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� A temperature stress testing machine was employed.
� Effect of temperature history and restraint degree was investigated.
� A high-low cooling rate history improved the cracking potential of concrete.
� The relationship between restraint degree and temperature difference was established.
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This study experimentally investigated the effect of temperature history and restraint degree on cracking
behavior of early-age concrete, including cracking temperature, cracking stress/strength, creep/free
deformation and cracking potential. The deformation, temperature and stress were measured with two
different temperature histories and three different restraint degrees via a temperature stress testing
machine (TSTM). The results show that, under different temperature histories, the magnitude of cracking
potential of concrete was found to vary significantly. The concrete with a high-low cooling rate at early-
age had better anti-cracking performance (improved by at least 13.1%) due to the more effective utiliza-
tion of creep on reducing restrained stress. The high-low cooling rate history showed more outstanding
effect on lowering cracking risk of concrete under higher restraint degree. Furthermore, an analytical
method for establishing the relationship between the restraint degree and temperature difference was
recommended for assessing cracking risk of concrete.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

At early age, the temperature inside of massive structures dur-
ing concrete hydration process can reach 40 �C [1–3]. Due to the
time-dependent material behaviors of concrete (e.g. elastic modu-
lus, creep, tensile strength and thermal deformation) and restraints
caused by foundations and adjoining structures, the tensile stress
of concrete is generated when the temperature of concrete gradu-
ally decreases. Cracks occur when the tensile stress of concrete
exceeds its tensile strength [4–8].

Temperature control of massive concrete structures is one of
the most effective methods to limit the magnitude of tensile stress.
The conventional recommendation is to keep the temperature drop
(the difference between maximum temperature and ambient tem-
perature) at a tolerant value [9–11]. For some cases, however, con-
crete still cracked when maximum temperature was deliberately
controlled and the reason was attributed to the unreasonable cool-
ing rate [12,13].

The effect of cooling rate on the cracking behavior of concrete
has attracted attention from researchers and some restrained tests
(e.g. ring and linear specimen test) have been conducted to evalu-
ate the cracking behavior of early-age concrete regarding temper-
ature variations, however, observations of tests seem different
[14,15]. Briffaut et al. [14] investigated the effect of heating rate
on the cracking behavior of concrete using ring specimens and
found that the temperature difference (the difference between
maximum temperature and cracking temperature) DT with higher
rate was increased. Shi et al. [15] reported that DT increased with
lower cooling rate using a temperature stress testing machine
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Fig. 1. Schematic description of the closed loop instrumented restraining system
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(TSTM). These findings have demonstrated that the relationship
between the cooling rate and the cracking behavior of concrete
needs to be further explored.

Restraint degree is another crucial factor of evaluating
restrained stress development and cracking potential. The restraint
degree varies with the boundary condition and the geometry of
structure. A comprehensive understanding of the restraint degree
is vital for the sake of its significant effect on restrained stress, as
well as cracking risks. Usually, the restraint degree of concrete
structure decreases with the increasing distance from the contact
surface between the concrete structure and the basement [10,16].
Several tests regarding 100% restraint degree have been conducted
by researchers [17–19], however, few work has been designed to
investigate the effect of varying restraint degrees. Though the
restraint degree-related criterion is important, it has been mostly
disregarded in the current concrete engineering. It is crucial to real-
ize the complexity of restrained stress analyze in early-age massive
concrete structures that a conventional constant restraint degree
condition as such is too harsh, resulting in increment of construc-
tion costs and inaccurate optimizations of concretemixture propor-
tion. Thus, in addition to theDT-related cracking criterion [20,21], it
is meaningful to establish a relationship between the restraint
degree and the cracking behavior of concrete.

