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ABSTRACT

The pursuit of high early-age strength concrete has led to mixtures with higher heat of hydration rates at
early ages which produces higher temperatures and an overall increased risk of cracking. This study uses
a two-phase micromechanical model to compute thermal stresses based on both coefficient of thermal
expansion (CTE) and elastic Young’s modulus (E) mismatches between aggregates and the cementitious
matrix. Concrete specimens were prepared using four types of coarse aggregates (different CTE and E),
and subjected to temperature cycles to generate thermal cracking. Fluorescence microscopy, compressive
strength, dynamic elastic Young’s modulus, and electrical resistivity were used to characterize the effect
of this induced thermal cracking. Experimental results were in agreement with the two-phase model and
it was concluded that the interaction pressure (P) between phases could be used to estimate the impact
on the mechanical and transportation properties of a temperature gradient at early age.
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1. Introduction

The main driving force in concrete construction over the last
few decades has been construction speed, which has pushed the
industry to develop high early-age strength concrete. These mix-
ture designs promote the use of high cement contents, a low
water-to-cement ratio (w/c), finer cements, and high-C3A, con-
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tents, among others [1]. The resulting materials are commonly
referred to as high-strength concretes [2]|. Unfortunately, these
mixtures are more prone to cracking [3] mainly because they tend
to contain a higher paste fraction and exhibit more pronounced
self-desiccation, chemical shrinkage [4], and autogenous shrinkage
[2,5].

In addition, the higher cement content per unit volume and the
use of finer cements increase both the initial rate and the total
released heat of hydration, which can lead to an increase in tem-
perature gradients inside the material. Differential thermal expan-
sion of the concrete constituents may produce stresses and
cracking that negatively affect the mechanical properties and dura-
bility of concrete [6-9]. These stresses occur in the early stages of
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the concrete, when it is more vulnerable to cracking [5,10]. Fur-
thermore, the increased temperature that accelerates cement
hydration [11], produces lower quality and more porous calcium
silicate hydrates (CSH) [12]. Moreover, concrete temperatures
greater than 70 °C can induce chemical modifications of the hard-
ened phases and lead to expansion due to delayed ettringite forma-
tion (DEF) [13-15].

The ACI committee 207 defines two types of thermal gradients
that can lead to thermal stress development: a “surface gradient”,
which is the difference in temperature between two locations in
the concrete element, and a “mass gradient”, which is the difference
in temperature between two periods of time, usually between the
internal peak temperature and the annual average ambient tem-
perature [16].

The surface gradient usually generates cracking due to differen-
tial expansion between the center and the edges of the structural
elements due to differences in temperature at a certain instant
[16,17]. The mass gradients usually generates cracking due to
external restraint to thermal volume change, leading to thermal
stresses [16].

A third kind of thermal cracking phenomena has its origin on
the multi-phase nature of concrete and can be denoted as “interfa-
cial restraint gradient”. This interfacial restraint gradient originates
in the thermo-mechanical mismatches between concrete con-
stituents, i.e., aggregates and cementitious matrix [18-21], which
lead to generation of internal restraint and thermal stresses. These
stresses occur at early ages in the interfacial transition zone (ITZ),
which exhibits lower strength and higher porosity compared with
those of the bulk matrix [22-24].

Although several studies and efforts have been carried out in
order to control and mitigate surface gradient [25-27] and mass
gradient [28,29] effects, less information is available on interfacial
restraint gradient effects. Moreover, a lack of knowledge of the
effects of internal restraint and thermo-mechanical mismatches
between concrete phases on key design parameters (i.e., compres-
sive strength and elastic Young’s modulus), leads to uncertainty in
the actual load-bearing capacity of concrete subjected to high tem-
peratures at early age. Few studies exist in the assessment of per-
meability of damaged concrete [30-32], which further affects
durability, but still not directly related to thermal cracking by
interfacial restraint gradient. Understanding how the aggregate
and cementitious matrix properties affect the thermo-mechanical
mismatches is crucial in assessment and design of concrete mix-
tures with reduced microcracking risk for the purpose of ensuring
mechanical and durability performance.

2. Objective

The aim of this research is assess the impact of aggregate and
matrix thermo-mechanical properties (CTE and elastic Young's
modulus) mismatches on thermal stresses and potential cracking
of concrete by using a micromechanical model.

3. Proposed two-phase micromechanical model

It is widely accepted that concrete is most accurately represent-
ed as a three-phase material [23], including the aggregates, cement
paste, and the ITZ between them. The ITZ has been described as the
explanation for the quasi-ductile behavior of concrete [24], and
several studies attempted to characterize and understand this par-
ticular phase [33-36]. Despite the recognized relevance of the ITZ
in explaining concrete behavior, the inherent difficulties in mea-
suring the mechanical and thermal properties at a micro-scale
makes it impractical to fully incorporate the ITZ in models.
Advances have been made in this matter using nano-indentation,

which consistently shows that the ITZ has higher porosity and low-
er modulus of elasticity than the bulk matrix. However, most of
these studies also verify the high variability of elastic properties
of the ITZ, turning the selection of a specific value for modeling less
representative and highly inaccurate [33-35,37,38]. For this rea-
son, a widely adopted approach considers concrete as a two-phase
material: the coarse aggregates and the bulk matrix of mortar sur-
rounding them. This simplification has been successfully used to
model and predict relevant properties of concrete, i.e., elastic
Young’s modulus and coefficient of thermal expansion [21,39-41].

