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This research examines the influence of temperature on unrestrained and restrained autogenous volume
changes in cementitious systems containing shrinkage reducing admixtures (SRAs). The apparent activa-
tion energy of cement hydration is determined using measurements of isothermal conduction calorime-
try. Time-temperature (equivalent-age based) transformations are applied to extract the apparent
activation energy of cement hydration (reactions). The results indicate that while equivalent-age trans-
formations are a suitable procedure for describing the influence of temperature on chemical reactions,
they are an inappropriate approach to describe the evolution of volume changes in cementitious materi-
als cured at different temperatures. It is noted that while SRAs do not substantially alter the temperature
sensitivity of hydration reactions, their ability to induce early-age expansions negates the use of maturity
(equivalent age) approaches in describing autogenous deformations in these materials. Efforts are made
to better describe the thermodynamic-limitations of autogenous RH change (self-desiccation) and the
need to account for viscoelastic (i.e., creep) and damage (i.e., microcracking) considerations in interpret-
ing the residual stress development response of cement-based materials cured at different temperatures.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction and background

The rate of cement hydration increases in proportion with an
increase in temperature. This topic has received significant treat-
ment in cement literature [1–4], with the objective of determining
a correlation between the temperature, rate and extent of reaction
(hydration), and material property development (i.e., strength and
elastic modulus [5,6]). Time-temperature transformations (i.e.,
maturity approaches) have correlated the development of material
properties to the extent of hydration [7,8]. Hansen and Pedersen
[9] proposed an equivalent-age function (Eq. (1)) to describe the
influence of the reaction temperature on property development
in cementitious materials cured at various temperatures and deter-
mined a value of 33.5 kJ/mol for the activation energy of cement
hydration:

te ¼
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dt ð1Þ

where te (hours) is the equivalent age at a reference temperature
TREF (296.15 K in this paper), EaR (kJ/mol) is the apparent activation
energy of the hydration reaction, R (J/K mol) is the ideal gas con-
stant (8.314 J/K mol), T (K) is the curing temperature that can vary
in time, and t is the actual specimen age (hours).
ll rights reserved.
The theoretical concept of an activation energy [10] is strictly
applicable only for single reaction systems where the kinetic en-
ergy needed for the progression of the (singular) forward reaction
is a well-defined value. Since portland cement hydration involves
multiple reactions that occur simultaneously and interact with
each other, the activation energy described in Eq. (1) is the appar-
ent (effective) activation energy of cement hydration. When the
maturity concept is applied to cementitious systems, it is often
incorrectly assumed that the overall response depends only on
the extent of reaction and other processes (e.g., self-desiccation)
or the microstructure that is formed are not influenced by temper-
ature or the rate at which the reactions occur. For example, speci-
mens cured at 10, 23, or 36 �C to the same maturity (i.e., degree of
hydration) are assumed to have the same microstructure. This is
incorrect as previous studies have consistently shown that systems
reacting at different temperature (at varying reaction rates) form
different reaction products with differing spatial arrangements
(and thus the porosity) in the system [11,12].

High-performance concrete mixtures generally have a low
water-to-cement ratio (w/c) and experience significant self-desic-
cation and autogenous shrinkage [13,14]. Self-desiccation and
external drying in these mixtures both result in the development
of capillary stresses which amplify the risk of shrinkage cracking
in these systems. Shrinkage reducing admixtures were developed
as a ‘‘chemical technology’’ to reduce shrinkage and cracking in re-
strained concrete elements [15–20]. Being surfactants, SRAs reduce
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the surface tension of the pore-fluids which acts to limit self-des-
iccation and capillary stress development [15,16,47,49]. However,
in addition to surface tension effects, SRAs also alter the chemistry
of the pore solution which acts to induce early-age expansions in
these systems [21,46]. The expansion is significant as it can corre-
spond to a majority of the shrinkage reduction in SRA systems, un-
der sealed conditions [28,35,44,46,49]. While, autogenous/drying
effects of cementitious materials have been extensively studied,
fewer efforts have described the influence of the curing tempera-
ture on deformations and stress development at early-ages, espe-
cially in systems containing SRAs [22–28]. For example: while
previous studies have indicated an unsystematic temperature
dependence of autogenous deformations, other research has indi-
cated that the maturity (i.e., the equivalent age) approach is not
applicable or applicable over a limited temperature range to pre-
dict autogenous deformations in systems cured at varying temper-
atures [22,25,26]. It has been further suggested that autogenous
deformations and residual stress development would depend on
the pore structure, whose properties depend on the curing temper-
ature [26].

