the slag cements. ' ‘ '

Three papers have investigated the composition or the structure , 
of natural or synthetic slags in relation to the pratical- behaviour.

One paper has shown the possibility of employing'melted and gra
nulated raw materials (unsuitable for portland cement) for cementious 
products manufacture. , . L n ' - s



rent experimental facilities. . ■ . „ . . ,
Rapid-hardening slag portland cement, widely produced in U.R.S.S., . 

‘ ' 2is manufactured by mixing clinker, at a Blaine fineness of 5000 cm /gr, -' ' 2 . - - , , . .
with slag,; at a fineness of 3000 cm /gr, in the ratio 60:40 and 50:50, 
with.4-5% gypsum addition. Such a binder is characterized by mechanical 
strenght values very similar, at early stages, to those of portland ce- . 
ment. . • ■ t .

The Authors have systematically followed the course of hydration 
and hardening.processes by means of chemical, as well as electron micro
scopy and diffraction,. X-ray and thermal investigations. 

, Samples were prepared by mixing cement /with water (water:cement . , 
ratio = 0,5) and the composition of the liquid phase, isolated at dif
ferent time intervals by means of a special pressform under very high .- 
pressure, determined. Composition changes in Ca(0H)2, CaSO^ and alkalies 
content were examined.

It has been ascertained that after 4 minutes hydration, calcium hy
droxide content of liquid phase, isolated from ordinary slag portland 
cement samples (orepared both with basic and with acid granulated respe
ctively slag), is much lower than for portland cement and for rapid har
dening, slag portland cement. Calcium hydroxide concentration in portland 
cement and in rapid-hardening slag portland cement liquid phases overpas
ses, on the other hand,, saturation. Lime saturation of liquid phase, rea
ched after 4 hours and maintained during 24 hours, falls down after three 
days for all cement types. Gypsum content of the liquid phase after 4 mi
nutes hydration does not reach saturation value for all type of cements. 
The disappearence of gypsum from the liquid phase, which indicate the . - 
completeness of the reaction leading to hydrated calcium sulphoaluminate



o£ ettringite type, has been observed after 24 hours in the liquid pha
se isolated from portland cement and from rapid-hardening slag port
land cement, but only after 3 days for ordinary slag portland cement?

Hydration and hardening processes seem therefore to be somewhat ' *v- 
inhibited in slag portland cement in comparison to "portland cement'and - 
rapid-hardening slag portland cement. Moreover liquid phase isolated - 
from all samples show an alkalies concentration increasing with the • ■- '
time and lower for ordinary slag portland cement. - " *

The kinetic of the hydration process has been evaluated by deter- " 
mining the chemically bound water, too. It has been ascertained:that 
chemical water content, which increase with the age of the sample, is 
higher for portland cement and for rapid-hardening slag portland cement 1 
than for ordinary slag cement, manufactured with the same slag, accor- ’ 
ding with the higher hardening rate of the rapid hardening slag portland 
cement. 1 ' ' ’ -
" Electronographic examinations have definitely confirmed the results 
of chemical investigations and showed that at early stages the newlyy 
formed hydration products are similar for Portland cement and for rapid 
hardening slag portland cement. Mechanical strenght which caracterizea - - 
rapid hardening slag portland cements depend*therefore  from a more inten
sive production of high sulphate form of hydrated calcium sulphoalumina
te, together with low basic hydrated calcium silicates. ' * ; " ■ '■

The formation of hydrated compounds goes on in the same way for Por
tland cement as well for rapid hardening slag portland cement, but at’T" 
early stages the high sulphate form of hydrated calcium sulphoaluminate 1 
plays a role of great importance. In the rapid-hardening slag portland



cement samples, cured for one year, hydrated calcium silicates have the 
main role, while ettringite crystals are quite rare. Thus, particularly . 
at early stages, when it is necessary .to stimulate the output from the 
slag of newly formed compounds, the fineness of the clinker positively 
affects the "properties of slag cements. , "

ßapid-hardening slag portland cement is to be considered a binding . 
material-which share alike the rapid hardening of portland cement with . ■ 
the-tendency of slag cements to form hydrated calcium silicates. .

The results of electronographic investigations have been confirmed i 
bv x-ray and thermal examination. ' . " . . .

The first stage of slag cement hvdration seems therefore to be the < 
hydrolysis of the clinker. Tn consequence of this fact, calcium hydroxi
de and alkalies pass into the liquid phase,thus exciting the hydraulic . 
activity of the slag. The newly formed products are hydrated calcium 
sulphoaluminate and hydrated calcium silicates similar to tobermorite. ;

• .-lori, Iwai, Yoda and Oshima (2) have investigated the possibilities 
of increasing one-day strenght of portland cement, by employing high-alu
mina latent hydraulic admixtures. ■ > ' -

- The rapid strenght development-of alumina cement depends upon the > 
prompt rronocalcium aluminate hydration, while tricalcium aluminate is- 
the (secondary) component responsible of-initial-strenght in the portland 
cement. , ' - .

it’s well known that the alumina content of the slags and fly ashes 
is higher than that of portland cement. Such admixtures increase therefo
re the alumina content of portland cement but hydrate slowly and the . 
strenght development is likewise slow. , , , .



' The study o£ Mori and Coll, deals with a method of activating the ■ 
slags by employing a mechanical and chemical treatment. j ■ - .

Unprocessed slag with 50 microns maximum particle size and proces-, 
sed one (namely 25 minutes wet ground slag in a vibrating ball mill) , 
with ten to fifteen microns maximum particle size, were respectively •  
added to rapid hardening portland cement. Strenght development was 
found to be grater after a week when mortars made with processed slag 
were used, and smaller for portland cement mortars. This result was no-- 
tyet satisfactory for having high strenght development in 1-3 days.

