ICCC 2023 - Guidelines for citation and reuse

Organized

, ‘f) @ENT.THE 76,

CA S 1cee %
= 5 2023 :

% BANGKOK &
THAILAND &

5
“ g g

mnunounTnuissnelng
Thatand Concrete.

INTERNATIONAL CONGRESS ON THE CHEMISTRY'OF CEMENT R.f“.

Contact infomation :
Email: iccc2023.tca@gmail.com
Website : https://www.iccc2023.org/

D o i %

Please cite the conference proceedings as following:

Thailand Concrete Association, Ed. Further Reduction of COZ2 -Emissions and Circularity in
the Cement and Concrete Industry, 16th International Congress on the Chemistry of Cement
2023 - ICCC2023 (Bangkok 18.-22.09.2023). Bangkok, 2023. Available at: https://www.iccc-

online.org/archive/

Please cite individual papers as following:
Author. Title. In: Thailand Concrete Association, Ed. Further Reduction of CO2 -Emissions

and Circularity in the Cement and Concrete Industry, 16th International Congress on the
Chemistry of Cement 2023 - ICCC2023 (Bangkok 18.-22.09.2023). Bangkok, 2023. Available
at: https://www.iccc-online.org/archive/

All papers in the 2023 conference proceedings are published under the li-

cense CC-BY-ND 4.0.
(https://creativecommons.org/licenses/by-nd/4.0/legalcode)



https://www.iccc-online.org/archive/
https://www.iccc-online.org/archive/
https://www.iccc-online.org/archive/
https://creativecommons.org/licenses/by-nd/4.0/legalcode

TeTH

ICCC %
£

Organized by

ISTR) %

2023

fnauABuUNIwsUsHAlng
w BANGKOK
‘ ) _ THAILAN

Thailand Concrete Association

CCC ;>

INTERNATIONAL CONGRESS ON THE CHEMISTRY OF EEMENT

¥

Contact infomation :
Email: iccc2023.tca@gmail.com

Website : https://www.iccc2023.org/

—=SEADMA ﬁ gg &: '''''''''' ‘gﬁ}}z

Co-Sponsor by (aci ‘,

American Concrete institule

Avioys octoncing.



PREFACE

The International Congress on the Chemistry of Cement (ICCC) is the renowned global
platform that summarizes the state of the art of cement chemistry as well as major trends in
cement application. Since the first International Congress on the Chemistry of Cement started
in London in 1918, it has provided a strong and fruitful link between the academic world and
the cement industry. It has always stimulated scientific exchanges and discussions between
researchers, students, and those who have already gained working experience in many fields
of chemistry relevant to cement production and its use in concrete and mortar. The ICCC is
the venue to present cement and environmental development together with meeting worldwide
and renowned experts from all over the world who come to present their works at the congress.

This proceeding collects the papers submitted to the 16™ International Congress on the
Chemistry of Cement (ICCC 2023), which was held in Bangkok, Thailand between September
18-22, 2023, and organized by Thailand Concrete Association on the theme of “further
reduction of CO2-emission and circularity in the cement and concrete industry”. The ICCC
2023 attracted more than 565 papers and more than 800 delegates and students from 49
countries.

The scientific program covers the topics of the newest and the most important research
and development describing the new dimensions in clinker production, advances in hydration
chemistry, enhancing clinker substitution and supplementary cementitious materials, advances
in characterization methods and modelling, new low carbon cement and carbonatable binders,
new findings in admixture & rheology, new technology for quality concrete, durability &
reactive transport, sustainability, circular economy, waste processing and recycling, and
standardization of cement and concrete.

The Organizing Committee and the Scientific Committee believe that our participants
will be most satisfied with the congress and will gain the knowledge to improve their
professional works in the future.
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Hydration mechanism of wollastonite-blended magnesium
potassium phosphate cements
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ABSTRACT

Magnesium potassium phosphate (MKP) cement has been mainly used as rapid repair materials in the
field of civil engineering and as immobilization material for heavy metals and low-level nuclear wastes in
the field of waste management. The addition of wollastonite as a supplementary material in MKP cement
can improve the cement properties such as efflorescence resistance, heat resistance, flexural and
compressive strengths. However, the role of wollastonite in MKP cements is yet not well understood.
This study explores the hydration mechanisms of wollastonite-blended MKP cements considering the
impact of the key factors such as magnesium-to-phosphate (Mg/PO4) molar ratio and water-to-solid (w/s)
ratio through experimental approaches and thermodynamic modelling. The experimental results show a
higher wollastonite reaction in MKP cements with a lower Mg/POs molar ratio. Less magnesia reacted
establishes a lower pH value, which is favorable for the reaction of wollastonite. The hydration of
wollastonite does not lead to the formation of crystalline hydrates, but to the precipitation of amorphous
hydroxyapatite and magnesium silicate hydrate (M-S-H) as suggested by both experimental and
thermodynamic findings. Those phases largely contribute to higher flexural and compressive strengths of
the MKP cements at later ages.

KEYWORDS:!Magnesium potassium phosphate cement, Wollastonite; Hydration mechanism,
Thermodynamic modelling.

1. Introduction

Magnesium potassium phosphate (MKP) cement is an alternative to Portland cement. Generally, the main
hardening mechanism of MKP cement can be described through the following equation, giving K-struvite
(MgKPO4-6H>0) as main hydration product.

MgO + KH,POs4 + 5H,0 — MgKPO4-6H,O (1)

Wollastonite (CaSiO3) is an inosilicate mineral and has been used in cementitious materials for decades
(Low and Beaudoin (1992)). The use of wollastonite in MKP cements can improve cement properties
such as efflorescence resistance (Xu et al. (2020)), heat resistance (Gao et al. (2016)), flexural and
compressive strengths (Xu et al. (2020, 2021)); however, the role of wollastonite in MKP cements is not
yet well understood. This study explores the hydration mechanisms of wollastonite-blended MKP
cements considering the key factors of magnesium-to-phosphate (Mg/PO4) molar ratio and water-to-solid
(w/s) ratio through experimental approaches and thermodynamic modelling.

2.!Experimental


mailto:xubiwan@tongji.edu.cn
mailto:Barbara.Lothenbach@empa.ch
mailto:Frank.Winnefeld@empa.ch

Dead-burnt magnesia (MgO), monopotassium dihydrogen phosphate (KH>PO4) and wollastonite were
used as starting materials (Xu et al. (2020, 2021)). The MKP cements were prepared at Mg/PO4 molar
ratios of 2.7 and 4, w/s ratios of 0.25, 0.5, and 5, and with wollastonite at the levels of 0, 35%, and 40%,
by weight of the binder (sum of magnesia, KH,PO4 and wollastonite). The samples were cured at 20 °C
and 70% relative humidity (RH). Flexural and compressive strengths were determined on two prisms with
the dimension 20 mm x 20 mm x 100 mm. The solid phase assemblages of the hydrated pastes were
determined by X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The pH development in
MKP cement suspensions was monitored in-situ for 24 h. The sample preparation and test protocols were
detailed in (Xu et al. (2019)). Thermodynamic modelling was carried out using the geochemical GEMS-
PSI software, coupled with the thermodynamic data for magnesium potassium phosphates (Lothenbach et
al. (2019)).

3. Results and discussion
3.1 Flexural and compressive strength of pastes

As displayed in Fig. 1, the MKP cements without wollastonite show better strengths at the higher Mg/PO4
molar ratio of 4. The strength reduction at lower Mg/PO4 molar ratio of 2.7 over time could be attributed
to the unreacted KH,POs, formation of intermediate hydrates, and thus to potential expansion and micro-
cracking (Xu et al. (2019)). The use of wollastonite greatly improves the strengths, especially at later
ages. Furthermore, the wollastonite-blended MKP cements demonstrate higher strengths at the lower
Mg/PO4 molar ratio of 2.7, in contrast to the plain MKP cements without wollastonite.
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Fig. 1 A) Flexural strength, B) compressive strength of the MKP cement pastes at w/s ratio of 0.25 without (P2.7-R
and P4-R) / with wollastonite (P2.7-W and P4-W). The number in the sample names refers to the molar Mg/PO4
ratio. Note that the wollastonite levels in the samples P2.7-W and P4-W are 40% and 35%, respectively.

3.2 Hydration kinetics

The pH-development of the suspensions share two common characteristic maxima (P1, P2) as labelled in
Fig. 2. Compared with the plain MKP cement suspensions, the use of wollastonite extends the plateau
after the peak P2 to later reaction time, especially for the lower Mg/PO4 molar ratio of 2.7, indicating the
slowed-down MgO reaction. Further, the pH values of the wollastonite-blended MKP cement suspensions
after 24 h are reduced by around 1.2 units, which can be attributed to the lower portion of MKP cement
used in the blend and to partial chemical reaction of wollastonite.
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Fig. 2 The pH development curves of the MKP cement suspensions at w/s ratio of 5 without (S2.7-R and S4-R) /
with wollastonite (S2.7-W and S4-W). Note that the wollastonite levels in the samples S2.7-W and S4-W are 40%
and 35%, respectively.

3.3 Phase assemblage

The effect of the Mg/PO4 molar ratio on the hydrate assemblages of wollastonite-blended MKP cements
is predicted as given in Fig. 3. At lower Mg/POs molar ratios, hydrates such as newberyite
(MgHPOs-3H,0), brushite (CaHPO4-2H,0), CaK3H(PO4), are more likely to form due to the lower pH.
The increase of the Mg/PO4 molar ratio increases the pH, thus favoring precipitation of hydrates such as
K-struvite, calcium hydroxyapatite (HAP), magnesium silicate hydrate (M-S-H), and even traces of
brucite.
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Fig. 3 Phase assemblages of wollastonite-blended MKP cement pastes as predicted by thermodynamic modelling,
considering Mg/PO4 molar ratios from 1 to 4.5, a w/s ratio of 0.5, a wollastonite level of 35% (by weight of binder),
and reaction degrees of magnesia and wollastonite of 0.35 and 0.30, respectively.

