Purdue University

Purdue e-Pubs

Lylee Scbool of Civil Engineering Faculty Lyles School of Civil Engineering
Publications

5-26-2011

Parametric Assessment of Stress Development and
Cracking in Restrained Mortars Containing
Internal Curing Under Autogenous and Thermal

Loading

Kambiz Raoufi
Purdue University

John Schlitter
Purdue University

Dale Bentz

Jason Weiss
Purdue University, jason.weiss@oregonstate.edu

Follow this and additional works at: http://docs.lib.purdue.edu/civeng

b Part of the Civil and Environmental Engineering Commons

Raoufi, Kambiz; Schlitter, John; Bentz, Dale; and Weiss, Jason, "Parametric Assessment of Stress Development and Cracking in
Restrained Mortars Containing Internal Curing Under Autogenous and Thermal Loading" (2011). Lyles School of Civil Engineering
Faculty Publications. Paper 7.

http://dx.doi.org/10.1155/2011/870128

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for

additional information.


http://docs.lib.purdue.edu?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/civeng?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/civeng?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/civl?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/civeng?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/251?utm_source=docs.lib.purdue.edu%2Fciveng%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages

Hindawi Publishing Corporation
Advances in Civil Engineering

Volume 2011, Article ID 870128, 16 pages
doi:10.1155/2011/870128

Research Article

Parametric Assessment of Stress Development and Cracking in
Internally Cured Restrained Mortars Experiencing Autogenous
Deformations and Thermal Loading

Kambiz Raoufi,! John Schlitter,! Dale Bentz,? and Jason Weiss!

ISchool of Civil Engineering, Purdue University, 550 Stadium Mall Drive, West Lafayette, IN 47907, USA
2 Engineering Laboratory, National Institute of Standards and Technology, 100 Bureau Drive, Stop 7313,

Gaithersburg, MD 20899, USA

Correspondence should be addressed to Kambiz Raoufi, kamraoufi@gmail.com

Received 22 January 2011; Accepted 26 May 2011

Academic Editor: Kent A. Harries

Copyright © 2011 Kambiz Raoufi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A finite element model is used to examine how the properties of cementitious mortar are related to the stress development in
the dual ring test. The results of this investigation are used to explain the thermal cracking behavior of mixtures containing
prewetted lightweight aggregates (LWA) by quantifying the contribution of several material properties individually. In addition
to the beneficial effects of using the LWA as an internal curing agent to reduce the autogenous shrinkage of concrete, the LWA
also helps to reduce the potential for thermal cracking due to a lower elastic modulus and increased stress relaxation. The rate of
stress development, age of cracking, and magnitude of the temperature drop necessary to induce cracking in a dual ring specimen
are dependent on a variety of factors, including the coefficient of thermal expansion of both the cementitious mortar and the
restraining rings, elastic modulus of the mortar, creep effect of the mortar, and rate of thermal loading. Depending on the rate of
cooling, cracking may or may not occur. The slowest rate of cooling (2.5°C/h) minimizes the effects of creep while cooling rates

faster than 8°C/h can produce a thermal gradient through the mortar cross-section that needs to be considered.

1. Introduction

When volume changes caused by the heating or cooling of
concrete are restrained, residual tensile stresses can develop
[1, 2]. These residual stresses can result in cracking if they
reach the tensile strength of the concrete. The potential
for cracking depends on a combination of a variety of
factors including the degree of restraint in the concrete [3],
the early-age mechanical property development of concrete
[4], the shrinkage of concrete [5], the thermal properties
of the concrete (e.g., coefficient of thermal expansion and
heat capacity) [6], the heat of hydration [6], the rate of
temperature change in concrete [7], and the environmental
conditions such as ambient temperature and wind speed [8].

The dual ring test has previously been used to study
the stress development and cracking behavior of concrete
materials that show shrinkage or expansion at early ages
[9-11]. The dual ring test consists of a mortar or concrete
specimen that is cast between two concentric restraining

rings. If materials for restraining rings are not selected
properly in the dual ring test, temperature changes can
substantially move the restraint boundaries and alter the
degree of restraint. As such, the restraining rings in tests
considered in this paper are constructed from Invar 36, a
metal alloy having a minimal coefficient of thermal expan-
sion [12-14] (Certain commercial equipment, instruments,
or materials are identified in this report in order to foster
understanding. Such identification is not intended to imply
recommendation or endorsement by the National Institute
of Standards and Technology nor Purdue University, nor
is it intended to imply that the materials or equipment
identified are necessarily the best available for the purpose.).
When concrete expands, its expansion is restrained by both
the inner and outer Invar rings and a compressive stress is
developed in the concrete specimen in the circumferential
direction. When the concrete shrinks, it is restrained by the
inner Invar ring and tensile stresses develop in the concrete
in the circumferential direction. The cracking potential of



concrete increases significantly once the residual tensile stress
approaches the tensile strength of concrete [5, 15].

Previously, researchers have used the dual ring test to
study the early-age cracking behavior of a cement paste
containing a shrinkage-reducing admixture and a cement
paste containing an expansive admixture [11, 16, 17]. Bentz
et al. [10] used the dual ring to illustrate the influence of
cement fineness on restrained shrinkage cracking of hydrat-
ing cement paste. Kim et al. [18] have extended the use of a
dual ring geometry to study the low-temperature cracking
performance of asphalt concrete mixtures. Schlitter et al.
[9] used a temperature drop approach to study the thermal
cracking of concrete and showed that using prewetted LWA
is beneficial in improving the thermal cracking resistance
of concrete. In this approach, the dual ring geometry was
maintained at a constant room temperature for a specific
time period; if cracking did not occur at this point, the
temperature was reduced to induce cracking. Schlitter et al.
[9] further used the dual ring geometry to characterize early-
age expansion behavior and shrinkage cracking performance
of concrete containing super absorbent polymers [19].