Slag was then activated by a mechanical chemical treatment. Samples 
were prepared by wet grinding slag, calcium sulphate (and sometimes so
dium sulphate) and successively addition of such a slurry to portland 
cement clinker. ■ '

Strenght of mortars with milled admixtures varies with slag:sulpha
te ratio. One-day strenght of mortars made with 80 parts cement, and 20 . 
parts admixtures attained in fact maximum point (140 Kg/cm ) when slag: 
sulphate ratio was about.15:5. • ... -

Partial replacing calcium sulphate by sodium sulphate increases 
2 "one-day.strenght (196 Kg/cm ) when clinker:slag;calcium sulphate:sodium 

sulphate ratio equals 80:16:1:3. Sodium sulphate does not however exceed 
2% in order to prevent efflorescences. 

With reference to grinding time of slurry, a milling time longer 
than 25 minutes gave a negligible improvement.of mortar, strenght.

. With reference to the slag and anhydrite (or sodium sulphate) mor
tar content (for a constant amount of sulphates), the optimum slag a
mount was found to be about 15%, when 4% sulphates is present. *



V.'ater:cement-ratio higher than 0.5 decreases strenght for samples „ ' 
prepared with clinker: slag: anhydrite: sodium sulphate ratio 81:15:2:2, 
while > strenght ratio for mortar specimens with*  ar» without admixtures 
increases with water:cement ratio.„■ : . - . .

. The opportunity of- a separate grinding of blast furnace slags and 
of portland cement has been emphasized by Stutterheim too, (3) in com- . ' 
parison to the integral ore. ,. * ,, • ; : , - , - r .

..It's known that slag tends to vary considerably in grindability,. , 
depending upon composition and granulation conditions. Moreover slag is .. 
generally much harder to grind than portland cement'clinker, so that . : > 
slag component of an integrally .ground cement tends to be coarser than.., 
the clinker component. Slag is besides much easier, storable, than portand 
cement. , ■ J i

, In order to improve quality, reduce costs.and produce more uniform, 
materials, the use of separately ground,slag, successfully adopted in . 
South Africa,. appears to be profitable, t • .

r Separate grinding in fact, gives control-over, fineness and uniformi-[ 
tv of.quality. Slags and clinker can be ground in geographically separa
ted plants in the environs of(the production sites*and  the mixtures pre-, 
pared on the construction site with different slag:clinker ratio, and 
with slags of different specific-surface.;Concretes with properties va
riable in a pretty large range are therefore obtainable at the discretion 
of the consulting engineer. The resultant product compares favourably .- 
with portland cements for civil engineering works.- , . . . ,
_ With finely-ground slag available at. the construction site, concre-, 

te workability can be significantly improved. It’s therefore possible , x



to reduce water content compared to the case for portland cement and 
gain higher strenghts at long stages and lower shrinkage. ‘ "

: The ex-factory cost of ground granulated slag is finally apprecia
ble lower than that of portland cements. - - -

The problem of evaluating slag hydration rate in slag cements has 
been tackled by Kondo and Ohsawa (4). The possibilities of determining'- 
the amount of unreacted slag on the hydration process of slag and slagL ' 
portland cement pastes prepared by mixing granulated slag (Blaine 4000 
cm /g) and portland cement (Blaine 3100 cm /g) in the ratio 40:60 and 
70:30, respectively, hydrated at 20°C with water:cement ratio 0.4 for 
different time intervals, hast been thoroughly investigated." ' ’

1 Super sulphate slag cement pastes, composed of granulated slag, ‘ 
calcium sulphate and tricalcium silicate in the weight ratio:80:15:5 -
and tricalcium silicate-slag pastes, prepared in the weight ratio:50:50, 
with water:cement ratio 0.5, were also examined. '

VWConditions*which  unhydrated slaa of slag nortland cement hydrated - 
pastes is pratically undissolved, while most of the hydrated slag, clin
ker minerals and their hydrates are dissolved,' have been determined, by -* 
adopting a method established by Takashima and improved by the authors.

This method bases itself on the following principle: in a salicylic 
acid and aceton-methanol solution, slag is pratically insoluble, while 
most of the hydrated slag, some clinker components and their hydration ~ 
products dissolve. The method accuracy can be exalted by making some " 
corrections concerning the insoluble or less'soluble constituents of the 
examined cements (aluminate, ferrites, etc.) in the above mentioned so
lution. ‘ ‘ • - . ' -•*



Is therefore possible to determine both the slag contentjof.a ce-_„ 
ment and the hyd"ation rate of. the slag.,'. ;

- .The - Authors-.have.moreover investigated: the - chemical composition 
-of;the_hydration products and the reaction rate-of. each component: .. :
slaa,; tricalcium silicate etc., as well.as the thickness of the reac-.,.1 
ted laver on the slag and on C^S particles. . ' L j.sa-

rhe,graphics obtained from experimental data show the.unreacted
slaa uercentage in the different type of cement examined,. versus.hydra-- 
tion time,-as well as the reacted slag cercentaqe (in respect of.the.. - 
amount, of , total slag contenened-in .the samples) versus-hydration time. .1

- Those graphics showed_that„hydration rate of the slag contained -
in every, tyne of .slag.cement is.unexpectedly slow, r * .
- for.all;type of cement the experimental.results.showed.that the 3' 

proposed method is satisfactory and reproducible, particularly by ma- - - 
kinn corrections owing to the fact that.a fraction of unreacted slag

, dissolves, into solution (0.7");*.a  fraction of. COS: is. insoluble as well • 
C A, .C^AF and the.high sulphate form of calcium sulphoaluminate. .

