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Abstract

The present study aims at examining the physico-chemical factors influencing the expansion
characteristics of OPC-CSA blend in the presence of mineral admixtures. Three different
admixtures: Class ‘F’ fly ash (‘F’FA), Class ‘C’ fly ash (‘C’FA) and silica fume (SF) were used
as 15%, 15% and 5% replacement of total cementitious binder. Longitudinal expansion of
cement pastes prepared at w/cm — 0.44 showed that the Class ‘F’FA increased the expansion
whereas the Class ‘C’FA and SF reduced the expansion. The pore solution of the OPC-CSA
cement pastes was extracted at different ages to monitor the concentration of various ionic
species. The saturation level of ettringite was determined using a geochemical modeling program
(GEMS). Furthermore, an upper bound of crystallization stress was estimated. The expansion
behavior in the presence of Class ‘F’FA and SF was found to be influenced by the changes in the
stiffness, whereas the expansion of the Class ‘C’FA-based mixture was governed by faster

hydration of ye’elimite.

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

Supersaturation (C); Crystallization (C); Ettringite (D); Thermodynamic modeling (B)
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1. Introduction

Calcium sulfoaluminate (CSA) cements were originally developed and promoted as shrinkage-
compensating cements [1]. Different combinations of CSA cements with ordinary Portland
cement (OPC) have been used for various structural applications [2]. In structural concrete, the
presence of restraint can fully or partially prevent the expansion of OPC-CSA concrete, which
leads to the development of compressive stress that can be utilized to counteract the tensile stress
developed due to drying shrinkage. Recently, there has been a tremendous increase in the
research of CSA cements as its manufacturing is supposed to be more sustainable than that of the
Portland cement. CSA clinkers can be produced at lower kiln temperature (~1250°C) which
reduces energy consumption considerably [3-6]. The limestone requirement is lower for
producing CSA clinkers, which reduces the associated CO, emission. Additionally, CSA clinkers
require less energy for grinding as they are more porous than the Portland cement clinker [7, 8].
These factors contribute toward reducing the energy demand and carbon footprint of CSA
cements. Ye’elimite (C4A3S) is the main phase present in CSA cements along with other phases
such as belite (C,S), calcium sulfate (CS) and ferrite (C4AF) in CaO-Al,03-Si0;,-Fe;,03-SO3
system [7, 8]. Based on the amount of added gypsum, various kinds of cements, ranging from
rapid-hardening to expansive, can be produced [9]. The main hydration reactions associated with

ye’elimite hydration are shown below [10]:

C,A5S + 18H — C3A.CS.12H + 2AH, (1)
C4A5S + 2CSH, + 34H — C3A.3CS.32H + 2AH, (2)
C4A3S +6CH +8CSH, + 74H — 3C3A.3CS5.32H + 2AH;  (3)

where C = Ca0O, A = AlL,Os, S = Si0,, S = SO;, H = H,0 according to the cement chemistry
notation. According to reaction (1), it is evident that the hydration of ye’elimite in pure water
forms AFm (monosulfate) and amorphous aluminum hydroxide. When there is sufficient sulfate
in form of gypsum or anhydrite, ettringite (AFt) will be formed instead of monosulfate,
according to reaction (2) [8, 11]. However, a few studies have reported the formation of ettringite
even in the absence of a sulfate source [12, 13]. Furthermore, reaction (3) is favored over
reaction (2) in presence of portlandite. An increase in portlandite amount has been found to

increase the rate of ye’elimite hydration at very early-age and decrease the induction period [14].
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According to Mehta [15], presence of portlandite results in the precipitation of smaller ettringite
crystals which tend to be expansive due to their swelling characteristics. Among various
proposed mechanisms of expansion, crystallization stress theory is a widely accepted mechanism
according to which crystals grow from a supersaturated solution [16-18]. The upper bound of
crystallization pressure, as set by supersaturation, can be expressed as [19]:

RT K
o,.=—-7In| — Eq. (1
<=7 (KJ q. (D

m sp

where R, T, v,, K and K, are ideal gas constant (8.314 J/K/mol), absolute temperature (°K),
molar volume, ion activity product and solubility product of a given crystal, respectively.
Supersaturation governs the size of pores where crystals can precipitate [17]. For example,
smaller crystals have higher surface energy which increases their solubility. Therefore, smaller
crystals can only achieve equilibrium with a solution of higher concentration. Hence,
supersaturation can be related to the pore sizes where precipitation of crystal occurs according to

Freundlich equation [20]:

RT K
YVerKer = ln[ J Eq. (2)
14 K

m sp

where y., and x; are the interfacial free energy and the curvature of crystal, respectively. The
expression shows that crystals will precipitate in pores with higher curvature (i.e. smaller pore
size) if the supersaturation is high. In fact, in a related study on delayed ettringite formation
(DEF), it has been argued that the initial expansion takes place due to crystallization in
nanometric pores under high supersaturation [18].