The aim of this paper is to investigate the effect of cooling rate
and the restraint degree on cracking behavior of concrete. In prac-
tice, the cooling rate of massive concrete structures can approxi-
mately reach 0.5 �C/day [13,22]. Thus, two different temperature
histories were selected to experimentally explore the effect of
cooling rate on cracking behavior of concrete. Three restraint
degrees with 100%, 75% and 50% were applied on restrained spec-
imens via TSTM. Moreover, the coefficient of thermal expansion
(CTE) and mechanical properties of concrete, such as splitting ten-
sile strength and elastic modulus, were also studied to comple-
ment results of restrained test.

2. Experimental programs

2.1. Materials and mixture proportions

The concrete mixtures were made of ordinary Portland cement, fly ash, natural
sand and gravel with a maximum particle size of 40 mm. Table 1 shows the mixture
proportions of concrete.

2.2. Methods

2.2.1. Equipment
A TSTM which was firstly developed by Springenschmid et al. [23], then

improved by others [24,25], was employed in the current research. Usually, this
setup has two dog bone-shaped concrete specimens, one of which is unloaded
and used for free deformation measurement, while the other is loaded under
restrained condition. Dimensions of restrained specimens are identical to those of
free specimens. A linear voltage displacement transducers (LVDT) is mounted on
the straight part of specimens for recording the deformation. The temperature evo-
lution of specimen can be controlled by the molds equipped with copper pipes of
circulating ethylene glycol from a heating-cooling bath. One end of the restrained
specimen is fixed and the other is connected to a servo motor (as shown in
Fig. 1). The specimen is pulled/pushed to the original length once the deformation
reaches a limit value [24,26]. Details of this kind of device can be found elsewhere
[27,28].

In this study, the degree of restraint cR is defined as [16]:

cR ¼ efr - eres

efr
ð1Þ
Table 1
Mixture proportions of concrete (kg/m3).

Cement Water Fly ash Sand

108 83 58 539
where efr is the free deformation of concrete; eres is the residual deformation of
restrained concrete.

Eq. (1) can also be rewritten as

eres ¼ ð1� cRÞefr ð2Þ
When the restraint degree is chosen, eres of restrained specimen calculated by

Eq. (2) then can be controlled by a servo motor.
2.2.2. Temperature history
For massive concrete structures, the temperature of concrete after casting grad-

ually increases with hydration process of cement and the maximum temperature is
deliberately designed and controlled for prevention of concrete cracking [13,29]. A
field-measured temperature rise history (phase Ⅰ) was employed to study the early-
age behavior of concrete in the current research, as shown in Fig. 2. Since the cross
section of massive concrete structures is very thick, the cooling rate of internal con-
crete is relatively slow (0.5–1 �C/day [13,22]) compared with that of thin-walled
concrete structures (0.35 �C/h [14]). In order to investigate the effect of temperature
history (i.e. the same temperature difference, but various cooling rates) on cracking
behavior of concrete, two different temperature cooling rate histories, namely, a
1.0 �C/day-0.39 �C/h (high-low) and a 0.5 �C/day-0.6 �C/h (low–high) temperature
history, were designed. As shown in Fig. 2, two different cooling rates were firstly
selected in phase Ⅱ; after 250 h, the cooling rates of specimens were then increased
until concrete cracked and this period was denoted as phase III.
2.2.3. Calculation procedure of deformation
For fresh concrete, it is of great importance to determine the ‘‘starting point” of

deformation measurement since the deformation strongly relates to the restrained
stress. Meanwhile, the deformation before the ‘‘starting point” usually can be
ignored since the stiffness of fresh concrete is relatively weak and no stress is gen-
erated. According to the literature [30], there is no consensus on the definition of
‘‘starting point”. In the current research, the ‘‘starting point” of deformation is
defined as the time when the restrained stress started to develop [31,32], and can
be easily monitored by a load cell.

The composition of residual deformation of concrete eres can be described by the
following equation:

eresðtÞ ¼ eeðtÞ þ ecrðtÞ þ efrðtÞ ð3Þ

where eeðtÞ is the elastic strain of concrete; ecrðtÞ is the creep strain of concrete; efrðtÞ
is the total free strain of concrete.