Restrained thermal and autogenous shrinkage are known
as two of the primary contributions to the potential for
cracking in concrete members at early ages [2]. Autogenous
shrinkage stresses and thermally induced residual stresses
can be approximated as being additive [4]. As such, an
increase in the magnitude of the shrinkage of concrete makes
the concrete more susceptible to thermal-induced cracking.
Recently, the use of the prewetted LWA has been advocated
as a method to reduce autogenous shrinkage. The prewetted
lightweight aggregate serves to increase relative humidity
inside the concrete, thereby reducing capillary tension and
the associated residual stress development in concrete [20,
21]. Shin et al. [22] have also shown that the use of aggregates
with reduced stiffness can improve the shrinkage cracking
resistance of concrete due to the combined effects of a lower
elastic modulus and higher stress relaxation.

This paper describes the use of finite element simulations
to quantify the influence of several material properties on the
rate of thermal stress development and cracking potential
in the dual ring test. The information from this study will
be used to refine how the results of the dual ring test are
interpreted, to refine the testing geometry and to assess how
the test should be used in specifications. Further, the impacts
of using prewetted LWA on improving the thermal cracking
performance of concrete are discussed.

2. Modeling Approach

Commercial finite element software, FEMMASSE HEAT
MLS 8.5, was used to model stress development and cracking
in the dual ring test. The finite element model enables
stresses, displacements, temperature profile, and cracking to
be determined throughout the dual ring geometry. A dual
ring geometry, similar to the geometry used by Schlitter et
al. [9], was modeled in this study. The geometry consisted of
an aging cementitious mortar/concrete annulus that was cast
between two concentric Invar rings. The mortar was treated

Advances in Civil Engineering

ROC =216 mm

FiGURE 1: Schematic overview of the finite element model.

as an aging viscoelastic material, with a cohesive fracture
behavior. Age-dependent tensile strength, elastic modulus, o-
w curves (i.e., fracture properties), and autogenous shrinkage
were measured separately [23] and used to simulate the
mortar/concrete specimen. The approach introduced by
Schlitter et al. [9] used cooling at different ages to determine
the reserve stress capacity. Time-dependent temperature
boundary conditions were used to reduce the temperature of
the specimen. Further details on the modeling approach can
be found elsewhere [24, 25].

The stress development and cracking in the model were
compared and calibrated with a similar dual ring experiment
[23]. A close agreement was observed between the stress
development and cracking in the model and the experiment.
The model was then used to perform a sensitivity analysis.
The magnitudes of input elastic modulus, the coefficient
of thermal expansion, rate of cooling, stress relaxation,
autogenous shrinkage, and heat capacity could be varied
independently in the model so that the impact of each input
property on the stress development and cracking could be
determined. The results of the sensitivity analysis were used
to explain the influence of prewetted lightweight aggregate
on the thermal stress development and cracking of concrete
specimens.

2.1. A Description of the Modeling Approach. Figure 1 shows
the geometry of the two-dimensional finite element model
that was used in this study. The geometry consisted of a
mortar/concrete annulus located between two concentric
Invar rings. It should be noted that since the geometry
of the mortar/concrete specimen is similar to that of the
ASTM C1581-09a restrained ring specimen [26], the degree
of restraint would be the same [26]. Additional details on
how this geometry was developed are given elsewhere [9, 27].

Plane stress conditions were assumed. Quadrilateral
four-node elements were used in the simulations. The mor-
tar/concrete and Invar rings were all modeled as individual
bodies. A series of frictionless cohesionless interface elements
were used to model possible separations of the materials at
their interface. This is similar to the conditions existing in
dual ring experiments [9].
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The Invar rings were assumed to remain in their elastic
region. A Rankine fracture criterion was used to model the
formation of a crack in the concrete (i.e., cracking started
when the maximum principal stress reached the strength
of the concrete). A cohesive zone model [28] was used to
describe the postpeak stress-crack opening behavior in the
concrete once the crack formed. To ensure similar crack
locations between different simulations, better interpret the
results, and increase numerical accuracy, the strength of a six-
degree section of the concrete ring (i.e., like a slice of a pie)
was reduced by 10%. The crack propagated normal to the
direction of maximum principal stress which was consistent
with the mesh orientation. A refined mesh was then used
in the six-degree concrete ring section to increase numerical
accuracy.

No moisture exchange was allowed from the concrete to
its surrounding environment. The temperatures at the inner
surface of the inner Invar ring and the outer surface of the
outer Invar ring were prescribed by a defined temperature
function. It should be noted that in contrast to conventional
convective boundary conditions, the heat transfer coefficient
was not considered in this case and the temperature of
materials at the boundary was instead defined by the
prescribed temperature functions. The temperature of the
specimen was maintained at 23°C until the cooling was
applied after 48 h from the time of casting at a constant rate
of 2.5°C/h (for the baseline case). This procedure is similar
to the temperature drop approach that is discussed in [9].