Understanding the expansion characteristics of CSA cements is important for achieving
shrinkage-compensation successfully. A number of factors have been shown to affect the early-
age expansion behavior of CSA cements including the degree of hydration of C4AsS [21],
CS/C4A;S ratio [22, 23], presence of lime [15, 24-27], particle size distribution of CSA cements
[23, 28], curing condition [29] and curing temperature [21]. As CSA cements can expand
significantly on its own, the expansion can be controlled by blending it with the Portland cement.
A blend of CSA cement and the Portland cement (OPC-CSA blend) is also called Type K cement
[30]. In an OPC-CSA blend with low CSA cement content (less than 30%), hydration of
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ye’elimite occurs in the presence of lime (free lime and portlandite) and forms ettringite [31]. In
a study by Le Saolt et al., a 10% CSA cement addition to OPC was reported not to affect the
hydration mechanism of alite but retarded the C3;A reaction due to the presence of sulfates, and
increased the amount of ettringite [32]. In a study by Mehta [15], ettringite was reported to have
smaller size in the presence of lime, whereas Kurdoski and Thiel [25] did not observe any
difference in the ettringite morphology.

Incorporating mineral admixtures with CSA cements is expected to have some economic and
environmental benefits. Additionally, the use of mineral admixtures such as fly ash is expected to
result in improved workability, reduced heat of hydration, higher ultimate strength and increased
chemical resistance [33-35]. However, there have been very few studies toward understanding
the expansion potential of Type K cement (OPC-CSA blend) in the presence of mineral
admixtures and insufficient research is limiting practical application [36, 37]. Lobo and Cohen
[36] reported a decrease in expansion of Type K cement incorporating silica fume which was
attributed to reduced pH of pore solution resulting in a slower reaction rate of ye’elimite. In a
recent study by Garcia-Maté et al. [33], no evidence of the interaction between fly ash and CSA
cement hydration was found. This study examines the early-age unrestrained expansion of OPC-
CSA cements in the presence of two types of fly ashes (Class ‘C’ and ‘F’) and silica fume. To
better understand the influence of these admixtures while preventing the dilution of CSA cement,
a fixed quantity of expansive component (15% by weight of total cementitious material) was
used in this study. Physical changes, such as evolution of stiffness with time, and chemical
changes, such as concentration of various ionic species in pore fluid, supersaturation levels of
various phases such as ettringite and portlandite, and hydration of ye’elimite were monitored to
understand the expansion characteristics. Furthermore, crystallization stresses in OPC-CSA
cements were estimated using various models. It is believed that better understanding of
expansion behavior in the presence of mineral admixtures is warranted as it can help the end user

in making better predictions.

2. Materials and Mixture Proportions

The materials used in this study were a Type I ordinary Portland cement (OPC), a CSA-based
expansive admixture manufactured by CTS company (trade name Komponent), Class ‘C’ fly ash

(‘C’FA), Class ‘F’ fly ash (‘F’FA) and silica fume (SF). Table 1 shows the oxide composition of
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112 all raw materials. The phase composition of raw materials was determined using quantitative X-

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

114 Table 1. Chemical composition of raw materials
OPC Komponent ‘F’ FA 'C' FA SF
Si0, 20.93 7.70 59.08 37.76 >93.0
Al O; 4.45 7.00 22.43 19.43 --
Fe,05 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 --
SO; 2.44 26.04 0.20 2.23 --
Na,O 0.13 0.18 0.64 1.07 --
K,0 0.59 0.53 2.18 -- --
LOI 1.98 2.10 2.99 0.58 <6%
115
116 Table 2. Phase composition (% wt.) of raw materials by QXRD
Phase Composition OPC Komponent Class ‘F’ FA | Class ‘C’ FA
GsS 62.2 -- - --
C,S 14.1 35.0 - --
GA 9.9 -- - 7.0
C,AF 54 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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Cement paste samples were prepared with a constant water-to-cementitious material ratio (w/cm)
of 0.44 at 22°C. A portion of the Portland cement was replaced by the CSA-based expansive
admixture (Komponent) and one of the mineral admixtures (‘C’FA or ‘F’FA or SF). Komponent,
Class ‘C’FA, Class ‘F’FA, and SF were used as 15%, 15%, 15% and 5% replacement (by mass)
of the total cementitious material, respectively. Therefore, five different mixtures: 1) 100%
Portland cement (OPC), 2) 85% Portland cement and 15% Komponent (OPC+K), 3) 70%
Portland cement, 15% Komponent, and 15% Class ‘C’FA (OPC+K+‘C’FA), 4) 70% Portland
cement, 15% Komponent, 15% Class ‘F’FA (OPC+K+‘F’FA), and 5) 80% Portland cement,
15% Komponent, and 5% silica fume (OPC+K+SF) were examined in this study.

