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Studies on the early-age shrinkage behavior of cement pastes, mortars, and concretes containing shrinkage
reducing admixtures (SRAs) have indicated these mixtures frequently exhibit an expansion shortly after
setting. While the magnitude of the expansion has been noted to be a function of the chemistry of the cement
and the admixture dosage; the cause of the expansion is not clearly understood. This investigation uses
measurements of autogenous deformation, X-ray diffraction, pore solution analysis, thermogravimetry, and
scanning electron microscopy to study the early-age properties and describe the mechanism of the expansion
in OPC pastes made with and without SRA. The composition of the pore solution indicates that the presence of
the SRA increases the portlandite oversaturation level in solution which can result in higher crystallization
stresses which could lead to an expansion. This observation is supported by deformation calculations for the

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction and background

Since their introduction approximately three decades ago, shrink-
age reducing admixtures (SRAs) have been extensively advocated as a
methodology for reducing shrinkage and cracking in cement-based
materials [1-8].

While the majority of studies performed have reported reductions
in drying shrinkage [1-3,6], other studies have evaluated the influence
of SRAs on evaporation, plastic shrinkage, autogenous deformation
and self-desiccation at early-ages [9-15]. Under drying conditions, the
SRA is observed to increase the volume of pores that empty at a given
relative humidity thus altering the humidity range over which
capillary stresses dictate the shrinkage response [10,15]. On the
other hand, under autogenous conditions, the reduction in the surface
tension of the pore solution by the SRA reduces the development of
capillary stresses and maintains a higher internal relative humidity in
sealed systems resulting in a reduction in shrinkage [10,11,13,16].
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Studies of autogenous deformations on cementitious materials
indicate that the addition of an SRA can result in a period of expansion
which in turn induces a compressive stress in the system [10,17]. This
period of expansion, which initiates shortly after set provides a
considerable benefit in shrinkage mitigation even at longer time
scales [10,18]. The impact of the expansion in mitigating autogenous
shrinkage is considerable, as the expansion can amount to up to 60% of
the reduction in unrestrained shrinkage under sealed condi-
tions [10,11]. This indicates that a large part of the reduction in
autogenous shrinkage by SRAs arises from the expansion.

This study takes a multidisciplinary approach to examine
hypotheses associated with the nature of the expansion observed in
mixtures containing SRAs. The results have important implications in
understanding the reduction in shrinkage and stress development and
the risk of cracking observed in concretes containing SRAs and
developing material property inputs for simulation models which aim
to predict the risk of cracking in restrained concrete elements.

2. Materials, mixture compositions and mixing procedures

A Type I, ASTM C150 compliant, portland cement with a Blaine
fineness of 360 m?/kg was used in this study. The composition of the
cement as determined using quantitative X-ray diffraction indicated a
phase composition (mass-basis) of 59.2% 3Ca0°Si05, 15.5% 2Ca0°Si0-,
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Table 1
The proportions of the cement paste mixtures investigated (mass fraction).

Mixture ID Cement paste mixtures

w/c=0.30 w/c=0.30SRA
Cement 1.000 1.000
Water 0.300 0.285
Tetraguard AS20 - 0.015
Glenium 3000NS 0.005 0.005

11.6% 3Ca0-Al,03, and 4.3% 4Ca0-Al,03°Fe,03, 1.4% CaS04°2H,0, 2.2%
CaS04°0.5H,0, 0.4% CaS04, 0.5% Ca(OH),, 2.7% CaCOs, 2.3% K;,S04.

Two mixtures (Table 1) were evaluated in this study, a plain
cement paste and a cement paste containing a shrinkage reducing
admixture. The cement pastes were prepared using a planetary mixer
as described in ASTM C305 [19]. To enhance the workability of the
mixtures a water-reducing admixture (WRA) Glenium 3000NS was
added at the rate of 0.5% by mass of the cement. A shrinkage reducing
admixture (SRA, Tetraguard AS20 [20]) was added to the cement
paste mixture at a 5% concentration of the initial water-SRA solution
(by mass replacement). Unless noted otherwise, the experiments
were performed at room temperature, i.e., 20-23 °C.

3. Experimental procedures
3.1. Isothermal conduction calorimetry

A TamAir isothermal calorimeter was used to determine the heat
evolved during the hydration reaction under a constant temperature
condition (20 °C). The thermal power and energy measured were
used to assess the kinetics and the extent of hydration of the cement
paste using an ultimate heat release value of 510 J/g for the cement,
calculated using its phase composition [21].

3.2. Autogenous deformation - the corrugated tube protocol

Autogenous deformation of the paste mixtures was measured
using a technique where the fresh cement paste was encapsulated in
corrugated (perpendicular to the long-axis, ASTM C1698) polyethyl-
ene molds with a length-to-diameter ratio of 400 mm-to-30 mm
[22,23]. Since the corrugated mold has a higher stiffness in the radial
direction than in the longitudinal direction, it allows transformation
of volumetric deformations into linear deformations while the paste is
fluid. The technique is designed to minimize restraint of the fresh
paste, thereby permitting measurements to start approximately
30 min after the time of casting. The fresh cement paste was cast
into the corrugated tubes and vibrated. The specimen was then placed
in a room maintained at 23+ 1 °C on a dilatometer assembly which
was equipped with data-logging and electronic displacement trans-
ducers with an accuracy of +5pe [23]. The uncertainty of the
measurements was determined to be 8%, for measurements zeroed to
the time of final set as determined using the Vicat test (ASTM C191);
7 h and 9 h for the plain and SRA systems respectively [12,19].

