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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 16th 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. 
 
 

  

  
Prof.Thanakorn Pheeraphan Prof.Somnuk Tangtermsirikul 

Chairman of the Organizing Committee Chairman of the Scientific Committee 
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ABSTRACT  

This work used quantum physics to predict how cement crystals' internal cohesiveness will evolve. At 
low temperatures, the electron-electron interactions of cement-based materials' internal cohesiveness may 
be more accurately predicted with the assistance of the Hubbard model. This model should make research 
on the bosonic version of the Hubbard model and the fermionic version possible. The total bond order 
density, or TBOD, is a quantum mechanical metric used to characterize C-S-H crystals. For a better 
understanding of cement crystal cohesiveness, this measurement considers geometric components and 
interatomic interactions. The orthogonalized linear combination of atomic orbitals (OLCAO) approach 
will be used to determine the source of internal cohesion in C-S-H crystals by comparing the bond order 
of an atom pair to the bond length of the pair. This study should contribute to the information on the 
internal cohesiveness of cement-based crystals and provide practical approaches to reinforce calcium-
silicate-hydrate crystals in addition to contributing to the body of knowledge on cement-based crystals. 

KEYWORDS: Calcium-Silicate-Hydrate; Quantum-physical theory; Hubbard model; Total bond order 
density (TBOD); OLCAO 

1. Introduction 

Portland cement consists of four distinct clinker phases: alite (Al3SiO5), belite (Ca2SiO4), ferrite                  
(AlxFe2–x), and tri-calcium aluminate (Ca2(AlxFe2–y) O5) (Ca3Al2O6). C-S-H with varied compositions is 
the principal hydrate product responsible for cement-based concrete's strength, calculated as an average of 
the Ca/Si percentage and water content. The C-S-H phase with a large fraction of Ca/Si forms during the 
hydration of pure cement, as reported by Kunther et al. (2015). 

Colloidal materials and systems commonly display net interactions between surfaces with the same 
electrical charge. The DLVO theory was first proposed by Derjaguin, Landau, Verwey, and Overbeek. In 
order to investigate the interactions between ions in space and their changing behavior, the theory 
depended on the mean-field approximation. This allowed the theory to capture some of the scenarios that 
were presented. However, it is generally agreed that the DLVO theory does not apply to cement hydration 
products such as C-S-H. This is because the ions that make up cement hydration products are of a 
multivalent nature (Ca2+), and they can only be found on charged surfaces with a surface density of 
approximately 3 to 5 e/nm2 in the hardened C-S-H phase. Given this information, the DLVO hypothesis 
cannot predict how the internal cohesiveness of cement crystals changes over time. 

Molecular simulation of the extended Hubbard model for internal cohesion and direct measurement, 
on the other hand, has provided strong arguments on how to determine the surface forces supported with 
hydrated calcium ions, which are essential in the compressive strength of concrete. This is the case 
because the extended Hubbard model predicts that it is anticipated that this model will both facilitate 
research into the bosonic version of the Fermionic Hubbard model and promote research into the latter. In 
addition, the research will analyze the cohesiveness of cement-based crystals by classifying C-S-H 
crystals based on an ideal quantum mechanical metric known as total bond order density (TBOD) 
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(Kunther et al., 2015). In order to give a more in-depth understanding of the cohesiveness of cement-
based crystals, this metric will take into account the influence of geometric parameters and interatomic 
interactions. In this particular scenario, the first-principles OLCAO approach will be used to compare the 
bond order (BO) in an atom pair and the bond length to discover the source of the internal cohesiveness in 
the C-S-H crystals. It is anticipated that this will give vital hints about modifying the cement's internal 
cohesiveness at the nano- and meso-structure levels. It is anticipated that the results of this research will 
significantly contribute to the expanding body of literature on the internal cohesion of cement-based 
crystals and will also provide valuable strategies for increasing the robustness of cement in the face of 
silicate and hydrate. This paper presents the data using an expanded Hubbard model adjusted for crystal 
polymerization. The data from crystalline phases may assist in understanding experimental spectroscopic 
results, leading to accurate models of the C-S-H phase in Portland cement.  
 
2. Internal cohesion of cement crystals 

Nineteen well-documented cement crystals are classified based on the increasing order of Ca/Si ratio into 
four groups (Zang et al., 2012). The first group includes anhydrous cement (a.1 (Belites) and a.2 (Alite)), 
and the groups b.x through d.x are C-S-H crystals (Mills et al., 2009) as shown in Table 1. 

Table 1. Chemical characteristic of (a) Clinkers/Hydroxide phases, (b) Nesosubsilicates, (c) Sorosilicates 
and (d) Inosilicates (Zang et al., 2012). 

Mineral 
Name 

Chemical formulas Ca/Si Mineral 
Name 

Chemical formulas Ca/Si 

(a) Anhydrous cement (c) Sorosilicate 
a.1 Belites (2(CaO) SiO2) 2.00 c.1 Rosenhahnites Ca3Si3O8(OH)2 1.00 
a.2 Alite (3(CaO) SiO2) 3.00 c.2 Suolunites Ca2[Si2O5(OH)2]H2O 1.00 

(b) Nesosubsilicates c.3 Kilchoanites Ca6(SiO4)(Si3O10) 1.50 
b.1 Afwillite (Ca3(SiO3OH)2·2H2O) 1.50 c.4 Killalaites Ca6.4(HO.6Si2O7)2(OH)2 1.60 
b.2 α-C2SH Ca2(HSiO4)(OH) 2.00 c.5 Jaffeites Ca6[Si2O7](OH)6 3.00 
b.3 Dellaite (Ca6(Si2O7)(SiO4)(OH)2) 2.00 (d) Inosilicates 
b.4 Ca Chondrodites (Ca5[SiO4]2(OH)2) 2.50 d.1 Nekoite Ca3Si6O15·7H2O 0.50 

Remark: Sorosilicate structures feature solitary (Q0) and finite 
(Q2) tetrahedra linked by 6- or 8-fold Ca atoms. Silicate 
tetrahedra pair each polymerization phase's (Qn) Si. 
Group d has the highest polymerization compared to C-
S-H (Dharmawardhana et al. (2014). 

d.2 T11 Å Ca4Si6O15(OH)2·5H2O 0.67 
d.3 T14Å Ca5Si6O16(OH)2·7H2O 0.83 
d.4 T9 Å Ca5Si6O175H2O 0.83 
d.5 Wollastonites Ca3Si3O9 1.00 
d.6 Xonotlites Ca6Si6O17(OH)2 1.00 
d.7 Foshagites Ca4(Si3O9)(OH)2 1.33 
d.8 Jennites Ca9Si6O18(OH)6·8H2O 1.50 

 

3. Hubbard model, Bloch and Fermi surface of C-S-H 

In this case, using the Hubbard model, the interaction between electrons in the crystals will involve a 
series of fractional filling factors. A quantum mechanics representation of the Hubbard model is presented 
in Eq. (1), considering the site repulsion (i) and nearest neighbor repulsion (j). Electron interactions in a 
2-dimensional lattice crystal are summated using i and j to cover all pairs of nearest-neighbors sites; t 
represents the magnitude of NN interaction; U represents crystal interaction onsite. 
 

                                                                              (1) 

A general form of the Hamiltonian , can be expressed as a product of 
, where e and p represent electronic interaction and the bosonic state of the 

crystal. This truncated bosonic version of the infinite crystal takes one electron for each crystal. In this 
case, we argue that the change of the internal cohesion of a crystal where another crystal is already 
present does not necessarily change the scenario of the interacting electrons qualitatively. In order to 
overcome this challenge, we considered a scenario where two electrons spin in the opposite direction. The 

+= - + -å åi j i i , j j
i , j i , j

H t b b nU n µ

H
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electrons were also restricted to one phonon operator identical ;  ; 

; and  where 1(0) represents a change in the internal cohesion of a cement crystal.  

To establish the effect of a pair electron interaction in the crystal, the study computed the electron-
electron density correlation using the function . 

Bloch's theorem presents the one-dimensional symmetry of an infinite crystal through the absence of 
the aggregate electric current at an equilibrium state (Watanabe, 2022). Yamamoto (2015) applied Bloch's 
theorem to generic systems to gauge particles in symmetry to understand the chiral transport concept. The 
study investigates the fermionic and bosonic versions of the Hubbard model to determine changing 
internal cohesion in a lattice. From the findings, the study demonstrated the adoption of the theorem to a 
non-equilibrium state, which is similar to the integral quantum Hall effect. For the case of cement 
crystals, this concept remains valid as long as there are no topological variations in the internal cohesion 
subject to periodical conditions, as illustrated in . In case a crystal changes by ‘a’ as 

illustrated in  ,  there should be no difference in the internal cohesion with the 

magnitude of C is equal to 1.0. This main feature of Bloch's theorem remains valid as the fermion 
interaction of the crystals considers the bosonic excitations perturbatively (Zhang & Zubkov, 2019). 
Using a periodic boundary condition, research assumes that an infinite crystal can transverse the entire 
lattice and return to its initial position. However, the empirical literature has not elaborated on the 
different forms that can be assumed by C (). Suppose s = 0, 1, 2, …, N, one of the forms assumed 
by , with no clear indication of the crystal momentum. Thus, the weak version of Bloch's 

theorem is underpinned by the notion that the total current vanishes in any system, provided that smooth 
modification of its gapped charged fermions and periodical boundary conditions do not change (Zhang & 
Zubkov, 2019). 
 

4. Results and discussion 

This section presents internal cohesion data for cement crystals. The research compared TBOD and C/S 
to investigate cement crystal internal cohesiveness. TBOD and C/S ratio are inversely related in Fig. 1. 
The identical C/S ratio crystals (» 1.7 of cement gel is chosen from the mean of Belites (a.1) and Alite 
(a.2)) have different TBOD values. TBOD does not affect four significant categories of cement crystal 
internal cohesion. Comparing the four groups, group c had the most C/S and TBOD. Group d had a 
limited cement crystal dispersion near hydrated cement in C/S compared to TBOD. Based on TBOD, 
cement crystals may be categorized as high, medium, or low. Due to their high C/S ratios, cement crystals 
a.1, b.4, and c.5 have a lower TBOD than b.1, c.1, c.2, d.1, d.2, and d.4 (group d). Group d's middle 
TBOD range contains the remaining cement crystals. The blending of Strunz groups and a poor link 
between TBOD and C/S ratio imply deteriorating internal cohesiveness in C-S-H structures. Interlayer 
hydroxyl, water, and HBs lowered cement's internal cohesiveness with reduced Qn chains in group d 
crystals. Variations in the silicate chain from one group to another alter the internal cohesiveness of C-S-
H crystals.  

This research also assessed the role of bonding order in cementing crystal internal cohesion using total 
bond order density (TBOD). No uniform rule for crystal bonding was found; however, several tendencies 
were detected. TBOD of cement crystals showed many features of its internal cohesion: (1) how bonding 
contributed to stiffness; (2) the dispersion of each bond type in the C-S-H phase; and (3) the vital 
importance of precise crystal structure. The standard criteria for distinguishing C-S-H crystals and their 
internal cohesiveness explained variances. Total bond order density (TBOD) was used to assess cement 
crystals' internal cohesion and strength using the extended Hubbard model, fermions, and Bloch's 
theorem. 
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Fig. 1: The relationship between TBOD and the C/S ratio of cement-based crystals (Dharmawardhana, Misra, and 
Ching (2014)) 
 

5. Conclusion  

Bloch and Fermi surfaces, and the TBOD to evaluate the changing internal cohesion of cement-based 
crystals. This method approximates crystal transition using geometric variables and interatomic 
interactions. TBOD evaluated the internal cohesiveness of several cement crystal classifications. There is 
no direct association between changing cement crystal cohesiveness and calculated TBOD. Using the 
fermi and Bloch spectral functions on 19 anhydrous and C-S-H crystals, affiliate (b.1) had the most 
internal cohesion.  
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Accelerating mechanism of calcium additives on  
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Feng Wu, Hui Li, Huimei Zhu  
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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)2 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)2 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)2. 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 SiO2, Al2O3, Fe2O3 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 m2/kg 
and a density of 2.72 g/cm3. 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 
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95% clinker with 5% gypsum (with a CaO content of 60%), with a specific surface area of 330 m2/kg and 
a density of 3.27 g/cm3; Calcium hydroxide is analytically pure. 

Table 1 The composition of CGR / wt% 

Oxide SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O P2O5 SO3 Other LOI 

Content 48.75 20.05 10.69 9.67 2.84 1.65 2.11 0.17 0.56 1.88 1.52 

 
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 × 
3 cm ×5cm trial mold, it is compacted and smoothed, and steam cured at 80 ℃ 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(OH)2 /wt% W/C Curing temperature/℃ 

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) 

 
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 
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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)2 into AAMs has a 
significant difference in their macroscopic mechanical properties. Ca(OH)2 has a strong promoting and 
enhancing effect on coagulation. Ca(OH)2 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)2, but the reinforcement effect of PC is 
relatively weak. The addition of Ca(OH)2 and PC can counteract the phenomenon of later strength 
shrinkage of AAMs. 

2.2 Mineral Phase Analysis (XRD) 

 
(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)2 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)2 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 
(II) 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) 

 

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)2, there is an obvious Si-O-Si contraction vibration peak between 1200 and 900 cm–1, in 
which 980~1000 cm-1 and 1050~1100 cm-1 respectively correspond to the absorption bands of hydrated 
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C-A-S-H and N-A-S-H. The strength and width of the expansion vibration spectrum in the range of 1200 
cm–1~900 cm–1 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)                         (c) 

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)2 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)2 is more conducive to the polymerization reaction of Ca2+ with active Si and Al. 

3 Conclusion 

Ca(OH)2 has a significant promoting effect on the cementitious material. PC needs to be hydrated to 
generate Ca(OH)2, which increases the alkali concentration of the reaction environment and releases Ca2+ 
to participate in the reaction. But Ca(OH)2 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)2 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. 
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ABSTRACT 

Supplementary cementitious materials (SCMs) are widely used in cement-based materials, which reduces 
the amount of cement usage and provides a solution to reduce the amount of CO2 emitted in construction 
industries. In addition, it can enhance final strength and durability of concrete. However, the mechanism 
of this enhancement is unclear. Having a better understanding of the mechanism is helpful for mix design 
improvement. Incorporating SCMs in cement-based materials often modifies cement paste by 
incorporating aluminum to calcium silicate hydrate (C-S-H). Previous research explains how aluminum 
modifies the nanostructure of C-S-H. In molecular scale, Al takes up a bridge position on silica chains, 
elongates the main silicate chain length, and can even form cross-linking structure among interlayers of 
C-A-S-H. How these structure changes influence mechanical properties are still unclear. In this research, 
hydrothermally synthesized C-A-S-H powders were used to study the effect of aluminum on the multi-
scale mechanical properties with a series of methods including Superficial Rockwell hardness and 
Vickers hardness. Among the mechanical properties in different length scales, a relationship between 
chemical composition especially Al/Si ratio and strength would be built and explained in detail. 

KEYWORDS: C-A-S-H, Mechanical Properties, Aluminum, Multi-scale 

1. Introduction 

Incorporation of supplementary cementitious materials (SCMs) in cement-based materials alters the pore 
network and composition of the primary hydration product, calcium (-aluminate)-silicate-hydrate (C(-A)-
S-H) (Güneyisi et al (2012) and Duan et al (2013)). While numerous studies have investigated the impact 
of chemical composition, particularly the Ca/Si ratio, on the multiscale mechanical properties of C-S-H, 
few have focused on the influence of aluminum uptake. A few experiments suggest that the presence of 
Q3(Al) in the C(-A)-S-H interlayer is a critical factor affecting the micromechanical properties. 
Geng et al (2017) confirmed that the incorporation of aluminum increases the crystallinity of C-(A-)S-H, 
particularly along the c-axis, as observed through Rietveld refinement. Cross-linking induced by 
aluminum was observed in C-A-S-H synthesized at 80 °C, resulting in a similar basal spacing of 11 Å to 
tobermorite increasing the overall bulk modulus. Hunnicutt et al (2016) demonstrated that the increased 
mean coordination number (MCL) and crosslinking of C-A-S-H contribute to a lower viscous response 
compared to C-S-H. 
In order to accurately analyze the influence of aluminum uptake on the strength of C-A-S-H, well-
controlled porosity, and chemical composition of samples is needed (Zhang et al (2022)). 
In this study, we attempt to generate a C-A-S-H pellet from C-A-S-H powders produced by hydrothermal 
reaction. Through this practice, we aim to investigate the effect of chemical conditions on the strength of 
compacted C-A-S-H pellets. Hardness in different length scales were measured to study the influence of 
controlled Al/Si, porosity and water content on mechanical properties. 
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2. Materials and methods 

2.1 Materials 

C-A-S-H powders were synthesized by mixing silica fume (99.09% SiO2), calcium oxide, and 
monocalciumaluminate (synthesized from CaCO3 and Al2O3) and deionized water. The synthesis 
involved an initial bulk Ca/(Si+Al) of 1.1 and a water-to-solid ratio of 20. One set of samples utilized 
KOH solution instead of deionized water to investigate pH effects.  Further sample details are provided in 
Table 1.  
 

Table 1 Sample information 

Sample CASH_1 CASH_2 CASH_3 CASH_4 CASH_5 
Al/Si ratio 0 0.05 0.1 0.2 0.2 

KOH (mol/L) 0 0 0 0 0.5 
 
The mixtures were stored in high density polyethylene bottles at 80 °C for 2 months to accelerate the 
reaction (Myers et al., 2015). Afterward, the products underwent vacuum filtration and isopropanol 
washing using 0.45 μm filter papers in an N2-filled glovebox to prevent carbonation. The filtered C-A-S-
H was then stored in a vacuum oven (up to 0.1 MPa) at 40 ℃ for 15 days. Each of the four C-S-H 
powders were divided into two groups and transferred to desiccators with RH of 8% and 100% 
respectively. 
Subsequently, the powder was compressed at 500 MPa, 1000 MPa, and 2000 MPa using a hydraulic press 
to create dense C-S-H pellets for further investigations. 
 
2.2 Methods 

The microscale morphology of the C-A-S-H powders was imaged using a Hitachi Regulus 8230 field 
emission scanning electron microscope (FE-SEM) in secondary electron mode with an accelerating 
voltage of 5 kV. The major crystalline phases were identified using a Shimadzu diffractometer (LabX 
XRD-6000) with a Cu-Kα 2θ range of 5°-45°, a scan rate of 1.5°/min, and operating parameters of 40 kV 
and 30 mA. 
The hardness test is advantageous for evaluating the mechanical properties of materials independently of 
initial defects such as voids or cracks, providing a reliable measure of bulk strength. For macro hardness 
testing, Superficial Rockwell hardness was employed, while Vickers hardness (HMV SHIMADZU) was 
chosen for micro hardness assessment. 
 
3. Results 

3.1 Morphology of C-A-S-H powders 

 

Figure 1 Morphology of C-A-S-H powders of (a) CASH_1 (b) CASH_4 and (c) CASH_5 

 

Figure 1 demonstrates that C-S-H powders exhibit a foil-like shape, while the inclusion of aluminum 
leads to the formation of needle-like structures in C-A-S-H. Higher pH values result in the transformation 
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of needle-like structures into plate-like shapes, enhancing the crystallinity of C-A-S-H. This is 
corroborated by the XRD findings presented in Figure 2, where the intensity of the 002 peak is notably 
strengthened when aluminum is incorporated, particularly under higher pH conditions. 
 

 
Figure 2 XRD reuslts of C-A-S-H powders 

 

3.2 Hardness of C-A-S-H monoliths 

 
Figure 3 (a)Superficial Rockwell hardness and (b) Vickers hardness of C-A-S-H monoliths 
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Two length scales of hardness were employed to assess the impact of aluminum incorporation on the 
mechanical properties of C-S-H. Figure 3 illustrates that increasing the compacting pressure from 500 
MPa to 2000 MPa results in a noticeable enhancement of both macro and micro hardness in all samples. 
Additionally, a higher water content leads to a decrease in macro and micro hardness. The changing 
pattern of macro hardness among different samples is similar to that of micro hardness. Notably, a higher 
pH value has a significant detrimental effect on hardness when comparing the hardness of CASH_4 and 
CASH_5. 
Regarding the influence of Al/Si ratio, the micro hardness of samples cured under 100% RH conditions 
increases as the Al/Si ratio increases. However, for samples cured under 8% RH conditions, only the 
micro hardness of samples made at 2000 MPa (with the least porosity) exhibits an increasing trend with 
increasing Al/Si ratio. Samples made at 500 MPa and 1000 MPa show a slight decreasing trend. The 
regulation of macro hardness follows a similar pattern, albeit with some exceptions due to the formation 
of larger-scale cracks. 
 
4. Conclusions 

In conclusion, this paper investigates the impact of aluminum uptake in C-S-H on morphology and 
mechanical properties. The study examines multiscale mechanical responses and C-S-H particle shapes 
based on initial chemical conditions (Al/Si ratio and moisture content). The findings reveal that aluminum 
uptake enhances the crystallinity of C-S-H, as does a higher pH value. However, a higher pH value 
reduces the hardness of C-A-S-H. The strengthening effect of aluminum uptake on hardness is 
particularly evident in higher water content or lower porosity. The underlying reasons for these influences 
warrant further exploration. This paper offers a new direction for understanding the effects of surface 
chemistry on the mechanical properties of C-A-S-H, which could guide the design of cement with 
improved performance. 
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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-1) is higher than that of the former (31.33 to 27.88 kJ ° 
mol-1) 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-Oil 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-C2SH 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-C2SH to C6S5H3. Some products like C5S2H2 and 
scawtite (C7S6CH2,) to some extent are also formed (Kuzielová 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 (Kotouč Štramberk, spol. s r.o., Czech 
Republic); metakaolin (metakaolin L05 Mefisto from České lupkové závody, 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 
GOWC100 100 0 0 0 
GOWC95 95 5 0 0 
GOWC90 90 10 0 0 
GOWC85 85 10 5 0 
GOWC80 80 10 5 5 
GOWC75 75 15 5 5 
GOWC70 70 15 5 10 
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-1 under an N2 atmosphere. 

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 C3S, 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 Ca4Al2(CO3)(OH)12.H2O and hemicarboaluminate Ca4Al2(CO3)0.5(OH)131.5H2O 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-1. This fact could confirm that 
the alkali-activation reactions are more temperature-sensitive than the hydration of the reference GOWC. 

  

  

  

  

  
(a) (b) 

Fig.1. The hydration heat release curves GOWC 
and its Blends at different temperatures: (a) heat 
flow; (b) cumulative heat. 
 

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. 

       (1) 

where k is the temperature-sensitive rate or rate constant, A is a pre-exponential constant sometimes called 
the attempt frequency, and R is the ideal gas constant (8.314 J/(mol°K-1); T is the absolute temperature 
(K); Ea is the activation energy (J°mol-1). 

Table 2 Values of Ea for each peak and samples 
 Pre-exponential factor First peak Pre-exponential factor Second peak 
 A Ea (kJ°mol-1) A Ea (kJ°mol-1) 

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 
GOWC85 12.86 29.25 14.02 32.46 
GOWC80 12.81 29.35 14.04 32.70 
GOWC75 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 

15



The values of Ea (kJ°mol-1) are reported in Table 2. They decrease with the degree of substitution, but the 
Ea 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 C3A. 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). 

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

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-1 and 
310 J°g-1. 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 CO2 emissions in the 
world.  For many years the cement industry has strived to reduce its CO2 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 CO2 footprint thus 
contributing towards a carbon neutral world. Currently 30% of Cemex’s CO2 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 CO2/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 CO2 footprint while maintaining the properties and performance of the 
cements. Industrialization of this process is essential to properly activate the calcined clays, so that it can 
be incorporated into the cement production resulting in reduced CO2 emissions and making Cemex one of 
the industry leaders in its use. 

KEYWORDS: Calcined Clays, low carbon cements, CO2 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.  

 

 
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 (AI) 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 CO2 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. 
Description\ 
Plant Middle East Central America South America 

Materials Kaolinite, mix of Clays 
+ local Clay Clay from the plant Clay from the Plant 

Kiln 
arrangement 

Double preheater string 
with double calciner and 

bypass system 
Wet kiln Single string without 

calciner 

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

Adaptations 

•       Material crushed •       Kiln speed decreased •       Material crushed 

•       Dosing line to the 
kiln inlet 

•       Cooler grates and 
fans adjusted in case of 

dust production 
•       Preheater not used 
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•       Preheater not used 

•       Control of new 
process parameters vs 

temperature and 
expected AI 

•       Dosing line adapted 
to feed clay to the kiln 

inlet 

•       Kiln speed decreased 
& Cooler fans adjusted •       No color control 

•       Control of new 
process parameters vs 

temperature and 
expected AI 

• No color control 

 

•       No color control 

 

 
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 

Carbonation of cement paste results in numerous physiochemical changes that have a detrimental impact on 
the concrete structure, such as pH reduction which causes corrosion of reinforcement bars. Sulfate attack on 
cement paste results in the formation of phases that leads to development of expansive cracks. Both of these 
are natural occurrences that can cause a premature failure of a concrete structure. This study aims to describe 
and compare the effects of exposure of a carbonated Portland cement-blast furnace slag blend to various sulfate 
solutions. Thermodynamic modeling was used as a predictive method to determine the resulting phase 
assemblage of the binary blend system. The binary mix was exposed to Na2SO4 or MgSO4 solutions. Various 
discrete levels of carbonation were simulated with sulfate solution up to 104 ml / 100g of binder. As the extent 
of carbonation increased, the hydration products destabilized and formed amorphous aluminosilicate, calcite 
and gypsum prior to the additions of sulfate solutions. On the other hand, exposure to different levels of sodium 
solutions resulted in the precipitation of various phases depending on the extent of carbonation. The pH level 
was observed to reduce as C-S-H starts to destabilize either due to carbonation or exposure to a higher level 
of sodium solutions.  

KEYWORDS: Portland cement, Blast furnace slag, Sulfate attack, and Carbonation 

1. Introduction  

Concrete structures are often exposed to environmental conditions that can cause durability issues, with sulfate 
attack being a prime example. The sulfate ions react with C3A and portlandite from the Portland cement to 
form ettringite and gypsum, leading to the expansion and degradation of the concrete. The type of cement used, 
the type of sulfate involved, the concentration of sulfate, and the quality of the concrete are some of the major 
factors that can influence the impact of sulfate attack. Additionally, studies have shown that a lower water-to-
cement ratio reduces porosity and limits the transportation of sulfate ions in the concrete, thereby improving 
the sulfate resistance of concrete structures, (Omar (2002)). 
To improve the sulfate resistance of cement and cementitious materials, researchers have explored the use of 
supplementary cementitious materials such as fly ash, silica fume, and blast furnace slag. These materials 
contribute to the development of resistance by reducing the expansion of cement in sulfate attack. However, 
the effectiveness of blast furnace slag depends on its Al2O3 content, with higher content resulting in reduced 
resistance to expansion (Higgins (2003)). 
Another environmental condition that causes durability issues is the exposure of concrete structures to CO2. 
When cement structures are exposed to CO2, the hydrated phases carbonate leading to shrinkage, cracking, 
and corrosion of reinforcement bars in the concrete (Reddy, Melaku and Park (2022)). Sulfate attack and 
carbonation are common durability issues. However, there have been only a limited number of studies that 
have investigated the combined effect of sulfate attack and carbonation of cement and cementitious materials. 
As such, further investigations are required to better understand their impact. This research aims to explain the 
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microstructural phase changes that occur when a carbonated PC-slag blend is exposed to MgSO4 and Na2SO4 
solutions. 

2. Methods 

Thermodynamic analysis was conducted using Gibbs free energy minimization software GEM-Selektor v.3.7. 
CEMDATA 18 database was selected, with an extended Debye-Hueckel equation for the aqueous electrolyte 
model. KOH was chosen as the background electrolyte, with common ion size and short-range interaction 
parameters of 3.67 Å and 0.123 kg/mol, respectively. 
The compositions of ASTM Type I cement and BFS used in the simulation are listed in Table 1. BFS was 
introduced as a 10% replacement with a water-to-cement ratio of 0.6. A hydration period of one year was 
assumed and Parrot and Killoh’s hydration model was used to determine the degree of reactivity of PC for 
such a date. For slag, the degree of reactivity was obtained from separate thermodynamic modeling (Degefa, 
Yang and Park (2023)). To simulate carbonation, CO2 was added at discrete levels of 0, 1, 5, 10, 20 and 30g 
per 100g binder. Sulfate solutions of MgSO4 and Na2SO4 were used in the simulation keeping the concentration 
of the sulfates as 10%. The sulfate solution was increased from 0 to 10,000 g per 100g of binder to simulate 
extreme conditions. 
 

Table 1: Compositions of PC and BFS 

PC C3S C2S C3A C4AF CaSO4 Other phases    

 55 19 10 7 4.2 4.8    

BFS CaO SiO2 Al2O3 SO3 MgO K2O Fe2O3 Na2O TiO2 LOI* 

47.49 30.59 13.19 3.15 3.01 0.54 0.51 0.1 0.69 0.66 

3. Results and discussions 

Prior to sulfate attacks and the addition of CO2, the hydration products of Portland cement are C-S-H, 
portlandite, monosulfate and hydrogarnet. when Portland cement comes in contact with MgSO4, the hydrated 
phases become destabilized and lead to the precipitation of new phases. As shown in Figure 1, in the presence 
of extra sulfate provided by MgSO4, monosulfate is converted into ettringite and hydrotalcite, while portlandite 
produces brucite and gypsum. Ettringite possesses a higher density, making it beneficial for reducing the 
porosity of concrete (Schmidt, Lothenbach, Romer, Neuenschwander, Scrivener (2009)). However, its 
expansion can also bring negative effects. Similarly, gypsum has an expansive behavior that can result in 
concrete deterioration. As the amount of ettringite and gypsum increases, the concrete expands to a point 
where it causes cracking and fracture (Santhanam, Cohen and Olek (2002)). This results in a reduction of the 
strength of the concrete. Further sulfate attack causes ettringite to destabilize into hydrotalcite and gypsum. 
Finally, the sulfate attacks C-S-H and replaces the calcium, forming magnesium silicate hydrate (M-S-H) 
which has no binding property. Its continuous formation leads to a loss of cohesiveness of the concrete, 
ultimately resulting in a reduction of strength. Upon destabilization of C-S-H, the pH level starts to decline. 
 
   Monosulfate     Hydrotalcite 
     Ettringite  Gypsum 
       Portlandite 
       Brucite 
     C-S-H    M-S-H 
 

Figure 1: Illustrations of phase changes due to MgSO4 attack on PC 
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Adding 1g of CO2 /100g binder causes monosulfate to transform into hemicarbonate and monocarbonate, 
which later forms ettringite and calcite when MgSO4 is added. The remaining hydrated phases at this stage 
follow the same pattern as in the case of no carbonation. As the carbonation degree reaches 5 g/100g binder, 
calcite becomes a carbonation product before the destabilization of monosulfate from MgSO4 reactions. With 
the addition of MgSO4, calcite forms gypsum and magnesite. Further carbonation reduces the quantity of 
portlandite while increasing the quantity of calcite. The reduction of portlandite however brings an undesirable 
effect on the concrete. As portlandite reduces, the pH level also declines resulting in the disappearance of a 
protective oxide layer around the reinforcement bars in concrete structures. This exposes the reinforcement 
bars to corrosion (Revert, Weerdt, Hornbostel and Geiker (2018)). Carbonation level of 20 g/100g binder 
results in the complete carbonation of portlandite and thus the absence of brucite from the final list of phases 
due to MgSO4 attack. Portlandite acts as a buffering agent preventing the carbonation of C-S-H. when 
portlandite vanishes, CO2 starts to react with C-S-H and form calcite. After carbonation level of 20 g/ 100g, 
the quantity of C-S-H reduces even before the addition of MgSO4 resulting in a lesser sulfate requirement for 
its destabilization. As a result, the joint occurrence of carbonation and sulfate attack can be considered to have 
the worst impact than the impact of individual conditions. As the carbonation level reaches 30 g/100g binder, 
amorphous aluminosilicate becomes a carbonation product while monocarbonate completely carbonates. 
Carbonation also affects the pH level as it reduces the quantity of C-S-H. The higher the carbonation level, the 
lower pH gets. 
In PC-slag blended cement, C-A-S-H, portlandite, monosulfate, ettringite and hydrogarnet are the hydration 
products. The addition of slag results in the formation of C-A-S-H instead of C-S-H due to the higher 
availability of aluminum and silica, which create favorable conditions for the formation of C-A-S-H. However, 
the quantity of C-A-S-H that formed is less than C-S-H from PC due to the reduction of PC clinkers when slag 
is added. A lesser quantity of C-A-S-H implies lower resistance to carbonation and sulfate attacks. Ettringite 
forms as a hydration product in 10% slag replacement which increases in quantity with the addition of sulfate. 
The sulfate attack from MgSO4 tends to lead to the same phases at 10 % replacement as it did in 0 % 
replacement but with a lesser requirement of sulfates to cause destabilization.  
The sulfate attack from Na2SO4 results in the formation of gypsum, ettringite, hydrogarnet and C-S-H as final 
products (Figure 2). The quantity of gypsum formed here is much less than the one observed in MgSO4 attacks 
and ettringite and C-S-H are more stable in these conditions. Portlandite also requires more quantities of sulfate 
solution to destabilize from Na2SO4 attack. This results in the requirement of even higher quantities of sulfate 
to destabilize C-S-H. Additionally, the total volume of the mixture after Na2SO4 attack is about one-third of 
the volume in MgSO4 attack. Lesser volume implies that the expansion from the Na2SO4 attack is not as big 
as it is in MgSO4 attack which leads to fewer cracks and less exposure of reinforcement bars. The reduction 
of pH is also much less in Na2SO4 attack, contributing to better resistance against corrosion of reinforcement 
bars. Overall Portland cement has better resistance capabilities against NaSO4 attack than MgSO4 attack. 
 
   Monosulfate     Ettringite 
      
       Portlandite   Gypsum 
      
     C-S-H   C-S-H 

 
Figure 2: Illustrations of phase changes due to Na2SO4 attack on PC  

Carbonation amplifies the effect of sulfate attacks. As the level of carbonation increases, the hydration phases 
start to destabilize even before the addition of sulfate.  The quantity of C-S-H and portlandite reduces, leading 
to lower resistance capacity against sulfate attacks. At higher carbonation levels (20 g/100g binder), gypsum 
no longer forms from Na2SO4 attack due to the complete carbonation of portlandite. Further carbonation and 
addition of sulfate result in the reduction of ettringite and C-S-H quantities. The use of slag at zero or lower 
carbonation levels has little impact on the results of Na2SO4 attack. However, the 10 % slag replacement results 
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in a reduction of the resistance abilities of cement when exposed to carbonation and Na2SO4 attack. At higher 
carbonation levels, gypsum becomes more stable in lower sulfate attack levels, while ettringite forms from 
gypsum and C-A-S-H at higher sulfate attack levels before transforming back to gypsum. 

4. Conclusion 

The thermodynamic modeling results for a PC-slag blended cement exposed to carbonation and sulfate attacks 
after one-year hydration is summarized as follows.   

1. C-S-H, portlandite, monosulfate and hydrogarnet are hydration products of PC. Addition of slag 
results in the formation of C-A-S-H instead of C-S-H due to the presence of higher quantities of 
aluminum and silica in slag. 

2. 10 % slag replacement results in the reduction of the resistive capabilities of cement against sulfate 
attack. 

3. Carbonation accelerates the effects of sulfate attack. 
4. MgSO4 attack is more severe than Na2SO4 attack. It converts C-S-H into a non-binding M-S-H phase 

resulting in a reduction of strength.  
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ABSTRACT 

Although Basic Oxygen Furnace (BOF) slag contains cementitious mineral components such as C2S, and 
brownmillerite (C2F), it has not been largely utilized in cement or concrete industry due to its low 
grindability as well as low chemical compatibility with cement-based materials. This study investigates 
the mineralogical and chemical properties of BOF slag with different grindability of low and high 
grindability groups. Low grindability group is named as Hard Steel Slag (HSS), and high grindability 
group is named as Soft Steel Slag (SSS). By applying proper grinding time, similar particle size 
distributions of both groups could be achieved. Therefore, it can eliminate the physical effect (i.e., from 
identical particle size) so chemical effect can be fairly compared. The mineralogy of both samples was 
determined by repeating X-Ray Diffraction (XRD) for 10 times so that it can minimize the non-
homogeneity of steel slag. Also, isothermal calorimetry test was used to measure chemical reactivity of 
both sample groups. The XRD result shows that HSS group contains a larger amount of C2S, C2F, RO 
phase. Amorphous phase and reactive phases such as C2S, C2F in HSS group resulted in higher 
cumulative heat than SSS group from isothermal calorimetry test. 

KEYWORDS: BOF slag, Grindability, X-ray diffraction, Calorimetry 

1. Introduction 

Basic Oxygen Furnace (BOF) slag is an industrial by-product with low recycling rate, globally. About 
15% by mass of steel making process output is steel slag. The BOF slag is composed of CaO (30–50%), 
SiO2 (10–20%), Fe2O3 (20–40%), Al2O3 (1–7%), MgO (4–10%), MnO (0–4%), P2O5 (1–3%) and TiO2 (0–
2%), with a mineral assemblage of C2S, C3S, C2(A,F), RO phase (CaO–FeO–MgO–MnO solid solution, 
crystallized in wuestite structure), and free lime (CaO). Some steel slag contains kirschsteinite which has 
low alkalinity. Among them, C2S and C2(A,F) have potential to react with water. The utilization of BOF 
slag in concrete is further limited due to the volume instability problems caused by the presense of free 
CaO and low hydraulic acitivity.  
 
In this study, we investigated mineralogical and chemical analysis of BOF slag with different grinding 
efficiency. By the result of XRD analysis, C2S, C2F and RO phase are contained more in HSS than SSS 
due to their strong hardness. Especially C2S and C2F are reactive phases in steel slag. Therefore, by the 
isothermal calorimeter experiment, HSS showed higher cumulative heat release than SSS due to its higher 
amount of reactive phases.  
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2. Materials and methods 

2.1 Materials  

To control the particle size distribution of steel slag, a lab-scale micro ball mill device (McCrone 
micronizing, McCrone Scientific LTD., Leighton Road London, UK) and desktop ball mill were used. 
The grinding process is described in Fig. 1. SSS is obtained by grinding raw steel slag with desktop ball 
mill for 3 hours. HSS is obtained by grinding raw steel slag with desktop ball mill for 3 hours, seived over 
1.18mm, and additional grinding with desktop ball mill for 10 hours 

 

 
Fig. 1. The grinding process of SSS and HSS 

 
Fig. 2 shows the particle size distribution of SSS and HSS after milling process. The similar particle size 
distributions were obtained in both groups. 

 

 
 

Fig. 2. The particle size distribution of SSS and HSS 

 
Table. 1 shows the chemical composition determined by Energy Dispersive X-Ray Fluorescence (ED-
XRF) analysis.  
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Table. 1. Chemical composition of SSS and HSS 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Methods 

2.2.1 X-ray powder diffraction/Quantitative X-ray Diffraction 

The degree of hydration and the phase development were analyzed through X-ray patterns measured from 
the X-ray diffractometer (D2 Phaser, Bruker Co. Ltd, Land Baden- Württemberg, Germany) equipped 
with Cu- Kα radiation (λ = 1.5418 Å) in the range of 2θ between 5˚ and 60˚.  
For accurate quantitative XRD analysis, SSS and HSS were milled with micro ball mill for 30 minutes. 
Also, to minimize the non-homogeneity effect of steel slag, XRD measurement was conducted 10 times 
for each group.  
 
2.2.2 Isothermal calorimetry 
The hydration heat evolution and kinetics of SSS and HSS were analyzed through heat evolution 
measured from calorimeter (TAM Air, TA Instruments, New Castle, DE, USA). Cumulative heat flow 
was obtained in 40°C for 7 days.  
 
3. Results 
3.1 Quantitative X-ray Diffraction 
Fig. 3 shows the mineralogical contents of SSS and HSS with 10 wt.% of internal standard(Rutile, TiO2). 
HSS contains higher amount of C2F, C2S, RO phase, and amorphous phase than SSS. Especially, 
amorphous phase and reactive phases such as C2F and C2S are 5.9%, 2.9% and 4.8% more in HSS than in 
SSS respectively. Also, kirschsteinite which has low alkalinity is contained more in SSS than HSS. Other 
mineral contents such and portlandite, free lime, and so on are excluded due to their low amount (under 3 
wt.%). 
 

 
Fig. 3. QXRD results of SSS and HSS 

 
3.2 Isothermal calorimetry 
Fig. 4 shows the cumulative heat release of SSS and HSS. The cumulative heat of SSS is about 65 J/g, 
and that of HSS is about 90 J/g which is 38% higher than that of SSS. The higher cumulative heat of HSS 
is presumed to be due to higher amount of C2S and C2F and lower amount of kirschsteinite. 
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Fig. 4. Cumulative heat release of SSS and HSS 

 
 
4. Conclusion 
In this paper, the mineralogical and chemical analysis of steel slag sorted by different grinding efficiency 
were investigated. Soft Steel Slag powder is obtained by 3 hour grinding and Hard Steel Slag powder is 
obtained by 13 hour grinding. 

i. According to quantitative X-ray diffraction result, Hard Steel Slag (HSS) contains larger amount 
of C2F, C2S, wuestite than Soft Steel Slag (SSS) and has lower amount of kirschsteinite. The 
reason is that C2F, C2S, and wuestite has strong hardness. Among them, C2F and C2S has 
potential to react with water. 

ii. The cumulative heat of SSS for 7 days is 65 J/g and that of HSS is 90 J/g. This data correspond to 
the QXRD results in which HSS contains a larger amount of reactive phases such as C2F, C2S. 

iii. Above results show that HSS is more reactive so that it is good to use as cementitious materials. 
 
 
Acknowledgements 
This work was supported by the Industrial Strategic technology development program-Development of 
manufacturing technology of hardened cement with carbonation curing (RS-2022-00155662, 
Development of manufacturing and application technology of 1,000 ton/year class hardened cement with 
carbonation curing) funded By the Ministry of Trade, industry & Energy (MOTIE, Korea). 
 
References 

A. van Zomeren, S.R. van der Laan, H.B.A. Kobesen, W.J.J. Huijgen, R.N.J. Comans. (2011), “Changes in 
mineralogical and leaching properties of converter steel slag resulting from accelerated carbonation at low 
CO2pressure,” Waste Manag., 31(11), pp. 2236-2244 

 
D. Wang, J. Chang, and W. S. Ansari. (2019), “The effects of carbonation and hydration on the mineralogy and 

microstructure of basic oxygen furnace slag products,” J. CO2 Util., vol. 34, pp. 87–98 

0

20

40

60

80

100

0 24 48 72 96 120 144 168

C
um

ul
at

iv
e 

he
at

 [J
/g

,b
in

de
r]

Time [h]

SSS
HSS

28



The 16th International Congress on the Chemistry of Cement 2023 (ICCC2023) 
“Further Reduction of CO2 -Emissions and Circularity in the Cement and Concrete Industry” 
September 18–22, 2023, Bangkok, Thailand 

Use of machine learning for predicting phase assemblages of 
supplementary cementitious materials-blended cements   

A.B. Degefa1*, H.K. Yoon2, J.Y. Bak3 and S. Park4 

1 Department of Civil Engineering, Pukyong National University, 45 Yongso-ro, Nam-gu, Busan 48513, Republic of 
Korea 

Email: aaronpknu@pukyong.ac.kr 
2 Department of Artificial Intelligence, Sungkyunkwan University, 25-2 Sungkyunkwan-ro, Jongno-gu, Seoul, 

Republic of Korea 

Email: hkyoon95@g.skku.edu 
3 Department of Artificial Intelligence, Sungkyunkwan University, 25-2 Sungkyunkwan-ro, Jongno-gu, Seoul, 

Republic of Korea 

Email: jy.bak@skku.edu 
4 Department of Civil Engineering, Pukyong National University, 45 Yongso-ro, Nam-gu, Busan 48513, Republic of 

Korea 
Email: solmoi.park@pknu.ac.kr 

 

 

ABSTRACT 

The role of supplementary cementitious materials (SCMs) in reducing CO2 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 (SiO2, Al2O3, 
Fe2O3, CaO, MgO, SO3, Na2O, and K2O), the water-to-cement ratio ranging from 0.25-0.8, the proportion 
of binder materials (PC/SCM), curing temperature ranging from 10-50 0C, 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 

phase composition of hydrated PC at different 
concentrations 

 

Figure 2 Phase assemblage output in CaO-SiO2-Al2O3 
composition for 25% fly ash replacement in hydrated 

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 
V a - - - s - 
W - - 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-SiO2-Al2O3) 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-SiO2-Al2O3 ternary phase diagram for 25% fly ash substitution. The percentage 
ranges of the main oxides are 0 ≤ CaO ≤ 30, 50 ≤ SiO2 ≤ 80, and 20 ≤ Al2O3 ≤ 50. While it is reasonable to 
assume that SiO2 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%, SiO2=50%, and Al2O3=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+SiO2+Al2O3) > 
0.2). Portlandite and hydrotalcite also prefer CaO-dominated environments, remaining stable when 
(CaO/(CaO+SiO2+Al2O3) > 0.24). The consumption of Portlandite is highly facilitated for increased 
concentrations of Al2O3. Ettringite and monosulfate are stable in SiO2-dominated compositions. However, 
ettringite becomes highly unstable in Al2O3-dominated compositions, while monosulfate becomes unstable 
in CaO-dominated compositions. Lastly, Al2O3-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 SiO2.  
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ABSTRACT 

Strength retrogression phenomenon of silica-cement systems subjected to high pressure and high 
temperature above 200 ℃ is common, which is not conducive to the sealing integrity of cement ring and 
long-term exploitation of high-temperature oil and gas wells. In this paper, the effects of individual flint 
clay (FC), graphite and its hybrid combination on the silica-cement cured at 240 ℃ and 20.7 MPa for 
different ages were studied. The decline of controlled sample’s compressive strength was obvious, 
ranging from 32.4 MPa at 2 days to 16.5 MPa at 28 days. Compared with the control, the compressive 
strength of FC2 cement and G3 cement increased by 182.4% and 187.9% at 28 days, respectively. High-
temperature cement containing 15% FC and 2% graphite showed higher mechanical strength which is 
52.8 MPa for 28 days than the FC2 or G3 cement. The mechanism is probably due to the high 
crystallinity hydration products formed via the volcanic ash reaction of FC, the fill effect and interface 
effect of graphite, and the synergy of the two forms a more stable and dense internal structure. To sum up, 
flint clay and graphite had excellent effects to increase the strength of silica-cement cured at 240 ℃, 
which provided a way to restrain strength retrogression of silica-cement at high temperature above 200 ℃. 

KEYWORDS: flint clay, graphite, mechanical behavior at high temperature, strength retrogression, oil 
well cement 
1. Introduction 

With the development of oil and gas well exploration and, there are more and more.deep wells and super-
deep wells. In high temperature cementing operation, serious problems such as cement strength 
retrogression and cement ring seal integrity failure occurred, which is extremely bad for production. It is 
found that adding silica sand can retard the strength decline of cement at high temperature ranged from 
110 to 200 ℃ (Kanchanason et al (2019)). However, the strength of silica sand cement systems still 
decline severely at high temperature above 200 ℃, which is not conducive to the long-term exploitation 
of super high-temperature oil and gas wells. Therefore, it is particularly important to study the new high-
temperature resistance strength decay material and the enhancement mechanism. 
Flint clay is a kind of refractory clay, the main chemical composition are Al2O3 and SiO2, the main 
mineral is kaolin. They can produce the volcanic ash effect with CH, significantly accelerate the 
hydration reaction. Graphite is a hexagonal lamella structure, with the characteristics of high temperature 
resistance, good toughness, and good chemical stability at room temperature (Liu et al (2021)). The 
unique properties of graphite-based materials prove to improve the properties of cemented 
nanocomposites (Le et al (2014)), so as to achieve higher or even super high mechanical and physical 
properties (Dimov et al (2018)). Relevant studies have found that metakaolin and graphite can inhibit the 
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decline of cement strength (Zhang and Yang (2020)). The current study has not fully solved the strength 
decline of cement under high temperature conditions, and the mechanism of resistance decline is not clear.  
In this paper, the effects of FC and graphite on compressive strength of SC cement were investigated. 
And microscopic morphology, pore structure changes and hydration products were studied. The research 
results have important reference value for cement slurry design of high-temperature and ultra-deep wells. 
2 Materials and methods 

2.1 Materials 

The following raw materials were used: API class G oil well cement was obtained from Sichuan Jiahua 
Cement Factory (Leshan, China). Silica sands were got from Jingxi petroleum Engineering Co., Ltd. The 
study subject was 50% mass fraction sand-added class G oil well cement, which was used to prepare all 
samples. Flint clay was purchased from Shijiazhuang Yunwang Mineral Products Co., Ltd (Hebei, China). 
The chemical composition and physical properties are shown in Table 1. Graphite was obtained from 
Qingdao Yanhai Carbon Materials Co., Ltd (Shandong, China). Dispersing agent DRS-1S are made by 
the cementing research Institute of CNPC Engineering Technology Research Institute Co., LTD. 

Table 1 Chemical Composition of FC 
Chemical composition Al2O3 Fe2O3 K2O+Na2O TiO2 Refractoriness/℃ 

content（wt%） 45~48 ≤1.15 ≤0.3 ≤0.8 ≥1770 
2.2 Slurry sample preparation 

Oil-well cement slurries were prepared and cured according to Chinese standard GB/T 19139-2012. 
Given the curing formulation of all samples in Table 2. The cement slurry was stored in standard curing 
molds at 240 oC, 20.7 MPa, RH 95% for 2, 7 and 28 days. 

Table 2 Mix compositions of different silica cement systems 
Sample 
number Cement(g) silica sand FC 

content(wt%) 
Graphite 

content(wt%) Dispersant(wt%) Water(g) 

SC 400 200 0 0 1.5 232 
FC2 400 200 15 0 1.5 232 
G3 400 200 0 2.0 1.5 232 

FC2G3 400 200 15 2.0 1.5 232 
2.3 Characterization 

The universal pressure tester is used to test the compressive strength of the cube, and the average value is 
calculated. Using x-ray powder diffraction instrument (XRD, Bruker Corporation, D8 ADVANCE) (Cu 
target, K-alpha rays (λ = 0.154nm)), the scan range of 2θ is 5-90°, and the scan rate is 7°/min. The sample 
was broken with compressive specimen and ion sputtering metal film was coated on the surface of the 
cement was characterized via scanning electron microscopy (SEM, Hitachi SU8010, Japan), and the 
change of interface performance of the cement was evaluated. The pore structure of cement was tested 
with automatic mercury pressure aperture analyzer (AutoPore IV 9510, McMurray, USA). 
3. Results and discussion 

3.1 Compressive Strength 

The compressive strength of SC, FC2, G3 and FC2G3 cement at 2, 7, and 28 days is shown in Fig. 1. The 
results showed that the compressive strength of FC2G3 cement increased significantly at 7 days curing 
ages, and did not decline at 28 days. At 240 ℃, the compressive strength of FC2 cement increased by 
23.8%, 22.3% and 182.4%, respectively, compared with the SC cement. At 2, 7 and 28 days, the 
compressive strength of G3 cement has been increased 7.7%, 39.0% and 187.9, respectively, compared 
with SC cement. The compressive strength of FC2G3 cement is 52.4 MPa and 52.8 MPa at 7 and 28 days, 
increased by 23.9% and 13.3%, respectively, compared with FC2 cement. It shows that the addition of FC 
and graphite can improve the strength of cement, and the two play a synergistic role, which can 
effectively alleviate the decline of cement strength under high-temperature. In the following sections, we 
will study the crystalline phase components, micro-structure and pore structure changes, which can 
explain the mechanical results to some extent. 
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Fig. 1. Compressive strengths of SC, FC2, G3 and 

FC2G3 cement 
Fig. 2. Representative XRD profiles of FC2G3 

cement at various curing age 
3.2 XRD Analysis 

In order to study the influence of flint clay and graphite on cement hydration products, XRD analysis of 
FC2G3 cement was performed. The representative XRD test results are shown in Fig. 2. The pattern 
shows that the main hydration products are tobermorite, andradite, tobermorite 1.1 nm and berlinite. 
Berlinite has good temperature resistance, which is conducive to the strength development of cement. 
And the qualitative analysis showed that the crystal form of the C-S-H changed, such as 2 days is 
tobermorite 11 Å (Ca5H10O23Si6), and 7 days becomes tobermorite (Ca2.25H3.5O10Si3), which has lower 
Ca/Si. At 28 days curing time, the characteristic peaks of tobermorite and clinomorite were identified, 
these hydrated phases have higher stability, and the strength of cement does not decline at high-
temperature and long curing ages. Some studies (Bu and Du (2016)) have found that, tobermorite and 
andradite suppress the reduction in cement strength because they can fill the structure tightly and have 
high stiffness. The characteristic peak of CH is not observed, which is caused by the secondary hydration 
reaction. 
3.3 Micro-structure Analysis 

Fig. 3 shows the fracture surface morphology characteristics of SC(a), FC2(b), G3(c) and FC2G3(d) 
cement at 240 ℃, 28 days curing time. There are obvious micro-cracks, micro-gaps, lots of holes and 
aggregates (Fig. 3a). These agglomerates may be the hydration products with low crystallinity and poor 
stability produced by the hydration reaction. It is one of the important reasons for the decline of high-
temperature cement strength. Fig. 3b appears tobermorite and needle-like xonotlite. Tobermorite has good 
temperature resistance and high strength, plays the role of filling in cement, so as to inhibit the strength 
decline of cement under high-temperature. Needle-like xonotlite can make the structure of cement denser. 
The denser structure and high stiffness are important factors hindering the reduction of cement strength 
(Bu and Du (2016)). Fig. 3c shows that graphite and cement matrix are strong bonding. The different 
layers of graphite are connected by van der Waals force, it will form cracks at the interface between the 
cement and graphite. Also, sliding between the graphite sheets to offset the strain force, resulting in stress 
relaxation of the crack tip. Graphite plays a physical filling role, and forms better adhesion with the 
cement matrix, which increases the roughness of the interface (Fig. 3d). Meanwhile, SiO2 and Al2O3 have 
a secondary hydration reaction with CH, and form stable C3S, C2ASH8 and C4AH13. The high stability of 
hydration products increases the strength of high-temperature cement and engenders the interface effect. 
This is consistent with the above mechanical properties and XRD results. 

    
(a) SC (b) FC2 (c) G3 (d) FC2G3 

Fig. 3. SEM images of silica cement systems at 28 days curing ages 
3.4 MIP Analysis 

Cement composites is a porous material with numerous air voids and capillary voids, which may be 
detrimental to the mechanical properties (Liu and Jin (2020)). MIP test method was used to characterize 
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the pore structure of cement. The porosity results of SC and FC2G3 cement was shown in Table 3. The 
total porosity of FC2G3 cement decreased 14.8%, compared to SC cement. The pore diameter of SC 
cement is mainly distributed in above 200 nm, accounting for 36.79%. The aperture of FC2G3 cement is 
mainly distributed in 20-50 nm, accounting for 30.01%. Compared with SC cement, the total porosity of 
FC2G3 cement changed from 42.76% to 36.43%, which reduced by 14.8%. This result may be the filling 
effect of graphite and FC, the synergistic effect of the two optimize the aperture distribution, make the 
pore structure get denser. This is one of the reasons to suppress the decline of high-temperature strength.  

Table 3 Porosity and pore size distribution of SC and FC2G3 cement 

Sample Curing 
time 

Total 
porosity/% 

Distribution of pore size /% 
>200nm 100-200nm 50-100nm 50-20nm 10-20nm <10nm 

SC 28d  42.76  36.79  23.95  18.43  14.65  5.03  1.15 
FC2G3 28d  36.43  13.18  19.52  21.48  30.01  12.72  3.09 

3.5 The mechanism to restrain strength retrogression of silica-cement at high temperature 

Flint clay is a good quality kind of clay, the main components are Al2O3 and active SiO2, which can react 
with the CH generated in the hydration process of cement, produce high-temperature resistant stable 
crystal phase, and inhibit the transition of tobermorite to xonotlite. FC mainly achieves the effect of high-
temperature strength decline through volcanic ash reaction and pore filling effect. Graphite has a layered 
structure and rough surface. And the bond between graphite and the cement matrix is better. It manifested 
as the embedded form, fracturing through a similar fiber extraction effect to suppress the expansion of the 
cement crack. Because of its good compressibility, it can provide development space for hydration 
products in the hydration process, and optimize the crystalline phase structure of high temperature cement, 
improve the aperture distribution, micro-structure and density of cement effectively. In addition, there is 
Van der Waals force between graphite layers, and the combination force is weak, which make it have 
lubricity. This characteristic makes the graphite can slide in the cement matrix and offset the strain force, 
so as to reduce the production of cracks, which may be an important reason for its effective improvement 
of the mechanical strength of oil well cement under high-temperature. 
4. Conclusion 

1. The compressive strength decline of silica cement was obvious, ranging from 32.4 MPa at 2 days to 
16.5 MPa at 28 days. Compared with SC cement, the compressive strength of cement increases by 23.8%, 
22.3% and 182.4% cured at 2, 7, and 28 days with 15% FC, and increases by 7.8%, 39.0% and 187.9% 
with 2% graphite, respectively.  
2. Flint clay plays a filling role and reduces the formation of micro-cracks. The hydration reaction of 
Al2O3 and SiO2 in FC and Ca2+, accelerates the hydration process of cement, promotes the formation of 
stable hydration phase. The graphite particles can produce mechanical binding force on the surface of the 
matrix, which is conducive to the interface and hindering the destruction of external force, thus inhibiting 
the strength decline of high temperature cement. 
3. Flint clay and graphite had excellent and synergistic effects to increase the strength of silica-cements, 
which provided a way to restrain strength retrogression of silica-cement at high temperature above 200 ℃. 
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ABSTRACT 

Conventional design methods of Ultra-High-Performance Concrete (UHPC) usually involve high cement 
content (900-1100 kg/m3) to enhance the mechanical and durability performance. However, the 
associated cost and environmental impact have limited its widespread usage. This study reports an 
efficient particle-packing approach in designing eco-efficient UHPC (E-UHPC) mixes with lower cement 
content while ensuring good rheological and mechanical properties. A total of five (5) UHPC mixes with 
different ‘packing factors (PF)’ (32.9 to 46.0) were designed by optimizing different commonly used 
supplementary cementitious materials (SCMs). The experimental results show that the packing factor 
strongly influences the workability (flow and yield stress), regardless of the binder types. Moreover, 
optimizing the packing factor resulted in a dense E-UHPC microstructure with open porosity of 3.67% at 
28 days. The results also confirms that the packing factor govern the strength-porosity relationship of 
UHPC mixes with a higher strength development at PF:32.9. Furthermore, this study signifies that using 
packing factor and binder coefficient (BC) as design parameters can effectively allow cement replacement 
of >50% with adequate compressive strength (f’c,28d: 118 MPa) and workability (flow: 230 mm). This 
implies an eco-efficient optimization method for designing low-cost E-UHPC (BC: 5.99 kg/m3/MPa) with 
very low cement content (<50%) and thereby with significantly lower carbon footprint.  