Another assumption of the model is that the cementitious
matrix exhibits an elastic behavior. In reality, creep and stress
relaxation are relevant phenomena occurring early ages [1,42-
44], that are not represented in the model. Since the inelastic
behavior decrease stresses [1] at the ITZ, the stresses computed
with the model are higher than the exact thermal stresses, giving
a conservative approach.

Due to the composite nature of concrete, understanding the
elastic and thermal compatibility of its components is crucial for
predicting and modeling concrete behavior with reasonable accura-
cy [19]. In particular, temperature fluctuations in concrete during
cement hydration produce differential strains between the concrete
phases and thus the thermally induced stresses that generate
microcracking [19,45]. Assuming a uniform temperature distribu-
tion in all concrete phases, the main thermo-mechanical variables
that control the magnitude of these stresses are the differences in
elastic Young’s modulus (E) and the coefficient of thermal expan-
sion (CTE) of the aggregates and the matrix [20,21]. The occurrence
of differential strains is well explained by the mismatch between
the thermo-mechanical parameters of the aggregates and the
matrix.

Based on the general formulation presented by Zhou et al. [21],
a two-phase model is proposed in this work to assess the thermal
stresses between concrete composites in different thermo-me-
chanical mismatch scenarios. As shown in Fig. 1, the microme-
chanical model consists of a spherical aggregate particle of radius
a surrounded by an infinite thickness spherical shell matrix. This
model applies a temperature change from Ty to T;, which will be
denoted as AT. This parameter represents the temperature varia-
tion of a particular place at two different time periods.

Properties and values related to the aggregate and matrix phase
will be denoted with the subscripts 1 and 2, respectively. The radial
strain (&) and the tangential strain (&) generated in the interface
between the aggregate and the bulk matrix are given by [46]:

Fig. 1. Two-phase model of concrete consisting of an aggregate particle surrounded
by an infinite mortar matrix.
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where the subscript i refers to the considered phase (1 or 2), g, and
o, are the radial and tangential stress, respectively, and u; is the
Poisson ratio of phase i. It can be assumed that the differential ther-
mal deformations of the concrete phases are represented by an
equivalent thermal interaction pressure (P) present in the interface
between them (Fig. 2a and b). It should be noted that in a 2D formu-
lation at the equator of the spherical aggregate the external shell is
equivalent to a cylindrical section. As derived from a simple spheri-
cal model of internal radius a and infinite wall thickness with inter-
action pressure P applied on its cavity (Fig. 2b) at a distance r from
the center, the stresses are represented as described in [20]:

3

a
0-1'2 = —20}2 = —Pr—3 (3)

In this convention, positive values represent tensile stresses.
Similarly, for a solid sphere of radius a subjected to an external
pressure P (Fig. 2a), the radial and tangential stresses are given by:

On =0n = —P 4)

Substituting Eqs. (3) and (4) into Egs. (1) and (2) and applying
the strain compatibility conditions at r=a (& = &x|r-q), the value
of the thermal interaction pressure P is obtained as:

AT(CTE,; — CTE,)
P= Lo, | 120 ®)
2E, E

The radial and tangential stress and strain for both phases can
be obtained by substituting the obtained value of P into Eqgs. (1)
through (4).

As expected, Eq. (5) clarifies the linear relationship of P with the
CTE mismatch between the aggregate and the matrix represented
by the coefficient (CTE; — CTE,), and the non-linear relationship
of P with the elastic mismatch between the aggregate and the
matrix represented by E; and E,. From analysis of Egs. (3) through
(5), it can be observed that with a positive value of AT (tem-
perature increment), if CTE; > CTE,, tensile stresses are generated
in the tangential direction of the second phase (matrix), and thus
microcracks are more likely to be generated in the radial direction
from the aggregate particle (Fig. 3a). Similarly, if CTE; < CTE,, the
tensile stresses are oriented in the radial direction in both phases,
and microcracks are prone to appear with a tangential orientation
between the phases surrounding the aggregate particle (Fig. 3b).

The interaction between fine aggregate particles and cement
paste is neglected in the proposed model because ITZ and therefore

(@)

(b)

Fig. 2. (a) Solid sphere of radius a with applied external pressure P applied; (b) spherical shell of infinite thickness with internal pressure P.
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Fig. 3. (a) Tangential tensile stresses and radial microcracks induced when CTE; > CTE, and AT > 0; (b) radial tensile stresses and tangential microcracks induced when

CTE; < CTE; and AT> 0.
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microcracking are most likely to occur around large aggregate par-
ticles [23] if both, large and fine particles, have similar angularities
and surface texture [47].

4. Thermal history and cement hydration

An increase in temperature of concrete, especially at early ages,
significantly affect the strength development due to the faster
cement hydration [1]. For this reason, many researchers have
focused their efforts on developing relationships between tem-
perature and strength [48]. In addition, the hydration products
generated at accelerated rates due to higher temperatures exhibit
a coarser and more porous structure [12], which explains the lower
long-term strength reached by concrete cured at higher tem-
peratures [42,49]| compare with those cured at 20 °C.