This paper discusses an extensive set of experimental observa-
tions, to describe the applicability of maturity based approaches in
the context of interpreting autogenous deformations and stress
development in cementitious materials containing shrinkage
reducing admixtures (SRAs). It is demonstrated that the applica-
tion of maturity transformations is inapplicable when aspects
other than the cement hydration rate need to be considered; e.g.,
expansions, self-desiccation, damage and/or viscoelastic effects.
The outcomes of this research are relevant in developing modeling
methods which can simulate autogenous deformations and resid-
ual stress development and predicting the risk/potential of shrink-
age cracking in plain and SRA containing concretes cured at
different (environmental) temperatures.
2. Materials and mixing procedures

Two different cement paste mixtures were prepared as per the
mixture proportions shown in Table 1. An ASTM C150 compliant,
Type I ordinary portland cement with a Blaine fineness of
360 m2/kg and an estimated Bogue phase composition of 60%
C3S, 12% C2S, 12% C3A, 7% C4AF and a Na2O equivalent of 0.72%
was used in this study. A high range water reducing admixture
(Glenium 3000NS) was added to the cement paste mixtures. For
one mixture, a commercially available shrinkage-reducing admix-
ture (Tetraguard AS20) was added by 5% replacement (by mass)
of the initial mixing water. The cement paste mixtures were pre-
pared as described in ASTM C305 [29,30].
3. Experimental procedures

3.1. Isothermal conduction calorimetry

Isothermal conduction calorimetry was performed on duplicate
cement paste mixtures using a TamAir isothermal calorimeter to
determine the heat dissipated during the hydration reaction under
a constant temperature condition (10 �C, 23 �C and 36 �C) and then
Table 1
Mixture proportions of the cement pastes investigated (mass fractions).

Mixture ID w/c = 0.30 w/c = 0.30SRA

Water 0.3000 0.2850
Cement 1.0000 1.0000
HRWRA 0.0050 0.0050
SRA – 0.0150
used to determine the apparent activation energy of cement hydra-
tion. The thermal power and energy measured were used to assess
the kinetics and the extent of hydration of the cement paste
assuming an ultimate heat release value of 510 J/g for the cement
based on its phase composition [31,32].

3.2. Autogenous deformation: the corrugated tube method

Linear autogenous strain of cement pastes was measured using
a technique where the fresh paste was placed in corrugated poly-
ethylene molds [33]. The corrugated tubes had a length-to-diame-
ter of approximately 400–30 mm. The corrugated mold transforms
volumetric deformations into linear deformations when the paste
is in a fluid state, since the mold has a greater stiffness in the radial
direction than in the longitudinal direction. The technique is de-
signed to encapsulate the fresh cement paste while minimizing re-
straint, thereby permitting measurements to start soon after
casting (i.e., approximately 30 min after water addition). The ce-
ment paste was cast into corrugated tubes and then vibrated.
Duplicate specimens were placed in a dilatometer rig which was
placed in an environmental chamber maintained at 10, 23 or
36 �C. The dilatometer was equipped with electronic displacement
transducers with an accuracy of ±5 lm/m [29] and was PC inter-
faced to provide automated data-logging capability. Data acquisi-
tion was started around 30 min after water addition. Data was
recorded at 5 min intervals for the duration of the test correspond-
ing to an age of 7 days at 23 �C. The measurement results were
then zeroed at the time of final set [34].

3.3. Residual stress development: the dual ring test

Residual stress development in duplicate cement pastes was
measured using a newly developed dual ring setup. The apparatus
consisted of two rings (an inner ring and an outer ring) made of In-
var-36 to minimize the effects of temperature change on the strain
results [35–37]. The inner ring had an outer radius of 50.8 mm and
an inner radius of 44.5 mm. The outer invar ring had an outer ra-
dius of 82.6 mm and an inner radius of 76.2 mm. Each ring was
instrumented with four strain gages placed at 90� from one an-
other at the mid-height on the inner and outer circumference of
the inner and outer ring respectively. The height of rings was
25.4 mm. The instrumented rings were placed at the center of an
acrylic base, which was lined with acetate sheets and form-release
agent to minimize bond and restraint between the base, the invar
rings, and the cement paste. Fresh cement paste was then cast be-
tween the two rings. The setup was maintained in an environmen-
tal chamber at 10, 23 and 36 �C ± 0.1 �C under nitrogen purge to
minimize the potential for carbonation. The restrained strain mea-
surements were recorded at 5-min intervals, starting at 30 min
after mixing, until an equivalent age of 7 days. Each strain gage
had a measuring resolution of ±0.01 lm/m and each instrumented
ring had a typical standard deviation of the measurement of
±0.25 lm/m [35,36].

3.4. Autogenous internal equilibrium relative humidity of cement
pastes

The internal equilibrium relative humidity (RH) of mature (i.e.,
well-aged) cement pastes was monitored simultaneously (in dupli-
cate) in the measuring chambers of two Rotronic hygroscope sta-
tions equipped with WA-14TH and WA-40TH cells [38]. Each
station was equipped with a Pt-100 temperature sensor and a
DMS-100H relative humidity sensor. The stations were provided
with a fluid-based thermo-regulation system that maintained the
each cell’s temperature within ±0.1 �C. To describe autogenous-
RH change as a function of temperature in pastes having a non-
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changing (fixed) microstructure, mature pastes (�1 year old; sealed
curing) were crushed and a small amount was placed (�10 g) in the
measuring cell of the hygroscope. The relative humidity was then
measured at 4, 20 and 35 �C. Prior to measurement, the mature
pastes were cured under sealed conditions at room temperature;
i.e., 23 �C. Before and after the measurements, calibration of the sta-
tions was carried out with four saturated salt solutions (K2SO4,
KNO3, KCl, NaCl) with a known constant RH in the range of 75–
100% (ASTM E104) at 20 �C. The calibration procedure took 24 h
and its implementation yields a global measurement accuracy of
±1% RH [38].

