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Abstract 10 

The present study aims at examining the physico-chemical factors influencing the expansion 11 

characteristics of OPC-CSA blend in the presence of mineral admixtures. Three different 12 

admixtures: Class ‗F‘ fly ash (‗F‘FA), Class ‗C‘ fly ash (‗C‘FA) and silica fume (SF) were used 13 

as 15%, 15% and 5% replacement of total cementitious binder. Longitudinal expansion of 14 

cement pastes prepared at w/cm – 0.44 showed that the Class ‗F‘FA increased the expansion 15 

whereas the Class ‗C‘FA and SF reduced the expansion. The pore solution of the OPC-CSA 16 

cement pastes was extracted at different ages to monitor the concentration of various ionic 17 

species. The saturation level of ettringite was determined using a geochemical modeling program 18 

(GEMS). Furthermore, an upper bound of crystallization stress was estimated. The expansion 19 

behavior in the presence of Class ‗F‘FA and SF was found to be influenced by the changes in the 20 

stiffness, whereas the expansion of the Class ‗C‘FA-based mixture was governed by faster 21 

hydration of ye‘elimite. 22 

Keywords: Calcium sulfoaluminate cement (D); Early-age expansion (C); X-ray diffraction (B); 23 

Supersaturation (C); Crystallization (C); Ettringite (D); Thermodynamic modeling (B) 24 

 25 

 26 

 27 

 28 

© 2015. This manuscript version is made available under the Elsevier user license  
http://www.elsevier.com/open-access/userlicense/1.0/ 
 

mailto:chaunsa2@illinois.edu
mailto:pmondal@illinois.edu


2 
 

1. Introduction 29 

Calcium sulfoaluminate (CSA) cements were originally developed and promoted as shrinkage-30 

compensating cements [1]. Different combinations of CSA cements with ordinary Portland 31 

cement (OPC) have been used for various structural applications [2].  In structural concrete, the 32 

presence of restraint can fully or partially prevent the expansion of OPC-CSA concrete, which 33 

leads to the development of compressive stress that can be utilized to counteract the tensile stress 34 

developed due to drying shrinkage. Recently, there has been a tremendous increase in the 35 

research of CSA cements as its manufacturing is supposed to be more sustainable than that of the 36 

Portland cement. CSA clinkers can be produced at lower kiln temperature (~1250°C) which 37 

reduces energy consumption considerably [3-6]. The limestone requirement is lower for 38 

producing CSA clinkers, which reduces the associated CO2 emission. Additionally, CSA clinkers 39 

require less energy for grinding as they are more porous than the Portland cement clinker [7, 8]. 40 

These factors contribute toward reducing the energy demand and carbon footprint of CSA 41 

cements. Ye‘elimite (C4A3Ŝ) is the main phase present in CSA cements along with other phases 42 

such as belite (C2S), calcium sulfate (CŜ) and ferrite (C4AF) in CaO-Al2O3-SiO2-Fe2O3-SO3 43 

system [7, 8]. Based on the amount of added gypsum, various kinds of cements, ranging from 44 

rapid-hardening to expansive, can be produced [9]. The main hydration reactions associated with 45 

ye‘elimite hydration are shown below [10]:  46                                                                                                                                                                                                                                                          
where C = CaO, A = Al2O3, S = SiO2, Ŝ = SO3, H = H2O according to the cement chemistry 47 

notation. According to reaction (1), it is evident that the hydration of ye‘elimite in pure water 48 

forms AFm (monosulfate) and amorphous aluminum hydroxide. When there is sufficient sulfate 49 

in form of gypsum or anhydrite, ettringite (AFt) will be formed instead of monosulfate, 50 

according to reaction (2) [8, 11]. However, a few studies have reported the formation of ettringite 51 

even in the absence of a sulfate source [12, 13]. Furthermore, reaction (3) is favored over 52 

reaction (2) in presence of portlandite. An increase in portlandite amount has been found to 53 

increase the rate of ye‘elimite hydration at very early-age and decrease the induction period [14]. 54 
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According to Mehta [15], presence of portlandite results in the precipitation of smaller ettringite 55 

crystals which tend to be expansive due to their swelling characteristics. Among various 56 

proposed mechanisms of expansion, crystallization stress theory is a widely accepted mechanism 57 

according to which crystals grow from a supersaturated solution [16-18]. The upper bound of 58 

crystallization pressure, as set by supersaturation, can be expressed as [19]: 59 
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                                                   Eq. (1) 60 

where R, T, νm, K and Ksp are ideal gas constant (8.314 J/K/mol), absolute temperature (°K), 61 

molar volume, ion activity product and solubility product of a given crystal, respectively.  62 

Supersaturation governs the size of pores where crystals can precipitate [17]. For example, 63 

smaller crystals have higher surface energy which increases their solubility. Therefore, smaller 64 

crystals can only achieve equilibrium with a solution of higher concentration. Hence, 65 

supersaturation can be related to the pore sizes where precipitation of crystal occurs according to 66 

Freundlich equation [20]: 67 
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                                                Eq. (2) 68 

where γCL and κCL are the interfacial free energy and the curvature of crystal, respectively. The 69 

expression shows that crystals will precipitate in pores with higher curvature (i.e. smaller pore 70 

size) if the supersaturation is high. In fact, in a related study on delayed ettringite formation 71 

(DEF), it has been argued that the initial expansion takes place due to crystallization in 72 

nanometric pores under high supersaturation [18].  73 

Understanding the expansion characteristics of CSA cements is important for achieving 74 

shrinkage-compensation successfully. A number of factors have been shown to affect the early-75 

age expansion behavior of CSA cements including the degree of hydration of C4A3Ŝ [21], 76 

CŜ/C4A3Ŝ ratio [22, 23], presence of lime [15, 24-27], particle size distribution of CSA cements 77 