•.Referring .to a cement, manufactured-with slag and clinker, it is . .
necessary to make the following corrections concerning,the-slag solu-..:- 
ble fraction and the clinker components, according to the relation: .•.]

j. • Unreacted slag = Insoluble part - clinker x-0,211. .
 ; -.It's.to be noticed.that, the treatment of portland cement withxthe ' 

solvent solution leaves off. an insolubletpart equal.to _>
 .Considering that the treatment.of ettringite with the solvent:so-.  
lution leaves off an insoluble fraction equal to.61.5%, the unreacted co 
slag amount.in the.supersulphate,cement can be obtained from the follo-



wing relation: '
Unreacted slag = Insoluble part - formed ettringite x 0.615;

The formed ettringite amount can be in turn obtained by determining 
the free calcium sulphate in the cement by the Forsen method and subtrac
ting the reacted calcium sulphate amount (assuming that calcium sulphate 
forms ettringite only). - , . . ’

The determinations of non evaporable water, free lime, Ca(0H)2 cry
stals size, free CaSO^ in the above mentioned cements and the x-ray pat
terns of the newly formed products in the pastes have been also reported 
by the Authors, together with the connections between the thickness of 
the layer formed around C^s(and unreacted slag particles, and the hydra
tion rate of cement pastes. The slowing down of hydration reactions has 
been after all ascribed to the formation of’a sheat around the unhvdra- 
ted particles. . v '

" Cesareni and Frigione (5) have thrown light'at the physico-chemical 
phenomena which occurs during hydration of slag portland cement. Hydration 
process of slag portland cement, in comparison to portland cement, has 
been investigated by means of experimental methods proposed by Powers 
and collaborators, namely: - ' "
fresch pastes sedimentation; non evaporable water content, surface area 
and porosity of hardened pastes. Slag cements were prepared by mixing 
different amount of three types of slags with three types ‘of industrial 
clinkers, rich in tricalcium silicate and containing different amounts 
of tricalcium aluminate, with 4% gypsum addition. Wagner specific surfa
ce values were about 1850 cm /g. - i "

It has been pointed out that a small amount of non-evauorable water



caracterizes hydrated pastes containing slag, though they give place to .; 
a gel production similar to that of portland cement'pastes. For mixtu- t 
res containing up to 50% slag, this fact can be interpretated both, on 
the.basis of a lower content of Ca(0H)2 and SCaO.SiOg, and with referen
ce to pozzolanic activity of the slag. For mixtures richer in slag,.the,.: 
lower content of non evaporable water attributable to gel, is rather 
difficult to explane. . . - - . , ■ .

It is Author's opinion that the lower content of lime gives place ' 
to a more impermeable gel which retard the hydration process and inter- . 
fere with pozzolanic activity, owing to the a topochemical absence of , 
lime. . - .

Lower basicity of the newly formed products also must be taken in
to consideration, because of the lower water demand. ■ • -

Chemical composition of the clinker, particularly tricalcium alumi- - 
nate content, affects hydration phenomena of the slag, rather indipenden- 
tly of the type of the slag. The higher content of C^A seems to influen
ce positively slag hydration. Bleeding capacity and velocity of fresch 
pastes increase with slag content. The porosity of there pastes is moreo
ver lower in comparison to portland cement. -  ■

Physico-chemical phenomena which caracterize hardening process of 
slag portland cement-pastes appear therefore very similar to those concer
ning portland cement pastes, at least up to 50°^ slag content. • ,.

Portland cement containing more than 50% slag seems to be somewhat - ; 
different both for the amount of fixed lime and for physico-chemical ca
racteristic of the pastes. .

With reference to the connections between slag chemical composi-



tion'and the properties of the corresponding cements, Cheron and Lardi- 
nois (6) have studied the influence of magnesium oxide and alumina on 
the hydraulic properties of granulated industrial slags’.

Industrial slags as well as synthetic slag samples obtained by mel
ting and granulating industrial slags and pure oxide mixtures were exa- " 
mined. Slags hydraulic activity was evaluated by determining mechanical ‘ 
strengths (according to the Rilem Cembureau method) of cements obtained 
by mixing 20;50 or 70% slags separately ground,with 3% gypsum to a 3500 
or 4500 Blaine finesses, with standard portland cement containing 3% gy
psum to a 3300 Blaine finesses. ' " -

Slags and clinker have been separately ground in order to prevent - 
differences in the specific surface due to different chemical' composition 
of the slags. Considering that a partial crystalline state affects hydrau
lic values, slags vitrosity was checked by X-ray diffraction. '

T - Ca0 + 1>4 MgO + 0.56 Al 0 , h SiO * 23 . ■ '

which is in good agreement with the one proposed by Tetmayer. For

■ Mechanical tests data obtained after 3 and 7 days were tabulated and 
plotted in ternary diagrams which showed the beneficial influence of the ’ 
a12°3 an<^ on ths compressive strengths. Such an influence has been al
so confirmed by 28-days strengths. . '

Ternary diagrams result from quaternary CaO-MgO-Al^O^-SiO^ diagram, ' 
by maintaining constant at the levels 9;12 or 15% the A12°3 content.