Consistent with the modelling results, the XRD and TGA results given in Fig. 4 confirm K-struvite as the
main hydrate in wollastonite-blended MKP cements; however, no additional crystalline hydrate was
determined by XRD in both pastes. The further hydrates predicted by thermodynamic modelling such as
HAP and M-S-H may exist in ill-crystalline or amorphous forms as evidenced by energy-disperse



microanalyses in (Xu et al. (2020, 2021)). The potential presence of some M-S-H is also mirrored in the
slightly increased water loss between 300 to 600°C. In addition, the TGA data of the sample P2.7-W*
shows a small weight loss at around 700 °C, indicating the formation of a small amount of calcite.
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Fig. 4 A) XRD patterns and B) TGA/DTG curves of the wollastonite-blended MKP cement pastes at Mg/PO4 molar
ratios of 2.7 and 4. Note that the samples P2.7-W* and P4-W were prepared at w/s ratio of 0.5 and 0.25. The
wollastonite levels in the samples P2.7-W* and P4-W were 40% and 35%, respectively. S = K-struvite
(MgKPO4-:6H20), Q = quartz (SiOz2), W = wollastonite-2M (CaSiO3).

3. Conclusions

Wollastonite can be used as an effective supplementary cementitious material in MKP cements, which
can not only help to lower the CO; emissions by replacing a part of the dead-burnt magnesia, but also
improves cement performance. This study explored the influence of wollastonite on mechanical strength
and hydration of MKP cements at different Mg/PO4 molar ratios through experimental approaches and
via thermodynamic modelling. The experimental findings show that wollastonite can well improve
strengths of MKP cements at later age, in particular at lower Mg/PO4 molar ratios. Wollastonite reacts
more at lower Mg/POs molar ratios, and forms ill-crystalline or amorphous phases, such as calcium
hydroxyapatite (HAP) and magnesium silicate hydrate (M-S-H) as suggested by thermodynamic
modelling.
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Accelerating mechanism of calcium additives on!
alkali activated cementitious material

Feng Wu, Hui Li, Huimei Zhu

(College of Material Science and Engineering, Xi'an University of Architecture and Technology, Xi'an, 710055)

Abstract: In this paper, the alkali activated cementitious materials (AAMs) were prepared with coal
gasification residue as raw material and NaOH as alkali activator, different calcium materials were added
to AAMs, the effects of different calcium additives on the mechanical properties and micro morphology
of AAMs were compared, the accelerating mechanism of different calcium additives was discussed. The
results shows that the different calcium additives presents different mechanisums of enhacing the strength
and optimizing microstructure obviously. Ca(OH), provides non-uniform surface and easier to generate
C-S-H gel with high Si / Ca ratio, and the strength of AAMs was obviously improved. PC (ordinary
portland cement) needs to be hydrated to generate Ca(OH), and then participate in the C-S-H gels
formation reaction, the acceleration effect was poor. The C-S-H gel and C-A-S-H gel production of
AAMs can be promoted with the addition of 5% Ca(OH),. The crystallization degree and microstructure
of hydration products can obviously enhance, and the pore structure and distribution are optimized, the
effect of the accelerated agent is more obvious.

Keywords: AAMs, calcium additives, accelerating effect, mechanical properties, microstructure.

Introduction

AAMs is a new type of binder that replaces cement with environmentally friendly materials. It is a
product of the reaction between aluminum silicate and alkali activator, and has a three-dimensional
network structure. The most common precursors of AAMs are fly ash (FA), ground blast furnace slag
(GGBFS) and metakaolin, a by-product of traditional industry. CGR should be a pozzolanic active
mineral (I. Yoshitaka. 2012). Domestic scholars have shown that CGR has volcanic ash activity and has a
good contribution to the flow ability and strength of cement-based materials (S. Fang, et al., 2020). Coal
gasification residue should have a certain pozzolanic activity, which can be used as the precursor of
AAMs. However, such studies are rarely reported. The type of hydration products of AAMs has a great
relationship with the calcium content in the raw materials, the amount of calcium element in the raw
material affects the type of hydration product. On the basis of previous studies, this paper focuses on the
influence of adding different calcareous materials to alkali activated coal gasification slag based
cementitious materials on their strength development and hydration product types.

1 Experiment

1.1 Raw material

The CGR chemical composition is shown in Table 1, and its mineral composition is shown in Figure
1. It can be seen that the coal gasification slag is mainly rich in SiO,, Al,Os, Fe;O3; and CaO, with the
total content of more than 80%. It should has potential cementitious activity, which can be used as raw
materials for AAMs. The carbon content of CGR used is 1.52%, with a specific surface area of 320 m?*/kg
and a density of 2.72 g/cm’. The alkali activator used in the experiment is analytically pure sodium
hydroxide. The calcium additives used are cement and calcium hydroxide. The cement is made by mixing



95% clinker with 5% gypsum (with a CaO content of 60%), with a specific surface area of 330 m?/kg and
a density of 3.27 g/cm’; Calcium hydroxide is analytically pure.
Table 1 The composition of CGR / wt%

Oxide Si02  ALO; CaO FeoOs MgO NaxO KO  P20Os  SOs  Other  LOI

Content 48.75  20.05 10.69 9.67 2.84 1.65 211 0.17  0.56 1.88 1.52

Quartz

0w w0 W w0
Fig.1 Mineral composition of CGR

1.2 Sample preparation and testing methods

Preparation of AAMs: Weigh 5% sodium hydroxide and dissolve it in water to prepare an alkali
solution. Add 95% solid sample to the alkali solution and stir evenly to obtain a slurry. Pour it into 3 cm X
3 cm x5cm trial mold, it is compacted and smoothed, and steam cured at 80 ‘C for 24 hours before
demolding. It is then transferred to a standard curing box for curing until the specified age, and its
compressive strength is tested. Crush the sample and soak it in alcohol to terminate hydration. Mineral
composition analysis was conducted using a D/Max 2200 X-ray diffractometer (XRD). The molecular
structure was analyzed by PerkinElmer Spectrum Two Fourier transform infrared spectrometer (FTIR).
Observe the microstructure of hydration products using JSM 5900 scanning electron microscopy (SEM).

2. Test Results and Discussion

2.1 Macromechanical properties

Table 2 Mix ratio of PC and Ca(OH)2 in AAMs

Type CGS/wt% NaOH/wt% PC/wt% Ca(OHn/wt%  W/C Curing temperature/C

NH 95 5% — 0.4 80 (24h)
NH-PC 95 5% 10% — 0.4 80 (24h)
NH-CH 95 5% — 5% 0.4 80 (24h)
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Fig.2 Effect of different calcium additives on compressive strength of AAMs
Table 2 shows the proportion of different calcium raw materials added to AAMs. It can be seen that



when the AAMs hardens to 28 days, its compressive strength decreases to a certain extent compared to 7
days, and there is a phenomenon of strength shrinkage. The addition of PC and Ca(OH); into AAMs has a
significant difference in their macroscopic mechanical properties. Ca(OH), has a strong promoting and
enhancing effect on coagulation. Ca(OH), can significantly increase the compressive strength of the
sample at 3 days, 7 days, and 28 days, with an increase of 555%, 432%, and 629%. The effect of PC on
the strength development of the sample is similar to that of Ca(OH),, but the reinforcement effect of PC is
relatively weak. The addition of Ca(OH), and PC can counteract the phenomenon of later strength
shrinkage of AAMs.

2.2 Mineral Phase Analysis (XRD)

A:C-S-H(I) B:Ca(OH), C:C-A-H D:C-A-S-H A:C-S-H (II)B: Ca(OH), C:C-A-H D:C-A-S-H
Q: quarts SiO, I:Tron  N: Chabazite-Na Q: quarts SiO, I: Iron  N: Chabazite-Na

H-CH-3d 1

INH-CH-28d 0 B

(a. 3 days) (b. 28 days)
Fig.3 XRD patterns of AAMs after adding calcium at age of 3 days and 28 days

Figure 3 shows the XRD patterns of AAMs hardened with PC and Ca(OH), slurry for 3 days and 28
days. When 10% PC was added, the hydration products showed obvious C-S-H (I) characteristic peaks.
Compared with NH system; When 5% Ca(OH), was added, a more obvious C-S-H characteristic peak
appeared, and the amorphous hump in CGR became smoother, indicating that more active Si and Al were
dissolved to participate in the reaction. It is reported that normally, cement hydration should form C-S-H
(IT) with a high Ca/Si ratio. Since the PC content in this test is only 10% (CaO content is 60%), another
type of gel with low Ca/Si ratio has been formed (Tang, Z., et al., 2019). The characteristic peaks of
C-S-H and C-A-S-H can be found in XRD, but the characteristic peaks of N-A-S-H cannot be identified,
we will discuss the effect of adding different calcium materials on the formation of rules of C-A-S-H and
N-A-S-H in AAMs by FTIR.

2.3 Fourier transform infrared analysis (FTIR)

Transmittance

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber/cm

Fig.4 FTIR spectra of hydration products of AAMs after adding calcium
Figure 4 shows the 28 days FTIR spectrum of AAMs calcium doped hardening. After the addition of
PC and Ca(OH),, there is an obvious Si-O-Si contraction vibration peak between 1200 and 900 cm™', in
which 980~1000 cm™ and 1050~1100 cm™ respectively correspond to the absorption bands of hydrated



C-A-S-H and N-A-S-H. The strength and width of the expansion vibration spectrum in the range of 1200
cm'~900 cm™' vary depending on the calcium source added, It can also be confirmed that hydration
reaction occurred after calcium was added into AAMs, and at the same time, the formation of C-A-S-H
reduced the content of N-A-S-H, and the strength of cementitious materials was greatly improved. Adding
calcareous additives to the N-A-S-H gel can not only modify the aggregation morphology of the N-A-S-H
gel, but also promote the formation and aggregation of the C-S-H gel and the C-A-S-H gel.