3.5. Surface tension of DI-Water-SRA solutions using a du noüy ring
tensiometer

The surface tension of solutions of SRA and de-ionized (DI)
water were measured using the du Noüy Ring method over a tem-
perature range of 5–35 �C ± 0.5 �C [39,40]. This method is based on
determining the force that is required to detach a wire ring from
the surface of a solution. The ring used was made of a platinum-
iridium alloy and was cleaned according to ASTM D971 prior to
each measurement. The measured surface tension of distilled
water (0.0723 N/m) was used as a standard reference in determin-
ing the change in surface tension caused by the addition of the SRA
[41]. The average of three measurements was used in the represen-
tation of each data-point, with a typical coefficient of variation
being 0.50%. A more detailed description of the surface tension
measurements can be found elsewhere [42,43].
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4. Experimental results

4.1. Isothermal conduction calorimetry – the rate and extent of cement
hydration

Fig. 1 describes the cumulative energy released by the cement
pastes cured at 10, 23 and 36 �C measured using isothermal calo-
rimetry. Expectedly, for both pastes, the rate of reaction and the
rate of energy released increases with increasing temperature.
The magnitude of energy released at an equivalent age of 72 h
for both mixtures is similar independent of temperature and corre-
sponds to about 53% hydration for both the plain and SRA mix-
tures, for measurements performed at 23 �C (Fig. 5 [46]). It
should be noted, in order to obtain true material behavior, the ce-
ment pastes should be precisely conditioned to the measurement
temperature at the end of the mixing cycle [35].

4.2. Autogenous deformation of cement pastes

Fig. 2a shows the evolution of autogenous deformation mea-
sured using the corrugated tubes from the time of final set in plain
cement pastes cured at different temperatures [34]. While the rate
of shrinkage is significantly altered by the curing temperature, the
magnitude of shrinkage experienced at the end of the testing per-
iod is similar (�900 lm/m) for all curing temperatures. The differ-
ence in the rate of shrinkage can be attributed to the temperature
dependence of both cement hydration and self-desiccation. It
should also be noted that between the time of setting and 72 h,
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samples cured at 10, 23 and 36 �C show a markedly different
behavior. For example: while the sample cured at 23 �C shows a
plateau in the development of shrinkage shortly after setting, the
samples cured at 10 and 36 �C experience an expansion of approx-
imately 60 lm/m (although at different time intervals) after the
mixture has set.

Fig. 2b shows the evolution of autogenous deformation from the
time of final set in pastes containing SRA cured at different temper-
atures. For these mixtures, the rate and magnitude of deformation
shows a large dependence on temperature. In fact, the mixture
cured at 10 �C shows a net post-set expansion until approximately
192 h, with a peak expansion of 325 lm/m while the mixture
cured at 23 �C experiences a peak expansion of 235 lm/m and
the mixture cured at 36 �C of 175 lm/m. The expansion occurring
in SRA mixtures has been attributed to the development of crystal-
lization stresses produced by portlandite formation in the system
[44–46].

4.3. Residual stress development in cement pastes

Fig. 3a shows the development of residual stresses measured
using the dual ring setup in plain mixtures cured at 10, 23, and
36 �C. The mixture cured at 10 �C develops insignificant stresses
during the first 24 h after which time a small compressive stress
(peaking at 0.5 MPa) develops until 72 h. After 72 h, the specimen
experiences monotonic shrinkage and a tensile stress of approxi-
mately 6.0 MPa has developed in the specimen at 14 days. The
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tension for solutions containing three different concentrations of a shrinkage reducing ad
as compared to the plain mixture (0.48%/�C vs. 0.59%/�C) seen in Fig. 4a suggests that th
mixture cured at 23 �C does not show substantial stress develop-
ment until 14 h. After this time, the measured residual stress con-
tinues to increase as the specimen shrinks, until a residual stress
around 3.7 MPa is measured at 7 days. It should be noted, a larger
magnitude of residual stress develops at 10 �C than at 23 �C par-
tially due to the higher strength developed at lower temperatures
at an equivalent age (see Section 5.3) [1,11,12]. The mixture cured
at 36 �C shows a rapid development in stresses from 4 to 5 h, after
which the stress level plateaus. This corresponds to the interval of
the expansion experienced by this mixture (Fig. 2a). A peak tensile
stress of approximately 2.5 MPa develops in this mixture at 14 h,
when the specimen fails with visible cracking.