The elastic strain of concrete can be calculated by Eq. (4)

eeðtÞ ¼ rðtÞ
EcðtÞ ð4Þ

where EcðtÞ is the elastic modulus of concrete at age of t .
The residual deformation of restrained concrete eres can be deduced by Eq. (2)

based on a selected restraint degree, thus, the creep deformation of concrete
ecrðtÞ is the only unknown parameter and can be calculated by Eq. (3).

Fig. 3 shows the photo of TSTM and the dimensions of specimen are illustrated
in Fig. 4.
Gravel Water reducer Air-entraining admixture

1776 0.996 0.02656
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2.3. Mechanical properties, deformation and restrained stress measurement

2.3.1. Mechanical properties
According to the Chinese code GB/T 50081-2002 [33], the mechanical properties

of concrete mixtures were measured on specimens of 100 mm � 100 mm �
300 mm for elastic modulus test and 100 mm � 100 mm � 100 mm for splitting
tensile test.
20 22 24 26 28 30

Temperature ( )

Fig. 5. CTE test results: (a) measured deformation and temperature; (b) calculated
CTE.
2.3.2. Deformation measurement
Deformations of specimens under different temperature histories were mea-

sured through an LVDT mounted on the straight part of specimen, as shown in
Fig. 3. The lateral and bottom sides of specimens were wrapped with plastic sheets
to minimum friction between the molds and specimens and the surface sides were
wrapped with plastic sheets to prevent water loss. The specimens were designed to
go through a three-phase temperature variation (Fig. 2): a temperature rise phase
(approximately 65 h), a slow cooling temperature phase and a rapid cooling tem-
perature phase. As mentioned above, the ‘‘start age” of measurement was identical
to the time when the axial force started to develop in the restrained specimen.

2.3.3. Coefficient of thermal expansion (CTE)
It is reported that the CTE a became stable after 1 day [31,34]. The measure-

ment of CTE was conducted on the free specimen 1 day after concrete casting under
a designed temperature cycle via TSTM. For the sake of temperature stabilization in
the cross section of specimen, temperature cycles ranging from 21 �C to 29 �C were
performed for 100 h at the rate of 2 cycles per day [35]. Fig. 5(a) shows that the
deformation and the temperature curves shared a similar trend and the calculated
CTE was approximately 7.5 le/�C (as shown in Fig. 5(b)).

2.3.4. Uniaxial restrained stress
The concrete mixture was directly cast into the molds of TSTM, then, all speci-

mens were immediately sealed. The temperature histories of restrained specimens
were identical to those of free specimens. The restraint and temperature history
were applied on specimens immediately after casting, then data of temperature,
deformation and stress of specimens were measured throughout the test. The cool-
ing temperature phase lasted until the concrete cracked.

Three restraint degrees with 100%, 75% and 50% were adopted to study the rela-
tionship between cracking behavior and restraint degree. For each temperature his-
tory and restraint degree, two specimens were tested. It is found that the variation
in the cracking temperature was less than 4%, which was satisfactory and confirmed
the good reproducibility of the present research.

Parameters of tests are listed in Table 2. Each test is named following Eq. (5).

S
� XX

restraint degree

� X

temperature history
ð5Þ



Table 2
Parameters of tests.

Test Temperature history Restraint degree

S-100%-1 �C/day-0.39 �C/h 1 �C/day-0.39 �C/h 100%
S-75%-1 �C/day-0.39 �C/h 1 �C/day-0.39 �C/h 75%
S-50%-1 �C/day-0.39 �C/h 1 �C/day-0.39 �C/h 50%
S-100%-0.5 �C/day-0.6 �C/h 0.5 �C/day-0.6 �C/h 100%
S-75%-0.5 �C/day-0.6 �C/h 0.5 �C/day-0.6 �C/h 75%
S-50%-0.5 �C/day-0.6 �C/h 0.5 �C/day-0.6 �C/h 50%
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3. Results and discussions

3.1. Evolution of mechanical properties

Fig. 6(a) and (b) show the evolutions of elastic modulus and
splitting tensile strength of concrete mixtures under an isothermal
curing condition, respectively.