KEYWORDS: E-UHPC, Packing factor, SCMs, Binder coefficient, Binder optimization. 

1. Introduction 

The conventional design method of Ultra-High-Performance Concrete (UHPC) relies on a combination of 
very high cement content, low water-binder ratio, and high volume of steel fibers to ensure its enhanced 
mechanical properties and durability (Arora et al. (2018)). However, such elevated cement content 
increases the material's overall cost and carbon footprint. Hence, it is a significant incentive to replace 
cement with commonly used supplementary binders (SCMs) and fillers to make UHPC more sustainable 
and environmentally friendly (Huang et al. (2017)). As such, estimating the maximum cement 
replacement criteria and proportions is vital without compromising the mechanical and durability 
properties. This study used a packing model to investigate the extent of cement replacement with 
common SCMs while ensuring adequate packing, rheological and mechanical properties. With an 
inherently low w/b ratio, adequate packing of the microstructure plays a dominant role over the limited 
degree of hydration in governing the characteristic properties of UHPC. This concept was used to design 
five UHPC mixes with different replacement proportions of fly ash (≤ 35%), ground granulated blast 
furnace slag (≤20%), and silica fume (≤20%) to represent different ranges of packing density. The role of 
packing density on UHPC performance was investigated through fresh properties (flow and yield stress) 
and mechanical properties (porosity and compressive strength) at different ages. This study confirms that 
the packing model is more effective in optimizing the binder composition for a UHPC mix incorporating 
low cement content. Ensuring a microstructure with higher packing also exhibited enhanced flow and 
significantly higher compressive strength, even with lower cement requirements. This study also reveals 
that the ‘binder coefficient’ reflects an ideal evaluation tool of cement consumption in a UHPC function 
in terms of its performance. It was possible to reduce the cement consumption to one-third (5.99 
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kg/m3/MPa) by enhancing the packing density through binder optimization. This design concept has 
significant potential in reducing the overall carbon footprint of UHPC mixes while maintaining its 
intended performance and making it applicable for sustainable construction practice. 
 
2. Experimental Program 

2.1 Materials   

The binders used in this study include Type-I ordinary Portland cement (OPC), ultra-fine class-F fly ash 
(UFFA), slag (GGBS), and silica fume (SF). Masonry sand, sieved below 600 μm, was used as the fine 
aggregate. The particle size distribution (Fig. 1a) of each constituent was determined by using Laser 
Diffractometer to be used in the packing model. This study used an ultra-fine fly ash sample for a higher 
packing density. In addition, a polycarboxylate-based high-range water reducer (ADVA Cast 593) was 
used to reduce water demand and ensure adequate workability. 
 
2.2 Mix Design based on Packing Model 

In this study, five (5) UHPC mixes (M1-M5) were designed, with M1 being the control mix and Mix M2-
M5 with varying replacement proportions of cement (up to 55%) with different SCM content (Table-1).  
Table 1: Mix Details of UHPC Mix (M1-M5). The nomenclature represents the proportion in % of each constituent 

(represented by each letter) in the mix. 

 ID Nomenclature Mix Constituents (kg/m3) 
OPC SF UFFA GGBS Sand Total Binder  S/B Ratio 

M1 C100 1575 0 0 0 1325 1575 1 
M2 C70S5F10G15 1103 55 131 221 1325 1509 1 
M3 C45S5F30G20 709 55 392 295 1325 1450 1 
M4 C45S20F35 788 244 508 0 1178 1539 0.8 
M5 C45S20F35 709 220 457 0 1325 1386 1 

A constant w/b ratio and HRWR dosage of 0.18 and 5% (wt. of binder), respectively, were used. Each 
mix's ‘packing factor’ was measured from the deviation between the ideal curve from Modified Anderson 
and Andreasen model (Yu et al. (2015)), using q=0.23, and the composite particle size distribution (Fig. 
1a). Fig. 1b shows the variation of the packing factor with Mix M5 having the highest packing. 

 
Figure 1. (a) Particle size distribution of the mix constituents used in designing the UHPC mixes. The composite 
particle size distribution of UHPC mixes, M1-M5, are represented in solid lines compared to the target curve from 

the Modified Anderson and Andreasen Model, (b) Packing factor of M1-M5 representing packing of the mixes. 

 
3. Experimental Methods 

The fresh properties of the UHPC mixes were measured through the modified flow test (ASTM C1611). 
The rheological properties (yield stress and plastic viscosity) were also evaluated using a TA DHR-3 
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Rheometer with a vane in cup geometry at 25±1 °C. A logarithmic shear sweep with a broad ramp-up 
phase of 0.1/s to 200/s was used to measure yield stress and viscosity accurately. 
The compressive strength of 50 mm cube specimens was determined at different cured ages (3d, 7d, 14d, 
and 28d) following ASTM C109. The open porosity of the mixes was also determined at the same ages 
using AccuPyc 1330 Pycnometer at a constant pumping pressure (Kumar and Garg (2022)).  
 
4. Results and Discussion 

The stress-strain behavior, shown in Fig. 2a, reflects a significant influence of particle packing on the 
rheological behavior of UHPC mixes containing high SCM content.  

 
Figure 2. (a) Rheological behavior of the UHPC mixes for a logarithmic stress-strain sweep (0.1-200 s-1) in a co-

axial rheometer, (b) correlations developed between the flow and the rheological parameters (yield stress and plastic 
viscosity) and (c) role of packing density in influencing the rheological parameters of the mixes. 

The presence of high SCM content increased the HRWR demand, resulting in much higher yield stress 
and flow than the control mix (M1). Meanwhile, M5 exhibits the highest packing (lowest packing factor), 
contributing to lower inter-particle voids and a higher amount of free water for enhancing flow despite 
much less cement content. This also explains a lower flow value and higher yield stress for Mix M4, 
which had similar mix composition but lower packing due to a lower s/b ratio of 0.8. While particle 
packing certainly governs the rheological behavior of UHPC mixes, HRWR demand should also be 
considered for an appropriate mix selection, as shown for Mix M2-M4 (marked zone) in Fig. 2c. 
Although M2 and M3 showed similar packing, however, the high UFFA content of M3 and higher 
HRWR demand resulted in lower flow spread and the highest yield stress. A similar trend was observed 
in all the rheological parameters, although flow values showed a better correlation (Fig. 2b) with the yield 
stress of any UHPC mix. This confirms that packing and HRWR dosage govern the inter-particle contact 
and friction, determining the water-film thickness required to initiate flow. 
The effect of packing is more dominant on the mechanical behavior of UHPC mixes, as shown in Fig. 3. 
Although all the mixes showed a strong negative correlation between compressive strength and open 
porosity, however, it was found that the packing factor highly governs the relationship (Fig. 3a).  
Evidently, mix M5 showed the lowest porosity and the steepest slope along with a reducing slope with 
decreasing packing (lower PF value from left to right). This reflects that higher particle packing resulted 
in a refined microstructure and increased strength, even at an early age, and also contributed to higher 
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strength gain at later ages due to further pore refinement. Meanwhile, the control mix (M1) with lowest 
packing showed a broader change in porosity due to hydration. However, it still resulted in much lower 
strength (f’c,28d: 77 MPa) compared to M5 (f’c,28d: 118 MPa) with only 45% OPC content, as shown in Fig. 
3b. This suggests that in UHPC mixes with low w/b ratio and degree of hydration, ensuring higher 
packing governs the mechanical properties and should be key in designing the mix. Most importantly, it 
offers an efficient approach to reducing the binder requirement and the associated environmental impact 
of UHPC. To justify the same, this study suggests evaluating the binder coefficient (amount of cement 
requirement per MPa strength) as a more appropriate parameter for comparing mix efficiency. With a 
reduced packing factor, the binder coefficient could be reduced by three folds (20.2 kg/m3/MPa to 5.99 
kg/m3/MPa). Hence, considering the packing factor and binder coefficient as mix design criteria ensure 
low-cement UHPC with adequate performance. 

 
Figure 3. (a) Effect of packing factor on the strength-porosity relationship of the UHPC mixes (M1-M5) at different 

ages and (b) Compressive strength of the mixes at different ages as a function of the binder coefficient (BC) 

 
5. Conclusions 

This study demonstrated the significance of the packing factor in designing UHPC mixes with low binder 
content based on rheological and mechanical properties. Although the packing factor primarily governs 
the yield stress and flow of fresh UHPC mix, the amount of fines and HRWR dosage should also be 
considered while considering rheological criteria. Meanwhile, the packing factor has a more dominant 
effect in governing the strength-porosity development of UHPC mixes. This study also showed how 
ensuring a packed microstructure through a low packing factor can replace more than 50% cement 
without comprising strength (118 MPa) and rheology (flow: 230 mm). Moreover, optimizing the binder 
coefficient by ensuring a lower packing factor is a more effective approach to ensure an eco-efficient 
UHPC with low cement content and a significantly lower carbon footprint. 
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ABSTRACT 

Chloride salts are used as cement hydration accelerators in mortar or concrete since decades. Their use in 
chemical activators formulations is even more important as clinker substitution is mandatory in the 
current scenario. Sodium and calcium chlorides are traditionally the most widespread, mainly due to their 
limited cost and vast availability. However, no thorough studies of the effect of the cation on the 
hydration kinetics and strength increase effect were carried out. The first part of the study (presented in 
15th ICCC in Prague, 2019) concentrated on the comparison of the effect of different cations at the same 
level of chloride ion dosage. The second part concentrates on the comparison of the effect of different 
cations at the same level of cations equivalents. Dosage efficiency, heat of hydration, strength 
development profiles, setting times are some of the parameters to judge the effect of the addition. The 
study is performed on several Portland cements prepared in the laboratory with different clinkers, which 
are analysed for their chemistry and mineralogy.   

KEYWORDS: Cement, Chlorides, Hydration 

1. Introduction 

In cement production, the use of chemical additives to lower manufacturing costs has become normal 
practice worldwide. These additives can be simple grinding aids (providing decreased energy costs for 
grinding) or hydration activators, able to influence the reaction of cement with water. In the latter case, 
higher potential for savings is given by the possibility to substitute clinker with secondary cementitious 
materials, as for example pozzolanas, blastfurnace slag, fly ash and limestone. The use of chloride salts 
(traditionally, sodium and calcium chloride), often coupled with alkanolamines (as for example 
triethanolamine), is well-known to impart grinding effect together with early strength enhancement of 
cement mortars. However, most of the scientific studies have regarded the effect on concrete and have 
been made at such high dosages of chemicals so to be insignificant for the grinding stage addition point of 
view (e.g. Rapp (1935), Dodson (1990)). Particular care has been given to the effect of chlorides on 
concrete reinforcement bars (e.g. MJ Kim et al (2016)). A few studies concentrated on proposed 
mechanisms (Ramachandran (1971)) and chloride migration (Wowra & Setzer (1997)), but again at very 
high dosages (in the order of magnitude of units of weight %). 
Other studies have been carried out on the effect of chemical activators in cement at typical cement 
additive dosages, but they were not specifically focused on different sources of chlorides (e.g. Huang & 
Shen (2011), Huang et al (2010), Katsioti (2009)). 
Basically though, no agreement exists on the actual mechanism of action of chlorides, apart from the 
common acceptance that it is a catalytic type of mechanism, due to the very low amounts of chemicals 
required and their absent/minimal consumption.  
At this stage, it was not the purpose of this study to inquire further about these mechanisms. On the other 
hand, the focus has been to verify the effect of different forms of chlorides at the typical dosages used in 
the cement grinding stage. The first part of this work, presented at ICCC 2019 (Forni (2019)), offered the 
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conclusion that the well-known early strength effect of these chemicals is confirmed. However, at 
dosages typical of addition during the grinding stage, this seems to be limited to 24 hours, flattening out 
afterwards, even as early as 2 days. The cation plays a role in the mechanism, with calcium and sodium as 
the most effective on strength development and heat of hydration, but only calcium able to decrease initial 
setting time (however limited to 12 minutes on average). 
 
2. Experimental 

2.1 Materials  

The following materials were selected for the investigation: 
• eight Portland cement clinkers (coded C8831, C8606, C8792, C8718, C8440, C8593, C8747 and 
C8669) 
• a natural calcium sulfate (in dihydrate – gypsum - form) 
Criteria followed in choosing were to avoid any very particular material, trying to select a wide range of 
clinkers with “typical” characteristics, so to be closer to the field of application. Clinkers come from 
different geographical areas.  
 
2.2 Preparation and analysis methods 

Clinker and gypsum were ground together in a steel-ball laboratory mill for a standard time, in the w/w 
ratio of 95:5. Fineness of the finished cements so prepared is comparable to the one of commercial 
Ordinary Portland Cements (OPCs). 
Finished cements were analyzed for their chemical composition by X-Ray fluorescence (XRF), and for 
their mineralogical composition by quantitative X-Ray diffraction with Rietveld method. Details on the 
equipment and method are available upon request. 
Compressive strength was measured in mortar according to standard EN-196/1, so with fixed 
water/cement ratio of 0.5 and standard sand/cement ratio of 3:1. Siliceous sand was used according to the 
norm. For the determination of strengths in the presence of chemicals, the latter were added directly in the 
mixing water by weighing the appropriate amount of each. 
Setting time determination was carried out in paste according to standard EN-196/3. Standard consistency 
was determined for each cement without chemical additions, and the water/cement ratio obtained was 
kept constant for all determinations with different chemicals on that specific cement. Again, chemicals 
were added directly in the mixing water by weighing the appropriate amount of each. 
 
2.3 Chemical additions 

On each cement, the following compositions were added (dosages refer to cement weight): 
1. triethanolamine (TEA) 5% and sodium chloride 17%, in demineralised water, dosage 3000 ppm 
2. triethanolamine (TEA) 5% and calcium chloride 16%, in demineralised water, dosage 3000 ppm 
3. combination of 1. with 3000 ppm of 12% NaOH solution 
4. combination of 2. with 330 ppm of powder Ca(OH)2 
The concentration of the different chloride salts is such to always have 10% chloride ion (w/w) in the 
solutions. Dosage was dictated by the average actual use of these chemicals in practical use. 
Analytical grade of all chemicals was used. 
 
3. Results 

3.1 Analytical data 

XRF results of the finished cements are reported in Table 1. Full analytical results of XRD-Rietveld are 
available upon request. Mineralogy of the clinkers is quite varied: total C3S is generally >58-60%, with 
C2S under 20%. This is in accordance with the good level of compressive strengths and reactivity found 
for all the cements. Total C3A is generally within the range 4÷7%, with a few exceptions at higher values. 
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Some samples contain a significant amount of orthorhombic aluminate. C4AF content is quite varied, 
ranging from 7 to 12%.  
 

Table 1 – cement XRF results (% composition) 
Cement 

code Na2O MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 TiO2 P2O5 
C8440 0.47 1.20 3.52 21.00 3.55 0.58 65.29 4.72 0.26 0.12 
C8593 0.17 2.27 5.12 20.61 3.22 0.72 64.97 2.86 0.30 0.17 
C8747 0.21 2.50 5.03 19.25 4.58 0.54 63.65 3.39 0.44 0.08 
C8669 0.18 1.01 5.28 23.09 2.64 0.55 64.10 2.79 0.24 0.18 
C8718 0.20 1.32 5.02 20.73 3.27 0.72 64.55 3.51 0.30 0.27 
C8792 0.25 2.21 5.34 19.60 2.92 0.79 64.14 3.80 0.32 0.18 
C8606 0.24 1.32 4.95 20.00 3.21 0.80 65.13 3.43 0.27 0.07 
C8831 0.15 0.89 5.40 20.60 2.88 0.39 65.63 3.12 0.24 0.15 

 
 
 
3.2 Compressive strengths and setting time data  

Compressive strengths values (at 1, 2 and 28 days, in MPa) and setting time data (IST, initial setting time, 
and FST, final setting time, in minutes) are reported in Table 2.  
 

Table 2 – mortar strength data 

 
Average % strength increase vs 

blank  
Average % setting 

time vs blank 
  1D 2D 28D  IST FST 
blank        
TEA + NaCl  10.1 9.6 -4.2  -3.8 -11.3 
TEA + CaCl2  9.5 7.7 -3.5  -4.2 -14.5 
TEA + NaCl + NaOH  12.2 9.1 -5.3  -11.7 -23.4 
TEA + CaCl2 + Ca(OH)2  7.6 6.5 -5.1  -5.5 -16.2 

  Averaged strength value (MPa)  
Averaged setting 
time value (mins) 

  R1 R2 R28  IST FST 
blank  20.4 29.2 55.1  124 178 
TEA + NaCl  22.3 31.4 52.7  113 151 
TEA + CaCl2  22.0 30.8 53.1  113 150 
TEA + NaCl + NaOH  22.4 31.2 52.2  104 134 
TEA + CaCl2 + Ca(OH)2  21.9 30.5 52.2  110 146 

All cements tested (with one exception, C8440) yielded significant strength increases at 1 and 2 days with 
all the formulations tested. Sodium chloride mixes gave very good average gains. At 2 days, the strength 
enhancing effect was somewhat less. Late strength tends to decrease. As for setting times, no significant 
differences were apparent between sodium or calcium chloride, with an average 10 minutes acceleration. 
The presence of additional alkali does not seem to give any additional advantage on strength 
development; for sodium, data show a stronger setting time acceleration in the presence of free NaOH. 
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4. Conclusions 

As a continuation of the study presented in ICCC 2019, the purpose of the work was to assess the effect 
of changing cation in chloride-based activation of cement, and specifically at dosages typical of process 
grinding additives used industrially in cement manufacturing. To our knowledge, no such study exists or 
is divulged. The first step (2019) was focused on studying the difference between sodium, calcium, and 
potassium chloride activation. This further step regarded the simultaneous addition of sodium or calcium 
chloride with a corresponding strong alkali (sodium hydroxide or calcium hydroxide). This subject is 
quite interesting from the application point of view, since low-carbon cement require development of new 
chemical activators, and alkaline activation is one of the possible routes. Exploring the effect of strong 
alkali at the selected dosages can clarify the range of practical use of this approach.  
The present study, while confirming the favourable effect of sodium and calcium chloride as early 
strength activators of cement, allowed to make clear that the simultaneous addition of free sodium or 
calcium hydroxide at dosages typical of grinding aid additions doesn’t contribute significantly to strength 
development. Sodium hydroxide may accelerate setting time further to the effect of sodium chloride, but 
the extent of this is limited. 
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ABSTRACT 

The project studies low-clinker/high-supplementary cementitious materials (SCMs) systems exposed to 
early-age carbonation, starting within the first week of hydration. In practice, concrete starts its field 
exposure and carbonation at a very young age, i.e. just a few days old. As the binders are shifted towards 
a lower amount of clinker and a higher amount of SCMs (which increase the carbonation risk), the 
investigation of the impact of carbonation on the early-age microstructures becomes increasingly relevant.  
The goal of the study is to identify the negative impacts of early-age carbonation to achieve good concrete 
with low-clinker binders. The project will investigate the impact of carbonation on a young binder 
containing 40% of cement, 45% of slag, and 15% of limestone. Short curing times (3 and 7 days) were 
compared to the regular curing time (28 days). Two different relative humidity (75 and 98 % RH) were 
investigated to determine the effect of the environment on the carbonation rate. For each condition, the 
experiments were carried out in the presence of atmospheric CO2 and compared to a reference experiment 
with CO2 free atmosphere. After 60 days of exposure, the samples were investigated at the surface and 
powder by XRD and TGA. The carbonation is mainly located at the surface of the samples at 98% RH as 
ettringite and portlandite are not observed while powder samples show a similar amount of bound water, 
portlandite, and CO3. At 75% RH, portlandite remains at the surface. However, the powder sample shows 
a decrease in the portlandite amount and a higher carbonation rate.  

KEYWORDS: low-clinker binders, short curing time, carbonation, supplementary cementitious material 

1. Introduction 

The use of SCMs (supplementary cementitious materials) in cement and concrete is a common practice 
for decades. In recent years, the focus has shifted towards new binders, with combinations of SCM, new 
types of SCM, and higher clinker substitutions to help reach the climate goals towards carbon neutrality. 
Nowadays, numerous studies on carbonated binders were carried out on systems relatively well-hydrated 
cementitious systems, after 28 days (e.g. Shah 2018) but these results might not be representative of 
concrete which is exposed to ambient CO2 after a few days. Since the removal of the concrete formwork 
may imply an early and drastic relative humidity (RH%) drop, the immature binder becomes exposed to a 
combination of drying and carbonation. Early carbonation disturbs hydration kinetics, phase assemblage, 
and porosity, leading to changes in transports and mechanical properties (e.g. Herterich 2017, Soja 2019). 
This study aims to identify the impact of carbonation and RH on the microstructure of a binder containing 
slag and limestone with a short curing time. 

2. Material and method  

A binder paste containing 40% Portland cement (CEM I 52.5 R from Cementa), 45% powder granulated 
blast furnace slag (Merit from Swecem), and 15 % limestone (Limus 25 from Nordkalk) was mixed with 
a water-to-binder ratio of 0.4. The paste was cast and cured at 20ºC for 3, 7, and 28 days in 50 ml sealed 
plastic cylindrical molds of a diameter of 37 mm and height of 45 mm. After curing, the cylinders were 
cut into slices with a thickness of 4 ± 1 mm. The samples were exposed to two different relative humidity 
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(RH) in the presence and absence of atmospheric CO2. The exposure chambers were airtight containers 
with internal ventilation to homogenize the atmosphere. The RH was maintained with saturated salt 
solutions of sodium chloride and potassium sulfate to obtain 75% and 98% RH respectively. For the 
carbonated curing chambers, the ambient air was firstly equilibrated to the appropriate RH by bubbling 
through the corresponding saturated salt solution and then the air was injected with a pump into the 
chamber. The CO2 free curing chamber was controlled with soda lime used as a CO2 trap.  
After 60 days of exposure in a controlled chamber, the hydration of the samples was stopped by 
isopropanol solvent exchange. The surface of the sample was analysed by XRD. The same sample was 
ground and called powder sample and analysed by XRD and TGA. X-ray diffraction (XRD) was carried 
out by a Rigaku Miniflex 600 with a CuKa source and a fast 1d solid-state detector with time delay 
integration. The X-ray tube worked at 40kV and 15mA. The Bragg-Brentano configuration included a 
fixed divergence slit of 1.25 ˚ and a Soller slit of 2.5˚. The sample powder was prepared by a front-
loading method in a sample holder of 1 mm deep and 4 cm diameter. The sample was scanned between 3 
and 73˚ (2q) with an increasing step of 0.02 and a scanning speed of 1˚/min.  
Thermogravimetric analyses were realized with a Mettler Toledo TGA/DSC 3+.  The weight loss of the 
samples was recorded from 30°C to 1000°C with a heating rate of 10 K/min. The bounded water was 
quantified from the weight loss between 30°C to 500°C and the CaCO3 between 500°C and 850°C. If the 
weight loss of calcite is observed around 680ºC, vaterite and aragonite are observed at earlier 
temperatures ranging around 500˚C, as shown by previous research (Vogler 2022). The different amounts 
of bound water (BW), portlandite (CH), and CaCO3 are calculated as shown in equations 1, 2, and 3. 
 

            (1) 

            (2) 

             (3) 
 

3. Results and discussion 

The diffractograms of the sample’s surface are shown in Figure 1. In the absence of CO2, calcite is 
associated with the presence of limestone in the binder. In the presence of atmospheric CO2, calcite and 
vaterite are observed at both RH, while aragonite is only observed at 75% RH. In addition to limestone, 
calcite is strongly associated with the carbonation of portlandite (Steiner 2020). At 98% RH, the 
portlandite is below the detection limit indicating that the portlandite was dissolved. At 75% RH, 
portlandite is detected in all the samples. It confirms the fact that the effect of carbonation on other 
hydrates can start before the complete consumption of portlandite. Vaterite and aragonite are associated 
with the carbonation of hydrates such as calcium silicate hydrate (C-S-H) and ettringite (Steiner 2020). 
Ettringite is dissolved and cannot be observed in the presence of CO2, while it is present in CO2 free 
atmosphere after 7 and 28 curing at 75% RH. Moreover, a small hump at 20.7º 2θ could be explained by a 
trace of gypsum that would agree with the carbonation of ettringite. At 98% RH, most of the ettringite is 
carbonated after 28 days of curing as only some traces are visible after carbonation while it is present in 
the CO2-free sample. 
The results of the powder samples are presented in Figure 2 and Table 1.  In the absence of CO2, no 
significant difference is observed between the samples. Similar hydrates, amount of bound water, 
portlandite, and CaCO3 are observed. In the carbonated sample, calcite is observed at both RH but vaterite 
is observed as a trace, only at 98% RH. However, the TGA shows a similar amount of bound water, 
portlandite, and CaCO3 at different curing times in the presence and absence of CO2 meaning that the 
carbonation is relatively low. At 75% RH, when the curing time decreases from 28 days to 3 days, the 
bound water decreases by 39%, the amount of portlandite decreases by 51 % and the amount of CaCO3 
increases by 31%. The 7 days curing shows a great improvement towards carbonation as bound water and 
portlandite are reduced by 22% and 19% respectively, whereas CaCO3 increases by 11%. The increase of 
CaCO3 is linked to the dissolution of portlandite and ettringite; and the precipitation of calcite, vaterite, 
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and aragonite. In the powder samples, vaterite and aragonite are below the detection limit meaning that 
the presence is mainly at the surface of the sample.  
 

 
Figure 1: Diffractogram of the investigated samples on the surface cured for 3,7 and 28 days at 75%RH and 

no CO2 (A), 75%RH and CO2 (B), 98%RH and no CO2 (C). 98%RH and CO2 (D) 

 
Table 1: Quantification in wt% of bound water (BW), portlandite (CH), and CaCO3 realized by TGA. 

RH  Test age Absence of CO2 Presence of CO2 
 (%)  (Days) BW CH CaCO3 BW CH CaCO3 

75 

3 16 7.8 19 9.4 3.1 31 
7 16 8.1 19 12 5.1 26 
28 17 7.8 18 15 6.4 23 

98 

3 17 7.5 18 15 5.8 23 
7 17 8.1 18 15 5.6 24 
28 18 9.0 17 16 5.6 22 

4. Conclusions 

At 98% RH, the sample surface is fully carbonated. However, a similar amount of bound water, 
portlandite, and CaCO3 regardless of the curing time, meaning that the carbonation is rather low. At 75% 
RH, vaterite, aragonite, and a trace of gypsum are observed at the surface together with portlandite. It 
shows that carbonation of other hydrates such as C-S-H and ettringite can occur while portlandite is still 
present. Even if cement hydrates are observed at the surface, the amount of portlandite significantly drops 
whereas the amount of CaCO3 increases in the powder sample with the reduction of the curing time 
meaning that the carbonation of the sample is higher than at 98%. 
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More investigation is needed on the short curing time of binders toward carbonation. This work is part of 
an ongoing study that investigates different binder systems containing slag, slag-limestone and fly ash-
limestone mixes; and will be extended to slag-fly ash-limestone, calcinated clay-limestone, and bio ash 
binders. The carbonation will be studied for a longer time and also on mortar to determine the impact on 
compressive strength.  
 
 

 
Figure 2: Diffractograms of powder samples cured for 3,7 and 28 days at 75%RH and no CO2 (A), 75%RH 

and CO2 (B), 98%RH and no CO2 (C). 98%RH and CO2 (D) 
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ABSTRACT 

Supplementary cementitious materials (SCM) are increasingly used in concrete owing to the carbon 
footprint and economic reasons. The characterization of SCMs, for example the reaction degree and the 
distribution of hydration products, are essential to estimate the systems’ properties. However, a reliable 
morphological study at microscale requires the analysis of large quantities of SEM-BSE images, which is 
impractical to be investigated by human eyes. Moreover, the chemical and mineralogical complexity of 
SCM phases makes the analysis rather qualitative. In this study, the microstructure of white cement paste 
with/without SCM (limestone, slag, quartz and metakaolin), has been investigated. We explore the 
application of multiple advanced deep learning-based image processing algorithms on the SCM-blended 
BSE images. Pixel-level semantic segmentation models based on U-Net architecture and ResNet backbone 
can robustly segment limestone, quartz and slag particles from complicated BSE images. Image 
enhancement methods including image denoising, super-resolution further help to optimize the image 
quality and improve the accuracy of phase assemblage. By automating the segmentation process and 
enhancing image quality, valuable insights into SCM phase microstructure and distribution within cement 
paste can be obtained, contributing to a better understanding of the properties and performance of SCM-
based concrete systems. 

KEYWORDS: Supplementary cementitious materials, image processing, deep learning, segmentation 

1. Introduction 

The scanning electron microscope (SEM) plays a crucial role in investigating the microstructure of modern 
concrete. The quantification of phase composition within the cement matrix is commonly achieved through 
the segmentation of BSE images using threshold methods based on grayscale values derived from the 
average atomic number of local areas (Scrivener 2004). However, determining fixed threshold values for 
image analysis proves impractical due to the substantial impact of sample preparation techniques and image 
acquisition parameters. Furthermore, conducting a thorough morphological analysis necessitates the 
examination of a considerable number of images, thereby increasing the time required for analysis. 
Nowadays, in the pursuit of greener, more cost-effective, and durable concrete, the utilization of 
supplementary cementitious materials (SCMs) has gained prominence. SCMs, in comparison to clinker 
minerals, exhibit relatively lower average atomic numbers (Snellings, Mertens, and Elsen 2012), resulting 
in the grey value distribution of SCM phases being closer to that of hydration products. Consequently, the 
segmentation of SCM particles and the corresponding hydration products present significant challenges in 
image analysis. 
Recently, the advancement of deep learning, particularly computer vision technology, has revolutionized 
pixel-level microscopic image segmentation in materials science (Ge et al. 2020; Midtvedt et al. 2021). In 
this study, we investigate the potential of advanced deep learning-based image processing algorithms for 
segmenting complex BSE images of SCM-blended cement. Additionally, we explore the effectiveness of 
other deep learning-based image enhancement techniques, including denoising and super-resolution, to 
improve the accuracy of SCM particle segmentation in BSE images. By leveraging these cutting-edge 
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approaches, we aim to enhance the analysis and understanding of SCM-blended cement microstructures, 
paving the way for more accurate and efficient characterization of these materials. 
 
2. Materials and methods 

White Portland cement (manufactured by MAPEI) was used as the binding phase. The mineralogical 
composition measured by XRD are as follows: 54.6% C3S, 28.9% C2S, 1.2% C3A, 0.7% C4AF, 9.2% 
calcite, 4.6% gypsum. Four types of supplementary cementitious materials, namely limestone, metakaolin, 
quartz and slag, were used to prepare SCM-blended cement paste. A water-to-solid ratio of 0.45 was used 
to prepare all cement pastes. All experiments were carried out at 25 ± 2 °C. 
Hitachi Regulus 8230 FE SEM was used to capture backscattered electron microscopic images of SCM-
blended cement pastes. All the samples were studied at a voltage of 15 kV with a YAG detector. the 
magnification was set at 200 times. The image resolution was fixed at 5120 × 3840, with a 0.125 μm pixel 
resolution. In this study, we employed APEER by Zeiss (https://www.apeer.com) for manual annotation of 
the BSE images. Subsequently, the raw images and annotated masks were cropped and organized into 280 
image pairs, each with a resolution of 256 × 256 pixels. To augment the dataset, various techniques such 
as image rotation, flipping, blurring, and noise addition were applied. The resulting dataset consisted of 
7560 image pairs, which were used for training the networks. The training and validation images were split 
in a ratio of 9:1, ensuring robust model training and evaluation. 
We used U-Net (Ronneberger, Fischer, and Brox 2015) as the architecture of semantic segmentation CNN 
model and replaced the encoder part with ResNet (He et al. 2016) using Segmentation Models (Iakubovskii 
2019) (version 0.2.1). To compare the results, trainable Weka segmentation (TWS) (Arganda-Carreras et 
al. 2017) with a random forest classifier, a plugin from ImageJ, was also used to segment SCM particles 
from BSE images. ImageJ was also used for noise addition (standard deviation=15) and image resolution 
adjustment (bilinear interpolation) during denoise and super-resolution model training. A DnCNN model 
(Zhang et al. 2017) and a ESRGAN mode (Wang et al. 2018) were used to remove noise and enhance image 
resolution of BSE images. All the experiments in the present study were developed under Python 3.9.7, 
TensorFlow 2.9.1, CUDA 11.8 and performed on a workstation with a single graphics processing unit 
(Quadro RTX 4000). 
 
3. Results and discussion 

Figure 1 (a) to (c) provides an overview of the microstructure of SCM particles and illustrates the impact 
of SCM addition on the greyscale value of white cement paste. Cement particles exhibit distinctive 
characteristics that facilitate image segmentation, including a narrow distribution of greyscale values, a 
noticeable difference in greyscale values compared to adjacent phases, and being surrounded exclusively 
by inner C-S-H with a uniform greyscale distribution. Notably, characteristic peaks of anhydrous cement 
are discernible from the histogram. However, with the addition of SCMs, the transition between adjacent 
characteristic peaks becomes less prominent. From the perspective of single particle morphology, the 
transition from SCM particles to hydrated cement paste is less abrupt compared to cement particles, 
presenting as a weak-feature area spanning several pixels in width. Consequently, thresholding 
segmentation becomes disabled for SCM-blended systems. Metakaolin particles, due to their smaller size 
and orientation, exhibit minimal differences in greyscale values from the surrounding phases, posing 
difficulties even for experienced researchers to identify them visually. Therefore, relying solely on graphic 
information renders metakaolin segmentation unreliable. 
Figure 1 (d) demonstrates the segmented outputs from the trained U-Net model with ResNet 101 backbone. 
Remarkably, an intersection over union (IOU) exceeding 0.9 can be easily achieved after 50 epochs of 
training. In most cases, limestone, quartz, and slag particles can be successfully segmented, even when they 
possess indistinct boundaries and exhibit similar greyscale distributions as the surrounding phases. Notably, 
all the BSE images of SCM-blended samples were raw images without adjustments to greyscale values and 
contrast. Deep learning models can reasonably segment SCM particles from a high-resolution 4k × 4k pixel 
BSE image within seconds. In comparison, traditional watershed segmentation (TWS) assists in 
approximating the location of larger particles, but it fails to provide satisfactory labeling for small particles 
and accurate boundaries for larger particles. As depicted in Figure 1 (e), TWS exhibits a relatively 
significant error of approximately 35%, whereas the utilization of deep learning models significantly 
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enhances accuracy to over 80%. Overall, the segmentation accuracy follows the order of limestone > quartz > 
slag. Notably, the segmentation error of deep learning models is highly sensitive to the edges of SCM 
particles and increases exponentially with every one percent increment in edge error. 
 

 
Figure 1 (a) BSE images of raw SCM particles. (b) Greyscale value distribution of WPC-blended paste with 
different SCMs. (c) Grey value change over the boundary of abovementioned particles in the cement paste. 

(d) Segmentation of limestone, quartz, and slag particles with TWS and deep learning model. (e) 
Segmentation accuracy compared to QXRD (limestone and quartz) and EDS mapping result (slag). (f) The 

effect of circularity and edge error on the accuracy of segmentation results. 
 
In order to enhance the accuracy of segmentation, we implemented two additional models, namely the 
denoise model and the resolution enhancement model, to optimize the quality of the input image. Figure 2 
illustrates the results obtained after denoising, where a more uniform greyscale value is observed within 
the SCM particles. The grayscale distribution diagram reveals distinct characteristic peaks atop the broader 
peaks of hydration products, predominantly portlandite and C-S-H. While the presence of these 
characteristic peaks does not simplify the problem to a mere threshold segmentation, the denoising process 
aids in enhancing the grayscale features of SCM particles and sharpening their edges. 
 

 
Figure 2 Example application of denoise and resolution enhancement models on BSE images of SCM particle. 
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On the other hand, the resolution enhancement has a limited impact on the greyscale value distribution of 
the BSE image. However, the output image consistently exhibits superior visual quality, displaying more 
realistic and natural textures on the edges of SCM particles when compared to the original image. 
Consequently, the transition between SCM particles and the background becomes more discontinuous, 
which proves advantageous for the semantic segmentation task. By combining image enhancement as a 
pre-processing step with deep learning-based semantic segmentation, we present a promising approach for 
effectively segmenting SCM particles from BSE images. 
 
4. Conclusions 

This study explored the potential application of deep leaning techniques in processing BSE image of 
complex SCM-blended cement paste, a task that cannot be effectively achieved through traditional 
thresholding methods. Four types of SCMs, including limestone, slag, quartz, metakaolin were analyzed. 
While metakaolin proved challenging to accurately segment based solely on graphical information, the 
remaining three SCMs exhibited robust segmentation with an accuracy of over 80% compared to QXRD. 
By employing denoise and resolution enhancement models, the grayscale features of SCM particles were 
enhanced, and the impact of edge errors on overall segmentation accuracy was reduced. These findings 
underscore the efficacy of deep learning techniques in improving the segmentation process of SCMs in 
complex cementitious materials, thereby highlighting their potential for advancing the field of cement 
research. 
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ABSTRACT 

Limestone calcined clay cement (LC3) is one of the promising blended cements with good performance 
(strength and durability) at a significantly low clinker content. However, early strength of LC3 is usually 
lower than OPC concrete because of the reduced early stage cementing reaction. This study presents the 
influence of steam curing of 80 °C for 6h on the strength development and hydration of LC3 containing low 
kaolinite content (less than 40%). Blends of different ratios of replacement level of clinker (30% and 50%) 
were employed at fixed w/c ratio. XRD were employed to detect the formation of hydration products to 
evaluate the degree of hydration. Results indicated that the early strength of steam curing samples of LC3 
would be higher than normal curing ones because of the acceleration of OPC hydration and pozzolanic 
reaction due to higher temperature. However further strength development of steam curing ones is not so 
significant from three days onwards. Detailed investigation on the hydration reveals that this issue is related 
to the slowing down of clinker hydration and conversion of ettringite and carboaluminate, which influence 
the pore structure and strength development significantly at later stage. 

KEYWORDS: LC3, Steam curing, SCM, Hydration, Compressive Strength 

 

1. Introduction 

Supplementary cementitious materials (SCM), like slag and fly ash, have been extensively studied and used 
to partially replace ordinary Portland cement (OPC). However, these materials are not always available in 
countries with limited industry scale, such as Singapore. Clay, abundant globally and generated as waste 
from excavation works before, has pozzolanic reactivity when its metakaolin (MK) component is activated 
at 700 °C (Fernandez, 2016). Moreover, limestone powder (LS) is commonly used as a filler to improve 
the performance of cementitious materials and (Scrivener et al.,2018) suggests that the calcite in limestone 
can interact with C3A in clinker and metakaolin, forming stronger phases with better stability. This has led 
to the production of a new type of promising blended cement called limestone calcined clay cement (LC3), 
which has significantly reduced clinker content and demonstrates good performance of strength and 
durability.  
However, according to (Avet and Scrivener, 2018), the early strength of LC3 is not satisfactory due to 
limited clinker hydration, which can be improved through steam curing. Steam curing (A.C. 517) is a 
method of heat curing with high moisture content that accelerates cement hydration. It leads to the rapid 
development of strength by increasing the rate of cement hydration through higher temperature and longer 
curing periods. Until now, the performance of cementitious materials blended with a combination of low-
grade clays and LS under steam curing conditions is not well understood. Therefore, this study aims to 
leverage the high reactivity of LC3 and its synergistic effect with limestone powder to achieve desirable 
early age mechanical properties.  

54

mailto:yc_hu@nus.edu.sg


2. Materials and methods 

Marine clay samples from Singapore were excavated and treated as follows: oven-dried at 80°C for 48h, 
pre-milled in a ball miller at 300 rpm/min for 20 min. The kaolinite content of marine clays was found to 
be less than 20% after characterization. To address this, the marine clays were mixed with Kaolin clay 
(purchased from Kaolin SDN BHD, with a kaolinite content of 58%) using ball milling for 10 min, resulting 
in a mixture with a kaolinite content of 38% (determined by XRD/Rietveld). The mixture was then calcined 
at 700°C for two hours and cooled to room temperature. In addition, this study also used OPC (CEM I 
52.5N), limestone, gypsum, and natural sands. 
A mixture of calcined clay and limestone, in a weight ratio of 2:1 (Scrivener et al.,2018), substituted 50% 
and 30% of OPC (named LC3_50 and LC3_70 in this study). In accordance with Scrivener et al. (2018), a 
combination of calcined clay and limestone was used as a substitute for Ordinary Portland Cement (OPC) 
in the ratios of 2:1 by weight. This substitution resulted in two variants: LC3_50, where 50% of OPC was 
replaced, and LC3_70, where 30% of OPC was replaced. Gypsum was added at a 2% content to control 
flash setting, determined through preliminary calorimetry trials. Compressive strength of mortar was 
evaluated using 40 mm cube samples with a water:binder:sand weight ratio of 0.4:1:2.75, following ASTM 
C109 guidelines. Workability was enhanced by adjusting the superplasticizer (SP) content. After casting, 
half of the cubes were steam cured as depicted in Fig 1, after which all specimens were then placed in a fog 
room (30 °C, 100% RH) until testing ages of 1, 3, 7, and 28 days. Cement pastes with a w/c ratio of 0.4 
were prepared for XRD tests. They were ground into powders to analyze the quantities of portlandite, 
ettringite, and AFm formed. To compensate for the presence of amorphous phases, the internal standard 
method employed 20 wt.% pure fluorites. Rietveld refinement was performed using the HighScore Plus 
v5.1 software. 

 
Fig. 1. Steam curing process in this study. 

3. Results  

3.1 Compressive Strength  

The compressive strength variation of different mixes, both normal and steam curing, up to 28 days is 
depicted in Figure 2. The inclusion of clay and limestone as cement replacements led to a decrease in 
strength at early and late ages compared to the reference mix, regardless of the curing conditions. Notably, 
the effect of steam curing was significantly pronounced at 1 day for all three mixes, exhibiting a substantial 
strength improvement of over 30%. Particularly, LC3_50 mix showed a remarkable doubling of strength in 
steam curing samples compared to those curing under normal conditions. However, this enhanced effect 
became relatively stable at day 3, in which only LC3_50 showing a 27% improvement compared to the 
normal curing samples. Concurrently, the strength of steam curing specimens declined compared to the day 
1 strength. There are two main factors contributing to this phenomenon. Firstly, the rapid evaporation of 
internal moisture due to high temperature hinders the ongoing hydration process. Secondly, elevated 
temperature stress induces the enlargement of pores in the outer layer and leads to the formation of cracks 
in the interfacial transition zone (Shi et al.,2021). As the curing period progressed beyond 3 days, the 
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strength of steam curing samples consistently remained lower than their counterparts subjected to normal 
curing. This effect persisted until the 28 days, where the strength began to rise again. At this stage, the 
compressive strengths of LC3 samples approached those of the normal curing samples, while the strength 
of OPC was 23% lower than that of the normal curing samples. Meanwhile, in both curing conditions, the 
strength of LC3 blends at 28 days are similar regardless of the replacement level. 

 
Fig. 2. Compressive Strength development of a) Normal Curing and b) Steam Curing samples. 

 
3.2 Hydration Products 

In Figure 3, the portlandite content in the pastes is shown from 3 days to 28 days, which reflecting clinker 
hydration and pozzolanic reaction to some extent. The reference mix consistently exhibits the highest 
portlandite content until 28 days, with a slower rate of increase between 3-7 days, similar to the trend in 
strength development. In LC3 blends, the portlandite content initially increases from 3-7 days, indicating 
dormant clinker hydration, but decreases after 7 days as more metakaolin starts to form C-A-S-H in 
presence of more of generated portlandite until 28 days.  

 
Fig. 3. Portlandite quantification by XRD as a function of time of steam-curing samples. 

 
Figure 4(a), (b), and (c) present XRD plots of the paste samples at 3, 7, and 28 days, respectively. The 
presence of peaks corresponding to ettringite (AFt), monosulphate (Ms), hemicarboaluminate (Hc), and 
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monocarboaluminate (Mc) in the blended mixes indicates synergistic reactions between OPC, limestone, 
and metakaolin. 
By comparing the intensity of four peaks, significant transformations of ettringite and CO3-Afm to 
monosulphate can be observed over time. In OPC samples, the amount of ettringite and monosulphate 
increases gradually. In contrast, for LC3 blends, ettringite and monosulphate coexist at low levels at 3 days. 
At 7 days, there is a higher content of ettringite and CO3-AFm, while monosulphate disappears. Finally, at 
28 days, the monosulphate content significantly increases while ettringite decreases and CO3-AFm 
disappears. This indicates that steam treatment significantly destabilizes ettringite and CO3-AFm, causing 
them to degrade rapidly into sulphate-AFm. This degradation process can result in delayed ettringite 
formation and subsequent volumetric expansion, which ultimately affects the development of strength. 

 
Fig. 4. XRD patterns at a)3 days, b) 7 days, and c) 28 days of hydration for steam-curing samples. 

                                                                                                           
4. Conclusions 

This study holds great significance as it provides evidence that steam curing at high temperatures effectively 
enhances the early stages strength (> 2 times of strength at 1 day for LC3_50 samples using low-grade 
clays). However, it is important to note that as the curing period progressed, the positive impact of steam 
curing diminished, and in some cases, it even had a negative influence on the strength development.  
Analyzing the hydration products provides valuable insights into the intricate relationship between 
hydration and strength development in OPC and LC3 blends. Following the acceleration due to steam 
curing, the degree of hydration inhibits, impacting the overall hydration process. Additionally, there is a 
gradual transformation of ettringite and CO3-Afm into monosulphate over long-term, resulting in less stable 
components in the bulk that affect the strength. 
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ABSTRACT 

Pumping of highly flowable concrete (HFC) is a vital construction technique. Tribometers have been 
designed to provide rheological data for pumpability assessments. Meanwhile, various analytical methods 
are claimed to have sound accuracy in predicting the pumping pressure loss for concrete. Naturally, 
curiosities are aroused in which combination of analytical method and measuring apparatus predicts 
pumpability result that better agrees with the actual flow behavior for highly flowable concrete. To examine 
this issue, a total of 60 HFC mixtures are pumped at constant flow rates in a 280-meter-long pipeline. Test 
results reveal that tribometer and rheometer with cone-shape rotor produce pressure prediction results that 
are almost 6 times more accurate than those with cylindrical-shape rotor. Both assuming constant 
rheological properties, Kaplan method is more accurate than Kwon method when using results by the cone-
shape rotor, but less accurate when using results by the cylindrical-shape rotor. 

KEYWORDS: Highly flowable concrete (HFC); pumping pressure prediction; tribometer; pumpability 

1. Introduction 

Sound pumping pressure loss prediction has been a crucial parameter to ensure the successful pumping of 
concrete. Among many prediction methods, Kaplan method and Kwon method are two commonly cited 
ones and both of them requires lubrication layer properties as inputs (Kaplan et al., 2005; Kwon et al., 
2013b). On the one hand, the applicability and accuracy of both methods need to be studied and compared 
against a long-distance pumping setup, which has become increasingly popular in the construction industry. 
On the other hand, the answer to what kind of tribometer rotor configuration can provide reliable lubrication 
layer inputs for each method is also pending. Cone-shape rotor (Feys et al., 2014) and cylindrical-shape 
rotor (Ngo et al., 2010) are two common tribometer rotors. The latter was initially designed for traditional 
concrete. Therefore, it is important to compare the accuracy of each type of rotor against the nowadays 
widely used highly flowable concrete, which has different mixture composition and rheological 
characteristics comparing to the traditional concrete. Besides, it is also important to study the compatibility 
of each tribometer with different prediction method. 
To answer questions above, this study conducted a horizontal pumping test with a 280-meter-long pipeline 
with 60 HFC mixtures. The pumping flow rate ranged from 4 to 16 L/s. Rheological testing results and 
comparisons between the measured pressure loss and calculated pressure losses by Kaplan and Kwon 
methods are presented and discussed. 
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2. Experimental program 

2.1 Materials and mixture proportions 

60 highly flowable concrete mixtures were used. Portland cement (P.O. 42.5) that meet the Chinese 
Standard GB 175-2007 were used. Class C fly ash (CFA), ground granulated blast furnace slag (GGBS), 
and silica fume were used as the supplementary materials. Well-graded siliceous river sand (0-4.75 mm 
with a fineness modulus of 2.8) and crushed limestone (5-20 mm) were employed as fine and coarse 
aggregates, respectively, to produce the concrete. The chemical and physical properties of the cementitious 
materials used in this study are listed in Table 1. A polycarboxylate high-range water-reducing agent 
(HRWRA), with a solid content of 19.3%, was used in the concrete mixtures with different strength grades. 
Mixture proportions are shown in Table 2. 
 
 Table 1 Chemical and physical properties of the binders 

 P.O. 425 CFA GGBS Silica fume  P.O. 425 CFA GGBS Silica fume 
Density, 
kg/m3 3020 2170 2910 2210 Blaine 

fineness, 
m2/kg 

333 363 394 - 

SiO2, % 20.94 49.93 32.34 98.48  
Al2O3, % 5.09 21.53 14.05 - SO3, % 2.66 0.93 2.85 - 
Fe3O4, % 3.48 3.97 0.4 - LOI, % 4.08 5.18 0 - 
CaO, % 60.53 15.46 40.16 - C3S, % 55.1 - - - 
MgO, % 2.54 1.14 8.44 - C2S, % 11.94 - - - 
K2O, % 0.64 1.07 0.4 - C3A, % 2.08 - - - 
Na2O, % 0.06 0.2 0.39 - C4AF, % 10.81 - - - 

 
Table 2 Concrete mixture design (kg/m3) 

Sample Cement CFA GGBS Silica fume Water w/cm Ratio Sand Aggregate HRWRA 
1 399.33 90.17 80.08 30.00 124.42 0.21 829.08 897.08 11.50 
2 399.33 90.08 80.00 30.00 144.33 0.24 808.50 894.58 12.25 
3 403.08 89.92 79.75 30.00 140.50 0.23 807.83 894.33 12.25 
4 238.00 70.08 60.00 - 147.25 0.40 908.50 958.50 5.30 
5 237.17 69.42 59.58 - 160.25 0.44 888.25 959.67 4.06 
6 388.42 76.67 107.50 - 146.92 0.26 780.08 1142.33 6.97 
7 237.17 110.42 69.58 - 183.00 0.44 928.42 878.58 6.49 
8 422.67 95.33 82.92 30.00 141.25 0.22 767.00 998.83 13.87 
9 400.67 89.50 79.42 30.00 138.92 0.23 780.17 928.67 12.60 
10 408.33 93.33 79.75 30.00 160.25 0.26 736.25 971.67 12.09 
11 400.17 90.42 79.83 30.00 138.50 0.23 706.75 998.75 12.14 
12 400.67 90.50 79.58 30.00 129.67 0.22 780.83 928.08 12.00 
13 353.92 67.58 96.58 - 133.00 0.26 700.50 1015.42 7.33 

 
2.2 Experiment setups 

A pipeline with length of 280 meters was used for the horizontal pumping campaign. The pipelines consist 
of straight pipes with radii of 125 mm and 150 mm and 90° bends with curvature radii of 0.5 meters and 1 
meter. Pressure sensors with a capacity of 0-60 MPa and a measurement accuracy of 0.05% were used in 
each of the three pipelines. Pressure sensors were fixed on the pipe by placing them in the steel cylindrical 
supports welded on the pump pipe. After approximately 1.5 times the volume of the pipeline of concrete 
was discharged, pumped concrete was sampled at the tail of the pipeline (see Table 3). 
 
Table 3 Flow rate of each mixture 

Sample Q (L/s) Sample Q (L/s) Sample Q (L/s) Sample Q (L/s) Sample Q (L/s) Sample Q (L/s) 
1-1 4.46 3-3 9.37 5-2 8.74 7-4 13.51 9-5 12.26 11-5 12.94 
1-2 8.35 3-4 12.12 5-3 9.63 7-5 15.74 10-1 3.22 12-1 2.73 
1-3 13.19 4-1 5.80 5-4 14.04 8-1 3.40 10-2 5.16 12-2 4.97 
2-1 4.69 4-2 7.01 6-1 4.39 8-2 5.89 10-3 7.08 12-3 8.88 
2-2 5.82 4-3 9.12 6-2 6.93 8-3 8.51 10-4 8.82 12-4 11.07 
2-3 8.27 4-4 11.83 6-3 8.31 8-4 12.45 10-5 10.82 13-1 3.80 
2-4 8.50 4-5 13.28 6-4 9.01 9-1 3.80 11-1 3.14 13-2 5.17 
2-5 10.98 4-6 17.00 7-1 4.31 9-2 5.31 11-2 6.17 13-3 7.62 
3-1 3.29 4-7 18.20 7-2 6.71 9-3 7.64 11-3 8.91 13-4 8.87 
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3-2 7.72 5-1 5.50 7-3 10.57 9-4 10.41 11-4 11.25 13-5 11.05 
 
Concrete bulk properties were tested by an ICAR concrete rheometer and lubrication layer properties were 
tested by two tribometers with different rotors. The testing sequence included a 30-s pre-shearing period at 
0.5 rev/s, followed by the decrease of the rotational speed from 0.5 to 0.03 rev/s in six steps. The Bingham 
model (Tattersall & Banfill, 1983) parameters of mixtures were determined by Reiner-Riwlin equations to 
estimate the applied maximum shear rate during pumping. The cone-shape tribometer rotor has the same 
configuration as described by Feys et al. (2014), and the cylindrical-shape tribometer has the same 
configuration as described by Kwon et al. (2013). Lubrication layer properties were determined according 
to Feys et al. (2014) and Kwon et al. (2013). 
 
3. Results and discussion  

Two pumping pressure loss prediction methods were used. The first equation adopted is Kaplan method 
(Kaplan et al., 2005) and the second equation adopted is Kwon method (Kwon et al., 2013b). 
Test results by two triometers are shown in Figure 1. For the yield stress of the lubrication layer (Figure 1-
a), generally, tribometer with the cylindrical-shape rotor offered higher results, especially when the w/c 
ratio of the material is high. For the viscous constant of the lubrication layer (Figure 1-b), all results by the 
cylindrical-shape rotor are higher than those by the cone-shape rotor. The difference tend to be more 
pronounced when the material has low w/c ratio. Averagely, the yield stress and the viscous constant by 
the cylindrical-shape rotor is 4.63 and 4.30 times larger than that by the cone-shape rotor, respectively. The 
shape of rotor is indeed influential to rheological properties. 
 

  
(a) yield stress (b) viscous constant 

Figure 1 Comparison between the tested lubrication layer properties by the cone-shape tribometer (x-axis) and the 
cylindrical-shape tribometer (y-axis). Color of each point represents its corresponding w/c ratio. 
 
Differences in the tested rhological property introduced large distinctions when predicting concrete 
pumping pressure loss (Figure 2). Using lubrication layer properties by cone-shape rotor tribometer, Kaplan 
method and Kwon method missed the actual pressure loss by 0.0092 MPa/m and 0.0278 MPa/m, 
respectively. Figure 2-a and 2-c show that although Kwon method has smaller error range, Kaplan method 
has higher accuracy rate. Similarly, using lubrication layer properties by cylindrical-shape rotor tribometer, 
Kaplan method and Kwon method missed the actual pressure loss by 0.0874 MPa/m and 0.0624 MPa/m, 
respectively. Therefore, the cylindrical rotor tribometer is more compatible with Kwon method, and the the 
cone-shape rotor tribometer is more compatible with Kaplan method. Overall, the combination of Kaplan 
method and cone-shaped tribometer has the highest accuracy among all four combinations. It is also 
worthnoting that in all four cases, higher pumping flow rate caused lower accuracy in pressure prediction. 
This could be a result due to the pumping-induced concrete property change (Li et al., 2022). 
 

60



  
(a) Kaplan method and cone-shape rotor (b) Kaplan method and cylinder-shape rotor 

  
(c) Kwon method and cone-shape rotor (d) Kwon method and cylinder-shape rotor 

Figure 2 Difference between actual and calculated concrete pressure vs. the pumping flow rate 
 
4. Conclusions 

Concrete tribometer can assess properties of lubrication layer and the yield stress and viscous constant are 
two main parameters produced by tribometer. The shape of tribometer rotor has a profound influence on 
the measurement of parameters. The yield stress and the viscous constant by the cylindrical-shape rotor is 
averagely 4.63 and 4.30 times larger than that by the cone-shape rotor, respectively.  
Two popular prediction methods are evaluated against the experimental result. Generally, Kaplan method 
is more accurate than Kwon method. The combination of Kaplan method and inputs by cone-shape 
tribometer rotor predicts the most accurate pressure loss, among all four combinations studied. Comparing 
to the cone-shape rotor, Kwon method is more compatible with cylinder-shape rotor, but Kaplan method is 
more compatible with cone-shape rotor comparing to the cylindrical-shape rotor. 
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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 μm. 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 

62



 

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 et 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).  
 

                                                                        SC = !!"#$%"!!$"&'('%
!)*+

                                                                        (1) 

 

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. 

  
 

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 
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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 et 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 μm, 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 μm 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. 
 

 
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 μm 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 et 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 

Thermal shrinkage and cracking are one of the main concerns for mass concrete. Small molecule sugar, 
known as hydration temperature rise inhibitors (TRI), can effectively control the hydration temperature of 
concrete. However, the atomic scale mechanism of TRI has not been clarified and the structural 
functioning relationship has not been established, which brings difficulties to the efficient application and 
targeted design of TRI. This study employs ab initio molecular dynamics simulations to investigate the 
complexation behavior of various small sugar molecules with calcium ions and to elucidate the 
underlying factors responsible for their differences. The aim is to explore the impact of such additives on 
the chemical reactivity of calcium ions. Our findings indicate that the charged characteristics of small 
sugar molecules play a crucial role in determining the complexation ability of calcium ions. Additionally, 
our analysis of Bader charges reveals that calcium ions interact with organic molecules through electron 
exchange, thereby disturbing their own reactivity. This may affect the ‘dissolution-precipitation’ 
equilibrium in the hydration process, leading to macroscopic perturbations such as delayed gelation or 
reduced heat of hydration. The present study sheds light on the atomic-level mechanism by which small 
sugar molecules affect the hydration environment and provides a basis for further research on molecular 
simulation and design theory for regulating early hydration. 