' A linear relation between slags chemical composition and the mecha
nical strenght of the corresponding cements has been also experimentally 1 
deduced, and expressed by the formula: 1 ‘ '•



Values lower than 1,4a better correlation is obtained when the coeffi
cient 0,56 for AlgO^ is renlaced by the 0,70 value. ,, , ,

The states of coordination of Al, Ma and Mn ions in synthetic slag 
glasses corresoondinq to compositions of the Indian slags which are cha
racterized by comparative lower CaO:SiO and higher Al 0 :SiO ratios,xi - ' 2 - - 2 3 2
have been determined by Chopra and Taneja (7). ,

It's known that hydraulicity of,granulated blast furnace slags, u
sed for the manufacture of slag cements, is influenced primarly by CaO: , 
SiO^ ratio and by the content of each of the oxides of aluminium, magne
sium, manganese etc. Since the stability and the rate of solution of 
slag glasses, which are foundamental for hydraulic hardening, are depen
dent upon glass constitution, it is,important to know how aluminium, ma
gnesium and manganese oxides are present in the glassy structure.

Six different series of glasses with molecular formulae given below 
were prepared r , , . ,
Series ) Glass composition , _ n (in moles)

A 10Ca0.8Si0A.nA1^0o , 1 ,to 7 t: 2 2.3^^"
t 1OCaO.nSiO2.3Al2O3 . , 7 to 10

lOCaO.(lO-n)SiO2.nAl2O3 . 1 to 4
D _ 1OCaO.8SiO2.4Al2O3.nMgO r

E (12-n)CaO.8SiO .4Aln0„.nMgO 
" i } 2 2 3

' 1 to 4
■ ’ , .

F 9CaO.8SiO2.3,5Al2O3.nMnO , „ 0,5 to 1,5
r The coordination state was determined by a combination of techniques

such as specific volume, molar refractivity, fluorescence in U.V. light, 
differential thermal analysis. Density determinations were performed by 
the displacement method (samples weighed in air and in xilene at 27°C,



referred to water at 4°C). Refractive 
at No 100 B.S. sieve) was measured by 
liquids of known refractivity indices 
der a microscope.

The total molecular refractivity 
Lorentz-Lorenz equation. Differential

index of powdered glass (passing 
the immersion method, employing' 
and examining the Becke line un-

of a glass was calculated with 
thermal analysis were performed

on glass powdered samples diluted with an equal amount of periclase of 
the same fineness, with heating rate of 10°C per minute up to 1l00°C. * *1" 
For magnetic susceptibility measurement a semi-micro aperiodic balance* ' 
was used; change of weight of the sample (powdered glass) before and1 
after exciting the electromagnet with a 3 amp. current was observed, 
ferrous ammonium sulphate being used for calibration purposes.

The state of coordination of Al ions was studied by determining 
the effect of varying content'1 on the density and refractive indi
ces of series A, B glasses. The partial molar refractivity of A^O^ in- ' 
dicated that Al ions are always present in four-fold co-ordination. ’
This was also supported by the value of partial specific volume of Al^O^ 
and the rise in temperature of the exothermic peak due to devetrification 
on substituting increasing amounts of alumina in place of silica in se
ries c glasses. Similarly, partial.molar refractivity of magnesia in se
ries D, B indicated a four-fold state of coordination of Mg ions. This 
was also confirmed by the purple fluorescence of Ni ions in glasses 
where part of MgO was substituted by NiO. The average value of partial 
molar refractivity of manganese oxide in series F glasses showed that 
manganese ions were present in six-fold co-ordination.*  This was also in
dicated bv the red fluorescence of manganese glasses. The partial molar



refractivity data however indicated further that a part of manganese 
was present in a higher state of valence and the magnetic susceptibility 
measurement confirmed that about 18 -t ?4°4 of Mn was present in trivalent 
state. ' - . 1 *

The connections between cooling rate and mineral composition of 
blast furnace slags have been investicated by Hideo Minato (8), by means 
of chemical analysis. X-ray diffraction, outical and electron microscopy. 
Composition of slags examined ranges as follows: *

' ' SiO2 30 + 35; Al203 13 + 20; MgO 2+6; CaO 40 + 50%. ' *

Six different water guenched slags, examined by X-ray powder method, 
showed essentially glassy structure with presence of small amounts of me

- - o I

lilite (faint 2.8 A peak). This result is confirmed by the observation 
of thin sections under polarizing microscope.

- 1 1 1 4 f 1 ‘l^

Three different slow cooled slags were examined. A stalactitic body 
spontaneously grown in a cavity inside one of them, and two melilite sin
gle crystals isolated in two different slags, have been also studied.

The former shows enrichment of manganese, alkalies and sulphur in 
. C - . < ' i

comparison with the corresponding slag. Melilite single crystals showed 
a characteristic zonal structure under the polarizing microscope; its 
nucleus,appeared to be highest in gehlenite while the rim lower.

General constituents of slow cooled slag are melilite, dicalcium 
silicate and pseudowollastonite.

As it concerns raw materials, Pai and Hattiangadi (9) have investi
gated the possibility of manufacturing a cementitious product from low 
grade limestone (unsuitable for portland cement manufacture because the 
high silica and magnesia content) and from alumina rich materials (such



as bauxite and laterite). These raw materials, after being activated 
by portland cement, hydrate to give a strenght producing compound.

The process consist in grinding the low CaCO^ stone with bauxite 
to the same fineness as cement raw materials, melting it and quenching.
the melt in a manner analogous to the granulation of blast furnace slag.

were fired to 1450 +

previous investigation in the CaO.A^O^.SiO^ and ,Using the results of
Ca0.Mg0.Al20^.Si02 systems as a basis, composition were chosen to have- 
"liquidus" temperature below 135O°C; the melts 
1500°C in order to preserve the vitreous state during the quenching with 
water.