2.4 Microstructure (SEM)

(a) (b) (©
Fig.5 SEM of samples hardened for 28 days after adding calcium (30000 %)

Figure 5 shows the microstructure of the sample hardened for 28 days after adding different calcium

raw materials at a magnification of 30000 times. In the NH system, the surface of CGR is eroded and
becomes a large number of cracks and flocculent or granular hydration products, which are concentrated
on the surface of CGR. When 10% PC was added to NH system, the erosion of CGR was intensified, the
surface zeolite phase was densely distributed, the network structure of hydration products was relatively
compact, and the interface gap between unreacted particles and hydration products was large; When 5%
Ca(OH); is added to the NH system, the CGR particles basically all participate in the reaction, and the
generated hydration products are fibrous at the reaction interface, which is conducive to interface bonding,
and the hydration products form an interpenetrating network structure, which is more compact. It can be
seen that Ca(OH), is more conducive to the polymerization reaction of Ca*" with active Si and Al.

3 Conclusion

Ca(OH); has a significant promoting effect on the cementitious material. PC needs to be hydrated to
generate Ca(OH),, which increases the alkali concentration of the reaction environment and releases Ca*"
to participate in the reaction. But Ca(OH), can be directly dissolved in water and react with active Si and
Al released from CGR to form C-S-H gel with low Ca/Si ratio. The addition of Ca(OH), in AAMs
promoted the formation of C-S-H gel and C-A-S-H gel, while the content of N-A-S-H gel decreased, the
microstructure of cementitious materials became more compact, the pore structure and pore distribution
were optimized, and the accelerating effect was more obvious.

Acknowledgement
Financial supports from/National Natural Science Foundation of China (51828201).
References

I. Yoshitaka. (2012) “Utilization of coal gasification slag collected from IGCC as fine aggregate for concrete”,
in: Proceedings of the EUROCOALASH 2012 Conference, Thessaloniki, Greece, p. 1.

S. Fang, E.S.S. Lam, B. Li, et al. (2020) “Effect of alkali contents, moduli and curing time on engineering
properties of alkali activated slag”, Construct. Build. Mater, 249: 118799.

Tang, Z., Li, W.G., Hua, Y, et al. (2019) “Review on designs and properties of multifunctional alkali-activated
materials (AAMs)”, Constr. Build. Mater, 200:474—489.



The 16™ International Congress on the Chemistry of Cement 2023 (ICCC2023)
“Further Reduction of CO, -Emissions and Circularity in the Cement and Concrete Industry”
September 1822, 2023, Bangkok, Thailand

The Effects of Supplementary Cementitious Materials on the
Hydration Kinetics of G-Oil Cement

M. T. Palou®?", R. Novotny’, E. Kuzielova'?, M. Zemli¢ka', J. Cep¢ianska', J. Podhorska'
! Institute of Construction and Architecture, Slovak Academy of Sciences,
Dubravska cesta 9, SK-845 03 Bratislava, Slovak Republic
2Faculty of Chemical and Food Technology, Slovak University of Technology
Radlinského 9, SK-812 37 Bratislava, Slovak Republic
3Materials Research Centre, Faculty of Chemistry, Brno University of Technology
Purkynova 118, CZ—612 00 Brno, Czech Republic

*
martin.palou@savba.sk

ABSTRACT

The present study was undertaken to study the kinetics of the hydration reaction of G-Oil Well Cement and
its blends by conduction calorimeter and thermogravimetric analysis. The coupling effect of temperature
(25, 40, 50, 60, 80 °C) and material composition (100, 95, 90, 85, 80, 75, 70, 65 %) with different
substitution levels by blast slag furnace, metakaolin, and limestone were analyzed on the light of hydration
products and activation energy of different reactions. The apparent activation energies calculated from the
hydration peaks characterizing the different reactions decrease with the increase in the substitution levels,
but that of the second peaks (33.31 to 31.95 kJ°mol™) is higher than that of the former (31.33 to 27.88 kJ °
mol ™) at the same level of substitution. Thermogravimetric analysis of the samples after calorimetric
measurement shows that the main hydration products are C-S-H, C-A-S-H, CH, and calcium carbonate.
Their quantity depends on the composition of the material and the temperatures.

KEYWORDS: G-oil well cement, material composition, hydration, temperature, thermal analysis,
kinetics

1. Introduction

G-0il Cement (GOWC) is a specific class of binders used mainly as zonal isolation materials during oil
well cementing operations. Indeed, the cement slurry, primarily prepared at normal temperatures, is pumped
through the steel casing to the bottom of the well and then up through the annulus between the casing and
the surrounding rock (De Andrade and Sangesland (2016). The temperatures and vapor pressures increase
with the well depth making cement slurry hydrating under different conditions, including hydrothermal
ones. From the chemical point of view, C-S-H, ettringite, and CH are formed when the temperature does
not exceed 110 °C. At different equilibrium temperature/pressure phases, C-S-H gradually changes its
structure from semi-crystalline to crystalline one while ettringite is decomposed. The transformation of the
C-S-H to a-C,SH phase at a temperature exceeding 150 °C leads to the beginning of strength deterioration
due to the change in pore structure (Jupe et (2006)). These changes continue with increasing
temperature/pressure causing the transformation of a-CoSH to CsSsHs. Some products like CsS;H» and
scawtite (C7S¢CHz,) to some extent are also formed (Kuzielova eet al.(2019)). Therefore, Supplementary
Cementitious Materials (Blast furnace slag, silica fume, metakaolin, fly ash) are added, concomitantly or
individually, to the commercial Oil-well cements to prevent this high-temperature transformation (Palou et
al. (2014)). The main objective of the present work is to study the effect of Supplementary Cementitious
Materials and temperatures on hydration heat and kinetics of G-Oil cement via conduction calorimeter and
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thermal analysis to determine its suitability for developing heavyweight structure for application in the
underground depository.
2. Experimental

The Class G-Oil Well Cement used in this study was manufactured by Dyckerhoff GmbH
Hauptverwaltung, Germany. Granulated blast furnace slag (Kotou¢ Stramberk, spol. s r.0., Czech
Republic); metakaolin (metakaolin L05 Mefisto from Ceské lupkové zavody, a.s., Czech Republic); and
finely ground limestone (Calmit, spol. s.r.o., Slovakia) were used as Supplementary Cementitious
Materials. Their oxide composition, surface area, and related mineralogical were reported by (Palou et al.
(2014)).

2.1.  Material composition

Table 1 shows the mix proportions of GOWC and Supplementary Cementitious Materials (Blast Furnace
Slag-BFS, Metakaolin-MK, and finely ground limestone —LS). The replacement levels of GOWC by
combining 3 SCMs were 0%, 5%, 10%, 15%, 20%, 25%, 30%, and 35% by mass, respectively.

Table 1 Mix composition of blends (wt. %).

GOWC | BFS | Metakaolin | Limestone
GOWCI100 100 0 0 0
GOWC(C95 95 5
GOWC90 90 10
GOWCS85 85 10
GOWCS80 80 10
GOWCT7T5 75 15
GOWC70 70 15
GOWC65 65 15 5 15

The study of cement hydration kinetics in the temperature range of 25°C to 80°C was conducted using the
conduction isothermal calorimeter to record the heat flow and determine the heat of G-oil well cement and
its composites. By way of illustration, 5 coupled figures of heat flow and heat of hydration curves are
presented to illustrate the influence of the material composition, to demonstrate the influence of different
temperatures on each sample, and to calculate the ,,apparent activation energy. “

The hydration products of the samples after calorimetric measurement were analyzed by TGA/DSC
technique (TGA/DSC-1, STARe software 9.30, Mettler Toledo). After having stopped hydration, 10.00 (+
0.03) mg of finely ground samples were heated in the open platinum crucibles until 1000 °C at the heating
rate of 10 °C min™' under an N atmosphere.

Dl n oo
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3. Results and Discussion

3.1. Assessment of hydration of GOWC and its blends by conduction calorimetry
The heat flow and cumulated hydration heat during the first 48 h hydration of GOWC and its blends at

different temperatures are depicted in Figs. 1. In general, three main exothermic peaks with four main stages
(dissolution, induction, acceleration, and deceleration) can be observed at the curves of the hydration heat
flow of all samples.

The first observed peak after the induction period is due to the hydration of C;S, resulting from the
nucleation and crystallization of C-S-H and CH. In addition, the second peak observed in the deceleration
period is attributed to the second exothermic reaction related to C3A (formation of ettringite after depletion
of the protective layer or decomposition of AFt into AFm). Moreover, Fig. 1 (60°C and 90°C) of heat flow
illustrates a phase of acceleration due to the alkali-activated reactions or the formation of
monocarboaluminate CasAl,(CO3)(OH)12.H>O and hemicarboaluminate CasAl,(CO3)os(OH)131.5H>0 due
to the presence of limestone. Also, it can be observed that the total released hydration heat of blended
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cements is lower than the reference one. Though the decrease of cumulative heat is related to the content
of GOWC in mixtures, the difference between the overall heat of hydration tends to disappear with
increasing hydration temperatures and converge towards the value of 325 j°g". This fact could confirm that
the alkali-activation reactions are more temperature-sensitive than the hydration of the reference GOWC.

