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ABSTRACT

An experimental study is conducted to simulate the thermal stresses generated in mass concrete. Accurate
prediction of the thermal stresses by analysis is quite difficult particularly at early ages, due to uncertain age-
dependent properties of concrete. A series of tests was conducted in which the amount of restraint in a
thermal stress device (TSD) was varied. The effect of aging and the amount of restraint on stress development
that can occur in realistic structures was evaluated. The influence of the uncertain early-age properties of
concrete (i.e., elastic modulus, thermal dilation, autogenous deformation and transitional thermal creep), on
the generation of thermal stresses was incorporated using a TSD due to the simultaneous development of
temperature and the corresponding stress in a restrained specimen from the very beginning of the process.
The effect of various amounts of restraint on the generation of thermal stress was pronounced. Numerical
simulations of the thermal stress setup were also performed using the finite element code DIANA to verify
and extend the experimental interpretation and to determine the maximum value of restrained stress which
would occur under highest level of restraint. Adopting this methodology may simplify the complexity of
thermal stress analyses (i.e., more precise 3-D thermal stress analysis can be performed using material
properties achieved from 1-D uniaxial tests) due to the difficulty of accurately determining the early-age

properties of concrete.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The generation of thermal stresses is a well-known and major
cause of early-age thermal cracking of massive concrete structures.
Thermal stresses are generally caused by the restraining of volumetric
deformations shortly after concrete is placed. These types of stresses
cause damage to structures or degradation of their structural
serviceability. They can also cause a loss of water tightness and
durability, especially in marine environments. The complexity of the
initial concrete properties is another major problem reported in early-
age thermal cracking simulations [1-3]. These include the time of
cracking due to the existing inherent variability in both the residual
stress and in the development of the tensile strength. Considering the
concrete properties that are actually time-dependent along with
realistic restraint conditions is important when working to eliminate
undesirable cracking in immature concrete and ultimately enhance
the service life of concrete facilities. The degree of restraint is
considered to be one of the crucial factors involved in the estimation
of the early-age cracking of concrete when other parameters are kept
constant [4]. Several studies have been performed on common
restraint conditions [5-7]. A realistic assessment of the restraint
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conditions is vital due to the significant effects of these conditions on
the generation of cracks.

An experimental approach for reproducing restraint conditions
(i.e., the restraint variation that can occur in an actual structure) using
TSD in early-age concrete is proposed in this paper [8]. The concept
and shape of the TSD are shown in Figs. 1 and 2, respectively. The
amount of restraint that may influence the thermal stress and cracking
of immature concrete can be changed in the experimental TSD. The
concept of higher restrained stresses with a higher amount of restraint
[9] is shown in Fig. 3. The problem of very-high-temperature
generation, especially in the interior of the structure or at any other
location, is achieved more effectively by placing the TSD inside a
programmable temperature- and humidity-controlled chamber. The
use of a temperature and humidity control chamber in this study is
superior to the use of a copper/polyethylene plate in preventing
shrinkage in a thermal crack apparatus [10] or to the use of wood/
polystyrene for temperature control in a cracking frame [11]. The
influence of inherited material variability, such as the evolution of the
elastic modulus, the thermal dilation coefficient, transitional thermal
creep, or autogenous shrinkage is automatically incorporated in the
measurement of thermal stresses.

Numerical simulation of the experimental setup used the finite
element code DIANA Ver. 8.1.2. Finite element simulation was used to
verify and extend the experimental interpretation for the development


mailto:kimjinkeun@kaist.ac.kr
http://dx.doi.org/10.1016/j.cemconres.2008.12.008
http://www.sciencedirect.com/science/journal/00088846

M.N. Amin et al. / Cement and Concrete Research 39 (2009) 154-164 155

Time

Ke > Xf
: Internal restraint (interior)
External restraint (whole section)

Prescribed conditions

B

Time

Temperature

e <t
. Internal restraint (surface)

~ Concrete stress ~— Concrete stress

(a) Time

—_
2]

Fig. 1. Concept of the thermal stress measuring device: (a) Prescribed temperature
history, (b) frame material with a lower thermal expansion coefficient than that of
concrete, and (c) frame material with a higher thermal expansion than that of concrete
[8].

of a relationship between the restraint variation and the generation
of stress. A parametric study concerning early-age transitional ther-
mal creep behavior and additional experiments using a wider range
of various parameters of restraint materials, including the cross-
sectional area, stiffness and thermal expansion coefficient, is sug-
gested. Current methodology pertaining to a thermal stress simu-
lation is introduced as more informative and authentic for use in
applications.