Saul [50] introduced the maturity concept 60 years ago to
account for this effect. According to his research, maturity is the
product of temperature history (T(t)) and time (Eq. (6)), accounting
for a datum temperature (Tp) below which hydration is unlikely to
occur [51,52]:

M= /0 (T(t) — Tp)dt (6)

The ASTM C1074 [53] recommends use of a datum temperature
of 0 °C for Type I Portland cement cured between 0 °C and 40 °C. An
alternative approach to the maturity function is the equivalent age
concept (teq), defined as the curing time required at a reference
temperature (Tg) to achieve the same maturity level as a concrete
that undergoes the actual time-temperature cycle [49,52,54]. The
most widely used function for computing equivalent age at a refer-
ence temperature Ty is based on the Arrhenius equation [53,55]:

(T =S #(v4)
a(Tr) =) e x At 7)
t=0

where teq(Tr) is the equivalent age at the reference temperature Tx
(K), Tc (K), is the concrete temperature, At is the time interval (days
or hours), R is the ideal gas constant (8.314 J/mol/K), and E, is the
apparent activation energy (in J/mol), which combines the tem-
perature sensitivity of the several chemical reactions occurring dur-
ing cement hydration into one parameter [55]. The same study
presents a method used to determine E, using isothermal calorime-
try, which provides a useful tool for accurately modeling the

cement hydration kinetics and computing equivalent ages at which
samples subjected to different time-temperature cycles can be
assumed to have the same degree of hydration.

5. Experimental program

The variety of aggregates used in concrete mixtures poses inherent challenges
to characterization and engineering of key properties required to improve perfor-
mance and mechanical behavior in a cementitious matrix [18]. Each type of aggre-
gate type contains a mineralogical composition that conditions the fundamental
thermo-mechanical parameters E; and CTE;, of that particular rock. This fact makes
an individual assessment of the CTE and elastic mismatch between the aggregate
and the bulk matrix phase impossible because both variables necessarily vary
together when the aggregate mineralogy changes.

Temperature variations generate aggregate thermal strain that can be simply
denoted as CTE;AT, where CTE, is the aggregate CTE. A variation in o4 changes
the thermal stress, increasing or decreasing the CTE mismatch (CTE; — CTE;) with
the matrix. In parallel, a variation in the aggregate elastic Young’s modulus E; has
an non-linear impact on the magnitude of the thermal stress induced by the strains
generated due to a temperature change, as shown in Eq. (5). Because E; and CTE, are
given for a certain aggregate and cannot be varied independently, different time-
temperature cycles were used to artificially hold the aggregate thermal strain con-
stant (CTE,AT). Thus, the same aggregate expansion scenario can be achieved over a
wide range of E; values.

Similarly, for a given aggregate, time-temperature cycle adjustments can be
used to simulate aggregate thermal strain variations while holding E; constant. This
goal is achieved by modification of the AT term in the CTE,AT expression. The
effects of this external handling on the stresses generated between the concrete
phases are equivalent to an apparent CTE; modification for a given aggregate of
known elastic Young’s modulus E;.

The values of v; and v, were assumed as 0.2 [21]. Because the value of P repre-
sents a uniform stress in the aggregate and bulk matrix surfaces, the effect of this
assumption has low relevance compared with the elastic Young’s modulus and
CTE mismatches. A representation of the thermo-mechanical experimental design
is shown in Fig. 4, and details of the considered aggregates will be presented in
the Materials and Methods section.

5.1. Design of time-temperature cycles

Four different types of coarse aggregates were selected to explore a wide range
of thermo-mechanical properties: expanded shale (LA, lightweight aggregate), cal-
careous gravel (CA, normal weight aggregate), siliceous gravel (SA, normal weight
aggregate), and magnetite (HA, heavyweight aggregate).

Four experimental points were defined in the iso-thermal strain axis, one for
each type of aggregate used. Temperature adjustments were chosen accordingly
to account for the different CTE; value of each aggregate while holding CTE;AT con-
stant in all cases (determination of aggregate properties will be presented in next
section). To explore the effects of the apparent CTE; variation (iso-stiffness axis),
the LA and SA were selected due to their significantly different stiffnesses as well
as the broad use and availability in the SA case. The experimental points are pre-
sented schematically in Fig. 4.

12.48 GPa 50.24 GPa 55.45 GPa 85.70 GPa
} E+ axis
LA-1 CA-1 SA-1 HA -1
356 e Expanded Shale Calcareous Gravel Siliceous Gravel Magnetite
Max AT = 63.51°C Max AT = 60.58°C Max AT = 75.34°C Max AT = 51.16°C
LA-2 SA-2
178 ue Expanded Shale Siliceous Gravel
Max AT = 31.75°C Max AT = 37.67°C
v
(%)
=
[\
|_
<
L
|_
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Fig. 4. Experimental points explored over a conceptual two-axis thermo-mechanical design.
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The time-temperature cycles were based on a real temperature record obtained
from a massive concrete foundation. The cooling portion was adjusted to exhibit
symmetry with the starting heating ramp, and the general shape of the thermal
cycle is shown in Fig. 5. The values of T;, and Tyvax (1-day and maximum tem-
perature, respectively) and the aggregate maximum thermal strains are presented
in Table 1 for each of the experimental points. Max AT was computed as the differ-
ence between Tyax and To (20 °C).