25°C N 25°C 60°C
—GOWC100
——GOWCY5
——GOWC0
——GOWCSES5
——GOWCE0
——GOWCT5
——GOWCT70
——GOWCES

Heat flowmwg'
Heatjg"

Heat flowmwg'

—GOWC 100
—GOWCI5
—GOWC0
———GOWCSES
——GOWC80 H
e GOWCT5 I 150
~——GOWC70 125
—GOWCES

— GOWC 100
® — GOWCOS
1125 ——GOWCH0
0 —GOWCES
w—GOWCSE0
——GOWCTS
——GOWCT0
——GOWCES

Heat flowmwg'
Heat flow/m

(a) (b)

Fig.1. The hydration heat release curves GOWC

——GOWC100
——GOWCI5

mwg'

—GOW ’r-j ——GOWC100 . .
5, —comeas i —swes | and its Blends at different temperatures: (a) heat
$ e GOWCTS , y ——gowces M

— S - —oowers flow; (b) cumulative heat.

——GOWCT70
—GOWCES

3.2.  Apparent activation energy
Apparent activation energy using Arrhenius (Eq.1) general rule was calculated for each reaction represented
by peaks at the curve of heat flow of hydration based on five different temperatures.

k(T) = Aexp (- =) (1)

where £ is the temperature-sensitive rate or rate constant, 4 is a pre-exponential constant sometimes called
the attempt frequency, and R is the ideal gas constant (8.314 J/(mol°K™); T'is the absolute temperature
(K); E, is the activation energy (J°mol™).

Table 2 Values of E, for each peak and samples

Pre-exponential factor First peak Pre-exponential factor Second peak

A E4 (kJ°mol ™) A Ea (kJ°mol ™)
GOWC100 13.79 31.33 14.46 33.31
GOWC95 13.74 31.29 14.47 33.40
GOWC90 13.36 30.41 14.18 32.72
GOWCS85 12.86 29.25 14.02 32.46
GOWC80 12.81 29.35 14.04 32.70
GOWCT75 12.34 28.25 13.73 31.99
GOWC70 12.24 28.22 13.66 31.98
GOWC65 12.03 27.88 13.57 31.95
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The values of E, (kJ°mol™) are reported in Table 2. They decrease with the degree of substitution, but the
E, of the second peak is higher than that of the first one. It indicates a relatively strong barrier to overcome
for the second reaction of C3;A. Indeed, the formation of ettringite after the induction period requires the
rearrangement of the gel structure surrounding the original minerals into crystal one before the penetration
of water and dissolved ions to activate the reaction. Moreover, the presence of SCM-bearing aluminum
compound (BFS, MK) contributes to the formation of ettringite and mainly under the temperature effects.
Therefore, temperature becomes a key factor in increasing the second peak intensity.

3.3. Determination of hydration products by thermal analysis

The determination of hydration products is mainly based on the TG/DTG analysis at four temperature
intervals. The dehydration of C—S—H, gypsum, and ettringite occurs at 100—-140°C temperature, followed
by thermal decomposition of C—A—S—H products at 140-420 °C, and then CH at 420-500 °C. 600—1000
°C corresponds to the decomposition of different carbonated calcium. Fig. 2 represents the effect of SCMs
under two extreme temperatures (25 and 80 °C).

CH is released by the hydration of calcium silicate
phases and consumed in the alkali-activated
reaction and overall carbonation. The hydration
products and their amount depend on material
composition and curing temperatures. The
formation of C—S—H is retarded at temperatures
over 50°C, which supports the formation of C-A-
S-H mainly in the presence of SCMs.

CEEEEEER

Fig. 2. Influence of material composition on DTG
curves at 25°C and 80°C.

4. Conclusions
The conduction calorimeter assessing the hydration heat evolution at different temperatures has provided

data for calculating the activation energy. Two main peaks, which intensities vary with material
composition and temperature, represent the hydration reaction of the “silicate” and “aluminate” phases.
Their apparent activation energy depends on material composition. The higher the substitution level, the
lower the value of apparent activation energy. The 48-hour total heat evolved varies between 172 J°g™ and
310 Jeg”. Some blends can be considered as low heat cements for massive underground structures. The
DTG figures provide a deep analysis of the decomposition and phase changes in the main cement hydrates
in the temperature range of 0 to 1000°C. The hydration products are similar and stable at up to 80 °C at
least.
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ABSTRACT

Cement is one of the most used materials in the world, and its production is classified as an energy
intensive process that accounts for approximately 4% to 6% of all anthropogenic CO- emissions in the
world. For many years the cement industry has strived to reduce its CO, emissions by substituting
cement clinker by Supplementary Cementitious Materials (SCMs). This substitution is a frequent practice
in the cement industry, and it includes the use of materials classified as by-products that fit into the
cement production process, thus supporting the circular economy scenarios.

CEMEX promotes the use of these type of materials to continue reducing its CO, footprint thus
contributing towards a carbon neutral world. Currently 30% of Cemex’s CO, emission reduction goal vs.
the 1990 baseline has been achieved and by 2030 it is expected to reach around 47%, which is
approximately equivalent to 430 kg CO»/ton c.

The present efforts aim to explore and improve the experience of manufacturing new SCMs such as
calcined clays, in which diverse types of clays are thermally treated. Calcined clays have allowed Cemex
to continue reducing the overall CO; footprint while maintaining the properties and performance of the
cements. Industrialization of this process is essential to properly activate the ealeined clays, so that it can
be incorporated into the cement production resulting in reduced CO, emissions and making Cemex one of
the industry leaders in its use.

KEYWORDS:!Calcined Clays, low carbon cements, CO: footprint.

1. Introduction

Some clay minerals are potential candidates to be transformed into new supplementary cementitious
materials or SCMs. They can partially replace Portland cement, and consequently enhance strength,
improve durability, and reduce the CO2 emissions (Samet et al. 2007) associated with cement production.

In recent years, there has been a growing trend in thermal activation of clays due to their low cost and
availability in many countries and as well because some clays achieve pozzolanic properties when thermally
activated.

The pozzolanic activity is a result of a thermal activation of kaolinite and some other compounds present
in the clays.

There is a distinct difference between metakaolin and other pozzolanic materials, such as fly ash and silica
fume in the fact that metakaolin is a primary product obtained during a controlled process, while fly ash
and silica fume are secondary products of other industrial processes.

As kaolinite is heated, the temperature leads to a loss of chemical water and consequently a phase
transformation from kaolinite to an amorphous phase with high reaction ability, called metakaolin.

However, it has been found other compounds achieving good activation at different temperatures.
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Temperature, heating rate and time significantly influence producing thermally activated materials in a
reactive state, which would be between 600° and 800°C. If temperature is too high inert crystalline phases
will be formed.

The main characteristic of the produced calcined clay is its pozzolanic activity or its ability to react with
calcium hydroxide (Thomas, 2013) to obtain compounds with cementitious properties.

This reaction forms additional cementitious CSH gel, together with crystalline products, which include
calcium aluminate hydrate and alumina-silicate hydrates.

And finally, similar cementitious materials such as slag represent about 5%-10% of the amount of cement,
which unlikely options to increase (Scrivener, 2018)

2. Objective

The main objective is to deploy the use of calcined clays at industrial scale using existing assets, and as
well assuring that the material will maintain the characteristics evaluated at laboratory scale. For this
purpose, a set of laboratory testing has been defined using different clay materials from selected location
in Middle East, South America, and Central America. Finding the clay activation temperature is crucial,
but as well to replicate the temperature control at a large-scale system is on e of the hardest topics to achieve.

3. Laboratory tests

Finding the right temperature and materials is crucial, therefore, to ensure full clay activation, we tested it
at temperatures ranging from 500°C to 950°C.

Several tested materials reached close to 100% Activity Index. The Activity Index is measured by
comparing the strength of a reference Ordinary Portland Cement (OPC/CEM I), versus a blended cement
containing 70% OPC and 30% of a pozzolanic material, in this case calcined clay.

70
60

o))
A
S
50 ~
N

40 >
30 00 N
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20 —
0

1D 3D 7D 28D

m OPC m OPC+Calcined Clay

STRENGTH (MPA)

Fig. 1: Cement performance introducing calcined clays materials.

In table 1, some examples are shown of clays evaluated across Cemex and as can be seen, in many cases
Kaolinite its main constituent. Traditionally research has found out that Kaolinite provides the reactivity to
the calcined clay, however in other cases clays are a mixture of different compounds that can be activated
as well such as illite containing materials, among others.

As shown in table 1, it is possible to have low kaolinite content and a high activity index, the most important
factor is finding the right activation temperature.

Another important expect to observe is that the temperature for activation differs from one to another.
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Table 1. Activity Index vs. Kaolinite content.

Compound Site 1 Site 2 Site 3 Site 4 Site 5
Kaolinite 78% 4% 65% - 9%
Activity Index (Al) 110% 90% 90% 99% 88%

4. Industrialization

After testing at laboratory scale, a first Industrialization test was held in a location in the Middle east, where
three different materials were tested: kaolin, clay and a mixture of clay and feldspar.

Testing Kaolin resulted in higher fuel consumption, higher CaO, and higher Loss of Ignition than expected.
Concluding that the Kaolin pile was contaminated with limestone.

For the combination of clays, the strength result was not as high as what was obtained in the laboratory
testing, but still was in a good range of 95%- 98% pozzolanic activity at 28 days, compared to 110% at
laboratory scale.

For the second industrial test in South America, the main goal of was to enhance the existing pozzolanic
activity at a temperature close to 800°C, reduce the cement clinker factor with replacement of the activated
clays thus reducing CO, emission levels and to establish the main parameters and control variables to
guarantee optimal results for clay activation in industrial tests.

This test was successful due to the ability to accomplish good stability at nominal kiln conditions and good
quality of calcined clays. The plant was also able to successfully identify the new main control variables
while also reducing fuel consumption.