3.3. Thermogravimetric analysis (TGA/DTG)

Thermogravimetric analysis was carried out on duplicate powdered
paste samples after freeze-drying in liquid N, to stop hydration at three
ages (11, 26, 48 h) using a thermal analyzer manufactured by Mettler
Toledo* (Model: TGA/SDTA 851e) with a STARe data acquisition

4 Commercial equipment, instruments, and materials mentioned in this report are
identified to foster understanding. Such identification does not imply recommendation
or endorsement by the University of California, Los Angeles, Purdue University, the
Ecole Polytechnique Fédérale de Lausanne (EPFL) or the Swiss Federal Laboratories for
Materials Testing and Research (EMPA) nor does it imply that the materials or the
equipment identified are necessarily the best available for the purpose.

interface. The temperature and mass sensitivity of the thermal analyzer
used were 0.25 °C and 0.1 pg respectively. The powder samples were
heated under N, purge at a flow rate of 30 ml/min and at a heating rate
of 10 °C/min in pure aluminum oxide crucibles over a temperature
range from 30 °C to 1100 °C. The weight loss (TG) and differential
weight loss (DTG) patterns acquired were used to identify and quantify
the phases present in the system.

3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to examine plane polished
sections in backscattered electron mode (BSE) using a FEI Quanta 200
scanning electron microscope equipped with a PGT X-ray analyzer
and Spirit Technologies interface for image acquisition. Triplicate
paste specimens (w/c=0.30, w/c=0.30SRA) were prepared at two
ages (11 and 26 h) after freeze-drying in liquid N, to stop hydration.
After this time, the specimens were vacuum impregnated with a low
viscosity epoxy resin (Epotek 301), polished with diamond grits and
carbon-sputter coated prior to microscopic examination. BSE imaging
was combined with EDS (energy dispersive X-ray spectroscopy) to
identify phases present in the system [24].

3.5. Quantitative X-Ray diffraction using Rietveld refinement (XRD)

X-ray diffraction (XRD) measurements were carried out with a
PANalytical X'Pert Pro MPD diffractometer in a 6-6 configuration
using Cu-Koa radiation (A=1.54A). The samples were scanned
between 7 and 70° (26) in continuous mode with an integrated step
scan of 0.017° (260) using a X'Celerator detector. The total time
required for acquisition of the X-ray diffraction pattern was 30 min. A
fixed divergence slit of 0.5° was used during acquisition. For the X-ray
diffraction measurements, approximately 20 cm3 of cement paste
were cast inside plastic vials and sealed immediately after casting. At
the desired age, the specimens were demolded, sliced using a water-
cooled diamond saw and immediately placed in a circular sample
holder for acquisition of an X-ray diffraction pattern. It has been
established that this method (without any drying) allows for good
quantification of the phase contents in the system [25].

The Rietveld analysis was carried out using the X'Pert High-
ScorePlus®© software using the following structures for the dominant
phases in the anhydrous sample and the hydrated paste; monoclinic
C3S, C5S, C4AF, cubic C3A, gypsum, hemihydrate, anhydrite, periclase,
portlandite and ettringite [26-34]. In the refinement strategy, while
the profile parameters varied (scale factor, the W coefficient to
describe the Full-Width at Half-Maximum of the pseudo-Voigt
profile function and the lattice parameters), the atomic parameters
retained their original values [25]. Preferred orientation corrections
for the CsS, sulfate phases, portlandite and ettringite were made
using the March model [35]. The background signal was refined
using a high-order polynomial function for the anhydrous cement. In
the case of the hydrated cement, if the polynomial function was
unable to describe (fit) the amorphous background, a correction
using the Sonneveld algorithm was applied before the Rietveld
refinement [36,37].

3.6. Pore solution expression and chemical composition analysis

Pore solution was extracted from cylindrical paste specimens (w/c =
0.30, w/c=0.30SRA) using nitrogen pressure filtration or a high
pressure steel die. Nitrogen pressure filtration was used for specimens
in the plastic phase according to the procedure described by Penko [38].
For hardened specimens, a high pressure die with a capacity of 550 MPa
was used according to the procedure described by Barneyback and
Diamond [39,40]. After extraction, the pore solution was stored in small
(2.5 ml) plastic containers and sealed immediately to minimize the
potential for carbonation. The ionic composition of the pore solutions
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was measured at various ages over the first 48 h using a Varian
SpectrAA-20 spectrometer for cation analysis, a Dionex BIOLC ion
chromatograph for sulfate ion analysis and acid titration for hydroxyl
ion analysis [39,40]. The uncertainty of the measured ion concentrations
in the pore solution is approximately 10%.

