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Abstract
Deep underground rock tunnels and caverns in mountainous areas are often subjected to the coupling impacts of high geo-
stresses and high-ground temperature that can threaten the stability of rock masses. This paper presents an experimental 
study of strength, deformation, and failure as well as energy evolution characteristics for rockburst potential evaluation of 
granite under the influence of coupled high confining pressure and ground temperature using a series of triaxial compression 
tests with samples drilled from a borehole about 1000 m in the depth of a mountain tunnel in Tibet area. Three representa-
tive confining pressures (20, 40, and 60 MPa) and four typical temperatures (30, 60, 90, and 120 ℃) around the engineering 
range were inspected according to the previous tunnel site investigations. The strength and deformability of the granite 
samples were analyzed under the influence of coupled high confining pressure and temperature. An energy storage index is 
introduced to discuss rockburst potential of the granite under thermal–mechanical coupled conditions. It is found that high-
ground temperature leads to degradation of mechanical properties of the granite samples, while high pressure increases its 
strength and deformability. In addition, the high pressure and ground temperature couplings increase both the energy storage 
capacity and rockburst potential, with 60–90 ℃ being the strengthening range. The findings are beneficial to understanding 
the behavior of surrounding rock masses, the evaluation of its stability, and rockburst potential for deep underground tunnels 
in areas with high in-situ stress and ground temperature.

 * Zaobao Liu 
 liuzaobao@mail.neu.edu.cn

1 Key Laboratory of Ministry of Education on Safe Mining 
of Deep Metal Mines, College of Resources and Civil 
Engineering, Northeastern University, Shenyang 110819, 
China

2 Key Laboratory of Liaoning Province on Deep Engineering 
and Intelligent Technology, Northeastern University, 
Shenyang 110819, China

3 Department of Civil Engineering and Applied Mechanics, 
McGill University, Montreal H3A0G4, Canada

Highlights

• Mechanical and energy evolution behaviors of granite were reported under thermal-mechanical coupled conditions.
• Rockburst potential of granite under thermal-mechanical coupled conditions was evaluated by an energy index.
• Granite strength decreased with increasing temperature with 60–90 ℃ being the strengthening range of rock potential.
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m0  Mass
D,L  Diameter and length of the sample
�0  Density of sample
VP  P-wave velocity in the natural state
�3,PC  Minimum principal stress, confining pressure
q,�1 − �3  Deviatoric stress
qT  Peak strength of the deviatoric stress at tem-

perature T
E  Elastic modulus
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EL  Loading modulus
EU  Unloading modulus
�1  Axial strain
�
peak

1
  Axial peak strain

�3  Radial strain
�v  Volumetric strain
T   Temperature
c  Cohesion
�  Internal friction angle
�  Shear stress
�n  Normal stress
U0  Total energy absorbed by the rock
Ud  Energy dissipated by the rock during loading
Ue  Elastic energy accumulated in the rock
Wet  Elastic deformation energy index
�  Energy storage capacity index
�  Strength degradation coefficient caused by 

temperature
Ψ, �, K, �  Material parameters
�, �  Fitting coefficients
�  Failure angle
UCS  Uniaxial compressive strength

1 Introduction

In recent years, deep underground tunnels have been con-
structed at more varying ground conditions and depths 
such as the Sangzhuling tunnel and Layue tunnel. The rock 
masses are in highly in-situ stress (i.e., greater than 20 MPa) 
and high-ground temperature (i.e., greater than 28 ℃) envi-
ronments for most of the deep underground tunnels. For 
instance, W. Meng and He (2020) stated that there are 12 
tunnels subjected to both high-ground temperature and 
high geo-stress conditions along a railway in the Southwest 
China. The maximum in-situ stress of the Sangzhuling tun-
nel reaches up to 35.8 MPa, and the measured maximum 
ground temperature is about 89.6 ℃ at the maximum buried 
depth (Yan et al. 2019a). The highest ground temperature is 
about 105 ℃ at the Bulunkou–Kongur hydropower station 
(N. F. Liu et al. 2013a). The coupled effect of high-ground 
temperature and stress will lead to complex thermo-hydro-
mechanical influences within the surrounding rock masses. 
This kind of coupled effect may enhance the strain energy 
accumulation or change the strength of the rock masses. 
Even more, it may lead to severe damage to the rock mass 
and create a great challenge for the safety of rock engineer-
ing (Yan et al. 2019b; Guo Qing Chen et al. 2018). It is 
hence important to study the mechanical properties and 
energy evolution characteristics of rock masses under cou-
pled high stress and temperature conditions for the stability 
of deep rock engineering projects.