As for the third set of trials in Central America plant, the goal was to produce an activated clay with
pozzolanic activity by a calcination process in one of the wet kilns.

The main challenge was to evaporate the excess water and achieve the required temperatures for thermal
activation of the clay

Table 2. Operating conditions optimization.

PDle:::'Iptlon\ Middle East Central America South America
. Kaolinite, mix of Clays
Materials + local Clay Clay from the plant Clay from the Plant
. Double preheater string . . .
Kiln with double calciner and Wet kiln Single Stm.lg without
arrangement calciner
bypass system

Clay activation In rotary kiln In rotary kiln In rotary kiln
Cooler Grate Grate Rotary

* Material crushed |+ Kiln speed decreased | * Material crushed
Adaptations L « Cooler grates and

* Dosing line to the . .

o fans adjusted in case of | ¢ Preheater not used
kiln inlet )
dust production
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Fig. 2 Pozzolanic Activity Index of raw clay and calcined at different temperatures.

5. Conclusions

Operational conditions and temperature control are the key parameters, since it can drastically affect the

quality of the material produced. As shown in Figure 2, the calcined sample that only reached 500°C,
resulted in a significant loss of quality.

The quality of the calcined clay obtained at an industrial level is critical to make it suitable to replace the
clinker content in cement production.

Calcined clay’s ability to reduce cement’s clinker factor can be a key element in Cemex’s decarbonization
strategy and goals.
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ABSTRACT

The role of supplementary cementitious materials (SCMs) in reducing CO, emissions by lowering the
clinker content is becoming invaluable. As such, developing a tool to predict the major properties of SCMs
can be a significant step toward ensuring their effective use in hydrated Portland cement. In this research,
the major hydration products of SCM-blended cements are predicted using artificial neural network (ANN)
machine learning (ML) by employing different input data which are easily adaptable for a wide range of
SCMs. The prediction results show that the model has a root mean squared logarithmic error of 0.6 on
average. The model's applicability is tested for the current two most frequently utilized SCMs, namely fly
ash and metakaolin by predicting the phase assemblages and investigating their correlations to oxide
composition. The findings indicate that ML models can be utilized efficiently to predict phases of SCM-
blended cements while also ensuring the better design of SCM addition.

KEYWORDS:!Portland cement;\Machine learning,; Supplementary cementitious materials; Phase
assemblage

1. Introduction

The cement industry frequently uses supplementary cementitious materials (SCMs) to mitigate significant
carbon dioxide emissions caused by Portland cement (PC) production. These materials have been
extensively researched and are considered a foundation for future projects. With a wealth of accumulated
data available, machine learning can be utilized to predict multiple sets of SCM attributes.

The microstructural evolution of PC with SCMs involves a thorough investigation of the major stable
phases formed during the hydration process. These include C-(A)-S-H, portlandite, monosulfate
(monocarbonate), ettringite, hydrogarnet, hydrotalcite, and stratlingite. Accurately forecasting these phases
would benefit the optimization of concrete mixture preparation and the prediction of hardened concrete
characteristics. Various techniques have been utilized in predicting these phases, such as Nuclear magnetic
resonance (NMR) spectroscopy, scanning electron microscopy/backscattered electron image analysis
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coupled with energy dispersive spectroscopy (SEM-EDS/BSE-EDS), quantitative X-ray diffractometry
(QXRD), and X-ray computed tomography (CT). Although the aforementioned techniques generally
provide reliable results, they do have limitations. For instance, NMR has limited sensitivity, especially for
isotopes with low natural abundance, and requires a certain level of expertise to execute experiments and
interpret spectra accurately. Additionally, the presence of paramagnetic species, such as Fe in PC and fly
ash, can alter the relaxation and chemical shift of adjacent nuclear spins, which can affect the
characterization process (Walkley and Provis, 2019). SEM-EDS/BSE-EDS requires a large number of
photos to obtain quantitative data and is heavily reliant on experience, which can lead to issues with grey
value overlapping (Scrivener, 2004). QXRD may also encounter issues related to overlapping contributions
from amorphous SCM products and C-S-H. Furthermore, due to the diversity of refining procedures and
techniques used, reproducibility of findings between labs may be challenging (Soin et al., 2013). Lastly,
CT's ability to deliver spatial resolution that provides equal grey scale values for distinct solid phases in the
reconstructed image volume is limited (Deboodt et al., 2021).

Machine learning (ML) approaches can be employed to overcome challenges in identifying phases in
hydrated SCM-blended cements. In this study, a machine learning model was developed to predict which
solid phases of SCMs will form based on basic information about the materials. An artificial neural network
(ANN)-based ML system was used due to its ability to generate reliable predictions from existing data. The
findings of this study reveal that the predictions are strongly correlated with past experimental results and
observations.

2. Methods

The data collected was made of 254 observations, 24 independent variables, and the hydrated PC-SCM
phase outputs as a dependent variable. Inputs included oxide composition of PC and SCMs (Si0O», AlLO3,
Fe,0s, CaO, MgO, SOs, NaO, and K»0), the water-to-cement ratio ranging from 0.25-0.8, the proportion
of binder materials (PC/SCM), curing temperature ranging from 10-50 °C, curing time ranging from 3-1000
days, particle size, surface area, specific gravity and the phase outputs.

In this study, a dataset was used to train and test an ANN ML algorithm. The dataset was randomly split
into 80:20 training and test groups. The ANN had a basic three-layer structure with an input layer, a hidden
layer, and an output layer. The input layer accepted numerous input characteristics, and the hidden layer
utilized activation functions such as relu, abs, sigmoid, and softplus to introduce nonlinearity to the model
and identify appropriate weights and biases. The best activation functions were found to be softplus and
abs, and the dataset was divided into five parts for analysis, with the testset outcomes averaged across each
partition. The study focused on the hydrated phase assemblage of PC-SCMs obtained from the ML
predictions, and phase diagrams were constructed based on the SCMs' dominant oxide composition.
Throughout the paper, the curing time and water-to-cement ratio were kept constant at 90 days and 0.4,
respectively.

3. Results and discussion
3.1 Phase assemblage of hydrated PC with SCM

The effect of SCM replacement on the phase assemblage of hydrated cement for replacement values of
0,13,26,39,52, and 65 is described in this section. Figure 1 depicts the phase outputs of the model for
metakaolin blended PC. The consumption of portlandite increases with metakaolin content. Up until 52%
metakaolin substitution, the quantity of C-(A)-S-H formed rises; after that point, it starts to decline slightly;
however, it still accounts for more than 50% of the available phases. Hydrogarnet stability decline towards
cement and metakaolin-dominant compositions. Additionally, the greater alumina and silica concentration
of metakaolin makes C-A-S-H formation easier in PC-metakaolin (Zhao and Khoshnazar, 2020).
Monosulfate and hydrotalcite are found in small amounts and increase with metakaolin substitution. The
concentration of ettringite is extremely low, at around less than 1%. Furthermore, the increase in metakaolin
replacement results in more free water. Briki et al. (Briki et al., 2021) reported similar variations in phase
assemblage for portlandite, monosulfate, and free water.
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Figure 1!The effect of metakaolin replacement on the Figure 2 Phase assemblage output in CaO-Si02-A1203
phase composition of hydrated PC at different composition for 25% fly ash replacement in hydrated
concentrations PC

Table 1 Description of the regions shown in Figures 2. ‘a’ and s’ represent abundant and scarce solid phases,
respectively.

Region Predicted phase output
C-(A)-S-H | Portlandite | Ettringite | Monosulfate | Hydrogarnet | Hydrotalcite

A s s s - a s
B s s s - - s
C s s s - - -
D - s s - - S
E - s - - - s
F - - s - - -
G - - s s - -
H - s - - - -
I - s - - - S
J - - - s - -
K - - - - - -
L - s - a - s
M - - - S S -
N - - - - s -
O - - - a s -
P - - - a s s
Q - s - a s s
R - s a a s s
S a - - S S -
T a a - S s a
U a a - - s a
\Y a - - - s -
\% - - a - s -
X - - a a S -
Y - - a a s s

3.2 Phase diagrams based on dominant oxide composition

This section describes the influence of the main oxide compositions on the phase formation of the PC-SCM
hydrated system. To illustrate this, the ternary diagrams demonstrate the concentrations of solid phases for
a 25% fly ash substitution in hydrated PC, based on the main oxides (CaO-SiO,-Al,03) in the PC-fly ash
system. The major oxide ranges are established using the quantity of fly ash present in the PC-SCM
combined environment, while the other oxides are kept constant. Once the ranges are determined, solid
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phases that are abundant and scarce are designated as those that represent >75% and 25% of the difference
between the maximum and lowest solid-phase masses, respectively, using the oxide composition range.
Figure 2 depicts the CaO-Si0,-Al>Os ternary phase diagram for 25% fly ash substitution. The percentage
ranges of the main oxides are 0 < CaO < 30, 50 < Si0, < 80, and 20 < Al,O3 < 50. While it is reasonable to
assume that SiO, composition has a major role in determining hydrated PC-fly ash phase stability, the
explanations that follow focus on oxide composition variations occurring within the ranges specified. For
example, CaO-dominated oxide composition indicates (CaO=30%, Si02=50%, and Al203=20). The
amount of C-(A)-S-H solid phase is largely determined by the concentration of CaO, with its formation
being significantly promoted by higher CaO concentrations (Walkley et al., 2016). The highest
concentrations of C-(A)-S-H solid phase can be expected to precipitate when (CaO/(CaO+SiO,+AlO3) >
0.2). Portlandite and hydrotalcite also prefer CaO-dominated environments, remaining stable when
(Ca0O/(CaO+Si0,+Al03) > 0.24). The consumption of Portlandite is highly facilitated for increased
concentrations of Al,Os. Ettringite and monosulfate are stable in SiO;-dominated compositions. However,
ettringite becomes highly unstable in Al,Os-dominated compositions, while monosulfate becomes unstable
in CaO-dominated compositions. Lastly, Al.Os-dominated compositions promote the formation of
hydrogarnet.