[23, 28], curing condition [29] and curing temperature [21]. As CSA cements can expand 78 

significantly on its own, the expansion can be controlled by blending it with the Portland cement. 79 

A blend of CSA cement and the Portland cement (OPC-CSA blend) is also called Type K cement 80 

[30]. In an OPC-CSA blend with low CSA cement content (less than 30%), hydration of 81 
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ye‘elimite occurs in the presence of lime (free lime and portlandite) and forms ettringite [31]. In 82 

a study by Le Saoût et al., a 10% CSA cement addition to OPC was reported not to affect the 83 

hydration mechanism of alite but retarded the C3A reaction due to the presence of sulfates, and 84 

increased the amount of ettringite [32]. In a study by Mehta [15], ettringite was reported to have 85 

smaller size in the presence of lime, whereas Kurdoski and Thiel [25] did not observe any 86 

difference in the ettringite morphology.  87 

Incorporating mineral admixtures with CSA cements is expected to have some economic and 88 

environmental benefits. Additionally, the use of mineral admixtures such as fly ash is expected to 89 

result in improved workability, reduced heat of hydration, higher ultimate strength and increased 90 

chemical resistance [33-35]. However, there have been very few studies toward understanding 91 

the expansion potential of Type K cement (OPC-CSA blend) in the presence of mineral 92 

admixtures and insufficient research is limiting practical application [36, 37]. Lobo and Cohen 93 

[36] reported a decrease in expansion of Type K cement incorporating silica fume which was 94 

attributed to reduced pH of pore solution resulting in a slower reaction rate of ye‘elimite. In a 95 

recent study by García-Maté et al. [33], no evidence of the interaction between fly ash and CSA 96 

cement hydration was found. This study examines the early-age unrestrained expansion of OPC-97 

CSA cements in the presence of two types of fly ashes (Class ‗C‘ and ‗F‘) and silica fume. To 98 

better understand the influence of these admixtures while preventing the dilution of CSA cement, 99 

a fixed quantity of expansive component (15% by weight of total cementitious material) was 100 

used in this study. Physical changes, such as evolution of stiffness with time, and chemical 101 

changes, such as concentration of various ionic species in pore fluid, supersaturation levels of 102 

various phases such as ettringite and portlandite, and hydration of ye‘elimite were monitored to 103 

understand the expansion characteristics. Furthermore, crystallization stresses in OPC-CSA 104 

cements were estimated using various models. It is believed that better understanding of 105 

expansion behavior in the presence of mineral admixtures is warranted as it can help the end user 106 

in making better predictions. 107 

2. Materials and Mixture Proportions 108 

The materials used in this study were a Type I ordinary Portland cement (OPC), a CSA-based 109 

expansive admixture manufactured by CTS company (trade name Komponent), Class ‗C‘ fly ash 110 

(‗C‘FA), Class ‗F‘ fly ash (‗F‘FA) and silica fume (SF). Table 1 shows the oxide composition of 111 

http://www.sciencedirect.com/science/article/pii/S0008884613001713
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all raw materials. The phase composition of raw materials was determined using quantitative X-112 

ray diffraction (QXRD) analysis, and is shown in Table 2.  113 

Table 1. Chemical composition of raw materials 114 

  OPC  Komponent ‗F‘ FA  'C' FA SF 

SiO2 20.93 7.70 59.08 37.76 > 93.0 

Al2O3 4.45 7.00 22.43 19.43 -- 

Fe2O3 2.72  1.17 8.39 5.33 -- 

CaO 63.28  50.07 1.59 25.56 -- 

MgO 3.03  0.08 1.06 4.09 -- 

SO3 2.44  26.04  0.20 2.23 -- 

Na2O 0.13  0.18  0.64 1.07 -- 

K2O 0.59  0.53  2.18  -- -- 

LOI 1.98  2.10 2.99 0.58 <6% 

 115 

Table 2. Phase composition (% wt.) of raw materials by QXRD 116 

Phase Composition OPC Komponent Class ‗F‘ FA Class ‗C‘ FA 

C3S 62.2 -- -- -- 

C2S 14.1 35.0 -- -- 

C3A 9.9 -- -- 7.0 

C4AF 5.4 1.5 -- -- 

Ye‘elimite -- 19.4 -- -- 

Gypsum 1.4 14.7 -- -- 

Bassanite 1.6 9.4 -- -- 

Anhydrite 0.8 16.3 -- 1.3 

Quartz -- -- 15.8 3.2 

Mullite -- -- 21.3 -- 

Hematite -- -- 0.8 0.2 

Periclase 1.3 0.9 -- 1.0 

Arcanite 0.4 -- -- -- 

Aphthitalite 0.1 -- -- -- 

Calcite 2.8 2.8 -- -- 

Amorphous -- -- 62.2 87.3 
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Total 100 100 100 100 

 117 

Cement paste samples were prepared with a constant water-to-cementitious material ratio (w/cm) 118 

of 0.44 at 22°C. A portion of the Portland cement was replaced by the CSA-based expansive 119 

admixture (Komponent) and one of the mineral admixtures (‗C‘FA or ‗F‘FA or SF). Komponent, 120 

Class ‗C‘FA, Class ‗F‘FA, and SF were used as 15%, 15%, 15% and 5% replacement (by mass) 121 

of the total cementitious material, respectively. Therefore, five different mixtures: 1) 100% 122 

Portland cement (OPC), 2) 85% Portland cement and 15% Komponent (OPC+K), 3) 70% 123 

Portland cement, 15% Komponent, and 15% Class ‗C‘FA (OPC+K+‗C‘FA), 4) 70% Portland 124 

cement, 15% Komponent, 15% Class ‗F‘FA (OPC+K+‗F‘FA), and 5) 80% Portland cement, 125 