The study of thermo-hydro-mechanical processes in rocks 
has been a topic of interest to geotechnical engineers and 
rock mechanicians concerning applications in deep geologic 
disposal of heat-emitting nuclear waste (Nguyen and Sel-
vadurai 1995; A Selvadurai and Suvorov 2017; P. Li et al. 
2014) and in the study of earthquakes occurred at fault zones 
(Grigoli et al. 2018) and hot dry rock (Hu et al. 2021). Many 
studies have investigated the influence of temperature on 
the rock mechanical properties using the uniaxial compres-
sion test (You Liang Chen et al. 2017b; Gautam et al. 2018; 
Homand-Etienne and Houpert 1989), three-point bending 
test (Miao et al. 2020), conventional triaxial compression 
test (Qian Yin et al. 2019; F. Zhang et al. 2018a), thermal 
shock test (Yu et al. 2020; Rong et al. 2021), and true tri-
axial compression test with heat-treated samples (Xiao et al. 
2021b). It has been widely accepted that high-temperature 
treatment could change the physical and mechanical proper-
ties of rocks due to expansion or shrinkage effects such as 
density (Tian et al. 2014), thermal expansion coefficient (F. 
Wang and Konietzky 2019), thermal conductivity (A. P. S. 
Selvadurai and Niya 2020), permeability (Shi Wan Chen 
et al. 2017a; Najari and Selvadurai 2014), wave velocity 
(Rong et al. 2018; Shi Liu and Xu 2015; Inserra et al. 2013; 
Zhu et al. 2017; Weqiang Zhang et al. 2018b), elastic modu-
lus (Zhi Zhen Zhang et al. 2011; Y. L. Zhang et al. 2017c), 
porosity (Yavuz et al. 2010; W. Q. Zhang et al. 2016; Huang 
et al. 2021; Y. L. Zhang et al. 2017c), permeability (Yin 
et al. 2020), fracture characteristics (T. B. Yin et al. 2018; 
Miao et al. 2021; F. D. Meng et al. 2022) and strength char-
acteristics (Vishal et al. 2011; Z H Zhao, 2016; S. Q. Yang 
et al. 2017; Z. B. Liu et al. 2019; Lu et al. 2017). How-
ever, there is still a discrepancy in the results obtained from 
mechanical tests on the samples after heating and the in-situ 
geological environment with the high-ground temperature of 
an actual engineering project.

The mechanical behavior of granite subject to in-situ 
high-temperature conditions is different from that subjected 
to heating treatment (Sheng Qi Yang et al. 2020; Z. L. Wang 
et al. 2018). Some real-time high-temperature uniaxial com-
pressive strength (UCS) tests were conducted to study the 
influence of high temperature on rock mechanical behavior, 
acoustic emission characteristics, and burst susceptibility 
(Shao et al. 2015; Gu et al. 2020; Zhi Zhen Zhang et al. 
2010; Ranjith et al. 2012; Rao et al. 2007). However, the 
method of UCS testing cannot reflect the coupled effect of 
both the high-temperature and high-triaxial stress. The par-
ticle size effect (Weitao Yin et al. 2021) on the mechani-
cal property of granite was investigated by considering the 
coupled of high temperature and pressure (Y. S. Zhao et al. 
2017). In addition, the lateral decompression tests (Z. B. 
Liu et al. 2019) were carried out to investigate the influence 
of temperatures (20–90 ℃) on the shear strength and elastic 
properties of Callovo–Oxfordian claystone. The temperature 
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effect on the strength, deformation, volume change, and per-
meability of Callovo–Oxfordian claystone was also reported 
in the context of high-level radioactive waste disposal (C. L. 
Zhang et al. 2017a; F. Zhang et al. 2014; Mohajerani et al. 
2014; Menaceur et al. 2016; A. P. S. Selvadurai and Najari 
2017; Masri et al. 2014). Some other studies (X. P. Wang 
et al. 2022b; Yong Wang et al. 2021a; Xiao et al 2021a; 
Ranjith et al. 2012) have been carried out on sandstone by 
triaxial tests at different temperatures. In most studies, the 
temperature ranged from RT (room temperature) to 400 ℃ 
with a 100 ℃ increasing interval in real-time high-tempera-
ture conventional triaxial compression tests (Ma et al. 2020; 
Kumari et al. 2017; Y. S. Zhao et al. 2017) and true triaxial 
tests (Chuan Wang et al. 2022a). The above-mentioned stud-
ies provide an outline of the high-temperature and high-
stress coupled effect on the mechanical properties of rocks 
in the context of an enhanced geothermal system with a large 
temperature interval (e.g., 100 ℃). Several kinds of litera-
ture have discussed rock mechanical properties through real-
time high-temperature tests and heat treatment tests. It is 
known that the effect of a real-time high-temperature test on 
rock strength is much greater than that of the heat treatment 
test (YiFeng Zhang et al. 2022). And there is a 100 ℃ gap 
between the results obtained in real-time and those obtained 
after cooling. Moreover, 300 ℃ can be considered the criti-
cal temperature for the real-time temperature heat treatment 
at which rocks lose almost about 80% of their performance 
(Leroy et al. 2021). However, the ground temperature in 
the deep underground tunnels is usually less than 105 ℃ 
according to present publicly available data worldwide. The 
question of what the rock properties will be when the tem-
perature ranges from normal (around 28 ℃) to high-ground 
temperature (max. 105 ℃) under high in-situ stress is still 
unknown at present. It is, therefore, necessary to investi-
gate the properties of rock under the coupled conditions of 
high in-situ stress and high-ground temperature for the good 
design of the underground rock tunnels.

On the other side, rockburst is a dynamic rock mass 
failure process in underground rock engineering. It occurs 
when the accumulated elastic deformation strain energy 
within rock masses is released suddenly under excavation 
or other disturbances (Feng et al. 2020; Z. B. Liu et al. 
2013b; Niu et al. 2021). Referring to the strain energy stud-
ies, some researchers investigated the effect of confining 
pressure (M. W. Zhang et al. 2017b), unloading (Y. Wang 
et al. 2020c), freezing and thawing (P. Wang et al. 2017), 
particle size (M. Li et al. 2017), and the loading rate (Y Q 
Zhou et al. 2020) on the energy evolution of rocks. Some 
unloading tests (Akdag et al. 2018; Su et al. 2017) indicated 
that severe rockburst damage could be induced for granite 
samples after heating treatment. It should be pointed out 
that the energy characteristics of rock under coupled high-
pressure and ground temperature are still unclear and further 
in-depth research is needed. Besides, the relations between 
the rockburst potential and the coupled effect of high-ground 
temperature and high in-situ stresses is still unknown in a 
deterministic manner.