2. Background

2.1. Review of laboratory methods used in the measurement of thermal
stresses

Various types of laboratory equipment have been invented in Japan
and Europe since the early 1980s to reproduce thermal stress in
simulated structures to overcome the shortcomings reported in
analytical and experimental techniques. Thermal crack apparatus
has been used to investigate hydration heat-induced thermal stresses
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Fig. 3. Example of the mean temperature and stress and the strength development in a
hardening concrete element restrained both partially and totally (degree of 100%) [9].

in concrete, and related mechanisms have been studied [12].
Experimental measurements of the effective modulus of elasticity of
mass concrete have been made with a similar apparatus [10]. The
cracking frame developed in Germany at the Technical University of
Munich (TUM) estimates thermal stresses and cracking patterns in
early-age concrete [11,13]. A temperature stress testing machine
(TSTM), a modified version of the cracking frame [14,15], was invented
based on a cracking frame that can measure restraint forces directly
with the help of a built-in load cell and step motors that control the
deformation of concrete specimens to a minimum value of 0.001 mm.
Variable restraint conditions of 0-100% in accordance with an
experimental objective can be achieved using TSTM. Another variable
restraint testing machine (VRTM) was built by modifying the TSTM for
use under specific conditions [16].

O
O

Constraint material

(invar or zinc)

Strain gage

O
Concrete
yam

—

40

260
100

-

80 | 40| 280

[40] 8

520

Fig. 2. Shape and dimensions of the thermal stress device.
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Fig. 4. Geometrical representation of the effect of a restraint on stress development and crack occurrence.

The TSD was developed specifically for laboratory uses [8] in view
of the drawbacks of other laboratory equipments [10,11]. The
coefficient of the thermal expansion of concrete and other cement-
based materials is easily controlled using the TSD. Quantitative
measurement of the changes in the thermal stresses using the TSD
in various environmental and restraint conditions can be done even
when the properties of the concrete are uncertain.

2.2. General concept of the restraint and generation of thermal stress

A concrete element, if free to move, will have no stress. However,
movements of concrete masses are almost always restrained, inducing
thermal stresses normally due to temperature variations. When
concrete is placed against rigid material, such as a rock foundation,
adjoining structures or adjacent older concrete elements, the structure
is constrained from moving and strains associated with temperature
changes cannot take place. The resulting stress subjected to variation
with time is solely due to the adjacent constraint effects or to what is
known as an “external restraint”. On the other hand, when the
temperature field within the section is nonlinear, deformations cannot
suit the temperature field and the mechanism is termed an internal
restraint. Both internal and external restraints always coexist unless
the condition is totally unrestrained. A geometrical representation of
combined restraining actions leading to cracking is shown in Fig. 4.
Differential thermal gradients in young concrete between the core and
the surfaces of the concrete volume and a high degree of base restraint
can cause the stress value to cross the tensile strength of concrete.

Cracking mainly depends on the amount or the extent of the
degree of restraint (i.e., how much hindrance is offered), as shown in
Fig. 3 [9]. This degree of restraint varies between O and 100%
depending on the physical boundary conditions and on the geometry
of the structure. For instance, a full restraint at a concrete rock
interface (Kr=1.0) exists, which gradually decreases as the distance
from the interface increases [17].

The widespread use of possibly inaccurate general purely tem-
perature-based criteria has been largely implemented for the purpose
of assessing cracking risks [4,18]. The degree of restraint-dependent
criteria, however important it may be, has been mostly overlooked or
otherwise disregarded in current concrete engineering axioms. It is
crucial to realize that the complexity of thermal stress analyses in
early-age concrete is of such importance that the monitoring of
temperatures as such may never constitute anything but a crude
means of controlling cracking in concrete structures [19]. However,
100% restraint has most often been presumed. Little work has been
dedicated to the study of the true degree of restraint. The degree of
restraint, temperature conditions, thermal dilation, autogenous
deformation, and the time-dependent creep/relaxation properties

Table 1
Mix proportion of concrete

W/C (%) S/A (%) Unit content (kgf/m>)

w C S G

Admixture
AE WR
40 39 160 400 726 989 0.020 0.20

are among important parameters that complicate the determination
of early-age thermal stresses and the risk of cracking. Stress is
estimated by the constraint factor, which is a function of the geometry
and material properties of the concrete and the restraining rock
foundation or adjoining structures. A general relationship for the
calculation of the tensile stress is

E
Ot —KrWaAT (1)
where o is the tensile stress, K is the degree of restraint, E is the
elastic modulus, « is the thermal dilation coefficient, AT is the
temperature change and ¢ is the creep coefficient.