5.2. Concrete mixture proportions

The concrete mixtures were produced using four different types of coarse
aggregates. The same base mortar matrix was used for all mixtures and was based
on siliceous fine aggregate and Type I ordinary Portland cement (OPC). In all cases,
the coarse aggregate volume fraction was 37.5%, and a water to cement ratio of 0.55
was selected based on the literature to minimize the effects of autogenous shrink-
age [5,56-59], so thermal strain is the main phenomenon inducing stresses [60].
OPC and fine aggregate dosage was fixed at 350 kg/m> and 820 kg/m?>, respectively.

Fifteen 10 x 20 cm cylinders, six 10 x 10 x 30 cm prism specimens, and eight
2.5 x 5.0 cm cylinders were cast for each of the six experimental points studied
(Fig. 4). The specimens were placed at an environmental chamber for 24 h at
(20 £ 3) °C and covered with plastic sheet to avoid evaporation until removed from
the molds.

5.3. Thermal damage testing

After removal from the molds, the specimens were weighed and randomly
assigned to the thermal cycle (TC) and equivalent age curing (TE) groups.
Five10 x 20 cm cylinders, three 10 x 10 x 30 cm prisms, and four 2.5 x 5.0 cm
cylinders each composed the TC and TE specimen groups.

The TC group refers to specimens subjected to the time-temperature cycles
described in Table 1 and were intended to measure the effect of thermal stresses
on the concrete properties. The TE group consisted of a set of specimens identical

-r1 TMAX

Imposed Temperature

[~ i1t 71 7 ' 1T T 1]
0 1 2 3 4 5 6
Thermal Cycle Time (days)

Fig. 5. Basic shape of the time-temperature cycle applied to the concrete
specimens.

Table 1
Temperature parameters for each experimental point.
Experimental point Ty (°C) Twmax (°C) Max AT (°C)  Max o AT (ue)
LA-1 79.4 83.5 63.5 356
CA-1 76.7 80.6 60.6 356
SA-1 90.5 95.3 75.3 356
HA-1 67.9 71.2 51.2 356
LA-2 49.7 51.8 31.8 178
SA-2 55.3 57.7 37.7 178

to the TC group and intended to serve as a non-damaged material reference; the
specimens in this group were cured at (20 * 3) °C for the equivalent age calculated
using Eq. (7), and the time-temperature cycle of the TC group. The initial tests on
instrumented specimens showed that the maximum temperature gradients
between the core and surface (surface gradient) was only 1.5 °C regardless of the
specimen size and shape, which was sufficient to neglect the surface gradient effect
and to consider damage produced by a pure interfacial restraint gradient effect [42].
Specimens from the TC and TE groups were sealed using aluminum tape before
undergoing thermal cycles and curing at 20 °C, respectively. This method proved
to be effective in avoiding water losses at high temperatures, which was relevant
to avoid the concrete swelling and drying/shrinkage effects present in other curing
methods.

For modeling purposes, the reference frame at which stress and strain are
assumed to be zero occurs at the beginning of each thermal cycle. Thus, all the com-
puted stresses are attributed to the time-temperature cycles imposed to the
samples.

5.3.1. Fluorescence microscopy

Fluorescence optical microscopy has been proven as a powerful technique for
performing qualitative and quantitative measurements of microcracking in con-
crete [61-64]. In this study, fluorescence microscopy was used as a tool for qualita-
tive identification of the crack density and morphology in specimens subjected to
the time-temperature cycle and the equivalent-age curing. Samples of 1cm in
height were cut from the 2.5 x 5.0 cm cylinder specimens of the TC and TE groups
using a low-speed saw. The samples were cleaned in an ultrasonic bath for 10 min
using iso-propanol as cleaning medium. After removal from the bath, the samples
were cleaned with compressed air, dried at 35°C and 720-mmHg vacuum, and
stored under those conditions for 2 h. The samples were finally impregnated using
an ultra-low viscosity and high-hardness resin combined with fluorescein (FITC) as
a fluorochrome. To avoid additional exposure of the samples to temperatures that
could result in unintended microcracking, the resin was cured using UV radiation
for 48 h at a laboratory temperature of 20 °C. After curing, the samples were pol-
ished using a standard grinding machine prior to observation. The TE samples were
prepared using the same procedure as the TC samples and were intended to provide
a reference for cracking generated by the preparation method and other phe-
nomena unrelated to the thermal cycle.

5.3.2. Compressive strength

The compressive strength was measured on 10 x 20 cm cylinder specimens of
each TC and TE group. For the TC and TE specimens, tests were performed after
the thermal cycle and equivalent age curing periods, respectively. After completion
of electrical resistivity testing, the specimens were also tested for compressive
strength. It should be noted that no significant difference in results were observed
between the saturated and non-saturated specimens.

5.3.3. Dynamic elastic Young’s modulus

The dynamic elastic Young’s modulus was measured on 10 x 10 x 30 cm prism
specimens of the TC and TE groups according to the ASTM C215 procedure [65]. This
method was selected due to its suitability and sensitivity to measurement of con-
crete damage due to microcracking in freeze-thaw tests. It should be mentioned
that the dynamic elastic Young’s modulus test is based on measurement of the fun-
damental resonant frequencies of the specimen and is therefore non-destructive.