This study is devoted to investigating the strength, fail-
ure, energy storage characteristics, and rockburst potential 
of Tibet granite samples under coupled high-stress and 
high-temperature conditions. A series of coupled ther-
mal–mechanical triaxial compressive tests were carried out 
on granite samples collected from the deep boreholes of an 
underground railway tunnel with temperature ranging from 
30 to 120 ℃ and confining stress from 20 to 60 MPa. This 
paper is organized into four parts. Section 2 first briefly 
introduces granite materials, test apparatus and procedure. 
Then the results of the high-pressure and high-temperature 
coupled tests are summarized in Sect. 3. Section 4 analysis 
the effect of high temperature and high pressure on peak 
strength, deformation property and energy evolution char-
acteristics based on results data. Section 5 presents a discus-
sion of temperature effects on rockburst potential. Finally, 
the strength and deformation modulus of different granite 

Fig. 1  a Sample location; b Drilling rock samples from a block; c Prepared standard granite sample
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under real-time high temperatures are discussed through 
literature comparison.

2  Materials, Test Apparatus, and Procedure

2.1  Materials and Sample Preparation

The rock samples were obtained from boreholes at the depth 
of about 1000 m beneath the earth’s surface, in a deep tun-
nel in Southwest, China (see Fig. 1a). The total length of 
the tunnel is 31.00 km, and the maximum buried depth is 
2080 m, and the maximum horizontal principal stress value 
ranges from 16.00 to 66.00 MPa. Besides, the maximum 
ground temperature can reach up to 93.5℃ in field meas-
urement from regional boreholes. From the geological field 
mapping data, the severe thermal damage region is popu-
lated about 170.00 m long within the ultra-high tempera-
ture zone (≥ 60℃), and a roughly 3.33 km tunnel region is 
located within the high-temperature zone (50–60℃). In this 
fashion, the tunnel will be subjected to coupled effects of 
high-ground temperature and high-stress conditions over a 
long distance.

The size of the rock core collected from the field did not 
meet the test requirement recommended by the Interna-
tional Society of Rock Mechanics (ISRM) (Fairhurst and 
Hudson 1999). The rock cores were, therefore, drilled, cut, 
and grinded in the factory to prepare a standard cylindrical 
sample with the dimension of D = 50.00 mm, L = 100.00 mm 
(as shown in Fig. 1b, c).

The granite was analyzed by X-ray diffraction (XRD) at 
the Analysis and Testing Center of Northeastern University. 
Figure 2a shows the diffraction pattern and it is seen that the 
main minerals of the granite include feldspar (65%), quartz 
(30%), and mica (5%). Figure 2b shows the granite’s polar-
ized light and optical microscopy. The material is indicated 
to be a medium-fine granite as shown in Fig. 2b. The mineral 
content and particle size of the granite are shown in Table 1. 

The geometric dimension and physical properties, as well as 
the testing conditions, are listed in Table 2.

2.2  Test Apparatus and Procedures

Triaxial compression tests under coupled high temperature 
and high pressure were conducted using a newly developed 
coupled multiaxial compression test system of hard rock at 
Northeastern University, as shown in Fig. 3. The testing sys-
tem includes four main units: stress loading units, pressure 
chamber units, a temperature control unit and a computer 
loading control unit. The maximum axial load capacity 
of the experimental system is 2000 kN, and the designed 
maximum confining pressure can reach up to 70 MPa. The 
equipment can be used to perform uniaxial, biaxial, conven-
tional triaxial, and true triaxial rock mechanics tests under 
different control modes (i.e., force, stress, displacement, and 
deformation) at real-time temperatures ranging from room 
temperature to 250 ℃. Because the tested rock samples are 
cylindrical from boreholes, this study presents the testing 
results from coupled high-temperature and high-pressure 
conventional triaxial loading and unloading tests. During 
the tests, the axial strain of the rock is measured by a pair 
of high-temperature resistant LVDT sensors with a measur-
ing accuracy of 1 μm, and the radial strain is measured by a 
high-precision circumferential extensometer. The data sam-
pling frequency is 0.3 s for the monitoring system.

Using the representative stress levels, three confining 
pressure levels (20, 40, and 60 MPa) were selected, which 
correspond to the buried depths of 800, 1600, and 2400 m, 
respectively. For each pressure level, four temperature 

Fig. 2  Microscopic analysis of granite: a diffraction pattern; b the result of polarized light and optical microscopy of the Tibet granite

Table 1  Rock mineral composition content and particle size

Feldspar Quartz Biotite Muscovite

Mineral content (%) 65 30 4 1
Grain size (mm) 1.5–2.5 1.0–2.5 0.5–1 0.2
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cases were tested: RT (the actual test environment is about 
30 °C), 60, 90 and 120 °C. The temperatures were selected 
according to the following considerations: (1) The ultra-high 
temperature geothermal zones that showed serious thermal 
damage appeared at temperatures greater than 60 ℃; (2) 
The measured maximum ground temperature in the sam-
pling tunnel area is above 90 ℃; (3) According to the avail-
able data, the maximum temperature that may exist is about 
120 ℃ (N. F. Liu et al. 2013a).

In the first step, 12 sets of tests high-pressure ther-
mal–mechanical coupled conditions were carried out on 
samples of the borehole discussed above, and the specific 
test plan is given in Table 2. Besides those, another series of 
tests were also carried out with samples of the same region 
to validate the experimental results. The stress loading paths 
are shown in Fig. 4 for the tested granite samples.

The details of the test procedure are summarized as:

(1) One layer of a thin, heat-shrinkable film was used to 
wrap the rock sample, preventing the hydraulic oil from 
entering the rock samples to allow confining pressure 
application. The deformation sensors (LVDTs) were 
then installed.