It is worth mentioning that when shrinkage (due to
autogenous shrinkage or temperature reduction) of a ring
specimen is restrained by an inner ring, tensile stresses
develop in the concrete specimen. The maximum tensile
stress due to autogenous shrinkage occurs in the circumfer-
ential direction at the interface between the specimen and
the inner restraining ring (as shown in Figure 1). Neglecting
any creep effect of the concrete and assuming elastic
material behavior, the stress development in the specimen
is dependent on both the stiffness and the geometry of
the concrete and restraining rings and would decrease as
a function of the inverse of the square of the ring radius
[29]. Since the concrete is an aging viscoelastic material,
the stress relaxation that occurs in the concrete reduces the
residual stress development. The magnitude of the stress
relaxation depends on the age of concrete, the rate of stress
development, the stress level, the duration of loading, the
moisture content, and the mechanical properties of concrete.

2.2. Input Material Properties. The properties used in this
study were chosen to represent five mortar mixtures which
had a water-to-cement ratio by mass (w/c) of 0.30 and
55% fine aggregate by volume [23]. Two different types of
prewetted LWA were used in [23] and are designated by
LWAK and IWAH in this paper. The mortar mixtures are
designated as LTWA-0, LWAK-8, IWAK-16, LWAH-12, and
LWAH-24 in this paper. LWA-0 represents the plain mortar
mixture, while LIIWAK-8 and LWAK-16 mixtures had 8.25%
and 16.5% of their total volume replaced with the prewetted
LWAK aggregates, respectively. Similarly, IWAH-12 and
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FIGURE 2: Elastic modulus development of mortar mixtures (fitted)
[23].

LWAH-24 had 11.85% and 23.7% of their total volume
replaced with the prewetted LTWAH aggregates. It should
be mentioned that these LWAK and LWAH aggregates have
different water absorption capacities (24 h water absorption
of 15.6% for LWAK and 10.5% for LWAH). As such, 16.5% or
23.7% volumes of LWAK or LWAH in these mortar mixtures
provide the same volume of internal curing water and this
volume compensates for the chemical shrinkage in these
mixtures [20, 23].

Cylindrical specimens (100 mm X 200 mm) were cast
according to ASTM C192 and tested to determine the
mechanical properties of the mortar mixtures at 1d, 3d,
and 7d from the time of casting. It should be noted that
all cylindrical specimens were demolded after 24 h and were
immediately sealed in plastic bags to prevent water loss. The
splitting tensile strength was determined using ASTM C 496-
04 [30], while the static elastic modulus was determined
according to ASTM C 469-02 [31]. The corrugated tube
protocol [32] was used to measure the early age autogenous
deformations of the mortar mixtures, and ASTM C 403-08
[33] was followed to determine time zero (taken as the time
of final set) in this analysis. These material properties were
fitted using commercial automated curve fitting software
[34], and were used as input values to simulate the mortar
behavior at early ages. Figures 2, 3, and 4 summarize
these input material properties. It can be seen in Figures 2
and 3 that the elastic modulus and tensile strength of the
mortar decreased as the volume replacement of the prewetted
LWA in the mortar increased. Further details on mixture
proportions, testing procedures, and measuring material
properties can be found in [23].
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FiGure 3: Tensile strength development of mortar mixtures (fitted)
[23].

To determine the coefficient of thermal expansion
(COTE) for the specimens, two mortar prisms (25 mm X
25mm X 285 mm) were cast for each mortar mixture. The
prisms were prepared according to ASTM C490-09 [35]. All
prisms were demolded after 24 h. They were immediately
sealed using aluminum tape after demolding to prevent
water loss and cured at 23°C for seven days. As specified
by ASTM C490-09 [35], a digital dial gage with a precision
of 0.001 mm was used to measure the length of specimens.
The temperature of the specimens was changed from 23°C
to 10°C and the length was measured after 24h. The
temperature was then changed to 38°C and the length
of the specimens was determined after another 24 h. The
lengths of the specimens at 10°C, 23°C, and 38°C were used
to determine the COTE. Measurements indicated that all
mortar mixtures had a similar COTE, and the COTE of
these mixtures did not appear to be statistically sensitive
to the presence of the LWAs that were used in this study
[36-38]. Based on these experiments, an average COTE
value of 14 pe/°C was used to model thermal deformations
of the mortar mixtures in the simulations. It should be
noted that while the actual COTE of mortar may not be
constant over a wide temperature range, for simplicity and
the relatively small temperature difference discussed in this
paper, a constant COTE was assumed.

Thermal conductivity of concrete is greatly dependent
on the density, moisture content, and microstructural
characteristics of concrete [36]. However, the influence of
thermal conductivity is not significant in relatively thin
concrete geometries such as the dual ring specimen. For
simplicity reasons, a constant volumetric heat capacity of
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F1GURE 4: Fitted autogenous shrinkage development of plain mortar
and mortars with the prewetted LWAs [23].

2100kJ/(m?-K) [9] and a constant thermal conductivity of
1.8 W/(m-K) [39] were used to characterize the thermophys-
ical properties of the mortar specimens. A wedge splitting
test was performed according to the procedure outlined in
[40] to determine fracture properties of these mixtures. It
was determined that these mixtures had a similar shape
for their softening curves, and a bilinear softening curve
was used to characterize the post-peak behavior of these
materials in this investigation. The softening relationship was
characterized by a knee point with a stress-to-strength ratio
of 0.35 and a crack width of 0.01 mm, and a critical crack
width of 0.08 mm.