K; is determined by comparing the actual strain measured in the
field to the strain at the total fixation or by finite element methods
[20-22]. The shape and cross-section area of the structure, the
geometric properties, the slip occurrences between young and old
placings, and their respective elastic modulus values are important
parameters that significantly affect restraint variation [17,23].

3. Research significance

This research introduces a new methodology of simulation of
thermal stress at any location of a concrete structure under well
defined temperature and variable restraint conditions using TSD. The
temperature conditions of the critical locations can be reproduced by
using a programmable temperature- and humidity-controlled cham-
ber. The effects of the varying restraint on the generation of thermal
stress were investigated incorporating the uncertain early-age
material properties of concrete. The use of the TSD, considering the
influence of uncertain material properties under realistic temperature
development and an actual time-varying restraint, would provide a
superior design of a massive structure free of immature concrete
cracking as well as improved data for 3-D thermal stress analyses. A
reasonably accurate prediction of the stress development would help
in effective control of cracking and reduce cracking risk. Ultimately,
this can lead to the design of more durable and safer structures.

4. Experimental
4.1. Test variables and mix proportions

The composition of concrete (w/c ratio=0.40, with the average
concrete compressive strength at 28 days equal to 40 MPa) and test

Table 2

Test variables and their mechanical properties

Type of Thickness of Thermal expansion Elastic modulus Type of

frame restraint plate  coefficient (x1076/°C)  (MPax10?) restraint

material (mm) condition

Invar 10 1.5 283 Variable
20 external
40 restraint

Zinc 10 25 108 Variable
20 internal
40 restraint
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variables are listed in Tables 1 and 2, respectively. The values of the
mechanical properties are listed in Table 2 regarding the restraining
materials of invar and zinc. Concrete cylinders were cast in a
¢»100 mm 200 mm paper mold and were cured in a chamber under
temperature and humidity conditions that were identical to those
adopted in the actual thermal stress experiments of this study.
Experimental results for three identical specimens were averaged to
obtain the standard 28-day compressive strength according to ASTM C
39 and the elastic modulus according to ASTM C 469.

Experiments were conducted for two representative cases: (1)
interior of a structure subjected to an external restraint, and (2)
surface of a structure subjected to an internal restraint. Invar and zinc
were used as restraining materials in TSD to reproduce the state of
external and internal restraint, respectively. The tests were repeated
for each case after changing the amount of restraint by increasing the
thickness of the restraint plate to 10, 20 and 40 mm.

4.2. Test equipment

The TSD, originally developed to measure the generation of thermal
stress under a prescribed temperature history [8], was used in this study.
The shape and dimensions of the device are shown in Fig. 2. The types
(external and internal) as well as the varying degrees of restraint in the
TSD were achieved by changing the frame material (invar or zinc) and
their cross-sectional areas. A commercialized temperature and humidity
control chamber was used along with the TSD to reproduce the
temperature development of a specific location in structure. The
corresponding change of thermal stresses at the specified location was
measured quantitatively subjected to various restraint conditions off-
setting the uncertain properties of concrete. The variation of the resultant
stress was dependent on the thermal expansion coefficient (TEC), the
stiffness, and the cross-sectional areas of the frame material when the
concrete and the frame material were applied with the same strains
under the prescribed temperature history. The following expression was
obtained under the same axial displacement condition (6, =6c):

Fs \_ Fs
I (amAT+ EmAm) =l (aCAT+ EcAc>' (2)

Here, |, « and E, denote the length, coefficient of thermal
expansion, and elastic modulus, respectively. The subscripts m and ¢
represent the constraint material and the concrete, respectively.

From Eq. (2), the constraint force F; is expressed as

lcac_lmam

Fo=_ < m%m
* (In/EmAm * Ic/EcAc)

AT. 3)

As l.=1y, Eq. (3) can be written as:

OOy

Fs= (1/EmAm + 1/EAc)

AT. (4)

In the above equation, the cross-sectional area of concrete Ac
remains constant. The constraint force depends only on the difference
in the coefficient of the thermal expansions of the concrete and the
constraint frame (o -oyy,) and on the axial stiffness of the constraint
frame (EpnAm /) if the elastic modulus of concrete remains constant
with time.