It is now generally agreed that a Ca:Si ratio—between 1,5 ad 2,0
in the tobermorite gel obtained by hydration of C^S and CgS,' is desidera- 
ble from the point of view of the mechanical strenght of the hardened " 
paste. Considering this, C^S alone must be regarded as a too basic com
ponent of anhydrous cement, even if reacts with acceptable speed at ear- 
Iv stages of hydration and if the excess of lime, not combined1in tober
morite, forms plates of Ca(0H)2 which give a high pH environment for 
protecting the reinforcing steel. In the same time this lime is a source 
of weakness when sulphates are present. The use of a less basic anhydrous 
maternal could be, therefore, an advantage; since it is not possible with
cristalline solids, the use of materials in the vitreous state offers a 
possible solution. ’ ' * ‘

A furnace employing butane gas as fuel"and developing 1550°C in 
three hours was used. Nodules of precalcined raw mix were molten in the 
furnace and quenched in water. The glass content was estimated with the 
optical microscope and was generally well above 90%‘ The quenched melt



was ground with portland cement clinker and 5% gypsum. The clinker had - 
a potential C^S content o£ about 35%. '

The compressive strenghts were tested on 2" mortar cubes prepared 
according ASTM method o£ test n° C 109-64 when small quantities o£ glass 
were available. When larger' quantities o£ glass were prepared, 4" concre
te cubes made according to the British Standard 12-1958 were tested in 
addition to the mortar cubes above.

The products of hydration were identified by D.T.A.-and X-ray dif
fraction^ Cement low in and high in showed ettringite up to
7 days in addition to tobermorite. They gave poor strenght, larger exo
thermic effect due' to unreacted glass aa well as a fair amount of Ca(0H)2 
whic^has not been taken up by the melt due to its slow hydration.

Those higher in AlgO^ gave monosulphates at same ages, and showeA- 
traces of lime indicating that lime released by portland clinker has 
been immediately fixed up by the reactive melt.

Suitable compositions with "liquidus" temperature and compressive 
strenght have been thorouchly investigated.
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Of the three papers in the subgroup of Session IV-3, 
the first paper entitled *Anhydritecement* byProf. Hute 
reports in main the findings of an investigation on the 
development of a synthetic cement composed of mainly blast 
furnace slag and the anhydrite obtained by calcining waste 
gypsum from the phosphoric industry. The basic approach ? 
in this investigation is the search for an optimum compost- . 
tion of the anhydritecement which will result not only in ' 
highest possible mechanical strengths but also possess other 
physical properties comparable to those of portland cement. ‘ " 

The anhydrite cement reported to have been used sueess- 
fully in Asiatic Russia and Germany consists of ground gypsum 
anhydrite (CaS04) and a catalyser (1,2). The anhydrite '*  
cements under report additionally contain ground blast 
furnace slag as the third component and are akin to anhydrite
slag binders of Grimme (1). In this investigation anhydrite 
was prepared by calcining waste gypsum (76% CaS04, 1.15% 
total PgOg and 1% Fe etc.) at 850-900°C. "Quenched” blast 
furnace slag having Cat) from 35 to 45 per cent, SlOg preferably 
30 to 33 per cent but not more than 35 per cent, AlgOg not less 
than 15 per cent, and S not more than 1.5 - 1.8 per cent is 
recommended for use. The third component is a new catalyst 
and consists of a mixture of KgSO^, CatOHig and the Lafarge 
•Central Building Research Institute, Roorkee (U.P.) INDIA.



aluminous cement. Each of the components of the anhydritecement 
was ground to a fineness of less than 63 microns. •»-'*.  " •

The physical and mechanical properties of the experimental - - 
anhydritecement were tested as per the Belgian Specifications * '
and compositional limits of the catalyst for anhydrite/slag ' 1
ratio between 45/45 and 50/40 were established as 1.0 to 1.5% -
per cent CaCOEDg*  0.9 to 1.2 per cent K2SO4 and 5 to 9 per cent 1 
aluminous cement. In order to determine more precise limits • '
for the optimum composition, the author"*  carried out a systematic 
Investigation on the influence of the relative quantities' of the 
dlrrerent components on the flexural and compressive strengths ■ 
of the experimental cements at 3, 7 and 28 days. The author - 
reports on more than 100 cement blends and concludes that the 
strongest anhydrite cement Is obtained with a 50/40 anhydrlte/slag : 
ratio and the optimum composition of the catalyst for the anhydrite- . 
cement to be strong at 3 days are aluminous cement 6-7%, CaCOHjg .v 

1.5% and K2S04-1.2%. For anhydritecement to be strong at 28 • J . 
days a higher proportlonof aluminous cement (8 per ? cent) . and • -* * s r - 
lower proportion of lime (1.1%) are to be used. Such cements . •; 1
show compressive strengths in the range of 400 to 550 Kg/cm^ at ' 

28 days and satisfy the requirements specified for ordinary 
portland cement except that initial set takes longer time. Although • 
full Information on long-term performance and scope of application - 
of this class of cement under different environments Is lacking, - 
this piece of work is of great interest as byproduct gypsum or 

anhydrite Is available In many countries for disposal and , 
utilization, and production of-a cement from It is an attractive • * 
and profitable proposition. *r * * > - 1 '1



In the second paper entitled "Chemistry of Slag-rich Cements" 
Dr. Yang reports and discusses the.setting and hardening character
istics .of slag-rich cements and evaluates their scope of applica
tion. The slag-rich cements are defined as those consisting' 
mainly of 65 to 95 per cent of slag and the balance of portland .
cement or anhydrite or both. This study pertains to five different 
American slags and one high magnesia slag from South Africa. .: - 
Hydration of slag cement under normal curing conditions was.studied 
on pastes at a water/solid ratio of 0.60. A water suspension of. : - 
of 2 grams of slag cement In 40 distilled water was used for * . ■
studying hydration under hydrothermal conditions. «•. ■ - J . ■■ 