An age-dependent Maxwell chain model with four
Maxwell elements was used to model stress relaxation
and creep [41]. The fourth unit in the Maxwell Chain
Model consisted of a spring to better model the aging
viscoelastic behavior of the specimen [25]. The coefficients
of the Maxwell Chain Model captured the aging creep
characteristics of concrete. To estimate the coefficients of
the Maxwell Chain Model, the stress development in the
model was compared with the stress development in a dual
ring experiment [23]. The age-dependent coefficients of the
Maxwell units were fitted at various ages to yield a similar
residual stress development in the dual ring model and the
experiment. The coefficients of the Maxwell units can be
found in [24].

Invar rings were assumed to have a constant elastic
modulus of 141 GPa, a constant Poisson’s ratio of 0.30, and a
constant COTE of 1.30 ue/°C [9, 12, 13].
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FIGURE 5: (a) Temperature profile and (b) average residual stress development in base case specimen when cooled at 48 h.

3. Thermal Cracking in Dual Ring Specimens

Schlitter et al. [9] used the dual ring test to study the
cracking behavior of concrete mixtures that experience early-
age autogenous shrinkage or expansion while undergoing
temperature changes. The rings were initially cured at
constant temperature of 23°C. At a specific predetermined
age, the specimens were cooled at a constant rate of 2.5°C/h
until the specimen cracked or the lower temperature limit of
the experimental setup was reached. The magnitude of the
temperature drop was used to quantify the thermal cracking
resistance of a concrete mixture at that age.

A similar procedure was used in this study, as illustrated
in Figure 5. The specimen was initially maintained at a
constant temperature of 23°C for the first 48 h. During
this time period, no stress was developed in the specimen
other than autogenous shrinkage-induced stress (which was
assumed to be zero for the base case model shown in
Figure 5). Cooling of the specimen began at 48h at the
rate of 2.5°C/h (Figure 5(a)). When the cooling began,
thermal deformations were restrained by the inner Invar
ring, resulting in the development of tensile stresses in
the specimen. A small temperature difference of 0.3°C was
observed in both physical experiments and FEM simulation
between the outside specimen circumference at the radius
of 215 mm and the center of the specimen at the radius of
190 mm during the cooling phase. As such, the temperature
distribution can be assumed to be uniform through the
concrete section. The simulated strength development and
the average tensile stress (i.e., average stress along the
radial direction) in the concrete specimen are illustrated
in Figure 5(b). It should be noted that the average tensile

stress values in this study were calculated as the average of
circumferential stress values at 10 equi-distance locations
along the radial direction of the concrete specimen and
outside of the reduced strength zone [5]. Once the cooling
started at 48 h, the rate of stress development increased to
0.45 MPa/h. Cracking occurred once the calculated average
stress approached the tensile strength and reached a peak
stress value. The peak average stress value is referred to as
the failure stress in this paper. Cracking of the ring specimen
is marked by a sharp drop in the average stress curve
as illustrated in Figure 5(b). In the base case simulation,
cracking occurred 11h after the cooling began, at which
time the temperature of the specimen was —4.5°C. This
corresponded to a temperature drop of 18.5°C (i.e., 23°C—
4.5°C = 18.5°C). It should be noted that the “base case”
model described in this work is only used for performing
the parametric study and does not represent a real control
specimen, since a real control plain mortar specimen could
experience autogenous shrinkage during the first 48 h.

To better explain the cracking behavior and stress
development in the dual ring specimen, the crack opening
displacement (COD) and stress distribution in the reduced
strength region of the reference (base case) ring specimen
are shown in Figure 6. It should be noted that the COD
is a defined fracture mechanics term that describes crack
opening at the tip of a propagating crack and, therefore,
it differs from the crack width term that is conventionally
used in literature. It can be seen that the stress reached the
strength of the concrete at the inner circumference of the
specimen and cracking initiated at 55h. The length of the
crack can be determined by locating the maximum stress
value at each time and its distance from the inner surface of
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FIGURE 6: (a) Crack opening displacement and (b) average residual stress profile in the reduced strength section of the base case ring specimen

when cooled at 48 h.

the ring. The crack propagated in a stable fashion between
55h and 58h. During this same time period, the length
of the crack grew to 45 mm through the concrete section,
which is 50 mm thick. The average section stress increased
while a small crack opening displacement was observed.
At 58h, the crack propagation phase began. During this
phase, the crack opening displacement began to increase
at a faster rate and stresses began to decrease through the
mortar wall. Once the crack opening displacement exceeded
the critical crack width of 0.08 mm at 60 h, the crack became
traction free and the specimen began to deform freely. For
the age of 60 hours, the information in Figure 6(b) should
be considered as illustrative rather than exact due to large
sudden deformations and model instability at the time of
concrete failure at 60 h.

Figure 7 compares calculated stresses in the plain mortar
specimen and the specimens containing different volumes
and types of the prewetted LWA. Figure 7 shows that each
mortar specimen experienced a different rate and magnitude
of stress development after the time of set. The differences in
the rate of stress development can be attributed to different
age-dependent mortar elastic modulus (Figure 2), stress
relaxation, and autogenous shrinkage development in these
mixtures (Figure 4). For example, the plain mortar specimen
(LWA-0) had the highest elastic modulus and autogenous
shrinkage, which lead to the highest rate and magnitude
of stress development. On the other hand, the ITWAK-
16 specimen developed a compressive stress at early ages

due to its early-age autogenous expansion (Figure 4). The
cooling began at 48h in all cases. After the cooling began,
thermal stresses began to be superimposed on the already
developing shrinkage stresses and the differences in rate of
stress development were further magnified. This behavior
is consistent with experimental observations as reported by
Schlitter et al. [27]. Consequently, several additional factors
such as the coefficient of thermal expansion, rate of heating,
heat capacity, and thermal conductivity can further influence
the stress development in these materials. This research
is aimed at quantifying the individual influences of each
of these factors on the stress development and cracking
behavior in the dual ring specimen test.