The elastic modulus of concrete at age of 1 day, 3 days, 7 days
and 28 days were 6.1 GPa, 20.1 GPa, 28.8 GPa and 36.8 GPa, respec-
tively. The average increase rate during the first 3 days was almost
4 times of that from 3 days to 7 days. Besides, the elastic modulus
of concrete at 7 days was up to 78.3% of that at 28 days.

The optimally approximated relationship between the elastic
modulus and the age can be expressed as [13]

EðtÞ ¼ E28½1� expð�atbÞ� ð6Þ
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Fig. 6. Evolutions of concrete mechanical properties: (a) elastic modulus; (b)
splitting tensile strength.
where E28 is the elastic modulus of concrete at 28 days, a and b are
constants which can be determined from the experimental data.

The value of E28, a and b were 36.8, 0.31 and 0.83, respectively.
The obtained fit curve in Fig. 6(a) shows the fitness of the experi-
mental data with the proposed equation (Eq. (6)).

The evolution of splitting tensile strength of concrete shared a
similar trend with that of elastic modulus. The optimally approxi-
mated relationship between the splitting tensile strength and the
age can be expressed by Eq. (7) [13]

f spðtÞ ¼ f sp;28½1� expð�atbÞ� ð7Þ

where f sp;28 is the splitting tensile strength of concrete at 28 days.
As shown in Fig. 6(b), the value of f sp;28, a and b were 1.98, 0.08

and 1.37, respectively.
The mechanical properties of concrete are strongly influenced

by the temperature variation and an equivalent age concept [36]
should be adopted to calculate related parameters. For an arbitrary
temperature history TðtÞ, concrete age can be converted to equiva-
lent age te via an Arrhenius law [37]

te ¼
Z

exp
Eh

R
1
T0

� 1
T

� �� �
dt ð8Þ

where Eh is the activation energy (J/mol); R is the ideal gas constant
(J/mol/K); T0 is the reference temperature and T is the actual tem-
perature (K). Eh equals 33500 J/mol for the temperature T P20 �C
and 33500 + 1470(20 - T) J/mol for the temperature T 620 �C [37].
T0 equals 293.15 K.

It should be noted that the time t in the above equations should
be converted into the corresponding equivalent age for subsequent
strain analysis.
3.2. Evolution of restrained stress

Fig. 7(a) and (b) show the evolutions of temperature and
restrained stress with two temperature histories, respectively. In
phase Ⅰ, due to the rapid hydration process of cement, temperature
gradually raised and reached 26.4 �C at 65 h. Meanwhile, compres-
sive stresses started to develop due to the restrained thermal
deformation. As shown in Fig. 7(a), the maximum compressive
stresses were �0.54 MPa, �0.41 MPa and �0.28 MPa for the
restraint degree of 100%, 75% and 50%, respectively. It also can be
seen from Fig. 7(a) that the ages of maximum compressive stress
were earlier than those of maximum temperature, and this is due
to the high relaxation property of early-age concrete [38,39]. In
phase Ⅱ, the temperature of specimens decreased at a specific cool-
ing rate and the evolution of restrained stress was closely related
to the relevant temperature. At a critical point, the compressive
stress converted to tensile stress and this point is called the
‘‘second-zero-stress” age and the corresponding temperature is
named as ‘‘second-zero-stress” temperature [16,40,41]. It is also
observed from Fig. 7(a) that, the ‘‘second-zero-stress” temperature
was higher than the initial temperature due to the increasing stiff-
ness and high relaxation property of concrete at early-age
[18,38,42]. After that, tensile stress increased and when it
exceeded the tensile strength of concrete, cracks occurred.