(2) The rock sample was placed centrally on the base of the 
triaxial pressure chamber. A small value of axial load 
(e.g., 1 kN) was applied to centralize the rock sample, 
and to avoid deviation and sliding of the sample in the 
hydraulic oil when applying the confining pressure 
( 
(
PC

)
.

(3) The Pc was applied to a pre-determined value at a load-
ing rate of 0.5 MPa/s.

(4) The heating unit was then applied to heat the hydraulic 
oil surrounding the rock sample to the target value, and 
the temperature was kept constant for 2.0 h to ensure 
the rock sample was heated uniformly. During the test, 
the temperature was regulated by a temperature control 
unit to ensure temperature stability.

(5) The deviatoric stress ( q ) was then applied following the 
stress loading paths of the test program at a constant 
axial displacement loading rate of 0.02 mm/min. The 
force gradient of 100 kN was taken when the unloading 
and reloading cycles were designed.

Table 2  Physical parameters 
of rock specimens and testing 
conditions

No m0(g) Φ

(mm)
L

(mm)
�0
(g/cm3)

VP

(m/s)
�3
(MPa)

T(℃) q(MPa) �
peak

1

(mm/mm)
E(GPa)

C20RT 510.45 49.55 100.10 2.645 2912.61 20 RT 351.84 0.9867 46.896
C20T60 504.38 49.05 100.06 2.669 3107.45 60 298.52 0.6827 58.573
C20T90 498.60 48.60 100.17 2.684 3014.14 90 263.78 0.5865 54.150
C20T120 495.83 49.3 100.11 2.596 3359.40 120 216.93 0.5494 42.819
C40RT 502.83 49.01 100.03 2.665 3709.52 40 RT 440.43 1.1346 49.385
C40T60 498.80 48.78 99.49 2.684 3247.88 60 386.00 0.7801 60.594
C40T90 496.29 48.80 100.12 2.651 3109.21 90 342.79 0.9089 48.816
C40T150 519.21 49.74 99.68 2.682 3268.09 150 264.72 0.8054 36.339
C60RT 515.47 49.80 100.13 2.644 3717.82 60 RT 544.43 1.2891 51.210
C60T60 492.53 48.63 100.10 2.710 3545.57 60 487.74 1.1575 50.830
C60T90 496.29 48.80 100.12 2.651 3109.21 90 455.62 1.1244 50.615
C60T120 506.73 49.01 100.04 2.687 3412.21 120 419.57 1.0304 45.705
90–1# 520.58 50.04 100.05 2.657 3937.01 20 90 438.53 0.8760 58.009
90–2# 522.17 50.07 99.84 2.656 3946.25 450.92 0.8800 57.857
90–3# 521.23 49.93 100.12 2.664 3926.27 445.83 0.8710 60.189
RT–1# 514.7 49.73 100.07 2.649 3916.63 20 RT 454.78 0.8592 61.49
RT–2# 520.0 49.69 100.08 2.681 3739.91 452.13 0.8337 63.34
120–1# 510.8 49.88 99.93 2.617 3843.46 20 120 426.97 0.7680 62.19
120–2# 524.3 50.30 100.06 2.638 3736.37 429.95 0.7694 59.87
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3  Test Results

3.1  Stress–Strain Curves

The typical stress–strain curves of the triaxial cyclic load-
ing and unloading test are shown in Figs. 5, 6, 7 under cou-
pled high confining pressure and temperature conditions. 
The obtained mechanical parameters are summarized in 
Table 2. It can be seen from those figures that the peak 
strength of the deviatoric stress is in the range from 216.93 
to 544.43 MPa, and the range of axial peak strain is in 
the range from 1.29 to 0.58%. As the confining pressure 
increases from 20 to 60 MPa, the peak strength q and the 
corresponding strain �peak

1
 increase accordingly, and the 

increase rates at RT are 54.73 and 30.65%, respectively. 
When the temperature rises from RT to 120℃, the q and 
�
peak

1
 are both attenuated. The attenuation amplitudes of the 

Fig. 3  High-temperature and high-pressure coupled multiaxial compression test system: a Schematic diagram; b Photo of test system

Fig. 4  Loading and unloading path during the tests
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q and �peak
1

 at a confining pressure of 60 MPa are 22.93 and 
20.07%, respectively.

The stress–strain curves of the tests show a hysteretic 
effect as shown in Figs. 5, 6, 7. The hysteresis effect is 
mainly since the rock samples contain micro-fissures, 
joints, and pores, which result in the non-ideal elasticity of 
rock deformation (X. S. Liu et al. 2016). When a sample is 
loaded to a certain stress level and unloaded, the unloading 
curve is lower than the original loading curve and forms 
a closed loop area with the subsequent adjacent reloading 
curve. In other words, a hysteresis loop is formed by the 
unloading curve of one cycle and the reloading curve of 
the next cycle.

The outer envelope of a typical stress–strain curve is 
extracted in Fig. 8 to demonstrate the deformation charac-
teristics of the granite samples during the tests. It can be 
seen that the rock sample deformation can be divided into 
the following four stages:

(I) Compaction stage. In this stage, the existing internal 
cracks and pores of the rock are closed under pressure 

during the initial loading, and the rock is gradually com-
pacted, forming an early nonlinear deformation. Substan-
tial permanent deformation can be seen in each cycle. At 
the confining pressures of 20 and 40 MPa, some differ-
ences can be observed in the compaction stage of the rock 
samples when different temperatures are applied; under 
the high confining pressure of 60 MPa, the pores and 
cracks of the rock are completely closed under the high 
confining pressure. Thus, at the higher confining pressure, 
the compaction stage of the deviatoric stress–strain curve 
becomes less obvious and the responses are similar at 
different temperatures. In other words, the influence of 
temperature on the compaction process of the rock sam-
ple decreases as the confining pressure increases.
(II) Elastic deformation stage. The deviatoric stress 
increases linearly with the increase of axial and circum-
ferential strain, which reflects the elastic characteristics 
of the rock sample.