4. Experimental results
4.1. Isothermal conduction calorimetry

Fig. 1 shows heat flow profiles for the cement paste mixtures. It is
seen that the hydration of the mixtures containing SRA is retarded
compared to the control (plain) mixture as indicated by the rightward
shift and the reduction in maximum heat flow values [41]. This
retardation has been previously attributed to the reduced alkali
content in the pore solution in the presence of the SRA [42]. The
reduction in the alkali concentration and pH of the pore solution
results in an increase in the calcium concentration of the SRA mixture
(see below), which is expected to retard CsS hydration [43,44]. This
point is corroborated by TGA and pore solution analysis which
indicates slower CsS dissolution in the SRA mixture (Figs. 5 and 6)
[42]. The retardation in the SRA mixture may also be in part due to
delayed C3A dissolution, due to the lower alkali-content in the pore
solution (Fig. 6 and [45]). The retardation in hydration induced by the
addition of the SRA, results in a degree of hydration at 48 h of 43% for
SRA mixture as assessed by isothermal calorimetry, which is around
5% lower than the plain mixture.

4.2. Autogenous deformation measurements of cement pastes

Fig. 2 shows measurements of autogenous deformation zeroed to
the time of final set (determined using the Vicat needle) as a function
of specimen age for the cement pastes [10-12]. While the plain paste
shows a plateau in shrinkage shortly after set, followed by monotonic
shrinkage, the SRA paste undergoes an expansion which persists until
24 h, after which the system shrinks continuously. This does not
suggest that no expansive processes are occurring in the plain paste as
the measured deformation is the cumulative response of expansive
and shrinkage processes. This is confirmed by the presence of the
plateau for the plain mixture which indicates this mixture does
indeed experience expansive processes, but their effects are negated
by shrinkage. It is also noted, that the addition of the SRA results in a
reduction in shrinkage of around 60% at 7 days, as compared to the
control mixture. Other studies have shown that the magnitude of the
expansion and the extent of shrinkage reduction depend on the
chemistry of the cement and the SRA dosage [13,46].

It was additionally confirmed that the expansion in the SRA paste
was not due to bleeding, wherein, the re-absorption of bleed water
results in reduced shrinkage [47-49]. By measuring the amount of
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Fig. 1. Heat flow as a function of specimen age assessed for cement pastes. Measurements
performed on duplicate paste specimens are observed to overlap each other.
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Fig. 2. Autogenous deformation as a function of specimen age for cement pastes [10-12].

bleed water accumulated on the specimen surface with a syringe
provided with a needle after 1, 2 and 4 h of sealed curing it was
determined that both pastes had negligible bleed water which
ensured, the ‘design w/c’ was not altered and thus the reabsorption
of bleed water would not produce spurious results. Further, by
measuring the temperature inside the tubes during the experiment, it
was determined that the peak temperature change in the sample was
around +1 °C; so, effects due to thermal deformations can also be
neglected [50,51].

4.3. Thermogravimetric (DTG) analysis of cement paste mixtures

Fig. 3 shows differential thermogravimetry (DTG) profiles for the
mixtures with and without SRA at 11, 26 and 48 h after casting. After
26 h, both mixtures show similar types and quantities of hydrates in
the system. However, significant differences are observed between
these systems at 11 h. The plain paste shows 3 discrete peaks
corresponding to the loss of evaporable water from the C-S-H,
ettringite and gypsum (60-200 °C), portlandite (400-450 °C) and
calcite (500-700 °C) decomposition, while the SRA paste shows an
additional peak which appears around 300 °C and a smaller
portlandite decomposition peak.. This is similar to results presented
by Maltese et al. who noted a smaller portlandite content, at early-
ages, in SRA mixtures using thermal analysis [52]. However, as seen in
Fig. 4, within the uncertainty of the TGA and XRD determinations, this
difference is not very significant.

From experiments on mature mortars (6 months old) with and
without SRA it was deduced that the peak observed around 300 °C in
the SRA pastes corresponds to the thermal decomposition of the SRA;
and not hydrogarnet, AFm phases or nano-portlandite which may
decompose at similar temperatures [53-55]. The area under this peak
decreases with increasing age. Finally, results from another recent
study suggest that the fourth peak observed around 800 °C in the SRA
paste, which increases with time (hydration), corresponds to the
incorporation of the SRA in the C-S-H which alters its structure,
resulting in the observed decomposition pattern [56].

4.4. Quantitative X-ray diffraction using Rietveld refinement

Fig. 4 shows ettringite and portlandite contents as a function of
specimen age for the plain and SRA mixtures. Within the error of the
XRD measurements, both paste mixtures show similar portlandite
contents at an equal age, and as such, this observation does not
contradict the TGA determinations [25]. Further, at an equal age the
SRA paste shows a marginally higher amount of ettringite as
compared to the plain system. As such, the similar quantities of
portlandite and ettringite noted in these systems do not provide clear
evidence which indicates the nature of the solid phase that induces
expansive deformations in the SRA system.
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Fig. 3. Differential weight loss of cement pastes: (a) w/c=0.30 and (b) w/c =0.30SRA.