Fig. 3b shows residual stress development in SRA mixtures
cured at 10, 23 and 36 �C. In the mixture cured at 10 �C, a compres-
sive stress develops around 20 h and is noted to persist until 114 h;
with a peak compressive stress of 1.5 MPa being measured at 72 h.
A peak tensile stress of 2.5 MPa is measured in this specimen at
14 days, which corresponds to the net shrinkage experienced by
this specimen at 14 days (Fig. 2b). The specimen cured at 23 �C
starts to develop compressive stresses at 9 h that peak at 1.0 MPa
at an age of 18 h. After 28 h, a tensile stress begins to develop
reaching 2.6 MPa at 7 days. In the mixture cured at 36 �C, tensile
stresses begin to develop around 5 h and continuously increase un-
til the specimen fails at 29 h at a peak tensile stress of 2.5 MPa.
Globally, it is observed that the rate of residual stress development
increases with an increase in the curing temperature. Further, all
the mixtures experience early deformations which result in
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negligible stress development, conceivably due to stress relaxation
and the low modulus of the material at these early ages. It should
also be noted, over time, the residual stresses developed due to
autogenous shrinkage are expected to be slightly higher in the
plain mixtures than in the SRA mixtures, as the plain mixture will
self-desiccate to a lower equilibrium relative humidity; see Fig. 4a
[47–49].
4.4. Autogenous RH of cement pastes and surface tension of solutions

Fig. 4a shows the internal equilibrium RH as a function of tem-
perature measured on mature cement pastes using the Rotronic
hygroscope. The internal RH is observed to decrease (or increase)
linearly with decreasing (or increasing) temperature; however at
a slightly higher rate for the plain mixture as compared to the
SRA mixture. This is reasonable considering isoteric vapor pressure
datasets compiled for pastes indicate that the RH–T relationship is
relatively linear until intermediate humidities (until about RH =
50%) [50,51]. Further, the SRA mixture is observed to have a higher
RH at a given temperature compared to the plain mixture due to the
reduction in the surface tension of the pore solution by the SRA [49].

Fig. 4b shows the interfacial liquid–vapor surface tension mea-
sured using the du Noüy Ring method as a function of temperature
for aqueous solutions containing several concentrations of a
shrinkage reducing admixture (SRA). In general, it is noted that
the surface tension decreases with increasing temperature. How-
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ever, the rate of decrease in the surface tension is similar indepen-
dent of SRA concentration. A similar trend in the surface tension
behavior is observed in the case of synthetic (paste) pore solutions
[40,49]. However, for the case at hand, the solution’s surface ten-
sion is depressed with both an increase in the ionic-strength (i.e.,
concentration) and temperature [49]. The results provided in
Fig. 6 are useful in quantifying the change in the capillary stress
with temperature as described by the Young–Laplace Equation
(Section 5.2).
5. Discussion of experimental results

5.1. The influence of temperature on the rate of cement hydration

The activation energy of cement hydration was determined
using measurements of isothermal calorimetry at 10, 23 and
36 �C. The activation energy calculated using Eq. (1) assumes that
mixtures cured at different temperatures take the same equivalent
time to achieve an equivalent degree of hydration (cumulative en-
ergy release) [27]. Similar values obtained for the plain (36.2 kJ/
mol) and SRA (37.8 kJ/mol) containing mixtures suggests that the
addition of the SRA does not significantly influence the temperature
sensitivity of cement hydration. Fig. 5 shows the energy release val-
ues measured using isothermal calorimetry that are maturity trans-
formed using the apparent activation energy of cement hydration
(reactions). Expectedly, upon applying the transformation, the
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evolution and the final energy release value is similar for both the
plain and SRA mixtures cured at different temperatures [52].
5.2. The influence of temperature on the driving forces of autogenous
deformations: expansions, autogenous-RH change and the surface
tension of the pore-fluids

Fig. 2 shows measurements of autogenous deformation zeroed
to the time of final set. Here, it should be noted that the uncertainty
related to identifying the ‘‘exact’’ time of final set and the high rate
of shrinkage at this time produce an error of about 150 lm/m in the
zeroed shrinkage response [53]. Fig. 6 shows the evolution of
autogenous deformation at 10, 23 and 36 �C which is maturity-
transformed using the activation energy of hydration. The plain
paste (Fig. 6a) shows a slight expansion or a plateau in shrinkage
up to an equivalent age of 24 h. Expectedly, this expansion occurs
earliest and has the shortest duration for the mixture cured at
36 �C. The opposite is true for the mixture cured at 10 �C. The occur-
rence of this expansion likely corresponds to the formation of
expansion inducing phases during hydration [37,46,49,54,55]. The
mixture cured at 23 �C experiences a plateau in shrinkage after
setting which is followed by monotonic shrinkage thereafter.