Fig. 5  Stress–strain curves of triaxial cyclic loading and unloading tests at 20 MPa: a RT; b 60 ℃; c 90 ℃; d 120 ℃



 Z. Liu et al.

1 3

(III) Plastic deformation stage. As the load increases con-
tinuously, the deviatoric stress may induce some micro-
cracks in the rock sample. The microcracks then come 
to an unstable development stage and grow up to form a 
macro crack.
(IV) Post-peak failure stage. Once the axial load reaches 
the peak strength of the rock sample, a failure plane 
develops leading to the failure of the sample. Under the 
coupling of high temperature and high pressure, the stress 
drops dramatically after reaching the ultimate bearing 
capacity due to the high brittleness of the granite sample.

In addition, as shown in Fig. 9, there is an evident transi-
tion point at which the volumetric strains turn from com-
pression to dilation. At the failure state, the volumetric 
strains are in the dilation regime for most of the tests. Thus, 
it seems that the failure of the rock sample is dominated 

by the compression-induced dilation under the coupling of 
high temperature and high pressure, which will be discussed 
below.

3.2  Validation Test

Three groups of supplementary tests were carried out 
using the device with samples from one deep tunnel in 
the same area as the previous tests to validate the previ-
ous testing results. The confining pressure of the supple-
mentary tests is 20 MPa and the temperature values are, 
respectively, RT, 90, and 120℃.

The stress–strain curves and the relationship between 
peak deviatoric stress and temperature are obtained as 
shown in Fig. 10a, b. It is observed that the stress–strain 
curves of different samples almost coincide under different 
temperatures when the stress is lower than 300 MPa and 
show only a slight difference when the stress is higher than 

Fig. 6  Stress–strain outputs of triaxial cyclic loading and unloading tests at 40 MPa: a RT; b 60 ℃; c 90 ℃; d 150 ℃
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300 MPa. As an example, the relative standard deviation 
of peak stress, elastic modulus, axial strain, and circumfer-
ential strain at peak, is, respectively, 1.14, 0.42, 2.82, and 
1.82% at 90 ℃. Besides, there is a good linear decreasing 
relationship between peak strength and temperature, which 

is consistent with the previous experimental results. It 
seems that the tested results of different granite samples of 
the same origin at the tested coupled high-temperature and 
high-pressure conditions have a very good consistency.

Fig. 7  Stress–strain outputs of triaxial cyclic loading and unloading tests at 60 MPa: a RT; b 60 ℃; c 90 ℃; d 120 ℃

Fig. 8  Four-stage division of a 
typical triaxial cyclic loading 
and unloading test
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Fig. 9  Volumetric strain–axial strain curve: a RT; b 60 ℃; c 90 ℃; d 120 ℃

Fig. 10  Results of validation test: a stress–stain curves; b q–T curves
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3.3  Failure Pattern

Typical photos of the failed samples are shown in Fig. 11 
after the high temperature and high-pressure coupled tests. 
A macro shear fracture can be observed on each sample. 
And to quantitatively characterize the performance of the 
macro failure crack under different conditions, the angle 
between the macro failure crack and the horizontal plane 
is defined as the failure angle � to describe the character-
istics expressed by the failure pattern. After measuring sta-
tistics, the failure angle ranges from 45 to 70°. The failure 
angles tend to decrease as the temperature increases, but 

the difference is not important. Under different tempera-
ture and confining pressure conditions, the axial strains at 
the peak strength of the granite range from 1.29 to 0.55%. 
According to the classification of Fang and Bi (1987), 
axial strains of less than 3% (see Table 2) indicate that the 
rock failure shows a brittle fracture mode.

In addition, a certain number of secondary fractures are 
observed close to the main macro fracture as the tempera-
ture increases. When temperature increases at the same 
confining pressure, the extent of rock failure is intensified 
and the failure mode changes from shear to mixed tensile-
shear failure. Therefore, the failure mode of the granite 

Fig. 11  Photographs of samples after testing along with the crack morphology by hand drawing: a 20 MPa; b 40 MPa; c 60 MPa
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sample is affected by the coupled high-ground temperature 
and stress.

4  Analysis and Discussion

4.1  Peak Strength Change

The peak strength refers to the maximum stress that the 
rock sample can resist prior to failure in triaxial loading 
and unloading tests. The granite peak strength increases 
linearly as the confining stress increases, as shown in 
Fig. 12a. A linear criterion can be used to quantify the 
relation between the axial peak stress and the applied con-
fining pressure:

where ΨT and �T are material constants that can be obtained 
from experimental results (as shown in Fig. 12a).

The peak stress increases with the confining pressure 
increase and is significantly enhanced by the confining pres-
sure. The enhanced coefficients of the confining pressure are, 
respectively, 5.81, 5.73, 5.80, and 6.07 for the temperatures 
of RT, 60, 90, and 120 ℃ as shown in Fig. 12a. The differ-
ences in the coefficients indicate that the influences of the 
confining pressure on the peak stress of the granite are not 
the same under different temperatures. With the increase in 
temperature, the increasing effect of confining pressure on 
granite strength is slightly enhanced.

