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Concrete is widely used in underground engineering and bears three-dimensional stress transmitted by overlying load. When a
fire occurs, the thermal expansion of concrete structure under such stress state is different from that under stress-free state. For
this purpose, a self-developed real-time high-temperature true triaxial test system was applied to investigate the thermal expansion
behavior of concrete under three-dimensional stress state. The thermal expansion strain of concrete under the three-dimensional
stress undergoes strain increasing and strain stabilizing stages. At 600°C, the maximum thermal expansion strain of concrete
under the three-dimensional stress is 0.75%. The average coeflicient of thermal expansion of concrete under three-dimensional
stress condition was then calculated, and its value reaches the minimum of 8.68 x107%/°C at 200°C and the maximum of
13.41 x 10°°/°C at 500°C. Comparing the coefficient of thermal expansion of concrete under stress-free condition given by
Eurocode, it is found that the three-dimensional stress has an obvious restraint on the thermal expansion of concrete. The research
results can provide theoretical basis for the stability analysis of underground engineering concrete structures under high-

temperature environment.

1. Introduction

Underwater and underground tunnels are widely employed
in transportation due to their advantages of efficiency,
punctuality, safety, and energy conservation. Concrete
structure of these tunnels needs to bear three-dimensional
stress transmitted by the overlying water, soil, or rock
pressure and also occasional heating impact caused by fire
accident. Under such condition of three-dimensional stress
and high temperature, the concrete structure may generate
additional deformation and stress due to thermal expansion,
which will affect the safety and stability of the tunnel and
threaten the normal operation of the equipment and the lives
of personnel [1]. Different form thermal expansion behavior
under stress-free condition, the thermal expansion behavior
of concrete under three-dimensional stress condition is still
not completely understood and is thus of great importance
to study.

A large number of experimental studies [2-5] and nu-
merical simulations [6, 7] have been performed on the
coefficient of thermal expansion (CTE) of concrete mate-
rials. Loser et al. [8] proposed a method to measure the CTE
of hardened cement-based materials and studied the effect of
age on the CTE. Yeon et al. [9] performed in situ CTE test on
concrete and found that the CTE of concrete increased
slightly after a sudden decrease in a period of time and then
tended to stabilize, and the value of CTE of the initial stage
was about twice that of the stable phase. Childs et al. [10]
developed a method for measuring the CTE of ultra-high-
strength cement-based materials using optical fiber sensors.
Siddiqui et al. [11] studied the CTE of concrete with different
types of aggregates and cement paste volumes and proposed
a method to optimize the CTE of concrete. Abdulkareem
et al. [12] studied the thermal expansion behavior of geo-
polymer slurry at high temperature under different heating
rates. Turcry et al. [13] studied the effect of temperature on
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the autogenous shrinkage of cement slurry. Zhou et al. [14]
established a model based on thermodynamic analysis to
predict the CTE of concrete and found that the type of
aggregate was the main influencing factor.

The studies mentioned above mainly consider the in-
fluences of concrete composition materials, age, water
content, and heating rate on thermal expansion behavior.
Thermal deformability of concrete is also conditioned by the
curing conditions [15] and some of its properties [16].
However, the concrete structure of underwater and un-
derground tunnels is often under three-dimensional stress
condition, which is different from the stress-free condition.
Joaquin et al. [17] argued that the applied volumetric
compressive stress could significantly decrease the volu-
metric expansion rate of concrete caused by alkali silicate
reaction (ASR). Moreover, stress seems to have a great in-
fluence on the thermal expansion behavior of other mate-
rials, for example, graphite, ceramic, and glass [18-21].
Therefore, it is highly important to investigate the thermal
expansion behavior of concrete under three-dimensional
stress condition.

In this study, a real-time high-temperature true triaxial
test system is especially designed to perform thermal ex-
pansion tests on cubic concrete samples under triaxial stress
condition, the thermal expansion strain is measured during
the heating process, and the CTE under three-dimensional
stress condition is analyzed and compared with that under
stress-free condition.