4.3. Experimental procedure

Thermal stresses within concrete specimens varying over time
were measured. External and internal restraints were simulated using
the restraint materials of invar and zinc, which has thermal expansion
coefficients less than and greater than that of concrete (1.5x1076/°C
and 26x107%/°C), respectively. The average strain values in the
constraint frame were measured using electric resistance strain
gages mounted in the middle of each constraint plate and oriented

along the longitudinal axis of the specimen. Three thermocouples
were used to ascertain the pre-programmed temperature history in
the chamber; one was embedded inside the concrete specimen to
measure internal temperature changes while the other two were
mounted on the surface of the chamber and on that of the restraint
plate, respectively. The programmed temperature history in the
chamber was obtained from a prior temperature distribution analysis.
The humidity was maintained in excess of 85% inside the chamber
throughout the experiment, and all exposed surfaces of the specimen
were wrapped with heat-resistant Whatman laboratory sealing film to
prevent the evaporation of moisture from escaping the specimen so as
to minimize the occurrence of plastic and drying shrinkage.
Measurements were determined using a NEC data acquisition system
and a personal computer. Restrained stresses were computed after the
implementation of temperature compensation measures with a
correction of the strain gage values [8].

Mix components, in this case sand, cement, aggregate, and water,
were placed inside the chamber at an initially fixed temperature of
20 °C at least one day before mixing to minimize the effect of external
factors. The temperature of the mixing room and that of the chamber
was maintained at 20 °C during the mixing and placement of the
concrete. The left and right surfaces of the specimen (Fig. 2) were
covered with thin acrylic plates before the placing of the concrete.
These plates were removed 6 h after the placement. The reference
points for these values (i.e., the measurement of data started 6 h after
the placing of the concrete) were fixed due to the unstable stress and
strain conditions that normally occur immediately after the placing of
concrete. Friction between the specimen and thin steel bottom plate
supporting the frame was minimized by the placement of grease and
oil on the bottom plate. The application of lubrication during the test
was controlled based on preliminary examinations [8]. A schematic of
the setup is shown in Fig. 5.

4.4. Experimental results and discussion

4.4.1. Constraint plate (invar) with a thermal expansion coefficient lower
than that of concrete

The temperature history measured in the interior of the concrete
specimen, on the surface of the constraint plate, and in the chamber
showed nearly identical values (Fig. 6(a)). The decision to disregard
the hydration heat of cement due to the very thin thickness of the
specimen was validated and the pre-programmed temperature
history was verified. The TSD, filled with concrete, was placed in the
chamber so that a pre-programmed temperature in the chamber could
be ensured in the concrete specimen. It was necessary to ensure that

Fig. 5. Schematic of the experimental setup.
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Fig. 6. Comparison of the measured temperature histories in the interior and at the
surface of the concrete using (a) the invar and (b) the zinc frame.

the temperature of the specimen in the laboratory was equal to when
it was a part of the structure, as the concrete specimen acted as a
simulated point on the structure. The final stress measured under
these conditions corresponded to the thermal stress generated at that
location under the simulated restraint condition. The temperature of
the specimen increased from its initial temperature to a temperature
that exceeded 71 °C at a rapid rate during the first two days.
Subsequently, the temperature in the chamber decreased and the
specimen began to cool down gradually. Even after 30 days, the
temperature in the interior of the concrete specimen was higher than
the boundary environmental temperature obtained earlier from a
temperature distribution analysis.

The development of stress in the interior of the structure according
to different restraint degrees provided by the invar frame is shown in
Fig. 7(a). Compression stress developed in the beginning because the
concrete tended to expand due to the increase in temperature, while
the boundary conditions restrict its expansion. Maximum compres-
sion stress occurred at 1.6 days and then decreased as the specimen
began to cool down after reaching its maximum temperature.
Compression stress continued decreasing from the time it reached
its maximum temperature and finally converted to tensile stress after
reaching a zero stress condition. During the contraction phase (the
decrease in the temperature of the specimen), concrete tends to
contract while the boundary conditions restrict its contraction.
Generated tensile stress increases continuously as long as the
temperature continues to decline. A high level of tensile stress was
observed due to the continuous development of elastic properties. The
thermal stress generation trend is shown in Fig. 7(a). This trend was
similar to the reported variation in the thermal stresses appearing in
the interior of mass concrete structures [24].