Fig. 7(b) shows the evolutions of temperature and restrained
stress with a cooling temperature history of 0.5 �C/day-0.6 �C/h.
As expected, the stress evolution of concrete followed closely to
the temperature history. It is shown that, the trends of compres-
sive stress evolution (0–65 h) in Fig. 7(b) were almost the same
compared with those in Fig. 7(a), however, followed by slower
compressive stress decrease periods, leading to later ‘‘second-zer
o-stress” ages.
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Fig. 7. Evolutions of concrete restrained stress with a cooling rate of (a) 1.0 �C/day-
0.39 �C/h; and (b) 0.5 �C/day-0.6 �C/h.
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Fig. 8. Evolutions of concrete strains with a cooling rate of 1.0 �C/day-0.39 �C/h
under the restraint degree of (a) 100%; (b) 75%; and (c) 50%.
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3.3. Evolution of strain

Based on the strain calculation procedure mentioned in the sec-
tion of 2.2, the free strains along with the elastic strains and creep
strains under different temperature histories are depicted in Figs. 8
(a)–(c) and 9(a)–(c). For example, as shown in Fig. 8(a), the com-
pressive creep strain gradually increased with the compressive
stress and the rate decreased during the relaxation period. After
the ‘‘second-zero-stress” age, the creep strain curve reversed,
which means tensile creep strain started to develop and followed
closely to the evolution of tensile stress [32,43].

3.4. Cracking behavior

3.4.1. Cracking stress
Stress evolutions of specimens with different temperature his-

tories are shown in Fig. 7. The abrupt stress drop represents the
cracking of concrete. The ratios of cracking stress to tensile
strength of all specimens are denoted in Fig. 10. Generally, ratios
of all specimens when cracked were less than 1.0 and nearly in
the range of 0.6–0.8 [18,27]. The splitting tensile strength of con-
crete is usually measured via a rapid loading test, which differs
from the slow loading process conducted by TSTM [44]. Further-
more, microcrackings are generated during frequent restraints
applied by TSTM, leading to a relatively low cracking stress. Altou-
bat and Lange [45] found that this ratio was approximately 0.6–
0.72 for normal concrete. Wei and Hansen [18] discovered that this
ratio was approximately 0.8.

It also can be seen from Fig. 10 that the ratios of cracking stress
to tensile strength under the low restraint degree were lower. This
reduction in strength can be related to fatigue and internal damage
accumulation (microcrackings) under the slower sustained loading
period [44,46,47].
3.4.2. Temperature difference DT
A series of parameters of temperature can be collected after

concrete casting, such as casting temperature, maximum tempera-
ture, and cracking temperature, however, it is not precise enough
to investigate the cracking behavior of concrete with these isolated



0 50 100 150 200 250 300

0 50 100 150 200 250 300

0 50 100 150 200 250 300

-40

-20

0

20

40

60

St
ra

in
 (

)

Time (Hours)

 Elastic Strain
 Free Strain
 Creep Strain

(a)

-40

-20

0

20

40

60

St
ra

in
 (

)

Time (Hours)

 Elastic Strain
 Free Strain
 Creep Strain

(b)

-60

-40

-20

0

20

40

60

St
ra

in
 (

)

Time (Hours)

 Elastic Strain
 Free Strain
 Creep Strain

(c)

Fig. 9. Evolutions of concrete strains with a cooling rate of 0.5 �C/day-0.6 �C/h
under the restraint degree of (a) 100%; (b) 75%; and (c) 50%.

100% 75% 50%
0.0

0.2

0.4

0.6

0.8

1.0

 1 /day-0.39 /hour
 0.5 /day-0.6 /hourC

ra
ck

in
g 

st
re

ss
/ S

pl
itt

in
g 

te
ns

ile
 st

re
ng

th

Fig. 10. Cracking stress/Splitting tensile strength of TSTM specimens.