4. Conclusions

The aim of this research was to create and analyze a model that can predict the primary phases of hydrated
SCM-blended cements. The study examined the phase assemblage output and the impact of oxide
composition on the development of these phases in hydrated PC-SCMs. The model's phase outputs
demonstrate how the PC-SCM can be enhanced to produce the necessary phase output. Additionally,
precise design of SCM additions can be achieved by calculating the stability fields of the primary phases
in the hydrated PC-SCM system based on the oxide composition of the SCMs. In the case of PC-fly ash,
for instance, C-(A)-S-H, portlandite, and hydrotalcite outputs were improved by adding extra amounts of
CaO, while ettringite and monosulfate were enhanced by using additional amounts of SiO..
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ABSTRACT

The use of internal curing (IC) has been a strategy to mitigate autogenous shrinkage in high performance
concretes (HPC). Superabsorbent polymers (SAP) are one of these techniques, as they can retain water, and
by osmotic pressure, release it during the cement hydration. They can reduce the autogenous shrinkage by
reducing capillary pressure, as they replace the water in the matrix as it is consumed by the reaction.
Therefore, reduce meniscus, reducing possible cracks. However, SAP desorption, leave voids in the
concrete, potentially damaging its mechanical properties. Thus, the measuring and determination of SAP
absorption and desorption behavior is necessary to be well implemented in cementitious materials. There
are many tests for it, but not all of them are normalized, so, a detailed analysis of these tests is needed for
a better researchers networking of data and standardization of the methods. This study has the objective to
contribute to this, by comparing the methodology and results of the filtration test in two different liquids:
tap water and cementitious filtrate. It was verified that the environment slightly interferes in the results.
This fact shows that SAP mechanisms depends on the surroundings, in other words, the polymer is
sensitive, so, your absorption and desorption can change in order to its atmosphere. Therefore, for an
optimized concrete, mortar or paste design containing SAP, it is necessary the knowledge of how much
their cement slurry will change its potential. Then, the right design for each situation will be determined,
searching the maximization of the polymer potential and minimization of its disadvantages on the matrix.

KEYWORDS:!Superabsorbent polymer, autogenous shrinkage, internal curing, cementitious materials,
supplementary cementitious materials.

1. Introduction

High performance concretes (HPC) suffers from autogenous shrinkage due to their low water-cement ratio
(w/c), addition of supplementary cementitious materials (SCM), and high cement consumption (Jensen and
Hansen, 2001). This leads to self-desiccation and can affect the mechanical properties of these concretes.
Internal curing by SAP is one strategy to mitigate these effects, so proper dosage depends on proper
characterization of the polymer, including its sorptivity. This property can change depending on the
composition and as well as the properties of the sorbed fluid (Snoeck et al., 2018). Therefore, three test
methods were evaluated in this work: filtration test, mainly using RILEM TC 260-RSC (Snoeck et al.,
2018). Some procedures were modified to simplify the method and evaluate its impact on the reliability of
the results.

2. Methodology

The SAP used in this work is a covalently crosslinked acrylamide/acrylic acid polymer prepared by
suspension polymerization with spherical particles, and average diameter of 100 um. The amount of dry
SAP for this test should also be determined in advance by a dummy test in the liquid to be used to ensure
that there is sufficient liquid to be freely swollen by the polymer. This amount must be weighed to an
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accuracy of 0.001 g. In this work, this amount was 0.050 g in 100 g of fluid analyzed in two ways: tap water
and cement-based solution. The latter was prepared by a filtrate of cement slurry with a w/c of 5
(Mechtcherine ef al., 2018a). This solution aims to achieve a pH environment close to that of the
cementitious materials. Two mixing methods have been used, in the literature for this purpose: 45 minutes
of decantation (Wehbe and Ghahremaninezhad, 2017) and 24 hours of automatic stirring followed by
filtration (Snoeck, Pel and De Belie, 2017)(Zhao, Jensen and Hasholt, 2020). Both were used in this study
to compare their effects on SAP absorption. The dry polymers were then immersed in the liquids, and after
1, 5, 10, 30, 60 minutes, 3, and 24 hours, the entire solution was filtered and its mass weighed. Between
these intervals, the beakers were sealed to prevent carbonation. Three samples were taken for each liquid.
Equation (1) determines the SAP sorption (SC).

Mg —Mf
SC = fluid filtered (1)
mgap

The recommendation states that the filter paper should be saturated with the test liquid before filtration to
avoid influencing the results. In this work are two groups of samples, one following this recommedation
and another using a procedure similar to the tea bag test, as described in the same recommendation. The
dry and wet masses of ten filter papers were recorded, and the average amount of absorbed water was used
to exclude its influence on the results. Then, dry paper filters were used for the filtration experiments, and
the results were adjusted according to the average amount of absorbed water on the previously obtained
tissue. For comparison, a tea bag test was also performed, but only with tap water, according to the RILEM
recommendation.

3. Results and Discussion

The filtration test in cement slurry showed that there is no difference between the two types of mixtures, as
the two tests are very similar, being a complementary result to (Zhao, Jensen and Hasholt, 2020). Which
compared the absorption evolution of SAP in cement slurry filtrate under different convection conditions
and despite their differences, all measurements gave approximately the same 24-hour absorption capacity.
In the present study, the obtained absorbance after 24 hours was the same for both methods namely 662
g/g. Figure 1(a) shows the comparison between the filtration tests with tap water and cement slurry filtrate,
each with pre-wetted paper filters (wet filtration) and non-pre-wetted paper filters (dry filtration), and the
tea bag test with tap water. First, the significant difference in results between dry and wet filtration in both
tested liquids is noticeable, as shown in Figure 1(b). This invalidates the proposed procedure, which is
different from the RILEM recommendation for the filtration test. In tap water, this difference increased
with the time of the measurement, with a higher value of 119% after 24 hours of absorption. In cement
slurry filtrate, this difference increased with time until 1-hour absorption (282%) and then decreased until
24-hour absorption.

800 _ , 300% 266% 282%

700 Dry filtration (tap water) . 2500, m Tap Water 255% 231%
_ 600 Wet filtration (tap water g ° m Slurry Filtrate 060,
2 500 . g 200%
= 400 Dry filtration (slurry filtrate) 5 141%
O 300 ° 5 130%
w Tea bag test (tap water &=

200 = p water) ° = 100%

100 Wet filtration (slurry filtrate) &) 50

0 N A s0% | 14%o79
13%
0 500 1000 1500 0%
Time (min) 10 180 1440

Tlme (mln)

Figure 1 — (a) Comparison of SAP absorption in filtration test in tap water (blue lines), filtration test in
cement slurry filtrate (red and pink lines) and tea bag test in tap water (green line), (b) Dry and wet filtration
percentual different in SC values, in each measurement time

22



At 1 minute of liquid-polymer contact, the SAP absorption in cement slurry filtrate was 82% smaller than
its value in tap water in both dry and wet filtration, as shown in Figure 2. Whereas in any other time, the
difference between tap water and cement slurry filtrate absorption were higher in wet filtration. The higher
difference between the two filtrations (wet and dry) was 38%, at 30-minute absorption. This difference
between the two liquids decreases with time in both filtrations. From an absorption of 3 hours, it begins to
stabilize, reaching values of 20% for dry filtration and 47% for wet filtration. This is different from the
literature; Yuanliang ef al. (2022) conducted filtration tests of cross-linked poly sodium acrylate SAP with
deionized water and foam concrete pore solution and found a decrease in absorption in water to 80% on
average after 24 hours, while this rate was 52% after 1 minute. Snoeck et al. (2016) also did this with
demineralized water and cement filtrate in cross-linked potassium salt polyacrylate with average diameter
of 475 um, but only measured at a contact time of 5 minutes and a found an 80% decrease from water to
cement filtrate liquid, which approximates to the wet filtration values of this work at the same time. Chidiac
et al. (2021) used distilled water and cement slurry filtrate (w/c=10) for the filtration test in polyacrylate
SAP with average diameter of 125 pm and came up with a decrease of 79%, close to the obtained values in
wet filtration of this work, at 1 and 5-minute measurements.

90%

80%
70% —e— Wet Filtration
60% —@— Dry Filtration
50%
40%
30%
20%
10%
0%
0 500 1000 1500

Time (min)

Percentual difference

Figure 2 — Absorption in tap water and cement slurry filtrate percentual difference, in wet filtration (grey
line) and dry filtration (black line)

In the tea bag test, an increase of 44% in the absorption of SAP is observed with water contact between 1
minute and 24 hours. Absorption measured in the filtration test with water increased by 47% for wet
filtration and 186% for dry filtration between 1 minute and 24 hours. Comparing the values of the tea bag
with the study of Mechtcherine et al. (2018) performed with cross-linked poly(acrylate-co-acrylamide) SAP
with diameters above 200 um in demineralized water, the absorption of SAP was in the range of 250-400
g/g, which is slightly different from the present work that reached a range of 120-200 g/g in tap water. Thus,
it is clear that the substitution of the saturation of the paper filters with the test liquids by their previous
weighing to estimate the water absorbed by them was not fully approved. The absorption SAP measured
by the dry filtration test in both liquids showed much higher values compared to those reported in the
literature. Zhong et al. (2019) tested different SAPs with different chemical structures in deionized water
and cement slurry filtrate (w/c=5). They found absorption values between 200-400 g/g when water and
SAP were in contact for 24 hours. While dry filtration in the present study gave a value of 707 g/g.