KEYWORDS: Hydration temperature rise inhibitors; atomic scale; ab initio molecular dynamics; 
chemical reactivity 

1. Introduction 

In the construction of large infrastructure projects, the heat release problem caused by the hydration of 
large volume concrete can be difficult to mitigate. Unbalanced heat release can lead to the concentration 
of thermal stress, resulting in local thermal cracks in the concrete structure (Bullard et al., (2011); 
Scrivener et al., (2015)). In recent years, regulating cement hydration heat release has become an urgent 
problem for concrete engineers. Organic additives, such as hydration temperature rise inhibitors, are used 
as raw materials to assist in adjusting the reaction, known as the organic-inorganic composite reaction, to 
modify the hydration heat release (Yan et al., (2021), (2020)). The hydration of cement plays a crucial 
role in determining the microstructure of concrete. The reaction process is dependent on the balance 
between the dissolution and precipitation of cement minerals and the reaction environment (Mehta and 
Monteiro, (2017)). Understanding the impact of organic matter on the balance and reaction environment 
is crucial for controlling the cement hydration process. By doing so, it can be ensured that the process 
proceeds as required and achieves the desired outcome (Flatt and Houst, (2001); Marchon and Flatt, 
(2016)). The calcium ion is a pivotal factor in the equilibrium and reaction environment of cement 
hydration, as its reactivity can greatly influence the robustness of the hydration process. Therefore, 
understanding the behaviour of calcium ions during hydration is crucial for optimizing the performance 
and properties of cement-based materials (Lina et al., (2021)). Furthermore, the nano mechanisms by 
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which admixtures control the hydration process largely depend on phenomenological characterization. 
However, due to the limitations of current testing equipment resolution, it is a significant obstacle to gain 
a deeper understanding of the physical and chemical nature of control mechanisms and to develop 
admixture structures in reverse. In recent years, molecular dynamics simulation has played a fundamental 
role in providing necessary data for analytical models such as ion dissolution complexation, organic-
inorganic interface interaction and structural design of chemical additives, but this accuracy depends on 
the choice of empirical force field (Manzano et al., (2015), (2011)). Ab initio Molecular Dynamics 
(AIMD) is a computational technique that employs quantum mechanics to investigate the characteristics 
of molecules and condensates. Through the analysis of electronic structure, Ab initio Molecular 
Dynamics (AIMD) offered valuable insights into the impact of external factors on the reactivity of 
chemical reactions, specifically regarding the ability to gain or lose electrons. In this work, AIMD was 
employed to explore the complexation differences and origins between calcium ions and various small 
molecule sugars, such as adsorption energy and electron transfer. Our particular emphasis was on 
elucidating the impact of electron transfer on the activity of calcium ions, thereby providing atomic-level 
insights into the modulation of hydration processes by chemical additives. 
 
2. Methods 

All calculations were performed within the framework of density functional theory (DFT) using the 
CP2K/QUICKSTEP package(Hutter et al., (2014); Kühne et al., (2020)). A mixed basis set consisting of 
Gaussian basis and plane waves (GPW) (Lippert et al., (1997)) was employed, with the Gaussian basis set 
using double-zeta valence plus polarization functions (DZVP) (VandeVondele and Hutter, (2007)) and 
the plane wave cutoff set to 350 Ry. Matrix diagonalization was employed to optimize the wave functions, 
with Fermi tail smearing aiding self-consistent field (SCF) convergence and the remaining core electrons 
represented by Goedecker-Teter-Hutter (GTH) pseudopotentials(Goedecker and Teter, (1996)). Initially, 
four small molecule sugars were placed in a cubic lattice with dimensions a=20 Å, b=20 Å, c=20 Å, and 
their geometries were optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) (Vandevondele et 
al., (2005)) minimizer to locate the positions of highest activity. Calcium ions were subsequently placed 
in the vicinity of the optimized positions, and the resulting complexes were subjected to geometry 
optimization. The ENERGY_FORCE function in the CP2K package was then utilized to analyze the 
electronic structure evolution of the small molecule sugars before and after complexation. 
 
3. Results and discussion 

Calcium atoms were placed at the positions of highest activity for four types of small molecule sugars, 
and AIMD was employed to investigate the complexation effects between the small molecule sugars and 
calcium ions. The adsorption energy results are presented in Table 1. As can be seen from the table 1, the 
adsorption energy of D-galactarate with calcium ions is much higher than that of the other three small 
molecule sugars, due to the higher activity of the ester functional group compared to the hydroxyl 
functional group. Additionally, D-galactarate is overall negatively charged, and in solution, calcium ions 
tend to complex with D-galactarate, possibly due to charge-driven effects. D-galactitol and α-D-
glucopyranose are both hydroxyl-containing compounds with similar complexation abilities toward 
calcium ions. To investigate the possible role of charge in ion complexation, α-D-glucopyranose was 
selected and protonated, resulting in a decrease in adsorption energy from -0.2455 eV to -3.5384 eV. This 
suggests that charge plays a critical role in ion complexation, and therefore, it is particularly important to 
investigate the charge transfer between small molecule sugars and calcium ions. 
 

Table 1 Adsorption energy of small molecule sugar and calcium ion 

Type D-galactarate D-galactitol α-D-Glucopyranose  Deprotonated  
α-D-Glucopyranose  

Eads (ev) -6.4755 -0.2395 -0.2455 -3.5384 
 
D-galactarate and D-galactitol were selected as the objects of study for charge transfer, since these two 
types of small molecule sugars exhibit the most significant difference in binding energy with calcium 
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ions. As shown in Table 2 and Fig 1, the Bader charge of calcium increased by 1.5639 |e| upon binding 
with D-galactarate, indicating the loss of 1.5639 |e| from calcium. In contrast, the result for D-galactitol 
showed a much smaller increase in the Bader charge of calcium, only 0.1754 |e|. Compared to D-
galactarate, the binding of D-galactitol does not cause a significant change in the charge state of calcium, 
which may explain the poor condensation effect of D-galactitol due to its relatively weak influence on the 
hydration environment of calcium ions, such as the chemical state of calcium ions. 
 

Table 2 Bader charge evolution of adsorption sites of small sugar and calcium ions 

Sugar type Atom Bader Charge 
before composite 

Bader Charge 
after composite 

D-galactarate 

Ca 0 1.5639 
O1 -1.5309 -1.817 
O2 -1.5677 -1.7748 
O3 -1.4336 -1.7096 

D-galactitol 

Ca 0 0.1754 
O1 -1.0029 -0.9984 
O2 -0.9706 -1.1057 
O3 -1.0596 -1.0548 

 

 
Fig 1 Structure diagram of small molecule sugar and calcium ion adsorption sites 

 
4. Conclusion 

 
In this study, we employed first-principles calculations to investigate the complexation behaviour of 
calcium ions with three small sugar molecules and the underlying factors for their differences. Our results 
indicate that the charged properties of α-D- Glucopyranose and its protonated form significantly affect the 
complexation ability of calcium ions. Furthermore, the Bader charge analysis results reveal that calcium 
ions interact with organic molecules through electron exchange, which disturbs the reactivity of the 
calcium ions themselves. This could potentially affect the "dissolution-precipitation" equilibrium in the 
hydration process, leading to disturbances in the macroscopic hydration processes such as slowing down 
of the hydration or decreasing the heat of hydration. Experimentally detecting the electron exchange 
phenomenon accompanying chemical reactions would be a formidable challenge. The first-principles 
provides an electron-scale perspective, laying a solid foundation for the design of future admixture. 
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ABSTRACT 

High carbon emissions generated by energy consumption has restricted the further coordinated 
development of construction industry seriously. Thermal conductivity is the most basic factor of 
researching energy consumption and developing energy-saving buildings. Hence, predicting the thermal 
properties of cement-based materials accurately is very important to quantify the thermal stresses in 
structures. This study aims to establish a multiscale model for the thermal conductivity of cement-based 
materials with considering the influence of interfacial thermal resistance and inclusion size. Nano-scale 
materials, such as carbon nanotube(CNT) with high thermal conductivity, has been widely used in 
developing heat storage concrete material. Hence, we focus on the effects of the thermal properties and 
microstructure of inclusions in nanoscale. The results showed that thermal properties of inclusions in 
nanoscale plays an important role on predicting the effective thermal conductivity of cement-based 
materials. The findings of this study help predict the thermal properties of old cement-based materials 
accurately and design new heat storage cement-based composites rationally. 

KEYWORDS: Energy consumption, Thermal conductivity, Cement-based materials, Multi-scale, Nano 
materials 

1. Introduction 

Thermal properties of cement-based materials, the most extensively used materials in construction, are 
essentially important for energy consumption and developing energy-saving buildings. Predicting the 
thermal properties of cement-based materials accurately is essentially important to quantify the thermal 
stresses in structures and deepen the scientific understanding of thermally insulating effects of the 
materials for construction (Xiong et al.(2016)). 
According to the recent research, there are some factors influencing the thermal conductivity, including 
type and volume fraction of aggregate, mineralogical character, water-to-cement ratio and saturation 
degree as well. Previous studies have proposed some experimental methods and calculation models of 
thermal conductivity. However, these methods are purely empirical and independent. Multi scale method 
is one of the most important theories in the study of heterogeneous materials. In microscale, cement-based 
composites can be treated as a porous inorganic material with microstructure, including C-S-H matrix, 
CH crystals, cement clinker and micro-meter porosity. Multi scale method is widely used in analysis of 
thermal and mechanical property of composite materials (Ji et al.(2014), Wei et al.(2013)). 
Based on Eshelby equivalent inclusion principle and multi-scale nature of the microstructure of cement-
based composites, this study attempted to employ micromechanical approach to evaluate the thermal 
properties of the composites using Mori-Tanaka homogenization method. A generalized multi-scale 
micromechanical model is developed to capture the thermal conductivity of the cement-based composites. 
Nano-scale materials, as carbon nanotube(CNT) which has high thermal conductivity, has been widely 
used in developing heat storage concrete material. The modelled results are comparable to the data from 
experimental measurement of cement-based materials with CNTs to verify the accuracy. 
2. Micromechanical model of thermal conductivity 

2.1 Multi-scale nature of cement-based materials 
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It is generally accepted that cement-based materials are typically multi-scale composite materials with 
extreme complexities in chemical components, and heterogeneities in physical properties and spatial 
distributions. By connecting the physical and chemical properties of each scale, a systematic 
understanding of the nature of materials will be established. Here the multi-scale microstructure of 
cement-based materials in four elementary levels is revisited; see Figure 1 (Constantinides et al. (2004), 
Jennings(2000), Sadat et al. (2018), Krakowiak et al. (2015)). 
 

 
Figure 1 Four-level microstructure of cement-based composites 

Level Ⅰ(10-8-10-6m): The presence of C-S-H is estimated at this scale, which is the hydration products of 
C2S and C3S. It is now established that C-S-H exists in two different forms, a low density (LD) and a high 
density (HD). The distinction of the two types is the difference of microstructure. 
Level Ⅱ(10-6-10-4m): The C-S-H matrix with large CH crystals, cement clinker and micrometer porosity 
forms the cement paste. The cement clinker is including C2S, C3S, C3A and C4AF as well. The property of 
micrometer porosity is related to w/c. 
Level Ⅲ(10-4-10-2m): This scale refers to mortar, which is a three phase composite material composed of 
cement pastes, sand particle inclusions, and an ITZ.  
Level Ⅳ(10-2-10-1m): Concrete is considered as a three phase material composed of aggregates embedded 
in a mortar matrix and an ITZ in this scale. 
Once the type, volume fraction and physical properties of the phases in a level are known, by using an 
appropriate homogenization method, the mechanical and thermal properties of the composite at a higher 
level can be calculated. In this way, a multi-scale model can be established to predict the physical 
properties of cement-based materials. 
 
2.2 Thermal conductivity multi-scale model of composite materials 

Mean-field theories present a consistent physical-mechanical framework to describe the behavior of 
composite materials with inhomogeneous structures. Based on the theories, the thermal properties of a 
material in a scale can be obtained by averaging the local phases in the subscale. The homogenized 
thermal conductivity at level i+1 is supposed to be , which is  at level i. And , are 
position vectors at level i+1 and level i, respectively. By spatially averaging the former identity, the 
homogenized thermal conductivity is expressed like: 

                                              (1) 
V is the volume of representative volume element (RVE). 

Based on mean-field theory, temperature gradients at levels i and i+1 can be assumed to be linearly 
related via a second order localization tensor at point x, . Here the Mori-Tanaka method was used, 
so the localization tensor is expressed as: 

                (2) 

Where  is an Eshelby tensor for the thermal conducting problem(Eshelby(1957)),  is the unit tensor, 
and , are the thermal conductivity of the matrix and inclusion, respectively. The rotation matrix  
is used to transform the local to global coordinate systems. 
With the absence of preferential orientation for inclusions, the rotation matrix is reduced to . Use 
the above equation in (2) (Qomi et al.(2015)): 
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                                                         (3) 

We can obtain the generalized multi-scale micromechanical model: 

                                                  (4) 

Where , are the volume fraction of the matrix and inclusion, respectively, n is the number of the 
inclusion phases, , are the thermal conductivity of the matrix and inclusion, respectively. 
 
3. Application to cement-based materials with nano inclusions 

In this paper, we choose carbon nanotube as nano inclusions of cement-based materials.The experimental 
data including the properties of nanotube and thermal conductivitis of composies are from Du et al. 
(2020), Li et al (2013).Based on the scale of nano inclusions, the nano materials can be assumed in level Ⅰ 
or level Ⅱ. Hence, we considered two situation to calculate the thermal conductivity of cement-based 
materials with nano inclusions. 
The multi-scale model of cement paste is simplified to be a two-scale model from level Ⅰ to level Ⅱ. It 
need two times homogenization in the calculation of the thermal conductivity. The components and 
thermal conductivity of each solid phases need to be known. In the current work, the aluminate-related 
phases, such as C3A and C4AF, and their hydration products were regarded as C3S and C-S-H to estimate 
the thermal conductivity of a cement paste due to the lack of data. The densities and thermal 
conductivities of C2S, C3S, CH, C-S-H, air and water are listed in Table 1 (Qomi et al.(2015), Farouki 
(1986)). 

Table 1. Density and thermal conductivity of main phases in cement paste. 
 Density (g/cm3) Thermal conductivity 

(W/m·K) 
Sources 

C2S 3.55 3.45 Qomi et al. (Qomi et al.(2015)) 
C3S 3.57 3.35 Qomi et al. (Qomi et al.(2015)) 
CH 2.25 1.32 Qomi et al. (Qomi et al.(2015)) 
C-S-H 2.40 0.98 Qomi et al. (Qomi et al.(2015)) 
Air  0.026 Farouki  (Farouki.(1986)) 
Water 1 0.06 Farouki (Farouki.(1986)) 

   
(a) (b) (c) 

Figure 2 (a)Plots of predicted thermal conductivity of cement pastes against hydration degree;(b) Predicted thermal 
conductivity with different volume fraction of porosity percentage; (c) Comparation of predicted and experimental 
data of cement paste with CNTs 

Figure 2(a) presents the predicted thermal conductivity of cement pastes with different w/c ratios against 
hydration degree. We focus that the thermal conductivity of cement paste decreases with increasing 
hydration degree. This is because the thermal conductivity values of CSH and CH are lower than those of 
clinker phases. Figure 2(b) and (c) presents the comparison of predicted and measured thermal 
conductivity in of a cement paste with carbon nanotube with w/c ratio of 0.4. Figure 2(b)shows the 
predicted thermal conductivity with different volume fraction of porosity percentage. We focus the 
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thermal conductivity decrease with increasing volume fraction of CNTs. This is because the thermal 
conductivity values of CNTs are much higher than other phases. Actually, CNT can decrease the porosity 
of cement-based materials significantly. Hence, the prediction of cement-based materials with nano 
inclusions in this paper consider the range of porosity percentage. Figure 2(c) shows the comparation of 
predicted and experimental data of cement paste with CNTs. It is found that the predicted values are in a 
good agreement with the experimental results with high CNT volume fraction. 
4. Conclusions 

Based on Eshelby equivalent inclusion principle and multi-scale nature of microstructure of cement-based 
composites, this study attempted to employ micromechanical approach to evaluate the thermal 
conductivity. Using Mori-Tanaka homogenization method, a generalized multi-scale micromechanical 
model is developed to capture the thermal conductivity of the cement-based composites. The modelled 
results are comparable to the experimental measurement of cement-based materials with CNTs. The 
following is research findings from the study. 
1) The main factors influencing the thermal conductivity of cement-based materials are w/c, volume 
fraction of the phases and hydration degree. For composites with nano materials, the thermal properties 
and volume fraction of nano materials are also important for predicting the thermal conductivity. 
2) It is verified that The CNT can decrease the porosity of cement-based materials, which will affect the 
thermal properties of the composites. 
3) There are errors between the predicted and experimental values of thermal conductivity of cement-
based materials. This is because the simplification of the spatial distribution and thermal property of pore 
water by utilizing the Eshelby equivalent inclusion principle and Mori-Tanaka homogenization method. 
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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 (O2, Zn2+, OH–, Fe2+), 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 

2 2
2( O , Zn , OH , Fe )i     is given by [3] 

 i i i i i iD c z u c     J  (1) 

The flux 2(mol / m s)i J  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 

( )iD    and (ii) migration term ( ).i i iz u c    Here, 2(m / s)iD denotes its diffusion coefficient, 
2(m /s V )iu   denotes its mobility, 3(mol / m )ic  gives its concentration, iz  is its charge number (for 

oxygen obviously 
2O 0),z   and (V)  is the electrostatic potential whose negative gradient, ,  is 

the electric field density. We see that in dilute electrolytes the transport of each species is characterized 
by two transport parameters: diffusion coefficient ( )iD  and mobility ( ).iu  But these two parameters are 

approximately related by the Einstein–Smoluchowski equation [3], ( / ) ,i i iu z F RT D  thus the flux 

expression is now simplified to 

 ( ),iz F
i i i iRTD c c     J  (2) 

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 

 div ,i
i i

c
R
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J  (3) 

with 3(mol / m s)iR   describing the homogeneous reaction in which species i  is produced/consumed. 

The electric field could be in principle computed by using the Poisson equation, 
0

,
r

F
i ii

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 10-8 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: 

 0,i i
i

z c   (4) 

where the sum is over all ionic species. 
Boundary conditions result from the assumed corrosion reactions [4] 
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The Tafel equation which connects the electrode potential with the current density allows to define 
boundary condition for species Fe2+, Zn2+, O2 and OH. Hence, we have the following equalities on the 
boundary: 
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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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where all relevant parameters: 0 2(A / m )i  exchange current density, (V . )eqE vs ref  electrode reaction 

equilibrium potential (vs. reference electrode, usually SCE), Tafel coefficients , (V)a cb b  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: 

 2 2
20, O , Zn , OH , Fe .i i      Jn  (8) 

 
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 1.8710-5 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 6.5110-6 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 VappE   (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 41.13 10 A.I      

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  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 ii
F z i J  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 ( )i ii
F z c  in the system assumes 

unreasonably larger values 3 3( C/dm )~10  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. 

References 
 

[1] Zhang, B. et al. (2018) “Unmasking chloride attack on the passive film of metals”,  Nat. Comm. 9, 2559. 

77



 
[2] Lozinguez, E. et al. (2018) ”Contribution of Sacrificial anode in reinforced concrete patch repair: Results of 
numerical simulations”, Constr. Build. Mat. 178, 405–417. 
[3] Allen J. Bard, Larry R. Faulkner, ”Electrochemical Methods – Fundamentals and Applications”, Wiley, 
2001, second edition.  
[4] Muehlenkamp, E.B. et al. (2005) ”Effect of Moisture on the Spatial Uniformity of Cathodic Protection of 
Steel in Reinforced Concrete”, Corrosion 61(6), 519–533. 
[5] Cao, C. et al. (2013) ”Modelling of interaction between corrosion-induced concrete cover crack and steel 
corrosion rate”, Corr. Sci. 69, 97–109. 

78



The 16th International Congress on the Chemistry of Cement 2023 (ICCC2023) 
“Further Reduction of CO2 -Emissions and Circularity in the Cement and Concrete Industry” 
September 18–22, 2023, Bangkok, Thailand 

Improved tensile performance of strain-hardening geopolymer 
composites using treated CBA and polyethylene fiber 

Suhawn Ju1*, Minchang Kang2, and Sukhoon Pyo3 

1 Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology 
(UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Republic of Korea 

Email: gn00147@unist.ac.kr 
2 Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology 

(UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Republic of Korea 
Email: cmway013@unist.ac.kr 

3 Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology 
(UNIST), 50 UNIST-gil, Ulju-gun, Ulsan 44919, Republic of Korea 

Email: shpyo@unist.ac.kr 

 

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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2.2 Sample preparation 

The alkaline activator was stirred at 75℃ for 24 hours using a magnetic stirrer after dissolving the CBA or 
silica fume in the sodium hydroxide solution. Table 1 summarizes the mix proportions and describes the 
sample names by CBA content. After mixing, the mixture was casted into molds and demolded after one 
day. After demolding, the samples were cured under sealed conditions at 80℃ for one day. A direct tensile 
test was performed to evaluate the tensile performance of the SHGC depending on the CBA content.  
 

Table 1. Mix proportion of SHGC 

Sample 

Design parameter Mix design (kg/m3) 

CBA 
content 

PE 
fiber 

1) 

SP 
Content 

2) 

Precursor 

 

Fine aggregate  Activator 

GGBFS fly ash silica sand 
No.6 

silica sand 
No.8 

treated 
CBA  water NaOH SF ion 

CBA 

CBA0 0% 2% 4% 790.8 197.7 156.0 66.9 -  428.2 137.0 98.0 - 

CBA25 25% 2% 6% 793.0 198.2 119.1 51.0 49.9  428.8 137.2 73.7 21.4 

CBA50 50% 2% 6% 794.5 198.6 79.6 34.1 99.9  429.6 137.4 49.2 42.8 

CBA75 75% 2% 6% 796.1 199.0 39.9 17.1 150.2  430.5 137.7 24.7 64.4 

CBA100 100% 2% 6% 793.4 198.3 - - 199.6  429.0 137.2 - 98.3 
1) Volume fraction 
2) Mass ratios of precursor weight 

 
3. Result and discussions 

3.1 Treated CBA 

Figure 1 shows the amount of Si4+ extracted from CBA and SF in sodium hydroxide solution. When the 
same weight was used, the amount of Si4+ extracted from CBA was approximately 30% of that from SF. 
Additionally, the amount of Al3+ was analyzed but was not observed. Based on the ICP results, the 
calculated amount of Si4+ obtained when using CBA as a silicate source in the alkaline activator was 
determined, and the experimental mix design was finalized. 
 

 
Figure 1. Amounts of Si4+ extracted from of CBA and SF in sodium hydroxide solution. 

 
Figure 2 presents the XRD patterns of raw CBA and the residual CBA after preparing the alkaline activator. 
Raw CBA shows the crystal phase of mullite and quartz, as well as an amorphous phase. The amorphous 
phase is observed in a broad bump between 18-30°, and it can be observed that this broad bump decreases 
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in the residual CBA. This indicates that the amorphous phase of  raw CBA was dissolved in the sodium 
hydroxide solution, resulting in the extraction of Si4+. 
 

 
Figure 2. XRD patterns of raw CBA and residual CBA. 

 
Figure 3 shows the surface changes of CBA after the preparation of the alkaline activator. It was observed 
that the surface of the CBA was rough after the silicate source of the amorphous phase in the raw CBA was 
extracted into the sodium hydroxide solution. It can be said that such a change in the surface of the CBA 
will have a positive effect on the tensile performance. 
 

 
Figure 3. SEM images of the raw CBA and residual CBA. 

 
 
 
3.2 Tensile performance 

The results of the direct tensile test of SHGC by CBA content are illustrated in Figure 4. The CBA0 
specimen, in which CBA was not incorporated, showed a comparable trend to previous research results 
(Yoo et al., 2022; Shaikh et al., 2018), and it was observed that the tensile performance improved with an 
increasing amount of CBA. This can be attributed to the rough surface of residual CBA, which has a positive 
impact on enhancing tensile performance. 
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     (a)      (b)      (c) 

  

 

     (d)      (e)  
Figure 4. Tensile stress vs. strain curve according to CBA content:  
(a) CBA0, (b) CBA25, (c) CBA50, (d) CBA75, and (e) CBA100 

 
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)2) crystals, and CO2 curing is a promising technique for consuming Ca(OH)2 
and forming calcium carbonate (CaCO3) to reduce porosity and improve strength. However, the effect of 
CO2 curing on the mechanical and microscopic properties of the ITZ is not clear. In this study, the effect 
of CO2 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 CO2 curing, and there 
were almost none of the Ca(OH)2 crystal in the ITZ, which was replaced by a significant precipitation of 
CaCO3. This indicated that the CaCO3 crystals fill the pores and thus improve the bonding strength in the 
ITZ. 

KEYWORDS: CO2 curing, interfacial transition zone, splitting tensile bonding strength, backscattered 
electron imaging 

1. Introduction 

CO2 is the main greenhouse gas blamed for global warming. Extensive studies have been conducted on 
strategies to mitigate CO2 emissions, in which CO2 curing techniques not only improving the performance 
of concrete, but also capturing and storing CO2 (He et al,2016; Song et al, 2022). However, effects of CO2 
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 
CO2 curing on performance the ITZ will contribute to a further understanding of the influence of CO2 
curing on the properties of concrete. 
This work aims to clarifies the bonding strength and microstructure of the ITZ based on the early 
accelerated CO2 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 m2/kg was utilized in this work, and 
its chemical composition is shown in Table 1. The cube aggregates with 20 mm × 20 mm × 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. 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO 
20.78 5.08 3.29 63.46 2.30 2.15 0.56 0.80 

 
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 CO2 gas only diffused in one dimension. Next, the specimens were 
accelerated carbonated for two and a half days in a CO2 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 CO2 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 μm sieve. And all finer powder samples were dried in a vacuum 
oven at 40 °C for 2 days. 
To comprehend the effect of CO2 curing on the microstructure of the ITZ, the small cube samples with 10 
mm × 10 mm × 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 kα X-ray radiation 
source. The 2θ 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 800× magnification 
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and the resolution were 2048 × 2176 pixels (pixel size of 0.131 μm). In order to characterize the 
performance of the ITZ along the distance from the aggregate surface, concentric expansion method was 
used to divide several successive strips of equal distance, so that each BSE image was delineated with 30 
strips of 5 μm wide. The porosity of each strip was determined as the percentage of area of pores to total 
area of the strip (Xie et al, 2015). 
 
3. Results and discussions 

3.1 Bonding strength 

Fig. 2 showed the splitting tensile bonding strength of different curing methods for 3d. It can be visually 
observed that the CO2 curing significantly improved the bonding strength of the ITZ. The splitting tensile 
bonding strength of ITZ under saturated lime water curing was 1.06MPa, while the ITZ bonding strength 
subjected to CO2 curing was 1.74 MPa, which was 64.1% higher than that of ITZ under saturated lime 
water curing. It indicated that CO2 curing for 3 days can significantly improve the bonding strength of the 
ITZ.  

 
Fig. 2 Splitting tensile bonding strength of ITZ subjected to different curing methods 

 
3.2 XRD analysis 

Fig. 3 showed the XRD patterns of the ITZ with different curing methods. The results of the XRD pattern 
indicated that many diffraction peaks of Ca(OH)2 were observed in water curing. However, after the CO2 
curing, these diffraction peaks disappeared and many new CaCO3 diffraction peaks emerged. This 
showed that CO2 curing can promote the convert of Ca(OH)2 to CaCO3, which filled the pores and cracks 
in ITZ and improved the performances of concrete. In addition, the C2S and C3S diffraction peaks of the 
cement clinker were evident in the water curing samples compared to the CO2 curing samples. This 
indicated a more intense carbonation reaction and a higher degree of reaction (Lu et al, 2022). The 
Rietved method was used to quantify the content of each phase in the samples and the results were shown 
in Table 2. The results showed that the relative CaCO3 content after CO2 curing was approximately 
61.6%, and the unhydrated cement clinker after CO2 curing was approximately half of the water curing, 
indicating a higher degree of reaction to carbonation. This could be a possible evidence of the fast 
carbonation reaction kinetics and the formation of CaCO3 prior to the formation of Ca(OH)2 in the CO2-
cured samples (Tu et al, 2016). 

 
Fig. 3 XRD results of ITZ with different curing regimens 
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Table 2 Qualitative XRD results of ITZ 
Sample Portlandite Calcite Brownmillerite C3S C2S Ettringite Amorphous 

Water curing 20.6 0 4.4 10.9 6.7 1 56.4 
CO2 curing 0 61.6 4.9 6.8 2.8 0 23.9 

 
3.3 Microscopic characterization of ITZ 

Fig. 4 gived the BSE results of the ITZ with different curing regimes, which showed that sample with 
CO2 curing had lower porosity in the ITZ than those with water curing. In general, lower porosity of the 
ITZ suggestd stronger and more durable interface between cement paste and aggregates. In addition, as 
the distance from the aggregate surface increased, the porosity gradually decreased and eventually tended 
to a steady state in all sample. Therefore, many experts and scholars refer to the descending section as the 
ITZ (Xie et al, 2015). Based on Fig. 4, it can be concluded that the thickness of the ITZ of water curing 
was about 100 μm, while that of CO2 curing was about 80 μm, a reduction of 20%, which demonstrated 
the effectiveness of CO2 curing in reducing the thickness and porosity of the ITZ. 

 
Fig.4 BSE results of the ITZ with different curing regimes. 

 
4. Conclusions 

The bonding strength and microscopic properties of the ITZ were investigated under different curing 
regimes. The experimental results showed that CO2 curing improved significantly the bonding strength of 
the ITZ by 64.1% from1.06 MPa of water curing to 1.74MPa with CO2 curing. In addition, based on the 
SEM-BSE results, the porosity of the ITZ subjected to CO2 curing was substantially reduced, and the 
thickness of the ITZ was also decreased from around 100 μm to 80 μm. What's more, the product of the 
ITZ after water curing was mainly Ca(OH)2 and the unhydrated cement clinker represented 22 % of the 
sample, whereas the product of the ITZ after CO2 curing was mainly CaCO3 crystals and the unreacted 
cement clinker accounted for only 14.5% of the sample and 65.9% of the clinker content with water 
curing. This is due to the more violent and the higher degree of carbonation reaction. 
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ABSTRACT 

One of the main problems associated with the socioeconomic development of a country is the generation 
of construction and demolition waste (CDW), which represents between 30-50% of the total waste 
generated worldwide. The motivation of the present work is to develop materials with less cement 
utilization, and strategies for CO2 sequestration. Thus, the work aimed to evaluate the application of the 
fine fraction of CDW (<63 µm) from waste concrete, to partially replace Portland cement (10% by mass) 
in the production of fiber cement composites submitted to the carbonation process in the early ages. The 
fiber cement pads were produced with 10% of bleached hardwood kraft pulp of eucalyptus by the slurry 
dewatering and pressing method and were analyzed before and after the accelerated carbonation curing. 
The accelerated carbonation took place in a laboratory chamber at 60°C, 5 bar of pressure, CO2 
saturation, and sample moisture of 60% for 24 h. The samples were evaluated for physic-mechanical and 
microstructural performance and X-ray diffraction. The carbonated samples presented an increase of 
approximately 60% in flexural strength compared with their non-carbonated counterparts. Although there 
is a tendency for carbonation to decrease the deformation capacity of fiber cement, the addition of CDW 
compensated for this embrittlement, providing an increase of 40% in specific energy, due to the better 
packing of the particles and optimizing the fiber interface. This behavior was confirmed through the 
microstructural assessment of the material, presenting a more compact and less porous matrix and fiber-
matrix transition zone. In general, the substitution of 10% by mass of Portland cement by the fine fraction 
of CDW, contributes beneficially to the physic-mechanical performance of fiber cement, improving the 
effectiveness of the carbonation process. 

KEYWORDS: Construction and demolition waste; Eco-efficient cement; Fiber-cement; Accelerated 
carbonation. 

1. Introduction 

Civil construction activities generate a large amount of waste, called construction and demolition waste 
(CDW). An alternative to minimize the impacts caused by this type of waste is to reuse it as a secondary 
raw material, such as aggregates, fillers, or eco-efficient pozzolana. Concerning the fine fraction of CDW 
(< 5 mm), studies have evaluated its viability as complementary cementitious materials for the production 
of eco-efficient cement (Frías et al, 2020; Monasterio et al, 2022). Concluding that depending on the 
origin, granulometry, chemical, and mineralogical composition, the recycled concrete fines generated 
during the production of recycled concrete aggregates can be used as filler or as supplementary 
cementitious materials (SCM), since the fine fractions can have cementitious properties, due to the 
presence of unhydrated cement grains in its composition (Frías et al, 2020; Moreno-Juez et al, 2021). 
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In this context, aiming at new applications for the use of CDW, the study evaluated the physic-
mechanical and microstructural behavior of fiber cement reinforced with bleached eucalyptus cellulosic 
pulps, partially replacing Portland cement by recycled concrete fines (< 63 μm) subjected to thermal 
curing and the accelerated carbonation process, for the production of thin flat sheets without a structural 
function. 

 
2. Materials and Methods 

2.1 Materials 

The composites were produced with type III Portland cement (ASTM C150); ground limestone, fixed in 
the formulation at 12.8% by mass; and bleached hardwood kraft pulp of eucalyptus (fixed at 10%, by 
mass), donated by Infibra (Brazil). The CDW was donated by the concrete recycling plant (Eco-X), 
Guarulhos - SP, Brazil. The material was previously dried in an oven at 60°C for 24 h. Then, it was 
sieved to obtain the fraction that passed through a 0.15 mm sieve. The fines were milled to fragment the 
particles at 63 μm. The materials presented D50 of 9.07 μm, 24.0 μm, and 16.4 μm, to the Portland cement, 
CDW, and limestone, respectively. 
 
2.2 Methods  

2.2.1 Production and curing of the fiber cement composites 

The fiber cement pads (200 x 200 x 5) mm³ were produced by slurry dewatering and pressing method 
(Savastano et al, 2000). CDW was used to replace 10% of Portland cement, by mass. Initial curing was 
accomplished at a saturated condition (± 28 ºC) for 24 h. Then, thermal curing was used for the reference 
conditions and accelerated carbonation was used for the additional treatments. Thermal curing was 
controlled thermal bath chamber, with a relative humidity of ~ 90% at a temperature of 60 ºC (water 
vapor at 55 ºC), for 6 days. This process occurred in the formulations with CDW (CDW_TC) and without 
CDW (REF_TC). The accelerated carbonation was carried out after the initial 24 h of curing, the plates 
were placed in a laboratory chamber at 60ºC, under a pressure of 5 bar, CO2 saturation (~100%), and 
sample moisture of 60% for 24 h, according to Filomeno et al (2020). This accelerated carbonation step 
used formulations with CDW (CDW_CO2) and without CDW (REF_CO2).  
 
2.2.2 Characterization of fiber cement 

X-ray diffraction (XRD) was determined operating at 40 kV and 30 mA, in a step of 0.02º per second and 
measurement interval between the Bragg angles (2θ) from 5º to 60º, with intensities recorded for 2º/min. 
Before the XRD analysis, the samples were previously ground and sieved (Filomeno et al, 2020). 
The mechanical properties were obtained using a four-point bending test, following Tonoli et al (2007). 
Modulus of rupture (MOR), and specific energy (SE) were determined. The bulk density (BD), and 
apparent porosity were evaluated according to the procedures established by ASTM C 948-81. The results 
of the physic-mechanical analysis were treated statistically using the statistical software SAS 9.4 
(Statistical Analysis System). The microstructural analysis was performed using scanning electron 
microscopy with backscattered electron image (SEM-BEI) to evaluate the fiber-matrix interface and the 
transition zone on the polished surface of the fiber cement. 
 
3. Results and Discussion 

3.1 X-Ray Diffraction (XRD) 

The diffractograms (Fig. 1) show an increase in the intensity of calcite peaks after the carbonation 
process, due to the reaction that occurs between dissolved CO2 and calcium hydroxide mainly, resulting 
in the dissolution of portlandite and precipitation of CaCO3 (Hunnicutt et al, 2017). The accelerated 
carbonation process led to the disappearance of Ca(OH)2 (broadband 2θ = 28.6º, 50.7º, and 54.3º), this 
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factor can provide greater durability of the vegetable fibers in the cementitious matrix. In composites with 
CDW, peaks related to quartz were identified, due to the aggregates in the original concrete. 
 

 
Fig. 1 – X-ray diffractograms of carbonated and non-carbonated fiber cement samples. 

 
3.2 Physic-mechanical characterization  

Fig. 2a shows the correlation of the modulus of rupture (MOR) versus specific energy (SE) of carbonated 
and non-carbonated fiber cement with 10% CDW. The CDW_TC composite presented physic-mechanical 
performance statistically equal to REF_TC.  The MOR was 9.74 MPa (± 0.89a) and 8.68 MPa (± 0.91a), 
respectively. And SE of 5.49 (± 0.44a) and 3.69 (± 0.89a), demonstrating that with reduced levels of 
substitution, CDW does not impair the properties of the composite. The carbonated samples presented an 
approximately 60% increase in MOR compared to their non-carbonated counterparts. Furthermore, 
although there is a tendency for carbonatation to decrease the ability of energy absorption of the fiber 
cement, the addition of CDW compensated for this embrittlement, providing an increase of approximately 
40% in the SE. This behavior is due to better particle packing and optimization of the fiber-matrix 
interface. Except for the MOR property, no statistically significant difference was observed for the other 
physic-mechanical properties of the carbonated samples. The bulk density (BD) results (Fig. 2b) confirm 
the better behavior of carbonated fiber cement, presenting a denser structure due to the reduction of 
apparent porosity, filled by the formation of CaCO3. 
 

     
 

Fig. 2 – Physic-mechanical properties: (a) MOR and SE, and (b) BD of fiber cement. 
  
3.3 Scanning Electron Microscopy (SEM) 

The micrographs of the composites are shown in Fig. 3. Arrow 1 indicates fiber contamination by calcium 
hydroxide. Arrow 2 represents the lack of adhesion between the fiber and the cementitious matrix.  It is 
observed that the carbonation process improved the structure of the matrix, making it more compact, 
densified structure, and less porous matrix, improving the fiber-matrix transition zone, as indicated by 
arrow 3.  
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Fig. 3 - Fiber cement: (a) Sample without carbonation, and (b) sample with accelerated carbonation. 

 
4. Conclusions 

The use of CDW and accelerated carbonation presented efficient results to improve fiber cement 
performance with a high cellulose pulp content. Accelerated carbonation densified the cement matrix, 
refining the porosity and presenting an increase of 60% for the MOR compared to the non-carbonated 
counterpart. The use of CDW preserved the specific energy and bulk density of the fiber cement even 
after the accelerated carbonation process and did not present significant statistical differences for the 
other physic-mechanical properties. In general, the use of 10% CDW does not impair the physic-
mechanical performance of the composites. The CDW compensated for the embrittlement, guaranteeing 
stability in the deformation of the fiber cement. The XRD analysis showed that the accelerated 
carbonation process led to the disappearance and reduction in the intensity of peaks referring to Ca(OH)2, 
in addition to an increase in the CaCO3 content. 
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ABSTRACT 

The volcanic powder found in Tibet has a high crystal content, which results in low pozzolanic activity. 
In this paper, TG-DSC and XRD were used to explore the excitation effect of low temperature calcination 
(lower than 1000 ℃) on the pozzolanic activity of volcanic powder. The results showed that the 
appropriate calcination temperature and time can promote the transformation of crystals in the volcanic 
powder to amorphous form, and effectively improve its pozzolanic activity. The optimum calcination 
time is 1 hour. When the calcination time is less than 1 hour, the activity of the volcanic powder increases 
with the prolongation of the calcination time, and the activity of the volcanic powder does not change 
significantly after more than 1 hour. The activity of volcanic powder is highest when the calcination 
temperature is 800 ℃, and even decreases when the calcination temperature exceeds 800 ℃. 

KEYWORDS: volcanic powder, low temperature calcination, pozzolanic activity, amorphous 

1. Introduction 

China is rich in volcanic rock resources, and a large amount of natural volcanic ash material is distributed 
in the southeast and southwest borders(Yuan et al, 2020). Due to the different formation history and 
conditions, the types of volcanic rocks and their volcanic ash activity are quite different(Fares et al, 2016). 
Among them, the volcanic powder in Tibet has a high crystal content with low pozzolanic activity, 
making it difficult to be used as an auxiliary gelling material in cement and concrete(Chen et al, 2001). 
Therefore, improving the pozzolanic activity of volcanic powder in Tibet is the focus of effectively 
utilizing volcanic powder in Tibet. In this study, volcanic powder was pretreated by low-temperature 
calcination to explore the effect of low-temperature calcination method on the physical and chemical 
properties of volcanic powder and its pozzolanic activity. 

2. materials and test methods 

91



16th International Congress on the Chemistry of Cement  
ICCC 2023 

BANGKOK, THAILAND 

 
The specific surface area of the raw materials used in the experiment is 450 cm2/g. Its particle size 
distribution is shown in Fig. 1, Its chemical composition is shown in Table 1, and the XRD pattern is 
shown in Fig. 2. 

 
Fig. 1 Particle size distribution of volcanic powder 

 

Table 1 Chemical composition of volcanic powder 

mineral admixture 
chemical components/% 

SiO2 Al2O3 Fe2O3 CaO K2O Na2O MgO SO3 
volcanic powder 55.87 17.51 9.12 6.99 3.98 2.53 2.01 / 

 

 
Fig. 2 XRD pattern of volcanic powder 

 
The selected volcanic powder was calcined at different selected calcination temperatures for a certain 
time. The calcination was carried out in a muffle furnace with a heating rate of 20 °C/min and a cooling 
rate of 35 °C/min.  
The content of volcanic powder in cement is 30%. 

3. Results and discussion 

The effect of volcanic powder at different calcination temperatures on the strength of the cement is shown 
in Fig. 3. When the calcination temperature does not exceed 600°C, the low-temperature calcination has 
no obvious effect on the activity of the volcanic powder. When the calcination temperature exceeds 
600°C, the early strength of the cement will decrease with the increase of the calcination temperature, but 
28-day strength will be significantly improved. 
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Fig. 3 Effect of volcanic powder at different calcination temperatures on the strength of cement 

 
Two calcination temperatures of 500°C and 800°C were selected to explore the effect of calcination time 
of volcanic powder on the strength of the cementitious material system, and the results are shown in Fig. 
4. The results show that when the calcination temperature is lower than 600℃, different calcination times 
have no significant effect on the activity of volcanic powder. When the calcination temperature exceeds 
600°C, a shorter calcination time will lead to insufficient activation of the volcanic powder and lower 
strength in the later stage. A longer calcination time will reduce the early strength of cement, and the 
impact on the later strength is the same as that of calcination for 1 hour. Therefore, the best calcination 
time is one hour. 

 
Fig. 4 Effect of volcanic powder at different calcination time on the strength of cement 

Furthermore, from the TG-DSC curve of volcanic powder (Fig. 5), when the calcination temperature does 
not exceed 600 °C, the volcanic powder does not produce heat absorption or exotherm, and its crystal 
structure does not change. When the calcination temperature exceeds 600 °C, the volcanic powder begins 
to transform from crystal to glass, and the microstructure of the particles also changes. The lamellar 
structure of the volcanic powder particles disappears (Fig. 6), so the filling effect in the early stage of 
hydration is reduced, resulting in a certain degree of decline in the early strength of the gelled system. 
Due to the increase of the vitreous body, more volcanic powder participates in the hydration of the 
cement in the later stage of hydration, resulting in a significant increase in the strength of the later stage 
of the cement. 
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Fig. 5 TG-DSC curve of volcanic powder 

 
(a) Uncalcined volcanic powder；       (b) 800℃ calcined volcanic powder 
Fig. 6 Effect of calcination on microstructure of volcanic powder particles 

4. Conclusion 

Based on the analysis of experimental data developed in the present study, following conclusions can be 
drawn: 
1. Low-temperature calcination at an appropriate temperature can help improve the pozzolanic activity of 
volcanic powder. The optimal calcination temperature for volcanic powder is 800°C. When the 
calcination temperature is lower than 600°C, low-temperature calcination has no significant effect on the 
activity of volcanic powder. When the calcination temperature exceeds 800°C, the activity of volcanic 
powder has no significant change compared with 800°C, which is not conducive to the low-carbon and 
green development of cement. 
2. The optimal calcination time is one hour. Short-term calcination cannot effectively improve the activity 
of volcanic powder, while long-term calcination reduces the early strength of cement but does not 
significantly increase the later strength. 
3. Calcining at low temperature causes the crystals in the volcanic powder to transform into vitreous, 
which significantly increases the reactivity of the volcanic powder. 
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Abstract 

Carbon emissions from cement manufacturing are reduced by partially replacing cement clinkers with 
supplementary cementitious materials (SCM). In this study, Limestone calcined clay cement (LC3) was 
prepared by blending 50% of OPC-43 grade with 50% Limestone calcined clay- LC2 (63.3 % of calcined 
clay, 31.7% of limestone, and 5% of gypsum), Fly ash-based Pozzolana Portland Cement (PPC) and 
Ordinary Portland Cement (OPC) was used to compare the mechanical properties at the age of 7 & 28 
days of curing for M-25 and M-50 grades of concrete. The specimens for the compressive strength test, 
flexure strength test, Modulus of elasticity test, and Bond test of concrete with reinforcement of 25mm 
diameter bars were prepared as per Indian standard codes. The results of the study showed that the LC3 
had higher compressive strength values at the age of 7 days, which is substantiated by flexure strength, 
modulus of elasticity, and pull-out strength values, whereas at the age of 28 days, LC3, OPC, and PPC 
had similar strengths. 

Keywords: Limestone calcined clay cement, Fly ash-based pozzolana Portland Cement, Modulus of 
elasticity test, Bond test with reinforcement, Pull out strength.  

1. Introduction 

OPC is the 2nd most consumed resource after water, and OPC is Manufactured by the process of 
calcination, where the heating of limestone and clay is done, which leads to the release of carbon dioxide 
into the atmosphere. The cement industry contributes 8% of worldwide artificial emissions of CO2 gas, 
from which 50% is from the chemical process, 40% is from burning fuel, and 5-10% is emissions from 
electricity for plant machinery and transportation of raw materials (Rao AB, Rubin ES (2002)). With 
growing environmental demand for low-carbon emitting materials globally, the development of green 
construction materials is becoming significant in addressing the challenges of climate change. Limestone 
calcined clay cement (LC3) is one such cement that has less environmental impact and excellent properties 
concerning strength and durability (Scrivener K. et al. 2018, Sharma M. 2021, F. Avet et al. 2019)  

LC3 is made by substituting cement clinker with limestone and calcined clay. It is expected to reduce 
the carbon emission of cement production by 30-40% (Berriel et al. 2016). In this experimental work, 
the mechanical performance of LC3 concrete is evaluated and compared with the conventional OPC and 
PPC concrete.  

2. Materials and methods 

2.1 Materials 

The three types of cement used were OPC- grade 43, PPC prepared by blending 70% of OPC 43 grade 
with 30 % class F fly ash, LC3- Prepared by blending 50% of OPC 43 grade with 50% LC2 containing 
63.3 % of calcined clay, 31.7% of limestone, and 5% of gypsum. The aggregates used were crushed 
angular quartz stones of 20 mm and 10 mm nominal sizes, whereas the fine aggregate was river sand. 
The mix design of the concrete is listed in Table 1. 
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Table 1 Mix Design of Concrete as per IS 10262 

The specific gravity of cement was determined using Le Chatelier’s flask as per IS 4031 Part-11, and 
the specific gravity of coarse and fine aggregates was determined as per IS 2386, as listed in Table 
2. 

Table 1 Specific Gravity of Materials 

Material OPC PPC LC3 Coarse (20mm) Coarse (10mm) Sand 
Sp. gravity 3.17 2.81 3.00 2.81 2.68 2.62 

Coarse aggregates were well-graded, and fine aggregates conformed to zone II of IS 383. Malvern 
Mastersizer 3000E was used for determining the particle size of cement. Isopropyl alcohol was used 
as a dispersion medium. The particle size is mentioned in Table 3.  

Table 2 Particle Sizes of different types of cement 

Dx OPC PPC LC3 

D10
 (μm) 5.76 4.53 2.96 

D50
 (μm) 21.0 19.6 14.8 

D90
 (μm) 62.5 58.5 51.9 

 

X-ray Fluorescence of different types of cement was done to determine the oxide composition of the 
cement, as mentioned in table 4. 

Table 3 X-ray Fluorescence of different types of cement 

Oxides Component OPC (%) PPC (%) LC3
 (%) 

SiO2 20.69 35.22 29.70 
Fe2O3 5.26 5.54 3.86 
Al2O3 4.03 12.92 19.10 
CaO 59.90 34.51 32.21 
MgO 0.98 1.20 1.36 
SO3 2.53 2.86 2.74 
Na2O 0.09 0.42 0.48 
K2O 0.57 0.82 0.46 
TiO2 0.40 1.09 1.39 
LOI 4.30 4.10 7.90 

 

Materials weight (kg) per m3 of concrete 
OPC PPC LC3 

M-25 M-50 M-25 M-50 M-25 M-50 

Water Content 165.00 165.00 165.00 165.00 165.00 165.00 

Cement Content 366.67 590.00 366.67 590.00 366.67 590.00 

Fine Aggregate 638.45 523.87 623.19 501.49 627.41 507.67 

Coarse Aggregate (10mm) 495.74 466.41 483.89 446.49 487.16 451.99 

Coarse Aggregate (20mm) 743.60 699.62 725.84 669.73 730.74 677.99 

Chemical Admixture 3.67 5.90 3.67 5.90 3.67 5.90 
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2.2 Methods 
 
The materials were dry mixed for two minutes; water was mixed along with chemical admixtures to obtain 
a homogenous mixture. The specimens for compression, flexural strength, and modulus of elasticity 
tests were prepared as per IS 516, whereas the pull-out strength IS 2770 part 1 was followed to prepare 
the specimens. The specimens were demoulded after 24 hours of the casting. Then these specimens 
were cured in a water tank until the age of testing. 
 
3. Results and Conclusions 
 
3.1 Results 
The results of the study are shown in Figure 1 (a, b, and c), and the following results have been obtained. 

Ø The flexural strength of LC3 M-25, at 7 days and 28 days, was found to be higher than PPC and 
OPC similar trend was observed for LC3 M-50 concrete. 

Ø The 7-day and 28-day pull-out strength of OPC-M-25 specimens was more than PPC and LC3, 
and the strength of LC3 was lower than PPC at 28 days. Whereas in the M-50 grade, the strength 
of PPC was highest, followed by LC3 and OPC.  

Ø The results of the compressive strength and modulus of elasticity (MOE) for both grades of 
concrete were found to be similar, where with the increase of compressive strength, the MOE 
value increases, and the highest compressive strength and MOE values were observed for LC3 

followed by OPC and PPC. 

 

 

Figure 1 (a) Flexure Strength (b) Pull Out Strength (c) Modulus of Elasticity and Compressive Strength of the 
concrete samples at 7 and 28 days 
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4. Conclusions 

From the results of the mechanical strengths of concrete specimens, as shown in the graph, it can be 
seen that LC3 had similar strengths to OPC and PPC at 28 days, and the following conclusions were 
made from the study: 

Ø The 7-day flexural and pull-out strength of the 25 mm steel bars and concrete were higher in 
LC3 specimens for both grades of concrete than PPC and OPC, which signifies the high early 
strength of LC3; this is because of the synergy reactions between the calcined clays, limestone 
and cement clinkers. 

Ø The higher flexure, Modulus of elasticity, and compressive strength values of the LC3 indicate 
that with similar mixture proportions, LC3 binder has better strength evolution in concretes than 
OPC and PPC. 

Ø The performance of LC3 concrete in terms of mechanical parameters other than compressive 
strength is similar to OPC and PPC. 
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ABSTRACT 

The selection of suitable solvent extraction method for early-age AAS samples is dependent on physical 
state of extra introduced silicate species, since that the liquid-state silica are inclined to react with ethanol. 
Before 1d of reaction time, some soluble silica from activator still exists in highly silicious AAS samples. 
Therefore combined solvent (water followed by ethanol) extraction is advised as the reliable method to 
halt reaction process and meanwhile effectively remove remanent soluble silica thus no affecting further 
structural characterization. Meanwhile this study also reports gel structure evolution at very early age on 
the basis of correct drying procedure. In general the polymerization degree of early gels increases with 
modulus at constant alkali dosage. In particularly some silica-rich gels are formed at final setting time in 
highly silicious samples. In addition the structure difference between AAS binders with varied modulus 
diminishes at 1d due to structural arrangement and higher degree of slag dissolution. 

KEYWORDS: AAS; modulus; solvent extraction; structure 

1. Introduction 

It is commonly accepted that the reaction of slag grains in AAS is a solid-fluid reaction that follows a 
dissolution-precipitation-ion diffusion mechanism. In the first two reaction stages, pore solution 
composition determines the dissolution kinetics of slag and formation of reaction products if pore solution 
is saturated or oversaturated correspondingly. In the third reaction stages, the gel pores in the surrounding 
hydration products are the diffusion channels of ions. 

It is reported that unreacted silicate species supplied by activator at early age may react with organic 
solvent and form high-polymerized products (Palacios et al (2021), Chen et al (2014)), when organic 
solvent extraction is applied to stop reaction processs. And combined extraction (solvent and combined 
water-solvent) was seen to reliably stop reaction without altering the reaction product  (Palacios et al 
(2021)). However, there are no explicit recommendation for solvent extraction in respect of AAS samples 
with varied modulus. 

The generation of “primary C-S-H” since initial setting time has been confirmed by SEM and NMR 
techniques (Palacios et al (2021)). It has also been reported that the exothermic peak representing 
precipitation of “primary C-S-H” is determined by the predominant silicate configuration in silicate 
solution (Jiang et al (2022). 

Therefore, the paper is written aiming to (1) investigate whether drying treatment affect the 
nano/microstructure of AAS pastes with varied modulus; (2) if yes in the former purpose, determine the 
suitable drying process dependent on activator and relative timing points (3) elucidate the gels type of 
AAS samples especially high modulus ones. The obtained results will contribute to new sights regarding 
the mechanism of setting for AAS materials. 

2. Materials and methods 
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2.1. Raw materials 

Vitreous phases content in slag reach to 98.3% via Rietveld refinement method. The particle size 
distribution of slag determined by laser particle analyzer ranges from 1.4 μm to 148 μm, thereinto 16.11 
μm is characterized as d50. Moreover the X-ray fluorescence technique is conducted to obtain chemical 
composition of slag, as shown in table 1, in which LOI is loss of ignition at 1000 °C. In addition, The 
ingredients used to manufacture activators consist of industrial-grade sodium hydroxide, raw waterglass 
with 64.16 wt% H2O and SiO2/Na2O ratio of 3.3 and deionized water. 

Table 1. Chemical compositions of blast furnace slag (by weight, %). 
 CaO SiO2 Al2O3 MgO Fe2O3 Na2O K2O TiO2 SO3 LOI 
wt% 38.81 33.81 14.78 7.09 0.36 0.26 0.44 0.52 2.49 1.40 

2.2. Mixture design, sample preparation and treatment 

Table 2 lists details of mixing proportion of AAS pastes, a constant water (deionized water and water 
from waterglass) to slag ratio of 0.35 is adopted to achieve satisfactory workability and almost no 
bleeding phenomenon. Meanwhile Alkaline activator is fabricated with Na2O dosage of 6%, and three 
levels of silicate modulus of 0 (hydroxide activation system), 1 and 2 (silicate activation system). In 
respective of sample preparation process, the certain prepared activator is poured into mixing pot, 
followed by slag powders. Both of them are stirred at low speed for 120 s, subsequently a rest duration of 
15s, then high speed for another 120s. Therein within the short test time of 15s, the slurry adhere to blade 
and wall should be scraped into pot. And all operations above are performed at ambient temperature of 20
±1℃. 

Table 2 mixture design of AAS pastes 

Water
/Slag 

Slag 
(g) 

Na2O 
(wt%) 

Modulus 
(Ms) 

Deionized water 
(g) 

NaOH 
(g) 

waterglass 
(g) 

Total water/ 
(slag+anhydrous 

activator) 

0.35 100 6 
0 35 7.74  0.33 
1 21.35 5.4 21.27 0.31 
2 7.7 3.05 42.55 0.30 

Two kinds of drying methods are carried out in the text consisting of direct solvent extraction and 
combined solvent extraction, which are abbreviated hereafter as S and CS respectively. Two drying 
methods are described in detail as follows: In S method, 1g pastes are mixed with 100 ml ethanol. After a 
static placing time of 5 min, the liquid media is removed using vacuum-filtration. This procedure is 
repeated for three times Chen et al (2014). Then the filtered powders are immediately put into vacuum 
oven stabilized at 40℃ for two days for further characterization. In CS method, around 0.8 g of paste 
samples are firstly dispersed in 50 mL ultrapure water, then the suspensions are immediately 
centrifugated at a rate of 10000 r/min for 3min. This water extraction procedure above needs to be 
repeated until no detectable silicate species dissolves in liquid supernatant, which is verified through 
statement in Chen et al (2014). Subsequently ethanol extraction is performed as described in S method. 

2.3. Experimental methods 

FTIR method is applied to soluble residue after SAM method, 1 mg sample is ground together with 100 
mg of IR-grade KBr. The resolution and scans set as 1 cm−1 and 64. Thereinto operational procedure of 
SAM chemical attack refers to (Yip et al (2005)). 

3. Results and discussions 

Figure 1 is depicted on the comparison between the direct ethanol extraction and combined solvent 
extraction for AAS samples with modulus ranging from 0 (sodium hydroxide solution) to 2. In the 
notations for the samples, CS and S indicate combined solvent extraction and direct ethanol extraction. It 
can be observed that both CS and S method can effectively remove water and halt reaction process, as 
indicated by H–O–H bending vibration of molecular H2O around 1640cm-1. And meanwhile CS treatment 
results in lower intensity of carbonates-related bonds in the range of 1400-1500cm-1, which might be 
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ascribed to removed cations after water extraction. It can be observed that these two extraction ways 
cause no effect on sodium hydroxide activation system and direct solvent extraction results in higher 
polymerized species in silicate activated samples at 10min. Based on this, it can be inferred that there may 
exist abundant soluble silicate unites at 10min. Moreover at corresponding final setting the majority of 
soluble silicate unites introduced by activator are consumed and precipitate for samples with modulus no 
more than 2, since that almost same main peak position and spectra shape are present. But there is a 
nonnegligible upshift of main peaks for modulus of 2 treated with direct solvent exchange compared with 
combined exchange method at final setting point. And 1d are proved as reasonable time point for all 
samples beyond which direct solvent method can be utilized without affecting AAS binders.  