100% 75% 50%
0

2

4

6

8

10

12

14

16

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 

T 
(

)

 1 /day-0.39 /hour
 0.5 /day-0.6 /hour

Fig. 11. Temperature differences of TSTM specimens.

386 J. Xin et al. / Construction and Building Materials 192 (2018) 381–390
parameters [40]. It is well known that the single temperature rise
does not lead to concrete cracking but the temperature drop is
more predominant on tensile stress evolution, as shown in Eq.
(9) [14,40,48].

r ¼ DTaRcR ð9Þ

where R is the relaxation modulus of concrete.
In this paper, the temperature difference DT is defined as
DT ¼ Tmax � Tcr ð10Þ
where Tcr is the temperature at concrete cracking age; Tmax is the
maximum temperature of concrete.

Fig. 11 shows the temperature differences of TSTM specimens.
The temperature differences for the restraint degree of 100%, 75%
and 50% with a cooling rate history of 1.0 �C/day-0.39 �C/h were
9.32 �C, 11.1 �C and 15.7 �C, respectively. As expected, the higher
restraint degree leads to smaller temperature difference and the
reason can be attributed to the higher tensile stress evolution
caused by the higher restraint degree. Meanwhile, the temperature
differences of specimens for the restraint degree of 100%, 75% and
50% with a cooling rate history of 0.5 �C/day-0.6 �C/h were 6.5 �C,
9.23 �C and 13.88 �C, respectively. It is interesting to note that
under the same restraint degrees, the temperature differences of
specimen with a cooling rate history of 1.0 �C/day-0.39 �C/h were
higher than those with a cooling rate history of 0.5 �C/day-0.6 �C/
h. The increase rates of temperature difference were 43.4%, 20.3%
and 13.1% for the restraint degree of 100%, 75% and 50%, respec-
tively. These results indicate that the effect of cooling rate on con-
crete cracking behavior is not constant but closely related to the
concrete age and restraint degrees also have considerable effect
on cracking behavior of concrete.
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3.5. Discussions

3.5.1. Effect of cooling rate on cracking behavior
Quantifying restrained stress and evaluating associated crack-

ing behavior of concrete require many factors, such as creep/relax-
ation, temperature variation and deformation rate [4,49,50].
Several factors, such as specific creep and creep coefficient, have
been employed to investigate creep behavior of concrete [4,51].

It is generally accepted that high creep property of early-age
concrete is beneficial for lowing the cracking potential and more
than 50% of restrained stress can be relaxed [47,52]. Creep, which
is a time-dependent behavior, can be considered as a positive fac-
tor on reduction of cracking potential driven by free deformation,
as shown in Eq. (11) [53]

p ¼ efr - ðee þ ecrÞ ð11Þ

where p is the cracking potential of concrete.
In this paper, a creep-to-free strain ratio w is adopted to study

the effect of cooling rate on cracking behavior of concrete [45,50]
and can be expressed as

w ¼ ecr

efr
ð12Þ

This ratio is a relevant index on evaluating the relationship
between the creep and the free strain, as well as the relaxation
property. It is proposed to calculate the creep-to-free deformation
ratio from the age at which both the elastic strain and the change
in creep strain become positive (i.e. ‘‘second-zero-stress” age) [31].

The creep strain and free strain can be obtained from section 3.3
and the creep-to-free deformation ratios of all specimens are
shown in Fig. 12. It is shown that the creep-to-free deformation
ratios of different restraint degrees shared a similar trend and
the restraint degree of 100% condition showed the largest creep-
to-free deformation ratio. This phenomenon can be interpreted to
microcrackings (creep) under high stress/strength ratios [54–56].