The degree of restraint had a significant effect on the development
of stress (Fig. 7(a)). A thicker constraint plate exhibits a higher level of
restraint than a thinner plate. The specimen was likely tested under a
higher level of force (i.e., a higher stress-to-strength ratio), which

caused the stress level to increase remarkably both in compression
and tension. The difference in the measured restrained stress was
considerable for constraint plates with thicknesses of 10 and 20 mm
and was less pronounced for a thickness between 20 and 40 mm.
Earlier cracking of specimens under a higher restraint may explain
the smaller difference between plates of 20 and 40 mm despite the
similar average stress. The development of micro-cracking in young
concrete due to higher restraining tensile stress may also explain
these results.

In general, the degree of restraint is always less than 100% and
changes with time in realistic structural members due to the variation
in the elastic modulus of concrete with time and due to stress
relaxation. Restraint provided by a constraint plate with a thickness of
40 mm was assumed to be 100% (i.e., total restraint). Restraints
produced by plates 10 and 20 mm in thickness are considered as
partial restraints. The ratio of stress (i.e., the stress developed under a
partial restraint condition to a total restraint condition) was
determined to be 86% and 38% for thicknesses of 20 and 10 mm,
respectively (Fig. 8(a)). The stress value decreased markedly as the
degree of restraint decreased (i.e., decreasing the restraining amount
meant reducing the thickness of the restraint plate). The stress ratio is
not equal to the degree of restraint in terms of its value (i.e., for a plate
with a thickness of 40 mm, the restraint value was artificially assumed
to be equal to 100%, which is correspondingly 50% and 25% for
thicknesses of 20 and 10 mm, respectively). Different stress relaxation
properties induced by creep under a different degree of restraint may
be responsible for this.

It was noted in this case that the restraint on the specimen was
relatively weak, as the maximum value of stress under the highest
amount of restraint is only 2.18 MPa, which is too small for mass
concrete. High early-age creep of concrete, which becomes higher at
higher stress levels, may also be a factor that restricted the stress to
such a small value. More experimental study is needed using a wider
range of restraint material parameters (e.g. the cross-sectional area,
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Fig. 7. Thermal stress measured over time according to varying thicknesses of the
restraint materials (a) invar and (b) zinc.
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stiffness and thermal expansion coefficient). Super-invar 32-5 is
expensive but has a very high stiffness value and a lower thermal
expansion coefficient (0.63x1076/°C) than carpenter invar “36” Alloy.
Carpenter invar “36” Alloy was used in this study and has a TEC equal
to 1.5%1075/°C. A comparison of the thermal expansion curves of both
materials at different temperatures is shown in Fig. 9.

4.4.2. Constraint plate (zinc) with a higher thermal expansion coefficient
than concrete

Test results for the constraint material of zinc are shown in Figs. 6(b)
and 7(b). The measurement temperature history at the surface of the
concrete specimen, at the constraint plate, and in the chamber showed a
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Fig. 9. Comparison of thermal expansion curves — Super Invar 32-5 vs. Invar “36” Alloy.

considerable amount of similarity, which also validates the decision to
disregard the hydration heat of concrete and the pre-programmed
temperature history of the chamber (Fig. 6(b)). Test results of the stress
measurement using the constraint material zinc are shown in Fig. 7(b).
The results exhibit a tendency that is similar to that of the test results of
the constraint material invar. However, the thermal stress produced in
the beginning is tensile in this case. On contrast, in case of the restraint
bar consisting of invar, the thermal stress produced in the beginning was
initially compressive due to the restraint of the initial expansion. The
differential volume change based on the temperature distribution is
restrained by the continuity of the cross-section in a process known as
“internal restraint”. The test results shown in Fig. 7(b) are similar to the
variation of the thermal stresses appearing at the surface of mass
concrete structures [25]. The residual compressive stress of concrete (i.e.,
the part of the curve near the end) shown in Fig. 7(b) can be used to
determine residual properties of concrete that are more accurate, which
is of great importance as these properties define the best rehabilitation
strategy.

Test results of the measured stress ratio for the constraint material
zinc are shown in Fig. 8(b). The average residual stress for thicknesses
of 20 and 10 mm are 79 and 42%, respectively, of that produced under
the falsely assumed totally restraint condition (i.e., 40 mm). The
average residual stress was calculated by adding the stress values at
each point presented in the graph (Fig. 8(a) and (b)) divided by the
total number of points. The values of the average residual stress
showed that the stress ratio was not always equal to the degree of
restraint in value; however, this may be due to the different stress
relaxations induced by creep under different degrees of restraint.