     
 

Figure 1. FTIR spectra of alkali activated slag pastes treated by two types of drying methods with alkali dosage of 
6% and varied modulus. Thereinto CS and S indicate combined and direct solvent extraction respectively. 

It is reported that the phases containing calcium dissolve in the salicylic acid/methanol (SAM) 
medium, whereas those with no calcium in their composition form an insoluble residue after the attack 
(García-Lodeiro et al (2009)). As shown in figure 2, regardless of modulus and investigation time, the 
characteristic profile of unreacted slag centering around 964 cm-1 can be obviously observed, which to 
some degree proves that SAM is a reliable method to dissolve reaction products of AAS binders. The 
peaks shape and position of all specimens at 10min are comparable with those of slag, indicating that 
phases susceptible to SAM treatment i.e. calcium-containing phases predominate at very early age such as 
10min. The appearance of shoulders locating around 1058cm-1 and 1200cm-1, frequency higher than the 
position of the band typical of C–S–H gels, are similar to the peaks characteristic of Q3 and Q4 silicon 
tetrahedra in silica gels (García-Lodeiro et al (2008)). This demonstrates that at final setting time, except 
for the C-(A-)S-H gels which dissolve in SAM process, a silica-rich gel with no or much little calcium in 
its composition may have been formed in AAS pastes activated with high modulus silicate activator. As 
reaction proceeds at 1d, the spectra of insoluble residue simply and the characteristic peaks prominent 
before are detected to decline even nearly disappear, probably because the phases assemblages are in 
dynamic equilibrium and calcium from slag dissolution is gradually incorporated.  

   
Figure 2. FTIR spectra of insoluble residue of AAS pastes after SAM attack with alkali dosage of 6% and varied 

modulus. 

4. Conclusions 
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The combined extraction effectively removes soluble species and therefore provides a viable procedure 
to study structural changes excluding uncertainties. The modulus significantly affects timing point 
suitable for direct solvent exchange which is more convenient to carry on. 1d are proven to be the right 
point in time to utilize direct solvent extraction even for highly silicious specimens. 

Besides typical C-(A-)S-H gels with main FTIR peak centering below 1000cm-1, silica-rich gels are 
evidently formed at setting times especially in AAS pastes with modulus of 2, with characteristic band at 
1058cm-1 and 1200cm-1. 
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ABSTRACT 

Belitic calcium sulfoaluminate (BCSA) cement has been successfully used for the rapid rehabilitation of 
large concrete infrastructure such as runway or highway pavements. Typically, such projects require 
specifying rapid-strength concretes because pavement must be returned to service within a few hours of 
closure. For these applications, the compressive strength of the concrete should be on the order of 40 MPa 
in 2-3 hours under penalty of large fines for delays. BCSA is an alternative cement that is not usually 
familiar to the construction workforce and its use generally requires close collaboration between the cement 
manufacturer, specifiers, general contractors, subcontractors, and academia. For example, ad hoc 
performance specifications, approvals, concrete mix designs, and delivery methods must be developed, and 
this can be complex. In this paper, we describe large-scale case studies involving the use of BCSA cement 
concrete.  

KEYWORDS: Belitic calcium sulfoaluminate concrete, BCSA, low carbon infrastructure 

1. Introduction 

Belitic calcium sulfoaluminate (BCSA) was developed in the United States in the early 70s (Ost 1975) and 
is from the clinker family of cements. Alite, the carbon-intensive and early-strength-imparting phase in PC, 
is replaced in BCSA by ye’elimite C4A3S". Ye’elimite is much less carbon-intensive, and more efficient at 
providing early-strength than alite. BCSA is one of many C4A3S"-containing binders (Bescher 2020) that 
can be used as a single cement, i.e. not requiring blending with PC. This makes it a uniquely attractive 
binder for its Global Warming Potential (GWP) which, is 0.673 kg-CO2 eq/ton (CTS 2022). An important 
characteristic of BCSA is that is allowed concrete mixes to reach strengths of approximately 40 MPa 
(compressive) or 2.8 MPa flexural at pavement opening, in 4 hours [California Department of 
Transportation Standard Specifications, 2022].  

Rapid strength is a crucial economic incentive because it catalyzes the use of the material on short-closure 
time projects.  Finally, compared to other low-carbon cement technologies, BCSA is compatible with 
established concrete placement logistics developed for PC, such as the use of ready-mix plants, silos and 
the flexibility cast-in-place concrete. Although BCSA has been used as concrete pavement for over 40 years 
in the Americas, the practice has remained somewhat below radar. An objective of this article is to briefly 
discuss a few selected case studies of the use of BCSA on large-scale infrastructure projects. We briefly 
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cover the specifics of applications in North America, including examples of large projects on the Mexico 
City-Querétaro highway, large repair programs on the California highway system, and runway 
rehabilitation at the Seattle airport, and railroad rehabilitation repair. The performance of BCSA pavement 
in a wet climate was also assessed after 23 years in the field at the Seattle airport. 

2. Case studies 

2.1 BCSA concrete on highways 
The Mexico City- Querétaro highway is the most heavily trafficked highway in Mexico, at 50,000 vehicles 
per day. A reinforced BCSA pavement system was designed for its rehabilitation. The objective of this 
project was to rehabilitate large sections of the highway, typically 250 m at a time in less than 12 hours.  
Combining the low shrinkage (Bescher 2021) of BCSA concrete with steel reinforcement also allowed an 
increase in joint spacing to 200 m, which is a notable increase in joint spacing over the typical 5-6 m joint 
spacing in PC-based pavement. Another key aspect of this project was the large haul distance from the 
batch plant to the site. Citric acid and shaved ice were used as means of controlling the set time of the mix. 
To accommodate variations in ambient temperatures, mix temperatures were kept between 24 and 32 °C, 
slab thickness was 22 to 24 cm and each truck was loaded with 6 m3 of BCSA concrete. BCSA cement 
content was 470 kg/m3 and curing of the slabs required 2 hours. Total volume of BCSA concrete placed on 
this project was 20,000 m3 at a rate of 250 m3 per day. 

 

 
 
 
 
 
 
 
 

Figure 1- BCSA concrete placement on Mexico City- Queretaru highway. 

BCSA concrete is part of a program of rehabilitation of concrete highways in California. Since 1997, 
approximately 250,000 tons of BCSA cement have been placed on California highways. The specifications 
are based on a flexural strength specification of 2.76 MPa at opening time of the pavement, in addition to 
strength at 7 days and other performance criteria. In many US States, the cement is specified as an ASTM 
C1600 “Rapid Hydraulic Cement”, and competes on that basis with other rapid-setting cements. 
Specifications in Europe or Asia are typically ad hoc. 

2.2 BCSA concrete pavement on airports 
Monterrey International Airport, Mexico 

The project at Monterrey International Airport consisted of the replacement of fifteen 100 m taxilanes in 
the cargo area, consisting of 32 cm-thick slabs, placed at temperatures ranging from 38°C to 45°C.  
Specifications required a concrete achieving 48 MPa compressive in 6 hours. Haul time was 1.5 hours from 
the batch plant to the airport and the total volume delivered was 2,500 m3 in 5 m3 ready-mix trucks. Citric 
acid was used as a retarder, in combination with shaved ice. Citric acid concentration varied from 0.6 wt % 
(cement basis) at night to 1.2 wt% during the day, with 10% of the design water used as ice at night and up 
to 20% during the day. A total of 500 truckloads were used during the project. It was determined during the 
project that the concrete mix temperature should not exceed 23°C from the batch plant to the job site. 
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Figure 2- BCSA Concrete placement at the Monterrey International Airport, Mexico. 

Seattle International Airport, United States 

Approximately 30,000 m3 of BCSA concrete have been placed at the Seattle Airport since 1997, in the 
overnight rehabilitation of the airport’s concrete pavement (runway, taxilanes and aprons). Pavement 
performance after 23 years of service has been assessed. The flexural and compressive strengths of the 
BCSA concrete was found to have nearly doubled after 23 years in service (Deo, 2023). Concrete 
carbonation was measured at only 12.5 mm after 25 years. The pH of the hydrated BCSA paste was found 
to be 12.5 and no deleterious alkali-silica reaction was detected. BCSA was used at the Seattle airport to 
quadruple the size of concrete pavement and decrease the number of joints (McNerney 2021). Seattle airport 
remains the largest infrastructure project involving BCSA concrete at airports, but several airports in Asia-
Pacific are using the cement: Melbourne Tullamarine, Sydney Hardord Smith and Lanyu in Taiwan, on 
which 1,200 tons of BCSA were used for runway rehabilitation. 

2.3 BCSA concrete use on railroads 

Mexico City-Veracruz tunnel 

The 3.5 km El Mexicano tunnel on Pico de Orizaba, is the highest-altitude tunnel in Mexico. The railway 
track on which it is built links Mexico City to Veracruz on the Gulf of Mexico. The window of time for any 
repairs on the track is limited to 7 hours between train movements. BCSA concrete is currently being used 
for the rehabilitation of the track. During this short timeframe, a section of the track is removed, the base 
removed and BCSA concrete slab placed. The concrete is batched at a plant outside the tunnel and sent into 
the tunnel using two ready-mix trucks placed on a railroad platform. The specifications call for a 
compressive strength of 35 MPa at 3 hours, and 60 MPa at 28-days. Three hours after placement, a 
prefabricated concrete support element for the track is placed above the BCSA concrete, allowing 
installation of the new track and re-opening to traffic. The cement content of the concrete mix is 560 kg.m-

3 and uses basalt aggregate while the BCSA slab is 22 cm thick. w/c was maintained between 0.40 and 0.45. 
At 28°C, citric acid is used at a rate of 0.6 wt % (cement basis), varying by 0.1 wt% per degree of increase 
or decrease in temperature. If the temperature increases to 30°C, the citric acid content is increased to 0.8 
wt%, or if the temperature decreases to 27°C, citric acid addition is reduced to 0.5 wt%. Therefore, the 
range of citric acid use is 0.3 wt% to 0.9 wt%. Approximately 3,500 m3 of concrete (2,500 tons of BCSA 
cement) have been used on this project thus far. 
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Figure 3- BCSA concrete placed on the Pueblo-Veracruz railway tunnel, Mexico 

3. Conclusions 

Case studies demonstrate that BCSA concrete mixes have been successfully used on large infrastructure 
rehabilitation projects. These mixes have been developed for delivery of the low-carbon concrete using 
either volumetric or ready-mix trucks, allowing hauling times up to one hour or more if needed. These mix 
designs can be adjusted to achieve the specified strength over a wide range of ambient temperatures using 
citric acid and/or ice. We conclude that in favorable weather/moisture conditions and with appropriate 
combined focus on concrete mix design, logistics, specifications, contractor expertise, experience in the 
field demonstrates that BCSA cement concrete can be used for large infrastructure projects. 
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ABSTRACT 

This study developed a novel low-carbon supersulfated cement (SSC) mortar prepared with multiple 
types of solid waste, including phosphogypsum and cathode ray tube (CRT) panel glass for realizing 
carbon neutrality. In this present research, the mechanical (compressive strength) and durable (drying 
shrinkage) properties of the SSC system after incorporating the CRT glass aggregate is discussed. And 
the environmental impacts including toxic characteristic leaching procedure (TCLP) and carbon emission 
are clarified. A detailed stabilization mechanism for the heavy metals in the SSC system is proposed. The 
results show that the compressive strength witnesses a slight increase after replacing river sand with CRT 
glass. In terms of the drying shrinkage, it falls gradually with the addition of the CRT glass. Even when 
100% CRT glass is used as aggregate, the leaching concentration of the heavy metals is still within the 
limit of the standard using the SW-846 Method 1311. Most of the heavy metals are trapped in the 
structure of the ettringite by replacing the place of the Al atom. Compared with ordinary Portlandite 
cement (OPC), the production of SSC can decrease 80% of carbon emissions resulting from incineration. 
In conclusion, the recycling of the waste CRT glass and waste phosphogypsum in the SSC system can not 
only obtain ideal mechanical and durable performance but also realize the stabilization of the heavy 
metals. 

KEYWORDS: Supersulfated cement; Pozzolanic reaction; CRT glass; Solidification and stabilization; 
Carbon emissions 

1. Introduction 

Carbon dioxide emissions have been an urgent environmental problem across the world. The production 
of Ordinary Portland Cement (OPC) contributed to the major proportion of the carbon emissions in the 
construction industry (Cristelo et al., 2015). When producing one-ton clinker, there will be 0.8 tons of 
CO2 released into the atmosphere (Turner and Collins, 2013). Besides, the energy-intensive manufacture 
of OPC can also emit hazardous gases such as NOx and SO2 (Zhang et al., 2020). Therefore, it is urgent 
to look for a novel low-carbon cementitious material. 
 
Super-sulfated cement (SSC) is a promising low-carbon cement prepared with sustainable raw materials 
without incineration, which includes gypsum and slag (Da Luz and Hooton, 2015). During the production 
procedure, there is no carbon emission, because it does not need any high-temperature clinkering process 
,which could decrease by about 90% carbon emissions compared to OPC according to (Niu and Zhang, 
2015). Due to its lower hydration heat and superior durability performance in terms of chemical 
resistance, it has the potential to be used as an alternative to OPC to some extent, (Juenger et al., 2011). 

107

mailto:jiaxing.ban@cugb.edu.cn
mailto:jianxin.lu@polyu.edu.hk
mailto:cecspoon@polyu.edu.hk


It is estimated that there is about 6 billion tons phosphogypsum generated around the world. And it still 
increases at a rate of 150 million tons/per year (Du et al., 2022), while only 15% of which is recycled 
(Silva et al., 2022). Besides, the hazardous waste cathode ray tubes (CRT) glass is gradually being 
replaced by liquid crystal displays and light-emitting resulting in much CRT glass abandoned in the world 
(Gao et al., 2022). If there is no appropriate treatment for the CRT glass, it would threaten the 
surrounding environment by heavy metals leaching (Elshkaki et al., 2005; Long et al., 2022).  
 
Based on these solid waste, the present study recycle CRT glass as aggregate in replace of the river sand 
and use phosphogypsum to replace natural gypsum to conduct the mechanical and durable research. 
 
2. Materials and Methods  

2.1 Materials 

The slag was collocted from a steel plant (Guangdong Shaoguan Steel Company Ltd.). The CRT glass 
(panel part) was collected from a waste electronic equipment recyclor. The phosphofypsum was recycled 
from a phosphoric acid production factory in Guizhou province (China). 
 
2.2 Methods 

The compressive strength of the SSC system mortar cubes (40 mm × 40 mm × 40 mm) was obtained 
using the compression machine at 3, 7, 28 d based on BS EN 12390-3. The loading speed was 0.6 MPa/s. 
After demolded, the mortar bars are first immersed in a water bath at 25 °C for 5 d. Hereafter, the lengths 
of the mortar bars are measured as the initial length. The length of the mortar bars from 0 d to 28 d are 
measured by using a length comparator (0.001 mm accuracy) according to ASTM C490. Then the TCLP 
test was conducted for exploring whether the recycled CRTGS can be applied to the SSC system in terms 
of environmental impact. Mortars after curing for 28d is smashed into small particles with the size of 9 
mm. Then the particles are immersed in the glacial acetic acid with the pH of 2.88 ± 0.05 (EPA, 1992). 
The extract solution is set at a liquid-to-solid ratio of 20:1. The reactor is rotated at 30 rpm for 18 h. After 
tumbling, the supernatant was filtered through a 0.45 μm membrane filter and digested with concentrated 
nitric acid. The heavy metals in the leachate are determined by an inductively coupled plasma emission 
spectrometer (Spectro Blue).  
 
3 Results and discussions 

With the replacement of river sand by CRT glass, the crack propagation of the cement mortars was 
inhibited during the drying shrinkage period due to the irregular shape of the CRT glass (Fig. 1). The 
drying shrinkage was reduced with the increased content of the CRT sand (Fig. 2). The dense interfacial 
transition zone (ITZ) was found due to the pozzolanic reaction between the CRT glass and SSC matrix.  

Simultaneously, during the pozzolanic reaction, the heavy metal ions in CRT glass were dissolved and 
released into the pore solution. These heavy metal ions reacted with sulfate ions dissolved in gypsum and 
precipitate as a form of insoluble sulfate substance around the aggregates and further improved ITZ. This 
can not only realize the bonding improvement between the aggregate and the paste, but also achieve a 
superior solidification and stabilization (S/S) effect for the heavy metals in the CRT glass (Fig. 3). The 
special reaction can not be observed in OPC-river sand based cementitious materials. 

In addition, the larger amount of the ettringite crystals in the SSC also contributed to achieving S/S 
through the isomorphous replacement effects (Figs. 4 and 5) of the ettringite. The special cementitious 
products, dense ITZ, and high concentration of sulfate ions in the pore solution make it a promising 
construction material, which can be used for stabilizing hazardous wastes. The prepared SSC was able to 
reduce carbon emissions up to 80% compared to the OPC system (Fig. 6).  
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Overall, the joint use of low-carbon SSC and CRT glass can reduce carbon emissions by realizing the 
valorization of multiple types of solid wastes and achieve better solidification and stabilization, and 
durability performance.  
 

 

 
 

 
Fig. 1 3D microscope image of the CRT glass; Fig. 2 Drying shrinkage of the SSC mortars with various 
CRT glass sand; Fig. 3 TCLP test results after incorporating CRT glass; Fig. 4 EDX statistical analysis 
(Al, Ca) on ettringite; Fig. 5 EDX statistical analysis (Ba, Sr) on ettringite; Fig. 6 GWP of SSC mortars 
with various CRT sand (/ton mortar) 
 
Conclusions 

The new low-carbon cementitious material provides a promising recycling approach for these two wastes. 
CRT glass in this cementitious system not only realizes the efficient immobilization of heavy metals but 
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also optimizes the SSC in terms of durable performance. This work can act as a reference to extend the 
application of hazardous CRT glass and phosphogypsum in engineering. 
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ABSTRACT 

The aim of the presented work was to determine the influence of CSA on the properties of CSA/OPC 
blended binder. Moreover, the impact of four set retarders (citric acid, tartaric acid, sodium gluconate and 
borax) on the hydration and performance of such cement was investigated. DTA/TG and 
microcalorimetric analyses were carried out on cement pastes, followed by consistency, setting time and 
compressive strength measurements. DTA/TG method allowed for a qualitative and quantitative 
characterization of the phase composition of pastes after 24 hours of hydration. In the case of neat CSA, 
a correlation was found between the amount of water chemically bound in the samples and their 
compressive strength. All of the selected set retarders had a different effect on the hydration and 
properties of pure CSA, not only increasing its setting time but also affecting the amount of products 
formed during the hydration. In the case of CSA, the most efficient set retarders were sodium gluconate 
and borax while for the blended cement, the set-retarding effect was not observed. 

KEYWORDS: : calcium sulfoaluminate cement, hydration, set retarder, borax, sodium gluconate 

1. Introduction 

In recent years, calcium sulfoaluminate cements (CSA) have attracted the attention of both scientists and 
cement industry. Compared to OPC, the reaction of CSA cements is much faster and a greater fraction of 
their hydration heat is generated within the first 12 h. The early-age hydration products include ettringite, 
monosulfate and amorphous aluminum hydroxide. Due to the fast reaction of CSA cements, the use of 
a retarder is often required in order to obtain a sufficient open time. Citric, tartaric and gluconic acids and 
their salts are powerful set retarders in calcium sulfoaluminate cements. Moreover, borax proved to be an 
effective CSA retarder by preventing (to a certain extent) the dissolution of ye’elimite and lowering the 
initial pH. However, little is known about their performance in binary CSA/OPC systems. Therefore, the 
goal of the presented study was to compare the effectiveness of various set retarders in pure CSA and 
blended CSA/OPC systems. 
 
2. Experimental 

2.1 Methods  

Chemical composition of the materials used in the experiments was determined with a PANAnalytical 
WDXRF Axios Max spectrophotometer. Their phase composition was analyzed using a Philips 
PW 1050/70 diffractometer. Patterns were collected in the range of 5-65 °2θ, with a 0.05° 2θ step. The 
heat of hydration of cement pastes was measured at 25°C using a differential heat-conduction 
microcalorimeter. DTA/TG measurements were carried out in the temperature range of 25-1000°C using 
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a Netzsch STA 449F3 Jupiter thermoanalyzer in a synthetic air atmosphere. Grain size distribution was 
determined with a Malvern Mastersizer 2000 laser diffractometer. Consistency of mortars was 
investigated with a flow table according to PN-EN 1015-3. Setting time of cement pastes was measured 
according to PN-EN 196-3. The compressive strength of cement mortars was determined on 
25 x 25 x 100 mm bar samples using a Controls Automax 5 hydraulic press. 
 
2.2 Materials  

Calcium sulfoaluminate cement (CSA) and ordinary Portland cement (OPC) were used in the 
investigations. Their chemical compositions are presented in Table 1. Their phase composition was 
examined by X-ray diffractometry. Fig. 1 shows the X-ray patterns of both types of cement.  
 
Table 1. Chemical composition of cements.  

Oxide CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O K2O Na2O Cl 
Cement 

[%] 
CSA 39.8 5.5 23.2 2.6 23.9 1.1 1.2 0.5 1.2 0.2 
OPC 64.7 18.7 4.6 1.7 4.7 3.7 0.4 0.4 0.4 0.1 

 
Fig 1. Grain size distribution and phase composition of CSA and OPC; C3S-Alite, C2S-Belite, 
Y-Ye’elimite, A-Anhydrite, G-Gypsum. 
 
The effect of various set retarders (citric acid, tartaric acid, sodium gluconate and borax) on the properties 
of calcium sulfoaluminate cement (CSA100) and CSA/OPC blend (CSA20 - 80% of OPC and 20% of 
CSA) was investigated. For this purpose, heat evolution, consistency and compressive strength were 
examined as a function of time. Moreover, phase composition of CSA and OPC pastes with various set 
retarders was determined after 24 hours of hydration in order to compare the differences in the amount of 
the hydration products. 
 
3. Results 

The admixtures affect the kinetics of hydration (Fig 2). The analysis of the amount and rate of heat 
released during the reaction shows that sodium gluconate and borax most effectively prolonged the 
induction period and extended the setting time of CSA cement pastes, while the most effective set 
retarders of CSA20 were citric acid, borax and sodium gluconate. According to the literature, borax 
prevents the dissolution of ye'elimite, which was confirmed by the calorimetric analysis – the introduction 
of borax lead to the greatest extension of the induction period. The different shape of the calorimetric 
curves shows that the admixtures might have various action mechanisms. The presence of sulfates in CSA 
cement probably delayed the hydration of Portland clinker phases, resulting in a lower heat of hydration. 
All admixtures increased the setting time of CSA, as determined by Vicat apparatus (Table 2). At the 
same time, admixtures used in the amount of 0.2% did not effectively delay the setting of the blended 
binder. In its case, the rate of ettringite formation is very high; therefore, the effect of the admixtures may 
be decreased due to their incorporation into the structure of the hydration products. 
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Fig 2. Heat of hydration of CSA and blended CSA/OPC pastes. 

Table 2. Setting time determined by Vicat apparatus. 

Setting 
time 
[min] 

CSA100 CSA20 

Ref Citric 
acid 

Sodium 
gluconate Borax Tartaric 

acid Ref Citric 
acid 

Sodium 
gluconate Borax Tartaric 

acid 
105 154 228 360 230 30 38 32 28 31 

 
In general, sodium gluconate and citric acid increased the consistency of mortars containing neat CSA 
cement, while borax and tartaric acid caused a decrease in their flow. On the other hand, in the case of 
CSA20 mortars, the consistency was increased by all of the admixtures except for borax (Fig. 3). 

  

Fig 3. Consistency vs time of CSA and blended CSA/OPC mortars. 

  
Fig 4. Compressive strengths of CSA and blended CSA/OPC mortars. 

After 1 day of curing, citric acid, tartaric acid and borax increased the strength of CSA mortar by 11 to 
23%, while sodium gluconate deteriorated its mechanical properties. Such outcome corresponds to the 
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results of the calorimetric measurements. After 7 and 28 days of curing, all admixtures caused a decrease 
in strength of the CSA100 mortars (Fig. 4). For blended cement, in general, a decrease in compressive 
strength was observed after the addition of all of the set retarders. 
The differences in the compressive strength are related to the content and probably the morphology of 
ettringite, which was proven by the DTA/TG analysis. The increase in compressive strength after 1 day of 
curing may result from a different morphology of the ettringite formed and thus, a different contribution 
of chemically bound water. The amount of ettringite was the highest for CSA100 with the addition of 
citric acid (Fig 5). Tartaric acid probably affects the morphology of ettringite, which may result from the 
high affinity of tartrate ions towards aluminate phases and their incorporation into the forming hydration 
products. The DTA/TG results indicate that in the case of OPC with the addition of tartaric acid, after 24 
hours, the amount of hydration products - AFt, C-S-H and Ca(OH)2 was the lowest out of all admixtures. 

  
Fig 5. DTA curves of CSA and OPC pastes after 24 hour of hydration. 
 
3. Conclusions 

1. The addition of CSA to Portland cement significantly accelerates its early hydration and increases the 
amount of heat released after approx. 15 hours. However, the heat released after 40 hours is lower, most 
likely due to a delay in the hydration of Portland clinker phases resulting from the presence of sulfates. 
2. In the case of CSA, the addition of borax results in the greatest extension of setting time and the most 
significant prolongation of the induction period. However, it leads to an increase in the compressive 
strength after 1 day and a decrease after 7 and 28 days of curing, compared to the reference sample.  
3. Citric acid extended the setting time of CSA by approx. 50 minutes, making it the least effective 
among all tested admixtures. In the microcalorimetric curves of the samples containing citric acid, the 
shortest induction period was observed, compared to pastes with other admixtures. 
4. The DTA/TG analysis showed that after 24 hours of hydration, the sample with citric acid contained 
a higher amount of ettringite, which explains the greatest increase in the strength of CSA100 mortars. 
5. All admixtures influence the hydration of CSA/OPC blend, however, they are ineffective in retarding 
the setting of such binders.  
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ABSTRACT 

In ready-mixed concrete plants, producing concrete inevitably generates waste cement paste which will 
pollute the environment if disposed of randomly. Herein, we carbonated the waste cement paste by 
aqueous carbonation to replace the limestone to develop a novel limestone calcined clay cement (LC3). 
Carbonation not only reactivates the waste cement paste but also fixes the CO2 in the cement matrix. The 
results showed that the waste cement paste could be carbonated quickly within 8.5 h with the formation of 
the carbonated products, mainly calcium carbonates and amorphous silica gel. By tuning the substitution 
ratio of carbonated waste cement paste, the compressive strength of LC3 with carbonated waste cement 
paste is higher than the OPC and LC3 due to the high activity and specific surface area of carbonated 
waste cement paste. The pore structure of LC3 with carbonated waste cement paste was refined. 
Hopefully, our work may pave a new way to develop a novel LC3 by replacing limestone with carbonated 
waste cement paste, accompanied by permanently realizing the sequestration of CO2 in the cement 
matrix. 

KEYWORDS: Carbonation, Waste cement paste, LC3, Mechanical strength 

1. Introduction 

With the rapid development of the economy and society, concrete is extensively used to carry out 
infrastructure construction, leading to a huge demand for cement. It is well known that producing cement 
releases a large amount of CO2, which abets global warming. Furthermore, the thriving concrete industry 
produces a mass of hardened cement and concrete waste, which is harmful to protecting the environment 
and achieving the sustainable development of society. Therefore, reusing hardened cement and concrete 
waste is becoming urgent. 
The recycled coarse aggregate (RCA) can be extracted from the hardened concrete and was applied in 
concrete blocks and road construction (Zuo et al (2018) and Gupta et al (2018)). However, recycled 
concrete fines (RCF) have a rough surface texture, a high-water absorption ratio and inferior properties, 
restricting their application in new concrete. To expand the application of RCF, recently, researchers have 
focused on improving the properties of RCF by carbonation (Mehdizadeh et al (2021), Qin et al (2019) 
and Wu et al (2022)). Aqueous carbonation as an indirect method has been employed to improve the 
activity of RCF due to their high efficiency in producing calcium carbonate (CaCO3) and amorphous 
silica gel (Zajac et al (2020) and Shen et al (2021)). The hydrated cement paste in RCF is eliminated via 
the leaching-carbonation process, where RCF is converted to CaCO3 and silica-rich gel that can be used 
in concrete as supplementary cementitious materials.  
LC3 as a new cement has attracted a lot of attention from researchers due to its low carbon footprint and 
low cost. Clays with a kaolinite content of approximately 40% or above were calcined to prepare LC3-50 
which displayed a comparable compressive strength with the cement mortar for 7 days (Alujas et al 
(2015) and Avet et al (2016)). Although limestone is widely used in LC3 due to its low price, high 
availability, and filling effect, its main component is CaCO3 which has low activity, limiting the strength 
development of LC3. To address this issue, here, the concrete slurry waste is carbonated by aqueous 
carbonation to produce CaCO3 and amorphous silica gel to replace limestone. 
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In this study, we aim to fabricate a novel LC3 whose limestone is replaced by carbonated products 
produced by carbonation of waste cement paste. The waste cement paste was carbonated first to obtain 
the carbonated products. The pH of the solution with waste cement paste was monitored during 
carbonation. X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were used to characterize 
the carbonated waste cement paste. Finally, the compressive strength was measured to evaluate the effect 
of carbonated waste cement paste on the LC3 mortar. 

2. Materials and methods 

2.1 Materials 

Ordinary Portland cement (OPC) Type Ⅰ is used to prepare LC3. A combination of Singapore marine clay 
and kaolin is calcined at 800 °C to obtain the calcined clay. Limestone (98% CaCO3 content) and gypsum 
with a purity of more than 99% were purchased from Singapore. The fine aggregate is river sand, and the 
fineness modulus is 2.4. The water-reducing (WR) agent is a high-performance polycarboxylate liquid 
water reducer with water reducing rate of 27%.  
Cement pastes with a water-cement ratio of 0.4 were used to represent waste cement paste. After 21 days 
of standard curing, samples were taken out for drying, crushing, and ball milling, and finally obtained the 
waste cement waste powder with a diameter of less than 75μm. The component of LC3 was listed in Table 
1. The mix proportion was presented in Table 2. The WR agent was used to control the workability of the 
mortar. The preparation and curing of mortar specimens referred to the requirements of ASTM-C305. In 
this experiment, three kinds of mortars are prepared, namely OPC, LC3 using limestone powder (LC3), 
and LC3 using carbonated waste cement paste (LC3-waste). 

Table 1 Components of LC3 
OPC Calcined clay Limestone or Waste cement slurry Gypsum 

70% 19% 9% 2% 

Table 2 Mix proportion of mortar 
LC3 or Cement Sand Water Water reducing agent 

1 2.75 0.485 0.013 

2.2 Methods 

2.2.1 Carbonation test 
The experiment was carried out using a self-made rapid carbonation device (in a liquid environment), as 
shown in Fig. 1. The raw material was waste cement paste powder with a particle size below 75 μm. The 
flow rate of carbon dioxide was 0.5 L/min, and the liquid-solid ratio was 2 with a mixing speed of 200 
r/min. Samples were taken every 1 h from 0.5 h until 8.5 h. After carbonation, waste cement paste was 
taken out and dried to obtain carbonated waste cement paste powder for preparing LC3. 

 
Fig. 1 Carbonation of waste cement paste 

2.3.2 XRD and TGA 
After drying, the sample was ground into powder and mixed with 1-part CaF2 in a mass ratio of 4:1. 
Finally, the D8 Advance X-ray Diffractometer was employed to characterize the phase composition 
quantitatively. The scanning angle was 5–60°, and the speed was 1°/ min. DTG-60H thermogravimetric 
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analyzer was conducted to study the thermal stability. The temperature range was from 30 °C to 950 °C at 
a rate of 20 °C/min. 
2.3.3 Compressive strength test 
The pressure testing machine was carried out to measure the compressive strength of cube specimens 
(40mm) according to ASTM-C109. The test loading rate was 144 kN/min. Three parallel specimens were 
tested to calculate the average value. 

3. Rseults and discussion 

3.1 Carbonation of waste cement paste 

With the increase of carbonation time, the pH value of the cement slurry decreases continuously, showing 
a trend of rapid decline first and then slow decline (Fig. 2(a)). Through the test results of XRD and TGA, 
the time-history curves of calcium hydroxide (Ca(OH)2) and CaCO3 content can be calculated. The 
content of both Ca(OH)2 and CaCO3 increases rapidly in the first 4.5h and slows down in the next 4h. 
After the 8.5h carbonation test, the content of CaCO3 was calculated to be 55.97% in the carbonated 
waste paste by XRD (Fig. 2(c)), and that by TGA was calculated to be 59.42% (Fig. 2(d)). This indicates 
that the carbonation test can generate more than 55% CaCO3 in the carbonated waste paste within 8.5h, 
which is because, under the high alkaline environment, the introduction of carbon dioxide rapidly 
converts the Ca(OH)2 in the cement waste slurry to CaCO3. However, as the carbonation time increases, 
the amount of Ca(OH)2 decreases, resulting in a reduction in the conversion rate.  

 
Fig. 2 Carbonation of waste cement paste. (a) pH of waste cement slurry after carbon dioxide injection. (b) 
XRD spectra; (c) Content of portlandite and calcite calculated from XRD; (d) TGA curves; (e) Content of 

portlandite and calcite calculated from TGA. 
3.2 Compressive strength 

Fig.3 depicts the compressive strength of mortars with different curing ages. The compressive strength of 
OPC is the highest at 3 days and 28 days among the three mixtures, whereas LC3 shows the lowest 
compressive strength regardless of the curing age. LC3-waste has a higher compressive strength than the 
counterpart of LC3, indicating that carbonated waste cement paste promotes cement hydration. It is worth 
noting that the 7-day compressive strength of LC3-waste is slightly higher than that of OPC, which may 
be due to the nucleation effect of calcium carbonate and the pozzolanic reaction of silica gel. The particle 
size of the limestone and the carbonated waste paste is at the same level, which means that the filling 
effect of the carbonated waste cement paste also contributes to the increased strength. The low 
compressive strength of LC3-waste and LC3 is attributed to their poor fluidity due to the presence of 
marine clay, which entraps some air bubbles in the matrix and thus deteriorates the compressive strength. 
The marine clay was found to increase the total porosity of cement mortar, resulting in a low mechanical 
strength (Dang et al (2020)). Moreover, the dilution effect reduces the compressive strength as well. 
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Fig. 3 Compressive strength of mortars with different curing ages. The dosage of WR is 1.3% for LC3-waste 

and LC3. 

4. Conclusions 

This work carbonated the waste cement paste by aqueous carbonation to produce carbonated products and 
amorphous silica gel and used the carbonated products to replace limestone to prepare LC3. Through the 
self-made rapid carbonation device, more than 55% content of CaCO3 can be generated within 8.5h. The 
compressive strength of LC3-waste is slightly higher than the OPC and LC3 at 7 days, while the 28-day 
strength of LC3-waste and LC3 is lower in comparison to the control mixture. Although the recycling of 
waste cement paste can be achieved by carbonation, the reduction in compressive strength of LC3-waste 
is bad for the application of the carbonated waste cement paste. Therefore, it is essential to optimize the 
formula of LC3 or use other chemical additives to increase the compressive strength and thus realize the 
application of this novel LC3 in the construction industry. 
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ABSTRACT 

Due to the lower calcification temperature and better carbon sequestration performance, calcium lime 
binders are accepted as sustainable alternatives to conventional Portland cement in masonry structures. 
However, calcium lime binders mainly get hardened through long-term carbonation, and the strength 
development is slow. To overcome this drawback and ensure the mechanical performance at early ages, 
mixtures of slaked lime (i.e., Ca(OH)2) and Portland cement are preferred in engineering practice. To 
investigate the hydration kinetics of lime-cement binders, especially to clarify the influence of lime-to-
cement ratio (l/c ratio), calorimetry tests, X-ray diffraction (XRD) and thermogravimetric analyses (TGA) 
were carried out on binders with four different lime-to-cement ratios (l/c=0.0, 0.5, 1.0, and 2.0). 
Compared to pure cement paste, earlier occurrence of the main hydration peak (i.e., formation of C-S-H) 
and shorter induction period were observed in lime-cement binders, suggesting that the hydration is 
facilitated by additional slaked lime. The acceleration effect was further proved by quantitative analyses 
of XRD results and TGA, as the consumption rates of all four major phases (i.e., C3S, C2S, C3A and 
C4AF) increased with l/c ratio, and quicker transformation from Ettringite to AFm phases were observed 
in lime-cement binders. Further comparisons with inert SiO2 fillers suggest that the acceleration effect is 
attributed to both physical and chemical influences, and detailed influence mechanisms will be 
investigated in future research. 

KEYWORDS: Slaked lime, Portland cement, hydration kinetics 

1. Introduction 

Compared to Portland cement, calcium lime is calcined at lower temperatures, and the material itself 
could absorb CO2 during the hardening process. Therefore, it is believed to be an ideal alternative to 
conventional cementitious materials in applications like plastering materials and joint materials between 
masonry blocks (Alvarez et al. 2021). However, one significant drawback of calcium lime binders is the 
poor early-age mechanical performance. Instead of gaining strength through hydration, calcium lime 
binders get hardened through carbonation, which may take months or even years. Therefore, in 
engineering practice, the mixture of calcium lime and conventional Portland cement is preferred to keep 
the balance between sustainability and mechanical properties (Gulbe et al. 2017). 
Several previous studies have investigated the hydration process of lime-cement binders. For example, 
Cizer (2009) observed that the induction period could be greatly shortened by additional slaked lime. 
Fourmentin et al. (2015) observed similar results in their tests. However, neither of these investigations 
discussed the influence during the whole hydration process, and the detailed influence of slaked lime on 
cement hydration is still unclear. 
Therefore, in this research, hydration process of four different lime-cement binders were investigated 
through the combined use of thermogravimetric analyses (TGA), X-ray diffraction (XRD) and 
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calorimetry. Based on these test results, hydration kinetics of lime-cement binders, as well as related 
influence mechanisms, will be discussed. 

2. Materials and Methods 

CEM I 42.5N cement from ENCI and CL-90S slaked lime from Lhoist were used in this research. 
Properties of these raw materials are summarized in Table 1. 

Table 1 Raw material properties 
Categories Properties (Units) Cement Lime Methods 

Physical 
properties 

Density (g/cm3) 3.15 2.30 Pycnometer 
Specific surface area (m2/g) 0.86 13.46 Nitrogen sorption (BET) 
Mean particle size D43 (μm)  29.41 15.56 Laser diffraction 

Chemical 
composition 

Alite C3S (%) 62.90 N/A XRD 
Belite C2S (%) 10.26 N/A XRD 

Alumina C3A (%) 5.70 N/A XRD 
Ferrite C4AF (%) 10.37 N/A XRD 

Portlandite CH (%) N/A 96.30 XRD/TG 
Calcite CĈ (%) N/A 3.70 XRD/TG 

Sulfates (%) 5.95 N/A XRD 
In order to investigate the influence of l/c ratio, three groups of lime-cement binders were considered in 
this research, and one group of pure cement paste was prepared for comparisons. Detailed mixture 
designs are presented in Table 2. It should be noted that, due to the large specific surface area of lime, a 
higher w/b ratio (0.8) was designed for all lime-cement binders to keep the consistency at a similar level. 

Table 2 Mixture designs 
Groups Lime-to-cement (l/c) ratio  Water-to-binder (w/b) ratio  
C100L0 0.0 0.6 
C67L33 0.5 

0.8 C50L50 1.0 
C33L67 2.0 

Following procedures recommended by Snellings et al. (2018), powder samples were collected after 6 
hours, 1 day, 3 days, 7 days and 14 days for TGA and XRD. In the former test, around 30mg sample was 
heated to 1200℃ at a rate of 10K/min. In the latter analysis, 10% silicon powder was added as the 
internal standard, and the sample was scanned from 5° 2θ to 75° 2θ, with a stepwise of 0.02° 2θ. 
Meanwhile, hydration heat release during the first 7 days (at 20℃) were measured through isothermal 
calorimetry. For comparisons, inert SiO2 fillers with a similar specific surface area (11.94m2/g) were also 
used to reflect the filler effect. All test results will be presented and discussed in the following section. 

3.Results and Discussions 

   
(a) Day 1 (b) Day 7 (c) Day 14 

Figure 1 Representative DTG curves of hydration products 

As shown in Figure 1, with the increase of lime content, the dehydration peak of Ca(OH)2 at around 
480℃ becomes more significant. Meanwhile, due to the inevitable existence of CaCO3 in slaked lime 
(shown in Table 1), decarbonation peaks at around 700℃ were observed in lime-cement binders. 
However, after several days, these peaks become less obvious, indicating that CaCO3 was consumed 
during the hydration process. As a result, calcium carboaluminate hydrate (C-A-Ĉ-H) was found in XRD 
tests (shown in Figure 2). 
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Regarding dehydration of other products, two peaks were observed between 50℃ and 300℃. The peak at 
around 100℃ appears right within the first day. This is mainly attributed to the rapid formation of 
ettringite and C-S-H. With the development of hydration, AFm phases are formed through continuous 
reactions between ettringite and cement clinkers. Therefore, the first peak gradually gets lower, and a new 
peak at around 170℃ grows with time. Other Afm phases, like C-A-Ĉ-H, should also contribute to the 
second peak, but their contributions should be marginal, as there is no obvious peak detected after 200℃. 
After 14 days, the second peak become dominant in lime-cement binders, while the first peak is still more 
obvious in pure cement paste. Therefore, it can be concluded that the additional slaked lime could 
facilitate the formation of AFm. 

  
(a) Day 1 (b) Day 14 

Figure 2 Typical XRD patterns of hydration products 

Such acceleration effect could be better reflected through quantitative analyses of tests mentioned above. 
By calculating mass losses between 50℃ and 300℃, and normalizing them with cement proportion, it is 
obvious that the normalized mass loss increases with the lime content. Even though the mass loss cannot 
be clearly attributed to the dehydration of one single phase, this indicator can still prove that the total 
amount of hydration products is greater in groups with more slaked lime inside (shown in Figure 3a). 

  
(a) Normalized mass losses observed in TGA (b) Hydration degrees of four major phases after 14 days 

Figure 3 Quantitative analyses of TGA and XRD results 

Through Rietveld refinements of XRD results, hydration degrees of four major hydraulic phases (i.e., 
C3S, C2S, C3A, C4AF) could be assessed (shown in Figure 3b). Despite the semi-quantitative nature of the 
analysis method, the accelerated hydration of all four phases is still obvious. However, the acceleration 
effect seems less relevant to the lime content, but vary significantly among different phases. For C3S, C3A 
and C4AF, hydration degrees were increased by 8%-12%, while for C2S, the increment is less obvious. A 
possible explanation to these phenomena is that the rapid hydration in early ages. Due to the growth of 
hydration products, further hydration reactions, especially the hydration of C2S, could be greatly 
hindered, so the influence of slaked lime becomes less significant.  
Several possible explanations to the acceleration effect have been proposed in previous investigations 
(e.g., Cizer 2009, Fourmentin et al. 2015), and among them the most reasonable one is the filler effect. 
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Due to the limited solubility of Ca(OH)2, most of the slaked lime will not dissolve during the mixing 
process, and therefore could provide additional precipitation surface for hydration products. However, 
through comparisons with inert SiO2 fillers (shown in Figure 4), it is clear that the induction period is 
significantly shorter in lime-cement binders, and the peak heat flow is also greater. Given that the surface 
area of inert SiO2 fillers is similar to that of slaked lime particles, the decrease in the induction period 
should be more likely attributed to chemical effects, like higher affinity to hydration products and higher 
calcium concentration in pore solution systems. The detailed influence mechanism will be further 
investigated through ICP-OES tests and microscopy observations. 

  
(a) Lime-cement binders (b) Cement pastes with SiO2 fillers 

Figure 4 Heat release during the hydration process 

4. Conclusions 

In this research, hydration process of four typical lime-cement binders has been investigated, and related 
influence mechanisms have been briefly discussed. Within the scope of this research, the following 
conclusions could be drawn: 
(1) The additional slaked lime could facilitate the formation of ettringite and C-S-H, as well as the 
formation of AFm. 
(2) Hydration of all four hydraulic phases could be accelerated by slaked lime, but the acceleration effect 
is less significant on C2S. This phenomenon may be related to the rapid formation of hydration products. 
(3) The acceleration effect should be not only attributed to physical filler effect, but also related to 
chemical effects, which will be investigated in future research. 
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ABSTRACT 
Five kaolinitic clays with different amounts of kaolinite, ranging between ~70 wt% and ~30 wt%, have 
been studied to unravel the possible activation effect of alkanolamines on the aluminate fraction of 
calcined clays. This is of interest for enhancing the reactivity of LC3 binders. These clays were calcinated 
at 860ºC for 4 h and ground to particle sizes of DV,50 ~10 µm. Three alkanolamines were selected: 
triisopropanolamine (TIPA), triethanolamine (TEA) and methyldiethanolamine (MDEOA), added in two 
dosages, 0.025 and 0.050 wt% (by weight of calcined clay, bwcc). The role of alkanolamines as activators 
in calcined clays was assessed following the ASTM c1897 standard bases on R3-tests. Concretely, first by 
measuring the heat evolved due to the pozzolanic reaction of the calcined clay and Ca(OH)2 (i.e. R3 
mixture) by isothermal calorimetry at 40ºC during 7 days, and second, the bounded water by measuring 
the weight loss of R3 mixture after heating them at 350ºC.This study concludes that there is no significant 
activation of the pozzolanic activity of kaolinitic calcined clays just by adding alkanolamines. However, a 
mild activation was observed, i.e., higher heat evolved up to 7 days, by adding 0.05 wt% bwcc of TIPA, 
TEA and MDEOA to a high kaolinite content disordered metakaolin with high specific surface area 
calcined clay.  

KEYWORDS: Alkanolamine activator, kaolinitic calcined clay, isothermal calorimetry. 

1. Introduction 

The reduction of the clinker factor is the best current way to decrease the CO2 footprint of cement 
industry. Calcined clays (containing more than 40 wt% of kaolinite) are being used in limestone calcined 
clays cements, LC3, due to their inherent pozzolanic activity (Sharma et al., 2021). Moreover, due to the 
shortage of traditional supplementary cementitious materials (SCMs), calcined clays are promising 
alternatives (Yoon et al., 2022). These low clinker factor cements are considered as low CO2 materials, 
with enhanced durability and long-term mechanical strengths. However, their main drawback is the poor 
early mechanical strengths, due to their slow hydration rate (Juenger et al., 2019). The use of chemical 
admixture to address this challenging is well spread, and recently, alkanolamines used as 
accelerators/activators of low CO2 cements are attracting special attention (Dorn et al., 2022). Most of the 
studies agree that alkanolamines promotes the hydration of C3A and C4AF, also in LC3 (Huang et al., 
2021; Zunino and Scrivener, 2021). However, there is a gap in the knowledge of the effect of 
alkanolamine in the pozzolanic activity of the aluminate fraction of calcined clays. Here, the study of the 
effect on the pozzolanic activity of five different kaolinite content clays with three different 
alkanolamines, in two dosages is presented. The final goal was to determine the possible admixture 
activation of the kaolinitic calcined clays as a first step before moving to early-age low-carbon cement 
activation by the admixture usage.  

2. Materials 

Five Spanish raw clays (rc) were selected: rc1 (CVPM3B-2021, by Arcimusa, S.A., Zaragoza); rc2 
(SY(A)-1-2021, by Comercial Silices y Caolines de Aragón S.L., Teruel); rc3 (F-35-2021, by Caolines de 
Vimianzo, S.A.U., A Coruña); rc4 (Kaolin-CN-2021, by Caobar S.A., Guadalajara); and rc5 (Kaolin-C-
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2021, by Caobar S.A., Guadalajara). The five raw clays were dried at 105ºC for 2h in a furnace. The 
elemental compositions, determined by X-Ray Fluoresce (XRF), for all the raw clays are given in Table 
1. The elemental composition of the calcined clays (see below) are also included in Table 1. 

Table 1. Elemental compositions, determined by XRF, expressed as weight percentage of oxides (wt%) and 
loss on ignition (LOI) for the raw (rc#) and calcined at 800ºC(cc#) clays. Numbers in brackets: standard 

deviation. 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Other LOI 

rc1 50.3(4) 29.3(2) 6.8(2) 0.19(1) 0.27(3) 0.17(1) - 0.28(2
) 

1.89(2) 0.046(4) 0.16 10.5 
cc1 54.7(4) 33.5(2) 7.1(2) 0.54(4) 0.13(3) 0.20(1) - 0.33(3

) 
2.16(2) - 0.25 1.1 

rc2 55.3(4) 29.3(2) 1.17(8) 0.23(1) 0.33(4) 0.23(1) 0.19(3
) 

3.3(1) 0.49(1) 0.047(5) 0.5 9.3 
cc2 60.4(4) 32.0(2) 1.34(8) 0.26(2) 0.35(4) 0.25(1) 0.18(3

) 
3.6(2) 0.56(1) 0.044(5) 0.04 1.0 

rc3 54.1(4) 30.2(2) 1.59(9) 0.022(2
) 

0.33(4) - 0.28(3
) 

4.8(2) 0.20(1) 0.054(4) 0.69 16 
cc3 58.9(4) 32.4(2) 1.79(9) 0.037(3

) 
0.35(4) 0.020(4) 0.30(3

) 
5.3(2) 0.231(4) 0.049(5) 0.03 0.7 

rc4 72.6(3) 20.5(2) 0.23(2) 0.075(5
) 

0.07(2) - - 1.1(1) 0.17(1) 0.029(4) 0.02 5.2 
cc4 76.5(3) 20.5(2) 0.27(2) 0.104(8

) 
0.080(2) 0.030(5) - 1.4(1) 0.175(3) 0.019(5) 0.00 1.0 

rc5 76.6(3) 14.8(2) 0.18(1) 0.061(4
) 

0.08(2) - - 1.3(1) 0.14(1) 0.021(4) 0.02 6.9 
cc5 81.4(3) 16.4(2) 0.21(2) 0.077(6

) 
0.05(2) 0.013(5) - 1.33(9

) 
0.157(3) 0.019(5) 0.01 0.3 

The dried clays were mixed with ~20.0 wt% α-Al2O3, as internal standard, to determine the full phase 
contents, including the amorphous and not quantified crystalline content, ACn, by analysing the powder 
patterns by the Rietveld method (De la Torre et al., 2001). The raw clays were activated in an industrial 
brick kiln at 860ºC for 4 hours and milled in a ball milling equipment up to particle sizes given in Table 
2. Three alkanolamine from Sigma Aldrich were selected: triisopropanolamine (TIPA), triethanolamine 
(TEA) and methyldiethanolamine (MDEOA). 

3. Methodologies: characterization techniques. 

Table 2 gives the particle size distribution (PSD), BET specific surface area and density for the five 
calcined clays (cc), obtained as detailed elsewhere (Bernal et al., 2021). The PSD was computed using 
MIE-non-spherical methodology with a refractive index of 1.55 and an absorption index of 0.1 for cc1 
and 0.01 for the remaining calcined clays. 

Table 2. Textural properties and mass densities of the calcined clays. 
 cc1 cc2 cc3 cc4 cc5 

Dv,10 (µm) 0.87 2.79 2.14 2.47 2.69 
Dv,50 (µm) 8.4 11.8 11.8 12.0 12.3 
Dv,90 (µm) 41.4 58.9 51.6 47.0 47.8 

BET (m2/g) 27.3 10.0 7.6 4.0 3.2 
ρ (g/cm3) 2.71 2.63 2.63 2.63 2.61 

Laboratory X-Ray Powder Diffraction (LXRPD) data of rc2 and rc3 with internal standard were collected 
on a D8 ADVANCE (Bruker AXS) and the mixtures with rc1, rc4 and rc5 on a X’PertPro (PANalytical) 
diffractometers. D8 ADVANCE and X’PertPro are equipped with Johansson monochromators to have 
strictly monochromatic, Mo-Kα1 (λ=0.7093 Å) and Cu-Kα1 (λ=1.54099 Å) radiations respectively. 
Rietveld quantitative phases analyses (RQPA) were performed using the GSAS suite of programs and the 
EXPGUI graphic interface. Thermogravimetric analysis (TGA) measurements for all the dried raw clays 
were performed in a SDT-Q600 analyser from TA instruments (New Castle, DE). The temperature was 
raised to 1000ºC at a heating rate of 10 ºC/min. The assessment of the role as activators of alkanolamines 
directly in calcined clays was performed following the ASTM c1897 (based on R3-test). The R3 mixture 
(calcined clay and alkaline solution) consisted on Ca(OH)2/calcined clay=3.0, CaCO3/calcined clay=0.50 
and water/solid=1.20, as detailed in the standard. The alkanolamines were added in two dosages, 0.025 
and 0.050 wt% bwcc. The R3-mixtures were introduced in an eight channels Thermal Activity Monitor 
(TAM) isothermal calorimeter at 40ºC during 7 days using glass ampoules and water as reference. The 
heat evolved was normalized to the mass of calcined clay and reported from 75 minutes to 7 days. 
Moreover, the chemically bounded water (BW) was carried out by measuring the weight loss of the R3 
mixtures (30 g) at 7 days after thermal treatment from 40ºC to 350ºC in a furnace. The amount of 
bounded water is given by g/100g of calcined clay. 
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4. Results and discussion 

4.1 Clays characterization. 

The RQPA, including the ACn (amorphous and crystalline non-quantified) content, of the dried raw clays 
are given in Table 3. It is observed that all the clays contain kaolinite and quartz. Moreover, all, except 
rc1, contains microcline and muscovite. It is noted that the amorphous fraction may contains a fraction of 
kaolinite. Therefore, the reported values are minimum contents. 

Table 3. RQPA, including the ACn, of the dried raw clays. 
 Kaolinite Muscovite Fe2O3 Quartz Anatase Rutile Microcline Calcite ACn 
rc1 72.9 - 2.5 11.1 1.5 0.9 - 1.6 9.4 
rc2 54.9 3.4 - 12.8 - 0.6 8.1 - 20.2 
rc3 48.8 24.9 - 11.4 - 0.7 4.2 - 9.9 
rc4 20.3 5.7 0.3 47.5 0.6 - 4.4 - 21.3 
rc5 16.8 3.1 0.2 53.6 0.4 - 4.6 - 21.2 

The content of kaolinite in the pristine clays have been assessed by four methodologies: i) RQPA 
including the ACn content, Table 3; ii) TGA of dried samples (Avet and Scrivener, 2018); iii) from the 
Al2O3 content by XRF, excluding the Al2O3 content within the other phases determined by RQPA; and iv) 
mineral intensity factor (MIF) (Schultz, 1964). The four values for each raw clay, and the final 
estimations are given in Table 4. The final contents are given as the average of the first three 
measurements. It seems that MIF approach consistently gives underestimated values. 
Table 4. Kaolinite content (wt%) determined by different methodologies of the raw clays. Average of the four 

measurements and standard deviation are also included. 
Kaolinite content (wt%) rc1 rc2 rc3 rc4 rc5 

TGA  76.3 55.3 50.8 44.7 36.1 
RQPA 72.9 54.9 48.8 20.3 16.8 

XRF 74.2 67.2 48.8 44.5 32.4 
MIF 61 53 27 24 17 

Final Kaolinite content 74 59 49 37 29 

4.2 Effect of alkanolamine on pozzolanic activity of calcined clays. 

Figures 1a and 1b show the heat evolved by all the R3 mixtures up to 7 days.  

 
Figure 1. (a) and (b) Total heat curves for R3 mixtures without and with alkanolamines up to 7 days. (c) Heat 

flow of cc1 without and with alkanolamines up to 24 hours. 
As expected, cc1 evolves higher heat at any time, due to the highest content of kaolinite in the pristine 
clay, the lowest PSD and the highest BET surface area of the calcined clay. In addition, it has been 
recently published that this calcined clay presents a highly disorder metakaolin, with higher amounts of 
Al(V) (Bernal et al., 2022). The most relevant result here is that the additions of 0.025% and 0.05% bwcc 
of any alkanolamine have almost negligible effects on the heat evolved by all calcined clays, except for 
cc1 (Fig. 1a and 1b). For cc1, the addition of TIPA increased the total heat released at 7 days, from 737 
J/gcc to ~780 J/gcc, for the two studied dosages. For TEA and MDEOA, the low dosage, 0.025 wt% bwcc 
decreased the total heat when compared to the reference cc1, while the addition of 0.05 wt% bwcc 
enhanced it. Figure 1c shows the heat flow up to 24 hours of cc1 without and with the selected 
alkanolamines. The first signal observed before ~3 h, is likely due to the dissolution of cc1 on the alkaline 
solution. On the one hand, it is observed that the addition of 0.025 wt% bwcc of TEA and MDEOA 
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slightly decreased these signals while TIPA enhanced it. On the other hand, these signals are more intense 
in R3 mixtures with 0.05 wt% bwcc of the three alkanolamine, indicating an enhancement in the 
dissolution rate of the calcined clay components. The broad peak observed between 3 and 16 h is likely 
due to the reaction of cc1 components with the alkaline solution, to give C-A-S-H type products and 
possibly, calcium aluminate hydrates, AFm type (Avet et al., 2016). This signal is not significantly 
modified by the addition of alkanolamines. The bounded water obtained after 7 days for cc1-Ref, cc2-
Ref, cc3-Ref, cc4-Ref and cc5-Ref are 12.1, 9.8, 9.4, 9.7 and 8.0 g/100 g dried R3 mixture. The addition 
of the studied alkanolamines, in the employed dosages, has had a negligible impact on these values, 
showing that the formed hydrated products have not been modified nor in amount neither in type. For 
TIPA addition to cc1, the BW increased to 12.1 and 12.3 wt% for 0.025 and 0.05% dosages. We consider 
this variation within the variability of the measurements, and hence, an increase of BW could not be 
firmly established. 