4. Sensitivity Analysis

To determine the sensitivity of the dual ring test to different
testing conditions and material properties, seven series of
simulations were performed. Only one factor was varied in
each series, while all other mixture properties were kept the
same as those of the plain mortar mixture. This allowed the
influence of each factor on the rate of stress development,
failure stress, the age of cracking, and the thermal resistance
of the dual ring specimen to be determined. The simulations
and results are summarized in Table 1. As shown in Table 1,
the influence of the concrete’s elastic modulus, the COTE
of mortar mixtures, the COTE of the metal rings, the rate
of cooling, the stress relaxation of concrete, the autogenous



Advances in Civil Engineering

Residual stress (MPa)

W
IIIIIIIIIIIIIIIIIIIIIII

|||IIIIIIIIIIIIII/\IIIIIIIII

0 12 24 36 48 60
Age of mortar (h)

- LWA-0 -- LWAH-12

—— LWAK-8 —=— [WAH-24

-%- LWAK-16

Ficure 7: Calculated residual stress development in dual ring
specimens when cooling began after 48 h.

shrinkage of concrete, and the concrete’s volumetric heat
capacity on stress development and cracking behavior were
investigated in this sensitivity analysis. The bold numbers in
Table 1 indicate cases where the rate of stress development
and the magnitude of the temperature drop to induce
cracking were highly sensitive to changes in a particular
variable. These simulations are discussed in the following
sections. Since the equations underlying the FEMMASSE
model do not contain many cross-product terms that are
based on the input parameters, as expected, no significant
effects on the rate of stress development were found when
multiple factors were varied at the same time (i.e., two factor
interactions were determined to be negligible).

4.1. Influence of Elastic Modulus. Adding prewetted light-
weight aggregate to the mortar influences its elastic modulus
in two ways. First, the addition of the lower stiffness
lightweight aggregate reduces the elastic modulus of the
composite [22, 42]. Second, the internal curing water stored
inside lightweight aggregates increases the cement hydration
and thereby increases the elastic modulus of the matrix
accordingly [43]. The net effect is generally a reduction in
elastic modulus as shown in Figure 2 [23]. To determine
the role of elastic modulus on the stress development and
cracking in the dual ring specimen, six simulations were
performed. The elastic modulus of plain mortar was altered
by +£20%, +40%, and £60% in these simulations while all
other mortar properties were held the same as that of the base
case specimen (Table 1).

Figure 8(a) shows the influence of elastic modulus on
the rate of stress development in the dual ring specimen.

In the absence of shrinkage deformation, no residual stress
was developed before the cooling began and stresses were
developed starting at 48 h. Figure 8(a) shows that increasing
the mortar elastic modulus increased the rate of stress devel-
opment, and the specimen cracked earlier. When the mortar
elastic modulus was reduced to 40% of its initial magnitude,
stresses developed at a rate of 0.25MPa/h while stresses
developed at a rate of 0.69 MPa/h when the elastic modulus
was increased to 160% of its baseline value. It should be
noted that three phenomena occurred when reducing the
elastic modulus of the mortar specimen. First, the degree
of restraint of the dual ring test increased with a reduction
in the mortar elastic modulus [5, 44]. Increasing the degree
of restraint acts to increase the stress developed for a given
strain value. However, the second effect involves a direct
reduction of stress development in the specimen for a given
strain due to Hooke’s Law. The third effect, which was less
significant than the other two effects, included an increase
in stress relaxation with reducing the elastic modulus. The
second effect has a greater influence on stress development;
therefore, the observed rate of stress development decreased
with a reduction in the elastic modulus of the mortar
specimen.

The effects of specimen elastic modulus on the magni-
tude of the temperature drop required to induce cracking and
on the average section stress of the specimen at failure are
shown in Figure 8(b). As the elastic modulus was reduced,
stresses developed more slowly and a larger temperature
drop was needed to crack the specimen. It should be noted
that the magnitude of the required temperature drop started
to increase at a greater rate as the mortar elastic modulus
fell below 80% of the plain mortar elastic modulus. This
behavior can be attributed to greater stress relaxation and
creep in mortar specimens with lower elastic modulus values.
It should be noted that the stress relaxation was increased
when the specimen cracked at a later age.

Figure 8(b) shows that the average stress of the specimen
at failure was reduced with an increasing elastic modulus.
To explain the influence of elastic modulus on the failure
stress and stress distribution in the specimen, the stress
distribution and crack opening displacement through the
wall of the concrete ring are shown in Figure 9 during the
stable and unstable crack propagations. It can be seen in
Figure 9 that considerable crack opening and unloading
began to occur in the cracked region as the crack grew in
size. The unloading and crack opening were more significant
in the specimens with reduced elastic modulus (Figure 9)
than in the base case (Figure 6). The greater unloading of the
cracked specimen can be explained by the existence of a more
compliant crack in specimens with a lower elastic modulus.
As the elastic modulus of the specimen was reduced, its
stiffness was reduced, crack opening displacement increased,
and stress transfer and softening through surfaces of a crack
were reduced. As such, the failure stress (average section
stress at the onset of unstable cracking) was reduced with
decreasing elastic modulus. Due to the additional effect of
stress relaxation, the effect of elastic modulus on reducing
the average stress at failure of the specimen became more
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elastic modulus was reduced by 60%.

significant when the reduction in the mortar elastic modulus

exceeded 20%.