A numerical simulation was carried out using zinc as a restraining
material. This was also done for invar. The results of the experiments
were reproduced for a restraint bar with a thickness of 40 mm using
numerical simulation, and the results were verified later for restraint
bars with different thicknesses (10 and 20 mm). Finally, the results of
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Fig. 10. Development of concrete properties over time: (a) elastic modulus in the
interior and at the surface of concrete using a different temperature history and (b)
tensile strength.
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the numerical simulation were extended to predict the limiting values
of the restraint and the corresponding restrained stresses.

5. Numerical simulation of the experimental setup

The maximum value of the measured restrained stress under the
highest restraint was 2.18 MPa (for the restraint material invar) which
is too small for a typical massive concrete structure. The possibility of
an insufficient restraint on concrete and a high degree of early-age
creep of concrete, which becomes higher at higher stress levels, were
reported as the major factors restricting the stress to such a small
value. Numerical simulation of the experimental setup was used to
reproduce and extend the interpretation of the test results. The
primary objective of the numerical simulation was to evaluate the
limiting (or ultimate) values of the restraint and the corresponding
restrained stresses. The influences of the restraint amount and a high
degree of early-age creep of concrete on the restrained stress were
studied.

The experimental setup of the TSD was simulated using the
computer code DIANA ver. 8.1.2. A 3-D non-linear thermal stress analysis
was carried out. A user-supplied sub-routine was added for the time-
dependent elastic modulus (Fig. 10(a)) along with a power-type law [26]
to consider the creep effect. The power-type law was chosen due to the
ease of performing the analyses with static as well as transient elastic
moduli with and without creep. The significance of varying the early-age
elastic modulus and creep behavior of young concrete was investigated.

Table 3
Thermal and mechanical properties of materials used in the numerical simulation

Type of Parameters Concrete Steel Invar Zinc

properties

Thermal Thermal conductivity (J/day mm? °C) 198 6932 864 10368

properties Heat capacity (J/mm? °Cx1073) 0.00065 355 023 243

Unit density (kgf/mm?x107%) 2400 7850 8174 6812
Thermal expansion coefficient 10 10 1.5 25
(x107°/°C)

Mechanical ~ Compressive strength (MPa) 40 - -

properties Elastic modulus (MPax 103) Transient 206 283 108
Poisson's ratio 0.18 030 015 0.25
Ambient Temperature (°C) Transient - - -
conditions Humidity (%) 85 - - -

5.1. Methodology

Decoupling of the thermo-mechanical problem is in initial general
approach of a thermal analysis. This step is followed by a stress
calculation. A coupled flow-stress analysis, considering one-directional
interaction, was adopted. The interaction is one-directional for flow and
only affects the deformation. Structural analysis with a thermal load is
an example of a one-directional interaction of the type that best fits this
study. A staggered flow analysis was adopted in which the flow field
whose results act as an external load for the subsequent stress analysis
was calculated first (i.e., the temperature fields calculated during the
first stage acts as an external load for the subsequent stress analysis). The
modules LINSTA and NONLIN of DIANA automatically converted the
model from a flow to a structural analysis [27].

5.2. Modeling and input numerical data

For the sake of simplification, only a quarter of the device was
modeled due to the symmetry of the geometry of the TSD (Fig. 11).
20-node brick and 15-node wedge elements were used for the structural
analysis, and 4-node BQ4HT and 3-node BT3HT elements were used for
the flow analysis as boundary elements. Special interface elements were
also used at the boundaries to model the convection. An initial
temperature of 25 °C was used at all nodes in the interior geometry,
and no heat flow was permitted along the planes of symmetry.

Input data for prior flow analysis (i.e., thermal conductivity, heat
capacity, thermal dilation coefficient) along with the environmental
conditions are given in Table 3. The temperature fields calculated in the
first step of the flow analysis were used as the thermal load for the
subsequent transient stress analysis through the built-in function of
coupled analysis provided by DIANA. Structural material properties
(Table 3) were used in combination with the results of the prior flow
analysis as structural material models are applicable in combination

Table 4

Parameter values of the power law used in the numerical simulation

Parameter Values
P, power of the creep function 0.3
tq, is the development point 15

@, creep coefficient 3.0
d, power of the part of the creep function 0.35
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Fig. 12. Comparison of the temperature history between the experimental measure-
ment and the numerical simulation for the constraint materials (a) invar and (b) zinc.

with models of the temperature load [27]. The input parameters of the
power law used in the analysis are tabulated in Table 4. Finite element
calculations were carried out in 40 time steps, starting with increments
of 0.1 day up to increments of 2 day, as the elastic modulus of concrete
becomes stable at a later age. The time step was kept small during the
hot phase of heat production to model the high gradient heat production
during the first 48 h.