5. Conclusions 

Alkanolamines, TIPA, TEA and MDEOA, do not enhance the pozzolanic activity of typical calcined 
clays. It has been observed a mild increase in the dissolution rate by the addition of 0.05 wt% bwcc of the 
three alkanolamines for the calcined clay with higher kaolinite content, highly disordered metakaolin, 
lower particle size and higher specific surface area. We speculate that this dosage of alkanolamine has 
enhanced the dissolution rate of the aluminate fraction of the metakaolin which is richer in Al(V). 
However, the nature and amount of the pozzolanic hydrated products is not modified since the bounded 
water remains constant with the addition of alkanolamines. 
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ABSTRACT 
 

The abundant availability of shale across the world and its pozzolanic and hydraulic properties make it a 
promising SCM. Two shales CRS and SRS were collected from two different locations to study about the 
rheological properties of the blended cement paste. Mini-slump test was performed for optimizing the 
amount of water and super plasticizer for different mixes. A polycarboxylic ether based super plasticizer 
was used as it can actively reduce the amount of water. The rheological properties of the blended cement 
paste with shale were investigated using Brookefield Rheometer at a constant shear rate of 5 to 150 s-1. 
Cement was replaced with 30% raw and mechanically activated shale and the mechanical activation was 
carried out by grinding in a planetary ball mill of 200rpm. The cement paste with mechanically activated 
shale exhibited a lower yield stress than the raw shale which shows that less energy is required to make 
the material flow. Yield stress shows the amount of energy needed to de-flocculate the paste and make it 
flow. Mechanical activation has reduced the grain size of shale thus decreasing the energy for 
deflocculation hence reducing yield stress. Cement paste with mechanically activated shale showed better 
rheological behaviour compared to raw shale mixes. 
 
KEYWORDS: Shale, Mechanical Activation, Rheology, Yield Stress, Thixotropic behavior  

1. Introduction 

Cement production is an energy intensive process as it emits carbon dioxide into the atmosphere. It 
accounts for 6 to 8% of anthropogenic CO2 emissions because of its extensive production and 
consumption [1]. The de-carbonation of limestone during the clinkering process is responsible for about 
60% of the CO2 produced during the manufacturing of Portland cement. Supplementary cementitious 
materials are materials which exhibit pozzolanic and hydraulic properties and have capability to partially 
replace cement [2].  The use of SCMs in place of Portland cement has already become a widely 
researched area in recent years. Previously many studies have been carried out on the use of ground 
granulated blast furnace slag, fly ash, and metakaolin as SCMs [3-5]. Among these the most commonly 
used SCM across the world is fly ash. Studies have shown that the resources of above mentioned SCMs 
are becoming scarce and are located far from cement consumers[6]. This availability issues has led to the 
need to explore new and novel SCMs.  
Clay shale is a less explored material which has physical and chemical properties that makes them a 
promising SCM[7]. Shale is the most common sedimentary rock, accounting for about 70% percent of the 
rock in the earth's crust. Based on how it settled inside its parent rock formations, each natural shale has a 
unique makeup. The Calcareous Shale comprises 20–35% CaCO3 (marls and shaly chalk, 35–65%), 70–
85% amorphous silica, 25–35% Fe2O3, and 70–85% siliceous shale. India's clay shale resource 
availability is about 34.6 million tons from 2015 the total production of shale as follows; Himachal 
Pradesh contributing 46%, Karnataka 23%, Madhya Pradesh 14%, Maharashtra 11%, and the 
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remaining 6% percent contributed by Andhra Pradesh & Telangana. Many studies have shown that 
SCMs replacement upto 30% can improve microstructure and overall quality of cement based materials.  
Studies have shown that workability and rheological properties of cement paste can be positively 
impacted by the addition of cementitious materials [8-10].  Fineness of materials in cement paste can 
positively influence the rheological properties of cement paste by reducing the yield stress values [11]. 
When shear forces are applied and withdrawn, cement paste reacts in a thixotropic way; agglomerated 
cement particles will separate under stress, causing a reduction in viscosity, but rebuild over time once the 
stress is removed, leading to an increase in viscosity. The fresh state of concrete depends on this 
reversible feature, which has attracted a lot of attention in recent years[12].The main intention of carrying 
out this research as studies related to rheological behaviour of shale as SCM is very limited, how ever   
rheological behavioural study of shale gives idea on the viscoelastic flow behaviour of material as it is 
directly relaated to strength of material produced. In this study two shales, one calcium rich shale (CRS) 
and one silica rich shale (SRS) was collected from Kadapa region in Andhra Pradesh. CRS was collected 
from Dalmia cement plant in Kadapa and SRS was collected at a location far away from cement plant. 
The rheological properties of cement paste mixes with 30% shale will be studied. As mechanical 
activation proved to be an effective method in improving the efficiency of SCMs, a comparison of effect 
of raw and mechanically activated shale in rheology of cement paste will also be studied. 
 
 
2. Materials and Methods 

2.1 Materials 

Ordinary Portland cement conforming to BIS specification IS:12269-1987 [13] was used. From the 
geological settlements of sedimentary rocks across India, two shales were identified. One CRS and SRS 
collected from Kadapa in Andhra Pradesh was used for the study. The chemical composition of materials 
used is specified in Table 1. Superplasticizer used for the study is Master Glenium SKY with relative 
density of 1.08  0.02. Particle size, specific gravity and relative density of raw materials are shown in 
Table 2. As per ASTM C618 - 12a the selected shale samples has satisfied minimum 50 - 70% of primary 
oxides SiO2+Fe2O3+ Al2O3.  
 

Table 1. Chemical composition of raw materials 
 

 
Materials 

Major oxides (%) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O 

Cement 15.67 5.21 1.25 64.21 0.78 2.67 0.23 
Kadapa-Dalmiapuram Shale 47.31 11.43 6.81 14.35 1.80 0.37 0.57 

Kadapa Shale 64.38 14.71 7.25 1.20 1.94 0.10 0.45 
 

 
Table 2. Physical properties of raw materials 

 
Materials  Type Average Particle 

Size (µ) 
Specific gravity 

(g/cc) 
Relative Density  

Cement OPC 20.215 3.15 - 
Kadapa Dalmiapuram Raw 315.252 2.29 - 

Mechanically 
Activated 

17.8 - - 

Kadapa Raw 94.610 2.26 - 
Mechanically 

Activated 
17.982 - - 

Master Glenium SKY 
8233 

- - - 1.08  0.02 
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2.2 Methods 
 
Raw shale and mechanically activated shale were used for making blended cement paste. Mechanical 
activation of CRS and SRS was carried out in a planetary ball mill of jar length 75mm and speed 200rpm 
with 30 zirconia balls of 10mm diameter for a time period of 120 minutes and 90 minutes respectively.  
The flow behaviour of super plasticized cement paste with 30% shale has been studied using the mini-
slump test created by Kantro [10]. A constant water cement ratio of 0.3 was used and super plasticizer 
dosage was optimized using mini slump test. The super plasticizer dosage was altered to get a flow of 12 
to 13cm.  AMTEK Brookfield rheometer (gap width =1 mm) coupled with Rheo 3000 software was used 
for the rheological experiments. For ensuring the homogeneity all the mixes were prepared without any 
lumps at a speed of 65 rpm for 2 minutes and placed in the rheometer plate within 60s. Shear rate was 
gradually increased first from 5 to 150 s-1 and then decreased to 5 s-1 in 120 load steps. 
 
3. Results and Discussions 

The flow curve was plotted using the shear stress and shear rate values obtained from the rheological 
studies. The values obtained were compared using Bingham model. Bingham model is the most 
commonly used and widely accepted model for studying the rheological behaviour of cement paste. The 
Bingham equation is 

 
where ,   and  are considered as the shear stress, yield stress, plastic viscosity and shear rate 

respectively. 
  
Fig 1 shows the shear stress vs shear rate graph of raw and mechanically activated CRS. The graph shows 
that when shear rate is increased the shear also increases this trend is observed due to the deflocculation 
of particles on the application of shear. From the graph the yield stress of mechanically activated shale is  
-3.92Pa and that of raw shale is -11.25Pa.As per Bingham model both raw and mechanically activated 
CRS showed a shear thickening behaviour with negative yield stress. Table 3 shows the flow parameters 
based on Bingham Model 
 
The shear stress vs. shear rate graph of raw and mechanically activated SRS is shown in Fig.2. Since 
particles deflocculate when shear is applied, the graph demonstrates a trend whereby shear stress 
increases as shear rate increases. According to the graph, mechanically activated shale has a yield stress   
-17.56Pa and raw shale showed a yield stress of -38.21Pa. The negative yield stres shows that both raw 
and activated SRS shows a shear thickening behaviour. 
 

         
           Fig. 1                                                                        Fig. 2                                                                    

Fig. 1 Shear stress vs shear rate graph of raw and mechanically activated CRS 
Fig. 2 Shear stress vs shear rate graph of raw and mechanically activated SRS 

    Mechanically activated shale 

      Raw shale 

   Mechanically activated shale 

     Raw shale 
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Table 3 Flow parameters based on Bingham Model 
 
 

 
 
 
 
 
 
 
CRS had a lesser yield stress when compared to SRS this can be due to better grinding effciency and 
lessser particle size. Silica rich shales have higher quartz content which makes it difficult to grind due to 
higher hardness of quartz mineral. Both the shales showed a thixotropic behaviour due to gradual break 
down of the agglomorates when shear stress applied and reduced gradually [8]. The results indicated that 
the mixes with mechanically activated shale samples exhibited a lower yield stress than the mixes with 
raw shale samples which shows that less energy is required to make the material flow. 
                                                
4. Conclusions 
 

Based on the experimental study the following conclusions were drawn 
 Yield stress of mechanically activated CRS was less than that of raw due to lesser particle size 

and more workability. 
 Yield stress of mechanically activated SRS was found to be less than that of raw due to the 

fineness of the activated shale. 
 The rheological property of both mechanically activated shales was better than that of raw shales 

due to the structural break down and reduction in size. 
 The results indicated that the mixes with mechanically activated shale exhibited a lower yield 

stress than the mixes with raw shale which shows that less energy is required to make the material 
flow. 
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Bingham Model 

  
 

CRS 
Raw 3.9287 2.474 

Mechanically Activated 11.253 1.696 
 

SRS 
Raw 38.212 2.136 

Mechanically Activated 17.561 3.453 
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ABSTRACT 
High silica fume content used in UHPC can increase viscosity and render agglomeration issue, leading to 
entrapped air bubbles and reduced mechamical properties related with fiber cluster issues. This study 
investigates the influecne of silica fume content, ranging from 0 to 25%, by mass of cementitious 
materials, on rheological and tensile properties of non-fibrous UHPC matrix and UHPC made with 2% 
micro-steel fibers. Mixtures containing cement and silica fume with targeted mini-slump flow of 280 ± 10 
mm were prepared. Test results showed that the highest tensile properties was found on UHPC with 10% 
to 15% silica fume. The tensile strengths were increased by 65% - 85% in comparirion to the reference 
mixture without any silica fume. This was consistent with lower viscosity and more uniform fiber 
dispersion and orientation. The findings from the research highlight the importance of rheology 
associated with raw materials to modulate tensile properties of UHPC. 

 
KEYWORDS: Rheology, silica fume, tensile properties, UHPC 

1. Introduction 

Properly designed ultra-high performance concrete (UHPC) can deliver high flowability with self-
consolidation, high strength and toughness, superior durability, and self-healing ability (De Larrard and 
Sedran 1994). Silica fume is a critical component in producing UHPC, which plays a significant role in 
affecting its overall performance due to its high amorphous SiO2 content and fine and spherical particle 
size. Previous investigations indicated that the typical silica fume content used in UHPC mixture is 
approximately 20% to 30%, by mass of cementitious materials (Russell and Graybeal 2013). Such 
substitution can result in low Ca(OH)2 content and porosity, improved fiber-matrix bond, and enhanced 
compressive and flexural strengths of UHPC (Wu et al. 2016; Chan and Chu 2014). Lower silica fume 
content, ranging from 5% to 15%, can be also found in some published articles, given the material 
characteristics and mixture proportion (Arora et al. 2018).  
Depending on silica fume content and other mixture design characteristics, silica fume produces a double-
edged sword effect on the performance and cost-effectiveness of UHPC. Low silica fume content can 
reduce plastic viscosity with limited improvement in microstructure and performance of UHPC. High 
substitution content can ensure sufficient pozzolanic reaction and pore refinement, but can increase 
viscosity. It was observed that UHPC mixture prepared with high amount of cement and silica fume is 
very viscous (Wu et al. 2016). This can lead to the entrapment of air voids during mixing and casting and 
the risk of having non-uniform fiber dispersion, and eventually reduced mechanical properties (Wu et al. 
2016; Arora et al. 2018; Meng and Khayat 2017). Therefore, developing UHPC with optimal silica fume 
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content and appropriate rheology can lead to denser microstructure and uniform fiber dispersion to benefit 
mechanical properties.  
The main objective of this research is to evaluate the influence of silica fume content, varying from 0 - 
25%, by mass of cementitious materials, on rheological and tensile properties of non-fibrous UHPC 
matrix and UHPC made with 2% micro-steel fibers. The slump flows of the tested mixtures were fixed at 
280 ± 10 mm to ensure self-consolidation. The findings from the research highlight the importance of 
rheology associated with silica fume content to modulate tensile properties of UHPC. 
 
2. Materials and mixture design 

2.1 Raw Materials  

The binder materials used in this study included ASTM C150 Type III Portland cement and silica fume 
(SF). The mean diameter and Brunauer-Emmet-Teller surface area of silica fume are about 0.15 μm and 
18,200 m2/kg, respectively. Well-graded river sand with size range of 0 - 4.75 mm and masonry sand with 
size in the range of 0 - 2 mm with specific gravities of 2.64 were used. Straight brass-coated steel fibers 
with a diameter of 0.2 mm and a length of 13 mm were used. They show tensile strength and elasticity 
modulus of 1.9 and 203 GPa, respectively. A polycarboxylate-based high-range water reducer (HRWR) 
with a solid mass content of 23% was incorporated.  
 
2.2 Mixture proportion  

Non-fibrous UHPC matrix and UHPC with 2% steel fibers were employed in this study. The mixtures 
had a fixed water-to-binder ratio (w/b) of 0.18 and a sand-to-binder ratio of 1.0. Five silica fume contents, 
varying from 0 to 25%, were employed. The HRWR dosage was adjusted to obtain a mini-slump flow of 
280 ± 10 mm as measured with the mini-cone test without any jolting. The six UHPC mixtures 
incorporating 0, 5%, 10%, 15%, 20%, and 25% silica fume were designated as SF0-2, SF5-2, SF10-2, 
SF15-2, SF20-2, and SF25-2, respectively. 
 
2.3 Specimen preparation 

All mixtures were prepared using a Hobart mixer at room temperature. UHPC dog-bone specimens made 
with 2% steel fibers were cast from one end of the mold. The mixture was naturally flowed to the other 
end of the mold to ensure natural-oriented fibers without any intervention. All the specimens were cast 
and demolded and then cured in lime-saturated water at room temperature of 20 ± 2 °C and 95% relative 
humidity until testing age of 28 d. 
 
3. Testing methods 

3.1 Rheological Properties 

A ConTech 5 coaxial cylinders rheometer was employed to determine yield stress and viscosity of the 
UHPC matrix and UHPC. Typically, the measurements began at 10 min after water addition with samples 
subjected to pre-shear at a rotational velocity of 0.50 rps for 35 s followed by seven steps of decreasing 
rotational velocities at a step duration of 5 s. The yield stress and linear term (viscosity) were determined 
through applying the modified Bingham model given the fact that the majority of the flow curves were 
non-linear.  
 
3.2 Tensile behavior 

Direct tensile testing was conducted using big dog-bone specimens measuring 25 mm in thickness and 
526 mm in length with a narrow neck width and length of 50 and 175 mm, respectively. Load frame with 
a capacity of 250 kN was used to conduct the tensile tests at a displacement rate of 0.5 mm/min. Each end 
of the specimen was held by a fixture gripped on the load frame using a ball hinge connection. Extension 
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of the specimen was obtained from two linear variable differential transducer (LVDTs) attached to the 
frame over a gage length of 160 mm. Three specimens were averaged for each mixture. 
 
4. Results and discussion 

4.1 Rheological properties 

Fig. 1 shows the yield stress and viscosity (linear term of the modified Bingham model) of the 
investigated mixtures. The yield stress, minimum stress to initiate the flow of the UHPC matrix, was 
ranged between 34 and 41 Pa at a fixed mini-slump flow of 280 ± 10 mm. The incorporation of 10% - 
15% silica fume reduced the lower viscosity. Besides, the incorporation of steel fibers further increased 
the yield stress and viscosity to 70 - 80 Pa and 48 - 85 Pa.s, respectively. This is because the increased 
resistance to flow associated with interlocking effect between steel fibers and surrounding particles, thus 
increasing the viscosity of UHPC (Khayat and Roussel 2000). 

    
Figure 1. Change in rheological properties of UHPC matrix and UHPC with silica fume 

content: (a) yield stress; (b) viscosity. 
 

4.2 Tensile behavior 

Figure 2(a) illustrates the tensile load-extension relationships of UHPC mixtures made with different 
silica fume contents, and Figure 2(b) shows the calculated tensile strengths. The tested mixtures exhibited 
linear tensile load-extension behavior up to the peak load at a small extension of 0.01 mm, followed by 
gradually decreasing branch. With the increase of silica fume content up to 10%, the tensile strength 
increased before exhibiting some drop. The use of 10% - 15% silica fume enhanced the tensile strengths 
of the UHPC matrix and UHPC by 100% - 150% and 65% - 85%, respectively, compared to the reference 
mixtures. The tensile strength of the UHPC made with 25% silica fume was slightly greater (approximate 
1 MPa) than that without any silica fume. This agrees well with the previous rheological results. 
 

    
Figure 2. Tensile properties of UHPC: (a) load-extension relationships; (b) tensile strength. 
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5. Conclusions 

The following conclusions can be drawn based on the results from this research: 
(1) The HRWR demands for the non-fibrous matrix and UHPC at a fixed mini-slump flow decreased 
initially with the increase of silica fume content and then increased with further addition of silica fume. 
The HRWR demands were 2% to 3% and 4% to 8% for the matrix and UHPC, respectively. The 
incorporation of 10% - 15% silica fume resulted in lower viscosity in comparison with other mixtures.  
(2) The optimal silica fume content for tensile properties of UHPC was found to be 10%-15%. Compared 
to the reference mixture, the tensile strengths of the optimized UHPC mixtures were enhanced by 65% - 
85%. This is attributed to uniform fiber dispersion and orientation as confirmed by visual observation of 
the tensile cracking path during eperiment. 
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ABSTRACT 

Nowadays, clay on aggregates is one of many challenges facing the concrete industry due to the high affinity 
between the polycarboxylate superplasticizer (SP) technology that affects the concrete performance in the fresh 
and hardened state. The use of aggregates contaminated with clay is limited, so from a sustainability perspective, 
finding a solution that promotes its use and reaches the desired performance is a need. One of the solutions 
available to mitigate water demand and admixture dosage for cement dispersion is using sacrificial agents. Two 
types of commercial sacrificial agents were tested at mortar and concrete, identifying the potential adjustments 
for two types of clayey fractions in sands available for ready-mix production. First, XRD and TG for the sand 
(NS1) suggest kaolinite and illite clay presence (T-O type) on the fine sand fraction. At the same time, the second 
sand (NS2) was identified as smectite-type clay (T-O-T type).  

For the equivalent mortar test following the ASTM C 1810 water reduction, and superplasticizer dosage 
optimization were tested at different dosages for clay mitigators, measuring the impact on workability, and mix 
aspect. One main finding of this study suggests that sacrificial agents could be as specific as the type of clayey 
fraction on the sand and could be limited based on sand availability. On the other hand, the amount of sacrificial 
agent required to keep water demand under control and SP dosage just for cement dispersion is higher (0.3 %- 
0.7 % w/w of sand proportion) despite the low amount of clayey fraction, which could impact around 30 % of 
the concrete cost and just a cement reduction about 6% of total cement content.  

KEYWORDS: Polycarboxylate Superplasticizer, clay, aggregates, cement-based materials, sacrificial agent 

1. Introduction 
 
The use of superplasticizer admixtures in the production of concrete has enabled the development of products 
with high workability, as well as concretes with low water-cement ratio (a/c), self-compacting properties, and 
high-performance concretes with excellent durability performance (Ramachandran, 2002). Polycarboxylate 
technology changed the way of thinking about concrete production and defining new design strategies and new 
properties for concrete mixes. However, some authors such as Ng et al. (2012), Norwell et al. (2007), Muñoz et 
al. (2010), Ma et al. (2020), and Jardine et al. (2003) have noted that this type of technology responds poorly in 
the presence of clayey fractions in the binder or in the aggregate as impurities, which is associated with a high-
water demand and a reduction in compressive strength, poor workability, and an increase in admixture dosage. 

 
Based on these findings, tests were conducted on mortar and concrete to determine the advantages and 
disadvantages of two commercial sacrificial agents to identify the benefits-oriented to maintain concrete 
performance while using less cement content to lower CO2 emissions. 

2.  Materials and methods 
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The cement type used in mortar and concrete reaches 45 MPa at 28 days. Two sources of sand samples were 
chosen for this study where one is an alluvial source (NS1), and the second sample is natural sand (NS2) from 
igneous rock. A second sample for the NS1 mine, CF-NS1 was examined to get a rejected material rich in clayey 
fractions that support the clay identification.  

The XRF oxide components were evaluated using Axios Panalytical and the XRD patterns were assessed using 
Panalytical X'Pert PRO. The grading curves using the ASTM C 33 protocol. The specific gravity and absorption 
percentages were calculated using ASTM C 128. Two methods for methylene blue values: ASTM C 1777 for 
sand passing sieve # 4 and INV- 235-07 for the fine fraction, passing sieve 75 microns. Two commercial 
sacrificial agents M1 and M2 defined as Polyamine-based material were tested at different dosages in a mortar 
(ASTM C 1810) and concrete slump loss and compressive strength at 3 days, 7 days, and 28 days.  

3. Results and discussion 

The chemical composition of the cement, NS1 (Natural Sand 1), CF-NS1, and NS2 (Natural Sand 2) are in Table 
1. The LOI for cement corresponds to a material with minimal limestone substitution and the addition of a 
reactive pozzolan to ensure early strength development. 
 

Table 1. XRF data for cement, NS1, CF-NS1, NS2 
 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 LOI XRD Identification** 
Cement 22.77 5.04 3.3 2.39 59.05 0.01 0.39 2.76 4.08 N.M 
NS1 69.1 13.5 4.1 2.7 4.3 2.3 0.84 0.1 2.3 Q ++, A ++, Cl- 
CF-NS1 49.1 16.9 8.4 4.8 5.5 2.3 1.4 0.4 9.3 Q +, A +, (K, I; N) + 
NS2 51.06 14.55 9.99 5.51 6.89 3.89 0.69 0.06 4.94 V ++, Cl-, ++, I,+Q+, An+ 

** Cl: chlorite, I: illite, K: kaolinite, N: nacrite, H: hornblende, Q: quartz, A: albite. Cl: chlorite, V: Vermiculite, An: Anorthite. 
N.M not measured  
 
Figure 1a depicts two images of NS1(left) and NS2 (right); large particles and irregular shapes are distinguished 
in NS1, as quartz and high muscovite content can also be identified. The geology of the extraction zone for NS1 
suggests that it is possible to find clay minerals such as kaolinite and illite identified on the XRD pattern. 
 
N2 is specifically extracted from the felsic portion where minerals such as plagioclases, feldspar, hornblende, 
biotite, and possible chlorite and clays are found. XDR identification suggests low quartz and anorthite content, 
and the presence of vermiculite minerals, chlorite, and illite. Visually, NS2 has a higher proportion of fines but 
fewer high-shape aggregates than NS1. Grading curves for NS1 and NS2 that adhere to ASTM C 33 are depicted 
in Figure 1b.  
 

 
Figure 1. 1a. Images for NS1 (left) and NS2 (right).1b. Grading curves for NS1 and NS2. 

 
Table 2 summarizes the basic characterization in accordance with ASTM C 128. The values for NS1 and NS2, 
which are related to specific gravity and absorption are normal for sand. It is worth noting that NS2 has a higher 
passing sieve # 200 than NS1 and MBV as well. Furthermore, CF-NS1 from the sand deposit for NS1 had the 
highest MBV for passing sieve # 200 and the lowest specific gravity, which could be attributed to the presence 
of clay. 
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Table 2. Basic aggregate characterization 

 Specific Gravity Absorption 
(%) 

Passing Sieve 
# 200 

MBV (g dye/g sample) MBV-S200 (g dye/g sample) 

NS1 2.63 1.64 3.79 1.46 3.56 
NS2 2.67 1.26 6.40 2.57 7.63 
CF-NS1 2.02 -- -- -- 15.75 

 
The corresponding mortar test is shown in Figure 2a. The test was performed with NS1 and the sacrificial agent 
M1 at dosages of 0.50%, 0.55%, and 0.60% (w/w of sand), while M2 was applied at doses of 0.40%, 0.50%, and 
0.60% (w/w of sand). For the reference mixes the mini-slump retention was roughly 85% and all mixes using 
M1 got slump retention higher than the reference mix and 12% of water reduction. The same results were 
obtained for M2 with better slump retention than the reference mix and water reduction of about 25%.  
 

  

Figure  2. 2a.Slump Loss test for NS1with M1,M2 (Left). 2b. NS2 with M1,M2 (Right) 

 
Results for NS2 with M1 and M2 are shown in Figure 2b. M1 molecule had better mini-slump retention than the 
reference mix, with a water reduction of about 11%. M2 sacrificial agent exhibits a poor response at high and 
low dosages; due to 28% water reduction, this lack of water directly affects the slump loss of the system. Despite 
both commercial sacrificial agents being polyamine-based components, Ma et al., (2020) suggest that the 
molecular weight, the cationic molecule charge, and the clay present on the sand may all have an impact on the 
chemical and/or physical adsorption.  
 
The dose sensitivity at the equivalent mortar test was used to conduct concrete studies for NS1 with M1 and M2, 
as well as NS2 with M1. Figure 3a and 3b summarizes the results with NS1 and M1 and M2. In Figure 3a at 0.5 
(w/w sand) slump retention of 94% and a water reduction of 7%, the compressive strength increased by 24% 
after 28 days. Figure 3b, for M2 at 0.40% (w/w of sand) showed 33% strength improvement after 28 days and 
slump retention of 94% with 15% water reduction. When comparing M1 and M2 for the sand NS1, both 
sacrificial agents reduce water on their mixes and ensure slump retention: however, the amount of water that 
each sacrificial agent can reduce may be related to the amount of cement that can be reduced. 
 

 
Figure  3. 3a Concrete test NS1- M1 sacrificial agent.3b. Concrete test NS1- M2 sacrificial agent. 

 
NS2 To achieve better slump retention while reducing 15% of water content, using  M1 was required from 0.50 
%-1.0 % (w/w sand)  and 33% strength gain after  28 days was obtained. M1 sacrificial agent could be effective 
in both grains of sand proposed in this study at different dosages that could be related to the amount of MBV of 
each sand and guarantee a potential cement adjustment while maintaining the same performance. 
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In addition, a cement reduction test for NS1 and M2 from 15 kg to 25 kg test and is shown in Figure 4. For all 
scenarios examined, the slump retention was higher than the reference mix. For 0.45% M2-15 kg and 0.45% 
M2-20 kg, the slump retention was 85% and 88% with a slight gain of strength after 28 days. For a reduction of 
25 kg and 0.40%, the slump retention was 90% and 28 days strength improvement was 30% where the cement 
content was decreased by 25 kg.  

 
Figure  4. Concrete test with cement reduction with M2. 

 
More sustainable concretes could be produced by minimizing the additional water associated with the clayey 
fractions present on the aggregates, allowing a 6% reduction in CO2 for each cubic meter produced or more 
depending on each scenario.  
 
Conclusions 

• Understanding how clayey fractions on aggregates affect concrete, particularly water demand to achieve 
the same slump that reduces the compressive strength, requiring more cement to ensure performance 
and emitting more CO2 per cubic meter. By boosting cementitious efficiency and focusing on the 
aggregate fraction, the mix can be improved, requiring less cement to achieve the performance required. 

• The chemistry behind the sacrificial agents could have a positive or negative effect based on the type of 
clayey fraction present on each sand, the molecular weight, the cationic molecule charge, and other 
parameters that need to be linked with the mineralogy of the clayey fraction, and understanding how 
other minerals, oxides may affect the dosage and effectiveness of the sacrificial agent. 

• The heterogeneity of sand sources and the variability in sand extraction involves addressing additional 
tests and procedures to offer the data required to build trustworthy sacrificial agent molecules and avoid 
scenarios in which the solution fails. 
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ABSTRACT 
The use of water reducers to improve the rheological properties of concrete, in addition to dispersing 
cement particles, can modify the agglomeration potential of particles and the dissolution kinetics of the 
clinker phases during the early ages of hydration. In this work two molecules of admixtures based on 
sodium polycarboxylate were evaluated: the first, with higher dispersion efficiency was named as 
MR7525 and, the second, with lower dispersion efficiency and higher slump retention was named as 
MR2575. The study was carried out with the evaluation of cement pastes prepared with Portland cement 
type CPV, maintaining the constant water-to-cement ratio to evaluate the rheological properties, 
hydration kinetics and agglomeration. The results indicated differences in the rheological properties of the 
pastes with different admixtures (initial and depending on the time), facts that can directly impact the 
process of mixing, transport, application and hardening of the concretes. 
 
Keywords: Portland cement, polycarboxylate, rheometry, Kantro’s mini cone, chemical reaction.  

1. Introduction 

Several admixture technologies can be combined so that performance specifications are met, either from 
the use of polymers developed to obtain an adequate initial fluidity of the concrete for certain 
applications, to maintain the workability or even to extend the useful life of the component produced. The 
chemical affinity between the surface of the cement particle and the admixture is an important parameter 
for the adequate control of the dosage of the admixture, the specific surface area of the cement defines the 
dosage of admixture necessary to achieve the specified fluidity for each concrete and the maintenance of 
workability. The adsorption of the polycarboxylate molecules increases as the dosage of the admixture is 
increased, until the cement surface is completely covered, thus reaching the saturation or optimal dosage 
of the admixture. Different polymer structures result in different performances as water reducers or slump 
retention or to maintain stability. The length and amount of organic chains on the surface of the cement 
particle and the type, quantity and density of the side chains are responsible for the effectiveness of the 
steric stabilization of a polycarboxylate ether - PCE in cementitious suspensions, and define the 
adsorption of these polymers on the surface of the cement particle, in addition to the molecular weight of 
these admixtures (AÏTCIN et. al, 2016). To adapt admixtures with specific properties to match the 
requirements of each concrete. The use of rheological control methods can increase the precision of the 
analyses, since it allows the evaluation according to different shear conditions and the definition of the 
thixotropy profile, viscosity yield stress, rheological behaviour and consolidation kinetics over time 
(ROMANO, 2013). This work was carried out with the objective of evaluating the effect of the use of two 
polycarboxylate-based admixtures on the rheological properties of pastes formulated with Portland 
cement CP V, using different techniques to determine the ideal content of the admixtures at the initial 
moments of consolidation over time. 
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2. Material  

A Portland cement type CPV was used , and two admixtures with complementary functions, developed 
especially for the study, named as MR 7525 and MR 2575. This identification was used to differentiate 
the amount of dose response polymer (which gives the materials greater initial fluidity), followed by the 
amount of slump retention polymer to maintain stability. Thus, in the first case, it is expected to obtain 
greater fluidity and little stability and in the second case, less fluidity and greater stability over time. The 
polycarboxylate admixtures used in this work are synthetic polymers that have a molecular structure with 
an organic backbone made of polyoxy-isoprene macromonomers (ethylene glycol), and grafted branches 
(or side chains) composed of poly-ethylene oxide, they are ester-linked to acrylic units, this conformation 
has caused polycarboxylate molecules to be often referred to as a “comb” structure. The X-ray 
fluorescence (XRF) is given in Table 1 (courtesy of the CTL Group), while the particle-size distribution is 
given in Figure 1 (Malvern Mastersizer 2000/2000E on “wet” samples, i.e. ethyl alcohol).  
 

  

Table 1 and Figure 1: Chemical and physical results for cement  CP V 
3. Methods 

A water-to-cement ratio (w/c) of 0.35 was used for all cement pastes, the pastes preparation, rotational 
and oscillatory rheometry, and calorimetry protocol was conducted using the same procedure described in 
described in Ferraz et al. 2020. In order to determine the admixture dosage, deflocculation curves were 
performed to find an optimum dosage. This resulted in the following dosages for each of the cement 
types.  
   
4. Results and Discussion 

The presentation of the results was divided into two stages, the first of which determined the ideal content 
of each admixture for the type of cement chosen, and the second evaluated the impact on consistency gain 
over time. With this strategy, it was intended to monitor the impact of the difference in admixtures in the 
stage of preparation and application of the cementitious component. Figure 2 shows the spreads (flow) of 
the pastes obtained from the Kantro cone test. 

 
Figure 2: Spreading in the Kantro cone test, in the suspensions with the two admixtures  

The higher the amount of DR polymer in the admix., the greater the spreading, following the initial 
expectation, based on the formulation of the admixtures, in addition, there is a correlation between the 
increase in the admixture content and the increase in spreading using Kantro mini-cone test. From the 
rotational rheometry tests it is possible to obtain more complete information about the characteristics of 
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the products under different application conditions. The results obtained are usually presented in the form 
of graphs of shear stress (or viscosity) vs. shear rate, as illustrated in a didactic way in Figure 9, making it 
possible to evaluate the rheological behavior profile of each composition. To determine the optimal 
admixture content, the results of yield stress, viscosity (apparent or plastic) and hysteresis area are used as 
a function of the content added in the composition (MONTEFUSCO et al. 2017). Based on these 
parameters, the graphs shown in Figure 3a indicate the variation in apparent viscosity, in b, flow stress 
and in c, hysteresis area of the pastes as a function of the variation in content and type of admixture. 

 
Figure 3: a) Evolution in apparent viscosity and b) yield stress 

The choice of the optimized admixture content was made with the viscosity stabilization, but also 
considered the flow stress as close as possible to zero. The variation range of the admixture content was 
the same regardless of the type used, however the results of yield stress and viscosity were lower due to 
the increase in the amount of spreading polymer, converging with what was expected for the action of 
each admixture. Based on the results of rotational rheometry, it was possible to define that the optimized 
content of the admixtures was the same (2.5% by mass) and they were used to evaluate the stability over 
time, presented later. Even with the optimized content being the same for both admixtures, the apparent 
viscosity in the paste with the lowest amount of opening polymer (MR 2575) was an order of magnitude 
greater than in the paste with the highest amount of the same polymer. This fact was intensified with 
regard to the yield stress, the difference between them being two orders of magnitude, which indicates 
that the admixture acts more by altering the minimum stress necessary for the start of the flow than in the 
viscosity. In this work, it was possible to correlate the results of the rheological tests with the scattering 
obtained in the Kantro mini-cone method, as illustrated in Figure 4. 

 
Figure 4: Surface analysis scattering x viscosity x yield stress 

 

With the results presented so far, information is only available on the characteristics of the pastes in the 
first instants of cement hydration, since the tests were carried out 5 minutes after mixing. However, no 
information is available on stability over time. 
For this, oscillatory rheometry tests were performed and the results are presented below. At this stage, the 
tests were carried out only for pastes with admixtures at ideal levels. 
The results are shown in Figure 5 from the evolution of G' as a function of time after microstructural 
disruption (a), the particle reagglomeration rate (b) and the scattering measured from the Kantro mini-
cone test along of time (c). Polymers intended for fluidity retention (slump-keeper) have slower 
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adsorption, modifying the fluidity of the system later, as observed for the MR2575 product. In addition, 
such polymers have greater affinity for the hydrates formed during the cement reaction and undergoing 
hydrolysis with the increase in the pH of the suspension. Thus, the combination of the two types of 
polymers in the same product made it possible to tailor an admixture for each desired property. 
 

 
Figure 5: Evolution of G’ in function of time after microstructural disruption (a), evolution of the 

particle reagglomeration rate (b) and scattering measured from the Kantro test along the time 

 
5. Conclusion 
 
The use of different polycarboxylate molecules, in synergy, showed different results regarding the initial 
dispersion efficiency of the cement particles and the maintenance of the open time. 
In this way, it can be inferred that: a) both by rotational rheometry and from the spreading by the Kantro 
cone, it was possible to observe differences in the rheological behavior and fluidity, between the two 
admixtures in the pastes with the CPV cement; b) the greater amount of opening polymer resulted in 
lower values of yield strength and viscosity of the pastes, facilitating the quantified flow from mini-
slump; c) from the results of rotational rheometry it was possible to define the ideal contents for each 
admixture in relation to the type of cement evaluated and d) correlating the scattering results with the 
rheological parameters, it was confirmed that the change in scattering was governed by both viscosity and 
yield stress (in this second case, a better correlation between the two techniques). 
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ABSTRACT 

Organic admixtures are used to alter the properties of cementitious mortars' properties. As they usually are 
or contain surfactants, a large number of air bubbles can be introduced, having a major impact on the mix 
performance in the fresh as well as in the hardened state. The air entraining and stabilization process can 
be influenced by a variety of factors, such as the pH of the pore solution, the presence of certain ions in the 
solution, surface charges on the grains of cement, or interference of different additives present in the mix. 
Thus, designing the pore structure and resulting properties of the mortar creates a significant technological 
challenge.   
In this paper, we are focusing on the combined air-entraining action of methylcellulose and redispersible 
polymer powder (copolymer of vinyl acetate and ethylene) on the mortars based on Portland Cement (PC), 
and binary blend of Calcium Sulfoaluminate Cement (CSA) and Calcium Sulfate (C$).An attempt to 
determine the pore structure of fresh mix was made, using the Air Void Analyzer (AVA), yet it failed due 
to the gelation of cellulose ether in contact with the air-release liquid (glycerin) necessary in this technique. 
Instead, the porosity of the hardened mortars was quantified by image analysis of the high-resolution scans 
of the samples.  
Significant differences in the introduced air pore size distribution were found, depending on the binder 
system used. The porosity of CSA-based mortars is finer than those of OPC-based mortars. Such materials 
also show a higher content of pores below 300 μm of equivalent diameter.  The reasons behind such 
behavior remain unclear, which proves the high complexity of the topic.   

KEYWORDS: Cellulose ether, redispersable polymer powder, mortar, aeration, pore structure 

1. Introduction 

The polymer modification of cementitious mortars is widely used in the dry mix industry. The most 
common additives are cellulose ethers (CE), providing beneficial rheological properties, the cohesion of 
the mortar, and water retention, resulting in a prolonged open time after application. These are often 
combined with redispersible polymer powders (RDP), increasing the adhesion strength to difficult 
substrates and the flexibility of the products. It is nearly impossible to formulate modern dry mix mortar 
without such additives, yet the presence of both dramatically alters the microstructure of the hardened 
product and has a pronounced effect on the mechanical parameters and durability.  
As organic additives contain or are surfactants, a large amount of air is introduced during mortar mixing 
and is further stabilised into a hardened material. Details of the porosity formation over time of setting and 
hardening of Ordinary Portland Cement (OPC) pastes were investigated by Pourchez et al (2010). It was 
stated that the resulting aeration structure depends on the CE chemistry, acting mainly on the capillary pores 
range (around 500 nm) and air voids range (50 – 250 μm). The hypothesis was presented that both ranges 
impact the transport of water and permeability, hence the durability of hardened mortar is affected. The 
claim was supported by the earlier work of Malatrait (1992), which showed that CE stabilises the pore 
network consisting of large air voids connected by large capillaries (<1 μm). In contrast, Wyrzykowski et 
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al. (2014) found that the effect of CE on the Portland cement mortar matrix is negligible and only air voids 
> 10 μm can be varied with CE additions. The study referred to tile adhesive mortars and was limited to 
ethers of a specific degree of substitution of hydroxyl groups substitution degree (DS=1,87) without the 
presence of any redispersible polymer powder. Silva et al (2001) found the resulting pore structure of such 
mortars is a function of the interaction between cellulose ether and RDP. The especially strong impact of 
EVA (copolymer of vinyl acetate and ethylene) was noted at high dosages (up to 20%).   

2. The aim of the study 

Interestingly, little research has been found on the pore structure of polymer-modified mortars in binder 
systems other than OPC. However, the practice shows, that i.e. tile adhesive mortars formulated on: (OPC) 
solely, binary blend of Calcium Sulfoaluminate cement (CSA) and Calcium Sulfate (C$) or a ternary blend 
of PC, C$ and Calcium Aluminate Cement (CAC) vary in durability, especially in case of resistance against 
water immersion as well as following freezing and thawing cycles. The exemplary results are shown in 
Table 1.   

Table 1. The adhesion strength of tile adhesive mortars after various storage conditions acc, to EN 12004. 
 

 

 

 

The presented study aims to verify whether differences in water and freeze/thaw resistance of tile adhesives 
based on various binders can be explained by differences in their pore structure. 

 3. Materials and methods               Table 2. Compositions of the mortars tested. 

Two simple tile adhesive mortars were prepared. Organic 
additives amount and type: copolymer of vinyl acetate and 
ethylene (EVA) re-dispersible polymer powder (in the form of 
free flowing powder of MFFT = 1°C, bulk density = 520 kg/m3 

and ash content after heating up to 1000°C= 13%, protective 
colloid: polyvinyl alcohol (PVA)) and pure methylcellulose 
(Brookfield viscosity of 2% solution, RVT 20rpm = 40 000 
mPas) – were kept the same for each mortar. The mineral 
binder content was always scaled to 40% - while its 
composition has been varied from pure portland cement (OPC) 
CEM I 52,5 R to a binary blend of Calcium Sulfoaluminate 
Clinker (CSA) and Calcium Sulfate (C$) in a proportion of 80: 
20. The mix proportions and basic physical properties are given 
in Table 2.   
All samples were prepared by blending 5 kg of material for 5 
minutes in a powder mixer with a mixing speed of 340 rpm. 
The mortars were then mixed with water with a steel mixing 
paddle with a drill in 3 steps: 1 min of mixing, 3 min break, and 30 seconds of mixing to ensure sufficient 
maturation time for the dissolution of organic additives is provided.  
The air content and density of the fresh mix were measured according to the PN-EN 1015-7:2000 (air 
pressure method). Then 40x40x160 mm mortar prisms were prepared according to PN-EN 196-1:2016-07. 
After 14 days of curing, the prisms were cut into slices with the precise low-speed diamond saw. Further 
preparatory work corresponds to the procedure described in PN-EN 480-11:2008. Polishing with fine 
sandpaper of two different gradations: #800 and #1000 was carefully performed with the use of a Struers 
LaboPol-20 polisher. Difficulties to do so were noted – due to the high porosity of the the samples and the 
weakening of mineral microstructure by the presence of polymer additives.  

Storage conditions OPC - 
based 

CSA - 
based 

Adhesion after 28 days of ambient storage [N/mm2] 2,1 2,3 

Adhesion after water storage [N/mm2] 1,4 0,6 

Adhesion after freeze/thaw cycles [N/mm2] 1,7 1,1 

  
TA 1 

(OPC) 
TA 2 

(CSA) 

OPC CEM I 52.5 R [%]  40,0   

CSA clinker [%]  24,0 

Calcium Aluminate Cement [%]    

Natural Anhydrite [%]   16,0 

EVA polymer powder [%] 2,0 2,0 

Methylcellulose [%] 0,5 0,5 

Washed sand 0,1-0,5 mm [%] 55,5 57,5 
      
Total [%] 100,0 100,0 
      
Water [% of dry powder] 25,0 25,0 

W/C [-] 0,625 0,625 
   
Air content [%] 26% 27% 

Density [kg/m3] 1540 1490 
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The cross sections obtained (6 samples of TA1 and 7 samples of TA2) were coloured with black marker 
and the air voids were filled with zinc paste. Such prepared samples were scanned with the office scanner 
(Epson Perfection V19) in the 9600 dpi resolution, given the smallest analysed pores (equivalent diameter 
of 15 µm) are covered by at least 25 pixels. The images were then analysed with ImageJ software and air 
void area distribution was collected. The surface area analysed was always between 900 and 1000 mm2 (56-
63% of the sample cross-sectional area).  
An attempt to measure the size distribution of air voids in fresh mortar was made with the AVA 3000 
apparatus (Germann Instruments).   

4. Results 

An attempt has been made to investigate the pore size distribution in mortars with the air-void analysis 
method. It was found that the mortar increases its consistency dramatically immediately after contact with 
the air-release liquid: glycerol. As this led to further miscibility problems and air entrapment in the sample, 
it was not possible to obtain reliable results. It is assumed that the gelation of methylcellulose occurred 
since glycerol decreases the gelation temperature. In the example, for the binary mixture of 0.5 glycerol 
volume ratio, the gelation point of methylcellulose decreases from 57°C to 37°C - Kuang et al. (2006). 
Given the 20 cm3 of mortar was dissolved in 180 cm3 of release liquid, the obtained glycerol volume ratio 
was >1000. In this conditions, further decrease of the gelation point of cellulose ether below room 
temperature is suspected.   
 

 
Figure 1. Pore size distributions as a function of 
pore size diameters. Error bars represent 
confidence intervals (α=0.05). 

 
Figure 2. Cumulative distribution of pore volume. 
The error bars represent confidence intervals 
(α=0.05). 

Figure 1. presents the results of the air void size distribution measured by polished cross-section image 
analysis. Significant differences were found depending on the binder system used. The porosity of mortars 
based on the CSA-C$ mixture is characterized by finer pores than the one based on OPC. The highest 
differences between samples are observed in the ranges of 50-100 μm (123% higher volume in TA2) 
and  100-150 μm (59% higher volume in TA2). The range of 100-150 μm of equivalent diameter also 
creates the largest volume of porosity in TA2: 22,9% whereas such a maximum in TA1: 19,4% places in 
the range of 150-200 μm of equivalent diameter. The observation finds its reflection in cumulative pore 
volume distribution (figure 2.). It is generally shifted towards smaller pores in TA2, where 85,2% of 
porosity has an equivalent diameter below 300 μm. For the sample TA1, the volume share of such pores is 
significantly smaller: 74,9%. 
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5. Discussion 

As the results of the pore structure measurements by image analysis strongly depend on sample preparation, 
it is crucial to ensure the reproducibility of obtained results, especially given the difficulties encountered 
during the polishing of the mortar slices. Therefore, values of the confidence interval assuming the t-student 
distribution were calculated. For all data points, satisfactory accuracy was achieved proving the significance 
of the the measurements. The values of confidence intervals (α=0.05) are graphically represented in figures 
1. and 2. as error bars.  
The porosity of CSA-based mortar seems to favour a higher freeze/thaw resistance than OPC-based mortars 
due to the higher volume of smaller pores. This remains in contradiction with empirically obtained results, 
showing the decrease of adhesion strength after water immersion of 74% and 52% after freeze/thaw cycles 
compared to the storage under lab conditions, while for OPC-based mortars these are 33% and 19% 
respectively. Therefore, the reasons for these differences in the mechanism of adhesion strength drops 
remain unclear.  
Jenni et al. (2006) investigated the decrease of the adhesion strength after water storage of OPC systems. 
The authors concluded that the polymer matrix coexisting with a mineral one is prone to water attack 
because of its water solubility. It was also proven that organic admixtures can migrate, segregate, and 
accumulate in certain parts of the microstructure - (De Gasparo et al. (2009) – which may lead to the 
presence of weak spots in the mortar body. Therefore, it is likely that the water transport mechanism plays 
an important role in shaping the durability of such systems, and it is advisable to follow up the presented 
study with the comparison of the capillary porosity of the investigated samples.  

6. Conclusions 

The aim of the study was to find whether differences in the distributions of pore sizes are responsible for 
differences in the resistance to water and freeze/thaw cycles of tile adhesive mortars based on different 
binders. Air void distributions were successfully measured by image analysis of polished mortars' cross 
sections. When CSA is used as a binder, significantly finer porosity is achieved and a higher volume 
(85,3%) of a pore diameter below 300 μm is observed compared to OPC-based mortar (74,9%). This 
suggests superior freeze/thaw resistance of CSA-based adhesive, which is in contradiction with empirical 
data. Thus, durability differences cannot be explained by the pore size distributions in the tested area (15-
550 μm). New light could be shed on the topic if pores below 15 μm were analyzed.  
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ABSTRACT 

The implementation of digital fabrication in the concrete manufacturing industry, notably extrusion 3D 
printing, is emerging as a transformative and highly valuable tool for the construction sector. The main 
advantage of this method is the lack of need for formwork, which translates into greater design flexibility 
and optimization of materials and time, among other benefits. In the absence of formwork, however, the 
properties of concrete in the fresh state must be carefully tailored, as they must adapt to the rheological 
requirements of each stage of the process. In this context, accelerators play a central role. The utilization of 
alkali-free accelerators (based on aluminum sulfate solutions) has been conventionally relegated to 
shotcrete applications. However, increased interest in their use has arisen with the emergence of concrete 
3D printing. 

In this work, studies are conducted to relate the impact of the use of aluminum sulfate as an accelerator on 
the hydration reactions of cement and its subsequent effect on rheology. For this purpose, the evolution of 
the hydration reaction is evaluated by in-situ X-ray diffraction (XRD) on cement pastes. In parallel, the 
pastes rheology is assessed by penetration tests. XRD results allow for the monitoring of ettringite growth 
over time and the assessment of its impact on solid volume fraction. The results suggest that the evolution 
of the material rheological properties cannot be solely explained by the increase of the solid fraction caused 
by the precipitation of ettringite. 

KEYWORDS: concrete 3D printing, accelerators, aluminum sulfate, rheology, ettringite. 

1. Introduction  

The digitization of concrete manufacturing has attracted increasing interest in recent times, especially in 
the field of concrete 3D printing by extrusion, as it promotes greater flexibility in construction and the 
creation of optimized designs. However, to be successfully printed, concrete must undergo a variety of 
processes involving demanding rheological requirements, particularly in the fresh state, which frequently 
implies the optimized use of admixtures. Among them, accelerators are instrumental in satisfying some of 
the requirements needed in 3D printing. Alkali-free accelerators, conventionally used in shotcrete 
applications, are one of the most demanded options in the sector. They are based on aluminum sulfate 
solutions, which are known to be highly effective in accelerating the hydration reactions of aluminates in 
cement. Even though alkali-free accelerators have been used for years, research related to their effects on 
the properties of concrete, particularly with respect to its rheology, is scarce. 
This work aims to relate the effects of the acceleration of cement hydration caused by aluminum sulfate on 
the rheological properties of cement pastes. To this end, the study of the rheology of cement pastes by 
penetration tests is combined with the monitoring of the evolution of cement hydration by means of in-situ 
X-ray diffraction, focusing on its effect on the changes in the solid volume fraction of the pastes. 
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2. Materials and methods 

A Portland cement type CEM I 52.5 N was used in this study. Its chemical composition is shown in Table 
1. Mineralogically, the cement is composed by alite (65.3%), belite (14.1%), C3A (8.1%), C4AF (7.6%), 
basanite (3.2%), gypsum (0.4%) and others (1.3%). A commercial aluminum sulfate hydrate, supplied by 
Sigma Aldrich, was used as an accelerator.  
 

Table 1. Elemental composition of the starting cement. 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 MnO Na2O K2O TiO2 P2O5 LoI 
% 65.17 20.3 4.86 2.8 0.95 2.01 0.11 0.22 0.89 0.24 0.31 1.48 

 
In-situ X-ray diffraction (XRD) was performed on a D8 Advance diffractometer (Bruker AXS) equipped 
with a LynxEye detector and a cobalt anode, operated at 40 mA and 35kV. Scans were recorded from 8.5o 
2θ to 49o 2θ, with a step size of 0.025o and 0.5 s/step. The reference paste (OPC) was prepared at a w/c of 
0.35 by mixing the cement with water for one minute by hand. For the accelerated paste (1.5%Acc), 1.5% 
(by weight of cement) of aluminum sulfate was dissolved in the hydration water prior to the mixing. The 
pastes were placed in an airtight sample holder covered with kapton film to minimize water evaporation. 
The quantification of each phase was performed following the Rietveld method, using the software TOPAS  
v2.4 (Bruker). The G-factor method was applied by measuring a corundum sample of known crystallinity 
under the same conditions as the pastes (Jansen et al. 2011). In addition, the kapton film was measured by 
placing it on a single-crystal silicon sample holder, and it was later used as a model to fit the background 
of the diffractograms of the pastes. 
The rheology of the pastes was indirectly assessed by penetration tests, using a VFG Mecmesin handheld 
force gauge and a 5 mm radius spherical probe. The cement pastes were mixed for one minute in a planetary 
mixer at 67 rpm, then placed in 4x4x16 cm3 moulds and vibrated for 30 seconds. The maximum penetration 
force was measured at different hydration times. 
 
3. Results and discussion  

3.1. X-ray diffraction 

Figure 1a compares the diffractograms obtained at the beginning of the hydration reaction for the reference 
(OPC) and the accelerated (1.5% Acc) pastes. Two significant changes with respect to the diffractogram of 
the anhydrous cement are observed. Firstly, the diffraction peaks corresponding to basanite are no longer 
detected, but an increase in the gypsum peaks is observed instead.  This is consistent with the differences 
in solubility of both compounds, according to which an immediate dissolution of basanite upon contact 
with water is expected, leading to rapid precipitation of gypsum due to its low solubility. Secondly, the 
presence of peaks attributable to ettringite becomes manifest, evidencing the onset of hydration of the 
aluminate phases.  

 
Figure 1. a) Initial diffractograms of the hydrated OPC and 1.5% Acc pastes and of the anhydrous cement (A: alite, 

Ba: basanite, Be: belite, CA: C3A, E: ettringite, F: C4AF, G: gypsum); b) Ettringite content over time.  
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The quantification of ettringite over the hydration time of the pastes is shown in Figure 1b. The results 
reveal that most of the ettringite precipitates in the first minutes of the reaction, although its content 
continues to increase slowly with time. The addition of the accelerator results in an increase in the initial 
ettringite formation of 80% with respect to the OPC paste, but this increase is reduced to approximately 
50% in subsequent measurements. 
 
3.2 Penetration tests and rheological analysis 

The yield stress of the pastes was indirectly evaluated by penetration tests, as penetration forces are known 
to be directly correlated with the yield stress of cement pastes (Lootens et al. 2009). Figure 2 shows the 
evolution over time of the maximum forces of the Acc 1.5% paste relative to the initial maximum force of 
the OPC paste. The addition of the accelerator leads to an overall gain in the penetration force with respect 
to the OPC paste, resulting in an initial relative increase of approximately 5 times that of the OPC paste. 
This increase is further enhanced as hydration develops, following an approximately linear initial trend that 
tends towards stabilization after about 45 minutes. The explanation for this behavior could be found in the 
precipitation of ettringite, which consumes 32 molecules of water per mole of ettringite formed. This is 
typically associated with a rise in the solid volume fraction of the mix, and consequently with an increase 
in yield stress (Jakob et al. 2019). Such gain in the solid volume fraction has been verified by calculating 
the volume of the phases quantified by XRD, showing an increase of 6-8% in the 1.5%Acc paste with 
respect to the OPC paste (see Table 2). 

 

Figure 2. Relative maximum forces of paste Acc 1.5% with respect to the initial maximum force of paste OPC. 
 

The relationship between yield stress and solid volume fraction (ϕ) can be described by the YODEL model 
(Flatt and Bowen 2006): 

𝜏! =
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                                                                                                (1) 

 
Where m is a pre-factor associated to the particle size distribution, A0 is the non-retarded Hamaker constant, 
d is the average particle diameter, a* is the radius of curvature of the contact points, H is the surface 
separation distance at contact points, ϕperc is the percolation volume fraction and ϕm is the maximum packing 
fraction of the powder.  
If we assume that the variation of yield stress in the system is dominated by the changes in solid volume, 
the YODEL model can be applied to calculate the relative increase in yield stress, based only on the 
variation of the solid volume fraction. For such calculation, it is assumed that ettringite precipitation does 
not have a significant effect on the interparticle forces, and therefore that the first term of equation 1 remains 
unaffected in the accelerated paste. In addition, the change in the maximum packing fraction is considered 
to be negligible in this hypothetical scenario. A value for ϕm of 0.66, measured on the OPC paste by 
centrifugation (Bessaies-Bey et al. ), is considered for the calculations. The percolation volume fraction is 
assumed to be 0.37 (Perrot et al. 2012). The results in Table 2 show that the predicted relative increase in 
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yield stress resulting from the increase in solid volume fraction is considerably lower than the relative 
maximum forces assessed by penetration, despite the fact that both properties (yield stress and penetration 
force) are known to be proportional. 

Table 2. Relative solid volume fraction, penetration force and yield stress of 1.5% Acc with respect to OPC. 

 

Time (min) 

10 30 45 60 

ϕ1.5%Acc/ϕOPC  (computed) 1.07 1.06 1.07 1.08 

F1.5%Acc/FOPC (measured) 6.3 10.2 12.6 13.4 

τ 1.5%Acc/ τ OPC (computed) 1.9 1.9 2.0 2.1 
 
These findings suggest that ettringite precipitation has additional effects on the properties of the paste 
beyond the increase in solid volume. One possibility could be that the formation of ettringite affects the 
interparticle forces, and thus the initial term of the YODEL model. This phenomenon could occur, for 
example, if the ettringite crystals act as bridging agents between particles. Another option could be that the 
ettringite crystals impact the packing properties. This latter hypothesis would be supported by the 
characteristic needle-like shape of ettringite, as it is known that elongated particles tend to reduce the 
maximum packing fraction (Philipse 1996). Both aspects - the impact of ettringite formation on interparticle 
forces and on maximum packing fraction - are crucial for the understanding of the fresh properties of 
concrete and for the development of concrete 3D printing, and will be tackled in future works. 
 
4. Conclusions 

The addition of aluminum-sulfate accelerators promotes the precipitation of ettringite, which leads to an 
increase in solid volume fraction and in the yield stress of the cement paste, as evidenced by XRD 
measurements and penetration tests. However, this rise in yield stress, cannot be fully accounted for by the 
changes in the solid volume fraction, as other aspects such as variations in the interparticle forces or in the 
maximum packing fraction must also be taken into account. 
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ABSTRACT 

The effects of different types of shrinkage reducing agents (SRAs) on shrinkage of mortars containing 
slag or silica fume and their influence mechanisms on the shrinkage are not fully understood. This study 
aims to investigate the influences of small molecular-type and novel polymer-type SRAs on the shrinkage 
evolution of mortars incorporating ground granulated blast furnace slag (GGBFS) or silica fume (SF). The 
surface tension of pore solution and drying shrinkage of mortars containing GGBFS or SF were 
comprehensively investigated. The results indicated that the drying shrinkage of the GGBFS and SF 
cement mortars decreased with the increase of small molecular-type SRA dosage. Similarly, the addition 
of polymer-type SRA reduced the drying shrinkage of GGBFS and SF cement mortars, while the addition 
of 1% polymer-type SRA resulted in lower drying shrinkage than 2% polymer-type SRA. Compared to 
small molecular-type SRA, polymer-type SRA exhibited lower ability to decrease the drying shrinkage of 
the GGBFS and SF cement mortars. 