Fig. 6b shows deformation curves as a function of equivalent
age for SRA mixtures cured at 10, 23 and 36 �C. Here, unlike the
plain paste, maturity transformations are observed to be fully
unsuccessful in describing the temperature dependent response.
Specifically, for these systems, a vastly different pattern of defor-
mation (i.e., expansion or shrinkage) is observed at different
temperatures [37,56]. This is related to a confluence of tempera-
ture-linked effects including the: (1) cement hydration rate, (2)
liquid–vapor surface tension, (3) internal relative humidity, (4)
expansions linked to the saturation index of solid phases in solu-
tion and (5) the microstructural arrangement (i.e., pore-structure)
of the system [12,22,37,46,49,57–60,62]. For example: a recent
study has revealed that portlandite is a driver of early-age expan-
sions in SRA containing systems [37,46]. At different temperatures,
as the saturation level (index) of portlandite linked to changes in
the ion activities, solubilities and solubility products of phases var-
ies, the magnitude of expansive deformations developed varies
accordingly [46,55,57–61]. However, this response is difficult to
quantify precisely as the temperature-linked influence of the SRA
on the composition of the pore solution (and thus expansions) is
not yet clear. Further, the magnitude of expansive stresses has
been noted to be highest when crystals precipitate in pores in
the mesopore range [62,63]. If the microstructural arrangement
and the pore structure vary with the curing temperature, the
pore-size dictated evolution of expansive stresses would be com-
plicated to predict. As such, though the maturity method is capable
of predicting the degree of reaction, it is unable to describe other
deformation processes (i.e., phase crystallization induced expan-
sions1) which are driven by changes in the constitution of the pore
solution and have a non-linear dependence on the curing tempera-
ture and/or the microstructure of the material.2
1 Given the increasing solubility of portlandite with decreasing temperature, and
the influence of the SRA on the composition of the pore solution, at a first
approximation, it is expected that the saturation index of portlandite (which causes
expansions [21,37,46]) would increase with decreasing temperature. This would
suggest that the magnitude of the expansion should also amplify with decreasing
temperature as noted in Fig. 4b. However, further efforts are needed to fully
substantiate this point.

2 Given the non-linear temperature-to-pore solution composition relation and the
impact of the SRA on the dissolution and solubility of solid phases, the application of
the maturity approach is not feasible. Furthermore, the maturity approach assumes
that the microstructure of materials cured at different temperatures is identical.
Obviously, this is not accurate. Due to these points, the application of the maturity
approach is substantially limited.
The overall autogenous deformation response can be explained
by considering, after setting, as crystallization pressures try to pro-
duce an expansion, the paste self-desiccates, producing a shrinkage
inducing stress (i.e., negative pressure) in the pore-fluid. As the
desiccation stress overwhelms the expansive stress, the system
shrinks [46]. As such, the net deformation (eAD) of a sealed cement
paste is a function of two competing mechanisms, crystallization
stresses which cause expansions and self-desiccation stresses
which cause shrinkage. This response can be mathematically gen-
eralized as shown in Eq. (2):

eAD ¼ f ðrC ;rSÞ ð2Þ

where rC is the expansive crystallization stress that develops and rS

is the tensile capillary (shrinkage inducing) stress that develops in
the pore fluid. Here, it is important to note that the presence of a
SRA depresses the surface tension of the pore-fluids which limits
self-desiccation and in turn autogenous shrinkage in a sealed sys-
tem [46,49]. As the reduction in the RH is delayed and reduced in
SRA systems [46,49], the expansion of the paste occurring due to
crystallization is more evident in SRA containing pastes than in
plain cement pastes, since it is not masked by simultaneous shrink-
age induced due to self-desiccation. Further, since expansion (solid
phase precipitation) and shrinkage (self-desiccation) effects have
different temperature sensitivities (i.e., activation energies linked
to self-desiccation or phase crystallization), SRA pastes show an
autogenous deformation response to which traditional maturity
methods cannot be applied. These aspects are discussed in further
detail below.

The capillary (i.e., shrinkage inducing) stress (rS, MPa) that
develops in a liquid-filled pore space during desiccation can be de-
scribed using the Young–Laplace and Kelvin Equations as a func-
tion of the interfacial surface tension of the pore-fluid and the
Kelvin radius, or as a function of the internal equilibrium relative
humidity (RH) in the pores as described in Eq. (3) below [14]:

rS ¼ �
2cLV cosðhÞ

rK
¼ � lnðRH=aWÞRT

VM
ð3Þ

where aW is the water-activity of the pore-fluid (unitless; assumed
to be 13 [46,49]), cLV is the interfacial (liquid–vapor) surface tension
(N/m) of the pore-fluid, rK (m) is the radius of curvature of the li-
quid–vapor meniscus (the Kelvin radius), h (assumed to be 0 � (see
Footnote 3) [63]) is the solid–liquid contact angle [64], VM (m3/
mol) is the molar volume of the pore-fluid (assumed to be water,
18.02 cm3/mol), R (J/K�mol) is the ideal gas constant, T (K) is the ther-
modynamic temperature, and RH is the equilibrium relative humid-
ity in the pores. An analysis of Eq. (3) suggests that for sealed
systems when the overall degree of fluid-saturation and Kelvin ra-
dius (i.e., the degree of hydration (See Footnote 5)) is similar for plain
and SRA systems, the main factor that influences the capillary stress
is the change in the liquid–vapor surface tension or the internal RH
as a function of temperature [49,14]. Here, it is noted that between
10 and 36 �C, while the surface tension of water decreases by about
6%, the surface tension of a 5% SRA solution decreases by around 12%
(independent of hydration). This change in the surface tension trans-
lates to a proportional decrease in the capillary stress developed in
both these systems with an increasing curing temperature [49,14].
The reorganization of Eq. (3) then yields the Kelvin–Laplace equation
which relates the Kelvin radius (and the capillary stress) to the RH4

in the pores:
3 This is not strictly accurate, but the assumption is made in this paper for the sake
of simplicity. In reality, a change in the temperature would alter both the contact
angle and the water activity as related to the pore solution composition.

4 Strictly speaking, the RH term represents the partial pressure of water vapor
contained in the pores. However, for the case at hand, the relative humidity and the
partial pressure of water vapor are assumed equivalent.
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ln
RH
aW

� �
¼ �2cLV cosðhÞVM

rK RT

� �
ð4Þ

From an analysis of Eq. (4), in a fashion analogous to Eq. (3), it
can be concluded that when the Kelvin radius (e.g., 5 nm) is fixed
as relevant for systems that hydrate to an equivalent extent (and
have a similar liquid saturation level5 [46,49,65,66]), as the curing
temperature varies between 10 and 36 �C, the depletion RH varies
between 79.8% and 82.3% for the plain system and 88.7% and
90.7% for the SRA containing system (Fig. 7a), suggesting that the
capillary stress developed in fact increases with decreasing temper-
ature as shown in Figs. 4a and 7a. However, in dynamic systems as
applicable at early-ages, which hydrate and self-desiccate simulta-
neously, the expected (slight) increase in the capillary stress pro-
duced by lower (curing) temperatures is offset by the reduction in
the rate of cement hydration and self-desiccation. This explains
why though pastes cured at higher temperatures should shrink less,
and systems cured at lower temperatures should shrink more (in
line with the expected capillary stress response), a reduced rate of
hydration at lower temperatures depresses the rate of autogenous
RH decrease (resulting in a higher internal RH on a time-scale)
ensuring that the capillary stress and the magnitude of shrinkage
developed on a time-scale is also proportionally reduced at lower
temperatures.6 This response is also additionally impacted by: (1)
the slightly higher strength of systems cured at lower temperatures
[1,58,67] (which provides more resistance to shrinkage) and the low-
er rate of capillary stress application as linked to the cement reaction
rate as discussed further in Section 5.37 and (2) the coarsening of the
cement paste’s microstructure at elevated temperatures which
would act to reduce the magnitude of autogenous stresses developed
in the system [12].

Fig. 4a shows the change in the equilibrium RH with tempera-
ture for mature, plain and SRA pastes. This RH–T dependence
5 Isothermal calorimetry measurements broadly indicate that the extent of
hydration of the plain and SRA systems is similar after 24 h; i.e., within ±5%. Since
water consumption is driven by cement hydration, a similar extent of hydration
implies a similar liquid saturation level in the system. If the plain and SRA pastes have
a similar pore system [65,66], it would be expected that the available liquid water is
contained in pores of a similar nature (size range); implying an ‘‘equivalent’’ (fixed)
saturated Kelvin (pore) radius. As such, the sizes of pores that are expected to be
water-filled or empty (i.e., liquid saturation) is assumed equivalent for these systems
at a similar extent of reaction.

6 It should be noted however, that this analysis disregards (ion/water) activity
effects which influence both, the internal RH and the surface tension of the solution.
Further research is needed to examine these effects in more detail.

7 This is only true for systems which do not show expansion phenomena which are
influenced by temperature differently from shrinkage. If the expansion has its own
temperature sensitivity, this complicates the prediction of the shrinkage response.
(Fig. 7b) can be interpreted using the Clausius–Clapeyron relation
to quantify the enthalpy (i.e., heat) of vaporization, the driving
force for the liquid–vapor phase transition of the physically-bound
(i.e., evaporable) water in the material:

RHð%Þ ¼ p=pS � 100 ð5aÞ

lnðpÞ ¼ �DHVAP

RT
þ C ð5bÞ

where p is the partial vapor pressure of water vapor (mm-Hg), pS is
the saturated vapor pressure of water vapor (mm-Hg) at a given
temperature [68], DHVAP is the enthalpy (heat) of vaporization of
the evaporable-water (kJ/mol), R is the ideal gas constant (8.314 J/
K�mol), T is the thermodynamic temperature (K) and C is an integra-
tion constant (unitless). It should be noted that this calculation con-
siders water vapor as an ideal gas and neglects the presence of ions
in the pore-fluid. The slope of a linear function fit to the experimen-
tal vapor pressure data (Fig. 4a) yields the enthalpy of vaporization;
50.2 and 48.6 kJ/mol for the plain and SRA mixtures, respectively.
These values are slightly higher than the value reported for liquid
water at 23 �C, 44 kJ/mol [68], due to the presence of ions or a
change in the difference in the thermodynamic properties of water
contained in the cement paste [69,70]. The SRA system has a
slightly lower enthalpy likely due to the presence of the SRA which
reduces the surface tension of the solution and facilitates evapora-
tion [71]. This relationship up on being quantified permits estima-
tion of the equilibrium RH in the pores over a specific range of
temperature change. Further, it describes the temperature depen-
dence of self-desiccation (i.e., autogenous-RH change), which inval-
idates the application of the traditional maturity method to
autogenous effects due to its dependence on both the rate of ce-
ment hydration and the curing temperature. Inspite of the addi-
tional effort, the enthalpy of vaporization information only
partially enables application of a multi-part [27,72] activation en-
ergy (i.e., equivalent age) type correction based on the cement reac-
tion rate and the temperature dependence of self-desiccation as
considerations linked to porestructural changes and expansions as
relevant to autogenous deformations are yet not considered in the
approach.

In closing, the elastic deformation (i.e., expansion or shrinkage)
experienced by a cementitious material can be described as a func-
tion of the degree of phase-saturation, the stress developed
(shrinkage or expansive stress) and the elastic properties as de-
scribed using Eq. (6) [73]:

eAD ¼
ðSCrC � SLrSÞ

3
1

KB
� 1

KS

� �
ð6Þ
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where eAD is the net linear deformation experienced by the paste
(lm/m), SL is the degree of liquid-saturation (i.e., fraction of the
pore space occupied by the pore-fluid, unitless), SC is the fraction
of the pore space occupied by expansion causing crystals (unitless),
rC (MPa) is the expansive stress developed due to phase crystalliza-
tion and rS (MPa) is the shrinkage inducing stress produced due to
self-desiccation, KB is the bulk modulus of the body including the ef-
fects of the porosity (GPa) and KS is the bulk modulus of the solid
skeleton (assumed constant as 44 GPa) [74,75]). While the temper-
ature dependence of the capillary and crystallization stresses has
been described, the temperature sensitivity of the other terms re-
quires clarification. First, the molar volume (VM) of water increases
with temperature. The Kelvin equation indicates a higher RH
(Fig. 7a) at higher temperatures suggesting that smaller pores
may yet remain filled with increasing temperature, indicating a
higher liquid saturation level. However, given the small change in
the liquid-saturation term (ranging between 0.8 and 1.0 for sealed
systems at early-ages), this is a 2nd order effect that can be ne-
glected initially. Second, while the bulk (elastic) modulus is macro-
scopically maturity-transformable (Eq. (1) and Fig. 9a), any changes
induced in the porosity and the arrangement of the reaction prod-
ucts may complicate this response [5,76,77]. Similar considerations
will impact the skeletal modulus (KS) as related to compositional
changes in the C–S–H and the arrangement and/or mass balance
of the cement hydrates with temperature [57,58,78–80]. In sum-
mary, this discussion comprehensively describes why traditional
maturity (equivalent age) approaches are an inappropriate method
to describe the influence of temperature on autogenous deforma-
tions in cementitious materials.
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5.3. The influence of temperature, viscoelasticity and damage on stress
development

Fig. 8 shows maturity transformed residual stress profiles for
paste mixtures undergoing sealed hydration. Here, it is noted that
traditional maturity transformations are unsuccessful at all tem-
peratures (for both mixtures) and the rate of residual stress devel-
opment increases with increasing temperature. This observation
can be explained by a combination of several effects including
the evolution of autogenous deformations, viscoelastic effects
(i.e. age of loading and the rate of loading) and damage develop-
ment (microcracking) at different temperatures. This can be ex-
plained by considering that the stress (rR, MPa) developed up on
the restrained deformation of a cement paste (as applicable for
the ring tests) is a function of: (1) the magnitude of the imposed
deformation (expansion/shrinkage) and the extent of stress relaxed
and relieved due to (2) viscoelastic effects and (3) microcracking.
This relation is generalized in Eq. (7):

rR ¼ f ðrAD;rVE;rMCÞ ð7Þ

where rAD is the elastic stress developed due to the restraint of
(free) autogenous volume change (shrinkage/expansion, MPa), rVE

is the magnitude of stress relaxed due to viscoelastic (creep) defor-
mations (MPa) and rMC is the magnitude of stress relaxed due to
microcracking (MPa).