2. Test Preparations

2.1. Test Equipment. The real-time high-temperature true
triaxial test system (see Figure 1) is especially designed to
investigate the thermal expansion behavior of geomaterial
under triaxial compression stress. The system is mainly
composed of three modules: true triaxial loading module,
high-temperature control module, and servo control and
data acquisition module [22]. The maximum and minimum
principal stresses are, respectively, up to 1000 and 200 MPa
at a real-time maximum temperature of 600°C. Meantime,
the changes in displacement and stress in the three direc-
tions are continuously monitored by Linear Variable Dif-
ferential Transformer (LVDT) during the loading and
heating process. Four groups of detachable rigid heating
components are employed for the achievement of real-time
high temperature. Each group of heating components is
composed of 1 electric thermocouple and 8 heating rods,
which are inserted in the 4 corners of the thermoplastic mold
steel. The mold steel is used as heat transfer medium to heat
the sample, as shown in Figure 2. Therefore, the system can
truly simulate the high-temperature and triaxial compres-
sion stress environment for the concrete in underground
engineering.

2.2. Sample Preparation. According to the mixture pro-
portions of the concrete (see Table 1), the concrete was
poured into a cubic sample of 150 x150 x 150 mm. After
being cured for 72 hours, the sample was demolded and was
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FIGUure 1: Photo of real-time high-temperature true triaxial test
system.

placed in a special curing room for 60 days. The special
values of the constant temperature and constant humidity
for concrete curing are 20+2°C and a relative humidity
greater than 95%, respectively. The concrete specimens are
put into water and submerged for long term. In order to
prevent the concrete from being acidified, add a small
amount of lime powder to the water. A quartz sample of
50 x 50 x 100 mm was also prepared to calibrate test results.

In order to reduce the dispersion of test results induced
by the heterogeneity of samples, a series of nondestructive
detection methods, for example, density test, rebound
strength test, and P-wave velocity measurement, were used
for screening the samples [23, 24]. The value ranges of
density, rebound strength, and P-wave velocity of the
samples after detection methods are 2.423-2.639 g/cm’,
40.9-46.7 MPa, and 4328-4820 m/s, respectively. It is clear
that there is only a small variation range and the prepared
samples are thus considered to be relatively homogeneous.
This could reduce errors caused by factors such as internal
defects of the sample and improve the accuracy of data for
subsequent test results.

2.3. Test Condition Setting. Immersed tube tunnel is in-
creasingly used in traffic engineering and thus selected as a
case to study. After the analyses of overlying loading on the
tunnel [25, 26], a hydrostatic pressure of 0.5MPa is de-
termined and applied on the sample to simulate the three-
dimensional stress condition.

When a fire occurs in an immersed tube tunnel, the
temperature of inflammation point may rise to 1200°C. The
concrete structure cannot withstand such high temperature,
and the serious part is easy to collapse. However, considering
that the strength loss of concrete is about 60-75% when
temperature reaches 600°C [27, 28], a dual fire protection of
“fire board +aluminum silicate fiber fire blanket” is thus
often used in immersed tube tunnels and has the effect of fire
prevention and heat insulation from inflammation point
[29]. With the help of such protection, the maximum
temperature of concrete structure in immersed tube tunnels
is below 600°C. Therefore, it is considered to carry out the
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FIGURE 2: Schematic diagram of real-time high-temperature true triaxial loading system. (a) Real-time high-temperature true triaxial test
system. (b) Interior layout drawing of real-time high-temperature true triaxial test system. (c) Schematic of the subsystem for the maximum
and intermediate principal stress loading. (d) Schematic of the subsystem for the major principal stress loading.

TaBLE 1: Mixture proportions of the concrete used in the experiment.