KEYWORDS: shrinkage reducing agent, drying shrinkage, mortar, slag, silica fume 

1. Introduction 

Supplementary cementitious materials (SCMs) are widely used in concrete manufacturing by partially 
replacing cement to enhance the performance of cementitious materials and reduce carbon footprint 
(Juenger and Siddique (2015)). Some SCMs are industrial by-products such as ground granulated blast 
furnace slag (GGBFS) from pig iron industry and silica fume (SF) from ferrosilicon production 
(Lothenbach et al (2011)). The smaller grain size of GGBFS has been shown to increase autogenous and 
drying shrinkages compared to cement when used as a substitute for cement (Yalçınkaya and Yazıcı 
(2017)). SF exhibits higher pozzolanic activity and specific surface, compared to cement and GGBFS. It 
was found by Shen et al (2018) that SF increased the autogenous shrinkage due to the reduction of pore 
sizes and internal relative humidity (RH). Rao (2001) reported that the drying shrinkage of mortars 
containing higher SF content was observed to be 7-10 times higher than mortars without SF.  
The shrinkage of mortar and concrete leads to deformation and cracking, which can affect the appearance 
of the building and even the safety of the structure. The application of shrinkage reducing agents (SRAs) 
is an effective technology for mitigating shrinkage cracking of cement-based materials. Zhang et al (2015) 
studied the effect of SRA (consisted of a hydrocarbon compound and a glycol ether system derivative) on 
the drying shrinkage of GGBFS mortar. The results showed that the addition of the SRA significantly 
reduced the drying shrinkage strains of ordinary Portland cement and low heat Portland cement mortars 
containing 45% GGBFS by total binder mass. However, the different dosages of SRA had an insignificant 
effect on the drying shrinkage of cement mortar with GGBFS. Folliard and Berke (1997) found that the 
drying shrinkages of normal concrete and SF concrete containing SRA at 28 d reduced by 28% and 52%, 
respectively, compared to the control concrete without SRA. Meanwhile, the drying shrinkage and cracks 
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of SF concrete with SRA reduced by 29% and 88% at 120 d, respectively. In spite of these efforts, the 
effect of different types of SRAs on the shrinkage of mortars containing GGBFS or SF and their influence 
mechanisms on the shrinkage are not fully understood. The complete understanding of these aspects is 
quite important for shrinkage control in concrete with GGBFS or SF.   
The objective of this study is to clarify the influences of different types of SRAs with different dosage on 
the drying shrinkage evolutions of mortars incorporating different amount of GGBFS or SF. The surface 
tension and drying shrinkage measurements were performed. 

 
2. Experimental 

2.1 Raw materials 

The cement used in this study was P⋅I 42.5 Portland cement conformed to Chinese Standard GB 8076-
2008. The chemical compositions of cement, GGBFS and SF are presented in Table 1. The powder 
superplasticizer (SP) was used as an admixture. Diethylene-glycol monobutyl-ether (SRA-1) as a small 
molecule SRA was obtained from Shanghai Macklin Biochemical Co., Ltd (China). SRA-2 was a novel 
polymer-type shrinkage reducing agent and was obtained in laboratory. 
  

Table 1 Chemical composition (%) of cement, GGBFS and SF. 
Sample CaO SiO2 Fe2O3 Al2O3 MgO SO3 Na2Oeq f-CaO Loss Cl- 
Cement 62.05 20.53 3.17 4.45 2.81 2.10 0.55 0.80 1.74 0.032 
GGBFS 42.73 29.61 1.64 15.67 4.35 2.14 0.39 — 0.73 3.60 

SF 1.84 95.38 0.61 — 0.26 — 0.16 — 1.84 2.48 
 
2.2 Mix proportions 

Table 2 summarizes the mixture proportions of mortars.  
 

Table 2 Mix proportions of mortars. 
Mix 
no. Mix description 

Binder (%)* Water-to-
binder ratio 

Sand-to-
binder ratio 

SP 
(%)* 

SRA-1 
(%)* 

SRA-2 
(%)* Cement GGBFS SF 

M1 C 100 0 0 0.30 2 0.2 0 0 
M2 10GGBFS 90 10 0 0.30 2 0.2 0 0 
M3 20GGBFS 80 20 0 0.30 2 0.2 0 0 
M4 10SF 90 0 10 0.30 2 0.3 0 0 
M5 20SF 80 0 20 0.30 2 0.6 0 0 
M6 C-1SRA-1 100 0 0 0.30 2 0.2 1 0 
M7 C-2SRA-1 100 0 0 0.30 2 0.2 2 0 
M8 10GGBFS-1SRA1 90 10 0 0.30 2 0.2 1 0 
M9 10GGBFS-2SRA1 90 10 0 0.30 2 0.2 2 0 
M10 20GGBFS-1SRA-1 80 20 0 0.30 2 0.2 1 0 
M11 20GGBFS-2SRA-1 80 20 0 0.30 2 0.2 2 0 
M12 10SF-1SRA-1 90 0 10 0.30 2 0.3 1 0 
M13 10SF-2SRA-1 90 0 10 0.30 2 0.3 2 0 
M14 20SF-1SRA-1 80 0 20 0.30 2 0.6 1 0 
M15 20SF-2SRA-1 80 0 20 0.30 2 0.6 2 0 
M16 C-1SRA-2 100 0 0 0.30 2 0.2 0 1 
M17 C-2SRA-2 100 0 0 0.30 2 0.2 0 2 
M18 10GGBFS-1SRA-2 90 10 0 0.30 2 0.2 0 1 
M19 10GGBFS-2SRA-2 90 10 0 0.30 2 0.2 0 2 
M20 20GGBFS-1SRA-2 80 20 0 0.30 2 0.2 0 1 
M21 20GGBFS-2SRA-2 80 20 0 0.30 2 0.2 0 2 
M22 10SF-1SRA-2 90 0 10 0.30 2 0.3 0 1 
M23 10SF-2SRA-2 90 0 10 0.30 2 0.3 0 2 
M24 20SF-1SRA-2 80 0 20 0.30 2 0.6 0 1 
M25 20SF-2SRA-2 80 0 20 0.30 2 0.6 0 2 

*by mass of total binder 
 
2.3 Test methods 
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The surface tension was measured using a fully automatic surface tension meter (KINO A-601). Drying 
shrinkages of plain cement mortar and cement mortars containing GGBFS or SF in the absence and presence of 
SRAs were measured in accordance with JC/T603-2004.  
 
3. Results and discussions 

3.1 Surface tension 

Effects of SRAs on surface tensions of supernatants of plain cement paste and GGBFS or SF cement 
pastes are illustrated in Fig. 1. In Fig. 1 (a), the surface tension decreased with the increase of SRA-1 
content. The effects of SRA-1 on the surface tensions of supernatant solutions of plain cement paste and 
GGBFS or SF cement pastes were similar. The composition of SRA would lead to a difference in 
efficiency. As shown in Fig. 1 (b), the surface tensions of supernatant solutions of plain cement, 10% 
GGBFS, 20% GGBFS, 10% SF and 20% SF cement pastes significantly reduced by 31.47%, 31.96%, 
32.26%, 29.92%, and 29.55%, respectively, due to the addition of 1% SRA-2. 2% SRA-2 exhibited a 
similar influence on the surface tension with 1% SRA-2. In presence of 2% SRA-2, the surface tensions 
of supernatant solutions of plain cement, 10% GGBFS, 20% GGBFS, 10% SF and 20% SF cement pastes 
were 48.783, 49.14, 49.3, 49.2, and 49.46 mN/m, respectively. The ability of decreasing surface tension 
of SRA-2 was higher than SRA-1. 
 

            
             (a) SRA-1                                                     (b) SRA-2 

Fig. 1. Effects of SRAs on surface tensions of supernatants of cement pastes containing GGBFS or SF. 
 
3.2 Drying shrinkage  

The development of drying shrinkage of mortars containing GGBFS or SF in the absence and presence of 
different types of SRAs within 63 days is illustrated in Fig. 2. In Fig. 2 (a), 1% SRA-1 decreased the 
drying shrinkages of plain cement mortar, 10% GGBFS and 20% GGBFS cement mortars by 37.96%, 
51.05%, and 59.95%, respectively, while 2% SRA-1 reduced their drying shrinkages by 57.74%, 64.34%, 
and 68.67%, respectively. In Fig. 2 (b), the addition of 1% SRA-1 decreased the drying shrinkages of 
10% SF and 20% SF cement mortars by 61.65% and 54.03%, respectively, while 2% SRA-1 reduced 
their drying shrinkages by 68.45% and 61.41%, respectively. Fig. 2 (c) and (d) show the effects of SRA-2 
on the drying shrinkage of all cement mortars. The drying shrinkages of all mortars in the addition of 1% 
SRA-2 were lower compared to 2% SRA-2. 1% SRA-2 decreased the drying shrinkages of plain cement 
mortar, 10% GGBFS and 20% GGBFS cement mortars by 48.90%, 41.86%, and 51.11%, respectively, 
while 2% SRA-2 reduced their drying shrinkages by 31.11%, 30.05%, and 29.44%, respectively. At the 
same time, the addition of 1% SRA-2 decreased the drying shrinkages of 10% SF and 20% SF cement 
mortars by 44.01% and 36.38%, respectively, while 2% SRA-2 reduced their drying shrinkages by 
35.14% and 20.86%, respectively. The decreased drying shrinkage in the presence of SRA-1 and SRA-2 
can be due to their reducing effect on the surface tension of pore solution, resulting in the reduction of 
capillary forces on the solid skeleton of the microstructure. Although the surface tension in the addition of 
SRA-2 was lower compared to SRA-1, the drying shrinkage of all cement mortars in the presence of 
SRA-2 was higher than SRA-1. This may be because that the drying shrinkage of cement-based materials 
is also related to their pore structure. 
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       (a)                                                                            (b) 

             
  (c)                                                                             (d)  

Fig. 2. Effects of SRAs on the drying shrinkages of mortars containing GGBFS or SF. 
 
4. Conclusions 

Based on results and discussions above, some conclusions can be obtained as follows: 
(1) The surface tensions of supernatant solutions of GGBFS and SF cement pastes reduced with the 

increase of SRA-1 dosage. The ability of SRA-2 in reducing surface tension was higher than SRA-1.  
(2) The drying shrinkage of GGBFS and SF cement mortars decreased with the increase of SRA-1 

content. Similarly, it showed a reduction in the addition of SRA-2. However, it was lower in the 
addition of 1% SRA-2 compared to 2% SRA-2.  
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ABSTRACT 

Calcined clays appear to be one of the most promising supplementary cementitious materials (SCMs) to 
reduce the CO2 footprint of cement, in particular Limestone Calcined Clay Cement (LC3). New and 
improved admixtures with tailored properties are necessary to ensure a broad implementation of LC3 in 
the concrete industry. The high specific surface requires increased sulphation for these cements, which 
poses a challenge for admixtures. In this work, different LC3 cements were prepared, by blending a CEM 
I (50 wt. %), two kaolinite based calcined clays (30 wt. %, specific surface area of 4.11 m2/g or 27.79 
m2/g), limestone (15 wt. %) and two different sulphate sources (5 wt. %, gypsum or anhydrite). Two 
different superplasticizers, one conventional PCE-based slump retainer developed for ordinary concretes, 
and one new generation superplasticizer specifically suitable for LC3 (labelled as SP1 and SP2, 
respectively) were used for this investigation carried out in concrete (Figure 1). This study highlights the 
robustness of a new generation of superplasticizers towards different calcined clays and sulphate sources, 
in respect to workability retention. 

KEYWORDS: Admixture, calcined clay, workability, sulphate, concrete  

1. Introduction 

One of the most promising avenues to decarbonize the cement industry is lowering the clinker content of 
cement and to do so Supplementary Cementitious Materials (SCMs) are key (Scrivener et al., 2019). 
SCMs have been used in cement worldwide for many years, however traditional SCMs such as fly-ash 
and ground granulated blast furnace slag are waste by-products from CO2 generating industries, whereas 
calcined clays have the advantage of both worldwide availability and lower CO2 footprint (Hache et al., 
2020). Calcined clays generally have a more demanding workability; admixtures and in particular 
superplasticizers are therefore essential to allow the widespread utilization of these new cements (Lei et 
al., 2020).

 In this work, two superplasticizers and two calcined clays have been used to investigate the 
impact of sulphate source on the workability. 

2. Materials and methods 

2.1 Materials 

The two calcined clays used in this study are kaolin based calcined clays from Europe, with a metakaolin 
content respectively of 40% and 30% (as given by the provider) and a BET value of around 4.11 and 
27.79 m2/g, respectively, which are then abbreviated to reflect both these critical values: CC1-4 and CC2-
28 (Table 1). The cement used in this study is an ordinary Portland cement CEM I 52.5 R, provided by 

159



Schwenk GmbH. Particle size distribution and BET were measured for both calcined clay (Table 1), using 
Mastersizer 3000 (Malvern Panalytical) for PSD and a Nova 4000e (Quantachrom GmbH & Co. KG) for 
BET measurements done at 350°C. Two different superplasticizers provided by MBCC group were used 
in this study, SP1 and SP2, which are polymers with two different mechanisms for delayed action, based 
on acrylic acid and vinyl PEG monomers. 

Table 1. Particle size and specific area of CEM I and calcined clays, and metakaolin content of calcined clays. 

 

 

 

2.2 Methods 
Concrete mix designs: 380 kg/m3 of total binder (including calcined clay and limestone) at w/b = 0,41 
with a maximum aggregate size of 16 mm. As a descriptive example, LC3-50 2:1 (2: 1 being the ratio of 
calcined clay to limestone) mix design have 190 kg/m3 CEM I, 57 kg/m3 limestone, 114 kg/m3 calcined 
clay and 19 kg/m3 of gypsum. The mixing sequence/time was as follow: 80 % water added up-front, 
consequently after 2 minutes the admixture in 20% water remaining is added to the mix, for a total mixing 
time 4 minutes (mixer: Pemat ZK 30, shear rate 60 rpm). Slump measurements: the procedure is 
analogous to DIN EN 12350-2, the DIN flow was adjusted to 60 cm. Compressive strength: the concrete 
mixes were each filled into concrete steel cubes (15/15/15 cm), and after 24h the hardened concrete cubes 
were demolded and stored at a temperature of 20 °C and relative humidity of 65%. The hardened concrete 
cubes were demolded and stored for 7 days at 20 °C in a water bath and further 21 days at 20 °C and 
relative humidity of 65% in a climate chamber. Compressive strength was measured at 1 day and 28 days 
adapted from DIN EN 12390-3.  
 

3. Results and discussion 

DIN flow measurements were reported in concrete to compare the dispersing performances of the two 
superplasticizers, namely SP1 and SP2, with an initial value target between 50 and 60 cm (Figure 1).  
Both superplasticizers are pure PCE-based polymers, using two different release mechanisms. Four 
different LC3-50 systems have been tested, based on the combination of two calcined clays, low BET 
(CC1-4) and high BET (CC2-28) values, using two calcium sulphate sources, anhydrite and gypsum 
(Figure 1, shade of orange and red, respectively). To benchmark these LC3 concretes, three different 
references were selected (Figure 1, shades of blue): pure CEM I, a CEM I and limestone reference in a 
2.8:1 ratio (same amount of limestone as in the LC3-50 mix design), and a CEM I and limestone reference 
in a 1:1 ratio (same amount of CEM I as in the LC3-50 mix design). A low w/b ratio of 0.41, rather than 
higher such as 0.5, was selected to test the admixtures in a more challenging mix design.  

SP1 shows fresh properties performances dependent on both the calcined clay and the sulphate source. 
Using anhydrite as a sulphate source, it is possible to reach a 2h open time using a 0.26% solid content of 
polymer to binder dosage for CC1-4, whereas the LC3-50 mix containing CC2-28 reaches 1h30 open time 
with a higher dosage of 0.46%. When gypsum is used as the sulphate source, overall, a lower open time is 
obtained, whereas 1h30 is obtained using a dosage of 0.26% for CC1-4 and 1h with 0.52% dosage for 
CC2-28. When comparing the sulphate source, the workability of LC3-50 mixes with both calcined clays 
is superior when using anhydrite versus gypsum. A possible explanation would be that the difference in 

 d10 d50 d90 BET (m2/g) MK (%) 

CEM I 0.89 7.77 26.50 1.49 - 

CC1-4 1.12 9.84 34.33 4.11 40 

CC2-28 1.66 12.76 51.09 27.79 30 
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dissolution rate and solubility between gypsum and anhydrite affecting the competitive adsorption 
between the sulphates and the superplasticizer, which has a particularly bigger impact when calcined 
clays with higher surfaces are involved in the mix design (CC1-4 vs CC2-28). The influence of the 
calcined clay is clear and can be explained by a higher specific surface at a similar kaolin content: the 
BET value of the calcined clay alone appears to be a major factor influencing the workability of the entire 
concrete mix. 

SP2 exhibits an impressive robustness with similar performances in all systems, both references and LC3 
mixes. The dependence on the sulphate source is not evidenced with this superplasticizer, as was the case 
for SP1, and 2 hours open time is reached with both calcined clays. Some refluidification is observed to 
different degrees for all systems, however it is important to note that this type of pure polymer is usually 
formulated to mitigate the observed refluidification – in this study both superplasticizers were used as 
pure polymer for direct comparison. The dosage needed is also higher compared to SP1, and when using 
CC2-28, two different dosages are needed depending on the sulphate source, 0.57% when anhydrite is 
used and 0.65% when gypsum is used, in line with the trends observed for SP1. This difference can likely 
be explained by the fact that a low BET calcined clay such as CC1-4 will have a smaller influence on the 
sulphate requirements than a higher BET calcined clay such as CC2-28 (Zunino et al., 2019). 

 

Figure 1. DIN flow values for concrete tests carried out at w/b = 0.41 in LC3-50 mixes, using two calcined clays and 
two sulphate sources. Dosage (M.%bwoc active) for each superplasticizer shown in brackets in the legend. 

Compressive strength values were measured at 1 and 28 days were measured for all systems (Figure 2). 
Interestingly, the type of admixtures has little impact on early strength for LC3 mixes (Figure 2, 24h 
values) with SP2 showing slightly higher values than SP1. Overall, the compressive strength values at 1 
day for LC3 mixes are, as expected, significantly lower than the CEM I reference, as well as the reference 
with a 2.8:1 CEM I to limestone ratio. However, the 1:1 CEM I to limestone reference shows similar 
values as the LC3-50 mixes, even slightly lower than the LC3-50 mixes using SP2, evidencing that SP2 
can have a beneficial effect on early strength, on top of offering a superior workability.  

When discussing the late strength, the impact of the superplasticizer is more important (Figure 2, left vs 
right for 28 days). Compressive strength values for LC3 mixes are roughly 10 MPa higher for SP2 than 
for SP1, which is quite a remarkable increase in late strength, around 15% for all 4 systems. References 
are also impacted by the superplasticizer but more importantly, using SP2 enables in these LC3 systems to 
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reach the same late strength as a CEM I / limestone (2.8 : 1) blend, i.e. a lower CO2 concrete using 190 
kg/m3 of CEM I instead of a concrete using 280 kg/m3 of CEM I for the blend (Figure 2, right). 

 

Figure 2. Compressive strength values at 24h and 28 days in concrete at w/b = 0.41 in LC3-50 mixes, using two 
calcined clays and two sulphate sources.  

4. Conclusion 

In this work several LC3-50 systems were tested for workability, as well as early and late strength, using 
low BET value (CC1-4) and high BET (CC2-28) calcined clays, and two sulphate sources, anhydrite and 
gypsum. SP1 showed good performances, with an interesting fresh properties performances dependence 
on both the calcined clay and the sulphate source. SP2 on the other hand exhibited an impressive 
robustness with similar performances in all LC3 systems and references, in addition to an enhanced early 
and late strength enabling a substantial reduction of CO2 content of the final concrete (190 vs 380 kg/m3 
CEM I). 
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ABSTRACT 

Two conventional comb-like PCEs and a cross-linked PCE were synthesized in this paper. The 
rheological properties of paste containing different montmorillonite (MMT) contents in the presence of 
these PCEs were measured and the adsorption behaviors of these PCEs on MMT were investigated. 
Results show that compared to conventional PCE with carboxylate groups, the introduction of -SO3

- 
anchoring groups enhances the dispersion of PCE, and the paste with it exhibits lower yield stress and 
plastic viscosity. This is due to the lower adsorption of the PCE with -SO3

- groups on MMT and stronger 
dispersion to aggregated cement particles. In terms of PCE molecular structure, the cross-linked PCE has 
more arms that increase the intercalation efficiency on MMT, and the corresponding paste with it shows 
better workability.  

KEYWORDS: polycarboxylate ether superplasticizer, montmorillonite, adsorption, dispersion, 
intercalation 

1. Introduction 

Polycarboxylate ether (PCE) superplasticizer has the advantage of a higher water reduction rate even at a 
lower dosage. However, it exhibits high sensitivity to clay (Lei and Plank 2014). Montmorillonite (MMT) 
is considered the most adverse mineral for the dispersion performance of PCE. The root cause for such 
strong inhibition in the dispersion power of PCE polymer is that PCE polymer is preferably adsorbed on 
clay contaminants, and is consumed by surface adsorption and intercalation (Ait-Akbour et al. 2015). This 
greatly decreases the workability of concrete and limits the application of PCE. 
Compared to conventional PCE with carboxylate groups, the introduction of -SO3

- and -PO4
2- groups is 

beneficial to the enhancement of the dispersion capability of PCE due to their stronger attractive force 
(Qiu et al. 2011, Ran et al. 2016). However, there is no research on the effect of anchoring groups on the 
adsorption and dispersion capability of PCEs, and the interactions between PCEs with different anchors 
and MMT are unclear. The use of sacrificial agents and modification of PCE molecular structure are 
considered as the two approaches to enhance the tolerance of conventional PCE to MMT. However, these 
PCEs with special structures are synthesized by multi-steps, which increases the complexity and difficulty 
of the synthesis. The cross-linked polymer with much stronger steric hinderance benefits to disperse 
aggregated cement particles (Liu et al. 2014). Moreover, it can be prepared by a much simpler synthesis 
process than polymers with those novel structures. Thus, cross-linked PCEs are expected to decrease the 
negative effects of MMT on the flow of cement paste containing MMT.  
This study synthesized two comb-like PCEs and a cross-linked PCE, and investigated their effects on the 
rheological properties of cement pastes without and with MMT. The interactions between PCEs and 
MMT were revealed. This paper provides enlightenment for further design and synthesis of PCE with 
stronger tolerance to MMT. 
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2. Materials and Methods 

2.1 Materials 

IPEG monomer (Mw = 2400 g/mol) purchased from Hunan CJS Building Materials Technology Co., Ltd, 
was used. Analytical grade acrylic acid (AA), sodium vinyl sulfate (Vs), trimethylolpropane 
trimethacrylate (TMPTA), ammonium persulfate (APS), mercaptopropionic acid (MPA), and sodium 
hydroxide (NaOH) were provided by Shanghai McLean Biochemical Technology Co., Ltd. 
PO 42.5R Portland cement with a specific gravity of 3150 kg/m3 and a specific surface area (Blaine) of 
341 m2/kg was supplied by China United Cement Group Co., Ltd. Clay was naturally Ca-MMT 
purchased from Xinyang penglai bentonite Co., Ltd (China).  
 
2.2 Synthesis of PCEs  

These PCEs were synthesized by free radical polymerization. Herein, comb-like PCEs with -COO- and -
SO3

- groups, and the cross-linked PCE are named as CPCE, SPCE, and TPCE, respectively. The ratio of 
AA to IPEG is 3.5, and 0.5 mol AA was replaced by Vs to synthesize SPCE. The amount of the used 
cross-linker was 0.25% by the total mass of monomers.  
 
2.3 Methods  

Cement pastes with MMT replacements of 0%, 1%, 2%, and 3% by mass and PCE solutions were 
prepared, resulting in a water-to-powder ratio of 0.29. The mixed pastes were poured into the container 
immediately to measure the rheological properties on a rotational concentric rheometer (MCR 302, Anton 
Paar). 
A mass of 1.5 g MMT was dissolved in 29 g synthetic pore solution with different concentrations of 
PCEs and then stirred using a magnetic stirrer. Then the suspension was centrifuged. The liquid was 
collected to measure the total organic carbon (TOC) content and the solid at the bottom of the centrifuge 
tube was collected and dried for X-ray diffraction (XRD) measurement. 
 
3. Results and discussion  

The H-B model was used to describe the rheological properties of pastes with the synthesized PCEs and 
the results are illustrated in Fig.1. Without MMT, the yield stress and plastic viscosity of cement pastes 
with these PCEs are in the same order of magnitude. However, they increase significantly with the 
incorporation of MMT, especially at high MMT contents, due to the adsorption of PCE on MMT. 
Compared to CPCE, the presence of SPCE decreases the rheological parameters of pastes, which 
indicates that SPCE shows better dispersion capability on the pastes containing MMT. The rheological 
properties of pastes are affected by PCE molecular structures. Paste with TPCE exhibits lower plastic 
viscosity than CPCE. This can be attributed to the stronger steric hinderance of TPCE with three arms and 
weaker interactions with MMT. 

 

 
Fig.1 Rheological properties of pastes with these synthesized PCEs 
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The adsorption of the synthesized PCEs on MMT was measured and the result is shown in Fig.2. It can be 
seen that the adsorption amounts increase with the increased PCE concentrations. This is related to the 
physical and chemical adsorption of PCE molecules on MMT (Ma et al. 2020). It is well accepted that the 
lower adsorption of PCE on MMT results in its stronger tolerance to MMT (Lei et al. 2021). From Fig.2, 
SPCE shows lower adsorption on MMT than CPCE, which can explain the better rheological properties 
of paste with SPCE. However, TPCE has higher adsorption on MMT than that CPCE. This is related to 
their different molecular structures. Intercalation conformation of the side chains of PCE greatly depends 
on the molecular structure (Borralleras et al. 2020). Thus, it can be concluded that TPCE shows different 
intercalation modes than PCE with a comb-like structure.  
 

 
Fig.2 Adsorption of the synthesized PCEs on MMT 

 
The XRD of MMT was conducted to investigate the intercalation behavior of CPCE and TPCE. 
According to the XRD pattern, the d-values of MMT are divided as 1.20 ± 0.05, 1.40 ± 0.05, and 1.70 ± 
0.10 nm. The intercalation proportion of MMT was calculated and the result is shown in Fig.3. It can be 
seen that MMT has a lower intercalation proportion in the presence of TPCE, regardless of PCE 
concentrations. This indicates that the side chains of a single TPCE molecular can insert into multi-MMT 
particles, which enhances the intercalation efficiency and decreases the negative effects of MMT. 
Intercalation is the main hinderance to the dispersion of PCE (Ma et al. 2020, Lei et al. 2022). The less 
intercalation for TPCE contributes to its enhanced tolerance to MMT, which is in line with the results of 
the rheological properties of pastes. 

 

   
Fig.3 Intercalation proportion of MMT in the presence of CPCE and TPCE 

 
4. Conclusions  

This study synthesized two comb-like PCEs and a cross-linked PCE, and reported their effects on the 
rheological properties of cement pastes without and with MMT. Based on the analysis and discussion, the 
conclusions can be drawn. 
(1) Regardless of MMT content, SPCE and TPCE show better dispersion capability than CPCE, as 

evidenced by the lower yield stress and plastic viscosity of pastes. This can be explained by their 
different interactions with MMT. 
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(2) SPCE has lower adsorption on MMT, which decreases the consumption of MMT to PCEs and 
enhances the dispersion capability of SPCE. Compared to comb-like PCEs, the less intercalation is 
attributed to the enhancement performance of TPCE on cement paste containing MMT. 
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ABSTRACT: To improve the workability and mechanical properties of ultra-high performance concrete 
(UHPC), a novel EPEG-type ultra-high dispersion polycarboxylate superplasticizer (EPEG-type PCE) 
was developed by radical copolymerization reaction, and the effect of EPEG-type PCE on the workability, 
mechanical properties and durability of UHPC was investigated in this paper. The results show that the 
EPEG-type PCE can improve the workability and mechanical properties of UHPC at an appropriate 
dosage. However, there is a critical dosage for the effect of EPEG-type PCE on the early compressive 
strength and fluidity of UHPC, which is 1.5% (by mass of cement). The fluidity of UHPC does not 
improve any more when the dosage of EPEG-type PCE increases continuously after exceeding the critical 
point. The compressive strength decreases with the increase of EPEG-type PCE dosage when exceeding 
the critical point. The long-term drying shrinkage and electric flux of UHPC increased significantly with 
the increase of EPEG-type PCE dosage. The higher the dosage of EPEG-type PCE, the faster the increase 
of electric flux value of UHPC, and the worse the chloride ion penetration resistance of UHPC. 

KEYWORDS: UHPC, EPEG-type PCE, dosage, workability, compressive strength, shrinkage  

1. Introduction 

UHPC is a kind of cement-based composite material born in the 1990s, which is characterized by 
extremely low water-binder ratio, dense accumulation of multiple fine particles and toughening with steel 
fiber[1]. It is widely used in strengthening and repairing bridges, building curtain walls, prefabricated 
buildings and other fields[2-4]. However, the shortcomings of UHPC are also very prominent. The 
workability of UHPC has become very poor due to the ultra-low water-binder ratio and ultra-high amount 
of cementitious materials, it is usually necessary to add a large amount of polycarboxylate 
superplasticizer (PCE) to improve its fluidity[5-6], and the role of superplasticizer becomes very critical. In 
this paper, a novel EPEG-type PCE with a high water reducing rate was synthesized, which successfully 
realized the ultra-high dispersion of cementitious particles under the condition of low water to binder ratio. 
The influence of EPEG-type PCE on the workability, mechanical properties and durability of UHPC was 
studied, and provide reference for the application of UHPC engineering. 
 
2.Experiment 

2.1 Materials 

Ethylene glycol monovinyl polyethylene glycol ether (EPEG), self-developed; Acrylic acid (AA), 
hydrogen peroxide, ascorbic acid, and 3-mercaptopropanoic acid (3-MPA) purchased from Hongyan 
reagent factory of China. 
Cement: PO 52.5, Tangshan Jidong Cement Co., LTD; Superfine mineral powder (SMP): 1250 mesh; 
Sand: quartz sand, 20~40 mesh and 40~80 mesh, Hebei; Silica fume (SF):,amorphous SiO2 content is 
95.8% and specific surface area greater than 20 m2/g was purchased from Gansu Sanyuan Silicon 
Materials Co., Ltd; Steel fiber: copper-plated fiber with a diameter of 0.22 mm and a length of 13~15 mm. 
Polycarboxylate superplasticizer: EPEG-type PCE, solid content is 40%.  
 
2.2 Synthesis of PCE 
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330 g EPEG, 3 g hydrogen peroxide and 210 g water were added to a four-necked flask with a stirring 
device. 60 g AA aqueous solution as A solution, and 103 g 3-MPA and ascorbic acid aqueous solution as 
B solution were dripped respectively into the flask at 20℃ for 1h. and then continued reaction at a 
constant temperature for 1h to obtain EPEG-type PCE.  
 
2.3 UHPC mix design 

The mix design of UHPC is shown in Table 1. 
Table 1 Mix ratio of UHPC 

Cement SF SMP Sand 
20~40 mesh 

Sand 
40~80 mesh Steel fiber Water 

800 150 150 630 420 150 198 
 
2.4 Test Methods 

2.4.1 Structure characterization of EPEG-type PCE 
Fourier transform infrared (FT-IR) measurements were performed by FT-IR spectrometer (TENSOR 27, 
BRUKER, Germany) and relative molecular mass was characterized by Gel Permeation Chromatography 
(GPC, BI-Molecular weight Analyzer, USA). 
 
2.4.2 UHPC performance test 
UHPC fluidity test: The test was carried out according to Chinese standard of GB/T 2419-2005 'Cement 
mortar fluidity determination method' without vibration.  
Drying shrinkage and electric flux test of UHPC: refer to Chinese standard of GB/T 50082-2009 'Test 
method for long-term performance and durability of ordinary concrete'. 
 
3.Results and discussion 

3.1 Characterization of EPEG-type PCE 

Fig.1 is the infrared spectrum of EPEG-type PCE. There is an obvious peak at 3442 cm-1, indicating the 
stretching vibration absorption of -OH. A strong peak at 2889 cm-1 and multiple peaks suggest the 
stretching vibration absorption of alkyl saturated carbon (-CH3, -CH2, etc.). 1469 cm-1 is the stretching 
vibration absorption peak of saturated carbon C-H. 1243 cm-1 should be the stretching vibration 
absorption peak of C-O in the alcohol or ether structure, a strong absorption peak at 1109 cm-1 should be 
the stretching vibration absorption peak of -O- in the ether structure. The strong peak at 842 cm-1 should 
be the trans vibration absorption peak of enyne, and the out-of-plane bending vibration absorption peak of 
olefin C-H at 962 cm-1. The above analysis results show that the polyether molecule includes the 
characteristic functional groups C=C, C-O, and -OH. According to the GPC data (Fig.2), the average 
molecular weight of the EPEG-type PCE is 36856 g·mol-1, the molecular weight distribution value (PDI) 
is 1.72, and the conversion rate is 96.34%. 

3.2 The effect of EPEG-type PCE dosage on the fluidity of UHPC  

Table 2 shows the fluidity test results of UHPC with different EPEG-type PCE dosages. It can be seen 
from Table 2 that when the dosage of EPEG-type PCE is less than 1.5%, the amount of EPEG-type PCE 

 Fig.1 FT-IR of EPEG-type PCE 

Fig.2 GPC of EPEG-type PCE 
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is positively correlated with the fluidity of UHPC. However, when the dosage of EPEG-type PCE is 
higher than 1.5%, this relationship is significantly changed. When the dosage of EPEG-type PCE is 
increased, the fluidity of the slurry remains stable and basically unchanged. Even when the dosage of 
EPEG-type PCE is very high, the fluidity tends to decrease slightly.  

Table 2 Influence of dosage of EPEG-type PCE on fluidity of UHPC 
PEC dosage % 0.5 1 1.5 2.0 2.5 

Fluidity/mm 115 225 267 266 262 

The dispersion mechanism of EPEG-type PCE on cement is the dual mechanism of adsorption, 
electrostatic repulsion and steric hindrance, which is dominated by steric hindrance, thus ensuring the 
good dispersion of EPEG-type PCE on cement particles. When the amount of water reducing agent 
exceeds the saturation point (Fig.3), the adsorption vacancies on the surface of cement particles are 
gradually occupied and saturated. At this time, the adsorption amount of EPEG-type PCE is almost no 
longer increased with the dosage of EPEG-type PCE, and the fluidity of paste is no longer increased as 
well. When the amount of water reducing agent is too high, the free molecules of EPEG-type PCE in the 
pore solution will crosslink with the molecules adsorbed on the surface of the rubber particles, thus 
reducing the slump flow of UHPC. 

3.3 Influence of dosage of EPEG-type PCE on compressive strength of UHPC 

As shown in Fig.4. It can be seen that the dosage of EPEG-type PCE has a significant effect on the early 
strength of UHPC. Within a certain range, the early strength of concrete increases with EPEG-type PCE 
dosage, and the later strength develops steadily. When the dosage increased to 1.5%, the 3 d and 28 d 
compressive strength of UHPC increased to 78.6 MPa and 135.8 MPa respectively. While the water 
reduction dosage was 2.5%, the 3d and 28d compressive strength of UHPC decreased to 49.2 MPa and 
111.9 MPa respectively. Before the saturated dosage point, the addition of EPEG-type PCE can release 
the flocculation water in the flocculation group of cement particles in the low water-binder ratio system 
and promote the hydration of cement particles. However, when the dosage of EPEG-type PCE exceeds 
the saturation point, EPEG-type PCE reacts with the free Ca2+ in the interstitial solution to form an 
unstable complex, which inhibits the hydration process and leads to the decrease of early strength. As the 
hydration process progresses, this unstable complex will decompose by itself, and hydration will continue 
normally. 
 
3.4 Effect of EPEG-type PCE on durability of UHPC 

3.4.1 Drying shrinkage 
As shown in Table 3, The long-term drying shrinkage of UHPC increases significantly with higher PCE 
dosage, When the dosage of PCE increased from 1.0% to 1.5%, the drying shrinkage of UHPC increased 
by 9.4%. When the dosage of PCE increased to 2.0%, the drying shrinkage of UHPC reached 511×10-6. 
The drying shrinkage of UHPC is due to the evaporation of water in the capillary pores and the gel. After 
the addition of PCE, the water in the system is relatively increased, and the size of the capillary pores is 
reduced. The greater the negative pressure generated due to the evaporation of water in the capillary pores, 
the more pronounced is the increase in negative pressure acting on the capillary pore wall, leading to 
enhanced drying shrinkage of UHPC[7]. 

Fig.3 Adsorption capacity of EPEG-type PCE in 
binding material at different dosages 
 

Fig.4  Compressive strength of UHPC with different 
dosage of EPEG-type PCE 
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Table 3 Drying shrinkage of UHPC with different EPEG-type PCE dosage 

Age Drying shrinkage/ ×10-6 

1d 3d 7d 14d 28d 56d 90d 

EPEG-type 
PCE dosage 

1.0 93 154 276 331 402 431 443 
1.5 103 165 299 356 428 478 485 
2.0 132 209 324 376 444 501 511 

3.4.2 Chloride penetration resistance 
As Fig.5 shown, When EPEG-type PCE dosage is 1.0%, 1.5% and 2.0%, the electric flux values of 
UHPC are 100.3 C, 121.5 C and 145.7 C respectively. Compared to the electric flux at 1.0% dosage, it 
increases by 21.1% and 44.6% at dosage of 1.5% and 2% respectively, which indicates chloride ion 
penetration resistance decreases with the increase of dosage of EPEG-type PCE. This can be attributed to 
the low water to binder ratio, small porosity of hardened system, less internal interface defects and more 
active mineral admixtures in UHPC. The pozzolanic effect and secondary hydration reaction can 
effectively improve the pore structure of concrete.  

Fig.5 EPEG-type PCE on the electric flux of UHPC 
4.Conclusions 

A novel EPEG-type PCE was developed which can improve the workability and mechanical properties of 
UHPC at an appropriate dosage. When the dosage exceeds 1.5%, The slump of UHPC no longer increases 
with the increase of dosage of EPEG-type PCE and the compressive strength of UHPC gradually 
decreases. The drying shrinkage and electric flux of UHPC increase significantly with the increase of 
dosage of EPEG-type PCE, which indicates that the excessive addition of EPEG-type PCE will be 
detrimental to the durability of UHPC. 
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ABSTRACT 

Superabsorbent polymer (SAP) as internal curing agent can effectively mitigate the autogenous shrinkage 
and promote cement hydration of ultra-high performance concrete (UHPC). However, it has a risk of 
impairing the mechanical performance of UHPC given the macro pores left. This study developed ultra-
fine SAP powder aiming at securing the lower shrinkage and higher strength of UHPC. The influence of 
SAP powder on (average diameter (ds) of 5.78-60.85 μm) the water absorption/desorption characteristics, 
strength, shrinkage, and microstructure of cement paste with ultra-low water-to-binder ratio (w/b) was 
systematically studied. The results showed that the reduction of particle size of SAP can reduce the spacing 
distance of SAP in cement paste, which is beneficial for the internal curing, such as reducing the autogenous 
shrinkage, improving hydration of cement, and increasing the compressive strength.  

KEYWORDS: Autogenous shrinkage; Hydration; Internal curing; Microstructure; Superabsorbent 
polymer (SAP). 

1. Introduction 

The objective of internal curing is to enable a higher internal relative humidity and a lower autogenous 
shrinkage in concrete by a subsequent release of water from pre-wetted lightweight aggregates (LWA) or 
superabsorbent polymers (SAP). The gradual release of internal curing water can also promote the 
hydration of cement. Compared to LWA, SAP can provide a more effective IC due to the higher water 
absorption.  
The effectiveness of internal curing of SAP is related to the SAP chemical composition, content, and 
particle size. Zhong et al. found that the content of SAP is a factor that affects the internal curing of concrete. 
The internal curing efficiency or the reduced amplitude of autogenous shrinkage increased as the content 
of SAP increased. Besides, the size of SAP particles is a key factor on the internal curing efficiency for 
mitigating autogenous shrinkage. There is a controversy on the effect of particle size on the absorption 
capacity. The effect of SAP particle size on water adsorption and release characteristics can be influenced 
by other factors, such as the w/cm, which necessitates an in-depth study. 
Because the moisture migration distance is reduced with the decrease of w/b given the dense microstructure. 
The particle size of conventional SAP currently studied ranges between 50 and 500 μm. The use of ultra-
fine SAP can theoretically provide a larger internal curing zone compared to the conventional SAP because 
of larger specific surface area, which can enhance the cement hydration and reduce autogenous shrinkage 
of UHPC. However, the reduction of SAP particle size can influence the water adsorption and desorption 
characteristics, which might compromise the internal curing effect of SAP. Therefore, this study developed 
the ultra-fine SAP powder and characterized their water absorption and desorption capacity. The effect of 
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these ultra-fine SAP powder on the strength, shrinkage, and microstructure of paste phase of UHPC was 
investigated. The test results were used to determine the factors affecting the internal curing due to the 
variation of SAP particle size. A quantitative model that considers these factors was further established to 
understand the mechanism of SAP particle size on internal curing. The results of this paper aim to promote 
the application of using SAP to cure UHPC. 

2. Raw materials、mixture proportion and experimental methods  

2.1 Raw materials   

The binder materials included P.I. 42.5 Portland cement and silica fume. A high-performance 
superplasticizer (SP) with a solid mass content of 23% was used in this study to enhance the workability 
(within 230±10 mm). The SAP powder used in this study was a cross-linked acrylamide/acrylic sodium 
copolymer, which is derived from manufacturers. The ratio of acrylamide and acrylic sodium is 0.3. The 
mean particle size of this commercially available SAP was 60.85 μm (noted as S0). Such SAP was ground 
into four sizes using an air pulverizer. The mean particle sizes of SAP powder were 45.46, 25.87, 11.55, 
and 5.78 μm, referring to S1, S2, S3, and S4, respectively.  
 
2.2 Mixture proportion 

The mixture proportions of cement paste are shown in Table 1. 
Table 1 Mixture proportion of cement pastes with or without SAP powder 

No. 
Binder materials (%) 

Total w/b 
Additional 

w/b 

SAP (%, by 
weight of 
binder) 

SP (%, 
by weight 
of binder) 

Cement Silica fume 

R0.18 80 20 0.18 0 0 2.0 
R0.22 80 20 0.22 0 0 1.5 

S0 80 20 0.22 0.04 0.3 2.0 
S1 80 20 0.22 0.04 0.3 2.0 
S2 80 20 0.22 0.04 0.3 2.0 
S3 80 20 0.22 0.04 0.3 2.0 
S4 80 20 0.22 0.04 0.3 2.0 

 
2.3 Experimental methods 

The test methods about 1H nuclear magnetic resonance (NMR), Hydration heat, Autogenous shrinkage, 
Compressive strength, Hydration products and microstructure. 
3. Results 

3.1 Absorption/desorption properties of SAP 

The T2 relaxation signals of cement paste was shown in Fig. 1. The intensity of the peak is presented using 
different colours. In order to quantify the water content of SAP powder at different time, the amount of 
water (α) absorbed/released by the unit weight of SAP over time was calculated according to the peak 2 
intensity. In general, the water adsorption and desorption rates, as well as the maximum water absorption 
were shown to be influenced by the particle size of SAP powder. The bigger the particle is, the more pore 
fluid is absorbed into the cross-linked structure by its original mass. 
3.2 Hydration heat 

The SAP powder slowly released the water after reaching saturation point, thus promoting cement 
hydration., As hydration time increased, the heat flow rate of mixtures containing SAP powder was 
gradually greater than R0.22, which indirectly reflected the water release process of SAP powder.  
On the other hand, it means that the increase in heat of hydration is not proportional to the decrease in SAP 
particle size. It is mainly because larger SAP particle had a lower absorption time and reduced the early-
age hydration heat compared with smaller SAP. In addition, for cement-based materials with a certain 
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water-cement ratios (assuming the porosity is basically the same), there may be a threshold for the SAP 
particle size; if the particle size is below a certain value, the distribution of SAP particles can lead to a larger 
range of internal curing area, which is more beneficial for increasing hydration heat and this demonstrated 
that reduction SAP particle size promoted the early internal curing effect. 
 
3.3 Autogenous shrinkage 

Fig. 2 shows that the effect of particle size of SAP powder on autogenous shrinkage. The autogenous 
shrinkage of R0.18 and R0.22 mixtures were 2630 and 2011 με at 72h, respectively. This implies that the 
increase in w/b can reduce the autogenous shrinkage. The addition of SAP powder was more effective to 
reduce the autogenous shrinkage compared to the increase of w/b. This is because the water released form 
SAP powder can restrain the drop of relative humidity in cement paste. 
3.4 Compressive strength 

Figure 3 shows that the effect of w/b and particle size of SAP powder on the compressive strength at various 
ages. The addition of SAP powder and additional water led to a lower compressive strength compared to 
the reference UHPC made with w/b of 0.18. In fact, the use of conventional SAP can lead to 10-20% 
reduction in compressive strength of UHPC regardless of the internal curing effect of SAP. The lower 
decrease of compressive strength for UHPC made with finer SAP can be attributed to the smaller pores left 
after water desorption. With the increase of hydration age, the reducing amplitude of SAP group dropped 
because the enhanced cement hydration due to the internal curing effect of SAP compensated the influence 
of SAP pores on reducing the compressive strength. The influence of SAP particle sizes on compressive 
strength is mainly related to the spatial distribution and water absorption and release characteristics of SAP 
powder. 
3.5 Hydration products 

(1) TG and DTG analysis  
The chemical bound water (CBW) and calcium hydroxide (CH) content were calculated. The CBW content 
increased with the increase of curing age and w/b. This was because the gradual release of water absorbed 
by SAP powder promoted the cement hydration. This also demonstrated that mixtures with a higher w/b 
exhibited a greater degree of cement hydration, which is consistent with the CBW content.And, the water 
absorbed by SAP powder gradually released to promote the hydration of cement, resulting in a higher 
content of CH. Such results were in an agreement with the variation of CBW content with SAP powder.  
(2) 29Si NMR 
The variation of 29Si NMR intensity of cement paste made with different particle sizes of SAP powder. 
The deconvolution results are shown in Table 4. The higher C and H values refers to greater degree of 
cement hydration and pozzolanic reaction of silica fume. The incorporation of SAP powder was also shown 
to increase the average C-S-H chain length, especially for the S2 and S3 SAP powder. Thus, it can be 
concluded that internal curing promotes the hydration of cement pastes, leading to the formation of long 
chain C-S-H, which is attributed to the continuing hydration of cement and increasing pozzolanic activity 
of silica fume. 

 
 

 

Fig. 1 T2 relaxation signal of 
cement paste containing with 

or without SAP powder 

Fig. 2 Autogenous shrinkage of cement 
pastes with different particle sizes of SAP 

powder 

Fig. 3 Variation of compressive strength of 
cement pastes with different particles sizes of 

SAP powder 

3. Conclusions 
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Based on the above experimental results and discussion, the following conclusions can be drawn: The 
maximum water absorption of reduced with decrease of SAP particle size; A linear relationship was found 
between the water absorption of SAP measured using 1H NMR and Tea bag method; The reduction of 
particle size of SAP decreased the spacing distance of SAP in cement paste, which benefits to the internal 
curing, and led to a reduction in autogenous shrinkage, improvement in cement hydration, and enhancement 
in compressive strength. The decrease of spacing distance between SAP particles and SAP water absorption 
led to a lower level of shrinkage when the total w/b was kept the same. 
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ABSTRACT 

The relationship between compressive strength and unit volume weight of cement composites is an 
inverse relationship, indicating that, in general, high-strength composites have high unit volume weight 
and lightweight composites possess low compressive strength. This study aims to develop high-strength 
cement composites simultaneously with low-level unit volume weight and suggests mix designs for the 
composites with over 80 MPa of compressive strength and less than 1.6 g/cm3 of unit volume weight at 
28 days of curing age. The core constituents of the composites are ordinary Portland cement (OPC), silica 
fume, silica powder, artificial hollow microsphere, and lightweight fine aggregates, carbon nanotube 
suspension can be added for enhancing the compressive strength of the composites. The results indicate 
that compressive strength reaches 103 MPa with 1.53 g/cm3 of hardened density at 28 days of curing age. 
The use of carbon nanotubes enhances early-age strength development without an increase in the 
hardened density of the composites. 

KEYWORDS: high-strength, lightweight, cement composite, hollow microsphere 

1. Introduction 

 The development of admixture technology has enabled the production of concrete with a water-to-
cement ratio (w/c) of 0.2 or less, and concrete with a compressive strength of 150 MPa or more is known 
as ultra-high performance concrete (UHPC) (Zhu 2020). Cement, silica fume, quartz powder, quartz sand, 
superplastercizer, and steel fiber are typically used as the raw materials for UHPC (Shi 2015). A design 
method was proposed to maximize the internal packing of the particle size of the raw material used and 
reduce air gaps, which resulted in a high performance of 150 MPa or more (de Larrard 1994). To further 
enhance the mechanical performance of UHPC, high-temperature curing of up to 60 °C or 90 °C is 
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usually performed following curing, and rice husk ash, calcium carbonate powder, and nanomaterials are 
sometimes used as additional raw materials (Kang 2019a , Kang 2019b, Ghagari 2015). 
 On the other hand, the development of lightweight concrete by utilizing various lightweight materials is 
actively carried out. Concrete with a unit volume weight of 2,000 kg/m3 or less is generally regarded as 
lightweight concrete (Yang 2013). A range of lightweight aggregates have been proposed for the 
production of lightweight concrete. Choi and Kim (2018) proposed using bottom ash and calcined 
artificial lightweight aggregate for lightweight concrete, while Kim et al., (2009) suggested the use of 
artificial lightweight aggregate derived from waste glass. Additionally, studies are being conducted to 
utilize materials such as palm oil shells as lightweight aggregates (Shafigh 2011). 
 It is commonly known that the strength and density of cement composites are inversely proportional. 
Lightweight concrete typically has a compressive strength of between 15 MPa and 40 MPa, and 
developing high strength is difficult. UHPC's density is known to be around 2.3 g/cm3. Kılıç et al., (2003) 
reported that it was possible to produce a compressive strength of 43 MPa at 3 months of age at a unit 
volume weight of 1,944 kg/m3 by using lightweight aggregate and admixture, but the strength level is still 
not enough to qualify as high-strength concrete. Furthermore, no substantial advances have been made in 
the development of lightweight high-strength concrete since then. 
 The objective of this study is to develop cement composites that are both lightweight and high-strength, 
by incorporating artificial microspheres and lightweight fine aggregate. The research presents the mixing 
conditions required to produce cement composites with specific properties, including a unit volume 
weight of 2,000 kg/m3 at a compressive strength of 120 MPa, a unit volume weight of 1,800 kg/m3 at a 
compressive strength of 100 MPa, and a unit volume weight of 1,600 kg/m3 at a compressive strength of 
80 Mpa. 
 
2. Materials and Methodology 

 
2.1 Materials 

This study investigated the use of several materials in mix design of cement composites, including type Ⅰ 
ordinary Portland cement (OPC), silica fume (SF), silica sand (SS), silica powder (SP), hollow 
microsphere (HMS), lightweight fine aggregate (LFA), and polycarboxylate superplasticizer (PCE). The 
LFA used in this study was a kind of expanded clay aggregate that was produced by Liapor GmbH & Co. 
KG in Deutschland. The SF and SP used in the study had smaller particle sizes than OPC, while HMS 
had a larger particle size. The unit weight of each material was 3,150 kg/m3 for OPC, 2,200 kg/m3 for SF, 
2,650 kg/m3 for SP, 2,648 kg/m3 for SS, 600 kg/m3 for HMS, and 1,770 kg/m3 for LFA. The absorption 
rate of LFA was found to be 10 % at 3 days. These materials were mixed in various ratios to determine 
the optimal combination for lightweight and high-strength cement composites. 
The mineral phase compositions of the raw materials were investigated using X-ray diffraction (XRD). 

The OPC used in this study was found to contain 51.0% C3S, 32.7% β-C2S, 9.0% C4AF, 2.6% C3A, 3.1% 
gypsum, and 1.7% anhydrite. The C3A content of the OPC was slightly lower than that of typical Portland 
cement, but its light-weight consistency was consistent with the low Al2O3 content of the OPC. The SP 
was found to be composed of quartz (SiO2) and a small amount of cristobalite (SiO2), and SF was found 
to be amorphous containing a small amount of moissanite (SiC). The HMS was found to be composed of 
an amorphous phase containing no crystalline phase.  
The solid content of the PCE used in this study was found to be 38.5%. 

 
2.2 Mix Design and Curing Scheme 

Three types of lightweight and high-strength cement composites were formulated according to the target 
compressive strength and unit weight, as outlined in Table 1. The target compressive strength for the first 
composite is 80 MPa with a unit weight of 1.6 g/cm3, while for the second composite, it is 100 MPa with 
a unit weight of 1.8 g/cm3. Finally, the third composite aims for a target compressive strength of 120 MPa 
at a unit weight of 2.0 g/cm3. 
The cement composite mixture described in Table 1 was cast into cylindrical specimens with dimensions 

of 10 cm in diameter and 20 cm in height. The specimens were then cured for 24 hours at a temperature 
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of 21°C and a relative humidity of 99%. After this initial curing period, the specimens were removed 
from their molds and placed in a chamber at a temperature of 90°C and a relative humidity of 99% for an 
additional 48 hours. Following this, the specimens were cured in a controlled environment at a constant 
temperature of 21°C and a relative humidity of 65% until the compressive strength measurements were 
taken. 
 

Table 1. Mix design for lightweight and high-strength cement composites (unit: kg/m3) 

Label Water OPC SF SP SS HMS LFA 
1.6 // 80 212.5 739.1 110.9 208.0 0 211.0 111.0 
1.8 // 100 212.5 739.1 110.9 208.0 255.0 152.0 115.0 
2.0 // 120 195.5 739.13 110.87 208 513 101 125 

 

3. Results 

Figure 1 illustrates the compressive strength and unit weight results of the lightweight and high-strength 
cement composites developed in this study, in comparison to previous results of lightweight and high-
strength concrete. The blue dots in Figure 1 indicate the results of this study. The results demonstrate a 
noticeable deviation to the left from the established trends of lightweight or high-strength concrete, 
suggesting that a cement composite can achieve both high strength and lightweight properties through 
appropriate mixing of HMS and LFA. 
 

 

Figure 1. Results of compressive strength and density of hardened cement composites. 

 

3. Conclusions 
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In this study, lightweight and high-strength cement composites were manufactured using hollow 
microspheres (HMS) and lightweight fine aggregate (LFA), and their compressive strength and density 
were investigated. The objective was to produce a lightweight and high-strength cement composite with 
compressive strengths of 80 MPa at a hardened density of 1.6 g/cm3, 100 MPa at a hardened density of 
1.8 g/cm3, and 120 MPa at a hardened density of 2.0 g/cm3. As a result of the study, it was found that the 
proposed mixing conditions led to the target compressive strength being exceeded, even at a weight lower 
than the target density. The trend of compressive strength-density of the hardened body was clearly 
shifted to the left compared to previous research results, indicating that it is possible to manufacture a 
cement composite that is lighter and has excellent strength than previous results. 
Overall, the results of this study suggest that incorporating HMS and LFA can effectively enhance the 

compressive strength of lightweight cement composites while also reducing their density. These findings 
have important implications for the development of sustainable construction materials that are both strong 
and lightweight. 
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ABSTRACT 

Machine learning (ML) based strength development prediction and mixture optimization of the massive 
concrete used in the Three Gorges Dam have benefits on efficiency and accuracy, providing guidance for 
mixture design employed in dam maintenance and other concrete constructions. This study established a 
relationship between material properties and strength development based on the compressive strength (CS) 
development data of concrete used in the main project of Three Gorges Dam with a time span of more than 
20 years. A comprehensive determination method of the weight of strength influencing factors is proposed 
by combining models based on decision tree (DT) and statistical analysis. The water-to-cement ratio (W/C) 
and cement content are found to be the key feature parameters dominating the CS of the Three Gorges Dam 
concrete. For strength development prediction, the prediction efficiency of the commonly used ML 
regression model on concrete strength development are discussed. Meanwhile, this study presents a 
concrete mixture optimization method based on ML and multi-objective evolutionary algorithm (MOEA).  
NSGA-II and MOEA/D are used as the optimization model. By simultaneously optimizing multiple 
objectives (different development strength) with multiple variables (features), the Pareto fronts of the Three 
Gorges Dam concrete mixture optimization problem for strength development is successfully obtained. 

KEYWORDS: Strength development, Three Gorges Project, Machine learning, Multi-objective 
evolutionary algorithms, Mixture optimization 

1. Introduction 

China is currently the country with the most high-arch dams under construction and in operation in the 
world, with the majority of dams using medium-heat and low-heat cement concrete (Fan et al (2017)). In 
previous mixture designs, low-heat cement concrete generally exhibited low early strength and high later 
strength growth, while medium-heat cement concrete exhibited high early strength but low later strength 
(Ji et al (2012)). To meet the requirements for high early strength during dam construction and high later 
strength for long-term loading, as well as to support the construction of the world's largest "clean energy 
corridor" in China, it is urgent to explore the laws of strength development and develop a mixture design 
that couples excellent early and later strength. However, traditional mixture design based on empirical 
methods suffer from problems such as large-scale experimentation, high economic costs, and significant 
environmental impact, leading to high carbon dioxide emissions and waste of precious resources. However, 
ML methods represent a new low-carbon path that can overcome the limitations of traditional empirical 
methods and predict the strength development of dam concrete and optimize mixture. 
ML methods have been employed to identify crack behavior (Dai et al (2018)), predict deformation and 
monitor structural health (Kang et al (2020)), perform reliability analysis (Hariri-Ardebili and Pourkamali-
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Anaraki (2018)) for concrete used in dams. In the field of using ML methods to predict concrete CS and 
optimize mixture, domestic and foreign scholars have conducted extensive research. ML methods for 
predicting CS include artificial neural network (ANN), support vector machine (SVM), DT, and others. 
These methods have achieved excellent prediction results for concrete materials such as ordinary concrete 
(Young et al (2019)) and high-performance concrete (Chou et al (2014)), etc. Research have been conducted 
using ML to evaluate the effects of industrial waste and curing methods on the strength  development in 
geopolymer concrete (Ghosh and Ransinchung (2022)). Zhang et al. (Zhang et al (2020)) proposed a 
concrete mixture optimization method based on ML and metaheuristic algorithms, and successfully solved 
the bi-objective mix design optimization problem for high-performance concrete. 
In this paper, for the strength development data of Three Gorges Dam concrete with a time span of more 
than 20 years, we analyzed the key features that affect the CS and predicted the strength development by 
using common ML. Furthermore, we employed a mixture optimization method based on ML and MOEA 
to obtain the Pareto front of mixture optimization for strength development. 
 