Ettringite and tobermorite like CSH-I-are reported as the ." : 
main binders in a supersulphated cement composed.of 83%.slag,.12$ . :• 
gypsum anhydrite and 5% portland cement and hydrated at atmospheric . 
pressure,and temperatures below 75°C.' Hydration at 95°C was found . 
to result in the formation of tobermorite and a poorly.defined . •
hydrogarnet. - Under hydrothermal conditions, l.e..atlOOpsl. . .i 
and higher^ ettringite decomposed to fine1crystalline CaS04 which ,: 
recrystallized during hydration process'and grew to crystals upto : 
20 microns. In view of this and likelihood of delayed expansions 
due to the action of free CaS04 with slag I constituents in a set 
product1 supersulphated cement Is recommended for use only for • ■ 
air cured products requiring good sulphate-resistance and1not

• / for autoclave' cured products. :, 5 - j . . • . • •
The main hydration products identified in a.slag cement , • 

containing 25 per cent of portland cement are CSH-1 and C4A 
or its solid solution'with 3 CaO. AlgOg. > CaCOß.-ISHgO. These . j. 
findings are in general agreement with the main conclusions - . ■; -



of the hydration studies reviewed in the principal paper by ' 
Schroder (3)« Hc-ever, it is noteworthy that the slag cement ", 
prepared from a slag containing about 15# magnesia does not 
show upon hydration any detectable free MgO or Mg(0H)g. It will • 
be interesting to know how magnesia is1consumed and how it affects 
the properties of the set cement products. . ■ . - 4 •

Under hydrothermal conditions of curing, blast furnace 
slag cement yielded tobermorite and.hydrogarnets, the latter 
bestowing sulfate resistance and high resistance to carbonation. 
As autoclaving temperatures approached 225°C the reaction rims r - 

around slag grains were found to thicken and a hydrogarnet 
resembling plazolite was formed. At still higher autoclaving -• 
temperature of 300°C, the hydrogarnet formed resembled hibschite.

Addition of silica flour to the slag rich cements in 
amounts more than 30 per cent was found to check the formation 
of hydrogarnets and produce greater quantities of CSH compounds , 
and consequently higher strengths. Another advantage mentioned - 
by the author is the lowering of production costs. -

" The scope of application of slag cement in producing auto
claved asbestos-cement building products was also investigated 
upon by the author. „ Flexural strengths of autoclaved specimens 
consisting of 20 per cent chrysotile fibre blend, 40 per cent 
silica flour, and 40 per cent slag-rich cements are reported and 
compared with .the strengths of a blend of 20 per cent asbestos 
fibre, 30 per. cent silica and 50 per cent Type I portland cement. , 
The data show that optimum strength is achieved with a cement 
consisting of 75 per cent slag and 25 per cent portland cement . 
at autoclaving pressure of 100 to 125 psi. The slag-rich cements



were further evaluated in a pilot plant and the setting properties 
and mechanical strengths of asbestos cement pipe products show 
that satisfactory autoclaved formulation can also be achieved ' 
when portland cement is replaced by a blast furnace slag cement# 
The results of corrosion tests for soft water and dilute sulfuric ' 
acid also point out to the soundness of using blast furnace slag 
cement in producing asbestos cement products. "• * - *

The last paper in this group by Mr.' George H. Thomas reports 
the results of a specific investigation on the relative merits of 
a super sulphated cement for use under aggressive environments.' ' 
The comparative assessment has been' based on the results of threef 
different groups of tests carried out on the commercial*brands  of 
a supersulphated cement, a sulphate-resistlng protland and ordinary 
portland cement. *'  '5 ♦ -

In the first group of tests 28 days’ old specimens of a * * 
rich concrete mix were immersed separately in six' solutions of * 
sulphates of sodium, magnesium' and ammonium, each having two levels 
of SO3 concentration as 0.35 and 3.5 per cent, and also in 0.25 ' 
and 2.0$ W/V of H2SO4 solutions. The sulphate resistance was 

assessed mainly by determining compressive strengths of the 
specimens after 8 to 10 years storage in aggressive waters versus ' 
storage in ordinary water, and statistical methods were employed

- - , «- - * 1 _ r- - > > rfor analysing the data. The temperatures of storage of specimens 
in different solutions are not'mentioned, it is presumed that*  ' 
tests were done under controlled temperature in view of storage 1 
temperature being one of the variables (4). ' '

In the second group of tests the comparative assessment of 1 

the acidic resistance of the supersulphated cement was made by



' subjecting three different batches of the supersulphated cement , . . 
concrete to attach in an experimental section of the sewer at •- r. 
Burton-on-Trent. The basis of evaluation were the same as for the - * 
tests in the first group. , . 

The third group of tests aims to assess aggressive solution 
resistance of cement rapidly by immersing inch micro-concrete <- .
cubes, prepared from a mix consisting of graded washed silica . . ..
sand, cement and water adjusted to a constant workability, in . : .
sulphate solutions. * The curing and testing procedures of the . -
specimens were the same as for tests in the first group.