Strength Cementitious Water cement Cement Fly ash Slag powder Sand rate Water reducing
grade material ratio (%) (%) (%) (%) agent
C50 420 kg/m’ 0.35 45 25 30 43 1kg/m’

experiment in the range of 600°C, and 6 temperature levels of
100, 200, 300, 400, 500, and 600°C are selected for heating
treatment.

2.4. Experiment Procedure. The displacement control is
adopted for three-dimensional stress loading, and the
loading rate is 0.001 mm/s. A hydrostatic stress of 0.5 MPa is
applied on the samples to simulate the three-dimensional
loading and held constant during the following thermal
expansion deformation test.

After the load reaches the preset stress, the system is
started to heat the sample from room temperature (RT) to
the preset temperature T. The system should be kept for 2h
to ensure uniform heating inside the sample. The heating
rate and the temperature relationship between heater and
sample surface are shown in Figure 3.

During the heating process, a constant hydrostatic stress
of 0.5 MPa is applied on the samples. Three sets of LVDT are
arranged in each direction, and each set contains 2 trans-
ducers. The arrangement of transducers is shown in Figure 2.
The system collects the displacement changes of the concrete
in the three directions from the beginning of the temper-
ature rising to the end of the constant temperature. In order
to eliminate the error of the instrument itself during the
heating process, a quartz sample is first used to calibrate the

results. Because the CTE of the quartz sample is about
5.5x1077/°C, which is far lower than the CTE of concrete,
and the thermal expansion of the quartz sample in the three
directions can be ignored, the strains in the three directions
in the cases of the quartz sample can be directly used as the
thermal expansion strains of the instrument itself.

By eliminating the deformation of the instrument itself,
the thermal expansion deformations of concrete under the
three-dimensional stress condition can be obtained, and
then the three-dimensional thermal expansion strains of the
samples under three-dimensional stress condition are
calculated.

Considering that the studied concrete is homogeneous
and is subjected to a hydrostatic stress, an average value of
the thermal expansion strains in the three directions is used
to calculate the CTE of the samples under the three-di-
mensional stress condition. The formulas are written as

e, (T) = % (n=1,2,3), 1)
n,0
ac(r) = 1 EED) @

where ¢,(T) and L, are the thermal strain and thermal
deformation of the concrete in the n direction at a
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FiGure 3: The temperature relationship between heater and sample surface.

temperature of T; L, , is the initial length of concrete in the
n direction; L, ¢ is the thermal deformation of the quartz in
the n direction at a temperature of T; a(T) is thus the
average value the CTE under three-dimensional stress; AT
(°C) is the temperature change of the samples.

3. Test Results of Thermal
Expansion Deformations

3.1. Evolutions of Thermal Expansion Strain during Heating
Process. Figures 4(a)-4(f) present the curves of the three-
dimensional thermal expansion strains versus time under
three-dimensional stress condition. In this study, the tensile
strains produced by the thermal expansion of concrete are
taken as positive. After heating to about 60 min, the thermal
expansion strains enter the stable stage. At this time, the
three-dimensional thermal expansion strains under three-
dimensional stress condition basically reach the maximum.
At 600°C, the maximum thermal expansion strain of the
concrete under three-dimensional stress reaches 0.75%. The
three-dimensional thermal expansion strains of the concrete
under three-dimensional stress at various temperatures are
summarized in Table 2.

3.2. Average CTE of Concrete under Three-Dimensional Stress
Condition. The average CTE of concrete under three-di-
mensional stress condition is calculated according to Table 2
and equations (1)-(2), and the results are shown in Figure 5.
The average CTE of concrete under three-dimensional stress
condition presents an S-shaped trend with temperature
changes. The CTE of concrete under three-dimensional
stress condition presents a downward trend within
100-200°C, then an upward trend up to 500°C, and finally a
downward trend within 500-600°C. The CTE of concrete
under three-dimensional stress condition reaches its mini-
mum of 8.68 x 10~°/°C at 200°C and reaches the maximum of
13.41 x 107°/°C at 500°C.