4.5. Scanning electron microscopy of cement pastes

Fig. 5 shows BSE micrographs of the plain and SRA pastes at 26 h.
An aspect which is clearly seen in these images is the presence of large
crystals of portlandite which appear as long parallel striations in the
image. This is important as these portlandite crystals have a
considerably different morphology to crystals that are traditionally
seen in cement pastes, which are smaller, and show a more equiaxed
form [57]. The altered morphology of portlandite is most likely caused
due to the adsorption-or-absorption of the superplasticizer on specific
crystal-faces (001 face for portlandite) which results in preferential
crystal growth in certain directions [57-60]. The altered morphology
is not a consequence of the SRA as non-ionic surfactants (such as this
SRA) have been found to not interact with the cement hydrates [71].
While both systems show similar portlandite crystals, there appear to
be fewer such crystals in the plain paste at 11 h; in agreement with
the lower saturation index of portlandite in this system (refer to
Section 5.1).

4.6. Chemical compositions of expressed pore solutions

Fig. 6(a) shows the cation concentrations (K*, Na*, Ca®*) as a
function of age for the plain and SRA containing paste mixtures. The
plain mixture (w/c=0.30) shows higher alkali ion (K*, Na™)
concentrations as compared to the SRA mixture (w/c=0.30SRA)
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Fig. 4. The phase content as a function of age for the pastes: (a) portlandite and
(b) ettringite.

[42]. In contrast, the SRA mixture has a consistently higher Ca**
concentration compared to the plain mixture.

Fig. 6(b) shows the anion (SO3~, OH ™) concentrations in the paste
mixtures. Initially, the plain mixture shows a higher (but constant)
SOZ~ concentration as compared to the SRA mixture. This difference
persists until a critical point is reached (i.e., while solid gypsum is
available in the system), at around 14 and 20 h for the plain and SRA
mixtures respectively [61,62]. After this point, the SO~ concentra-
tion in solution reduces monotonically and both systems show
similar SO5~ contents. In contrast, the OH™ concentrations of both
mixtures are similar until these critical points, after which the OH™
concentration of the plain mixture increases and remains consis-
tently higher than that of the SRA mixture. The SRA mixture shows an
increase in the OH™ concentration at a later age due to retarded
hydration. The increase in the OH™ concentration corresponds, first,
to the decrease in the SO;~ content after the depletion of solid
gypsum and second, to an increase in the alkali contents probably due
to the renewed reaction of CzA.

Before the critical point, the pore solution's composition is
buffered by the presence of solid gypsum so that the higher SO3~
concentration of the plain mixture results in a depressed Ca®*
concentration. After the critical point, the ion balance depends more
on the presence of solid calcium hydroxide and now the higher OH™
concentration (i.e., solution pH) of the plain mixture results in a lower
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Fig. 5. Representative BSE micrographs of cement pastes at 26 h showing elongated
portlandite crystals for: (a) w/c=0.30 and (b) w/c = 0.30SRA.

Ca™ concentration. Both before and after the critical point, the higher
alkali content of the plain mixture increases the concentration of the
counterbalancing anion in solution (SO7~ followed by OH™) which
acts to depress the Ca?" concentration, while the lower alkali-ion
concentration of the SRA mixture elevates Ca’>* concentrations [63].

5. Discussion of experimental results

5.1. The influence of the pore solution chemistry on the effective phase
saturation index

Solubility calculations were carried out using the measured
concentrations of the pore solution to calculate the saturation indices
of solid phases in the system. Cement paste pore solutions contain
various ionic species, including single ions such as (K*, OH™, etc) and
ion-ion pairs such as (CaOH+, KSOgz, etc.). A computational
geochemical code, GEMS-PSI, was used to calculate aqueous speciation
and ion-activity coefficients considering five measured species (K™,
OH™, Na*, Ca®*, SO37) in the pore solution (Fig. 6) [64,65]. From
analysis of the expressed pore solutions, it was noted that the solution
was not exactly electro-neutral (charge-balanced). This error was
always within about 6%, which is within the uncertainty of the
methods used for pore solution analyses. To ensure electro-neutrality,
an adjustment was made in the OH™ ion concentrations of the
extracted pore solutions. In this study, the concentrations of silicate
(H2Si07) and aluminate (AI(OH)z ) species were not measured. For
calculation of the ettringite-and-monosulfate saturation index the
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Fig. 6. The ion-composition of the expressed pore solutions as a function of specimen
age for: (a) cations and (b) anions [42].

aluminate ion concentration was assumed equivalent to that deter-
mined for similar systems; 5-10~% mol/L [66].

The individual ion-activity coefficients were calculated using the
Truesdell-Jones formulation of the extended Debye-Huckel equation
as implemented in GEMS-PSI which is applicable for electrolytes with
an ionic strength up to 2.0 mol/L [67]. The level of saturation of the
pore solution with respect to the different solid phases was
determined using the Effective Phase Saturation Index (SI), a function
of the phase specific ion-activity and the solubility products
respectively (Eq. (1) and Table 2):

log <@>
SI = 7NKSP (1)

where: IAP is the ion-activity product of the phase of interest
calculated from the measured concentrations, Ksp is the theoretical
solubility product of the same phase at equilibrium in an aqueous
medium (assumed to be water at 298.15 K) and N is the number of
ionic species participating in the dissolution or precipitation reaction
(unitless). The effective saturation index is used (as opposed to the
traditional saturation index) to account for the differing number of
ions participating in a specific dissolution-precipitation process.
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Table 2
Thermodynamic information for the solid phases investigated [64,72-75].