The results and conclusions of. each group of tests are reported 
in the paper. The statistical techniques have helped undoubtedly * - 
in differentiating between the real effects of the different 
aggressive solutions and the experimental variations. But the ‘‘ 

- author has rightly cautioned that, statistical superiority or ' 
inferiority should not be taken to imply satisfactory or unsatis
factory performance or life. • His other recommendation is that, 

, .

apart from the general trends of attach of aggressive solution, 
the rate of deterioration and the residual strength of a cement 
must also be taken into account. Finally, the important conclusions

* - , ■* J ‘ - 
of this investigation are as follows: ; . .
(1) In sodium sulphate solutions supersulphated cement gives
by far the best performance. No significant attach was registered 
in 3.5$ S03 solution even after eight years. As against this even 
sulphate-resisting portland cement did not show satisfactory 
performance. However, in the 0.35$ SO3 sodium sulphate solution 
the advantage for supersulphated cement is less marked.
(2) Although the sulphate-resisting portland cement gave a 
statistically better performance in 3.5$ SO3 solution of magnesium



sulphate, In real terms neither this nor supersulphated cement . 
appear to be suitable for use in such high concentrations of - 
this salt» . But both of these cements resist the attach of weaker 
solution of 0«35^'s03 concentration and the supersulphated cement 
shows somewhat better resistance. « . .
(3) All the three cements e.g. sulphate-resisting portland, , 
ordinary portland and supersulphated are attacked by ammonium ; , 
sulphate solutions with 0.35 and 3.5$ S03 concentration, but .. 
again supersulphated cement shows better.performance., . ..  . .
(4) The results of both the first and second group of, tests . 
in this study confirm the earlier reports about the superiority ; 
of supersulphated cement in weak sulphuric acid concentrations. •
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The authors of each of the seven Supplementary Papers on Expansive 

Cement are to be complimented, for their contributions to the subject. In 

addition, and most fortunately, the papers encompass a broad range of areas 

of interest concerning such cements and their uses.

These papers total 1$2 pages of text, 92 tables, and 1^5 figures. 

Needless to say, it will not be possible to present more than a few of the 

significant contributions contained in these papers.

Broadly speaking, and for convenience of discussion, the papers 

may be separated into three general categories:

(1) Four papers primarily concerning clinker phase formations in the 

C-A-S system and the influence of phase composition on the hydra

tion process, and the study of the nature of the hydration 

products using a variety of techniques,

(2) Two papers primarily on laboratory studies of concretes including 

those made with all three types of expansive cements; the factors 

affecting expansivity and cracking tendency and the various 

engineering properties of such concretes, and

(?) A paper describing practical field experience with an expansive 

cement in wall plastering, floor topping, pipe lining, reinforced 

concrete beams, roof slabs, and a pavement.

Regarding the papers on clinker phase compositions in the C-A-S 

system and the nature of the hydration products, Klein and Mehta prepared 



mixtures of high-purity C4A3S, calcium sulfate, and calcium oxide at A to 

S molar ratios from 0.25 to 1.25 and C to S molar ratios from 2.0 to 8.0. 

The products of hydration of U5 such mixtures were determined by X-ray 

diffraction techniques. The formation of ettringite, considered to be 

required for expansivity was observed in varying amounts except for mixes 

having A to S ratios greater than 1 along with C to S ratios greater than 

4. A phase diagram was presented to show the nature of the final hydration 

products in the over-all system. Monosulfate hydrates with 18 and 12 moles 

of water were also observed and a third monosulfate hydrate, perhaps having 

15 moles of water was postulated.

Fukada prepared a wide range of clinker compositions in the C-A-S 

system and identified C4A3S as the only ternary compound formed. With the 

addition of silica the clinker may contain CgAS. When the raw mixture 

contains sufficient calcium and sulfate the silica appears to have no effect 

on the formation of C4A3S. When C4A3S is mixed with normal portland cement 

and hydrated, ettringite will not be formed and expansivity not observed 

unless sufficient additional sulfate is present to compensate for the 

alumina in the portland cement fraction. Quick setting was attributed to 

the formation of CgAHg the formation of which can be controlled by the 

addition of gypsum. ,

Nakamura, Sudoh, and Akaiwa studied the clinkering of mixes of a kaolin 

clay (containing about Uo^ S and 50^ A), limestone, and gypsum and showed that 

the mole ratio of C to (A + 2S + 5F) must be greater than 1 to form C4A3S which 

was, under such circumstances, the only alumina-containing compound except for 

C^qAsFs. By means of X-ray diffraction they also showed that below 1285°C 

a ternary silicate coinpound CgSaS; forms and above 1285°C this is decomposed 



into ß-CaS and CS. The heat of hydration of CgSaS was shown to be very 

similar to that of ß-CaS. Differential, thermal analysis, electron probe, 

electron microscopic, and calorimetric techniques were used to study the 

clinkers produced and the hydration products. X-ray diffraction and micro

scopic studies revealed that ettringite formation is necessary for expansion 

and that only the ettringite formed in the presence of a high lime concentra

tion is effective. Quick setting with this experimental cement could be 

controlled by adding gypstun, and the resultant increase in expansion was 

controlled by the addition of blast-furnace slag.

Okushima, Kondo, Muguruma, and Ono also showed a high lime concentra

tion to be necessary for expansion and studied the hydration reactions of 

pure materials using X-ray diffraction, light microscopy, differential 

thermal analysis and thermogravimetric analysis. They concluded on the basis 

of a special experimental technique that the hydration product forms 

directly on the surface of the C4A3S or C3A. grains and proceeds from the 

initial formation of the monosulfate to ettringite at that location. Clinker- 

ing studies indicated that relatively large crystallite size and particle 

size of the C4A3S produced the best expansivity. The relationships between 

pore size and expansion and shrinkage characteristics were studied. The 

authors described the manufacture of expansive cements of the C4A3S^ type 

and discussed those general characteristics of a sulfoaluminate-containing 

cement necessary to reduce shrinkage cracking in concrete and the need for 

residual compressive stress in the concrete after shrinkage. They also 

discussed the role of creep in restrained concretes and the factors of 

importance to the use of this cement for chemical prestressing. They showed 

that high expansions tend to give low compressive strengths. Data showing 

the effect of restraint (up to 1.6^ steel) on expansion and strength were



included.