3. Experimental Methods

3.1. Unrestrained Deformation at Early-age

As the primary goal of this study was to examine the early-age expansion characteristics, it was
important to select a test method which allows length measurements at the early-age (within 24
hours). Considering the fact that ettringite starts forming immediately after mixing, but does not
contribute to the stress build-up until a certain degree of rigidity is reached by the cement matrix
[38], final setting time was chosen as the starting point for the expansion measurements. Final
setting of cement pastes was determined using a Vicat needle apparatus in accordance to ASTM
C191. Though primarily intended for determining autogenous shrinkage of cement paste, the
corrugated tube test method, as per the ASTM C1698, was selected for expansion measurement
in this study. The method is equally appropriate as the length measurements in the longitudinal
direction can be made due to the least resistance offered by the corrugated tube in this direction.
Also, the measurements can be started immediately after encapsulating paste in a corrugated
tube. It is noted here that corrugated tube maintains a sealed curing condition inside the tube, and
hence, were only used for measuring expansion occurring within the first 24 hours.

In addition to the corrugated tube test, prismatic bars of size 1 in (25 mm) x 1 in (25 mm) X
11.25 in (285 mm) were prepared to determine the effects of lime water curing on the expansion
measurements. Samples were demolded after 24 hours, and kept in saturated lime water at 22°C.

The length changes were monitored at various ages according to the ASTM C490. Three samples
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were prepared for each batch at two different times. The standard deviation of the length
measurements was found to be within £5%. The initial expansion measured through corrugated
tube (within the first 24 hours) was added to the length measurements of prismatic samples

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

3.2. X-ray Diffraction (XRD)

Mineralogical composition of the basic materials and the evolution of hydrated phases were
monitored using XRD. At each age, samples of 2-3 mm thickness were immersed in isopropyl
alcohol for 24 hours in order to stop the hydration. Subsequently, the samples were dried in a
vacuum desiccator for at least 24 hours. It has been shown that most of the methods used for
stopping hydration dehydrate C-S-H and ettringite to some extent [39]. However, the results
should be comparable if the same preparation method is followed throughout the study. The
dried samples were then ground into a fine powder (< 40um) for XRD analysis. Initially,
qualitative analysis was performed using the MDI Jade software (2009) in order to identify
crystalline phases. Once all phases were identified, the HighScore Plus (Version 3.0e) software
was used for Rietveld analysis [40], which relies on the minimization of the differences between
the measured and the calculated pattern, using a non-linear least squares fitting algorithm. The
refined parameters included phase scale factors, background coefficients, zero-shift error, lattice
parameters, peak shape parameters and preferred orientation, if needed. An internal standard
method based on the addition of rutile (TiO;) was utilized to determine the amorphous content of
basic materials and of the hydrated cement paste [41]. Rutile was found to be appropriate as an
internal standard as there was no trace of it in CSA-based admixture (Komponent). Rutile was

ground with the dried cement paste samples after solvent exchange.
3.3. Thermogravimetric (TG) Analysis

Thermogravimetric analysis was performed on 25 + 2 mg of the powdered (prepared following
the method described in section 3.2) samples using a Q50-TA Instrument. The samples were

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

3.4. Pore Solution Analysis and Thermodynamic Modeling

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

solution extraction. Samples were prepared using de-ionized (DI) water at a w/cm ratio of 0.44.
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These samples underwent a similar curing regime (24 hours of sealed curing followed by
saturated lime water curing) as used for the prismatic samples. The pore solution was extracted
after 1, 3, 7, and 21 days. A device proposed by Barneyback and Diamond [42] was used for the
extraction. The samples were compressed to a pressure up to 400 MPa in order to extract 5-10 ml
of the pore solution. It is noted here that the applied stress has been found to influence the ionic
concentrations in the pore solution [43]. However, the ionic concentrations in the pore solution
extracted by applying pressure up to approximately 500 MPa, have been found to be comparable
[44]. In this study, the applied maximum pressure ranged from 300 MPa to 400 MPa, depending
on the age of the sample. Immediately after extraction, the pore solution was filtered using a 0.2
um filter. One part of the extracted pore solution was treated with 6.3% HNOs; to prevent
carbonation, and was later used for the determination of Ca, Al, Si, S, Na and K element
concentrations, using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).
The rest of the pore solution was used for pH measurement. A pH meter was calibrated against
known KOH solutions for determining hydroxyl ion concentration.