The temperature keeps the same in each test during the 
deviatoric stress loading and unloading. Thus, the deviatoric 
stress loading tests can be thought isothermal. One can use 
the Mohr–Coulomb criterion to describe the strength of the 
granite samples at each tested temperature under different 
confining pressures. In the M–C failure criterion, the shear 
strength is related to the material strength parameters (Zao.
Bao Liu and Shao 2017; Hoek and Brown 1997), namely, 
the strength of the rock can be denoted by

where � and � are the shear stress and normal stress at the 
shearing failure plane, respectively; c and � are the cohesion 
and internal friction angle, respectively. Taking into account 
the geometrical relations to the stress circles, we have:

The granite strength fits well with the linear failure criterion 
using the least square regression method. From the granite 
mechanical properties at different temperatures (see Fig. 13), 

(1)�1 =ΨT + �T�3,

(2)� = c+ � tan�,

(3)
ΨT = (2c cos�)∕(1 − sin�), �T = (1 + sin�)∕(1 − sin�),

Fig. 12  Strength of granite under different confining pressures and different temperatures: a �
1
–�

3
 curves; b q–T curves

Fig. 13  Shear strength parameters (cohesion and friction angle) at 
different temperatures by different tests
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it is found that the friction angle does not show a large vari-
ation at different temperatures and the friction angle is about 
45° for the temperature range from RT to 90 ℃. On the other 
hand, the cohesion decreases from 52.5 to 33.7 MPa as the 
temperature increases, which may result from the difference 
in the thermal expansion coefficient of the mineral particles 
inside the rock (Fei Wang et al. 2020b). As the temperature 
increases, the effect of uneven expansion gradually intensifies 
and more thermal damage cracks are generated, as stated by 
Sheng Qi Yang et al. (2021).

In addition, the peak deviatoric stress of the granite 
decreases gradually as temperature increases (see Fig. 12b). 
Based on the best fit of the test data, the variation of peak 
deviatoric strength is expressed as a function of temperature 
in a linear relation:

where qT (MPa) is the peak deviatoric stress at the given 
temperature; K (MPa) is a material parameter, theoretically 
which corresponds to the peak strength at RT; � (MPa/℃) is 
a fitting coefficient that describes the degradation effect of 
peak strength of the granite caused by the high-temperature 
changes. According to the test results, it is seen that as the 

(4)qT = K − �T , RT ≤ T ≤ 120◦C

confining pressure increases, � shows a decreasing trend. 
The following relation can give a satisfactory fitting between 
� the and PC:

The high temperature causes thermal damage to the gran-
ite and overall, the strength of the specimen continues to 
decrease with the increase in temperature. Nevertheless, the 
sensitivity of granite to temperature is not the same under 
various confining pressures. When the confining pressures 
are 20, 40, and 60 MPa, the temperature influence coefficient 
of granite is about 1.46, 1.44, and 1.36, respectively. Similar 
to the influence coefficient of confining pressure, the tem-
perature influence coefficient under different confining pres-
sures is not the same. As the confining pressure increases, 
the effect of temperature on the strength of the rock weakens.

Therefore, the confining pressure and temperature have 
an opposite impact on the compression strength of the Tibet 
granite under thermal–mechanical coupled conditions. The 
confining pressure can decrease the temperature-induced 
degradation of the granite strength.

(5)� = − 0.0027PC + 1.5297.

Fig. 14  Strength change with temperature of granite under thermal–
mechanical coupled conditions

Table 3  Composition ratio of 
several different types of granite

NO �0(g/cm
3) Porosity (%) Mineral mass (%)

Feldspar Quartz Biotite Muscovite others

This study 2.66 1.0 65 30 4 1 –
Zhang et al. 2022 2.62 0.92 56 13 31 – –
Dwivedi et al. 2008 2.59 0.8 58 39.5 1.5 – 1
Kumari et al. 2017 2.70 1.16 29 50 15 2 4

Fig. 15  Evolution of axial strains at the peak strength under high-
temperature and high-pressure coupled conditions
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A similar relationship has also been obtained by Hao 
Tian Yang et al. (2013) on granite under thermal–mechani-
cal coupled conditions at lower confining pressures of 5, 10, 
and 20 MPa (see Fig. 12b). A summary is made in Fig. 14 
through literature analysis the uniaxial and triaxial compres-
sive strength of granite under thermal–mechanical coupled 
conditions. The changes in normalized strength of granite 
with the temperature from different origins in the literature 
are comparatively shown for the coupled tests. It can be 
observed in Fig. 14 that the strength changes of granite with 
the temperature show great variations in different works. The 
granite strength obtained by Hao Tian Yang et al. (2013), 
C. P. Wang et al. (2015) and this study shows a monotonic 
decrease with the temperature from RT to 150 ℃ in ther-
mal–mechanical coupled triaxial tests. On the contrary, the 
granite strength in Kumari et al. (2017) increases in the 
range from RT to 200 ℃ and decreases a little to 300 ℃. The 
difference in the sensitivity of rock strength to temperature 
may be caused by the difference in the mineral composi-
tions, especially the content of biotite or quartz as shown in 
Table 3. Therefore, the granite strength change with temper-
ature shows great variations in thermal–mechanical coupled 
tests with their origins such as mineral compositions.

4.2  Deformation Property Evolution

The plastic deformation of the sample increases with 
the confining pressure increase at a given temperature as 
observed in Figs. 5, 6, 7, 15. Moreover, the peak axial 
strain increases quasi-linearly with the confining pres-
sure, which indicates that the confining pressure moder-
ately enhances the ductility of the sample. On the other 
hand, an increase in temperature enhances the brittleness 
of the sample, which is due to a quasi-linear decrease in 
the peak axial strain with an increase in the temperature. 
It is indicated that thermal loading and confining pressure 
have different impacts on the deformation.

The deformation modulus, regarding E as the slope of 
the stress–strain linear segment (elastic segment) on the 
stress–strain curve, characterizes the deformation capabil-
ity of a loaded rock sample. In this study, a similar method 
is used to derive the E as described in Qing Bin Meng 
et al. (2018). The slope of the linear segment between 
30 and 70% of the peak strength in the envelope of the 
stress–strain curve is extracted to represent the deforma-
tion modulus.