15% Komponent, and 5% silica fume (OPC+K+SF) were examined in this study. 126 

3. Experimental Methods 127 

3.1. Unrestrained Deformation at Early-age 128 

As the primary goal of this study was to examine the early-age expansion characteristics, it was 129 

important to select a test method which allows length measurements at the early-age (within 24 130 

hours). Considering the fact that ettringite starts forming immediately after mixing, but does not 131 

contribute to the stress build-up until a certain degree of rigidity is reached by the cement matrix 132 

[38], final setting time was chosen as the starting point for the expansion measurements. Final 133 

setting of cement pastes was determined using a Vicat needle apparatus in accordance to ASTM 134 

C191. Though primarily intended for determining autogenous shrinkage of cement paste, the 135 

corrugated tube test method, as per the ASTM C1698, was selected for expansion measurement 136 

in this study. The method is equally appropriate as the length measurements in the longitudinal 137 

direction can be made due to the least resistance offered by the corrugated tube in this direction. 138 

Also, the measurements can be started immediately after encapsulating paste in a corrugated 139 

tube. It is noted here that corrugated tube maintains a sealed curing condition inside the tube, and 140 

hence, were only used for measuring expansion occurring within the first 24 hours. 141 

In addition to the corrugated tube test, prismatic bars of size 1 in (25 mm) × 1 in (25 mm) × 142 

11.25 in (285 mm) were prepared to determine the effects of lime water curing on the expansion 143 

measurements. Samples were demolded after 24 hours, and kept in saturated lime water at 22°C. 144 

The length changes were monitored at various ages according to the ASTM C490. Three samples 145 
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were prepared for each batch at two different times. The standard deviation of the length 146 

measurements was found to be within ±5%. The initial expansion measured through corrugated 147 

tube (within the first 24 hours) was added to the length measurements of prismatic samples 148 

(beyond 24 hours) to estimate the total expansion from the final set time. 149 

3.2. X-ray Diffraction (XRD) 150 

Mineralogical composition of the basic materials and the evolution of hydrated phases were 151 

monitored using XRD. At each age, samples of 2-3 mm thickness were immersed in isopropyl 152 

alcohol for 24 hours in order to stop the hydration. Subsequently, the samples were dried in a 153 

vacuum desiccator for at least 24 hours. It has been shown that most of the methods used for 154 

stopping hydration dehydrate C-S-H and ettringite to some extent [39]. However, the results 155 

should be comparable if the same preparation method is followed throughout the study. The 156 

dried samples were then ground into a fine powder (< 40µm) for XRD analysis. Initially, 157 

qualitative analysis was performed using the MDI Jade software (2009) in order to identify 158 

crystalline phases.  Once all phases were identified, the HighScore Plus (Version 3.0e) software 159 

was used for Rietveld analysis [40], which relies on the minimization of the differences between 160 

the measured and the calculated pattern, using a non-linear least squares fitting algorithm. The 161 

refined parameters included phase scale factors, background coefficients, zero-shift error, lattice 162 

parameters, peak shape parameters and preferred orientation, if needed. An internal standard 163 

method based on the addition of rutile (TiO2) was utilized to determine the amorphous content of 164 

basic materials and of the hydrated cement paste [41]. Rutile was found to be appropriate as an 165 

internal standard as there was no trace of it in CSA-based admixture (Komponent). Rutile was 166 

ground with the dried cement paste samples after solvent exchange.  167 

3.3. Thermogravimetric (TG) Analysis 168 

Thermogravimetric analysis was performed on 25 ± 2 mg of the powdered (prepared following 169 

the method described in section 3.2) samples using a Q50-TA Instrument. The samples were 170 

heated in a nitrogen environment (flow: 60 ml/min) to 900°C at a rate of 10°C per minute. 171 

3.4. Pore Solution Analysis and Thermodynamic Modeling 172 

Cement paste samples of 2 in (50 mm) in diameter × 3 in (75 mm) in height were used for pore 173 

solution extraction. Samples were prepared using de-ionized (DI) water at a w/cm ratio of 0.44. 174 
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These samples underwent a similar curing regime (24 hours of sealed curing followed by 175 

saturated lime water curing) as used for the prismatic samples. The pore solution was extracted 176 

after 1, 3, 7, and 21 days. A device proposed by Barneyback and Diamond [42] was used for the 177 

extraction. The samples were compressed to a pressure up to 400 MPa in order to extract 5-10 ml 178 

of the pore solution. It is noted here that the applied stress has been found to influence the ionic 179 

concentrations in the pore solution [43]. However, the ionic concentrations in the pore solution 180 

extracted by applying pressure up to approximately 500 MPa, have been found to be comparable 181 

[44]. In this study, the applied maximum pressure ranged from 300 MPa to 400 MPa, depending 182 

on the age of the sample. Immediately after extraction, the pore solution was filtered using a 0.2 183 

µm filter. One part of the extracted pore solution was treated with 6.3% HNO3 to prevent 184 

carbonation, and was later used for the determination of Ca, Al, Si, S, Na and K element 185 

concentrations, using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). 186 

The rest of the pore solution was used for pH measurement. A pH meter was calibrated against 187 

known KOH solutions for determining hydroxyl ion concentration. 188 

Using the aqueous phase composition of the cement pore solution, the hydration process can be 189 

monitored by estimating the saturation index (SI) of the possible reaction products in contact 190 

with the aqueous phase. The saturation index can be expressed as [45, 46]: 191 

                                                              












spK

K
SI ln                                                           Eq. (3) 192 

where K is the ion activity product and Ksp is the solubility product of a given phase. If SI = 0, 193 

the solution is at equilibrium, whereas for SI > 0 and SI < 0, the solution is supersaturated and 194 

undersaturated with respect to a given crystal, respectively. The dissolution reaction of ettringite 195 

can be expressed in the following form [44-45]: 196 

OHOHSOOHAlCaOHOHSOAlCa 2
2

44
2

2123426 2643)(2626.)()(          Eq.  (4) 197 

Now, considering the ionic species forming ettringite, the ion activity product of ettringite can be 198 

written as:  199 

                          26
2

32
4

42

4

62 )()( OHSOOHOHAlCaettringiteK
             Eq. (5)  200 
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where {Ca2+}, {Al(OH)4
-}, {OH-}, {SO4