Using the aqueous phase composition of the cement pore solution, the hydration process can be
monitored by estimating the saturation index (SI) of the possible reaction products in contact

with the aqueous phase. The saturation index can be expressed as [45, 46]:
K
SI = ln(—} Eq. 3)
K,

where K is the ion activity product and K, is the solubility product of a given phase. If SI = 0,
the solution is at equilibrium, whereas for SI > 0 and SI < 0, the solution is supersaturated and
undersaturated with respect to a given crystal, respectively. The dissolution reaction of ettringite

can be expressed in the following form [44-45]:
Ca Al,(SO,),(OH),,.26H,0 < 6Ca’" + 2AI(OH), + 3S042_ +40H™ +26H,0 Eq. (4)

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

written as:

K(ettringite) = Ca* " {atom), [ lor{'{s0.> [ {H,08°  Eq.5
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where {Ca**}, {Al(OH)s}, {OH}, {SO,*} and {H,O} are the activities of species. The
solubility product (K,) of ettringite at 25°C is 10%*%° [47, 48]. The activity of an ion is the
product of ion concentration (m;), and activity coefficient (y;). The activity coefficient, which
depends on ionic strength of the solution (/), other ionic species and temperature, can be
calculated using extended Debye-Hiickel equation as [49]:

— Az T

logy, =————
1+Bai\/7

where A and B are Debye- Hiickel solvent parameters and dependent only on temperature, a; is

+b,1 Eq. (6)

the Debye-Hiickel ion-size parameter, b; is a semi-empirical parameter (~ 0.064 at 25°C), z; is the
charge of ion and [ is the effective ionic strength (I = %23 m; z;° in mol/kg H,0) of the solution.
Using ion activity product and solubility product of a phase, its saturation level in the pore
solution can be determined using Eq. (3). When the aqueous phase is supersaturated with respect
to a specific solid (i.e., SI >0), there is tendency for precipitation of the solid until equilibrium is
reached. Similarly, in an undersaturated condition (SI < 0), the solid will tend to dissolve in order
to achieve equilibrium. In this study, the thermodynamic calculations to estimate saturation
indices were performed by using a geochemical modeling package: GEMS-PSI [50, 51] which
was supplemented with cement specific thermodynamic database [52].

3.5. Capillary Porosity

Capillary porosity of the cement paste samples was determined by the solvent exchange method
[53]. Cement paste disks of 25 mm (diameter) x 1-2 mm (thickness) were cut and immersed in
isopropyl alcohol for 24 hours. Afterward, the volume of the samples was determined by the
buoyancy method using isopropyl alcohol as the liquid medium. Subsequently, the samples were
dried in a vacuum desiccator. The weight difference due to drying was attributed to the removal
of capillary water. Finally, capillary porosity was calculated by dividing capillary pore volume
by the sample volume.

3.6. Dynamic Modulus Test

Stiffness of cement paste samples of 1.5 in (38 mm) x 1.5 in (38 mm) X 6 in (150 mm) was
monitored by performing a dynamic modulus test according to the ASTM C215. The
longitudinal resonant frequency was measured to calculate the dynamic elastic modulus (E) of

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

where D =4 L /(b x t) for a prismatic sample of size b (in meters) X ¢ (in meters) X L (in meters),
M is the mass of the sample (in kg), and n is the fundamental longitudinal frequency (in Hz).

4. Results and Discussion

4.1. Unrestrained Expansion

Figure 1 (a) shows the expansion characteristics of the OPC and the OPC-CSA cement paste.
The addition of the CSA-based admixture increased the expansion significantly. The expansion
occurring within 24 hours was significant, which suggests the importance of starting the
expansion measurement at the final set [54]. It is evident that most of the expansion was
complete in the first 7 days. Although the OPC-CSA cement paste exhibited an expansion of
~0.6% (6000 pe), it did not show any visible cracking. Furthermore, structural integrity of the
samples was verified by monitoring the dynamic modulus, which did not show any drop in
modulus values during the period when expansion occurred (data presented in a later section). In
a recent study by the authors [55], cracking in the OPC-CSA blends was not observed until a
higher (30%) CSA cement content was used. Excessive cracking was also reflected by the
reduction in the dynamic modulus [55]. The difference in expansion potential of the OPC and the
OPC-CSA paste is mainly due to formation of abundant ettringite crystals in the OPC-CSA
paste. Expansion characteristics were also monitored for the sample containing Class ‘C’FA,
Class ‘F’FA and SF and are shown in Fig. 1 (b). The Class ‘F’FA resulted in the highest
expansion, whereas Class ‘C’FA reduced the expansion of the OPC-CSA cement pastes. Unlike
other samples, the OPC-CSA cement paste with Class ‘C’FA ceased expanding beyond 2 days as
evident from Fig. 1 (b). It is noted here that the maximum expansion in this study was ~ 0.7%
(7000 pe) and no visible cracking was observed in those samples. In a study by Chen et al. [23],
CSA cement pastes showing ~1% expansion did not exhibit cracking either, however, samples
with ~5% expansion did. In order to explain the expansion characteristics, ye’elimite hydration,
ettringite content, crystallization stress and material stiffness were monitored and are discussed

in subsequent sections.
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4.2. Hydration of Ye’elimite and Evolution of Ettringite