5.3. Outline of the analysis

Various finite element meshes were generated for each restraint
material (invar and zinc) by increasing the transverse thickness from 10
to 200 mm. The thicknesses of the constraint plates (10, 20, and 40 mm)
were similar to those in the experiments in an effort to reproduce and
verify the test results. False values of the thickness of the constraint plate
(100 and 200 mm) were adopted to extend the experimental
interpretation. These sham values of thickness were adopted to obtain
the limiting value of restrained stress under the maximum possible
amount of restraint which can be provided in the TSD. This would help in
the development of an appropriate restraint-dependent stress function.
The power law was implemented to investigate the effect of the constant
and transient elastic modulus on the generation of restrained stress with
and without creep deformation. This is given as follows:

7= g (1+ 0 TP, (5)

To perform a transient elastic analysis, the creep coefficient ‘¢’ was
kept equal to zero to exclude the effect of creep/relaxation on the
restrained stress history. The effect of the transient elastic modulus was
solely realized by applying a user-supplied subroutine on the early-age
elastic modulus (Fig. 10(a)). The evolution of the elastic modulus and the
tensile strength of the concrete are shown in Fig. 10(a) and (b),
respectively. The evolution of Young's modulus at different locations of
the structure is a function of the temperature, which in turn is a function
of time (Fig. 10(a)). The effect of creep/relaxation was incorporated both

in the static and in the transient inelastic analyses. An analysis
performed while changing the elastic modulus and creep (i.e., inelastic
analysis) was best-fitted to the experimental results (Fig. 14).

5.4. Comparison with experimental results

A comparison of the results of the flow and the subsequent stress
analysis, with respective experimental measurements, is shown in
Figs. 12 and 13. Good agreement was noted between the numerical
simulation and the test results, although the application of the power
law model for the prediction of creep and relaxation behavior required
realistic values for the parameters ¢, d, and p. The use of literature
values presents challenges, as specific values depend on hardening
conditions such as the humidity, temperature, and the amount and
type of cement. However, best-fitted values were found from a
preliminary analysis. The range of the parameter values used in this
study was compared to that of other investigators [28-30], and the
development time ‘ty" was taken as equal to half of the total analysis
time (i.e., 15 days). Shrinkage caused by drying was prevented in the
experiments; its effect was incorporated in the model values of ¢, d,
and p in an implicit fashion.

A comparison was made between the various analysis types and
corresponding experimental measurements (Fig. 14(a), (b)). Very low
compressive stress occurred at the maximum temperature as the
Young's modulus increased. If the same temperature rise was applied
to hardened concrete (i.e., constant Young's modulus), the compres-
sive stress rose. More than half of the temperature deformations did
not result in compressive stress due to the slowly increasing Young's
modulus in young hardening concrete. The influence of creep/
relaxation occurring in hardening concrete is considerable under
restraining conditions that can be 30% to 70% of autogenous shrinkage
at early ages. This leads to a total reduction in the restraining stresses
of nearly 50% due to stress relaxation [15,31,32]. Reduction of the
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restrained stresses due to creep/relaxation is important in avoiding
overestimation or underestimation of the actual tensile stress
produced by the continuous temperature decline at later ages. Good
agreement was noted between the measured and calculated stress
values based on the changing elastic modulus considering the creep. A
very minor difference between the measured and calculated stress
values was not suitably explained, though this is believed to be due to
unavoidable measurement errors, inaccuracy related to creep, or to
the thermal characteristics of the concrete in this analysis.

Extended numerical results were drawn separately for each
restraint material (Fig. 15(a) and (b)). The difference in the stress
levels between tests involving constraint plates with thicknesses of 10
and 20 mm was pronounced but showed a gradual reduction from 20
to 200 mm (Fig. 15). Thus, the higher the restraint, the higher the
residual stress. This is applicable up to a certain value of constraint
plate thickness. For example, a difference of stress between 100 and
200 mm is negligible, which implies that a plate thickness equal to
200 mm offers the maximum restraint. A further increase in thickness
beyond 200 mm will not increase the stress values. The thickness of
the constraint plate which offered the maximum restraint (200 mm in
this study) is not a practical value of constraint plate thickness.
However, this value of thickness (which can provide the maximum
restraint) is apt to change depending on the characteristics of different
restraint materials.