2-} and {H2O} are the activities of species. The 201 

solubility product (Ksp) of ettringite at 25°C is 10-44.90 [47, 48]. The activity of an ion is the 202 

product of ion concentration (mi), and activity coefficient (γi). The activity coefficient, which 203 

depends on ionic strength of the solution (I), other ionic species and temperature, can be 204 

calculated using extended Debye-Hückel equation as [49]:         205 

                                                            Ib
IBa

IAz
i

i

i

i 





1
log

2

                                           Eq. (6) 206 

where  A and B are Debye- Hückel solvent parameters and dependent only on temperature, ai is 207 

the Debye-Hückel ion-size parameter, bi is a semi-empirical parameter (~ 0.064 at 25°C), zi is the 208 

charge of ion and I is the effective ionic strength (I = ½∑ mi zi
2 in mol/kg H2O) of the solution. 209 

Using ion activity product and solubility product of a phase, its saturation level in the pore 210 

solution can be determined using Eq. (3).  When the aqueous phase is supersaturated with respect 211 

to a specific solid (i.e., SI >0), there is tendency for precipitation of the solid until equilibrium is 212 

reached. Similarly, in an undersaturated condition (SI < 0), the solid will tend to dissolve in order 213 

to achieve equilibrium. In this study, the thermodynamic calculations to estimate saturation 214 

indices were performed by using a geochemical modeling package: GEMS-PSI [50, 51] which 215 

was supplemented with cement specific thermodynamic database [52].    216 

3.5. Capillary Porosity 217 

Capillary porosity of the cement paste samples was determined by the solvent exchange method 218 

[53]. Cement paste disks of 25 mm (diameter) × 1-2 mm (thickness) were cut and immersed in 219 

isopropyl alcohol for 24 hours. Afterward, the volume of the samples was determined by the 220 

buoyancy method using isopropyl alcohol as the liquid medium. Subsequently, the samples were 221 

dried in a vacuum desiccator. The weight difference due to drying was attributed to the removal 222 

of capillary water. Finally, capillary porosity was calculated by dividing capillary pore volume 223 

by the sample volume. 224 

3.6. Dynamic Modulus Test 225 

Stiffness of cement paste samples of 1.5 in (38 mm) × 1.5 in (38 mm) × 6 in (150 mm) was 226 

monitored by performing a dynamic modulus test according to the ASTM C215. The 227 

longitudinal resonant frequency was measured to calculate the dynamic elastic modulus (E) of 228 

the paste samples according to the following relationship: 229 
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                                             Dynamic E (in pascals) = D M n
2                                          Eq. (7) 230 

where D = 4 L /(b × t) for a prismatic sample of size b (in meters) × t (in meters) × L (in meters), 231 

M is the mass of the sample (in kg), and n is the fundamental longitudinal frequency (in Hz). 232 

4. Results and Discussion 233 

4.1. Unrestrained Expansion 234 

Figure 1 (a) shows the expansion characteristics of the OPC and the OPC-CSA cement paste. 235 

The addition of the CSA-based admixture increased the expansion significantly. The expansion 236 

occurring within 24 hours was significant, which suggests the importance of starting the 237 

expansion measurement at the final set [54]. It is evident that most of the expansion was 238 

complete in the first 7 days. Although the OPC-CSA cement paste exhibited an expansion of 239 

~0.6% (6000 µε), it did not show any visible cracking. Furthermore, structural integrity of the 240 

samples was verified by monitoring the dynamic modulus, which did not show any drop in 241 

modulus values during the period when expansion occurred (data presented in a later section). In 242 

a recent study by the authors [55], cracking in the OPC-CSA blends was not observed until a 243 

higher (30%) CSA cement content was used. Excessive cracking was also reflected by the 244 

reduction in the dynamic modulus [55]. The difference in expansion potential of the OPC and the 245 

OPC-CSA paste is mainly due to formation of abundant ettringite crystals in the OPC-CSA 246 

paste. Expansion characteristics were also monitored for the sample containing Class ‗C‘FA, 247 

Class ‗F‘FA and SF and are shown in Fig. 1 (b). The Class ‗F‘FA resulted in the highest 248 

expansion, whereas Class ‗C‘FA reduced the expansion of the OPC-CSA cement pastes. Unlike 249 

other samples, the OPC-CSA cement paste with Class ‗C‘FA ceased expanding beyond 2 days as 250 

evident from Fig. 1 (b). It is noted here that the maximum expansion in this study was ~ 0.7% 251 

(7000 µε) and no visible cracking was observed in those samples. In a study by Chen et al. [23], 252 

CSA cement pastes showing ~1% expansion did not exhibit cracking either, however, samples 253 

with ~5% expansion did. In order to explain the expansion characteristics, ye‘elimite hydration, 254 

ettringite content, crystallization stress and material stiffness were monitored and are discussed 255 

in subsequent sections.  256 

 257 
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 258 

(a) 259 

 260 

(b) 261 

Figure 1. Unrestrained expansion of: (a) OPC and OPC-CSA cement pastes, and (b) OPC-CSA 262 

cement pastes in presence of mineral admixtures under saturated lime water curing at w/cm – 263 
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4.2. Hydration of Ye’elimite and Evolution of Ettringite  265 