5.3.4. Electrical resistivity

The electrical resistivity was measured in 10 x 20 cm cylinder specimens of the
TC and TE groups based on the axial-measurement method described by Spragg
et al. [66] to compare changes in the concrete pore percolation due to the presence
of microcracks. In this method, two stainless steel plates are placed at the ends of
the 10 x 20 cm cylinder and connected to the same surface resistivity meter used
in the Wenner probe apparatus [67]. The obtained electrical resistance values are
normalized by the cross-sectional area-to-length ratio of the cylinder to calculate
the bulk resistivity of the specimen. Three cylinder specimens were randomly
selected, the aluminum tape was removed, and the specimens were submerged
in water for 24 h at 20 °C to achieve saturation of cracks before testing.

6. Materials characterization
6.1. Cementitious matrix constituents

To accurately predict the cement hydration using the Arrhenius
equation and calculate the equivalent age (Eq. (7)), an accurate
measure of the activation energy (E,) is required. The procedure
based on isothermal calorimetry described by Poole et al. [55]
was used. While other methods to determine E, are available such
as the compressive strength method proposed in ASTM C1074 for
strength estimating purposes [53,68], isothermal calorimetry mea-
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sures directly heat evolution and thus, this method would seem to
be a better approach to degree of hydration estimation than com-
pressive strength [69]. The OPC phase composition was deter-
mined using X-ray diffraction (XRD) and Rietveld refinement
analysis. Fluorite was used as an internal standard to account for
the amorphous fraction and to correct the Rietveld results based
on the procedure proposed by Chancey et al. [70]. The identified
main phases and the phase composition are shown in Table 2.

Isothermal calorimetry tests were carried out using TAM Air
isothermal calorimeter at 10 °C, 20 °C, 32 °C and 40 °C. In all cases,
a0.55 w/c cement paste was used. The maximum heat of hydration
(Hy) used to normalize the heat curves and obtain the degree of
hydration plots was calculated using the equation proposed by
Bogue [71]:

Hy = 500 - pe,s + 260 - pe,s + 866 - o, + 420 - peap + 624
“Pso, + 1186 - Prreeca + 850 - Pgo (8)

where p, represents the mass ratio of phase x to the total cement
material. A commercial non-linear regression package was
employed to adjust the model presented in [55] with the obtained
degree-of-hydration plots. The computed value for H, was
460.17 ]J/g, which is in good agreement with total heat of hydration
values reported for numerous other OPC samples [55,71]. The
apparent activation energy was subsequently calculated using the
equation proposed by Schindler [11], and the resulting value was
45,880 J/mol. This parameter was used to compute the equivalent
ages using Eq. (7) for all experimental points. The heat plots togeth-
er with the regression fit at each temperature and the Arrhenius
plot of the applied OPC are presented in Fig. 6.

The bulk matrix CTE (CTE,) was measured over time using
2.54 x 2.54 x 25.4 cm prismatic specimens and a digital length
comparator. The applied mixture proportions were the same as
those used for concrete but without the coarse aggregate. Because
the matrix CTE is influenced by the relative humidity (RH) content
[72], the specimens were sealed using aluminum tape after
removal from the molds to avoid desiccation during the testing
procedure. Samples were then tested and stored in this sealed
unsaturated condition. Fifteen specimens were prepared, and three
of each type were tested daily from 2 d to 28 d in age and every
week up to 66 d. The specimens were heated to 50 °C, measured
in the length comparator (Lsg), and subsequently cooled to room
temperature (Tyap) for a new length measurement (Ly ). The tem-
perature was recorded using a thermocouple embedded within one
specimen subjected to the same time-temperature cycle and used
exclusively for temperature recording. The CTE of the matrix (CTE;)
was computed using Eq. (9):

Lso—Liag

_ Liag
CTE; = 557 )

Table 2
QXRD analysis of the OPC using the Rietveld refinement and fluorite as an internal
standard.

The results for CTE tests of the bulk matrix are presented in
Fig. 7 in which a clear increasing trend is observed during the first
20 d. This observation is consistent with previous results [72] and
is attributed to the reduction in autogenous RH. Even considering
this RH reduction, the selected w/c ratio of 0.55 has shown to be
high to maintain RH above critical values [73,74], and to neglect
effects of autogenous shrinkage. After 40d of curing, the CTE
change with time stabilizes, presumably due to a reduction in
the hydration rate.

6.2. CTE and E of coarse aggregates

The aggregate CTE (CTE;) was measured using thermo-me-
chanical analysis (TMA) using a TA 943 instrument. Tests were car-
ried out between —20 °C and 120 °C in samples with four different
grains for each type of aggregate. For the LA aggregate, eight grains
were considered in four tests parallel to the cleavage plane and
four tests perpendicular to the cleavage plane. The grains were
cooled from room temperature (approximately 25 °C) to —30°C
and held until the temperature stabilized. All aggregates were test-

Mineral name Formula Rietveld presence (% by wt.)
Quartz Si0, 1.0
Bassanite 2CaS04(H,0) 31
Anhydrite CaS04 1.1
Calcite CaCOs3 1.8
Fluorite (L.S.) CaF, 115
Lime CaCOs3 0.7
C3A cubic 3Ca0-Al,03 8.6
Alpha C,S 2Ca0-Si0, 53
Beta C,S 2Ca0-Si0, 1.7
Ferrite (C4AF) 4Ca0-Al,03-Fe,03 6.8
Alite (C5S) 3Ca0-Si0, 58.4
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ed in oven dry condition. The specimen was heated to 130 °C at a
rate of 5°C/min. The test was performed under a load of 1g
(10mN) and a flow of dry nitrogen at 25 mL/min. If the data
showed excessive noise, extreme discontinuities, or outlier behav-
ior due to sample placement or outer vibration, the data collection
process was halted, the grain was re-cooled, and the test was
restarted. In all cases, good linearly between thermal deformation
and temperature increase was observed in the range explored. The
averages and standard deviations of the measured CTE values are
summarized in Table 3.