(AFm) aA](OH )* (aon )*

aH, 0)

Solid phase Ion activity Solubility ~ Molar volume Number of
product (IAP) product at  (cm®/mol) participating
25°C, 1 bar species (N)
(log Ksp)
Gypsum (a&h) (3505 ) —4.58 75 2
(an,0)?
Portlandite  (aZ) (apy_)? —5.20 33 3
Ettringite (@) (at) (aso3-)® —44.90 707 15
(AFt) (aAl(oH)4 )* (aor )*
(aHzo)
Monosulfate (aZ})* (asoz ) —29.26 309 11
(
(

It should be noted that the SI calculations are accurate only
within: (1) the resolution of the methods used for cation/anion
determinations, and (2) the value of the solubility product used.
Further, some doubt exists regarding complexation of the SRA with
ions in solution as this may result in a spurious interpretation of the
saturation index. However, given the non-ionic nature of the SRA, it is
expected the SRA does not appreciably form ion-complexes and the
calculated SI is an accurate description of the constitution of the pore
solution [68]. Further, to check any influence of electrostatic
interactions caused due to the SRA the zeta potential of slurries
with and without a SRA was measured [69]. These results and other
polymer adsorption measurements indicate that non-ionic surfac-
tants (such as this SRA) do not appear to significantly adsorb onto
cement particles-or-hydrates or alter their zeta potential [70,71]. As
such, the SRA is not expected to alter electrostatic interactions in the
system [70,71].

Positive values of the saturation index indicate oversaturation,
while a negative value indicates undersaturation with respect to a
solid phase. The saturation index indicates the direction of progres-
sion of a reaction, i.e., precipitation for SI>0, dissolution for SI<0 and
at equilibrium, SI=0, the rate of dissolution is equivalent to the rate
of precipitation. However, the SI is only a thermodynamic parameter
and gives no information on the kinetics of the reaction. For example:
if a reaction is kinetically restrained a solution can remain under-or-
oversaturated without dissolution-or-precipitation for a long dura-
tion. As such, the SI trends are most useful to compare the level of
saturation of phases in different systems. Since small departures from
equilibrium are difficult to quantify exactly, they can be considered to
be at equilibrium (SI=0).

Fig. 7 shows the saturation indices for phases including ettringite,
gypsum, portlandite and monosulfate in the plain and SRA mixtures.
In the case of ettringite and monosulfate, while the plain mixture
shows a monotonic decrease in the SIs, the SRA mixture shows a
decreasing SI until approximately 20 h after which the SI once again
begins to increase. Further, the SRA mixture becomes under-saturated
with gypsum later due to the retardation in hydration.

The most interesting trends in the saturation indices are observed
in the case of portlandite. These show very different behaviors in the
two systems. In the plain system, the pore solution is initially
oversaturated with portlandite until 6 h. After 6 h and until the
depletion of gypsum at 14 h, portlandite is close to equilibrium. After
14 h, the solution becomes again oversaturated with portlandite. In
contrast, the SRA mixture shows oversaturation with portlandite
throughout the observed 48 h. Here, the higher levels of saturation for
portlandite in the SRA system are related to the reduced alkali and
SO3~ concentrations and the increased Ca?* concentrations in
solution [42,76]. Both ettringite and portlandite have higher over-
saturations in the SRA system compared to the plain system in the
period where the expansion occurs and therefore both phases could
potentially contribute to inducing an early-age expansion due to the
crystallization pressure that develops.
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Fig. 7. The effective saturation index (SI) as a function of specimen age for the solid
phases calculated using the measured pore solution chemistries: (a) w/c=0.30 and
(b) w/c=0.30SRA. The solid line indicates equilibrium conditions (SI=0).

5.2. The influence of the phase saturation index on the
crystallization pressure

The growth of a crystal in a oversaturated solution can be related
to the hydrostatic pressure required to be applied on the crystal to

prevent it from growing using Eq. (2) [77-80]:
RT IAP
o= In <@> 2)

where: oc is the hydrostatic pressure exerted on the crystal (MPa), R
is the universal gas constant (8.314 J/Kmol), vy, is the molar volume
of the crystal (cm®/mol), T is the thermodynamic temperature
(296.15 K), IAP is the ion-activity product of the phase and Ksp is the
solubility product of the phase of interest in the aqueous medium
(assumed to be water). Here, the ratio IAP/Ksp describes the saturation
level of a phase in solution in its traditional form without accounting
for the number of participating ions in solution, as in this case the
normalization is ensured by the molar volume term (V).