The progress of ye‘elimite hydration was monitored using X-ray diffraction coupled with 266 

Rietveld analysis. Table 3 shows the phase compositions of CSA-based pastes at various ages: 0, 267 

1, 3 and 7 days. The data presented in Table 3 represents the values obtained from Rietveld 268 

refinement on samples after solvent exchange without accounting for the chemical bound water. 269 

A clear difference in the amount of ettringite is evident between the plain OPC and all OPC-CSA 270 

pastes. The hydration of ye‘elimite in OPC-CSA pastes results in the formation of additional 271 

ettringite compared to the plain OPC paste. The quantitative XRD analysis indicates that the 272 

most of the ettringite in the OPC-CSA paste samples was formed within the first 24 hours, after 273 

which there was only small or no further increase. The ettringite content in all OPC-CSA pastes 274 

seemed to be comparable. Therefore, the increased ettringite content in the OPC-CSA pastes 275 

explained higher expansion in those samples compared to the plain OPC paste. However, the 276 

difference in expansion of the OPC-CSA pastes with various mineral admixtures had no strong 277 

correlation with the ettringite content. The lack of strong correlation between the ettringite 278 

content and the expansion characteristics was also reported in previous studies [56, 57]. As 279 

mentioned previously, samples with the Class ‗C‘FA achieved the maximum expansion in 2 days 280 

whereas the expansion process lasted for 6-8 days for the other mixtures (Fig. 1 (b)). XRD 281 

analysis (Fig. 2) confirmed faster reaction of ye‘elimite in the Class ‗C‘FA mixture as ye‘elimite 282 

could not be detected in Class ‗C‘FA mixture after 3 days, which explains the early completion 283 

of the expansion process. Chaunsali and Mondal [58] showed that the C3A content of Class 284 

‗C‘FA resulted in early depletion of gypsum which was evident by the presence of a shoulder in 285 

calorimetry curve. The early depletion of gypsum promoted the formation of AFm phases in 286 

Class ‗C‘FA mixtures as evident in Fig. 2. It should be noted here that strӓtlingite could not be 287 

detected in the cement pastes examined in this study.  288 

 289 

 290 

 291 

 292 

 293 
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Table 3. Evolution of hydrated phases (% weight) in CSA-based cement pastes using Rietveld X-294 

ray diffraction analysis (accuracy within ± 2%). Last column reports portlandite (CH) content 295 

from thermogravimetric analysis. 296 

Phase   Age C3S C2S   C3A  C4AF  C4A3Ŝ      Ett.     CH Amor. CH(TG)
 

           

OPC 0 62.2 14.1 9.9 5.4 0.0 0.0 0.0 0.0 0.0 

 1 22.9 14.4 1.8 1.9 0.0 5.0 10.8 39.9 9.0 

 3 13.3 12.5 0.8 1.2 0.0 2.9 15.5 48.5 14.2 

 7 8.6 14.8 0.3 1.1 0.0 1.5 18.2 51.6 16.0 

           

OPC+K 0 52.9 17.2 8.4 4.9 2.9 0.0 0.0 0.0 0.0 

 1 16.3 13.7 7.4 1.9 1.1 10.7 8.9 35.9 7.7 

 3 10.0 14.6 1.3 1.5 0.4 10.4 11.4 47.9 10.0 

 7 11.8 12.5 0.1 0.6 0.1 10.0 12.8 49.0 12.0 

OPC+K+FFA 0 43.5 15.1 6.9 4.1 2.9 0.0 0.0 0.0 0.0 

 1 10.6 10.7 5.8 1.4 1.2 9.2 6.5 49.8 6.0 

 3 9.4 10.7 1.4 1.3 0.3 10.2 9.8 49.8 9.1 

 7 5.7 8.5 0.2 0.7 0.0 9.2 9.3 60.5 

 

9.9 

 

OPC+K+CFA 0 43.5 15.1 8.0 4.1 2.9 0.0 0.0 0.0 0.0 

 1 14.8 11.1 5.9 1.2 1.1 10.2 4.5 46.8 4.8 

 3 6.8 10.9 0.9 0.9 0.0 7.9 7.0 63.3 6.6 

 7 3.2 12.0 0.6 0.8 0.0 7.6 7.3 65.0 

 

9.3 

 

OPC+K+SF 0 49.8 16.5 7.9 4.6 2.9 0.0 0.0 0.0 0.0 

 1 12.5 11.5 6.0 1.0 1.1 8.5 9.4 47.9 6.3 

 3 8.3 12.3 1.8 1.6 0.6 11.2 10.2 51.1 8.2 

 7 6.9 12.3 0.7 1.2 0.0 10.7 10.0 55.7 10.0 

           

Amor. – C-S-H and AFm 297 

CH (% wt. from TG) = 100
230

420380 


OH

CH

C

CC

MW

MW

W

WW

o

oo
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 300 

Figure 2. X-ray diffraction patterns of OPC-CSA cement pastes at the age of 3 days (Note: E – 301 

ettringite, CH – portlandite, Y – ye‘elimite, Ms – monosulfate, Hc –hemicarbonate) 302 

Thermogravimetric (TG) analysis of OPC-CSA cement samples is presented in Fig. 3.  The 303 

weight loss of all samples between 30-800°C was 15-17% (of initial weight) after 1 day of 304 

hydration, and increased to 20-25% (of initial weight) after 7 days of hydration. This increase in 305 

weight-loss mainly resulted from the dehydration of hydration products such as C-S-H (e.g. in 306 

the X-ray amorphous fraction), portlandite and AFm phases. Derivative thermogravimetric 307 

(DTG) analysis, showed the presence of ettringite, portlandite and calcite peaks in all samples. 308 