It is worthwhile to compare the creep-to-free deformation
ratios under different temperature histories to further investigate
the effect of temperature histories on cracking behavior of con-
crete. It can be seen from Fig. 12(a) and (b) that the creep-to-free
deformation ratios with the cooling rate history of 1.0 �C/day-
0.39 �C/h were larger than those with the cooling rate history of
0.5 �C/day-0.6 �C/h, indicating that creep behavior on reduction
of restrained stress was more predominant. This phenomenon
can be explained by the fact that by more efficiently using stronger
creep property of concrete at early-age, more restrained stress (i.e.
temperature drop) can be relaxed and the cracking potential
accordingly was lowered. Furthermore, the effect of temperature
history on cracking behavior of concrete also can be obtained by
analyzing restrained stresses under the same temperature drop.
It is observed from Fig. 8 (a) and (b) that the restrained stress of
concrete under the restraint degree of 100% with a cooling rate his-
tory of 1.0 �C/day �0.39 �C/h was 0.77 MPa at a temperature of
20 �C, which was smaller than that with a cooling rate history of
0.5 �C/day �0.6 �C/h (1.06 MPa), which have proven the positive
effect of early age cooling on reduction of restrained stress. This
result also agrees well with the obtained temperature differences
under different temperature histories (as shown in Fig. 11).

There have been several indexes on assessment of cracking
potential of concrete, such as restrained stress/strength [49,57],
elastic strain/strain capacity [58], cracking age [59], and cracking
temperature [60,61], etc. According to ASTM standard [62], two
criteria, namely the net time of cracking in the ring test (time from
the initiation of drying) and the stress rate, were recommended. A
modified criterion U combining these two criteria, which was pro-
posed by Kovler and Bentur [63], also has been used to investigate
the cracking potential of concrete under different restraint condi-
tions, as shown in Eq. (13).

U ¼ S
tcr

ð13Þ

where S is the stress rate, and tcr is the net time of cracking.
A similar integrated criterion, which was recommended by

Shen et al. [61], is adopted in this paper to investigate cracking
potential of concrete in the TSTM test, as shown in Eq. (14)

U ¼ S
ttcr

ð14Þ

where ttcr is the net time of cracking (time from the initiation of ten-
sile stress).

As shown in Eq. (14), the higher integrated criterion value rep-
resents that concrete is more prone to cracking. The calculated
results of cracking potential are shown in Fig. 13. It can be con-
cluded that the integrated criterion values with the cooling rate
history of 1.0 �C/day-0.39 �C/h were globally lower than those with
the cooling rate history of 0.5 �C/day-0.6 �C/h under the same
restraint degrees, indicating that concrete mixture with a high-
low cooling rate history had lower cracking potential (i.e. larger
temperature difference).

3.5.2. Effect of restraint degree on cracking behavior
As shown in Eq. (9), the restrained stress depends not only on

the free deformation of concrete, but also on the restraint degree.
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This factor also should be studied to evaluate cracking behavior of
concrete.

As mentioned in Section 3.4, the temperature differences of
concrete with the cooling rate history of 1.0 �C/day-0.39 �C/h were
generally larger due to the effective use of creep behavior of early
age concrete. It is also interesting to note that with the higher
restraint degree, the effect of high-low cooling rate on improve-
ment of temperature difference became more predominant. For
example, based on the obtained temperature difference from TSTM
tests, the increase rate of allowable temperature differences under
the restraint degree of 100% at early-age was 2 times larger than
that under the restraint degree of 50% (as shown in Fig. 11). This
Table 3
Comparison of DT of experimental and analytical value.

Temperature history 1.0 �C/day-0.39 �C/h

Restraint degree (�) 1.0 0.75
a(le/�C) 7.5
ee(le) 32 33.5
w(�) 0.37 0.3
Experimental DT2(�C) 2.66 2.73
Analytical DT (�C) 9.43 11.2
Experimental DT (�C) 9.32 11.1
phenomenon is related to the tussle between the evolution of
restrained stress and strength. The strength of concrete at early
age was rapidly increasing (as shown in Fig. 6), while the positive
effect of high-low cooling rate can effectively lower the magnitude
of tensile stress, and the coupling effect of lowing restrained stress
and increasing tensile strength therefore postponed the cracking
age of concrete to some extent.