Since cement paste is an aging nonlinear viscoelastic material,
this results in substantial stress relaxation in restrained pastes at
early ages. When a shrinkage load is imposed on the paste, the
amount of stress that is relaxed is based on the duration of loading
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and on the maturity of the specimen (stiffness) at the time (age)
the load is applied. In the case of stress developed due to restrained
deformation, the rate of stress development also matters, which
depends on the rate of deformation of the paste and its elastic stiff-
ness. First, simple maturity transformations cannot be used to
transform the residual stress developed, as while a maturity trans-
formation incorporates the variable specimen age (i.e., maturity as
related to stiffness or strength; Fig. 9a) at loading, such methods
are incapable of transforming the duration over which the load is
applied (i.e., the rate of capillary stress loading which drives the
rate of shrinkage and stress development). As such, materials cured
at higher temperatures are under load for a shorter duration and
experience less stress relaxation while specimens at a lower tem-
perature can exhibit substantially more stress relaxation (Fig. 9c).

The argument of reduced stress relaxation at higher tempera-
tures is clearly substantiated by an examination of Fig. 9c which
describes the stress relaxation ratio, i.e., the ratio of the measured
residual to the calculated elastic stresses8 [81–83]. It is noted that
cement pastes cured at higher temperatures, which hydrate and
shrink faster (i.e., are loaded faster) are unable to substantially relax
shrinkage stresses (viscoelastically, due to the higher rate of load
application) which may suggest that these pastes likely develop
more distributed damage (microcracks) as a mechanism of stress
relaxation.9 A similar rate/extent of shrinkage dependent response
has also been noted in pastes made of cements of differing finenesses
which hydrate at different rates in a fashion analogous to a temper-
ature dependent effect [84]. This potentially explains why materials
cured at higher temperatures develop and fail at lower residual
stresses, as given the larger extent of damage/microcracking (and
the lower strength) of these systems, microcracks are able to pro-
gressively accumulate with increasing shrinkage and release stres-
ses, but also coalesce more readily to form macroscopic cracks,
when the specimen fails (Fig. 8) [83,85]. However, at lower temper-
atures, since the cement paste is loaded later and more slowly,
shrinkage stresses can be more readily relaxed through creep effects.
As such, less stress is dissipated in the form of distributed damage,
resulting in less microcracking (damage) in the material. This is an
important point as a smaller extent of microcracking ensures that
materials cured at lower temperatures are in effect more (damage)
resistant to macroscopic (i.e., unstable crack extension) damage
localization (Figs. 3 and 8). These aspects of viscoelastic and damage
(microcracking) effects which are not considered in the traditional
maturity approach invalidate its use to describe the influence of
temperature on stress development in cementitious materials.
6. Summary and conclusions

This research has comprehensively studied the influence of
temperature on the rate of cement hydration, autogenous defor-
mations and residual stress development under sealed conditions.
The apparent activation energy of cement hydration has been
quantified using isothermal calorimetry. The activation energy
8 The total elastic stress is computed using the incremental unrestrained volume
change of the paste, the elastic properties of the invar and cement paste and the
geometrical description of the ring setup. For detailed descriptions, the reader is
referred to the work of Hossain and Weiss [81].

9 First, while it may be argued that creep reduces with temperature, given the
limited variation in creep for the temperature range of interest, a larger extent of
stress relaxation is enabled at lower temperatures due to the increasing compliance
and the lower rate of deformation of the material. Second, this argument does not
consider the impact of temperature on the strength of the material. More detailed
analysis may indicate that while the initial flaw size in these materials is similar and
independent of the curing temperature (being similar in magnitude to the size of the
largest cement particle [6]), the critical flaw size which dictates failure varies,
increasing with decreasing temperature given the increased strength of cementitious
materials cured at lower temperatures.
thus determined was found to be 36.2 kJ/mol and 37.8 kJ/mol for
the plain and SRA containing mixtures respectively. The similarity
in the activation energy suggests that the addition of a SRA does
not appreciably influence the temperature sensitivity of cement
hydration.

It has been demonstrated that, while on certain occasions matu-
rity transformations may be able to describe the influence of tem-
perature on autogenous deformations for certain (plain) cement
pastes, within a restricted temperature range, in general they are
an inappropriate approach to represent the influence of tempera-
ture on autogenous deformations in (expansive) cementitious
materials containing SRAs. From a conceptual basis, this is princi-
pally because the application of the maturity approach is errone-
ous to predict any material property which shows a dependence
on a parameter other than the cement reaction (hydration) rate.
In the case of autogenous deformations, the varying temperature
sensitivity related to the cement reaction rate, autogenous RH
change, interfacial surface tension, expansive processes and pore-
structural effects cannot be captured by the singular application
of a maturity transformation. Further, it is shown that stress devel-
opment, in sealed systems, cured at different temperatures can
also not be described using a maturity function for any set of mix-
tures (cement chemistries) or environmental conditions. This point
is related to the inability to suitably maturity transform autoge-
nous deformations and incremental complications related to dam-
age (microcracking) and viscoelastic considerations which depend
on the age at which and the duration over which a load (i.e., cap-
illary stress) is applied on a sealed desiccating system.
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