The aggregate elastic Young’s modulus (E;) of the aggregate
grains is difficult to measure due to the irregular shapes that they
present. Several composite models were proposed for estimating
the concrete elastic Young’s modulus based on matrix and aggre-
gate properties [40]. The Hirsch model was selected due to good
agreement between the predicted and theoretical values [39]. In
this study, the concrete and bulk matrix elastic moduli (Ec and
En, respectively) were measured to compute the aggregate elastic
Young's modulus using Eq. (10) with knowledge of the volume
fraction of the aggregate (V,). The concrete mixtures were assem-
bled following the procedure proposed by Moreno et al. [75] using
a V, equal to 0.4. The x parameter was experimentally adjusted
using steel and aluminum chunks as coarse aggregates and was
estimated at 0.5. Values for each aggregate type are presented in
Table 3:

1

Ec=
x[ﬁ+ 1"’“] +(1-x) [*]
E Em VaE1+(1-Va)Em

(10)

7. Results and discussion
7.1. Fluorescence microscopy

Thermo-mechanical characterization of the coarse aggregates
(Table 3) and the bulk matrix (Fig. 7) showed that all four aggre-
gates had a CTE significantly lower than that of the matrix (i.e.,
CTE, < CTE;), and this difference increases with the age of the
matrix. Based on the proposed two-phase micromechanical model,
these results suggest that upon heating, the expected microcracks
are more likely to be oriented similar to those in Fig. 3b because
the tensile stresses will develop in the radial direction. This pre-
sumption was confirmed based on fluorescence microscope obser-
vation of TC specimens of all experimental points considered. The
microcracks were distributed primarily along the ITZ surrounding
the aggregates, as shown in the micrographs (Fig. 8a-f) for all
aggregate types and time-temperature cycles imposed. Dark field
(DF) images of the same micrograph for each fluorescence picture
are included to aid in phase identification.

To assure that the microcracks observed in Fig. 8 were in fact
due to thermal stresses and not due to drying shrinkage or artifacts
that occurred during sample preparation, careful observations of
TE samples were conducted. The presence of microcracks was sig-
nificantly lower compared with that of the TC samples, as shown in
Fig. 9.

Table 3
Aggregate CTE (CTE;) and elastic Young’s modulus (E;) computed using the
compound Hirsch model.

Aggregate  Specific Average CTE; STD Average STD

type gravity (SSD)  (1075/°C) (10 E,(GPa)  (GPa)
Pa °C)

LA 1.628 5.61 0.52 12.48 0.45

CA 2.566 5.88 2.73 50.24 8.37

SA 2.698 4.73 0.74 55.45 2.80

HA 4.220 6.96 0.52 85.70 240
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Fig. 7. Bulk matrix CTE (CTE,) measured over time.

Fluorescence microscopy observations confirmed the presence
of microcracks at different levels and extensions in the TC samples.
The presence of incremental damage due to time-temperature
cycles validates the need for statistical analysis of the influence
of such damage on the mechanical and transport properties (com-
pressive strength, elastic Young’s modulus, and electrical resis-
tivity) and the use of mechanical parameters in the two-phase
micromechanical model.

In addition to the thermal stresses and damage, it should be
noted that a lower quality and higher porosity CSH matrix would
have been generated due to the increased rate of reaction in the
TC samples. Thus, the overall damage to the concrete is due to
the increased thermal stresses and increased matrix porosity.

7.2. Compressive strength

The results of the compressive strength tests are shown in
Fig. 10 and are divided into two charts (a and b) according to the
experimental program design: the first one shows the iso-thermal
strain and the second one displays the iso-stiffness experimental
points, as defined on Section 5.1. The hatched bars show the TE
results, and the overlapped grey bars present the TC results. The
gap between the gray and the green-dashed bars represents the
strength loss due to thermally induced microcracks.

Statistically significant strength losses were observed in all of
the high aggregate expansion series (Fig. 10a). A greater relative
strength loss was observed in the SA-1 specimens attributed to
the high CTE mismatch combined with a relatively high elastic
Young’s modulus of this aggregate, which leads to an increased
deformation of the matrix and a high maximum interaction pres-
sure (P) value. It is interesting to note that a high stiffness aggre-
gate such as the HA will not necessarily lead to high thermal
stresses between the aggregate and the bulk matrix because the
value of P is determined not only by the elastic Young’s modulus
of the aggregate but also by its CTE. Particularly in the HA case,
its high elastic Young’s modulus is compensated to a certain extent
with the reduced CTE mismatch between the HA and the bulk
matrix. This situation yields a lower value of P compared with that
of the SA and CA. In the same way, although the LA has a higher
CTE mismatch compared with HA, its stiffness is significantly low-
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Fig. 8. Dark field (DF) and fluorescence images of microcracks observed on the ITZ on all experimental series (a-f).

er, resulting in the lowest computed maximum P value. All of these Fig. 10b shows that no significant strength losses were observed
theoretical derivations based on aggregate and bulk matrix charac- in the LA-2 specimens, which imply that the thermal stresses gen-
terizations are observed in the compressive strength results. erated were lower than the developing tensile strength of the
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matrix, and thus, significant microcracking did not occur during
the thermal cycle.