Fig. 8 shows the hydrostatic pressure exerted by the crystals (o¢)
for portlandite and ettringite where the relevance of the oversatura-
tion level to the pressure is clearly seen. For ettringite, in the period
corresponding to the initiation of the expansion, the pressure is
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Fig. 8. The hydrostatic pressure applied on the crystal as a function of specimen age for:
(a) portlandite and (b) ettringite. Here only positive pressures, corresponding to
oversaturation with respect to the solid phase in the pore solution are shown®.

similar in the plain and SRA systems. However, for portlandite the
lower saturation in the plain system leads to a much larger difference
in the calculated pressures during the same time-period (Fig. 8a). The
expansive pressures then obviously follow the trends in the SIs which
indicates that while the crystallization stresses associated with
ettringite diminish with time, expansive stresses related to portlan-
dite increase with time [81,82]. This is an important point which
downplays the role of ettringite as the main cause of expansion in the
cement paste systems examined in this study.

Using a poromechanical formulation, the expansive stress devel-
oped in a pore can be related to the volume fraction of the crystalline
phase (occupying the porosity) exerting a stress and the pressure
applied on the crystal to prevent it from growing as shown in Eq. (3)
[83,84]:

Opc = O¢'Sc = O¢’ <%¢’Tc> 3)

5 It should be noted that the absolute values of the crystallization pressure shown in
Fig. 8 are likely much higher than the actual pressure that develops in the system. In the
limit, the crystallization pressure developed will always be less than or equal to the
disjoining pressure (which is likely much lower than the values described in Fig. 8)
applied by the pore-wall (through the adsorbed water film) on the confined crystal [80].

where: O is the expansive hydrostatic stress developed in the body
due to phase crystallization (MPa), Sc is the fraction of the pore space
occupied by portlandite crystals, oc is the hydrostatic pressure (MPa)
described in Eq. (2), ¢c is the volume fraction of portlandite in the
overall system (fraction), R is a numerical ‘phase reduction-factor’
which scales the total portlandite volume in the system to the volume
of portlandite which grows in the pore-spaces and causes expansions
and ¢r is the total porosity in the system. Here, the total fluid (liquid
and-or vapor; ¢r) filled porosity of the system was computed using
Powers model and the extent of hydration determined using
isothermal calorimetry measurements assuming the system begins
to desaturate (i.e., self-desiccate) at final set [90,91].

Through Eq. (3), it can be inferred since the quantity of
portlandite and ettringite is similar (Fig. 3), the majority of
expansive stresses in the SRA system are caused due to portlandite
crystallization as dictated by the difference in the saturation level in
the pore solution. As such, the volume fraction of portlandite was
computed as a function of the degree of hydration of the cement
assuming in the first 48 h, portlandite is produced mainly by alite
hydration. This is reasonable given the small contribution of belite
hydration at early ages (i.e., QXRD data suggests only around 2% of
the belite has reacted in the first 48 h [70,85]). This calculation
assumes 1.00 volume unit of alite on complete reaction with water
produces 0.59 volume units of portlandite, for a Ca/Si ratio of 1.7 of
the C-S-H for a sealed, hydrating system.

Eq. (3) assumes that the entire volume of the expansive phase is
restrained by the cavity and is capable of generating an expansive
stress. This is obviously inaccurate as often, crystals can grow
unrestrained in a pore space without exerting an expansive stress.
Here, it is assumed that 12.5% (i.e., R=0.125) of the portlandite
crystals (e.g., growing in the smallest pores where the largest stresses
develop) exert an expansive stress, as this value was determined to
generate the best-replication of the experimental results. While the
authors do acknowledge that this assumption is arbitrary, it is made
for this example since a more realistic estimate of the volume fraction
of the crystalline phase exerting an expansive stress is not available at
this time due to limitations imposed on experimental methods of
determination. Further, it is also important to note that the expansive
stresses discussed here are relevant only after the cement paste has
solidified (i.e., set).

For a crystal growing into a spherical pore with cylindrical
entryways, the hydrostatic pressure (0¢) can also be related to the
oversaturation level in solution and the equilibrium curvature of the
crystal-liquid (solid-liquid) interface as described using Eq. (4)
[77,79]:

2yq _ R, (IAP
r Yy

o e @)
where: s is the interfacial (crystal-liquid) surface energy (assumed
0.1 N/m at the portlandite-water interface, [86]) and r is the
equilibrium curvature (radius) of the crystal at its tip (m). Here, the
crystal-liquid surface energy is used as an effective interfacial energy
applicable to the entire crystal surface without considering the
specific variations in interfacial energy along different crystal faces
(planes) [77]. By combining Eqs. (2) and (4) it is possible to conclude
that the saturation level of a phase in solution is directly proportional
to the hydrostatic pressure applied on the crystal and inversely
related to the radius of the crystal at its tip (decreasing radius with
increasing saturation). This is important as in the case of the SRA
mixture, the higher portlandite saturation is expected to initially
nucleate and grow crystals of a smaller size (radius) than the plain
mixture [87]. For example: in the case of portlandite, the radius at the
crystal-tip in the SRA system is calculated to be between 2 and 50
times smaller than the plain system and in the range of 2-3 nm.
Recent observations of cement pastes containing another organic
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admixtures do also suggest the presence of such nano-portlandite
inter-mixed in the C-S-H as determined from the elevated Ca/Si ratio
as measured using SEM-EDS analysis [88].