Furthermore, AFm peak was evident in the plain OPC (at both 1 and 7 days) and OPC+K+‗C‘FA 309 

mixture (at 7 days) due to early depletion of gypsum. No peak corresponding to gibbsite (AH3) 310 

was observed in any of the samples. As evident from the DTG analysis, the peak corresponding 311 

to the dehydration of ettringite showed significant overlap for all OPC-CSA cement pastes with 312 

mineral admixtures. This indicates that the amounts of ettringite formation in those mixtures are 313 

comparable. The observation matches with the QXRD data presented previously. This confirms 314 

that the insignificant difference in the ettringite content among OPC-CSA cement samples 315 

cannot explain the significant difference in their expansion characteristics. The amount of 316 
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portlandite as calculated from TG analysis was found to be in good agreement with the values 317 

obtained from QXRD. 318 
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 321 

Figure 3. Thermogravimetric (TG) and derivative thermogravimetric (DTG) analysis of OPC and 322 

CSA-based cement paste after: a) 1 day, and b) 7 days 323 

4.3. Pore Solution Chemistry and Degree of Supersaturation 324 

The crystallization stress depends on supersaturation with respect to a crystal, the volume of 325 

crystals exerting pressure, microstructure and the locations where the crystals are formed.  From 326 

thermodynamics, the maximum crystallization stress can be evaluated using saturation index 327 

with respect to the crystal in pore solution according to Eq. (1). Therefore, at first, the elemental 328 

compositions of Ca, Si, Al, S, Na and K in pore solution were measured using ICP-OES analysis. 329 

The variation in Na, K, Ca and S element concentrations were within ±20% between replicates. 330 

Figure 4 presents the evolution of the concentrations of various elements in the pore solution of 331 

OPC and OPC-CSA cement pastes. Overall, the concentration of various elements was found to 332 

be in general agreement with available data from literature on CSA cements [59, 60]. The Ca 333 

concentration decreased beyond 1 day due to the precipitation of ettringite, portlandite, and C-S-334 

H. Aluminum and silica concentrations in the pore solution were found to be lower than 1 mM at 335 

all times. The formation of ettringite resulted in a decrease in S concentration with time by 336 

consuming the sulfates from the pore solution. As expected, the S concentration in the OPC paste 337 

was found to be lower than in the OPC-CSA pastes (Fig. 4). The pH of the OPC-CSA system 338 
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was found to be in the range of 12.6-13.1. As reported in previous studies, the pH of the OPC-339 

CSA cement system was found to be lower than that of the OPC system [59, 60]. Alkali 340 

concentration in the pore solution increased from 1 day to 7 days due to continuous release of 341 

alkalis during the dissolution of anhydrous phases causing an increase in pH. The pore solution 342 

pH of OPC+K+‗F‘FA and OPC+K+SF cement pastes was lower than the OPC+K cement paste. 343 

It has been suggested that C-S-H with a low Ca/Si ratio formed due to a pozzolanic reaction 344 

tends to adsorb the alkalis, especially K+ ions [43, 61] lowering the alkali concentration. Here, 345 

the pozzolanic reaction refers to the reaction between portlandite (from C3S and C2S hydration) 346 

and glassy fraction of fly ash and silica fume. Among all mixtures, the pH of SF paste was found 347 

to be the lowest at the end of 21 days, suggesting the alkali-binding. Additionally, the portlandite 348 

content of pastes with mineral admixtures was lower than OPC+K cement paste, which could be 349 

potentially due to the pozzolanic reaction and the dilution of OPC. The effect of the Class ‗C‘FA 350 

on alkali concentration of the pore solution was less pronounced than that of the Class ‗F‘FA, 351 

which agrees with the findings by Shehata et al.[62].   352 
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 356 

  357 

                                358 

Figure 4. Elemental composition of the pore solution of OPC and OPC-CSA binders, and 359 

evolution of the pH at various ages 360 

Figure 5 shows the saturation index (SI) of ettringite and portlandite for the OPC and the OPC-361 

CSA cement pastes at 1, 3, 7 and 21 days.  The elemental concentrations of Ca, Na, K, S, Al and 362 

Si were used as an input for calculating saturation indices using GEMS-PSI. The saturation index 363 

with respect to ettringite was higher for all OPC-CSA cement pastes compared to the OPC 364 

reference after 1 day (Fig. 5 (a)), emphasizing the importance of the sulfate concentration on the 365 

saturation and as a result, the influence of supersaturation on expansion [63]. The incorporation 366 

of mineral admixtures did not seem to result in any significant difference in SI of ettringite at 1 367 
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day; however, SI of ettringite was reduced in the presence of mineral admixture at later ages. The 368 

supersaturation with respect to ettringite in OPC-CSA cement pastes decreased with time until 7 369 

days and did not change much thereafter. Similar SI values at 7 and 21 days indicated that there 370 

was no change in crystallization pressure from 7 to 21 days, which is supported by expansion 371 

characteristics shown in Fig. 1 (b). The portlandite appeared to be oversaturated until 7 days as 372 

shown in Fig. 5 (b).  373 

  374 

 375 

Figure 5. Saturation index of: a) ettringite and b) portlandite as a function of specimen age using 376 

measured pore solution concentration  377 

4.4. Crystallization Stress 378 

Crystallization stress (σc), which is derived from supersaturation, can be calculated using 379 

Correns‘s formula as described in Eq.  (1). Now the average hydrostatic stress (σ) can be related 380 

to the maximum crystallization stress (σc) using the following expression [18]:  381 

                                                                       )( CC f                                                   Eq. (8) 382 

where  is the volume fraction of crystals exerting pressure and )( Cf  is the geometric factor 383 

which would depend on the type of pores such as cylindrical or spherical. The average 384 
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hydrostatic tensile stress on a cylinder or sphere under an internal pressure of σc can be 385 

calculated as [64]:  386 

Cylindrical pores:                             