The progress of ye’elimite hydration was monitored using X-ray diffraction coupled with
Rietveld analysis. Table 3 shows the phase compositions of CSA-based pastes at various ages: 0,
1, 3 and 7 days. The data presented in Table 3 represents the values obtained from Rietveld
refinement on samples after solvent exchange without accounting for the chemical bound water.
A clear difference in the amount of ettringite is evident between the plain OPC and all OPC-CSA
pastes. The hydration of ye’elimite in OPC-CSA pastes results in the formation of additional
ettringite compared to the plain OPC paste. The quantitative XRD analysis indicates that the
most of the ettringite in the OPC-CSA paste samples was formed within the first 24 hours, after
which there was only small or no further increase. The ettringite content in all OPC-CSA pastes
seemed to be comparable. Therefore, the increased ettringite content in the OPC-CSA pastes
explained higher expansion in those samples compared to the plain OPC paste. However, the
difference in expansion of the OPC-CSA pastes with various mineral admixtures had no strong
correlation with the ettringite content. The lack of strong correlation between the ettringite
content and the expansion characteristics was also reported in previous studies [56, 57]. As
mentioned previously, samples with the Class ‘C’FA achieved the maximum expansion in 2 days
whereas the expansion process lasted for 6-8 days for the other mixtures (Fig. 1 (b)). XRD
analysis (Fig. 2) confirmed faster reaction of ye’elimite in the Class ‘C’FA mixture as ye’elimite
could not be detected in Class ‘C’FA mixture after 3 days, which explains the early completion
of the expansion process. Chaunsali and Mondal [58] showed that the C3A content of Class
‘C’FA resulted in early depletion of gypsum which was evident by the presence of a shoulder in
calorimetry curve. The early depletion of gypsum promoted the formation of AFm phases in
Class ‘C’FA mixtures as evident in Fig. 2. It should be noted here that strétlingite could not be

detected in the cement pastes examined in this study.

12



294
295
296

297

298

299

Table 3. Evolution of hydrated phases (% weight) in CSA-based cement pastes using Rietveld X-
ray diffraction analysis (accuracy within + 2%). Last column reports portlandite (CH) content

from thermogravimetric analysis.

Phase Age GCS CS CGA CAF CAS Ett. CH Amor. CH(TG)
OPC 0 62.2 141 9.9 5.4 0.0 0.0 0.0 0.0 0.0
1 229 144 1.8 1.9 0.0 5.0 10.8 39.9 9.0
3 133 125 038 1.2 0.0 2.9 155 485 14.2
7 8.6 148 0.3 11 0.0 1.5 18.2 51.6 16.0
OPC+K 0 529 172 8.4 4.9 2.9 0.0 0.0 0.0 0.0
1 163 13.7 7.4 1.9 1.1 10.7 8.9 35.9 7.7
3 10.0 146 1.3 1.5 0.4 10.4 11.4 479 10.0
7 11.8 125 0.1 0.6 0.1 10.0 12.8 49.0 12.0
OPC+K+FFA 0 435 151 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 4938 6.0
3 9.4 10.7 1.4 1.3 0.3 10.2 9.8 498 9.1
7 57 85 0.2 0.7 0.0 9.2 9.3 60.5 9.9
OPC+K+CFA 0 435 151 8.0 4.1 2.9 0.0 0.0 0.0 0.0
1 148 11.1 5.9 1.2 11 10.2 45  46.8 4.8
3 6.8 109 0.9 0.9 0.0 7.9 7.0 633 6.6
7 3.2 120 0.6 0.8 0.0 7.6 7.3 65.0 9.3
OPC+K+SF 0 49.8 165 7.9 4.6 2.9 0.0 0.0 0.0 0.0
1 125 115 6.0 1.0 11 8.5 94 479 6.3
3 83 123 138 1.6 0.6 11.2 10.2 51.1 8.2
7 6.9 123 0.7 1.2 0.0 10.7 10.0 55.7 10.0

Amor. — C-S-H and AFm

W -W MW
CH (% wt. from TG) = —20C—420C  — —CH »100

Wior MW, ,

where MWy =74 and MWyo = 18
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Figure 2. X-ray diffraction patterns of OPC-CSA cement pastes at the age of 3 days (Note: E —

ettringite, CH — portlandite, Y — ye’elimite, M;— monosulfate, H. ~hemicarbonate)

Thermogravimetric (TG) analysis of OPC-CSA cement samples is presented in Fig. 3. The
weight loss of all samples between 30-800'C was 15-17% (of initial weight) after 1 day of
hydration, and increased to 20-25% (of initial weight) after 7 days of hydration. This increase in
weight-loss mainly resulted from the dehydration of hydration products such as C-S-H (e.g. in
the X-ray amorphous fraction), portlandite and AFm phases. Derivative thermogravimetric
(DTG) analysis, showed the presence of ettringite, portlandite and calcite peaks in all samples.
Furthermore, AFm peak was evident in the plain OPC (at both 1 and 7 days) and OPC+K+‘C’FA
mixture (at 7 days) due to early depletion of gypsum. No peak corresponding to gibbsite (AHs3)
was observed in any of the samples. As evident from the DTG analysis, the peak corresponding
to the dehydration of ettringite showed significant overlap for all OPC-CSA cement pastes with
mineral admixtures. This indicates that the amounts of ettringite formation in those mixtures are
comparable. The observation matches with the QXRD data presented previously. This confirms
that the insignificant difference in the ettringite content among OPC-CSA cement samples

cannot explain the significant difference in their expansion characteristics. The amount of
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317  portlandite as calculated from TG analysis was found to be in good agreement with the values
318  obtained from QXRD.
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Figure 3. Thermogravimetric (TG) and derivative thermogravimetric (DTG) analysis of OPC and
CSA-based cement paste after: a) 1 day, and b) 7 days