5.3. The influence of crystallization stresses on early age deformations

Early-age autogenous deformations are a competitive process
between expansions resulting from crystallization pressures gener-
ated due to solid phase formation and shrinkage resulting from the
effects of chemical shrinkage and capillary depression (vapor space
expansion). This competitive mechanism can be mathematically
generalized using Eq. (5):

€ap = f(Ogc, Opn) (5)

where: g4p is the net autogenous (sealed) deformation experienced
by the material (expansion or shrinkage), Ogc is the expansive
(positive) crystallization stress developed in the system and Oy is the
tensile (negative) shrinkage stress that develops due to self-
desiccation. Consequently, autogenous deformations in cementitious
materials can be modeled by quantifying the expansive stresses
generated due to phase crystallization under conditions of solution
oversaturation and tensile stresses induced in the pore solution due to
water consumption during hydration (self-desiccation) which draw
the pore walls closer together and induce shrinkage.

The formation of empty-vapor spaces due to chemical shrinkage
and the consumption of water during hydration results in a depression
of the internal equilibrium relative humidity (and the degree of fluid
saturation) in the pores [10,89]. The measured internal humidity
(Fig. 9c) is influenced by the presence of dissolved species, which act to
depress the relative humidity (RH) as described by Raoult's Law, where
the RH depression is a function of the ionic-strength of the pore fluid
(increasing RH depression with increasing ionic strength) and the
curvature of the interfacial meniscus (liquid-vapor) that forms due to
water consumption during hydration as described using Kelvin's Law
(Eq. (7) [10]. As such, the measured relative humidity (RHy) in the
pore-structure can be described as shown in Eq. (6):

RH,; = ay, RHg (6)

where: RH), is the measured internal relative humidity (fraction), ay, is
the ionic-strength dependent activity of the water in the pore solution;
the Raoult effect (fraction) and RH is the contribution to the relative
humidity due to the consumption of the pore-fluid during hydration (or
drying), the Kelvin effect (fraction). In this study, the activity of the
water present as pore solution calculated using the pore solution
composition and the SRA content in solution and the measured relative
humidity(RHy;) were used to compute the direct effect of meniscus
formation on relative humidity depression (RHy) [10,89]. This approach
enables estimation of the capillary pressure developed in the pore-fluid
independent of the ionic strength of the pore solution, the solution
surface tension and the pore-geometry as shown in Eq. (7) [10,89]:

In(RH, )RT
oy = — I 7)

where: Oy is the suction pressure (MPa) developed in the pore-fluid
due to the effects of relative humidity depression (self-desiccation), R is
the universal gas constant (8.314 ]J/Kmol), T is the thermodynamic
temperature (296.15 K) and Vj, is the molar volume of the pore fluid
(assumed to be water, 18.02 cm?/mol).

Consequently, the effective stress developed in the pore-structure
can be expressed as the difference between the expansive stress
developed due to crystallization and the capillary stress developed
due to RH depression as shown in Eq. (8) and Fig. 9(a) [83,84]:

Op = Opc—Opy’Sy 8)
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Fig. 9. (a) The crystallization and effective stresses developed in the microstructure,
(b) the bulk modulus (K}) of the plain and SRA containing cement pastes [92] and (c)
The measured relative humidity as a function of specimen age for the plain and SRA
containing pastes [10,11].

where: 0O is the effective stress developed in the material (MPa); that
is the difference between the hydrostatic expansive stress developed
due to portlandite crystallization (0gc) and the shrinkage stress
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developed due to capillary depression (0gy) and S; is the degree of
liquid saturation of the body calculated Powers model and the extent
of hydration measured using isothermal calorimetry assuming the
system begins to self-desiccate at final set [90,91].

The effective stress (0g) developed can then be combined with the
elastic properties to compute the net deformation experienced by the
material using Eq. (9) [93,94]. It should be noted, Eq. (9), as originally
formulated is strictly applicable only for fully-saturated, linear-elastic
materials and its validity in the case of partial saturation is only
approximate [93,94]:

EUN = (%) K (9a)

1 1
K= (&) o0

where: gy is the linear deformation experienced by the material (p€),
O is the effective stress developed in the material (MPa), K is a term
that represents the time dependent evolution of elastic properties in
the material (GPa™'), K5 is the bulk modulus of the partially saturated
cement paste including the effects of porosity (GPa) and Ks is the bulk
modulus of the solid-skeleton excluding the effects of the porosity
(assumed constant; 44 GPa, [95,96]). The bulk modulus of the cement
pastes (Fig. 9b; Kp) was calculated using ultrasonic wave-speeds
measured in through-transmission mode assuming a constant
Poisson's ratio (¥=0.22) [92,97].