The SAP main driving force of swelling is osmotic pressure, which is proportional to the concentration of
ions in the aqueous solution (Mechtcherine and Reinhardt, 2012). Tan and He (2022) have demonstrated
that the absorption of SAP is higher in pure water than in tap water, because the latter has a higher ion
concentration. Therefore, the values of this work in the filtration test in tap water were expected to be lower
than those of Zhong ef al. (2019), in deionized water. This was in the range of 150-400 g/g, which matches
the range of wet filtration from this work (200-350 g/g) and does not match the values of dry filtration (250-
710 g/g). The same discrepancy was observed in the slurry filtrate; while the cited work found values in a
range of 5-25 g/g, the present study reached 568 g/g for dry filtration and 172 g/g for wet filtration in the
24-hour measurement. However, even if the values are consistent with the literature, a range of 5-20 g/g is
also reported in the literature for use in concrete (Zhong et al., 2021)(Palma e Silva et al., 2022). Therefore,
if no additional water is used, these methods are not so relevant.

3. Conclusions
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The main conclusions found in this work can be summarized as follows:

(1) Using dry paper filters, even with the correction applied in this study, need to be more tested and
explored to comprovate its efficienty on replacing the Recommendation procedure, by saturating
them before the tests.

(2) In a cementitious filtrate, the absorption rate of SAP decreases. Even with the gap in the dry
filtration test, this work could show this difference between the two liquids.

(3) The different methods to obtain the cement slurry did not seam to interfear at the absorption
behaviour of the type of SAP used at this present work.

(4) Further reasearches with SAP need to be done to evaluate its sorption behaviour in concrete
environment, to enable future optimizations of cementitious materials with SAP in their dosage.
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ABSTRACT

Corrosion of the reinforcement bars in concrete constructions is one of the most important factor
affecting their safety and useful lifetime. Due to the enormous scale of global usage of reinforced
concrete, the problem of dealing with this degradative phenomenon is very important. Hence, the proper
modelling of corrosion phenomena in reinforced concrete structures is crucial for the implementation of
efficient corrosion control based on a good understanding of the underlying processes. A 3D corrosion
model of reinforced concrete structures based on the Nernst—Planck flux for ionic species is presented
and its application to cathodic protection with sacrificial anode (SACP) and patch repair aftereffects is
demonstrated. Example of computing the optimal placement of the anode is included.

1. Introduction

During the service time of concrete structures, especially bridges, dams, roads, or parking garages, one
repair technique is particularly frequently applied — the patch repair, where a part of defective or
contaminated concrete cover of rebars is replaced with a fresh “patch”. For example, if the contaminated
concrete cover contains a high concentration of chlorides it is possible that the protective passive film
on the rebar surface will break down, and in consequence the corrosion processes on the rebar surface
will commence [1]. Hence, the patch is meant to reduce that risk by replacing the contaminated portion
of concrete with fresh one which is free of chlorides. However, concerning the performance of repair it
has been noted that recurring corrosion after patch repair is possible. To emend the effectiveness of
repair, a sacrificial anode embedded into the concrete can be used. [2] The material of the anode is a
less noble metal, such as zinc or magnesium, which corrodes more readily than the iron based rebar.
However, the effectiveness of this method is not well understood and relatively little work on this topic
is found in the literature. Relevant questions include the location and size of the anode and the influence
of other ions on the electric current distributions. The main goal of this paper is to investigate the change
of macrocell corrosion after patch repair. The study is based on a 3D model comprising electric potential,
current density, flow of ions and heterogeneous redox reactions on the rebars surface. More specifically,
the model involves transport of four components (O,, Zn**, OH", Fe?"), kinetics of electrode processes
similar to the Butler—Volmer equation with concentration polarization. Numerical simulations based on
this model evaluate the intensity of corrosion before and after repair and for various locations of the
sacrificial anode. Additional, two cases are also considered: the cathodic protection with applied
negative potential to the rebar (impressed current cathodic protection) and without applied potential.
This approach is very helpful as experimental assessment for many possible cases of the patch and/or
anode arrangements would be very costly, impractical or simply not feasible.

2. Description of the mathematical model

A schematic picture of a typical patch repair is shown in Figure 1. We assume that a central part (yellow
block) is the patch which replaced a contaminated part around the cylindrical rebar. Moreover, the zinc
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anode in the form of a small cylinder (pink color) is placed in the patch some distance away from the
rebar. Two situations before repair are considered: (i) the middle (approx. one third length) of the rebar
is in an active corrosion state and the rest surface is in a passive state; (ii) the middle of the rebar is in
passive state and the rest surface is in an active state.
In dilute electrolytic solutions without convective flows, the flux of each dissolved species
(i=0,,Zn’", OH", Fe’") is given by [3]

J,=-DVc, —zucVo 1)

The flux J, (mol/m”-s) of species i is a vector describing the direction of species movement and its
intensity. The flux of species i expressed in equation (1) is composed of two parts: (i) diffusion term

(-DV @) and (i) migration term (-zu.c V). Here, D,(m’/s)denotes its diffusion coefficient,

u,(m*/s-V) denotes its mobility, ¢, (mol/m’) gives its concentration, z, is its charge number (for
oxygen obviously z, =0), and ¢ (V) is the electrostatic potential whose negative gradient, -V ¢, is
the electric field density. We see that in dilute electrolytes the transport of each species is characterized
by two transport parameters: diffusion coefficient (D,) and mobility (). But these two parameters are
approximately related by the Einstein—Smoluchowski equation [3], u, =z, (F /RT)D,, thus the flux
expression is now simplified to

J, ==D,(V¢, + ¢V ), Q)
where: T is the temperature (K), F is Faraday’s constant, and R is the universal gas constant.
Now a material balance for species i is

o __ divy, + R, 3)
ot

with R, (mol/m’-s) describing the homogeneous reaction in which species i is produced/consumed.

The electric field could be in principle computed by using the Poisson equation, Agp =—-£ Zi z,c;, but

it is almost impossible for larger domains (on the order of meters) as the numerical solution for Poisson
equation with very small electrical imbalance would required the mesh with element size below 10® m.
Hence, in the literature there are several approximations which replace the Poisson equation with some
other equation. In this work the electroneutrality approximation will be used:

Zzici =0, “)

where the sum is over all ionic species.
Boundary conditions result from the assumed corrosion reactions [4]

iron oxidation: Fe — Fe™ +2¢
zinc oxidation : Zn — Zn*" +2e” (5)
oxygen reduction: 0, +2H,0+4e” - 40H"

The Tafel equation which connects the electrode potential with the current density allows to define
boundary condition for species Fe?*, Zn**, O, and OH". Hence, we have the following equalities on the
boundary:

. 1. 1, 1.

active bar: —n-Jg =§zpe, -n-Jo, ZEIOZ’ —n-JOH7=F102,
. 1. 1.

passive bar: —n-Jo, =Ezoz, _n'JOH’ZFZON (6)
. . 1. 1. 1.

sacrificial anode: —n-J .. :EZZ“’ -n-Jo, =4—zoz, —n-Jo- = Flo.s

where analytical form of the relation between current density through the electrode/electrolyte interface
and the potential difference across this interface is:
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0 62.303((,;\.—(,;—5(,,)/1;“ 0 e—z,sos(% ~p~E,)/b,

cathodic Tafel eq: i=i

~2.303(p, ~9~E,y)/b, ™)
2

anodicTafel eq: i=i

B

cathodic Tafel with concentration polarization: i=i’(c, / Cpy)e

where all relevant parameters: i’ (A /m”) exchange current density, E, , (V vs. ref) electrode reaction

equilibrium potential (vs. reference electrode, usually SCE), Tafel coefficients b, , b, (V) are selected
for the specific reaction and electrode.

Ther parts of the boundary system which are not covered by condition (5) and (6) will be assume as
isolating boundary:

-n-J.=0, i=0,, Zn*, OH", Fe*. (8)
1
m
0.5
|
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Figure 1. Geometry and arrangements of basic elements in patch repair considered in the work. Grey block represents a
fragment of the concrete with embedded rebar (horizontal long dark-grey cylinder. Yellow block represents the part where
contaminated concrete was replaced with a fresh one. Pink small cylinder represents the zinc anode.

3. Results of numerical simulations

A typical simulations consider the situation before and after repair. The model allows for computing all
interesting quantities (concentrations and fluxes of all species, current density distributions, total current
on the active bar etc.). For example, in the case of corroding rebar (Figure 1) the total corrosion current
on the active part was calculated to be 1.87-10° A before patch repair. After applying the patch repair
as indicated in the picture and assuming that diffusion coefficients in the patch a reduced by one order
as compared to values before repair we obtained the current value 6.51-10° A which is almost ten times
smaller. Moreover, the sensitivity analysis have shown that this value is not much effected by the
diffusion coefficients in the patch, but rather on the presence of the SACP anode. Another type of
simulations was related to the dependence of the corrosion current on the locations of the anode (SACP)
and can be viewed as the search for its optimal position. For simplicity we performed only one
dimensional optimization by changing the location of the SACP only in one direction. The results are
presented in Figure 2, and from it we see that the plot is symmetric with respect to the middle position
(as expected due to the symmetry of the model with respect to the plane perpendicular to the rebar axis),
but more interestingly we see that better effectiveness is achieved not by placing the anode in the middle
but near one of the edges of the patch.
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Figure 2. Corrosion current as a function of the location of SACP along the rebar. Distance = 0 corresponds to the initial position
of SACP shown in Figure 1. Increasing values of distance correspond to moving the anode to the front.