2. Data and Methodology 

2.1 Structured Data Sets 
The structural data sets for predicting 7-day CS, 90-day CS and strength development were constructed. 
The data set for predicting strength development extracted the days of CS from the output targets with "day 
strength factor" as the input feature. The total sample size is 11,251, including 14 input features of mixtures 
and raw materials properties and one output target of CS without days label. The data sets of 7-day CS and 
90-day CS retained 7 input features of optimizable continuous data, with total sample sizes of 1385 and 
2814. 7-day CS and 90-day CS are used as output targets. For models based on ANN and SVM, the datasets 
should be normalized and (0,1) normalization was adopted in this study (Bishop and Nasrabadi (2006)). 
 
2.2 ML Methods 
2.2.1 Methods Used in Predicting Strength Development and CS 
The Multilayer Perceptron Regression (MLPR), Random Forest Regression (RFR), and Epsilon-Support 
Vector Regression (SVR) were used to predict strength development and CS. For ML regression problems, 
R2 and MSE are commonly used as evaluation criteria for model performance. 
2.2.2 Methods Used in Feature Engineering (FE) 
The regression method of eXtreme Gradient Boosting (XGBR) was used to evaluate the feature importance 
of influence strength development, and the influence of different normalization methods was considered. 
 
2.3 MOEA Methods 
In this study, MOEA adopted NSGA-II and MOEA/D. NSGA-II is a MOEA based on genetic algorithms 
and its main idea is to maintain population diversity and convergence by dividing the population into 
multiple different ranks and calculating the crowding distance of each individual, thereby effectively 
solving the Pareto front. MOEA/D is a popular MOEA, which determines the score of each solution on 
different objective functions by using the weight vectors, uses Tchebycheff decomposition formula to 
combine multiple objective functions into one function to optimize each subproblem, and finds the Pareto 
front by iteratively optimizing the subproblems and adjusting the weight vectors. 
 
3. Results and Discussion 

3.1 FE for Influence Strength Development 
The three radar charts in Fig 1 show the feature importance of XGBR in the concrete strength development 
under different normalization methods. Combining all charts, it can be found that the weight values and 
ranking trends of each feature are basically consistent regardless of whether the dataset is normalized and 
which normalization method is used. From each chart, it can be seen that the W/C, cement content, and day 
strength factor have prominent feature weights. According to Pearson correlation analysis based on 
statistics, W/C, cement content, and day strength factor all have high correlation with CS in the data set for 
predicting strength development, which are -0.52122, 0.42381, and 0.34117. 
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Fig 1. Feature importance of concrete strength development based on XGBR: Not normalized; (0,1) 

normalization; Z-score standardization 
 
3.2 Strength Development Prediction 
MLPR, SVR, and RFR were used to construct models for predicting the strength development. The 
performance of models was studied with default hyperparameters and hyperparameters optimized using 
GridSearchCV. Performance evaluation was based on 5-fold cross-validation. Fig 2 shows the comparison 
of the performance of various models on the training set. It can be found that the optimized RFR has the 
highest R2 and the lowest MSE, which has relatively excellent fitting and bias. The hyperparameter is 
max_depth=13 and n_estimators=140. Fig 2 also shows the residual distribution of the optimized RFR on 
the training and testing sets. It can be observed that, except for a few outliers, the residual distributions are 
generally consistent, indicating the optimized RFR has a preferable predictive performance and robustness. 

     
Fig 2. Comparison of performance on the training set among ML models and residual distribution of the 

optimized RFR model on the training and testing sets (For strength development prediction) 
For the prediction of early and late CS, the optimized RFR also had the best performance on the training 
set compared to MLPR and SVR before and after optimization. The optimized RFR hyperparameters for 
7-day CS and 90-day CS are max_depth=9 and 8, n_estimators=50 and 140, respectively. The predictive 
performance in the test set is also excellent. For 7-day CS and 90-day CS, R2=0.7059 and 0.6361, MSE= 
15.47 and 28.19. The optimized RFR can be used as the objective functions of multi-objective optimization. 
 
3.3 Mixture Optimization for Strength Development 
Based on the objective of maximizing both 7-day CS and 90-day CS as the goal, multi-objective 
optimization was performed using NSGA-II and MOEA/D. In this study, the population size of NSGA-II 
was 50, and other parameters were default values. MOEA/D was set to 50 reference directions, 15 neighbors, 
and a 70% probability of mating. The total iterations were 500 for both. The constraint conditions were set 
based on the datasets of 7-day and 90-day CS, and Table 1 shows the range constraints and ratio constraints. 

Table 1. Range constraints and ratio constraints in multi-objective optimization 
 Contents Unit Constraint value 

Range constraints 

Cement content Kg/m3 [70,450] 
Temperature ℃ [0,32] 

7-day CS Mpa [9.2,54] 
90-day CS Mpa [16.3,70.8] 

Ratio constraints 

W/C / [30,68] % 
Fly ash content / [0,98] % 
Sand content / [18,63] % 

Superplasticizer dosage / [0.3,2] % 
Air entrain admixture dosage / [0,7] % 
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Fig 3 shows the Pareto front of the optimized mixture for the Three Gorges Dam concrete and the actual 
engineering data. It can be seen that the two MOEA methods successfully and stably solved the Pareto front, 
and the Pareto solution set achieved preferable optimization of maximizing both the 7-day and 90-day CS. 

 
Fig 3. The Pareto front of optimized mixture based on 7-day CS and 90-day CS 

 
4. Conclusions 

This study mainly focused on FE, strength prediction, and mixture optimization for strength development. 
In terms of FE, based on the comprehensive evaluation method of influence factor weights, it was 
determined that normalization has little effect on the ranking of feature weights, and W/C and cement 
content are key factors affecting the CS. In terms of strength development prediction, the RFR with 13 
max_depth and 140 n_estimators was found to have preferable predictive performance. In terms of mixture 
optimization, the Pareto front of the Three Gorges Dam concrete strength development optimization 
problem was successfully solved using NSGA-II and MOEA/D. 
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ABSTRACT 
Ultra-High Performance Concrete (UHPC), incorporated with supplementary cementitious materials 
(SCMs), is a relatively new construction material with excellent mechanical and durability properties. The 
good pozzolanic characteristics and abundant availability of calcined clay make it an excellent SCM for 
UHPC. The present experimental work investigates the effect of different percentages of calcined clay 
replacement on the fresh properties and compressive strength of UHPC. In addition, the chloride 
penetration resistance of UHPC mixes in the presence of calcined clay were also determined. For this 
purpose, concrete mixes were prepared by replacing cement with calcined clay (metakaolin) at different 
replacement levels (i.e., 10%, 20%, and 30% by mass of cement). Control mixes were also prepared using 
silica fume as a partial replacement for cement. The obtained results indicated that in concrete 
substitution of silica fume by calcined clay led to a slight decrease in flow and compressive strength. 
Although the performance of calcined clay is slightly inferior compared to silica fume in the cement 
trials, it can be a promising SCM for the manufacture of High-Performance Concrete (HPC).  

KEYWORDS: UHPC, Silica fume, Metakaolin, Compressive strength, RCPT. 

1. Introduction 
Ultra-High Performance Concrete (UHPC), is one of the most innovative concretes known for its 
exceptional strength, durability, and toughness, making it stand out among other concrete varieties. 
Typically, the amount of cement utilized in UHPC ranges from 800 to 1100 kg/m3, which is 
approximately three times higher than that required in the manufacturing of conventional concrete (Wang 
et al., 2022). The higher use of cement in UHPC results in high carbon emissions and depletion of natural 
resources, thus limiting the widespread adoption of UHPC in the construction industry. Thus, there is a 
necessity to create an environmentally friendly UHPC to minimize the adverse environmental 
consequences. 
In recent years numerous studies have been conducted to incorporate different types of SCMs into UHPC 
to reduce the consumption of cement, thereby reducing its cost and carbon footprint. Among the 
commonly used SCMs, silica fume is the most effective and widely used pozzolanic material in the 
production of UHPC due to its extreme fineness (high specific surface area) and high silica content, 
which results in a positive effect on concrete rheology and mechanical performance (Ahmad, 2017). 
However, the entire UHPC production industry cannot depend on silica fume as they are not available in 
abundant quantity. Therefore, it is imperative to explore the possibilities of alternative SCMs which can 
fulfil the increasing construction demand while being sustainable. In calcined clay, metakaolin which is 
prepared by heating kaolin clay under 800 ℃, holds high pozzolanic activity and can be a good 
alternative to silica fume in the production of UHPC (Mo et al., 2022). Tafraoui et al. (2009) found that 
under normal curing, the UHPC containing metakaolin showed equivalent or slightly lower compressive 
strength than those with silica fume, while in heat curing condition, metakaolin showed higher 
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compressive strength than silica fume. Further, the durability performance of UHPC containing 
metakaolin was equivalent to those UHPC containing silica fume (Tafraoui et al., 2009). Jiang et al. 
(2015) found that 10% metakaolin content in UHPC showed the best results in terms of compressive and 
flexural strengths of UHPC. Although numerous studies have been conducted on UHPC that incorporate 
metakaolin, but most of these investigations utilize metakaolin ranging from 5% to 25% of the cement 
mass (Jiang et al., 2015, Mo et al., 2022, Tafraoui et al., 2009). Only a few studies use higher percentage 
of metakaolin to produce UHPC (Amin et al., 2020). Therefore, there is a need to study the mechanical 
and durability performance of UHPC containing higher replacement levels of metakaolin. Keeping this in 
view, in the present experimental work, three different replacement levels of metakaolin i.e., 10%, 20%, 
and 30% by mass of cement were used in the production of UHPC. In addition, three UHPC mixes were 
also prepared using silica fume instead of metakaolin at the same replacement level. Flow and 
compressive strength tests were carried out to determine the fresh and mechanical properties of UHPC. In 
addition, Rapid Chloride Penetration Test (RCPT) was also carried out to evaluate the durability 
performance of UHPC.    
 
2. Experimental work 

2.1 Materials and mix proportion 
The raw materials used to produce UHPC included 53-grade ordinary Portland cement, silica fume, 
metakaolin, quartz powder and quartz sand. The physical and chemical properties of Portland cement, 
silica fume and clays are presented in Table 1.  

Table 1: Oxide composition and physical properties of binders 
Oxide in 
weight % SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O K2O Loss on 

ignition 

Median 
particle size 

(d50) 

Specific 
gravity 

OPC 19.18 6.37 4.49 62.34 1.33 2.53 0.15 0.51 1.32 16.9 μm 3.21 
Silica fume 88.83 2.86 1.85 0.60 1.90 0.49 0.23 0.58 0.60 9.59 μm 2.22 
Metakaolin 42.49 1.48 46.18 0.09 1.37 0.10 1.28 0.01 4.48 8.03 μm 2.53 
 
Quartz powder (specific gravity 2.64) having median particle size (d50) of 35.4 μm and quartz sand 
(specific gravity 2.64) having size in the range of 1180 - 300 μm were used in the production of UHPC. A 
polycarboxylate base superplasticizer with a high solid content percentage was used to enhance the 
workability of UHPC. In total six UHPC mixes were prepared using three replacement levels (i.e., 10%, 
20% and 30% by mass of cement) of silica fume and metakaolin. The details of mix design are presented 
in Table 2. It may be noted that the dosage of superplasticizer used for UHPC mixes containing silica 
fume was 1.5% by mass of binder and for UHPC mixes containing metakaolin was 2% by mass of binder. 
 

Table 2: Details of UHPC mixes 
Sl. 
No. 

Abbreviation w/b 
ratio 

Cement 
(kg/m3) 

Silica fume 
(kg/m3) 

Metakaolin 
kg/m3 

Quartz 
sand 

(kg/m3) 

Quartz 
powder 
(kg/m3) 

Superplasticizer 
(kg/m3) 

1 UHPC10SF 0.22 931.52 93.15 0 996.97 175.94 15.37 
2 UHPC20SF 0.22 839.94 167.99 0 996.97 175.94 15.12 
3 UHPC30SF 0.22 764.76 229.43 0 996.97 175.94 14.91 
4 UHPC10MK 0.22 940.22 0 94.02 996.97 175.94 20.68 
5 UHPC20MK 0.22 854.19 0 170.84 996.97 175.94 20.50 
6 UHPC30MK 0.22 782.59 0 234.78 996.97 175.94 20.35 

2.2 Specimens fabrication and curing procedure 
For each UHPC mix, cubes of size 100 mm for 7- and 28-days compressive strength and cylinders of size 
Ø100 × 200 mm for RCPT test were prepared. The cube and cylindrical moulds were filled with fresh 
UHPC in single layer without compaction and subsequently covered with plastic sheets to avoid water 
evaporation. The specimens were demoulded after 24 h and then subjected to hot water curing conditions 
for 3 days at a constant temperature of 60 ± 3º C (ASTM C1856/C1856M-17, 2017). Thereafter the 
specimens were moist cured at ambient temperature till the day of testing.  
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2.3 Test methods 

2.3.1 Flow test  
The workability of UHPC prepared in the present investigation was determined through flow test 
following the guidelines mentioned in ASTM C1856/C1856M (ASTM C1856/C1856M-17, 2017). 
 
2.3.2 Compressive strength test 
The compressive strength of each mix was determined by testing three cube specimens at two different 
ages, i.e., 7 and 28 days. 
 
2.3.3 Rapid chloride penetration test  
For RCPT test, Ø 100 mm × 50 mm concrete disks obtained from concrete cylinders (size Ø 100 mm × 
200 mm) were used. The test setup for RCPT consisted of two cells where one cell was filled with 0.3 N 
NaOH solution and the other cell was filled with 3% NaCl solution. The disk was placed in between the 
cells and the cells were connected to a power supply of 60 V. The current was measured and recorded 
during a time period of 6 hrs, and the total charge passed through the specimen was calculated from the 
current and time.  

3. Results and discussion 

3.1 Flow test and Compressive strength 
The results obtained from flow test for different UHPC mixes are shown in Fig. 1. The 7-and 28-day 
compressive strength of UHPC mixes prepared from different replacement level of silica fume and 
metakaolin are shown in Fig. 2. 
 

  
Fig. 1: Flow value for all UHPC mixes Fig. 2: 7- and 28-day compressive strength value 

for all UHPC mixes 
From the flow value in Fig. 1, it is evident that the workability of UHPC mixes reduces with an increase 
in the replacement level of silica fume or metakaolin in UHPC mixes. This may be attributed to the very 
fine particle size of silica fume and metakaolin that adsorbed more water on its surface thereby increasing 
the water demand. Further, the UHPC mixes containing metakaolin showed slightly lower flow values as 
compared to those containing silica fume even though the UHPC mixes containing metakaolin were 
prepared with higher dosages of superplasticizer. The smaller particle size of metakaolin than silica fume 
may be the reason behind the lower workability of UHPC mixes containing metakaolin.   
From Fig. 2, it is observed that the concrete mixes containing 10% silica fume and all those containing 
metakaolin showed compressive strength lower than 120MPa. According to ASTM C1856/C1856M-17 
(2017), concrete having a compressive strength of at least 120 MPa can be classified as UHPC. Therefore, 
in the current research, it is more appropriate to refer to the concrete containing 10% silica fume and all 
those containing metakaolin as High-Performance Concrete (HPC), rather than Ultra High Performance 
Concrete (UHPC). The results of 7-and 28-day compressive strength showed that, in case of the mixes 
with silica fume the compressive strength increases with an increase in the silica fume content from 10% 
to 20% by mass of cement. Further increase in the silica fume content does not have significant influence 
on the compressive strength value as evident from Fig. 2. The increase in compressive strength with an 
increase in silica fume content (from 10% to 20% by mass of cement) may be attributed to the greater 
extent of pozzolanic reactions that results in the formation of more amount of C-S-H gel. The results in 
Fig. 2 suggested that by replacing 20% of the cement with silica fume in UHPC mixes, the maximum 
particle packing can be achieved. Further with an increase in the metakaolin replacement level, the 
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compressive strength decreases at both testing ages. This may be attributed to the fact that the hydration 
reaction has a greater influence at higher cement content in comparison to the packing effect and 
pozzolanic reaction in mixes containing a higher proportion of metakaolin. While comparing the effect of 
silica fume and metakaolin on compressive strength, it is observed that the mixes with silica fume showed 
higher compressive strength at both 7- and 28-day as compared to those containing metakaolin. The 
reason behind this may be the high reactivity of silica fume that causes the amorphous silica to react with 
hydration products, resulting in the formation of a denser microstructure (Ashraf et al., 2022). In addition, 
the larger surface area of metakaolin leads to more water absorption, which creates voids and gaps in the 
cementitious matrix (Ashraf et al., 2022). Further with increase in testing age the compressive strength of 
all UHPC mixes slightly increases.  
 
3.2 Rapid Chloride Penetration test 
The RCPT values in terms of total charge passed in coulombs for UHPC mixes containing 10%, 20% and 
30% silica fume are 41.70, 11.04, and 6.38 coulombs respectively. Similarly, the RCPT values for UHPC 
mixes containing 10%, 20% and 30% metakaolin are 77.68, 39.74, and 19.7 coulombs respectively. The 
total charge passing through a concrete specimen can provide an indication of its ability to resist the 
penetration of chloride ions. The lower value of total charge passed indicated higher chloride penetration 
resistance of concrete. All the UHPC mixes showed total charge passed value lower than 100 coulomb 
indicating negligible chloride ion permeability in the UHPC mixes (ASTM C1202, 2012). This may be 
due to the denser microstructure of UHPC mixes that resist the ingress of chloride ions into the concrete.  
 
4. Conclusions 
Based on the results obtained from the present study the following conclusions were drawn. 
• The concrete made with metakaolin can be classified as HPC rather than UHPC as the obtained 

compressive strength results are less than 120 MPa. 
• The use of metakaolin as a partial substitute for silica fume in UHPC tends to decrease the 

workability and strength. This impact was more prominent when higher levels of metakaolin are 
used as a replacement.  

• The compressive strength results indicated that the optimum proportion of silica fume for achieving 
maximum particle packing was 20%. 

• The RCPT results showed negligible chloride ion permeability in all the UHPC mixes indicating the 
formation of denser microstructure in the presence of SCMs. 
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ABSTRACT 

This paper investigated the hydration and pore structure evolution of negative temperature hardening 
cement paste, and the influence of negative temperature (-5 ℃) was highlighted. Thermogravimetric 
analysis (TGA) and mercury intrusion porosimetry (MIP) was used to gain information on hydration and 
pore structure. TG results show that negative temperature hardening severely inhibits the hydration 
reaction, resulting in a significant decrease in the hydration degree, C-S-H gel content and gel-space ratio. 
However, as the hydration age increases to 120 days, the hydration degree and gel-space ratio of negative 
temperature hardening cement paste can reach the positive temperature level, while the C-S-H gel content 
is still lower than the positive temperature level. MIP results indicated that negative temperature 
obviously delayed the development of pore structure and significantly increases total porosity and most 
probable pore diameter, indicating that negative temperature hardening seriously affects the compactness 
of pore structure. 

KEYWORDS: cement paste, negative temperature hardening, hydration, pore structure  

1. Introduction 

Hardening temperature is known to affect the reactivity and hardened properties of cement-based 
materials adversely. Some literature [1,2,3] have provided experimental data to prove that hardening 
temperature plays a vital role in the development of strength. A decrease in hardening temperature can 
deaccelerate the strength development of cement-based materials [4,5,6,7]. 
Hydration progress is the key to affecting the macro strength of hardened cement pastes [8]. Previous 
studies [9,10,11] have shown the linear, cubic, or exponential relations between the compressive strength 
and hydration characteristic parameters. 
Pore structure is also one of the key factors controlling the strength and durability of hardened cement 
pastes [12]. All types of pore and pore shapes control the mechanical properties, and the amount of 
interconnecting pores and the tortuosity of pores mainly affected the durability of concrete [13,14]. Large 
pores are considered to have more dominant effect on strength and durability, and gel pores mainly affect 
the shrinkage and creep [15,16]. 
Therefore, the aim of the present work was to study the hydration and pore structure evolution of negative 
temperature hardening cement paste. Thermogravimetric analysis (TGA) was used to gain information on 
hydration degree and hydrates. Mercury intrusion porosimetry (MIP) was used to obtain the pore structure 
information and pore size distribution, and the pore structure was analyzed with the help of the fractal 
model. 
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2. Experiment 

2.1 Material and preparation 

A commercially available ordinary Portland cement is used as a binder material and the physicochemical 
properties of the binder material are given in Tables 1. The water to cement ratio of 0.35 was used for all 
the cement pastes and the pastes were mixed according to ASTM C 305 standard [17]. After pre-curing 
for 24 h at room temperature, all the pastes were demolded and then cured at +20 ℃ and -5 ℃ for 3, 7, 
14, 28, 56, and 120 days, respectively. 
 
Table 1. Chemical and mineral composition of cement. 

Chemical composition 
(wt%) 

SiO2 Al2O3 Fe2O3 CaO MgO f-CaO Loss 
21.14 5.72 3.62 64.84 1.53 1.33 1.13 

Mineral composition (wt%) C3S C2S C3A C4AF    
54.30 19.66 9.04 11.00    

 
2.2 Methods 

A thermogravimetric apparatus (TA Discovery SDT 650) was used to obtain the TG and DTG curves. 
The temperature range of TGA is from 30 ℃ to 800 ℃ at 10 ℃/min in a nitrogen atmosphere. TG 
samples were pulverized and then oven-dried at 60 ℃ for 72 h before testing. 
The MIP technique (AutoPore IV 9500, USA) is used to measure the characteristic pore sizes and pore 
size distribution of cement-based materials. MIP samples were immersed in ethanol for 7 days to remove 
the free water inside pastes. After immersing, these samples are dried in an oven at about 60 ℃ for 72h 
before testing. 
 
3. Results and discussions 

3.1 Hydration degree and C-S-H gel content 

According to the Refs. [18,19], hydration degree of cement paste is calculated by the chemically 
combined water content. Based on the thermogravimetric data, the calculated hydration degree of cement 
pastes cured at +20 ℃ and -5 ℃ is presented in Fig. 1. Before 28 days of hydration, the hydration degrees 
of negative temperature hardening cement pastes are much lower than those of positive temperature 
hardening cement pastes, indicating that the hydration reaction is seriously inhibited by negative 
temperature hardening. However, when the hydration age increases to 120 days, the hydration degree of 
negative temperature hardening cement pastes is similar to that that of positive temperature hardening 
cement pastes. It is indicated that the hydration degree of negative temperature hardening cement paste 
can reach the level of positive temperature hardening cement pastes by giving sufficient negative 
temperature hardening time. 
Moreover, the mass loss between 100-250 °C was calculated to estimate the content of C-S-H gel with 
reference to the Refs. [20,21]. The C-S-H gel content of cement pastes cured at +20 ℃ and -5 ℃ is 
presented in Fig. 2. Unlike the hydration degree, the C-S-H gel content of negative temperature hardening 
cement pastes are always lower than those of positive temperature hardening cement pastes. As the 
hydration age increases, the gap of C-S-H gel content gradually shortens, but this gap still exists until 120 
days of hydration. 
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Fig. 1. Hydration degree                                            Fig. 2. C-S-H gel content 
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3.2 Pore size distribution 

The pore size distribution curves measured by the MIP method are shown in Fig. 5 for cement pastes 
cured at +20 ℃ and -5 ℃. It can be seen intuitively that negative temperature hardening changes the pore 
size distribution of cement paste. The “Twin Peaks” is observed in positive temperature hardening cement 
pastes (Fig. 3a). The main peak located at 30-80 nm, and the secondary peak located at 80-200 nm. For 
negative temperature hardening cement pastes (Fig. 3b), the “Twin Peaks” disappeared and the single 
main peak located at the secondary peak position of positive temperature hardening cement paste, 
indicating that negative temperature hardening causes the main peak to move forward. The forward 
movement of the main peak also proves that negative temperature hardening can coarsen the pore 
diameter of cement matrix. In addition, the 120-day pore size distribution of negative temperature 
hardening cement pastes also appear in the form of “Twin Peaks”, which may be the result of sufficient 
negative temperature hardening time. 
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Fig. 3a. Positive temperature hardening                            Fig. 3b. Negative temperature hardening 

 
3.3 Characteristic parameters of pore structure 

In Fig. 4a, the total porosity of negative temperature hardening cement paste is much higher than that of 
positive temperature hardening cement paste. In Fig.4b, the most probable pore diameter (corresponding 
to the peak position of pore size distribution) of negative temperature hardening cement paste is 1.5~2.0 
times larger than that of positive temperature hardening cement paste. In Fig. 4c, the median pore 
diameter of negative temperature hardening cement paste is obviously higher than that of positive 
temperature hardening cement paste before 56 days. The median pore diameter represents the diameter 
value at 50% cumulative intrusion volume, which reflects the relative proportion of capillary pores in the 
overall pore size distribution [22]. This result indicates that negative temperature hardening increases the 
capillary pore fraction. In Fig. 4d, the threshold pore diameter of negative temperature hardening cement 
paste is slightly higher than that of positive temperature hardening cement paste. The above results show 
that negative temperature hardening can significantly increase the pore characteristic parameters, 
especially total porosity and most probable pore diameter, indicating that negative temperature hardening 
seriously affects the compactness of pore structure. Meanwhile, as the hydration age increases to 120 
days, the pore characteristic parameters of negative temperature hardening cement pastes can approach 
the level of positive temperature hardening cement pastes. 
 

0 20 40 60 80 100 120
16

18

20

22

24

26

28

30

 

 

T
o

ta
l P

o
ro

si
ty

 (
%

)

Age (d)

 PC+20℃ 
 PC-5℃

0 20 40 60 80 100 120
50

60

70

80

90

100

110

 

 

M
e

d
ia

n
 P

o
re

 D
ia

m
e

te
r 

(n
m

)

Age (d)

 PC+20℃
 PC-5℃

0 20 40 60 80 100 120
40

60

80

100

120

140

160

 

 

M
o

st
 P

ro
b

a
b

le
 P

o
re

 D
ia

m
e

te
r 

(n
m

)

Age (d)

 PC+20℃ 
 PC-5℃ 

0 20 40 60 80 100 120
100

150

200

250

300

 

 

T
h

re
sh

o
ld

 P
o

re
 D

ia
m

e
te

r 
(n

m
)

Age (d)

 PC +20℃
 PC -5℃ 
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4. Conclusions 

Negative temperature hardening severely inhibits the hydration reaction, significantly decreasing in the 
hydration degree and C-S-H gel content. However, as the hydration age increases to 120 days, the 
hydration degree of negative temperature hardening cement paste can reach the positive temperature 
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level, while the C-S-H gel content is still lower than the positive temperature level. It is also indicated that 
the inhibition effect of negative temperature hardening on the hydration degree and hydration products is 
different. 
Negative temperature hardening delays the development of pore structure and significantly increases total 
porosity and most probable pore diameter, which seriously affects the compactness of pore structure. 
Similar to the hydration degree, by giving sufficient negative temperature hardening time, the pore 
characteristic parameters of negative temperature hardening cement pastes can approach the level of 
positive temperature hardening.  
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ABSTRACT 

The use of dolomite, CaMg(CO3)2, to manufacture portland-dolomite cement (PDC) has recently attracted 
interest as a promising low-carbon cement alternative to portland-limestone cement. However, little is 
known about the potential for thaumasite sulfate attack in portland-dolomite cement. This study 
investigated the resistance to thaumasite sulfate attack of PDC with 0~30% dolomite powder exposed to 
50g/L Na2SO4 solution at 23℃ and 5℃, and using portland-limestone cement (PLC) as a comparison. 
The expansion of mortar bars was measured periodically, and hydration products of cement pastes were 
examined using X-ray diffraction. The portland cement used had a C3A = 10% and thus was not sulfate 
resistant, but results showed that the sulfate resistance of mortar stored at both 23℃ and 5℃ decreased 
significantly as dolomite and limestone additions increased. In contrast to limestone, dolomite exhibits a 
smaller adverse effect on sulfate resistance. When exposed to extremely high sulfate concentrations at 
low temperatures, PDC made with high C3A cement is similarly vulnerable to thaumasite sulfate attack to 
PLC. 

KEYWORDS: thaumasite, sulfate attack, dolomite powder, expansion 

1. Introduction 

Conventional sulfate attack proceeds as cement hydrate phases interact with external sulfates to form 
ettringite and gypsum, which can cause expansion and cracking of cementitious materials. Thaumasite 
sulfate attack (TSA) is a special form of sulfate attack with thaumasite (CaSiO3·CaCO3·CaSO4·15H2O) as 
the deterioration product, that can destroy the C-S-H matrix and transform concrete into a white, non-
cohesive mass without any binding properties, which is more severe than conventional sulfate attack. 
TSA has been reported in Norway, the United States, Canada, France, Germany, Austria, Denmark, and 
China since its discovery in the 1990s, attracting much attention from both academia and industry (Shi 
2012). Thaumasite requires a source of calcium silicate, sulfate, carbonate and excess humidity. It has 
been shown that low temperature, magnesium sulfate exposure, high-C3A content in cement, as well as 
the presence of carbonates may accelerate and promote thaumasite formation (Rahman 2014). The 
mechanism of thaumasite formation can be both direct and indirect. Thaumasite can be formed directly by 
a reaction between C-S-H, sulfate, carbonate and water or indirectly by an ettringite transformation due to 
the structural similarities of two compounds. 
Portland-limestone cement (PLC) has been extensively used in building and construction due to its 
economic, environmental and technical benefits, such as low cost, reduced CO2 emissions, improved 
workability, high early strength, and increased formation of hydrates of hemicarbonate and 
monocarbonate (Wang 2018). However, because PLC is susceptible to TSA, especially at cool 
temperatures, it is not recommended for sulfate exposure unless used together with sufficient levels of 
suitable supplementary cementitious materials (SCMs). As an internal source of carbonate, the limestone 
in PLC can dissolve CO3

2- into cement pore solution and enhance the formation of thaumasite, increasing 
the risk of TSA (Hooton 2007, Ramezanianpour 2013). However, when appropriate levels of SCMs were 
used, PLC containing up to 15% limestone performed as well as Portland cement made from the same 

192

mailto:xujiangtao18@163.com


clinker in long-term sulfate exposure of concrete at low temperatures (Hooton and Thomas 2016).  
Dolomite is a common carbonate rock that often coexists with limestone. Recently, the use of dolomite to 
produce Portland-dolomite cement (PDC) has received interest as a promising modification of low-carbon 
portland-limestone cement. Previous studies (Zajac 2014, Xu 2022) have shown that the addition of 
dolomite may accelerate the hydration of cement and improve early strength, and also result in the 
formation of carboaluminates and, as a result, ettringite stabilization, which is similar to the behaviour of 
limestone. Magnesium from dolomite can react to produce increased amounts of hydrotalcite and brucite, 
potentially increasing the compressive strength of mortar and improving volume stability. In addition, 
several studies demonstrated that PDC exhibited comparable durability to PLC in terms of chloride 
penetration and carbonation (Zhang 2022). However, there is little research on the sulfate resistance of 
PDC, particularly with respect to TSA, which may be favored by the carbonate ions from dolomite. 
Besides, a field case of TSA occurred in concrete made using dolomite aggregates (Mittermayr 2017). 
In this study, the sulfate resistance of portland-dolomite cement with various dolomite contents was 
evaluated both at 5℃and 23℃, with portland-limestone cement as a comparison. Also, hydration 
products formed after the sulfate attack on the samples were examined using X-ray diffraction (XRD). 
2. Materials and methods  

Canadian CSA A3000 Type GU cement, dolomite and limestone were used in this study. The chemical 
compositions of the raw materials are given in Table 1. The mineralogical composition of the cement by 
Bogue formula is 53%C3S, 17%C2S, 10%C3A and 8%C4AF, and so this cement would not be sulfate 
resistant. The dolomite and limestone powders contained about 93% CaMg (CO3)2 and 92% CaCO3, and 
their median particle sizes are about 6 μm and 8 μm, respectively (data provided by supplier). ASTM 
standard graded Ottawa sand was used for casting mortar samples. 

Table 1 Chemical composition of raw materials (wt%) 

Materials CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O LOI 
Cement 62.20 19.70 5.30 2.60 2.40 2.90 0.62 0.12 2.10 

Dolomite 31.45 1.36 0.34 0.10 21.23  0.03  45.06 
Limestone 54.48 0.26 0.17 0.03 1.38  0.02 0.06 43.62 
Dolomite and limestone replaced cement at 0%, 5%, 15% and 30% by mass, respectively. For all 
mixtures, mortars with a water/binder/sand ratio of 0.485:1:2.75 were cast into 25×25×285mm prism (for 
length change) and 50mm cube (for compressive strength) moulds. Paste samples with a water/binder 
ratio of 0.50 were cast into 12 mm diameter plastic cylinders. After 24 hours, all samples were demolded 
and stored in tap water at room temperature. These samples were divided into two groups. The first group 
was immersed in 50g/L Na2SO4 solution at 23℃ after the mortars attained a strength of 20MPa (as per 
ASTM C1012), and the second group was immersed in the same solution at 5℃ after being pre-cured at 
room temperature for 28 days. The length change of the samples was recorded periodically, and the 
sulfate solution was renewed every month. 
The hydration products of cement pastes were examined by X-ray diffraction. At the selected age, the 
pastes were crushed and stored in excess ethanol for 24 hours to arrest hydration, and then dried in a 
desiccator at 40℃ for 24 hours. X-ray diffraction was performed on SmartLabTM 3Kw Powder 
Diffractometer (Cu Kα1, λ=1.5406 Å) with operation conditions of 40kV and 30mA. The scan speed was 
set to 5 º/min with a step size of 0.02 °. 
3. Results and discussion 

3.1 Expansion and visual observations after sulfate exposure at 23 ℃ and 5℃ 

Fig. 1 show the average length change for mortar bars exposed to 5% Na2SO4 solution at 23 ℃ (Fig. 1a) 
and 5℃ (Fig. 1b). As shown in Fig. 1a, as expected, all of the mortar bars exposed to sulfates at 23℃ 
exceeded the 0.10% expansion limit before 6 months, due to the high C3A content of the cement used. 
After 90 days of exposure, the incorporation of dolomite and limestone in cement significantly reduced 
the onset time of expansion and increased expansion of the mortars, with higher carbonate content 
resulting in greater expansions. In comparison to the PLC samples, the PDC mortar bars expanded less. 
After 210 days, the expansion of PDC5, PDC15 and PDC30 were 0.23%, 0.39% and 0.72%, respectively, 
whereas the respective expansions of PLC5, PLC15 and PLC30 were 0.29%, 0.60% and 1.06%. For 
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sulfate attack at 5℃ (Fig. 1b), all samples had fractured and disintegrated after 150 days of exposure, 
exhibiting a more severe attack at lower temperature than at room temperature. It is obvious that a higher 
carbonate content caused the mortar to fracture sooner. PDC30 and PLC30 began to fracture as early as 
after 90 days of exposure, PDC15 and PLC15 fractured at 120 days, and GU, PDC5 and PLC5 fractured 
at 150 days. The expansions of the PDC samples were smaller than those of the PLC samples, although 
having an equivalent failure time. Moreover, PDC exhibited less visual degeneration than PLC, where 
mush appeared (Fig. 2). While all mixtures failed, both dolomite and limestone additions further reduced 
the sulfate resistance of mortar, especially at low temperatures, but dolomite had a less adverse effect on 
the sulfate attack than limestone. 

  
 Fig. 1 Length changes for mortar bars exposed to 5% Na2SO4 solution at (a) 23 ℃ and (b) 5℃ 

 
Fig. 2 Visual condition of mortar bars immersed in 5% Na2SO4 solution at 5℃ for 150 days 

3.2 Hydration products after sulfate attack at 23 ℃ and 5℃ 

Fig. 3a and b show the XRD patterns of paste samples exposed to 5% Na2SO4 solution at 23 ℃ and 5℃, 
respectively. Ettringite, gypsum, and portlandite were the primary hydration products that formed after 28 
days and 180 days of exposure at 23℃ (Fig. 3a). The intensities of ettringite and gypsum peaks clearly 
increased with increasing exposure time, and the PDC and PLC samples, notably the PLC samples, had 
higher peaks of ettringite and gypsum than the reference GU cement. For the samples exposed at 5 ℃ 
(Fig. 3b), ettringite and gypsum were also observed after 28 days of exposure, which is similar to the 
observation at 23 ℃. At 150 days, however, thaumasite was formed in addition to the increase in 
ettringite and gypsum peaks, and its peaks were significantly increased with the addition of both types of 
carbonate powders. The formation of thaumasite was more pronounced in the PLC samples when 
compared to the PDC samples. Furthermore, a significant decrease in portlandite was observed in both the 
PDC and PLC samples, which can be associated with the enhanced gypsum formation. This demonstrates 
that, similar to PLC, PDC can suffer from conventional ettringite sulfate attack at room temperature, and 
initial ettringite attack with late formation of thaumasite at the lower temperature. The lower expansions 
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of PDC bars compared to PLC are attributable to the lower amounts of corrosion products formed in the 
cement matrix. 

  
Fig. 3 XRD patterns of paste samples exposed to 5% Na2SO4 solution at (a) 23 ℃ and (b) 5℃ 

3. Conclusions 

This study investigated the influence of dolomite additions to portland cement on the sulfate attack of 
mortars exposed at 5℃ and 23℃, with limestone additions used for comparison. All mortar samples 
degraded more severely at lower temperature than at room temperature. At both exposure temperatures, 
the sulfate resistance of mortar was reduced as a result of dolomite incorporation into cement, with higher 
dolomite contents resulting in poorer sulfate resistance. However, dolomite additions had less adverse 
effect on sulfate resistance than limestone additions, which was related to smaller amounts of corrosion 
products formation in PDC. Similar to PLC, the type of destruction of PDC is conventional sulfate attack 
at room temperature, and at low temperatures, initial ettringite attack followed by thaumasite sulfate 
attack. 
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ABSTRACT 

Better understanding of the fire resistance is the aim with the proposed research works and, more  
specifically, the mass transfer identification when building materials are submitted to fire. The experimental 
methodology has been developed by the combination of the data recorded during a fire test at reduced scale 
and thermo-chemical characterization of a considered recipe. On the one hand, squared panels (550x550 
mm²) with constant thickness are heated on one face using the standard fire ISO834 in order to identify the 
fire resistance properties and the mass change. On the other hand, chemical conversion kinetics of the 
studied recipe are modeled by means of iso-conversional methodologies at the micro scale. The model 
combines different parameters such as the temperature, the chemical state and the heat rate. Classically, the 
combination of the Arrhenius law and the extended Prout-Tompkins model have been used to assess the 
chemical conversion kinetics. The mass transfer (from exposed side to non-exposed side of the panel) is 
modelled and compared to the direct measurements. In order to reduce the risk with concrete 
characterization, such methodology has first been tested using gypsum based material often used as passive 
fire protection. Obtained results are well correlated with those obtained by direct mass measurement of the 
panel. 

KEYWORDS: Mass transfer, Fire resistance, Thermo-chemical conversion kinetics, Gypsum-based materials  

1. Introduction 

A good understanding of building materials and structures behaviors submitted to fire remains today a real 
challenge in order to develop new materials able to resist or to increase the performances of the fire 
protection materials. Furthermore, the improvement of the efficiency of the characterization methodologies 
is also a big challenge. The present paper is a contribution to better identify experimentally the thermo-
hydro-chemical and mechanical (THCM) behavior of building materials at the macro scale. A focus is 
devoted to the mass transfer identification and its analysis. In fact, when building material is submitted to 
fire, mass transfer is induced by the thermo-chemical changes. If the porous media is not well adapted, 
impeded mass transfer can lead to severe mechanical damages as it can be seen in concrete structure (cracks 
appearance, spalling, explosion…). In order to better understand the fire resistance at reduced scale, an 
experimental protocol has been developed to test technical solutions (macro scale) as board with constant 
thickness submitted to fire on one face. In the present paper a first step of the protocol is presented by taking 
into account of the thermo-chemical changes of the tested material and its characterization. The deduced 
thermo-chemical model is then used to predict the mass evolution of the board. To prevent the risk of the 
apparatus being destroyed during the fire test, concrete samples are replaced by gypsum based material for 
the present study. Such material is generally used for passive fire protection. Finally, the mass transfer is a 
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combination of the water departure during the dehydration period and the CO2 departure during the 
decarbonation period (natural impurity in the gypsum careers). Isoconversionnal methodologies have been 
applied to characterize and to model the thermo-chemical conversion kinetics of the recipe.  
 
2. Experimental protocols, materials and data treatment 

2.1 Fire resistance analysis, studied material and samples  

Equivalent one dimensional fire tests have been carried out by means of squared panels laid to close an 
horizontal electrical furnace, Mélinge et al. (2010). Standard ISO834 thermal fire is fixed on the inner side 
while the other side remains at the ambient conditions of the test room. Radiative flux is dominant near the 
exposed side of the board. Conduction regime inside the board is highlighted using thin thermocouples 
positioned all along the thickness. Radiative thermal flux and strains at the non exposed side are respectively 
recorded by an IR thermal camera and a lidar. Global damages and mass evolution are characterised after 
testing for fixed duration. After a cooling period, the residual properties of the panels can then be studied 
from the exposed to the non-exposed side, Rojo (2013). For the present study, thirty panels (550x550x40 
mm) have been made by mixing a b natural hemihydrate of calcium sulfate with water (W/P = 0.65). After 
a curing period, the main properties of the gypsum panels can be seen in the table 1. 
 

Table 1: Main properties of the studied material. Mix of plaster and water (W/P = 0.65). 

Density (kg.m-3) 1095 Thermal conductivity (W.m-1.K-1) 0.41 

Average porosity (-) 0.52 Specific heat (J.K-1.g-1) 1.24 

Four thermo chemical conversions characterise gypsum material from room temperature to 1000°C, Abriel 
(1983), Kirfel et al. (1980). The dehydration is well characterised by two combined endothermic reactions 
between 80 to 200 °C. Then, anhydrite III to anhydrite II exothermic phase transition is observed between 
350 and 400°C. The last reaction usually takes place between 600 and 750°C and is due to decarbonation 
of CaCO3 impurities. Other reactions above 1000°C are not studied in the present works. At the panel scale, 
previous works helped us to better understand the thermo chemical changes effect along the thickness in 
fire condition Mélinge et al. (2011) and to describe and model the porosity kinetics, Rojo et al. (2013). 
 
2.2 Thermo chemical changes analyses  

Thermo chemical changes are analysed and modelled using thermal analyses (TG/DSC) through non 
isothermal protocol and for an important spectrum of heat rates which are in good accordance of the fire 
conditions (1 to 100 K.min-1). Endothermic, exothermic reactions with and without mass variation can be 
then characterised. Adimensional parameter, 0 ≤ a ≤ 1, allows to highlight the chemical state of the recipe 
and its evolution is introduced. a = 0 characterises the non chemically damaged compounds and a = 1 
characterises the total achievement of the chemical conversion. Then, the thermo-chemical kinetics are 
classically modelled by the equation 1 which combines the effect of the temperature and the chemical 
conversion mechanism. 
!"
!#
= 𝑓(𝛼). 𝑔(𝑇) = 𝛼$(1 − 𝛼)%. 𝑘𝑒𝑥𝑝

!"#
$%         (1) 

The temperature effect is well described by the Arrhenius law and the Prout Tompkins model (B1m,n) 
generally used to characterise nucleation processes is well adapted to describe the chemical conversion. 
Friedman and Flynn-Owaza-Wall (FOW) methodologies combined to non-linear regression analysis have 
been performed to identify first the activation energy and then the three other parameters of each of gypsum 
chemical changes, table 2, Rojo (2013). 
 
2.4 Data treatment methodology  

When the gypsum panel is thermally loaded by the standard ISO 834, the thermal transfer is presented in 
the figure 1 from the exposed side to non-exposed side. Significant numbers of thermocouples are 
implemented along the thickness. This local instrumentation helps to better increase the accuracy of the 
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mesh in order to interpolate the temperature for each position along the thickness. A high correlation level 
between the signals helps to ensure the measurement quality and to prevent against a cell damage or the 
interaction of the thermocouples with cracks development during the test. Such detection during the 
treatment helps to reject the wrong data. Illustration of a damaged thermocouple is clearly noticed at the 25 
mm position referenced from the non exposed side (important noise detection around 6000s). Thus, 
illustration of two thermocouples closed to a crack development can be seen at the 15 and 20 mm position; 
Signal deviation from the others is detected from 8000 s. After data validation, the recorded signal is well 
in accordance with a latent heat material thermally loaded. For a local temperature ranged from 75 to 80 C, 
a large thermal plateau is reached and the temperature remains constant until the dehydration front reaches 
the considered thermocouple. This plateau illustrates the effect of the thermal barrier induced by latent heat. 
 

Table 2: Identification of the thermo chemical kinetics of the dihydrated of hemihydrate of calcium 
sulfate. 

 

  
Figure 1: Thermal transfer through a gypsum board 

(W/P = 0.65) of 40 mm thick heated on one face 
using the standard ISO 834. 

Figure 2: Illustration of the temperature 
evolution along the thickness at a fixed time. 
The red line illustrate the mesh of the mass 

balance. 

 
Figure 3: Gypsum board mass evolution versus time during the fire test. Comparison of the direct mass 

measurement and the modeled one. 
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From the thermal map, figure 1, temperature evolution along the board thickness can be deduced for a fixed 
time, figure 2. The used mesh for the mass balance is illustrated in this figure. Local mass evolution can be 
modeled from the thermo-chemical kinetics and the evaluation of dα/dt for the considered time, equation 
2. The mass of the panel is then deduced by means of an integral calculation along the thickness and finally 
generalised all along the fire test. 
 
!"
!#
0
#
≈ ("&'('"&!()

).∆#
           (2) 

 
 
3. Results and discussion  

The obtained results combining the gypsum dehydration process, the calcite decarbonation and the direct 
mass measurement are presented in the figure 3. Tendency showed by the calculus versus time is in good 
agreement with the direct measurements even if, and logically, the mass decreasing seems to be faster by 
the proposed calculus. This expected result helps us highlight the capability of the restricted hypothesis to 
only consider the chemical changes of the material to accurately reproduce the mass transfer induced by 
the water and CO2 disappearance. After this first step of the works, the addition of a transport equation 
through the porous media could improve the quality of the numerical prediction. 
 
4. Conclusions 

Dehydration and decarbonation thermo-chemical conversion models have been used to identify the mass 
transfer of gypsum board submitted to standard fire on one side. The obtained results are in good agreement 
with the direct mass measurement of the panels. Because of the present works assume the disappearance of 
the water vapour and the CO2 just after the chemical conversion, transport regime of the fluid through the 
porous media seems to be well adapted to characterise the fluid flow regime with permeable porous media. 
Nevertheless, better prediction of the mass transfer should be obtained by taking into account the direct 
momentum equation. Such consideration is under way but a permeability level versus mechanical damages 
advances is needed to really consider this incorporation. Finally, such results represent a new step to better 
understand the THCM behaviour of building material submitted to fire including the concrete materials.  
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ABSTRACT 

The diffusivity of chloride ion in calcium silicate hydrate (C-S-H) has been intensively discussed via 
modelling or theoretical methods due to experimental challenges caused by preparing a bulk volume of 
pure C-S-H with certain pore structure. The surface effect of C-S-H on chloride ion transport is lumped 
into a hypothetical parameter called constrictivity which again requires investigation from experimental 
aspects. In this study, C-S-H with nominal Ca/Si 1.3 was synthesized using hydrothermal method. The 
synthetic C-S-H powder was pressed into solid platelets with different compactness and chloride ingress 
tests in concentration-driven and voltage-driven migration setup were directly conducted on these pure 
porous C-S-H platelets. The effective diffusivities of C-S-H samples were calculated from the through-
diffusion test results, based on which the surface effect on chloride transport were discussed. The effect of 
change of pH in pore solution during migration test on chloride diffusion was captured by two-segment 
behavior of downstream chloride content evolution. The difference in effective diffusivities obtained from 
diffusion and migration tests showed that the surface effect played an important role in determining Cl- 
transport rate within C-S-H. This work provides a novel insight into the transport of Cl- in C-S-H pore 
structure. 

KEYWORDS: Calcium silicate hydrate, Through-diffusion tests, Effective chloride diffusivity, pH, 
Surface effect 

1. Introduction 

Chloride-related durability issues are widely discussed and studied since its’ universal existence in the 
steel reinforced concrete infrastructure serving under chloride environment. The measurement of chloride 
ion penetration into concrete, commonly referred to as chloride diffusivity, holds significant importance 
as an essential factor in predicting the service life of steel-reinforced concrete structures described in 
Alexander et al (2015). The process of chloride diffusion within saturated concrete, characterized as the 
movement of ions driven by concentration, occurs through accessible pathways including pre-existing 
cracks, capillary pores, and the diffusive porous structure of the hydration product known as Calcium 
silicate hydrate (C-S-H). Cl- transport within C-S-H phase, the main diffusive solid when porosity is 
smaller than certain threshold value demonstrated in Patel et al (2018), is thought to be subjected to the 
effect from C-S-H pore wall. The effect of electric double layer on ion diffusion in cement paste was 
modeled or analytical solution from simplified ideal Poisson-Boltzmann equation described in Yang et al 
(2019) and Zhang et al (2023). The surface effect is yet to be explored from the experiment aspect.  
This paper examines the transport behavior of Cl- in C-S-H by quantifying the effective diffusivity from 
through-diffusion tests conducted on pure C-S-H solids for the first time. Samples with varying pore 
structures were tested to identify the role of pore size information on Cl- transport rate and possible 
relation to the surface effect, as indicated by the obtained diffusivity values. Furthermore, the impact of 

200



pH variations in the pore solution on transport was assessed by comparing the diffusivity values obtained 
from natural diffusion tests and migration experiment results.   
 
 
2. Methodology 

C-S-H sample with nominal Ca/Si of 1.3 was synthesized via hydrothermal method and the procedure 
was detailed in the previous study of Geng et al (2022). C-S-H solid pellets with a specific pore structure 
were obtained through the application of mechanical compression on synthetic C-S-H powders. To 
compare the impact of pore structure on chloride ion transport, stress levels of 200 MPa and 800 MPa 
were employed in this study. Afterwards, the solid pellets were submerged in epoxy and subsequently 
polished to achieve an approximate height of 10 mm, allowing both ends to be exposed once the epoxy 
had hardened. This preparation was done to facilitate the ingress of chloride ions. The polished samples 
underwent an additional step wherein they were individually immersed in an equilibrium solution of C-S-
H within a desiccator that was slightly vacuumed to account for any water loss that occurred during the 
polishing process. Once their mass reached a stable state, the samples were mounted to diffusion cells 
specifically designed for accommodating such small sample sizes, as shown in Figure 1. The study aimed 
to examine the transport of chloride ions in C-S-H pellets, driven by the ion concentration gradient, using 
a natural diffusion setup as illustrated in Figure 1(a). The diffusion cell employed had a volume of 
approximately 113 mL in the upstream part (containing the chloride ion source) and 23 mL in the 
downstream part (without chloride addition). For each sampling interval, the solution in the downstream 
cell was completely replaced to maintain a relatively constant chloride concentration difference between 
the upstream and downstream regions. Moreover, the diffusion test employed a solution prepared from 
the filtered solution of C-S-H powder that had reached equilibrium. To account for the potential influence 
of different hydroxide ion (OH-) concentrations on chloride ion transport rate, the pH of the filtered 
solution was adjusted by adding solid NaOH. To compare the steady-state diffusivity obtained from the 
natural diffusion test, another commonly employed method, namely the external electric field accelerated 
migration test, was conducted. In this test, the electrolyte cell volume was approximately 113 mL to 
facilitate frequent sampling, as depicted in Figure 1(b). To expedite the experiment, a constant voltage 
output of 5 V for the 200 MPa-compressed sample and 10 V for the 800 MPa-compressed sample was 
applied to the stainless-steel mesh, which functioned as the two electrodes in the setup. During the test, 
the voltage across the specimen was also recorded to account for any polarization effects of the 
electrodes. The catholyte consisted of a 0.5 M NaCl and 0.01 M NaOH (or 0.3 M NaOH) solution and a 
0.3 M NaOH solution was chosen as the anolyte. The pore structure information was investigated from 
nitrogen sorption tests on samples after through-diffusion tests via density functional theory (DFT).  
 

 
Figure 1 Schematics of through-diffusion experiment setup, (a) concentration-driven natural diffusion test, 

and (b) external electric field accelerated migration test. 

a b
+

0.3M 
NaOH

0.5M NaCl 
+

0.01/0.3M 
NaOH

-Epoxy
C-S-H

Stainless 
steel mesh

C-S-H

0.5M NaCl 
+

C-S-H 
equilibrium 

solution

C-S-H 
equilibrium 

solution

Rubber 
O-ring

Epoxy

201



 
3. Results and discussion  

Pore structure of compacted platelets from 200 MPa and 800 MPa treatment by DFT analysis is shown in 
Figure 2 (a). Total porosity of samples prepared from 800 MPa (27.0%) is smaller than that of samples 
compressed under 200 MPa (41.3%) which is quite intuitive since the higher compaction load made 
sample denser. More fine pores can also be noticed in 800 MPa-compacted samples. 
Typical chloride content evolution results in the downstream cell from diffusion and migration tests are 
shown in Figure 2 (b) and (c). Corresponding effective diffusivity was calculated based on Fick’s 1st law 
and simplified Nernst-Planck equation, respectively. Obtained diffusion coefficients are listed in Table 1 
and Table 2. 
Based on diffusion test results, De was smaller for sample of same Ca/Si prepared from 800 MPa-
compression compared with 200 MPa sample due to smaller total porosity which can also be noticed in 
migration tests. However, the diffusivity was not only influenced by the total porosity but the pore size 
distribution and different degree of interaction between C-S-H substrate and Cl-. A clear shift towards 
smaller size regarding the most probable pores of 800 MPa compaction group compared with these of 200 
MPa group can be noticed, indicating the higher chances that these diffusive pathways are interconnected 
via these critical pores. As a result, more pronounced constrictive effect in these small pores would also 
contribute to the reduction of Cl- transport rate. When change pH of the equilibrium solution, the obtained 
effective diffusivities varied and is dependent on the concentration of source chloride. As shown in 800 
MPa diffusion test with different upstream chloride concentration and equilibrium solution pH, When the 
upstream Cl- concentration is 0.5 M, adjusting the equilibrium solution pH to 0.005 M would double the 
ion transport rate. However, the effective diffusivity decreased around 20% for the group with source 
chloride concentration of 0.01 M. And the diffusivity for 0.01 M group without pH adjust to equilibrium 
solution was relatively smaller than that of 0.5 M group. Thus, when the steady state diffusion was 
achieved, the ionic strength of the pore solution would affect the charged C-S-H pore wall’s interaction 
with Cl- and the role of OH- would also change since the introduction of extra screening Na+ to charged 
C-S-H surface would compete with the effect of C-S-H silanol group deprotonation caused by OH- 
causing the different Cl- transport rate. 
Regarding the migration test results, two-segment linear evolution of chloride content in downstream cell 
can be observed. This behaviour was thought be related to the continue increase of OH- concentration in 
the upstream due to the electrolysis of water during migration process. Effective diffusivity De1 calculated 
from the first linear part was of the same magnitude to that from natural diffusion test De while this 
coefficient decreased sharply when using the second linear part to compute De2. Similar results were also 
obtained when change the upstream OH- concentration from 0.01 M to 0.3 M.  One of possible reasons 
could be the competition of current carrier for OH- and Cl-. However, it is not suitable to account for the 
reduction degree between 200 MPa and 800 MPa group since the concentration ratio of OH- to Cl- was 
similar when the chloride content began to slow down. As a result, the external electric should change the 
interaction between the charged C-S-H surface and Cl- during migration and this interaction should be 
pore size dependant. In addition, the choice of OH- in the chloride source part should also be careful 
based on the difference between diffusion and migration test results. 
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Figure 2 a) pore size distribution of 200 MPa and 800 MPa-compacted C-S-H platelets from nitrogen sorption 

test via DFT; typical chloride ion content evolution in downstream cell during b) diffusion test and c) 

migration test without pH adjustment showing two linear-segment behavior where De1 and De2 are calculated 

 
Table 1 Effective diffusivity calculated from diffusion test with different pH and Cl- concentration 

 Diffusion 
upstream chloride concentration (M) 0.5 0.5 0.5 0.01 
Compaction load (MPa) 200 800 800 800 800 
pH adjustment equilibrium 

solution 
equilibrium 

solution 
equilibrium 

solution with 
0.005M NaOH 

equilibrium 
solution 

equilibrium 
solution with 

0.005M NaOH 
De (10-11 m2/s) 4.09 1.28 2.68 1.11 0.90 

 
Table 2 Effective diffusivity calculated from migration test with different pH 

  Migration 
upstream chloride concnetration (M) 0.5 0.5 
Compaction load (MPa) 200 800 
pH adjustment 0.01 M NaOH 0.3 M NaOH 0.01 M NaOH 0.3 M NaOH 
De1 (10-11 m2/s) 4.16 ± 0.14 1.58 1.64 0.056 
De2 (10-12 m2/s) 14.5 ± 2.23   0.57   
 
4. Conclusion 

To sum up, the effect of charged C-S-H surface on chloride ion transport within C-S-H was investigated 
from the obtained macro diffusivities via diffusion and migration tests on pure C-S-H platelets. The OH- 
played a different role in Cl- ingress process considering the competition of effect from silanol group 
deprotonation caused by OH- and the screening cations (Na+ in this study) to the charged pore wall in 
diffusion test setup. On the other hand, the increase of OH- concentration in the upstream during 
migration test would hinder chloride transport and the reduction extent was related to C-S-H pore 
structure, providing information on the choice of OH- in the migration test to make the accelerated test 
results comparable to that from diffusion test. And these results demonstrated the importance role of 
charged C-S-H surface on chloride ion transport. 
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ABSTRACT 

The most common types of fine aggregates for concrete are natural sands and crushed rocks. The ore sand 
comes from a new source: the iron ore mining sites. The ore is mainly constituted from hematite and 
quartz and the beneficiation process aims to separate them. The quartz part, that used to be the tailings, 
can be used as ore sand for concrete. Since this material is already mined and would otherwise goes to 
dams or dry stacking, using it reduces exploration from the conventional sources of aggregates. 
Therefore, the ore sand presents a low environmental impact and enables civil construction to become 
more sustainable. So, this work aims to evaluate the ore sand application in concrete comparing it with 
the other three most used sands in Belo Horizonte region. This work shows the characterization of this 
new fine aggregate and compares a range of concrete mixes using ore sand with the ones using natural 
sand and crushed rocks from local sources in Belo Horizonte, Brazil. It was found that using 30% of ore 
sand and 70% gneiss crushed rock was the best sand mix in concrete, increasing material efficiency in the 
whole compressive strength range evaluated and achieving up to 25% reduction on the cement 
consumption. It can be explained by ore sand morphology plus the improvement of particle packing that 
allows the concrete optimization. 