The relationships between the restraint degree and the temper-
ature difference have been depicted in Fig. 14. The optimally
approximated relationship between the restraint degree and the
temperature difference can be expressed by Eq. (15).

y ¼ axb ð15Þ
where a and b are constants and can be obtained from the experi-
mental data.

The values of a under the cooling rate history of 1.0 �C/day-
0.39 �C/h and 0.5 �C/day-0.6 �C/h are 9.07 and 6.65, respectively.
The values of b under the cooling rate history of 1.0 �C/day-
0.39 �C/h and 0.5 �C/day �0.6 �C/h are �0.78 and �1.07, respec-
tively. It should be note that Eq. (15) is an empirical formulation,
however, this relationship helps engineers to approximately esti-
mate the cracking potential of massive concrete structures without
making complex calculation.

3.5.3. An analytical method for calculation of temperature difference
In this section, a simple analytical method is introduced for

analysis of temperature differences under different restraint
degrees and temperature histories.

Based on Eqs. (1) and (11), one can obtain the relationship
between efr , ee and ee when concrete cracks

cRe
fr ¼ ee þ ecr ð16Þ
Substituting Eq. (12) into Eq. (16) and assuming efr ¼ aDT1, the

temperature difference DT1 can be expressed as

DT1 ¼ ee

acRð1� wÞ ð17Þ

where DT1 is the temperature difference between age of ‘‘second-
zero-stress” and cracking.

Then, the temperature difference DT can be obtained by Eq. (18)

DT ¼ DT1 þ DT2 ð18Þ
where DT2 is the temperature difference between age of ‘‘second-
zero-stress” and maximum temperature, which can be obtained
from TSTM tests.

ee can be obtained from Figs. 8 and 9, and W can be obtained
from Fig. 12, then, the analytical temperature differences DT can
be calculated. Table 3 shows the comparison of analytical and
experimental values of temperature differences DT. Except for
the case of S-50%-0.5 �C/day-0.6 �C/h, a good global accordance is
obtained. The DT gap for the case of S-50%-0.5 �C/day-0.6 �C/h
might be attributed to the variation of material parameters (e.g.
a) caused by inhomogeneity of concrete, leading to inaccurate cal-
culation results using Eq. (17).
0.5 �C/day-0.6 �C/h

0.5 1.0 0.75 0.5

31.1 29.5 34.7 29.1
0.38 0.16 0.16 0.20
2.3 2.1 1.93 1.73
15.69 6.78 9.27 11.43
15.7 6.5 9.23 13.88
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4. Conclusions

An experimental program was carried out to investigate the
effect of temperature history and restraint degree on cracking
behavior of early-age concrete. Two temperature histories and
three restraint degrees were adopted to assess its effect on the
restrained stress using TSTM. The following conclusions can be
drawn from this study:

1. The cracking behavior of concrete closely relates to the temper-
ature history, besides the temperature-related criterion. With a
high-low cooling rate history at early age, a larger allowable
temperature difference of concrete (improved by at least
13.1%) can be obtained in the current research.

2. The creep-to-free deformation ratio of concrete with the high-
low cooling rate at early-age (0.3–0.38) was larger compared
with that of concrete with the low-high cooling rate (0.16–
0.2), resulting in higher efficient utilization of creep, as well
as lower cracking potential of concrete. This phenomenon also
confirms the vital role of creep behavior on stress relaxation
of concrete.

3. The combination of temperature history and restraint degree
led to various effects on cracking behavior of concrete: the
high-low cooling rate history showed more outstanding effect
on lowering cracking risk of concrete under higher restraint
degree. In the current research, the increase rate of allowable
temperature differences with the restraint degree of 100% was
2 times larger than that with the restraint degree of 50%.

4. A simple analytical method was introduced to establish the
relationship between the restraint degree and the temperature
difference, which can be utilized for cracking potential assess-
ment under different realistic conditions.
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