We have also evaluated the impact of the active cathodic protection in the presented system. To this
goal, the computations were performed with applied voltage £,,, =—0.7 V (the rebar being negatively

polarized relative to the SACP). Now the value of the corrosion current is changed dramatically, as from
the anodic dissolution current it turns out to be the cathodic current with the value 7 =—1.13-10" A.

4. Conclusions

This study shows how a multi-species transport model with current and potential distribution can be
applied to investigate cathodic protection and patch repair effects. It is more advanced than most of the
treatments in the current literature which basically are simple electrical models based on Ohm’s law
(i=-0oV @) with one bulk parameter (conductivity) [5]. Such models solve in fact a simple equation

for the electric potential (Laplace’s equation) with nonlinear boundary conditions (of the Tafel type).
Some of these models do include very weak coupling with oxygen through the boundary conditions
(concentration polarization), but still this is very simplistic. Currently, the models which are better
description of reality should include the transport of all relevant species (ionic and neutral) where the

current density is given by i=F z,«ZiJ ;- Moreover, these models allow for realistic treatment of the

surface reactions (such as shown in (5)) with each species having its own characteristic physical
parameters (exchange current density, charge transfer coefficients, equilibrium potentials etc.). The
main difficulty in this approach is the calculation of the electric potential. In theory, the Poisson equation
could be used, but it is — for numerical reasons — not possible currently for larger domains (Poisson’s
equation has been successfully used in the domain of small sizes, for example the ion selective
membranes or ionic channels in the biological membranes). Thus, in concrete construction (sizes on the
order of meters) some approximation to replace the Poisson equation must be used There are two that
are frequently used: the Laplace equation or the electroneutrality. We believe that the electroneutrality
equation is a better approximation than the Laplace equation (which is very good for metal conductors)
because the tests we have performed unequivocally show that when the Laplace equation is used with

transport equations (2) and (3), a value of the charge density (F zl_zici) in the system assumes

unreasonably larger values (~10° C/dm’) or higher which definitely can not exist in the macroscopic

stable systems. This, often overlooked fact, leads us to promoting the use of electroneutrality condition
(4) as the well justified approximation for computing the electric potential in the multi-ion transport
systems.
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ABSTRACT

In this study, a strain-hardening geopolymer composite (SHGC) based on ground granulated blast furnace
slag (GGBFS) was developed by incorporating treated coal bottom ash (CBA) and polyethylene (PE) fiber.
Treated CBA and PE fiber were used to improve the tensile performance and sustainability of SHGC, and
CBA was treated using a solution-dissolving method based on a previous study. Through the solution-
dissolving method, not only CBA was utilized as a silicate source for an alkaline solution, but also residue
CBA was replaced with sand to mix a geopolymer composite. The morphological surface change after
treating CBA was observed through SEM image analysis. SHGC was prepared by containing 2% PE fiber
and replacing 100% of sand with treated CBA, and the mechanical performance of the SHGC was evaluated
through compressive strength and direct tensile test. Using treated CBA enhanced the tensile behavior of
SHGC compared to the sand series. In particular, it showed improvement not only in tensile strength but
also in various indicators such as energy absorption capacity and strain-hardening capability.

KEYWORDS:!Strain-hardening geopolymer composites; Polyethylene fiber, Surface morphology;
GGBFS,; Coal bottom ash

1. Introduction

Among the primary energy consumption, coal is the second major source occupying around 30% after oil,
according to a report of world energy by British Petroleum (BP) (“BP Statistical Review of World Energy
2022, 71st edition,” 2022). This use of coal-related energy has mass-produced coal bottom ash (CBA),
which occupies about 20% of solid waste worldwide (Ban et al., 2022). The CBA, a by-product of coal-
fired power plants, is difficult to recycle compared to the other coal ash types such as fly ash; therefore,
most of CBA is buried in landfills. This study not only used CBA as a silicate source by dissolving in an
alkali activator but also prepared a strain-hardening geopolymer composite (SHGC) using residual CBA as
a fine aggregate after making the alkali activator.

2. Experiment
2.1 Materials

Ground granulated blast furnace slag (GGBFS), fly ash, CBA, and silica sand were used as binders, and an
alkaline activator was prepared using sodium hydroxide solution, CBA, and silica fume.
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4. Conclusions

This study employed the method of utilizing CBA as a silicate source developed in a previous study, while
also utilizing the remaining bottom ash as fine aggregates to develop an eco-friendly SHGC. The results
confirmed that as the amount of CBA increases, the tensile performance improves, thereby suggesting a
novel sustainable method of utilizing CBA in SHGC.
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ABSTRACT

The interfacial transition zone (ITZ) between aggregate and cement paste is a key factor for the
performance and failure mechanism of concrete due to its high porosity and enrichment of the oriented
calcium hydroxide (Ca(OH),) crystals, and CO- curing is a promising technique for consuming Ca(OH);
and forming calcium carbonate (CaCOs3) to reduce porosity and improve strength. However, the effect of
CO; curing on the mechanical and microscopic properties of the ITZ is not clear. In this study, the effect
of CO; curing on ITZ was investigated using splitting tensile bonding tests, X-ray diffraction (XRD) and
backscattered electron imaging (SEM-BSE). In addition, the thickness of the ITZ was determined by the
decreasing segment of porosity across the interface between the aggregate and cement paste. Results
showed that the porosity and thickness of the ITZ were significantly reduced after CO, curing, and there
were almost none of the Ca(OH); crystal in the ITZ, which was replaced by a significant precipitation of
CaCOs.!This indicated that the CaCOj crystals fill the pores and thus improve the bonding strength in the
ITZ.

KEYWORDS:!CO:; curing, interfacial transition zone, splitting tensile bonding strength, backscattered
electron imaging

1. Introduction

CO; is the main greenhouse gas blamed for global warming. Extensive studies have been conducted on
strategies to mitigate CO; emissions, in which CO» curing techniques not only improving the performance
of concrete, but also capturing and storing CO» (He et al,2016; Song et al, 2022). However, effects of CO;
curing on the performance of the ITZ are critical and thorny problems, as the ITZ is generally considered
to be the weakest link in concrete (Wang et al, 2020; Sun et al, 2020). Therefore, studying the effect of
CO; curing on performance the ITZ will contribute to a further understanding of the influence of CO;
curing on the properties of concrete.

This work aims to clarifies the bonding strength and microstructure of the ITZ based on the early
accelerated CO curing. The bonding strength of ITZ between cement paste and aggregate will be
investigated by performing the splitting tensile strength test. The porosity distribution and chemical
composition around the ITZs will be measured by the SEM and XRD.

2. Experimental program
2.1 Materials

The P.I 42.5 type Portland cement with a specific surface area of 356 m*/kg was utilized in this work, and
its chemical composition is shown in Table 1. The cube aggregates with 20 mm x 20 mm x 10 mm were
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extracted from the limestone by cutting to test the bonding strength and microstructure properties of ITZ
between the cement paste and aggregate.
Table 1 Chemical composition of Portland cement.
1"#58 Yobottsl " (#s8 ) *HS +,# V38 ] CO ) k)
123454 63258 73188 973:98 13728 13; 69 23699 23528

2.2 Mix process

The water to cement ratio of 0.35 (mass basis) was used to study the bonding strength and microstructure
of the ITZ. The mixing process of specimen was described as follows. Firstly, the cube aggregates were
kept in water for more than 24 hours before casting to keep the surface moist. Before casting, they were
removed and any excess water on the surfaces was dried by a damp cloth. Then, the aggregate was placed
on one side of the mold and the fresh cement paste was filled into the other side, and the Fig. 1 showed
the details of the specimen.

Fig. 1 A sketch of specimen with dimension details.
2.3 Curing regimes

After 8 h after casting, the molds were removed and divided into two batches. One batch was left in a
room with 20 £ 2°C and 60% relative humidity for 4 h to make the specimens lose water for pre-
condition. Then, the specimens were sealed on five sides, with hot paraffin coating and only one side of
the paste exposed to ensure that CO, gas only diffused in one dimension. Next, the specimens were
accelerated carbonated for two and a half days in a CO, chamber at a pressure of 0.2 MPa, a temperature
of approximately 20°C and 60% RH. The other batch was cured in saturated lime water at 20°C for 3 d.

2.4 Samples preparation

To understand the effect of CO; curing on the chemical composition of the ITZ, the powders in the ITZ
were collected for XRD analysis using a computer numerical controlled machine, which were ground to a
finer powder and passed through a 45 um sieve. And all finer powder samples were dried in a vacuum
oven at 40 °C for 2 days.

To comprehend the effect of CO; curing on the microstructure of the ITZ, the small cube samples with 10
mm x 10 mm x 10 mm in the centre of the specimen was cut using a low-speed diamond saw-cutting
system. After cutting, the samples were stored in the ethyl alcohol solution for 3 d to stop the hydration
and then kept in the vacuum drying oven (40 + 2 °C) for another 2 d. Then, the samples were vacuum-
impregnated with a low viscosity and high permeability epoxy resin. Finally, the samples were ground
and polished by an automatic grinding and polishing machine to ensure that the observation surface is
smooth and flat for the SEM-BSE test.

2.5 Testing methods

The bonding strength of ITZ between cement paste and aggregate was measured by performing the
splitting tensile test using microcomputer control electronic universal testing machine. A displacement-
controlled load was applied at a rate of 0.05mm/min to ensure a quasi-static loading process.

The XRD analysis was performed using R-axis Spider X-ray diffraction and a Cu ka X-ray radiation
source. The 20 scanning range was 5° — 70°, the step size was 0.02°, and the speed was 2 °/min.

The BSE image analysis was tested by A field emission scanning electron microscope (SEM) equipment
equipped with a backscattered electron (BSE) image detector to survey the porosity changes of ITZ at
different curing regimes. At least 30 images of the ITZ for each sample were taken at 800x magnification
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