To correlate the experimental results with the theoretical
derivations from the micromechanical model, two reference para-
meters were selected. The interaction pressure P, due to the direct
relationship between this value and the stresses in both phases and
its ease of computation, making it suitable to be used as a practical
index of thermal damage. In addition, the radial deformation of the
bulk matrix ¢, was selected because tensile stresses will occur pri-
marily in this direction according to the model (Fig. 3b).

The average compressive strength performance ratios were
computed by dividing the average strength of the TC specimens
into the corresponding average strength of the TE specimens for

Dark Field Image (DF)
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each of the six experimental points. These ratios are a numerical
representation of the strength losses for which a ratio of 1 implies
no loss in compressive strength of TC specimens compared with
that of the TE specimens. The plots of TC/TE compressive strength
ratios against their corresponding maximum P (Fig. 11a) or &
(Fig. 11b) values achieved during the time-temperature cycles
were analyzed, and a non-linear trend was observed.

It is interesting to note that the computed ¢, values are consis-
tent with the strains that cement paste and concrete are able to
withstand before rupture. In the case of SA-1, which presented
the most pronounced loss in strength, the maximum radial matrix
strains were close to 0.003 mm/mm, suggesting that the maximum
strain capacity on average of the matrix was overcome. The non-

Fluorescence Image (FITC)

L
300 um

Fig. 9. Dark field (DF) and fluorescence images of the ITZ zone in samples not subjected to thermal stresses.
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linear behavior of the compressive strength loss trend could be
attributed to presence of the ITZ, neglected in the proposed model.
The quasi-brittle behavior of concrete under compression is
attributed to multiple microcrack development on the ITZ [24].
In addition, formation of microcracks is not uniform over the load-
ing range [76]. Thus, the relationship between P and compressive
strength is expected to be non-linear.

7.3. Dynamic elastic Young's modulus

The results of measurements of the dynamic elastic Young'’s
modulus are presented in Fig. 12 using the same data distribution
described for compressive strength.

149

Consistent with the findings for compressive strength, larger
elastic Young’s modulus losses for the TC concrete specimens were
observed in SA-1 and CA-1. Statistically significant differences
between the corresponding TC and TE results were observed in
all of the high aggregate expansion series (Fig. 12a) and only in
the SA-2 specimens in the low aggregate expansion level (Fig. 12b).

Similar to the compressive strength results, the average elastic
Young’s modulus performance ratios were computed by dividing
the average elastic Young’s modulus of TC specimens into the cor-
responding average result of the TE specimens for each of the six
experimental points. Plots of the TC/TE elastic Young’s modulus
ratios against their corresponding maximum P (Fig. 13a) and ¢,
(Fig. 13b) values achieved during the thermal cycle were studied.

| [ TE samples [_____] TC Samples

50 50
§ 45 — (a) sl - 45
Q40 — 39,61 g — 40
g 35 — 34‘93 /‘]7/ — 35
= 7 36.87
é 30 — —4 32.19 — 30
o 25 2402 |2929 - 25
250 i — 20
= 2158
9 15 — ~ 15
£ 10— - 10
c
5‘ 5 — -5

0 0
LA-1 CA-1 SA-1 HA -1

50 50
g 45 - (b) - a5
O] | -
;’,40 36,95 40
ERET sy L 35
>
B 50 34.4 L 30
% 25 25
2 21,96
u_:jzo— 21.19 — 20
o 15 - 15
E 10— — 10
s L s
a

0 0

LA-2 SA-2

Fig. 12. Dynamic elastic Young’s modulus results of TC and TE specimens: (a) high aggregate thermal expansion level; (b) low aggregate thermal expansion level. Error bars

represent the standard deviation of the average of three samples.
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Fig. 15. (a) TC/TE electrical resistivity ratios correlated with P values; (b) TC/TE electrical resistivity ratios correlated with &, values.

In this case, a linear trend was observed between the elastic
Young's modulus losses represented by the ratios and the maxi-
mum P and &,.

7.4. Electrical resistivity

The electrical resistivity tests were intended as an indication of
concrete percolation due to microcrack propagation. This and other
common permeability tests, i.e., the ASTM C1202 rapid chloride
penetration test, are based on the assumption that a variation in
electrical current passing through the concrete specimen can be
attributed to pore and microcrack interconnection and thus to a
higher concrete permeability [7,77-79]. For this reason, the inclu-
sion of a conductive material inside the concrete could lead to mis-
leading results because an increase in the current passing through
concrete could be attributed not only to increased permeability but
also to the presence of the conductive material. The HA aggregates
have a high iron content, which is evidenced in its pronounced fer-
romagnetic behavior, and therefore, the electrical resistivity results
do not apply to the HA specimens.

The results of electrical resistivity measurements are presented
in Fig. 14 using the same data distribution described for the com-
pressive strength and dynamic elastic Young’s modulus. As expect-
ed, the electrical resistivity values of the HA-1 specimens are
significantly lower than those of other specimens containing
non-conductive aggregates. Because the bulk matrix is the same
in all concrete specimens considered in this study, the difference
is attributed to the conductive characteristics of this particular
aggregate type.