4.2. Influence of Coefficient of Thermal Expansion of Invar
and Concrete. When the dual ring was cooled, both the

concrete and the two restraining rings underwent different
rates of thermal deformations as based on their respective
COTEs. As such, the rate of thermal stress development was
greatly dependent on the COTEs of the mortar material
and restraining rings. Although a similar linear COTE of
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14 ue/°C was used for all mortar mixtures in this study,
it must be mentioned that the COTE is highly dependent
on the aggregate composition, aggregate volume, moisture
content, and the presence of IWA particles [2, 45, 46]. It
has been reported that a concrete with lightweight aggregates
generally has a smaller COTE than that of a concrete with
normal weight aggregates [36-38]. This however was not
observed in the mortars examined in this investigation.

To determine the sensitivity of the dual ring test to the
COTE of the mortar, a series of simulations was performed.
The COTE of the mortar specimen was varied from 2 pe/°C
to 24 ue/°C as shown in Table 1. The effects of the COTE
on the stress development and on the cracking behavior
are shown in Figure 10(a). As expected, the rate of stress
development (i.e., the slope of the residual stress versus time
curve) increased with increasing the COTE of the specimen.
While thermal stresses in the specimen with a COTE of
24 pe/°C increased at a rate of 0.91 MPa/h, the rate of stress
development was diminished to 0.04 MPa/h when the COTE
was reduced to 2 ue/°C. Cracking occurred at an earlier age
when the COTE of the mortar increased. Cracking occurred
after 11h of cooling in the base case specimen, while no
cracking occurred after 48 h of cooling when the COTE of
the mortar was reduced to 2 pe/°C. It is further noticed that
the average section stress of the ring specimens at failure was
reduced as the COTE of the mortar and the rate of stress
development were reduced. This reduction in the average
stress of the ring specimens at failure can be attributed
to higher stress relaxation and the corresponding stress

redistribution along the radial direction in these specimens
[47-49].

Restraining rings can theoretically be made from any
material. If the COTE of the restraining ring is higher than
that of the concrete, the restraining rings shrink more than
the specimen upon cooling and the outer restraining ring
would apply a compressive force on the specimen. Five series
of simulations were performed in addition to the base case
(i.e., the Invar rings) to determine the influence of the COTE
of the restraining rings on stress development in the dual ring
test. Restraining rings with COTE values of 0 ue/°C, 1.3 pue/°C
(Invar), 7 pue/°C, 12 ye/°C (COTE for a typical steel), and
18 pe/° C were simulated. Figure 10(b) illustrates the effect of
the COTE of the restraining ring on the stress development in
the dual ring specimen. It can be seen that when the COTE of
the restraining rings approached that of the concrete, the rate
of stress development in the specimen was greatly reduced. It
should be noted that no stress would develop in the specimen
if both concrete and restraining rings have the same COTE.
As shown by the COTE,¢— 18 curve in Figure 10(b), a
compressive stress started to develop in the specimen under
cooling once the COTE of restraining rings exceeded that of
the concrete specimen.

Figure 11(a) shows the influence of the relative thermal
deformations of the specimen and the restraining ring (as
shown by the difference between their COTEs) on the
stress development and age of cracking. It can be seen
that the rate of stress development was proportional to the
difference between the COTEs of the mortar specimen and
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cracking, (b) the magnitude of temperature drop, and the reduction in average stress of dual ring specimen at failure.

the restraining rings. As expected, as the difference between
the COTEs of the specimen and the restraining rings was
reduced, the rate of stress development was reduced and the
specimen became less prone to cracking.

It can be seen that while a high stiffness material with
a high COTE such as 12 ue/°C (COTE for a typical steel)
may provide sufficient stiffness and can be conveniently used
in the conventional restraining ring test (which is done at a
constant temperature), it may not be so suitable to study the
thermal cracking behavior of concrete in the dual ring test.
Since the COTE for concrete typically varies between 5 and
15 ue/°C [36, 37], using restraining rings with a high COTE
may not be appropriate in dual ring test (Figure 11(b)).
When restraining rings with such a high COTE are used, the
restraint moves substantially with temperature variations,
a higher extent of stress relaxation occurs, the average
section stress of the specimen at failure is reduced, and a
higher temperature drop is needed to crack the specimen.
Consequently, the thermal cracking performance of concrete
would be better assessed using restraining rings with a lower
COTE, such as those made from Invar.

4.3. Influence of the Rate of Cooling. The influence of the rate
of loading on the failure stress of concrete has been studied
by various researchers in the past [47, 48, 50-52]. When the
loading rate is reduced, stresses in concrete are relaxed due to
effects of creep of concrete under sustained load, stresses are
redistributed, and the average stress of specimens at failure
is generally reduced [47, 50, 51]. A series of simulations was
performed to quantify the influence of the rate of cooling on
stress development in the dual ring test. Five cooling rates
of (0.5, 1.0, 2.0, 3.0, 5.0, 8.0, and 10.0)°C/h were simulated
in this series, in addition to the base case cooling rate of

2.5°C/h, as indicated in Table 1. No shrinkage was considered
in the simulations and the cooling started at 48 h.

Figure 12(a) illustrates the influence of the rate of cooling
on the stress development and cracking in the dual ring
test. As expected, the rate of stress development in the
specimen increased with an increase in the rate of cooling.
When the temperature was reduced at a faster rate, the
thermal stresses developed faster and cracking occurred at an
earlier age. While a minimal temperature gradient of 0.3°C
was observed in the base case specimen, the temperature
difference between the center and outer surfaces of the
specimens exceeded 1°C when the cooling rate exceeded
8.0°C/h. As such, it is reccommended to keep the cooling rate
below 8.0°C/h to limit the thermal stress gradient through
the concrete cross-section. It should be noted that this
rate of cooling is well above the cooling capacity of most
conventional cooling devices and the highest rate of cooling
will likely be limited by the cooling device.