4.3. Pore Solution Chemistry and Degree of Supersaturation

The crystallization stress depends on supersaturation with respect to a crystal, the volume of
crystals exerting pressure, microstructure and the locations where the crystals are formed. From
thermodynamics, the maximum crystallization stress can be evaluated using saturation index
with respect to the crystal in pore solution according to Eq. (1). Therefore, at first, the elemental
compositions of Ca, Si, Al, S, Na and K in pore solution were measured using ICP-OES analysis.
The variation in Na, K, Ca and S element concentrations were within £20% between replicates.
Figure 4 presents the evolution of the concentrations of various elements in the pore solution of
OPC and OPC-CSA cement pastes. Overall, the concentration of various elements was found to
be in general agreement with available data from literature on CSA cements [59, 60]. The Ca
concentration decreased beyond 1 day due to the precipitation of ettringite, portlandite, and C-S-
H. Aluminum and silica concentrations in the pore solution were found to be lower than 1 mM at
all times. The formation of ettringite resulted in a decrease in S concentration with time by
consuming the sulfates from the pore solution. As expected, the S concentration in the OPC paste

was found to be lower than in the OPC-CSA pastes (Fig. 4). The pH of the OPC-CSA system
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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-
CSA cement system was found to be lower than that of the OPC system [59, 60]. Alkali
concentration in the pore solution increased from 1 day to 7 days due to continuous release of
alkalis during the dissolution of anhydrous phases causing an increase in pH. The pore solution
pH of OPC+K+‘F’FA and OPC+K+SF cement pastes was lower than the OPC+K cement paste.
It has been suggested that C-S-H with a low Ca/Si ratio formed due to a pozzolanic reaction
tends to adsorb the alkalis, especially K" ions [43, 61] lowering the alkali concentration. Here,
the pozzolanic reaction refers to the reaction between portlandite (from CsS and C,S hydration)
and glassy fraction of fly ash and silica fume. Among all mixtures, the pH of SF paste was found
to be the lowest at the end of 21 days, suggesting the alkali-binding. Additionally, the portlandite
content of pastes with mineral admixtures was lower than OPC+K cement paste, which could be
potentially due to the pozzolanic reaction and the dilution of OPC. The effect of the Class ‘C’FA
on alkali concentration of the pore solution was less pronounced than that of the Class ‘F’FA,

which agrees with the findings by Shehata et al.[62].
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Figure 4. Elemental composition of the pore solution of OPC and OPC-CSA binders, and

evolution of the pH at various ages

Figure 5 shows the saturation index (SI) of ettringite and portlandite for the OPC and the OPC-
CSA cement pastes at 1, 3, 7 and 21 days. The elemental concentrations of Ca, Na, K, S, Al and
Si were used as an input for calculating saturation indices using GEMS-PSI. The saturation index
with respect to ettringite was higher for all OPC-CSA cement pastes compared to the OPC
reference after 1 day (Fig. 5 (a)), emphasizing the importance of the sulfate concentration on the
saturation and as a result, the influence of supersaturation on expansion [63]. The incorporation

of mineral admixtures did not seem to result in any significant difference in SI of ettringite at 1
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day; however, SI of ettringite was reduced in the presence of mineral admixture at later ages. The
supersaturation with respect to ettringite in OPC-CSA cement pastes decreased with time until 7
days and did not change much thereafter. Similar SI values at 7 and 21 days indicated that there
was no change in crystallization pressure from 7 to 21 days, which is supported by expansion
characteristics shown in Fig. 1 (b). The portlandite appeared to be oversaturated until 7 days as

shown in Fig. 5 (b).
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Figure 5. Saturation index of: a) ettringite and b) portlandite as a function of specimen age using

measured pore solution concentration

4.4. Crystallization Stress
Crystallization stress (o.), which is derived from supersaturation, can be calculated using
Correns’s formula as described in Eq. (1). Now the average hydrostatic stress (o) can be related

to the maximum crystallization stress (o.) using the following expression [18]:
o=0cf () Eq. (8)

where ¢, is the volume fraction of crystals exerting pressure and f (¢C)is the geometric factor

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

calculated as [64]:

Cylindrical pores: o=0, 2c Eq. 9)
3- 3¢c

Spherical pores: o= o-c(l ¢C¢ ] Eq. (10)
—%c

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

volume fraction of the ettringite crystals, the upper bound of the crystallization stress can be
estimated by considering the total volume fraction of ettringite. The model described above is
simplistic, and therefore, a model based on poromechanics was also utilized to estimate the
crystallization stress. According to Coussy [65], at saturation and constant temperature, local
crystallization pressure, o., can be related to the macroscopic stress, o, using following

expression:
0=bSc0, Eq. (11)

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

Biot coefficient, b can be expressed as:

K
b=1-— Eq. (12
X q. (12)

s

where K and K; are the bulk modulus of the porous and the solid matrix respectively. For
calculating the crystallization stress, the Biot coefficient (b) was assumed 0.6 for cement paste
[66]. It is noted that the constant value of b was assumed as the first approximation, although the
Biot coefficient will change due to continuous evolution of K and K of the cement matrix.
Previously, the model based on poromechanics [Eq. (11)] has been applied to investigate the salt
damage in stone [67, 65]. It is evident that the volume fraction of ettringite is required for all
models described above. As the Rietveld analysis provides the weight fraction of different phases
in the cementitious matrix, it was necessary to convert the weight fraction into volume fraction

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

20



409
410
411
412

413

414

415
416
417
418
419
420
421
422
423
424
425
426

porosity) was determined using the solvent exchange method, as described in Sec. 3.5. Figure 6
shows the evolution of capillary porosity with time. Clearly, the Class ‘F’FA-based mixture
showed the highest porosity at all ages and the SF-based mixture resulted in the lowest porosity

at the end of 7 days, possibly due to the pozzolanic reaction and pore refinement.
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Figure 6. Evolution of capillary porosity in presence of mineral admixtures

Now, using the densities of various phases [69] such as ettringite, portlandite, calcite, C-S-H,
C5S, C,S, C3A, C4AF and C4A5S and total pore volume, the volume fraction of ettringite was
calculated. The upper bound of crystallization stress was estimated considering the total volume
fraction of ettringite as determined through Rietveld analysis. The curvature effects prominent
for crystals growing in smaller pore sizes (less than 100 nm) were not considered here [70].
Figure 7 shows the upper bound of crystallization stress and the evolution of tensile strength in
OPC-CSA cement pastes at 1, 3 and 7 days. The maximum hydrostatic tensile stress was
calculated using Eqgs. (9), (10) and (11). The tensile stress was found to be decreasing over time,
being the maximum at 1 day. All tensile stresses were found to be less than 4 MPa. Fig. 7
compares the predicted tensile stresses due to crystallization with the measured tensile strengths
of all mixtures and can be used to predict tensile failure. Although, the tensile stresses of the

OPC-CSA pastes are higher than the corresponding measured tensile strengths at the age of 1
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day, no tensile failure (cracking) was observed. This could be due to early-age tensile creep
which would reduce the actual stress levels in the samples compared to the predicted values
based on elastic analysis. Also, the stress calculation assumes the contribution of all ettringite as
determined by QXRD; but the actual amount of ettringite exerting the stress would be lower.
Therefore, it is not unreasonable to have the actual tensile stresses comparable or lower than the
tensile strengths at 1 day. At the age of 3 days, the tensile stresses due to crystallization were
comparable to the measured tensile strengths for all samples. The stress calculations corroborate
the fact that the samples did not exhibit any cracking. The differences in crystallization stresses
between the OPC and the OPC-CSA pastes are evident from Fig. 7. All three models were able
to predict the higher crystallization stresses in the CSA-based cement pastes and explained the
observed differences in the expansion behavior (Fig. 1). Considering the small differences in the
amount of ettringite among various mixtures and similar saturation indices at early-age, the
crystallization stresses does not seem to be significantly different in the OPC-CSA cement pastes
with various mineral admixtures, especially at 1 day. It is noted that the difference in the pore
size distribution can introduce some variation in the calculated crystallization stresses which was

not considered in this study.
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Figure 7. Macroscopic tensile stress predicted by three models vs. tensile strength at the age of:

a) 1 day, b) 3 days, and c¢) 7 days

4.5. Physical Changes: Monitoring Dynamic Modulus

The calculation of crystallization stresses in various OPC-CSA cement pastes did not completely
explain the differences in the expansion behavior, although the differences between the OPC and
the OPC-CSA pastes were quite evident. The behavior of the Class ‘C’FA mixture was
predominantly influenced by the faster consumption of ye’elimite, which led to early completion
of the expansion process as shown in Fig. 1 (b). In order to fully explain the expansion behavior
of Class ‘F’FA and SF mixture, the evolution of dynamic modulus (or stiffness) was monitored.
The deformation against an applied stress depends on the material stiffness, which means a
material with higher stiffness would show a lower deformation. Figure 8 shows the longitudinal
dynamic elastic modulus of the OPC and the OPC-CSA cement pastes. No drop in the dynamic
modulus of the OPC-CSA cement pastes was observed over the duration of the testing which
suggests the structural integrity of samples and supports the results of visual inspection. At 3
days, all samples except the Class ‘F’FA mixture exhibited modulus values within 1%. As
reported earlier (Fig. 1(b)), the expansion characteristics of OPC-CSA cement pastes were
comparable up to 3 days. It is possibly due to the high porosity (hence low stiffness) of all the
OPC-CSA cement pastes at early age (up to 3 days). The deviation in expansion characteristics
begins in between 3 days and 7 days and the mixtures attained most of the expansion by the end
of 7 days. Samples with Class ‘F’FA consistently showed the lowest modulus, which means it