C

C

C 



33

2
                                                          Eq. (9) 387 

Spherical pores:                               
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                                                           Eq. (10) 388 

As the volume fraction of ettringite exerting pressure ( ) is expected to be lower than the total 389 

volume fraction of the ettringite crystals, the upper bound of the crystallization stress can be 390 

estimated by considering the total volume fraction of ettringite. The model described above is 391 

simplistic, and therefore, a model based on poromechanics was also utilized to estimate the 392 

crystallization stress. According to Coussy [65], at saturation and constant temperature, local 393 

crystallization pressure, σc, can be related to the macroscopic stress, σ, using following 394 

expression:                           395 

                                                          C C
bS 

                                                                 Eq. (11) 396 

where b is the Biot coefficient and Sc is the volume fraction of crystals in total pore volume. The 397 

Biot coefficient, b can be expressed as: 398 

                                                          
sK

K
b 1                                                                Eq. (12) 399 

where K and Ks are the bulk modulus of the porous and the solid matrix respectively. For 400 

calculating the crystallization stress, the Biot coefficient (b) was assumed 0.6 for cement paste 401 

[66]. It is noted that the constant value of b was assumed as the first approximation, although the 402 

Biot coefficient will change due to continuous evolution of K and Ks of the cement matrix.  403 

Previously, the model based on poromechanics [Eq. (11)] has been applied to investigate the salt 404 

damage in stone [67, 65]. It is evident that the volume fraction of ettringite is required for all 405 

models described above. As the Rietveld analysis provides the weight fraction of different phases 406 

in the cementitious matrix, it was necessary to convert the weight fraction into volume fraction 407 

while considering the pore volume. To accomplish this, at first, total pore volume (capillary 408 

c
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porosity) was determined using the solvent exchange method, as described in Sec. 3.5. Figure 6 409 

shows the evolution of capillary porosity with time. Clearly, the Class ‗F‘FA-based mixture 410 

showed the highest porosity at all ages and the SF-based mixture resulted in the lowest porosity 411 

at the end of 7 days, possibly due to the pozzolanic reaction and pore refinement.  412 

 413 

Figure 6.  Evolution of capillary porosity in presence of mineral admixtures   414 

Now, using the densities of various phases [69] such as ettringite, portlandite, calcite, C-S-H, 415 

C3S, C2S, C3A, C4AF and C4A3Ŝ and total pore volume, the volume fraction of ettringite was 416 

calculated. The upper bound of crystallization stress was estimated considering the total volume 417 

fraction of ettringite as determined through Rietveld analysis. The curvature effects prominent 418 

for crystals growing in smaller pore sizes (less than 100 nm) were not considered here [70]. 419 

Figure 7 shows the upper bound of crystallization stress and the evolution of tensile strength in 420 

OPC-CSA cement pastes at 1, 3 and 7 days. The maximum hydrostatic tensile stress was 421 

calculated using Eqs. (9), (10) and (11). The tensile stress was found to be decreasing over time, 422 

being the maximum at 1 day. All tensile stresses were found to be less than 4 MPa. Fig. 7 423 

compares the predicted tensile stresses due to crystallization with the measured tensile strengths 424 

of all mixtures and can be used to predict tensile failure. Although, the tensile stresses of the 425 

OPC-CSA pastes are higher than the corresponding measured tensile strengths at the age of 1 426 
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day, no tensile failure (cracking) was observed. This could be due to early-age tensile creep 427 

which would reduce the actual stress levels in the samples compared to the predicted values 428 

based on elastic analysis. Also, the stress calculation assumes the contribution of all ettringite as 429 

determined by QXRD; but the actual amount of ettringite exerting the stress would be lower. 430 

Therefore, it is not unreasonable to have the actual tensile stresses comparable or lower than the 431 

tensile strengths at 1 day. At the age of 3 days, the tensile stresses due to crystallization were 432 

comparable to the measured tensile strengths for all samples. The stress calculations corroborate 433 

the fact that the samples did not exhibit any cracking. The differences in crystallization stresses 434 

between the OPC and the OPC-CSA pastes are evident from Fig. 7. All three models were able 435 

to predict the higher crystallization stresses in the CSA-based cement pastes and explained the 436 

observed differences in the expansion behavior (Fig. 1). Considering the small differences in the 437 

amount of ettringite among various mixtures and similar saturation indices at early-age, the 438 

crystallization stresses does not seem to be significantly different in the OPC-CSA cement pastes 439 

with various mineral admixtures, especially at 1 day. It is noted that the difference in the pore 440 

size distribution can introduce some variation in the calculated crystallization stresses which was 441 

not considered in this study.  442 
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 445 

Figure 7. Macroscopic tensile stress predicted by three models vs. tensile strength at the age of: 446 

a) 1 day, b) 3 days, and c) 7 days 447 

4.5. Physical Changes: Monitoring Dynamic Modulus 448 

The calculation of crystallization stresses in various OPC-CSA cement pastes did not completely 449 

explain the differences in the expansion behavior, although the differences between the OPC and 450 

the OPC-CSA pastes were quite evident. The behavior of the Class ‗C‘FA mixture was 451 

predominantly influenced by the faster consumption of ye‘elimite, which led to early completion 452 

of the expansion process as shown in Fig. 1 (b). In order to fully explain the expansion behavior 453 

of Class ‗F‘FA and SF mixture, the evolution of dynamic modulus (or stiffness) was monitored. 454 