In addition, because of the hysteretic response of the 
rock sample in the loading–unloading process, the empiri-
cal value of 30% cyclic stress is adopted as the starting point 
of an approximately linear segment at each cyclic loading 
stage. The endpoint of an approximately linear segment 
has a 70% cyclic stress level and adjusts properly for the 
stress–strain curve shape. This estimation method can ensure 

the beginning and ending points of an approximate linear 
segment are at the loading and unloading stages of the defor-
mation modulus. In this manner, the loading modulus EL and 
unloading modulus EU are defined separately.

A nonlinear relation is found between the deformation 
modulus and temperature, as shown in Fig. 16a. The defor-
mation modulus increases as the temperature increases from 
RT to 60 ℃, while the deformation modulus decreases rap-
idly when the temperature ranges from 60 to 120 ℃ under 
the confinement of 20 and 40 MPa. In addition, the defor-
mation modulus remains the same at a confining pressure 
of 60 MPa for the full temperature range from RT to 90 ℃. 
When the temperature reaches up to 90 ℃, the deformation 
modulus decreases with the increase of the temperature. It 
is seen that a temperature threshold exists and the threshold 
could change the evolution relation between the deformation 
modulus and temperature. The effect of confining pressure 
reduces the rate of attenuation to a certain extent because of 
thermo-mechanical coupling effects.

In light of the nonlinear change of the deformation modu-
lus with temperature under the coupled high temperatures 
and pressure tests, the following conjecture is proposed. At 
a relatively low-temperature range, the minerals become 
closer due to the uneven expansion of the crystal grains, 
which leads to an increase in E. As temperature increases, 
the thermal damage is intensified to the rock, which would 
cause a continuous E decrease. The observed E decreasing 
as the confinement reaches up to the threshold level is due 
to the increased confining pressure closing the thermally 
damaged cracks.

The variation curves of EL and EU , as functions of the 
relative normalized axial strain, are plotted from Fig. 16b–d. 
A similar evolution trend is found for both the rock loading 
modulus and unloading modulus under axial loading, which 
shows an initial increase initially and then tends to be sta-
bilized. The difference between the loading and unloading 
modulus decreases gradually under axial loading, but the 
unloading modulus value is greater than that of the loading 
modulus in terms of an overall viewpoint.

The changes in normalized deformation modulus with 
the temperature are shown in Fig. 16e for different granites 
based on the literature review of coupled thermal–mechani-
cal tests. It shows the deformation modulus decreases as a 
whole with the temperature for most granites although there 
are fluctuations at some temperatures. The decrease rate, 
however, varies in different granites and seems to be reduced 
by the confining pressure as indicated in the triaxial coupled 
thermal–mechanical tests.

Therefore, the deformation moduli are reduced by the 
temperature and increased by the confining pressure under 
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Fig. 16  Deformation modulus and loading and unloading modulus change at different conditions: a with temperature; b with strain at 20 MPa; c 
with strain at 40 MPa; d with strain at 60 MPa; e with temperature from different literature
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coupled thermal–mechanical conditions. The confining pres-
sure reduces the changing rate of the deformation modulus E 
with the temperature in the high-pressure thermal–mechani-
cal coupled tests. When the confining pressures are 20, 40, 
and 60 MPa, the loading and unloading moduli vary in 
the ranges of (35,76) GPa, (38,78) GPa, and (54,68) GPa, 
depending on the temperature and axial strain, respectively.

4.3  Energy Evolution Characteristics

In general, energy evolution in a rock sample involves the 
process of energy input, storage, and dissipation (Gong et al. 
2021). During the experiments, the temperature environment 
is well sealed for the rock sample and the test system can 
adjust dynamically for temperature changing using real-time 
monitoring to ensure the testing temperature remains stable. 
In this manner, the heat exchange with the external envi-
ronment is negligible. Considering the deformation of the 
rock sample under the external force, the principle of energy 
conservation is:

where U0 is the total energy from the external work, namely, 
the external energy input; Ue is the elastic energy accumu-
lated in the rock; Ud is the energy dissipated by the rock 
during loading.

It is known that the elastic energy is reversible and can 
be reflected in the rock stress–strain curve characteristic in 
a triaxial cyclic loading–unloading experiment. The elas-
tic energy and dissipated energy can be calculated from the 
loading–unloading stress–strain curve of the rock samples 

(6)U0 = Ue + Ud,

(Y. Wang et al. 2021b; Y. Liu et al. 2018). The dissipated 
energy after unloading can be regarded as the elastic energy 
accumulated by the rock at a stress level during unloading, 
and the reduced value relative to the total energy of the rock 
at a stress level. Figure 17 presents the correlation between 
elastic energy density and dissipated energy density in a unit 
volume of loading–unloading curves at a particular stress 
level. The area under the loading curve is the energy den-
sity absorbed by the rock sample in a triaxial cyclic load-
ing–unloading stress–strain curve. Similarly, the area under 
the unloading curve is the elastic energy density released 
by the rock sample. The difference between the inputted 
energy density and the elastic energy density is the dissi-
pated energy density:

where qi (MPa) is the stress at any point on the stress–strain 
curve, �′ is the strain corresponding to qi , �

′′ is the strain 
when qi is unloaded.