As observed from the mechanical properties, the major relative
permeability increases are observed in the SA-1 and CA-1 speci-
mens (Fig. 14a). For the low aggregate expansion series
(Fig. 14b), no statistically significant difference was observed in
LA-2, and a slight increase in permeability was measured in the
SA-2 specimens subjected to a time-temperature cycle. Due to
the conductive character of the HA aggregate, the results cannot
be attributed only to an increased permeability. The aggregate pro-
portion in each particular 10 x 20 cm cylinder, which might vary
due to the compaction procedure [80], could affect the results of
this particular specimen group.

For this reason, these results were excluded from the statisti-
cal comparison between the electrical resistivity ratios and max-
imum P and ¢, values; these results are shown on Fig. 15a and
b, respectively, and a linear trend was observed between the
resistivity losses represented by the ratios and the maximum P
and é&p.

8. Conclusions

Thermal stresses are generated in early-age concrete due to
heat release from the ongoing cement hydration. Because concrete
is a complex mixture of different constituents, thermo-mechanical
mismatches occur, which generate differential expansion between
the concrete phases, resulting in stresses. These stresses occur
when the cementitious matrix begins to develop stiffness and thus
restricts the expansion of the concrete phases. In addition, the
matrix tensile strength undergoes early stages of development,
leaving the concrete prone to microcracking and damage due to
this effect.

The objective of this study was to understand the driving
mechanical factors that control the thermal stress generation in
the interface between the aggregate and the bulk matrix. A two-
phase (aggregates and bulk matrix) micromechanical model was
proposed to predict the thermal stresses based on thermo-me-
chanical mismatches between concrete phases. Two main mis-
matches were identified: CTE mismatch and elastic mismatch.

Extensive characterization of the concrete phases was carried
out to ensure proper modeling of the thermal stresses and thus
enable the comparison of these predictions with the observed per-
formance under experimental conditions. These conditions were
intended to damage the concrete using time-temperature cycles
imposed in a controlled laboratory environment. Based on the
experimental measurements and theoretical calculations, the fol-
lowing conclusions can be stated:

1. A simplified two-phase concrete model showed to be useful for
prediction of damage to concrete from the thermal stresses.
Additionally, the non-complex form of the expressions derived
from this model makes it suitable for application to thermal
cracking risk assessment in real structures and mixture design
procedures based on thermo-mechanical characterization of
concrete constituents. Despite it has been shown that the ITZ
is the locus of all damage observed, the simplified two-phase
model showed to be reliable to estimate the order of magnitude
of the impact of thermal cracking on strength, elastic modulus
and permeability.

2. The interaction pressure P showed to be a good parameter for
estimating the thermal cracking damage expressed as the dete-
rioration in compressive strength, modulus of elasticity, and
permeability. To accurately apply the proposed model and com-
pute P, a careful thermo-mechanical characterization (CTE and
elastic Young’s modulus) of the concrete phases should be car-
ried out.
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Fig. A.1. OPC particle size distribution (PSD). The solid line represents the
cumulative PSD, and the dashed line corresponds to the differential results.

3. Fluorescence microscopy was demonstrated as a valuable tool
for evaluating the presence and morphology of damage at the
ITZ. This approach is particularly relevant to relate the observed
damage with the computed thermal stresses.

4. Considering the high variability in the thermo-mechanical
properties of aggregates of natural origin, such as those used
in this study, the model is able to produce an order of magni-
tude of the expected deterioration of the considered concrete
properties. Although alternatives to measuring the CTE and
stiffness of coarse aggregates were presented in this study,
the inherent difficulties in measuring these properties in aggre-
gates of irregular shape poses additional challenges to the
development of new testing methods for accurate measure-
ment of these parameters in a more simple and direct manner.

The elastic approach used in this study neglects the time-de-
pendent behavior in cement paste, i.e., creep and stress relaxation,
and thus, it tends to overestimate the stresses in the ITZ. However,
the strain and interaction pressure P calculations allowed for a
good estimate of the thermal damage level. In addition, particle
interactions are not considered and thus, the model is only valid
at the dilute limit. This simplification may impact on the absolute
values of the interaction pressure, but keeps the model in a simpler

Table A.1
Cement chemical characterization.

Composition as oxides (%) OPC
Si0, 20.39
Al;05 6.01
Fe,0; 3.15
Cao 63.25
Na,O 0.15
K0 0.75
MnO 0.07
TiO, 0.27
MgO 1.30
P,0s 0.08
SrO 0.03
SO; 235
LOI 1.72
Specific gravity (g/cm?) 3.122

form requiring only the main thermo-mechanical variables to be
computed.

Further research is required to assess the effects of cement sub-
stitutions, the use of admixtures, variations in the mixture propor-
tions, and other design properties on the thermo-mechanical
parameters. Future work is needed to understand and develop
new methodologies that reduce the thermal cracking risk at the
design stage and to address the thermo-mechanical compatibility

orientation, rather than mitigating heat release at the construction
site.
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Appendix A. OPC physical and chemical characterization

The Type I OPC chemical composition presented in terms of oxi-
des measured with X-ray fluorescence (XRF) is shown in Table A.1,
and the particle size distribution (PSD) is presented in Fig. A.1.

The X-Ray diffraction pattern of the employed OPC is shown on
Fig. A.2.
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