4. Discussions

As mentioned above, the thermal expansion property of
concrete is highly important for the structure stability an-
alyses of underground and underwater tunnel subjected to
fire accident. Previous study indicated that the thermal
deformation of cement-based materials is closely related to
temperature and stress state [30]. However, the CTE in most
of existent standard of cement structures is usually measured
under stress-free condition, and the calculation results of
thermal deformation of concrete structures based on the
CTE under stress-free condition may not be applicable in
underground or underwater tunnels. Concrete structures are
all subjected to three-dimensional stress. The thermal de-
formation of the structure is related not only to the tem-
perature load but also to the stress. Using the CTE of
concrete under the free-stress state to calculate the thermal
expansion of the structure will be excessively exaggerated or
small, and the calculation of the structural thermal stress is
not accurate. In order to understand the difference between
the thermal deformation of concrete under the three-di-
mensional stress condition and the stress-free condition, a
typical CTE model of concrete under stress-free condition,
which was suggested by the European Standards [31], is used
to compare with the CTE measured in the present work.
To deal with the design of concrete structures for the
accidental situation of fire exposure, a formula is suggested
by the European Standards to calculate the thermal ex-
pansion strain of ordinary concrete and written as follows:

Al/1=23x10"T° +9x107°T - 1.8 x 107 (20°C < T <600°C).
(3)

The comparisons of the CTE of the concrete from the
European Standards and the present work are shown in
Figure 6. At 100°C, the CTE of concrete under three-di-
mensional stress is slightly larger than that given by the
European Standards. After 200°C, the CTE of concrete under
stress-free condition is about 1.07-1.47 times of the CTE
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F1GURE 4: Thermal expansion strains of concrete under three-dimensional stress condition. (a) 100°C, (b) 200°C, (c) 300°C, (d) 400°C, (e)

500°C, and (f) 600°C.

under three-dimensional stress condition. In other words,
the three-dimensional stress condition has obvious restraint
effect on the thermal expansion of concrete. The effect of
three-dimensional stress on the CTE of concrete could be

attributed to two mechanisms, that is, the compression
deformation due to degradation of elastic modulus under
high temperature [31-35] and restrain of thermal-induced
microcracks [36-38]. Therefore, the CTE of concrete under



TaBLE 2: Thermal expansion strains of concrete during heating
under three-dimensional stress condition.

Temperature (°C)
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Ficure 5: CTE of concrete under three-dimensional stress.
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Figure 6: Comparisons of the CTE under different conditions.

three-dimensional stress condition is smaller than that
under stress-free condition. A similar phenomenon has been
also observed on rock materials [39, 40].

5. Conclusions

Six groups of concrete samples were screened out to
perform thermal expansion tests at different temperatures
under three-dimensional stress condition. The thermal

Advances in Civil Engineering

deformation behavior of the concrete under three-di-
mensional stress condition was investigated; the CTE was
compared with that under stress-free condition. The
thermal expansion strain of concrete under the three-di-
mensional stress undergoes strain increasing and strain
stabilizing stages. At 600°C, the maximum thermal ex-
pansion strain of concrete under the three-dimensional
stress is 0.75%. The average coeflicient of thermal expan-
sion of concrete under three-dimensional stress condition
was then calculated, and its value reaches the minimum of
8.68 x 107°/°C at 200°C and the maximum of 13.41 x 107°/°C
at 500°C. The average CTE of concrete under three-di-
mensional stress condition presents an S-shaped trend with
temperature changes. The CTE of concrete under three-
dimensional stress condition reaches its minimum of
8.68 x10°/°C at 200°C and the maximum of 13.41 x 10™°/°C
at 500°C. By comparing the CTE of concrete under stress-
free condition suggested by Eurocode, it is found that the
three-dimensional stress has a significant restriction on the
thermal expansion of concrete. The above research results
can provide a theoretical basis for the stability analysis of
underground concrete structures under sudden-fire and
high-temperature environments.
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