To account for the evolution of properties in the cement paste with
time and hydration (aging), Eq. (9a) can be written in an incremental
form as shown in Eq. (10a):

Ae(t)y = (AOBE“)) K+ () ak()

(10a)

where: Aog(t) is the incremental change in the effective stress in the
pore structure (MPa) over a given time period and AK(t) is the
incremental change in the elastic properties of the material (MPa™!)
over a given period. The net deformation experienced by the paste is
calculated by integrating Eq. (10a) over a specific time interval as
shown in Eq. (10b):

el = * (%)« - z:;AK(t)'(%)

t=0

(10b)

Fig. 10 shows normalized results of the measured and computed
autogenous deformation as a function of specimen age for the plain
(w/c=0.30) and SRA (w/c=0.30SRA) mixtures. The simulation
replicates the shape (form) of the experimental measurements over
time as shown in Fig. 10 (c and d). Here, the calculated deformation
for the plain mixture shows a plateau in shrinkage shortly after the
time of set followed by monotonic shrinkage similar to the measured
response. This is also consistent for the SRA mixture which begins
expanding around 12 h and expands until 24 h, followed by
monotonic shrinkage similar to the measured response.

However, the calculations do not well capture the true magnitude
of the deformations, which is about 3 and 6 times less than the
measured value at 48 h for the plain and SRA mixtures respectively as
shown by the deformation curves plotted on an unnormalized scale;
Fig. 10 (a and b). The discrepancies observed in the measured and
calculated autogenous deformation may be attributed to a variety of
factors including:

* A considerable discrepancy in the measured and modeled defor-
mation results seems to arise from an underestimation of the
shrinkage stress developed. This may be related to difficulties such
as condensation on and-or drift of the RH sensors which may affect
measurements of internal RH at high levels at early ages. Second, the

RH and pore solution measurements assess the global state of the
system. At a local scale, the actual RH may be lower leading to an
underestimation of the shrinkage that develops. Further, uncertain-
ties in the measurement of the bulk modulus (Kz) which evolves
rapidly at early-ages would further limit the accuracy of the
modeling approach [98].

There exists considerable uncertainty in determination of the
fraction of the crystalline phase that is able to exert an expansive
stress due to pore-size (and geometry) and local solution oversat-
uration considerations. As such, unless the crystal is restrained by
the pore-walls it will grow without exerting a stress and the local
oversaturation will drop as the crystal grows by drawing ions from
the solution which are replenished by diffusion from other locations
or local dissolution to maintain equilibrium. Thus, the crystallization
pressure would be overestimated if the solution is no longer
saturated and the crystal does not grow or if the crystal does not
touch the pore walls. Also, the geometry of the pores and the crystal
and the effect of the confining pressure of the pore-walls on the
solubility of the crystal are not considered in this analysis [77,99].
This highlights a need to account for dissimilar effects relevant to
the pore-size distribution, pore connectivity, pore and crystal
geometry to precisely analyze crystallization-and-shrinkage stres-
ses that may be expected to develop in the system.

The approach used to model autogenous deformations is of a
strictly linear elastic nature. As such, it does not incorporate
viscoelastic (i.e., creep and strain-rate) effects which may be
significant at early-ages. In addition, the analysis upscales the
crystallization and shrinkage stresses to the global scale. As a result,
crystallization and self-desiccation as occurs in small or discon-
nected pores may not be appropriately considered in the analysis.
This is important as capillary-and-crystallization stresses are most
crucial at the scale of the smallest pores. Both these points may in
part explain the underestimation of the calculations [89]. Further,
the modeling approach neglects effects arising from hydrate
dehydration induced due to self-desiccation [100]. As such, a
continuous reduction in the ‘moisture-level’ of the C-S-H (i.e.,
aging) and the other reaction products as occurs during cement
hydration would be another contribution which may explain the
underestimation of the calculations. Finally, changes in the fluid
saturation level or elastic properties that occur due to the volume
change of the pores during expansion or shrinkage are also not
accounted for in the calculations [101].

However, inspite of the mismatch in the magnitude of the
experimental results and calculated deformation, the results are
useful in that they depict the effects of crystallization stress driven
early-age deformations in cementitious materials.

6. Summary and conclusions

This paper assesses the early-age autogenous deformation behav-
ior of cement pastes containing a shrinkage reducing admixture
(SRA). Experimental measurements of autogenous deformation,
electron microscopy and solid and liquid phase analysis have been
integrated with calculations of the effective saturation indices to
understand the chemical nature of the early-age expansion. For the
cement chemistry and SRA evaluated, the results suggest that, for the
SRA mixture, the amplification in portlandite oversaturation and its
crystallization causes an early-age expansion.

The pore solution saturation level has been related to the size of
crystals and the magnitude of crystallization stresses that may be
expected to develop in the material. An effort has been made to model
crystallization stress driven expansions in cementitious materials. The
modeling results are useful in replicating the temporal form (shape)
of the experimental response and conceptually illustrating the effect
of crystallization stresses on deformations. This research has
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Fig. 10. The measured and calculated autogenous deformation as a function of specimen age for the plain and SRA cement pastes on: (a and b) actual scale and (c and d)

normalized scale.

implications on understanding the shrinkage and shrinkage-cracking

behavior of concretes containing SRAs. This is especially relevant in

the case of producing concretes that generate a specific level of

(1]

expansion and resist cracking and-or developing material inputs for
computer models that aim to simulate volume changes or the risk of

cracking in concretes containing SRAs.
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