offered the least resistance against crystallization stress among all mixtures, and expanded the
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467  most. Samples with silica fume showed the highest modulus at the end of 7 days, indicating the
468 maximum resistance against expansion. Hence, the modulus test suggests that the expansion
469  would be lower for the SF mixture and higher for the fly ash mixtures when the crystallization
470  stress is similar among them. Therefore, the evolution of dynamic modulus provides an insight
471  on expansion characteristics of Class ‘F’FA and SF mixtures, which could not be explained
472  solely based on evolution of ettringite content and rate of ye’elimite hydration. Additionally, the
473  evolution of microstructural features such as pore size distribution will influence the expansion

474  characteristics [27].
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478  Figure 8. Longitudinal dynamic modulus of OPC and OPC-CSA pastes (Error bars represent the

479 standard deviation of three measurements)

480  4.6. Comparison between Measured and Calculated Strain
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In order to compare the measured strain with the calculated strain, a simple elastic approach was
undertaken to calculate the strain due to crystallization stress under the assumption of isotropic
and homogenous material. The longitudinal strain can be related to the crystallization stress, o,

according to the following equation [71]:

e=2 (i—lj Eq. (13)
3\ K K,

The bulk modulus (K) was calculated from the measured dynamic modulus (E) and assumed
Poisson’s ratio of 0.2 for isotropic and homogenous matrix using the relation: K=E/3(1-2v), and
K, was assumed to be 48 GPa [72]. Figure 9 compares the measured strains with the calculated
strain from 1 day through 7 days for CSA-based mixtures. It is evident that the observed strains
are 3-4 times larger than the calculated elastic strains. One reason for such mismatch could be
due to the assumption made in the calculation that the strain due to crystallization is elastic. The
influence of tensile creep is expected to be high at the early age [73]. As evident from the Fig. 9,
the trend of calculated expansion for the Class ‘C’FA mixture matched reasonably well with the
observed expansion. Furthermore, both the calculated and the measured strains for the Class
‘C’FA mixture were lower than that of the other mixtures. Although the observed expansion was
similar for all mixtures till 3 days, the calculated expansion of the OPC+K, OPC+K+‘F’FA and
OPC+K+SF mixtures were higher than that of the Class ‘C’FA mixture. Additionally, there was
not much increase in expansion of the mixtures beyond 3 days based on the elastic strain

calculation, however, the measured expansion was observed to increase until 7 days.
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Figure 9. Comparison between experimental and calculated elastic strain for various OPC-CSA

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

After monitoring the physical and chemical changes in the OPC-CSA cement pastes, it appears
that the modulus values of respective paste governed the expansion characteristics during 3-7
day period, especially for Class ‘F’FA and SF paste. The Class ‘C’FA paste ceased expanding
earlier than other mixtures due to faster consumption of ye’elimite, hence mainly governed by
chemical changes. Therefore, both physical and chemical changes should be monitored to fully
understand the expansion characteristics in CSA-based system. Furthermore, the evolution of
tensile creep and pore structure features in the presence of Class ‘F’FA, Class ‘C’FA and SF are

also expected to influence the expansion characteristics.

S. Conclusions
In this study, OPC-CSA cement pastes were examined in the presence of mineral admixtures and
the physico-chemical factors influencing expansion characteristics were studied. The following

conclusions can be drawn from this study:
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e All mixtures with CSA cement showed much higher expansion compared to the OPC
mixture. The mixture with Class ‘F’FA exhibited the highest expansion among all
mixtures, and the Class ‘C’FA mixture ceased expanding earlier than other mixtures.

e Higher supersaturation levels of ettringite in the OPC-CSA cement pastes than the OPC
paste gave rise to crystallization stress, leading to increased expansion.

e The crystallization stress in all the OPC-CSA pastes was found to be much higher than
the OPC paste at 1 day. The crystallization stress started decreasing with time and did not
change much after 7 days.

e The crystallization stress at 1 day was found to be similar among all the OPC-CSA
cement pastes when the pore refinement, due to addition of mineral admixtures, is not
considered.

e The expansion characteristics of Class ‘F’FA and SF mixtures could be explained by
monitoring the evolution of elastic modulus, whereas the faster consumption of
ye’elimite appeared to have influenced the expansion of Class ‘C’FA mixture.

e The measured strains were found to be 3-4 times larger than the calculated strains based
on the elastic strain prediction from the crystallization stresses, indicating the effect of

early-age creep (tensile).
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