The deformation against an applied stress depends on the material stiffness, which means a 455 

material with higher stiffness would show a lower deformation. Figure 8 shows the longitudinal 456 

dynamic elastic modulus of the OPC and the OPC-CSA cement pastes. No drop in the dynamic 457 

modulus of the OPC-CSA cement pastes was observed over the duration of the testing which 458 

suggests the structural integrity of samples and supports the results of visual inspection. At 3 459 

days, all samples except the Class ‗F‘FA mixture exhibited modulus values within 1%. As 460 

reported earlier (Fig. 1(b)), the expansion characteristics of OPC-CSA cement pastes were 461 

comparable up to 3 days. It is possibly due to the high porosity (hence low stiffness) of all the 462 

OPC-CSA cement pastes at early age (up to 3 days). The deviation in expansion characteristics 463 

begins in between 3 days and 7 days and the mixtures attained most of the expansion by the end 464 

of 7 days. Samples with Class ‗F‘FA consistently showed the lowest modulus, which means it 465 

offered the least resistance against crystallization stress among all mixtures, and expanded the 466 
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most. Samples with silica fume showed the highest modulus at the end of 7 days, indicating the 467 

maximum resistance against expansion. Hence, the modulus test suggests that the expansion 468 

would be lower for the SF mixture and higher for the fly ash mixtures when the crystallization 469 

stress is similar among them. Therefore, the evolution of dynamic modulus provides an insight 470 

on expansion characteristics of Class ‗F‘FA and SF mixtures, which could not be explained 471 

solely based on evolution of ettringite content and rate of ye‘elimite hydration. Additionally, the 472 

evolution of microstructural features such as pore size distribution will influence the expansion 473 

characteristics [27]. 474 

 475 

 476 

 477 

Figure 8. Longitudinal dynamic modulus of OPC and OPC-CSA pastes (Error bars represent the 478 

standard deviation of three measurements) 479 

4.6. Comparison between Measured and Calculated Strain 480 
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In order to compare the measured strain with the calculated strain, a simple elastic approach was 481 

undertaken to calculate the strain due to crystallization stress under the assumption of isotropic 482 

and homogenous material. The longitudinal strain can be related to the crystallization stress, σc, 483 

according to the following equation [71]: 484 

                                                            









s

c

KK

11

3


                                                    Eq. (13) 485 

The bulk modulus (K) was calculated from the measured dynamic modulus (E) and assumed 486 

Poisson‘s ratio of 0.2 for isotropic and homogenous matrix using the relation: K=E/3(1-2ν), and 487 

Ks was assumed to be 48 GPa [72]. Figure 9 compares the measured strains with the calculated 488 

strain from 1 day through 7 days for CSA-based mixtures. It is evident that the observed strains 489 

are 3-4 times larger than the calculated elastic strains. One reason for such mismatch could be 490 

due to the assumption made in the calculation that the strain due to crystallization is elastic. The 491 

influence of tensile creep is expected to be high at the early age [73]. As evident from the Fig. 9, 492 

the trend of calculated expansion for the Class ‗C‘FA mixture matched reasonably well with the 493 

observed expansion. Furthermore, both the calculated and the measured strains for the Class 494 

‗C‘FA mixture were lower than that of the other mixtures. Although the observed expansion was 495 

similar for all mixtures till 3 days, the calculated expansion of the OPC+K, OPC+K+‗F‘FA and 496 

OPC+K+SF mixtures were higher than that of the Class ‗C‘FA mixture. Additionally, there was 497 

not much increase in expansion of the mixtures beyond 3 days based on the elastic strain 498 

calculation, however, the measured expansion was observed to increase until 7 days. 499 

 500 
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 501 

Figure 9.  Comparison between experimental and calculated elastic strain for various OPC-CSA 502 

mixtures (bold and dashed lines represent experimental and calculated strains, respectively) 503 

After monitoring the physical and chemical changes in the OPC-CSA cement pastes, it appears 504 

that the modulus values of respective paste governed the expansion characteristics during 3-7 505 

day period, especially for Class ‗F‘FA and SF paste. The Class ‗C‘FA paste ceased expanding 506 

earlier than other mixtures due to faster consumption of ye‘elimite, hence mainly governed by 507 

chemical changes. Therefore, both physical and chemical changes should be monitored to fully 508 

understand the expansion characteristics in CSA-based system. Furthermore, the evolution of 509 

tensile creep and pore structure features in the presence of Class ‗F‘FA, Class ‗C‘FA and SF are 510 

also expected to influence the expansion characteristics. 511 

5. Conclusions 512 

In this study, OPC-CSA cement pastes were examined in the presence of mineral admixtures and 513 

the physico-chemical factors influencing expansion characteristics were studied. The following 514 

conclusions can be drawn from this study: 515 
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 All mixtures with CSA cement showed much higher expansion compared to the OPC 516 

mixture. The mixture with Class ‗F‘FA exhibited the highest expansion among all 517 

mixtures, and the Class ‗C‘FA mixture ceased expanding earlier than other mixtures. 518 

 Higher supersaturation levels of ettringite in the OPC-CSA cement pastes than the OPC 519 

paste gave rise to crystallization stress, leading to increased expansion.  520 

 The crystallization stress in all the OPC-CSA pastes was found to be much higher than 521 

the OPC paste at 1 day. The crystallization stress started decreasing with time and did not 522 

change much after 7 days. 523 

 The crystallization stress at 1 day was found to be similar among all the OPC-CSA 524 

cement pastes when the pore refinement, due to addition of mineral admixtures, is not 525 

considered.  526 

 The expansion characteristics of Class ‗F‘FA and SF mixtures could be explained by 527 

monitoring the evolution of elastic modulus, whereas the faster consumption of 528 

ye‘elimite appeared to have influenced the expansion of Class ‗C‘FA mixture.  529 

 The measured strains were found to be 3-4 times larger than the calculated strains based 530 

on the elastic strain prediction from the crystallization stresses, indicating the effect of 531 

early-age creep (tensile).  532 
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