As previously mentioned, two of the papers primarily concerned 

laboratory studies of mortars and concretes made with expansive cements 

and the engineering properties of such concretes. These two papers generally 

■confirm’and supplement each other.

The paper by Hishi, Harada, and Koh, as with the other previously 

discussed papers, dealt only with expansive cement made with the calcium 

sulfoaluminate type clinkers, sometimes referred to as Lossier or Klein 

type expansive cement. In reality this paper is an extensive collection 

of the works of 15 different investigators representing 12 different 

universities, institutes, or organizations and the many important results 

cannot be adequately summarized briefly.

The study of factors influencing the expansion and shrinkage of 

mortars and concretes included the effect of

- the composition and amount of the calcium sulfo aluminate 

clinker used

- the paste content and water-cement ratio of the concrete

- the use of normal weight or lightweight aggregate

- the moisture condition, temperature, and duration of

curing, and the use of different steam curing cycles, and

- the use of admixtures (an air-entraining agent, a water

reducing agent and a set-retarder).

In addition to these broad studies regarding expansivity under 

various conditions, many test results were reported on the engineering 

properties of mortars and concretes produced under various conditions. 

These studies included the determination and the comparison with normal 

portland cement concretes of - < ■ ■



- the compressive, flexural and. tensile strength properties 

of such concretes

- the elastic modulus and creep properties

- pull out bond tests of reinforcement

- the rate of carbonation and rusting of embedded steel '

- the chemical resistance (to acid, to alkali, and to

seawater) ~

- the resistance to freezing and thawing, and

- the fire resistance and thermal conductivity of such 

concretes.

Broadly speaking, if the expansion of the concrete was not 

excessive, the engineering properties would be considered essentially 

normal for the quality of concrete evaluated in comparison with non

expansive concretes. It should be noted that most of these studies involved 

the use of non-restrained concretes.

I have enumerated these various factors to demonstrate the breadth 

of the paper and the wealth of information the paper contains.

The paper by Klieger and Greening also concerned factors influenc

ing expansivity and the properties of shrinkage-compensating and self

stressing concretes. However, the paper differed from the other supple

mental papers in that it compared results obtained with all three types of 

expansive cements as currently recognized and defined by the American Concrete 

Institute as follows:

(1) Type K, the Klein or Bossier type, the essential ingredient 

of which is an anhydrous aluminosulfate such as has been discussed in the 

previous papers. (Currently this general type of cement is being produced 

in the U.S.A, in three different ways, as an enriched clinker subsequently 



blended with portland cement, in a single integral clirikering operation, 

and as an enriched clinker having, unlike the aforementioned clinkers, a 

low free lime content).

(2) Type M, the Mikhailov type, which is a mixture of portland 

cement, calcium aluminate cement, and calcium sulfate, and

(5) Type S, sulfated cement, which is made from a high CjA 

clinker .(about 20^ calculated C3A. content for shrinkage-compensated cement) 

and calcium sulfate in a quantity above the usual optimum for portland 

cement.

It is shown that each of these types of cements, adjusted to the 

same level of expansive potential, will perform in an approximately similar 

manner and produce concretes having essentially similar engineering properties.

As in the previous paper, many of the factors influencing expan

sivity and the physical properties of the resulting concretes were studied, 

but for concretes made with all three basic types of expansive cement, and 

in addition, comparisons were made with similar concretes made with ASTM 

Types I, II and V cements.

The effect of degree of restraint was studied.in some detail 

and for many of the concretes evaluated the expansion had been partially 

restrained. Additional factors studied include the effects of,duration 

of mixing and the evaluation of the long-time volume stability of concretes 

subjected to alternate wetting and drying, and resistance to de-icer scaling 

and surface abrasion. •

, The last paper by Ohno, Nakamura, and Saji summarizes the work

of 1U individuals and 5 different universities or organizations. It is 

largely devoted to description of practical field experiences in the use , 

of the calcium sulfoaluminate type of expansive cement. .



The usefulness of expansive mortars was evaluated, in wall 

plastering, floor topping and. pipe lining. If the expansive level was 

sufficiently high, the cracking of wall plaster was avoided. This may 

be attributable to the modest degree of restraint offered by the concrete 

subbase wall and perhaps to the expansive tendency of the mortar during 

the early period during which the mortar was subjected to drying and 

drying shrinkage. These two effects could offset each other during the 

early and most critical stages of drying when the mortar has not developed 

sufficient tensile strength to resist the shrinkage stresses that would otherwise 

nomally occur. As a floor topping, excessive expansion was observed — 

this is attributed to the extended period of water curing used and an 

excessively high level of expansive component. Satisfactory performances 

as a pipe lining was observed. This is presumed related to the high degree 

of restraint afforded by the confining pipe.

The authors report encouraging results with.the use of shrinkage

compensating cements in large-scale reinforced concrete specimens, slabs 

and beams, the results depending upon the inherent expansivity of the cement 

and the amount and type of reinforcement. The authors used this shrinkage

compensating cement in construction of an instrumented, reinforced concrete 

building and reported distinct benefits in decreasing shrinkages and cracks. 

In addition they reported lack of cracking (to date) in instrumented experi

mental concrete pavements made with shrinkage-compensating and noimal portland 

cement concrete.

In summary, these papers demonstrate that the chemistry of the 

expansive sulfoaluminate type of cements and their hydration products is 

well advanced. Many factors that influence the expansivity have been 

elucidated and many of the practical engineering properties of such concretes 



determined. There appears to be further need for suitable engineering 

design criteria for the use of such cements in various types of appli

cations. With proper design criteria the construction of suitably 

engineered structures will permit proper evaluation of the technologic and 

economic aspects related to the use of expansive cements.