Figure 12(b) shows that the magnitude of the tempera-
ture drop necessary to induce cracking was highly dependent
on the rate of cooling. As the cooling rate was reduced, a
higher magnitude of temperature drop was needed to crack
the specimen. The magnitude of the required temperature
drop increased significantly once the cooling rate became
smaller than 2.5°C/h. For example, while only a temperature
drop of 27.5°C was needed to crack the specimen at the
cooling rate of 2.5°C/h, the computed magnitude of the
temperature drop was increased to 122.5°C at the cooling
rate of 0.5°C/h. As such, a specimen may or may not
crack in the dual ring test depending on the cooling rate.
The influence of the cooling rate on average stress of the
specimen at failure is shown in Figure 12(b). The failure
load of the specimen began to decrease once the loading rate
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reduction and the average stress at failure in the dual ring test.

became smaller than 2.5°C/h and specimens began to crack
at noticeably later ages. The stress relaxation of concrete
increased as specimens cracked at later ages. The higher
stress relaxation resulted in the formation of more compliant
cracks and the corresponding stress redistribution. The stress
redistribution reduced the average stress through the cross-
section at failure as the rate of thermal loading decreased.

4.4. Influence of Creep and Stress Relaxation. Due to the
lower stiffness of the LWA, the creep and stress relaxation
of mortar materials containing LWA is generally expected
to increase with increasing the volume of low-stiffness LWA
[22, 42]. However, the increase in cement hydration due to
the internal curing results in a reduction in the creep and
stress relaxation of mortar materials [53]. As such, the net
effect of prewetted LWA on the creep and stress relaxation
of mortar materials depends on both the volume of low-
stiffness LWA and the beneficial contribution of the internal
curing on cement hydration. A series of simulations was
performed to assess the influence of stress relaxation on the
stress development and cracking potential in the dual ring
test. The coefficients of the Maxwell chain model for the
plain mortar were modified to increase the stress relaxation.
The percent increase in stress relaxation relative to the plain
mortar was then calculated by comparing the calculated
relaxed stresses with the stress development of the plain
mortar specimen. Five different cases with increasing stress
relaxations of 5%, 13%, 22%, 32%, and 42% were simulated
as designated by R— 5, R— 13, R— 22, R— 32, and R— 42
in Table 1, respectively. It should be noted that the only
difference in each case was the level of stress relaxation.
Figure 13(a) shows the influence of the stress relaxation
on the rate of stress development in the dual ring specimens.

As expected, when the stress relaxation increased, stresses
developed at a lower rate, the magnitude of the temperature
drop to induce cracking was increased (Figure 13(b)), and
cracking occurred at a later age, resulting in a lower cracking
potential at higher levels of stress relaxation. Figure 13(b)
shows that the average failure stress of the specimens
decreased nearly linearly with increasing stress relaxation.
This can be attributed to an increase in the compliance of
cracks due to an increase in stress relaxation, resulting in
a stress redistribution and a concurrent reduction in the
average stresses in the ring at the time of unstable cracking.

4.5. Influence of Shrinkage of Concrete. Thermal and shrink-
age effects are known as two main causes of early-age
cracking in concrete elements. When both thermal and
shrinkage effects are present, both factors contribute to
the stress development and cracking. The contribution of
each factor to cracking can vary based on environmental
conditions and mixture properties.

A series of simulations was performed to illustrate the
influence of autogenous shrinkage on the thermal cracking
behavior in the dual ring test. Seven different cases were
simulated. The primary difference among the simulations
was the magnitude of the autogenous shrinkage. The input
shrinkage values for each case were modified by —140%,
—120%, —60%, —40%, —20%, +20%, +40%, and +60% as
designated by Sh + 102, Sh + 51, Sh — 102, Sh — 153, Sh
— 204, Sh — 306, Sh — 357, and Sh — 408, respectively.
The number following the “Sh” letters in these designations
indicates the value of autogenous shrinkage at 48 h. All other
model inputs were held the same as those of the plain mortar
as indicated in Table 1. The cooling began after 48 h from
the time of casting in all cases. As such, the specimens were
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only subjected to autogenous shrinkage deformations during
the first 48 h while they were subjected to simultaneous
shrinkage and temperature deformations after 48 h. It should
be noted that the Sh + 102 and Sh + 51 specimens simulate
thermal stress development in specimens that were subjected
to an initial autogenous expansion.

Figure 14(a) illustrates the influence of shrinkage on
the stress development and cracking in the dual ring test.
The stress development in all specimens, as expected, was
proportional to the autogenous shrinkage values during the
first 48 h. For example, the stress level in Sh + 102 specimen
with a shrinkage level of +102 ye at 48 h was —0.22 MPa (the
negative sign indicates compressive stress) while the stress
level in the Sh — 306 specimen with a 48 h shrinkage level
of —306 ue was 3.96 MPa. It should be noted that due to
their high shrinkage intensities, the Sh — 357 and Sh — 408
specimens cracked 38h and 21h after the time of casting,
respectively. As such, they were not subjected to thermal
loading and their rate of thermal stress development and
temperature drop are noted by N.A. in Table 1.