The relationship between the ratio of the frame thickness and the
restrained stress according to age is shown in Fig. 16(a) and (b). The
ratio of the frame thickness was achieved based on the concept of
normalization by assuming a thickness of the restraint plate equal to
200 mm as a reference value. A general concept of a finite element
analysis was followed when determining the relationship between
the ratio of the frame thickness and the restrained stresses. The degree
of restraint is commonly considered to be equal to 1 (i.e., maximum) at
the base of the structure and equal to zero (i.e., minimum) at the
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Fig. 15. Generation of stress from the extended numerical simulation while increasing
the thickness of the restraint materials of (a) invar (b) zinc.
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surface or top of the structure. The optimally approximated relation-
ship between the ratio of the frame thickness and the restrained stress
is given as follows:

»X/b
fe (x) =fc.assy+a e,

(6)

Here, fcassy is the final asymptotic value of the restrained stress
according to age; x is the value of the ratio of the frame thickness,
which varies along the horizontal axis; and ‘a’ and ‘b’ are constants
that are determined from experimental data according to age.

The values of the parameters in Eq. (6) were age-dependent
(Fig. 16). For all data, the obtained regression constants, R?, which
indicates the accuracy of the fit, were all equal to or above 98%
(Fig. 16). This shows the fitness of the experimental data with the
analyzed equation shown above (Eq. (6)). The values of the parameters
in Eq. (6) were determined according to age. At concrete aging periods
of 1.6, 10, 20, and 30 days, the corresponding asymptotic maximum
restrained stress fc.ssy Was 1.11, 1.78, 2.64, and 2.82. The values of
constant parameters of ‘a’ were —0.89, -2.08, -2.89, and -3.03; and
those for ‘b’ were 0.121, 0.080, 0.081, and 0.080 for the constraint
material invar (Fig. 16(a)). Similarly, for the constraint material zinc,
feassy was 0.925, 1.717, 2.118, and 2.204; ‘a’ was -0.84, -1.76, -2.01,
and -1.96; and ‘b’ was 0.126, 0.080, 0.074, and 0.073 (Fig. 16(b)).

The peak values of stress under the highest restraint were too low,
even after 30 days of casting. These values were 2.85 and 2.21 MPa for
the constraint materials invar and zinc, respectively. This may have
been caused by the very weak restraint offered by the restraint
materials used in this study or by the occurrence of micro-cracking or
high early-age creep due to the thicker restraint plates. The current
methodology of a thermal stress simulation can be used in applica-
tions based on the observations made during this study. It may be
possible to achieve actual restraint conditions and corresponding
restrained stresses according to time using the concept of reproducing
the restraint conditions in the TSD.

6. Conclusions and recommendations

A new methodology to simulate thermal stress variation in mass
concrete structures subjected to variable internal and external restraints
is presented in this paper. The following conclusions are drawn from this
study:

1. An accurate simulation of thermal stress under different degrees of
restraint was obtained using a TSD. The risk of early-age thermal
cracking should not be solely based on a temperature criterion
unless effects of other parameters such as the restraining amounts
and the growing early-age properties of concrete are properly
incorporated when predicting the cracking stress value.

2. The influence of parameters that affect the generation of thermal
stress and the resultant thermal cracking was well incorporated as
the temperature and degree of stress development in restrained
members can be studied simultaneously in the laboratory from the
very beginning using the TSD.

3. The occurrence of plastic and drying shrinkage was minimized by
maintaining a specific humidity level of 85% or more inside the
chamber and by the proper wrapping of a specimen with polyester
sealing film. This also helps in avoiding a condition in which the
autogenous shrinkage effect is neglected during the exact mea-
surement of the thermal stresses in special cases of typical massive
concrete proportions with a w/c value equal to 0.3 or less.

4. Numerical simulation of the restraint-dependent thermal stress
showed good agreement with the measured results. A simplified
correlation was developed between the constraint ratio and the
stress development in the TSD.

A reasonable amount of agreement was achieved between the
measured results and the numerical simulation. However, a detailed

parametric study of the transitional effects of thermal creep should be
performed, as the assumed parameters of a double power law were
based on previous studies. Literature on the effects of variable thermal
gradients on creep behavior is relatively scarce as it pertains to an early
concrete age of five days or less. This data is needed to determine the
influence of early-age creep/relaxation during a thermal stress analysis.
An incorporation of improved models of the stiffness evolution and
creep behavior is required as well to ascertain the authenticity of the
current methodology with greater certainty. Further experiments using
constraint materials with high stiffness values and lower thermal
expansion coefficients are also necessary.
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