KEYWORDS: Ore sand, co-products, concrete, iron ore, tailings 

1. Introduction 

Sand is a key raw material for construction, paving, land reclamation and other applications, so UNEP 
recommends sand should be recognized as a strategic resource. Its extraction, especially in active sand 
bodies as rivers, when outpaces the natural supply, causes erosion that extends its effect beyond the 
deposit to the communities downstream the river system, impacting on land-use changes, air pollution, 
salinisation, fisheries and biodiversity (UNEP (2022), Golev et al (2022), Hackney et al. (2021)).  
In Brazil, approximately 500 million tons of aggregates are used (ANEPAC (2020)). On the other hand, 
only in the state of Minas Gerais, 290 million tons of tailings and overburdens are generated from the 
mining activity (FEAM (2018)). The use of these tailings as aggregates can increase the circularity of the 
local concrete and mortar, as recommended by UNEP to search for diversity material and focus on local 
solutions (UNEP (2022), Golev et al (2022), Vilaça et al. (2022)). In this context, iron ore beneficiation, 
which consists of grinding, milling and iron concentrating, generates a sandy tailing. This material 
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characteristics fit well as a fine construction sand (Faria and Menezes (2022), Almada et al (2022), 
Kuranchie1 et al (2015), Protasio et al (2021), Shettima et al (2016)). This work aims to compare the ore 
sand use in concrete with the other three most used sands in Belo Horizonte region. 
 
2. Materials and Methods 

The characteristics of the aggregates are presented in Table 1 and the iron ore sand typical chemical 
characterization in Table 2. It is important to mention that ore sand is potentially innocuous for alkali-
aggregate reaction (ABNT NBR 15577:2018). It can be noted that the ore sand is finer than the other 
sands generally used in concrete. Also, its sphericity is greater than the other sands, although the 
roundness is the lowest one. The cement used was a CP-V-ARI-RS (high initial strength and sulphate 
resistant) from Holcim. The admixture was a lignosulfonate Clarena from GCP.   
 

Table 1 – Characteristics of the aggregates used on the study 

Characteristic Ore 
Sand 

Natural 
Sand 

Gneiss 
Sand 

Limestone 
Sand 

12,5mm 
Gneiss Gravel 

25mm Gneiss 
Gravel 

Particle Size 
Distribuition – ABNT 
NM 248:2003. 
Accumulated retained 
material in each sieve 
(%) 

19 mm X X x x X 11 
12.5 mm X X x x X 80 
9.5 mm X X x x 26 97 
6.3 mm X X x x 76 100 
4.8 mm X 1 x 1 90 100 
2.4 mm X 3 14 25 98 100 
1.2 mm 1 10 37 44 99 100 
0.6 mm 4 36 54 53 99 100 
0.3 mm 8 74 65 56 99 100 
0.15 mm 33 94 77 60 99 100 
Bottom 100 100 100 100 100 100 

Maximum Dimension (mm)  - NM 
248:2003 0.6 2.4 4.8 4.8 12.5 25.0 

Fineness Modulus - NM 248:2003 0.46 2.18 2.47 2.90 6.10 7.08 
Powdery Material (passing on 75µm) 
(%) – ABNT NBR 16973:2021 26.4 0.8 13.2 29.0 1.0 0.2 

Real Density (kg/dm³) – NBR 
16916:2021 2.78 2.73 2.66 2.74 2.66 2.68 

Typical Roundness – ISO 13503-1 0.21 0.44 0.25 0.25 x x 
Typical Sphericity - ISO 13503-1 0.74 0.72 0.68 0.70 x x 

 

Table 2 – Ore sand typical chemical analysis (X-Ray Fluorescence) and Soluble ions (ABNT NBR 9917:2022) 

SiO2 Fe Al2O3 P Mn CaO MgO TiO2 Soluble chloride Soluble sulfate 
    84% 10.1% 0.36% 0.01% 0.03% 0.01% 0.02% 0.02% 0.01% <0.01% 

 

The study goal was comparing the main possibilities for fine aggregates mixes for concrete in Belo 
Horizonte region through particle packing and Abrams’ curves evaluation. So, five concrete series with 
distinct sand blends were tested: 70 % Natural Sand + 30 % Ore Sand (70NS_30OS); 70 % Gneiss Sand 
+ 30 % Natural Sand (70GS_30NS); 70% Gneiss Sand + 30% Ore Sand (70GS_30OS); 70% Gneiss Sand 
+ 30% Limestone Sand (70GS_30LS) and 70% Natural Sand + 30% Gneiss Sand (70NS_30GS). Each 
serie was composed by four concrete mixes with 0.45, 0.60, 0.75, 0.90 water/cement (w/c) ratio. In order 
to carry on the study, the basic concrete mix with 0.60 w/c ratio of each serie was calculated, executed 
and had it water consumption and mortar content adjusted by ACI Method. With the basic concrete mix 
defined, the other w/c ratio concrete were calculated and executed. The basic mix (w/c approximatly 
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0.60) for each sand blend is presented in Table 3. For the 20 concrete, the workability was fixed on 120 ± 
20 mm slump test result and compressive strength was evaluated for 3, 7 and 28 day.  
With these results, Abrams’ curves (compressive strenght vs w/c ratio) were adjusted by least squares 
method for each sand blend concrete serie. In order to understand the material efficency, the cement 
consumption for the main concrete types demanded by construction market in Brazil (fck 15, 18, 20, 25, 
30, 35, 40MPa) were calculated based on the Abrams’ curve. 
   

Table 3 – Basic concrete mix (w/c ratio approximatly 0,60) for each sand blend serie   

Concrete Parameter 70NS_30OS 70GS_30NS 70GS_30OS 70GS_30LS 70NS_30GS 
Cement (kg/m3) 324 341 318 355 326 
Natural Sand (kg/m3) 581 259 - - - 
Ore Sand (kg/m3) 261 - - - 606 
Gneiss Sand (kg/m3) - 608 556 606 261 
Limestone Sand - - 250 272 - 
9,5mm Gravel (kg/m3) 306 283 307 286 281 
 19mm Gravel (kg/m3) 713 660 715 667 654 
Water (l/m3) 198 196 201 196 189 
Aditional water (l/m3) +3.0 -3.0 +6.0 -4.0 -3.0 
Admixture (l/m3) 2.59 2.72 2.86 2.84 2.61 
Slump (mm) 12.5 12.0 11.0 11.0 12.0 

 

3. Results 

The combined sand particle size distribuition for each concrete serie is presented in Figure 1. In order to 
analise the particle packing, the ideal distribuition for Andreasen (1930), considering 2,4mm maximum 
dimension and Q as 0.37, is also plotted. It can be noted that the Ore Sand and the Limestone Sand bring 
the fines below 0,3mm for ideal packing according to Adreasen that lacks when using only gnaisse and 
natural sand. Since the gnaisse sand has an important ammount of coarser material above 1,2mm, its 
blend with Ore Sand and Limestone Sand achieves a distribuition close to Adreasen ideal packing. 
 

  
Figure 1 – Sand combined particle size distribuiton for each concrete series and Adreasen distribuition 

The concrete results for the 28-day compressive strength and the adjusted Abrams curve for each family 
is presented on Figure 2. It can be noticed that the R2 of every serie, is above 0.87, showing a good fit. 
Comparing the series for each blend, the blend 70% Gneiss Sand + 30% Ore Sand is the one presenting 
the highest compressive strength in the whole w/c ratio range. Besides this serie, the 70% Natural Sand + 
30% Ore Sand is the second best blend on the 0.40 to 0.70 w/c ratio range and on the higher w/c ratio the 
70% Gneiss Sand + 30% Natural Sand is the second best pick. The Gnaisse and Ore Sand results can be 
justified by the particle packing close to ideal Adreasen distribuition, and by the high sphericity of ore 
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sand and favourable morphology of gnaisse sand, as well. The second best blend being Natural Sand and 
Ore Sand probably was driven by morphology, since both sands have with high sphericity and high 
roundness for natural sand, because the combined particle size distribuition was too fine according to 
ideal Adreasen packing. 
 

 
Figure 2 – Abrams’ Curves: 28-day compressive strength vs w/c ratio for each sand blend serie 

Based on the Abrams’s Curves adjustment, the estimated cement consumption for the main market 
concrete is shown in Figure 3. From the graph, it can be seen that the 70% Gneiss Sand + 30% Ore Sand 
can diminish cement consumption on the concrete from 10 to 45MPa, reducing up to 25% consumption 
comparing to the other series. This increase on material efficiency by using the ore sand lowers CO2 
emissions and reduces costs of concrete.   

 
Figure 3 – Cement consumption from fck 10 to 45MPa concrete for each sand blend 

 
3. Conclusions 

The study goal was comparing the available sands mixes for concrete in Belo Horizonte region through 
Abrams’ curves, specially evaluating the ore sand use. The results were consistent that the highest 
compressive strength in the whole w/c ratio range was the blend 70% Gneiss Sand + 30% Ore Sand. It 
can be explained by a good particle packing and also by morphology of both sands. This blend allowed to 
reduce up to 25% cement consumption on concrete, compared to the other sand blends. The second best 
blend on the 0.40 to 0.70 w/c ratio range is the 70% Natural Sand + 30% Ore Sand. So, besides the 
circularity gains, using the ore sand enhances the concrete efficency in Belo Horizonte region and 
contributes to reduce CO2 emissions of these concrete.    
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ABSTRACT 

In recent years, there has been a growing movement in the world toward the realization of a carbon neutral 
society as a measure against global warming. There are also a number of efforts in the construction industry. 
Types of cement with a high percentage of admixture replacement are becoming widely used to reduce CO2 
emissions during cement production. In addition, technology that uses the carbonation reaction of concrete 
to adsorb CO2 into concrete is attracting attention. At higher W/C, CO2 penetrates deeper into the concrete 
because of the larger pores, resulting in a greater depth of carbonation. In this study, we examined the effect 
of different mix proportions on the amount of CO2 adsorption. Cement pastes with different W/C and blast 
furnace slag fine powder substitution rates were carbonated in a high concentration CO2 chamber and 
measured the amount of adsorption, considering the ease of CO2 penetration. As a result, a tendency was 
observed that the CO2 penetrates more deeply, and the amount of CO2 adsorption is higher in mix proportion 
with high blast furnace slag fine powder content or high W/C. Also, it shows a trend that the potential to 
adsorb CO2 is greater as the CaO percentage that the sample has is increased. 

KEYWORDS: CO2 adsorption, ground granulated blast furnace slag, carbonation reaction, CO2 
penetration 

1. Introduction 

In recent years, rising seas, droughts, floods, and extreme weather conditions caused by global warming 
have occurred in the world. Therefore, as a measure against global warming, there is a growing movement 
toward the realization of a carbon-neutral society, in which the sum of emissions and absorption of the 
greenhouse gases that cause the problem is substantially zero. There are also a number of initiatives being 
undertaken in the construction industry. It is a problem of CO2 emissions during cement production. In an 
effort to reduce CO2 emissions from the cement production process, cement with high replacement of 
admixtures such as ground granulated blast furnace slag or fly ash is being used. In addition, there has been 
a growing interest in technologies that use the carbonation reaction of concrete in order to absorb CO2 into 
the concrete. Considering the carbonation reaction, even if the concrete is carbonated in the same period of 
time and in the same environmental place, the ease of CO2 penetration is different depending on the types 
of cement and W/C. Therefore, the carbonation depth is different. CO2 absorption cannot be determined by 
only the carbonation depth because different types of W/C and cement absorb different amounts of CO2 

when carbonated. 
 In this study, we prepared specimens of cement paste with different types of cement and W/C. Accelerated 
carbonation was applied. The sample was divided, and the CO2 absorption was calculated for each part of 
the sample. This allowed us to study the quantification of CO2 absorption considering the ease of CO2 
penetration and the CO2 absorption potential of different types of cement. 
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2. Materials and outline of experiments 

2.1 Materials and mix proportions 

In this study, cement paste samples were used to eliminate the influence of aggregate as a fundamental 
study. The mix proportion is shown in Table 1. The experiment was conducted with four mix proportions, 
different types of cement and different W/C. As cement, Ordinary Portland Cement (OPC) and Blast 
Furnace Cement, which is made by replacing ground granulated blast-furnace slag (GGBS) with OPC, were 
used in the test. The blast furnace slag cement was set as BB with 50% replacement of GGBS and BC with 
70% replacement of GGBS. Table 2 also shows the chemical composition of OPC and GGBS. The amount 
of CaO in the cement was changed by changing the percentage of GGBS. 
 

Table 1 Mix proportion of cement paste 
No. Type of cement W/C (%) Unit weight (kg/m3) 

W OPC GGBS 
N30 OPC 30 487 1622 - 
N50 OPC 50 612 1225 - 

BB50 BB 50 602 602 602 
BC70 BC 70 675 289 675 

 
Table 2 Chemical Compositions of OPC and GGBS 

 Chemical composition (%) 
SiO2 Al2O3 FeO Fe2O3 CaO MgO TiO2 MnO SO3 Na2O K2O P2O5 

OPC 20.19 5.18 - 2.78 65.01 1.18 0.25 0.15 2.10 0.31 0.36 0.16 
GGBS 33.27 13.94 0.31 - 40.00 5.47 0.57 0.15 1.99 0.26 0.26 0.02 

 
2.2 Calculation of CO2 absorption 

Figure 1 shows the outline of the experiment. Rectangular specimens of 40×40×160mm were casted, 
demolded the day after placing, and sealing cured for 7 days. After curing was completed, the sides were 
sealed with aluminium tape and one 40×40mm surface was released. The specimens were placed in an 
accelerated carbonation chamber (20°C, 60% RH, 5% CO2 concentration) for 28 days of accelerated 
carbonation. After carbonation, they were sliced at 10 mm intervals from the release surface and treated 
with acetone to stop the hydration reaction. The measurement of TG-DTA was performed under N2 flow 
environment with a temperature increase rate of 20°C/min from room temperature to 1000°C. The CaCO3 
content ratio was calculated by using the inflection point of the peak in the DTA curve to estimate the 
amount of decarbonation. Amount of CO2 absorption was calculated using difference in CaCO3 content 
ratio between carbonated and uncarbonated. In addition, specimens made under the same conditions were 
saturated with water under vacuum conditions, and the saturated mass and mass in water were measured. 
After that, the specimens were placed at 40°C, 30% RH until the mass loss became constant, and then the 
dry mass was measured. Porosity was calculated by Archimedes' method using saturated mass, mass in 
water, and dry mass. 
 

Figure 1 Outline of the experiment 
 

The amount of CO2 absorption per sliced 40×40×10mm sample which volume is 16 cm3, with porosity 
taken into account, was calculated using Equation (1). 

 

210



CO2 absorption[g]= density#g/cm3$×Volume(16cm3)	×	(1-Porosity)	×	A[%]	×	
44
100

  																								 (1) 
where, A: difference in CaCO3 content ratio between carbonated and uncarbonated 

3. Results and discussion 

3.1 CO2 absorption as hardened cement 

Figure 2 shows the amount of CO2 absorption in each mix proportion for each sliced sample. The horizontal 
shows the distance from the surface in contact with the CO2. N30 and N50 were not completely carbonated 
even at 10 mm from the surface. On the other hand, carbonation reached 20 mm in BB50 and 40 mm in 
BC70. It is clear that the depth of CO2 absorption is different depending on the types of cement and W/C 
as well as the carbonation depth. It was found that in the order of BC70, BB50, N50, and N30, CO2 was 
absorbed more deeply into the specimen. In BC70, CO2 absorption from 0~10 mm, 10~20 mm, and 20~30 
mm was about the same in each layer.  

 
Figure 2 The amount of CO2 absorption 

  
Figure 3 shows the amount of CO2 absorption by the total of 40×40×160mm specimen. CO2 absorption was 
high in the order of BC70, BB50, N50, and N30. It was found that CO2 absorption is greater in total as it 
absorbs CO2 to a more internal level by carbonating at 5% CO2 concentration for 28 days. 

Figure 3 Amount of CO2 absorption by the total of 40×40×160mm specimen 
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3.2 CO2 absorption potential of each mix proportion 

We focused on the amount of CO2 absorbed per layer shown in Figure 3. It can be seen that the amount of 
CO2 absorption in one layer is different depending on the mix proportion. Though the largest total 
absorption was BC70, amount of CO2 absorption of the first layer was smaller in BC70 than in BB50.In 
addition, the CO2 absorption of N30 and N50 did not reach the second layer, and the first layer is not 
considered to be fully carbonated either, but the CO2 absorption of the first layer was equal to or higher 
than that of B70. Therefore, we considered there was potential for the amount of CO2 that could be absorbed 
by each mix proportion.  
CO2 absorption was measured using powder samples in which the effect of porosity was eliminated so that 
carbonation proceeds in the same regardless of mix proportion. Samples of 48×40×2 mm were made and 
sealing cured for 7 days. And hydration was stopped and the specimens were granulated. Based on previous 
studies, accelerated carbonation was performed for 7 days after adding 70% water to the sample mass to 
eliminate the effect of sample drying. After carbonation, CO2 absorption was measured by TG-DTA.  
The results of the CO2 absorption per 1m3 of cement paste are shown in Figure 4 Amount of CO2 absorption 
was high in the order of N30, N50, BB50, and BC70 and smaller for higher GGBS content. Figure 5 shows 
the relationship between the amount of CaO content per 1m3 of cement and the amount of CO2 absorption. 
The larger the CaO content, the greater the CO2 absorption potential. BC70, which has a smaller CO2 
absorption potential, has a smaller CaO content, indicating that the potential for CO2 absorption is affected 
by the CaO content. It is thought that this difference in potential affected the amount of CO2 absorption in 
each layer. 

 
4. Conclusions 

1) By carbonating the hardened cement pastes and measuring the amount of CO2 absorbed by separating 
it at each distance from the surface, it was found that the deeper the CO2 absorption, the more CO2 was 
absorbed. 

2) Carbonation with powder samples without considering the ease of CO2 absorption, such as porosity, 
is thought to provide the potential for CO2 absorption of cement paste, and the higher the amount of 
CaO in the mix proportion, the greater the potential for CO2 absorption.  
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ABSTRACT 

Due to the low density, low thermal conductivity and low water absorption, porous glass-ceramics have 
demonstrated excellent performance for thermal insulation. Closed pore structure can greatly reduce the 
thermal conductivity and convection as well as achieve high mechanical strength. Here we use Fe2O3, 
which is the by-product of copper tailings, to optimize the pore structures of the porous glass-ceramics 
and facilitate the formation of uniform closed pore structure. The porous glass-ceramics were prepared by 
melting-quenching method, followed by sufficiently foaming through powder sintering route with SiC 
powders as foaming agent. The micro structure, pore structure and thermal insulation performance were 
directly observed by X-ray computed tomography and infrared thermal imager. The results show that the 
addition of Fe2O3 modified the depolymerization degree of the glass network and increased the numbers 
of non-bridged oxygen. The resultant closed pore structure showed a better thermal insulating 
performance than open pore structure.  

 

KEYWORDS: Porous-glass ceramics; Pore structure control; Closed pores; Fe2O3; Foaming process 

1. Introduction 

Porous glass-ceramic is a kind of porous material, which generally composed by glass phase and 
crystalline phase with gas inside[1,2]. Due to the unique properties, such as low density, low thermal and 
acoustic conductivity, low water absorption and excellent chemical resistance[3,4], porous glass-ceramics 
have been used in thermal insulation, acoustic insulation, catalyst support, water treatment and so on. 
Pore structure is a key factor to the performance of the porous glass-ceramics. As the air possesses a 
much lower thermal conductivity (0.0257 W·m-1·K-1 at 20 ℃) than Al2O3 ceramics (25 W·m-1·K-1) or 
multicomponent glass (0.771 W·m-1·K-1 to 0.971 W·m-1·K-1)[5,6], pores foamed in glass-ceramics can 
greatly reduce the thermal conductivity of materials. Furthermore, when the pores are disconnected, the 
closed pores can further reduce the thermal radiation and convection. Therefore, the closed pore structure 
has the lowest effective thermal conductivity in non-vacuum conditions. In addition, closed pores can also 
increase mechanical strength and lower water absorption. In this work, the influences of Fe2O3 on the 
foaming process and properties of porous glass ceramics was investigated. We use Fe2O3 to optimize the 
pore structures of porous glass-ceramics and to facilitate the formation of closed pores. We investigated 
influences of Fe2O3 on the glass network in the porous glass-ceramics and analyze the pore structures and 
thermal insulation performance of the porous glass-ceramics. 
 
2. Materials and methods 

The starting materials used in this work are analytical reagents supplied by Sinopharm Chemical 
Reagent Co. including SiO2 (≥99.0%), CaO (≥98.0%), Al2O3 (≥99.0%), MgO (≥98.5%), Fe2O3 (≥99.0%), 
P2O5 (≥98.0%), K2CO3 (≥99.0%) and SiC (≥99.9%). SiC is used as foaming agent and grinded below 75 
μm. The composition of the designed glass sample is 52SiO2-15.6CaO-12Al2O3-11MgO-3P2O5-4K2O (in 
wt.%) with additional 0 wt.%, 2.4 wt.%, 4.4 wt.%, 6.4 wt.% and 8.4 wt.% Fe2O3 (named as G0, G1, G2, 
G3, and G4), respectively. The composition of the basic glass is designed by the phase region of diopside 
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in the phase diagram (Fig. S1) and the normal components of copper tailings and phosphorus tailings. A 
bunch of 150 g mixed raw material powders were ball-milled in agate ball mills with 20 mm balls for 2h 
using a rotation speed of 300 rpm and powder/ball ratio of 1:1 before being melted in a corundum 
crucible at 1450 ℃ for 2h in a furnace. Then the melt was water quenched and obtained basic glass were 
dried at 105 ℃ for 12 h in an oven. The glass was broken into powders in a vibration mill for 3 min and 
then sieved through 160 screen(97μm). The sieved glass powders were mixed with 0.3 wt.% SiC powders 
in deionized water for 2 h for uniform dispersion. The slurry was dried at 105 ℃ for 12 h in an oven and 
then 7 g dried powder was pressed into green bodies with diameter of 2 cm under the pressure of 15 MPa 
for 1 min. The samples were heated to 1150 ℃, respectively, with a heating rate of 10 ℃ min-1 and kept 
for 30 min for sufficiently foaming.  
 
3. Results and discussion 

As shown in Fig. 1, the broad band of [SiO4] shifts to smaller wavenumbers with the amount of Fe2O3, 
indicating Si–O tetrahedron linkage becomes relatively loose. The content ratio of the characteristic 
structural units is related to the area ratio of its characteristic peak. Fig.1 also shows the Gaussian fitting 
results of Raman spectra and the corresponding Qn in each basic glass. No obvious Q1 and Q4 structural 
units were observed and the similar phenomenon had also been reported before[7]. The area fraction of 
Q0, Q2 and Q3 is summarized in Table. 1. With the increase amount of Fe2O3 from 0 to 8.4 wt.%, the 
relative content of [Si2O5]2- structural units decreases from 44 % to 23 %, while the content of [SiO4]4- 
and [Si2O6]4- increase. This reveals that addition of Fe2O3 destroys the glass network and leads to the 
overall shift of the broad band. The addition of Fe2O3 modifies the depolymerization degree of the glass 
network and increases the numbers of non-bridged oxygen. As depolymerization degree decreases, the 
viscosity of the molten glass decreases which helped the pore formation of porous glass ceramics. 
Therefore, during the preparation of porous glass-ceramics from solid wastes, viscosity of molten glass 
and pore structures of porous glass ceramics can be controlled by optimizing the amount of solid wastes 
contain Fe2O3. 

 
Fig. 1 Raman spectra and peakfit of samples. 

Table.1 Area fraction of Qn. 

Content of Fe2O3/wt.% Q0/% Q2/% Q3/% 
0 6 50 44 

2.4 4 54 42 
4.4 8 63 29 
6.4 6 65 29 
8.4 11 66 23 

 

Fig. 2a-c show the 3D and 2D X-CT images of porous glass-ceramics sintered at 1150 ℃ for 30 min. The 
images show the pore structures adjusted by different amount of Fe2O3. From the 3D images, we found 
that without the addition of Fe2O3, the sample could not form complete and uniform pores. With the 
increase of Fe2O3, the pores of samples became bigger and more uniform. The ratio of the closed porosity 
to open porosity also changed along with the change of Fe2O3 amount. In the 2D X-CT images, red parts 
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represented the connected pores and blue parts represented the closed pores. It is obvious samples with 
2.4 wt.% Fe2O3 had the highest closed porosity. It is reasonable to deduce the sample with 2.4 wt.% Fe2O3 
possessed a totally closed pore structure. As the amount of Fe2O3 increased to 4.4 wt.%, all the pores were 
in red which meant the sample had almost all open pores. When further increasing the amount of Fe2O3, 
the porosity and pore sizes increased and almost all pores were connected. It can be concluded that 
appropriate doping amount of Fe2O3 and suitable sintering temperature is beneficial to the formation of 
closed pore structure.  

 

 

 
Figure 2 X-CT images of samples with different content of Fe2O3 sintered at 1150 ℃: (a) G0 sample, (b) G1 sample, 

(c) G2 sample. 
 

To investigate the thermal insulating performance of the porous glass-ceramics, infrared thermogram of 
G1 sample (closed pore structure) and G3 sample (open pore structure) heating at 60 ℃ are recorded, as 
shown in Fig. 3. The samples were cut into 25 mm×25 mm×15mm. The corresponding maximum 
temperature, minimum temperature and average temperature were read out along with the heating 
duration. G1 sample showed more homogeneous temperature distribution than G3 sample because of the 
uniform closed pore structure, blocking the heat conduction homogeneously. G3 sample exhibited 
continuous temperature rising and exceeds G1 sample after heating for 10 min, demonstrating the closed 
pore structure facilitating better insulation effect.  

 
Figure 3 Infrared thermogram of G1 sample and G3 sample heating continuously at 60 ℃ for10 min: (a) G1 sample, 

(b) G3 sample. 
 

4. Conclusions  

In summary, we used Fe2O3 to optimize the pore structures of the porous glass-ceramics and facilitated 
the formation of uniform closed pore structure. The effect of Fe2O3 on the glass network, pore structure 
and thermal insulation performances of porous glass-ceramics was studied in details. The addition of 
Fe2O3 modified the depolymerization degree of the glass network and increased the numbers of non-
bridged oxygen, decreasing the viscosity and the foaming temperature. 2.4 wt.% Fe2O3 doping optimized 
the pore structure into closed pore structure. The closed pore structure porous glass-ceramics exhibited 
better thermal insulation performance than open pore structure porous glass-ceramics.  
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ABSTRACT 

This paper aims to evaluate lightweight aggregates produced with hydrated cement paste powder (HCP) 
using carbonation. The mechanical properties, reaction products and microstructure were analysed and 
the results show that the optimal carbonation period for HCP I- and HCP III-type aggregates are different 
due to different amounts of portlandite. HCP I-type aggregates can gain 3.14 MPa after 7-day carbonation 
and contain 35.60 wt.% calcium carbonates. The remaining 13.95 wt.% portlandite shows the enormous 
potential in elevating the strength and CO2 capture capacity jointly via the optimized carbonation curing 
method. On the contrary, HCP III-type aggregates gained 2.97 MPa after 1-day carbonation and further 
carbonation decomposed C-S-H and lead to the formation of calcite and amorphous silica gel with 
significantly elevated specific surface area (from 10.69 m2/g to 42.96 m2/g) (Tang et al., 2022). This study 
can provide some understanding in the performance prediction of carbonated LWAs originated from the 
real demolished cement and concrete materials.  

KEYWORDS: carbonation, decomposition, portlandite, C-S-H 
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1. Introduction 

As a newly developed building material, lightweight concrete shows some extraordinary properties such 
as extremely low density, excellent sound absorption, and thermal insulation (Chandra and Berntsson, 
2002). The main ingredients for a lightweight concrete design are cement and lightweight aggregates 
(LWAs) (Spiesz et al., 2013). Generally, LWAs have a porous structure and low bulk density (less than 
1200 kg/m3) and thus reduce the density of concrete structure effectively. However, the commercial 
LWAs, for instance, expanded clay, expanded glass and perlite, consume huge amounts of energy, as well 
as natural resource due to the production at high temperatures (700 ℃ - 1400 ℃) (Tajra et al., 2019). 
Consequently, some studies started focusing on the development of a low-carbon footprint and 
sustainable LWAs. 
Cold-bonding technology has been proposed and developed for the purpose of low energy consumption 
during LWAs manufacture with industrial wastes (Tang et al., 2020). Combined with a pelletizing 
process, pellets in different sizes with porous structure were produced and then applied as LWAs.  
One industrial waste that has attracted much attention in recent years is aged concrete that can be recycled 
to recover most of the original high-quality fine and coarse aggregates and thus leave 10%-20% of fine 
concrete waste powder (Lu et al., 2018). The main components in waste powder are hydrated cement 
paste (HCP) but the exact composition can depend on the crushing and starting composition of the 
recycled concrete. The waste powder can have a high water demand due to the porous structure and high 
surface area, along with a very low reactivity when used as supplementary cementitious materials (SCMs) 
(Shi et al., 2016), causing difficulty in applying to normal concrete production without further treatment 
or activation (Spiesz et al., 2013).  
The HCP contains mainly calcium silicate hydrate (C-S-H) gels, calcium hydroxide, AFt, AFm and some 
unreacted clinker phases. Gas-solid and aqueous carbonation were reported to be effective to utilize HCP 
powders as the SCMs. The workability and mechanical property of cement paste blended with carbonated 
HCP powder can be enhanced via the formation of calcium carbonates which can act as fillers and then 
optimize the pore structure (Mehdizadeh et al., 2022). Consequently, it is possible to produce HCP 
powder based cold-bonded LWAs by using carbonation instead of cement and alkali activator addition.  
For the purpose of investigating the mechanism of the mechanical and microstructure development of the 
artificial aggregates under carbonation, this study used the laboratory-made cement paste instead of a real 
demolished concrete to obtain HCP powder and then produce LWAs, which allows to better control the 
chemical composition of the waste powder by eliminating the variability of its properties when recovered 
from demolished materials. Additionally, researchers prefer to investigate the properties of HCP powder 
from CEM I which contains few SCMs, whereas CEM III is also widely used and deserves more attention 
in the production of LWAs. Therefore, both CEM I 52.5 R and CEM III/A 52.5 N were chosen as the 
starting materials. The amount of hydration products from CEM I and CEM III is different, especially the 
amount of portlandite. A comparative study has been conducted to figure out the effects of portlandite 
amount in HCP I and HCP III on the aggregates production under carbonation curing. The mechanical 
properties, reaction products and microstructure were investigated via TGA, Nitrogen physisorption 
analysis and etc. to figure out the effects of carbonation on LWAs produced with HCP powder.  
2. Experiments and methodology 

2.1 Raw materials 

The HCP powder was produced in the laboratory from the cement paste which was prepared by CEM I 
52.5 R and CEM III/A 52.5 N provided by ENCI, the Netherlands. All cement pastes were prepared with 
a water to cement ratio of 0.5 and then demoulded until 24 hours after mixing, followed by the ambient 
curing in the resealable bags for at least 3 months.  
The HCP was crushed manually and milled with a disc milling (Retsch, RS300XL) for 10 min to obtain 
the waste cement paste powder for the tests. The milled HCP powder originating from CEM I and CEM 
III was labelled as HCP I and HCP III, respectively. The chemical composition of HCP I and HCP III was 
analysed with X-ray fluorescence (XRF, Model Axios Advanced, PANalytical.B. V), as shown in Table 
1. The mineral composition of HCP I and HCP III was determined using X-ray diffraction (XRD) 
analysis, which is shown in Fig. 1 (a) and (b), respectively. The D50 of HCP I and HCP III is 32.3µm and 
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38.3µm, respectively, analysed with a laser particle size analyser (Model Malvern Mastersizer 2000, 
Malvern PANalytical).  
Table 1 The chemical composition of raw materials for preparation of aggregates (milled hydrated cement paste 
powder I (HCP I) and milled hydrated cement paste powder III (HCP III)) 

Materials 
(wt. %) CaO SiO2 Al2O3 Fe2O3 SO3 MgO MnO TiO2 Others 

HCP I 65.96 17.42 7.57 3.51 3.08 1.43 0.08 0.44 0.51 
HCP III 49.32 27.10 12.02 1.24 4.83 4.24 0.17 0.55 0.53 

                               
                                                    (a)                                                                                (b) 
Fig. 1 XRD patterns of HCP I (a) and HCP III (b) (P=portlandite, A=alite, B=belite, C=calcite, Hc=hemicarbonate, 
D=dolomite) 
2.2 Pelletizing procedure 

The disc pelletizer was used to produce the artificial aggregates. The model was D-7736, 
Maschinenfabrik Gustav Eirich, Germany. The size of the pelletizer was 40 cm in diameter and 10 cm in 
collar height. The vertical angle of the pan is 75° and the rotating speed was set as 60 rpm during the 
production process. 500 grams of HCP were placed on the rotating pan. After about 3 min of rotating, 50 
grams of distilled water was sprayed slowly onto the mixed powder in the pan using a spray bottle over 
10 min. After the aggregation was observed, the pan continued running for 5 min to form the pellets. The 
as-prepared aggregates fell out of the pan automatically once they reached sufficient size and were 
collected. The freshly prepared LWAs were placed in a CO2 chamber with a CO2 concentration of 5% and 
a relative humidity of 75% and carbonated for 1, 3 and 7 days, respectively for carbonation curing. The 
temperature during curing was constant, around 20 ℃. The prepared aggregates, which were originated 
from HCP I and HCP III, carbonated for 1, 3 and 7 days were labelled as C1A I, C3A I, C7A I, C1A III, 
C3A III and C7A III, respectively. 
2.3 Mechanical property of prepared LWAs 

The mechanical properties of the individual pellets with different diameters were tested in an MTS 
Criterion equipped with a load cell of 100 kN at a speed of 0.6 mm/min until collapse. The maximum 
compression load was used to calculate the individual crushing strength with Eq. (1). 20 pellets were 
chosen as representatives for each group of prepared LWAs.  

                                                        (1) 

Where ơ (MPa) is the crushing strength of each pellets tested, P (N) is the maximum compression load 
each pellet can withstand, h (mm) is the diameter of the round pellet produced.  
2.4 Characterization of reaction products and microstructure 

The loose bulk density test was carried out according to EN 1097-3. Different artificial aggregates were 
crushed manually and ground finely to pass a sieve of 68 μm. Afterwards, samples were immersed in 
isopropanol for 30 min to eliminate hydration according to literature (Scrivener et al., 2018) and then 
dried in an oven at 40 ℃ until a constant mass. All samples were stored in desiccators, using a drying 
agent (CaCl2 pellets) and sodium hydroxide pellets as a CO2 trap until further different tests.  
3. Results and discussion 

It can be seen that all the samples have a loose bulk density of around 576.0-753.6 kg/m3, which is below 
1200 kg/m3 and thus satisfies the density requirement of lightweight aggregates according to EN 13055-1 
(2002). The individual strength of the carbonated aggregates originated from HCP I increases from 1.60 
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MPa to 3.14 MPa after 7-day carbonation (Fig. 2(a)), in line with the re-cementation effects of 
carbonation. Without carbonation, the reference aggregates only reach 0.83 MPa (Tang et al., 2022), 
indicating that carbonation can benefit the strength development. A reduction of porosity is observed 
most likely because the volume of the carbonates formed is 11–12% greater than the volume of 
portlandite as reported in (Šavija and Luković, 2016), which can optimize the pore structure and then 
enhance the mechanical property. However, the HCP III system shows the opposite results, where the 
individual strength of the carbonated aggregates decreases from 2.97 MPa to 0.57 MPa (Fig. 2(b)).  
 
Table 2 Bulk density of the produced LWAs 

Bulk density (kg/m3) C1A I C3A I C7A I C1A III C3A III C7A III 
 614.6±2.0 668.6±3.0 738.4±1.8 753.6±4.5 715.8±3.6 605.3±2.2 

                                 
                         (a)                                                                        (b)                                              
Fig. 2 Individual pellet strength of the produced aggregates 

                        
                           (a)                                                                               (b)                                              
Fig. 3 Weight loss determined with thermogravimetric analysis (TGA) and the first derivative of TGA (DTG) of the 
produced aggregates 

                          
                           (a)                                                                               (b)                                              
Fig. 4 Cumulative pore area of the produced aggregates 
 
It is suggested that carbonation of C-S-H is accompanied with a decalcification process. The 
decomposition of C-S-H gel can happen when the Ca/Si ratio is below around 0.66, followed by the 
severe carbonation shrinkage and cracking. The existence of portlandite can protect the other hydration 
products from becoming the main carbonated subjects and thus maintain the Ca/Si ratio of C-S-H gel at a 
high level (Šavija and Luković, 2016). From thermogravimetric analysis (Fig. 3), HCP I shows an initial 
amount of portlandite of 24.17 wt. % and after 7-day carbonation the amount of portlandite remains 13.95 
wt.% while HCP III starts with only 2.55 wt.% portlandite and after 1-day carbonation, portlandite cannot 
be detected in TGA. XRD and FTIR analysis confirm these results (not shown in this paper). The 
sufficient portlandite in HCP I system acted like a buffer and prevented the decomposition of other phases 
like C-S-H gel during the carbonation curing even though C-S-H gel and other phases underwent the 
carbonation simultaneously (Borges et al., 2010; Šavija and Luković, 2016). The absence of portlandite is 
detected in HCP III system after 1-day carbonation. Therefore, C-S-H gel, ettringite etc. suffered the 
strong CO2 attack, leading to the serious decomposition of C-S-H gel which usually plays a cementitious 
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role. The peak shift from 958 cm-1 to 1026 cm-1 in FTIR and the significantly elevated specific surface 
area from 10.69 m2/g to 42.96 m2/g (Fig. 4(b)) after carbonation treatment evidences the decomposition of 
C-S-H and formation of amorphous silica gel containing abundant evaporation water that can cause dry 
shrinkage and produce macro pores (Skocek et al., 2020). On all account, the aggregates obtained from 
HCP III suffered carbonation shrinkage and internal cracking during carbonation process, leading to the 
reduction of individual strength and increasing water absorption (Borges et al., 2010). 
4. Conclusions  
The comparative study was conducted to figure out the effects of portlandite amount in HCP I and HCP 
III on the aggregates production under carbonation curing. Based on the findings from this study, the 
following conclusions can be drawn. 
Carbonation reaction benefits the fast strength development because the formation of calcium carbonates 
decreases the porosity, optimizing the pore structure and then benefiting the mechanical property. 
However, carbonation curing is more appropriate for HCP I-type aggregates than HCP III-type aggregates 
due to the different amount of portlandite. HCP I-type aggregates show the enormous potential in 
elevating the strength along with CO2 capture capacity via the extended carbonation curing until the 
optimal curing period is reached. The optimal curing period for HCP III-type aggregates is short so that 
the individual strength and CO2 uptake are undoubtedly limited. 
The sufficiently available portlandite acts like a buffer to prevent decomposition in C-S-H and other 
phases caused by carbonation. The lack of available portlandite makes C-S-H the dominant phase 
subjected to carbonation, accompanying with the decomposition of C-S-H at the extensive carbonation 
calcification. Consequently, shrinkage and internal cracking during carbonation can occur, leading to a 
significant reduction of individual strength. 
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ABSTRACT 

In addition to the carbon footprint of construction materials, infrastructure in marine exposure has an 
environmental impact from construction processes and hardened waterfronts (ocean sprawl), which may 
amplify the biodiversity crisis. For artificial reef structures, different design approaches have been used and 
may also improve the integration of infrastructure into marine habitats to breathe life into ecosystems that 
are heavily influenced by human activity. Downsides of human activity are e.g., contaminants, noise, 
geometry, and textures that may be suboptimal for biogenic colonization and balanced ecosystems. One of 
the most reported materials for artificial reef structures is concrete due to its durability, the possibility to 
control its chemistry, and flexible use when it comes to geometry and surface textures. Hence, different 
cement types have been used and may yield somewhat different biological results, given equal biological 
conditions. At the same time, the regulations for the use of cement types for concrete in these exposure 
conditions differ between European countries, as concrete standard EN 206 is not harmonized. This article 
reviews the different cement types allowed in European standards for use in seawater exposure in selected 
European countries together with concrete design strategies of artificial reefs to highlight possibilities and 
limitations for the integration of infrastructure projects into existing habitats.   

KEYWORDS: Seawater, cement, standardization, EN 206, artificial reefs 

1. Introduction 
Even though the distance between the different countries in Europe is relatively short, a significant national 
variation in concrete standards can be observed. These standards conform with the harmonized standard, 
EN 197-1 (European Commission (2011)), which defines cement types, but differ in their national 
application of EN 206 (European Commission, (2021)) which defines the use of concrete in each country 
as this standard is not harmonized. The intention of standardization was to facilitate trade through product 
specifications. The differences in national concrete standards, based on the same overall cement standard 
for Europe have been partially explained by differences in climate, building traditions, products, and market 
structure (Müller (2012)). Analyzing the differences between national standards and putting them in the 
context of marine structures that connect many of the chosen countries together with publications on 
ecosystem rehabilitation, provides insight into the potential of infrastructure projects to support ecosystems.  
Ultimately, the high environmental impact associated with cement production and infrastructure projects 
might be offset somewhat by implementing restoration efforts into the projects, while still maintaining the 
structural and durability requirements for the concrete/structure in question. Possible benefits include 
resource optimization, decreasing the environmental impact, enhancing biodiversity, and reducing potential 
damages to the concrete caused by marine exposure (Huang et al. (2016)). The environment of concrete is 
considered in the design (Eurocode 2) and its severity is defined by their exposure classes. Relevant for the 
integration of infrastructure into marine habitats are XS2 and 3, and XA3. Here we focus on XS2 and XA3, 
which is defined as the threat of reinforcement corrosion caused by chloride ions in permanently submerged 
conditions and an aggressive environment for the cement past in concrete with a special focus on sulfate 
attack, respectively.  
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Currently, no systematic studies have been found that link commonly used cement types in European 
countries in marine environments with infrastructure and ecosystems purposes (e.g., artificial reef), hence 
we started with a comparison of standards for engineering purposes as these should at least ensure the 
durability of the materials for 50 years; the design age in many national annexes (NA) to EN 206.     
 
2. Method 
A literature study was conducted on different concrete standards in European countries and concrete as a 
substrate in artificial reefs to potentially enhance biodiversity and maritime ecosystems. The state of 
technology for cement types used in marine constructions was analyzed by comparison of several NA of 
the EN 206 concrete standard, which typically refers to the harmonized standard EN 197-1 concerning 
cement types. During the analysis, we came across DS/CEN/TR 15868:2018 which has been used as a 
starting point for comparison of the permitted cement types in exposure class XS2 and XA3. The focus 
here is on permanently submerged structures. 
The main results for XS2 and XA3 are based on 14 and 18 countries respectively and 27 cement types in 
compliance with EN 197-1. The data obtained in DS/CEN/TR 15868:2018 has been compared with 6 
individual national standards (Denmark, Norway, Germany, Spain, Sweden, and France) as the reported 
data of DS/CEN/TR 15868:2018 differed in several aspects from the cited NA for Denmark. Hence it is 
possible that the listed cements might deviate from other countries as well as we could not get access to all 
NA. Please contact the authors if you want to share some of these details for other countries than the six 
listed above.  
3. Results and discussion   
Tables 1 and 2 summarize the allowed cement types regarding exposure class XS2 and XA3, respectively, 
for the selected 6 countries. Note that the overall trends for these countries are the same when including the 
remaining 8 and 12 countries, respectively for XS2 and XA3.   
We focus on the cement types first as this parameter is typically provided in biological articles that focus 
on biofouling, not all desired material parameters such as cement quantity, strength requirement, w/b ratio 
or aggregate types etc. are included in biology-oriented articles. Nevertheless, the cement type provides an 
insight into basic design considerations that are applied in the standardization committees and restoration 
efforts of ecosystems as the minimal denominator. 
 
3.1 Exposure class XS2 – Permanently submerged in seawater.  
 
The cement types permitted for exposure class XS2 in the selected 6 European countries are stated in Table 
1, for which some types are permitted under conditional constrains. 
 CEM I and CEMII/A-V are the only types that are permitted in all selected countries. However, when 
summarizing the cement types across countries, slag cements (CEM II/S, CEM II/M, CEM III) are 
permitted significantly more than fly ash cement (CEM II/V, CEM II/W, CEM II/M) with 28 against 16 
counts respectively (76 against 56 respectively when all 14 countries are included). Please note that not all 
footnotes/nuances were implemented in this overview for the sake of clarity and space. 
 
Tabel 1. Permitted cement types for exposure class XS2 for selected relevant countries. Summarized values are 
stated for cement types permitted in each country, and amount of cement types in each country. Cells marked 
with √ indicate permitted cement types. Cells marked with (√) indicate conditional use and blank cells indicate 
no guidance provided in the national standards. 

 
 
None of the 6 countries permits calcareous fly ash cement while the different slag cement types (CEM II/S 
and CEM III/B) have similar counts, except for CEM III/C.  

223



France and Germany are the countries that permit the most with 15 and 17 respectively. However, countries 
such as Belgium, Greece, and Italy permit more than 23 cement types (Danish Standard Association 
(2019)). Denmark permits 2 types, and as such is the most restrictive country included.  
 
2.2 Exposure class XA3 – Highly aggressive chemical environment 
From the summarized values of XA3 for each cement type across the countries (Table 2), CEM I and 
CEMII/A-V are observed to be the most permitted types, closely followed by CEM II/S and CEM III/A 
and B. As with XS2 slag cement dominates the overall permitted type with 28 cases compared to 15 for fly 
ash. CEM III is again the decisive factor for slag cement to be the most permitted type. None of the 6 
countries permits CEM II/W, CEM II/B-L or CEM II/B-LL.   
A trend that does not appear in table 2, is the high amount of cement types that require additional conditions 
((√)) for XA3. In table 2, 29% are conditional, while for the 18 countries it is 79%, which might be explained 
by the cultural, climatic and market structure described in Müller (2012).  
Denmark is again the country permitting the fewest cement types with only 2 which both additional 
requirements. The specific additional requirements vary depending on the country, especially Germany 
specify multiple conditions for XA3 which are described in Danish Standard Association (2019) and 
NABau (2022).   
 
Tabel 2. Permitted cement types for exposure class XA3 for selected relevant countries. Summarized values 
are stated for cement types permitted in each country, and amount of cement types in each country. Cells 
marked with √ indicate permitted cement types. Cells marked with (√) indicate conditional use and blank 
cells indicate no guidance provided in the national standards.  

 
 
3. Ecosystems restauration  
 
Slag cement is the most permitted standard across the two analyzed exposure classes. It also happens that 
slag-based cement types are amongst the most utilized cement types in the context of artificial reefs and 
ecosystems restauration (Padró (2023)), which is maybe somewhat surprising as it is an industrial by-
product. Slag cement has shown to outperform fly ash cement and Portland cement on additional parameters 
such as biodiversity, ecological performance, and durability (Hayek et al. (2021), Perkol-Finkel et al. 
(2018)), which has been suggested to depend on the pH of the material (Ido and Perkol-Finkel (2015)). 
Thus, slag cements appear to enhance biological colonization, making it more suitable for ecosystem 
restoration (Padró (2023)). Furthermore, biofouling depends on the region, for which physical parameters 
such as pH, salinity and chemical composition are variables, all influencing biomass and colonization 
(Boukhelf et al. (2022)). On the engineering side, investigations have shown that CEM III/B can display 
beneficial mechanical properties, particularly for marine environments due to a denser microstructure and 
resistance towards sulfate attack after hydration (Boukhelf et al. (2022), Ly et al. (2021)). 
This insight might provide initiatives toward more balanced standardization in which eco-efficiency and 
durability are achievable through appropriate monitoring and relevant tests. Implementation of more binder 
types increases the flexibility to adapt to the increasing CO2 emissions and the circularity agenda of the 
future.   
 
4. Conclusions 
Even though the cement standard in Europe, EN 197-1, is harmonized, the national standards for concrete 
create a wide range of possible options. This may lead to significantly different material choices even for 
countries that share common bodies of water. The reasoning is not necessarily transparent and may lay in 
traditions, market structure and experiences with different climatic conditions.  
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Related to constructions in marine environments, slag cements appear to provide biological, physical, and 
ecological advantages over e.g., Portland cements.  The cement type used in marine constructions 
influences at least the early biological succession and thereby ecological restoration and should thus be 
considered for marine infrastructures. However, not all cement types which are beneficial for habitat 
creation/restoration are permitted in marine environments for all national standards. There might be 
potentials for ecological restoration and the green transition that are therefore not utilized (Scrivener et al. 
(2018), Sella and Perkol Finkel (2015)). 
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ABSTRACT 

Creep has been one of the major causes of the long-term deterioration of concrete structures. Despite 
extensive research in this area, it is still not predictable accurately. The most fundamental reason for the 
same is that the origin of this phenomenon is at the micro-level of cement paste. If the microstructure and 
its response to an applied load are understood, a better prediction of creep is possible. With recent 
advancements in the field of characterization techniques, the microstructure of cement pastes is now better 
understood. Models that can precisely simulate the microstructures and their constitutive behavior are 
promising techniques to estimate creep at the macro level. Analytical methods based on physics are popular 
amongst such techniques for simulating this micro-level phenomenon. Besides modeling their interactions 
fairly, they can account for various shapes of the cement hydrates and their pore structures at micro and 
nano levels. This work uses a MATLAB model with Eshelby’s theory and the homogenization approaches 
of continuum micromechanics to account for hydrates' shapes and volume fractions and their mutual 
interaction. The model predicts that with the increase in aspect ratios of the shape of hydrates, the 
macroscopic creep of cement paste reduces.  

KEYWORDS: Cement, creep, multiscale modeling, continuum micromechanics 

1. Introduction 

Creep in concrete is one of the major concerns when it comes to long-term performance of concrete. The 
reason is that it cannot be precisely predicted and hence its effects cannot be accounted a priory. However, 
it is known that creep in concrete is mainly in cement paste, as the aggregates are almost elastic when 
compared to cement paste. Further, the macrostructural behavior of creep of cement paste and hence 
concrete has its roots at the micro/nano level of cement paste. Therefore, the microstructure of cement paste 
and the physics of the interaction of the microstructural hydrates (hydration products of cement) of cement 
becomes essential to be understood and appropriately incorporated while developing the methods of 
estimation of creep in any structure. Models accounting for the microstructural behaviour of cement paste 
are therefore powerful techniques for predicting its macrostructure behaviour like creep.  
The method of using microstructural creep models of concrete have three stages. Firstly, the microstructure 
of cement paste (sizes of hydrates and their spatial arrangement), secondly, their individual constitutive 
property and lastly physics of interaction between them. 
This paper will first discuss a brief summary about first two stages and then a detailed discussion of the 
third stage which involves micromechanical modelling of the intrinsic properties and their upscaling. 

2. Cement Paste Microstructure 

Knowing the exact shapes, sizes, orientation and spatial arrangement of hydrates is very difficult. It keeps 
changing with time due to ongoing hydration. Therefore, a cement paste can be classified into an ageing 
one (whose microstructure is still developing, due to ongoing hydration) and a non-ageing one (whose 
hydration can be assumed to be almost complete and hence microstructure is stable).  
Experimental techniques like Scanning Electron Microscopy (SEM), Transmission electron microscopy 
(TEM), X-ray diffraction (XRD), Nuclear Magnetic Resonance (NMR), etc. are very much sensitive to the 
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sample and many of such experiments are required to statistically represent the cement paste. Moreover, 
the microstructure of even a completely hydrated paste cannot be idealized and used for another hydrated 
paste, because, it depends upon several factors like, composition of the cement, water-cement ratio, quality 
of water, curing conditions like temperature and relative humidity, etc.  
Microstructural models have the advantage of modelling only the aspects required such as porosity, 
permeability or say other mechanical properties. They are relatively easy and faster to have a quick and 
precise representation of the microstructure. One of the most widely used model is the two-phase model: 
the solid phase consisting of hydrated cement particles and other mineral phases and the other is the pore 
phase. Other models include multi-phase model, which considers additional phases such as unhydrated 
clinker too. A detailed review of microstructural models’ importance, utility, and current limitations may 
be found in Bishnoi and Bullard (2022). 
 
3. Intrinsic properties of hydrates 

Constitutive properties of hydrates of cement as well as unhydrated clinker particles may be taken as 
intrinsic in nature. It is the variation in the volume of these constituents, which changes the overall response 
in different cement pastes. Several works in this area may be found in literature which either used 
nano/micro indentation tests or have downscaled a macroscopic response of cement paste. A summary of 
intrinsic properties of different constituents of a cement paste is shown in Error! Reference source not 
found.1. 

Table 1 Intrinsic elastic properties of constituents of a cement paste 

Phase Young’s modulus 
[GPa] 

Poisson’s 
ratio 

References 

C3S 128-142,142-152 0.3 Acker (2004),Velez et al. (2001) 
C2S 130-150,110-150 0.3 Acker (2004), Velez et al. (2001) 
C3A 150-170,135-155 0.3 Acker (2004), Velez et al. (2001) 
C4AF 100-150 - Velez et al. (2001) 

Portlandite 33-39,33-43, 
39.77-44.22 

0.305-
0.325 

Acker (2004),Constantinides and Ulm 
(2004),Monteiro and Chang (1995) 

LD C-S-H 18-22,19.5-23.9 0.24 Acker (2004), Constantinides and Ulm (2004) 
HD C-S-H 27-35,27.0-31.8 0.24 Acker (2004), Constantinides and Ulm (2004) 

 
3. Multiscale Models of creep 

Multiscale analytical models involve the concept of viewing concrete as a multiscale composite.  A concrete 
which appears homogenous at a macroscale can be viewed as a heterogenous material composed of 
aggregates and a homogenous cement paste at an observation scale of say millimetres. Similarly, the 
“homogenous” cement paste at a millimetre scale is a heterogenous material composed of hydrates and 
pores at few micrometres. Similarly various multiscale thought models have been used for modelling 
cement pastes Constantinides and Ulm (2004); Honorio, Bary, and Benboudjema (2016). 

 
Figure 1 A sample Multiscale micromechanical model 
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For accounting the response of an individual constituents to an applied stress/strain on the boundary of the 
RVE, the approach of stress and strain concentration tensors are used which are based upon the Eshelby 
theory, Eshelby (1957). It gave solution for strain distribution due to an ellipsoidal inclusion inside an 
infinite homogemous medium (Figure 2). 

 
 

Total strain inside the inclusion 𝜀	(𝒙) due an eigen strain 𝜀	∗ inside it is given as 

                                                                      𝜀#$(𝒙) = 𝑆#$%&𝜀%&∗                    (1) 

Where S is called the Eshelby’s concentration tensor and is independent of the eigen strain and size of  the 
inclusion. It only depends on shape of the inclusion and the stiffness of the matrix. Hydrates of cement 
paste can be modelled as idealized shapes like spheres, ellipsoids, prolates, oblates, etc. Combining 
Eshelby’s theory with the average stress theorem, various homogenization techniques, for example, the 
Mori and Tanaka (1973), the Self-Consistent scheme Hill (1965), can be applied to get equivalent properties 
of the material at a particular scale by accounting the interaction of the constituents of that level. 
Thereafter, the equivalent stiffness of the heterogenous RVE can be found from expression like 

                       𝑳	( = 𝑳' + ∑ 	𝑐((𝑳𝒓 − 𝑳')	𝑨(*
(+,                (2) 

Where 𝑐( is the volume fraction of rth inhomogeneity.  The strain concentration tensor 𝑨( is then 

           𝑨( = [𝑰 + 	𝑺(𝑳𝟎.𝟏(𝑳( − 	𝑳')	].,              (3) 

Though exact equations for calculating Eshelby’s tensors exist, but they are complex and involve a lot of 
calculative efforts. Therefore, for modelling, equations by Mura (1987) are used. A relationship between 
the Eshelby’s concentration tensor and aspect ratio of a prolate shaped hydrate is shown by the output of 
the model in MATLAB in Figure 3 below. The inverse relation between the Eshelby’s tensor and stiffness 
tensor from equation (2) and (3) means a direct relation with the creep compliance. The homogenization 
techniques mentioned were developed for elastic behavior and can be applied to obtain the equivalent strain 
response of a heterogenous viscoelastic material using the correspondence principle.  
 

Matrix 

inclusion 

Figure 2 an Ellipsoidal inclusion inside a homogenous matrix 

228



 
Figure 3 Dependence of strain concentration tensor on aspect ratio 

3. Methodology 

For the aging case, the material parameters change which change the compliance function J (t,τ)  over time. 
It means that J is a function of both the time “τ” at which the sample was loaded and “t” the sample age. 
Whereas for non-aging cases, the compliance function is not modified with time, only its value increases. 
Therefore, it only depends upon the time elapsed since loading and can be represented as J(t-τ). Expression 
for strain (Figure-2) becomes a convolution integral in this case and Laplace Carson (LC) transformation 
of the integral gives an expression like elastic material in LC domain. Homogenization techniques can then 
be employed in the Laplace-Carson (LC) domain using the correspondence principle. After 
homogenization, the final compliance is converted back to the time domain to get the overall compliance 
of the material. Figure-2 illustrates the same.  

 
 

The third step in Figure 4 above involves finding an equivalent material for a heterogenous RVE and 
homogenisation techniques as listed above are used for it. 

4. Conclusions 

Eshelby Tensor and hence creep modulus of cement paste is found to increase with the aspect ratio of 
assumed prolate shape of the hydrates of cement pastes. This may be explained due to the possible 
mechanism of a more direct interaction between the isotropically arranged hydrates due to their longer 
shape. 
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