Once the cooling started, stresses began to increase at the
rate of 0.518 MPa/h in all specimens (Figure 14(a)). However,
the rate of stress development began to decrease once the
shrinkage magnitude exceeded 204 pe at 48 h. For example,
the rate of stress development is reduced to 0.456 MPa/h
in the case of Sh — 306 specimen. This can be explained
by the formation of shrinkage-induced cracks before the
cooling began at 48h. When shrinkage-induced stresses
reached the tensile strength at the inner surface of the Sh
— 306 specimen at 36 h, cracking began and propagated in
a stable fashion in the specimen. The growth of the crack
between 36 h and 48 h (when the cooling began) reduced the
stiffness of the specimen, resulting in a slower rate of stress

development once the cooling started. It should be noted that
the specimens with higher shrinkage intensities (i.e., the Sh
— 357 and Sh — 408 specimens) cracked before cooling began
and are not discussed further.

The influence of autogenous shrinkage on the average
stresses at the failure of the dual ring specimens is illustrated
in Figure 14(b). Due to the high rate of cooling (i.e.,
2.5°C/h), no significant stress redistribution occurred and
the average section stress of the specimens remained insensi-
tive to the autogenous shrinkage. Figure 14(b) shows that the
magnitude of temperature drop decreased linearly with an
increase in the autogenous shrinkage of the specimens. The
specimens were more prone to thermal cracking when they
were exposed to high levels of shrinkage-induced stresses
before the start of cooling. In contrast and as expected,
the specimens that experienced early-age autogenous expan-
sion illustrated a better thermal cracking performance and
cracked last (Figure 14(a)).

4.6. Influence of Thermal Heat Capacity. It has been reported
that the specific heat capacity of concrete is a function of the
water content and density of concrete [6]. As a result, the heat
capacity of concrete made with prewetted LWA is expected
to increase with the amount of internal curing water and
reduce with increasing the volume of low-density LWA. To
determine the influence of variations in the volumetric heat
capacity on the rate of thermal stress development in the dual
ring test, another series of simulations was performed. As
shown in Table 1, four cases were modeled in addition to the
base case specimen, where the primary difference between
each case was the value of heat capacity. The magnitude of the
volumetric heat capacity of the plain mortar (i.e., base case
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FIGURE 14: Influence of autogenous shrinkage on (a) the stress development and the age of cracking, (b) the magnitude of temperature
reduction, stresses at 48 h, and the average section stress at failure in dual ring test.

specimen), 2100 kJ/(m?-K), was varied by +10% and +20%
in each simulation. The results indicated that the thermal
stress development and cracking behavior of the specimen
in the dual ring test were not sensitive to the changes in
heat capacity. This can be explained by the fact that the
dual ring test is a temperature controlled test. Since it was
the temperature of the system that was controlled (not the
amount of heat flow from the system), the heat capacity of
the specimen was not a significant material property in the
dual ring testing.

5. Conclusions

The dual ring geometry was modeled using finite element
analysis. A parametric study was performed to examine the
thermal cracking behavior of concrete mixtures containing
prewetted lightweight aggregates by quantifying the individ-
ual contribution of several material properties. Knowing the
dual ring test’s sensitivity to these material properties would
help to better interpret the results of dual ring testing. The
following conclusions can be made based on the simulation
results.

Stresses developed at a slower rate and cracking occurred
at a later age when the elastic modulus of concrete was
reduced (i.e., the concrete was more compliant). As such, a
larger temperature drop was needed to crack the specimen
with a lower elastic modulus. Due to the higher compliance,
significant unloading and stress redistribution was observed
during crack propagation in the dual ring specimen with a
reduced elastic modulus. This resulted in a lower average
concrete section stress at the time of failure. This behavior
became more significant when the elastic modulus of

concrete was reduced by more than 20% and greater stress
relaxation occurred.

Stress development and cracking behavior were influ-
enced by the COTE of the specimen and the COTE of the
restraining rings. It was determined that the rate of stress
development in the dual ring test was directly proportional to
the difference between the COTEs of the specimen and that
of the restraining rings. When the COTE of the restraining
rings was increased, stresses developed at a slower rate. As
a result, the thermal cracking resistance of concrete can be
viewed as being artificially improved by using a restraining
ring with a COTE value near that of concrete. Consequently,
it is recommended that Invar or other materials with
minimal COTE should be used.

As expected, the rate of stress development was pro-
portional to the rate of cooling in the dual ring test. As
the rate of cooling of the specimen was reduced, a higher
temperature drop was needed to crack the specimen. It was
shown that cracking may or may not occur in a dual ring
specimen, depending on the rate of cooling. The slowest
rate of cooling recommended is 2.5°C/h. When the cooling
rate exceeded 8°C/h, a considerable temperature difference
between the center and boundary of the specimen developed.
To limit the thermal stress gradient through the concrete
cross section, it is recommended to keep the cooling rate
below 8.0°C/h.

When the stress relaxation and creep of the specimen
were increased, the rate of stress development was reduced
and a higher temperature drop was needed to crack the
specimen. Higher stress relaxation resulted in a more
compliant crack and corresponding stress redistribution and
unloading in the cracked region.
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The thermal cracking performance of the specimens
improved with reducing their autogenous shrinkage. While
the magnitude of shrinkage did not affect the rate of stress
development, the temperature drop necessary to induce
cracking was increased when decreasing the autogenous
shrinkage. At high shrinkage levels, the presence of shrinkage
induced cracks reduced the stiffness of the specimen, thereby
reducing the rate of thermal stress development when the
cooling was initiated.
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