The loading rate, confining pressure, and size effects on 
the energy characteristics of the loaded rock specimen have 
been previously discussed at room temperature (Torabi and 
Zarifi 2014; Chunlai Wang et al. 2020a; Z. Z. Zhang and 
Gao 2015). The effect of high temperature on energy evolu-
tion characteristics under coupled ground temperature and 
confining pressure is discussed here. Taking PC = 60 MPa as 
an example, the evolution law between the energy and load-
ing process is discussed afterward. The variations of energy 
density U as functions of the relative normalized axial strain, 
which are shown in Fig. 18a–c. The dashed line denotes the 
fitting curve of the data points from the test results. The 
relation between the energy density and the strain level in 
the pre-peak stage is:

where � is a material parameter; when N = 1 , � represents 
the energy density corresponding to the peak strength level. 
� is the fitting coefficient, and according to the fitting result 
of the test data, � approximates to 2.

According to Fig.  18a–c, a power function is fitted 
between the energy densities and the loading level of the 
rock sample. The fitting curve of the elastic energy density 
is more similar to the inputted energy curve. A large amount 
of the inputted energy is converted into elastic energy, while 
the proportion of dissipated energy is less.

At the same loading level, a linear decreasing relation 
between the elastic energy density and temperature is 

(7)

⎧
⎪⎪⎨⎪⎪⎩

ue = ∫
�
�

�
��

qid�i

ud = ∫
�
�

0

qid�i − ∫
�
��

�
�

qid�i

(8)U = �N� , N = �i
1

/
�
peak

1
,

Fig. 17  Energy density calculation of rock samples under loading and 
unloading conditions
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observed (as shown in Fig. 18d). Combined with Fig. 12b, 
it is found that the variation law of elastic energy density 
with temperature is consistent with the variation law of peak 
strength with temperature. The calculated energy is deter-
mined based on the area formed by the stress–strain curve, 
which is partly dependent on rock strength. To eliminate 
the influence of the rock strength on the rock energy charac-
teristics at various temperatures, the ratio of elastic energy 
density to total input energy density is adopted to character-
ize rock energy evolution.

Based on the fitting results at different temperatures, it 
is found that the elastic energy density and the inputted 
energy density of the rock meet the power function relation 
(as shown in Fig. 19).

where � is the ratio of elastic energy density to total inputted 
energy density. � is defined as the energy storage capacity 

(9)ue = �u�
0
, � ≈ 1,

Fig. 18  The evolution law of three energy density parameters with the actual stress level: a input energy density; b elastic energy density; c dis-
sipated energy density; d relations between energy density and temperature

Fig. 19  Agreement between the elastic energy density and total input 
energy density
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index hereafter, which is used to describe the ability to store 
elastic energy of rock.

From Eq. (9), it is considered that the elastic energy den-
sity and the input energy density are satisfied with a quasi-
linearly relationship:

Large � values indicate that the rock has a great capac-
ity to store elastic energy. Based on the fitting results, the 
� values are 79.56, 75.41, 79.57, and 81.1%, respectively, 
for temperatures of RT, 60, 90, and 120 ℃. Therefore, the 
capacity of granite to store elastic energy varies non-linearly 
with temperature when under the coupled condition of high-
ground temperature and high-confining stress.

In addition, the obtained test results are compared with 
those of triaxial tests on heating treated samples Qing-bin 
Meng et al. (2021) to investigate the differences between 
the two methods of tests, i.e., triaxial tests on heating 
treated samples and triaxial tests under high temperature 
and high confining pressure coupled conditions, in terms of 
energy characteristics. It is found that the dissipated energy 
decreases with the T increase under heating treated condi-
tions, but it is mostly unchanged under the coupled high tem-
perature and high-pressure conditions. In the heating treated 
methods, the heating–cooling process will degrade the rock 
behavior and induce rock damage. In the high-temperature 
and high-pressure coupled method, the confining pressure 
can restrain the rock material from thermal damage due to its 
confining effect. In this manner, the rock energy characteris-
tics are different between the coupled high temperature and 
high-pressure method and the previous heating treated one.

Therefore, the granite mechanical properties in triaxial 
compression tests under high-temperature and confining 
pressure coupled conditions are different from those after 
heating treated ones. A proper method should be chosen 
according to the field site conditions of the rock mass when 
investigating the high-temperature effects on rock proper-
ties. The thermal–mechanical coupled triaxial test should be 
carried out for rock mass property characterization in deep 
tunnels with high-ground temperatures.

5  Additional Discussion on Rockburst 
Potential

The rockburst potential of a rock reflects the possibil-
ity of a rockburst occurring in the rock masses. Based on 
the test results, the rock brittleness increases as the tem-
perature increases, while the peak strength decreases as the 
temperature increases. Besides, the rockburst potential is 
enhanced as the temperature increases, as derived from the 

(10)ue = �u0.

strength–stress ratio method. Further, the rockburst potential 
is related to the rock's strength and brittleness and is also 
influenced by the energy storage properties of the rock.

To further investigate the effect of temperature on the 
rockburst potential, � is selected as an evaluation index. 
Based on Eq. (10), obtained by fitting the test data, one 
can see that � is approximately equal to ue

/
u0 . In addition, 

among the existing rockburst potential indicators, the elastic 
deformation energy index Wet is the most commonly used, 
that is, the ratio of elastic energy ue to dissipated energy ud 
(Jian Zhou et al., 2018):

With Eq. (10) and Eq. (11), a conversion relation between 
� and Wet yields:

Above all, it can be easily verified that � is an effective 
indicator to characterize rockburst potential. To character-
ize the temperature effect on rockburst potential, an average 
value of � is used under different confining pressures. The 
relation between the � and temperature is given in (Fig. 20).

At RT, the � of a rock sample is 0.737, corresponding to a 
weak rockburst tendency. Compared with the RT condition, 
the value of � is 0.780 and 0.827, respectively, at 60 and 
90 ℃, which indicates a medium rockburst proneness with 
an increased risk, respectively, of 22.4 and 64%. However, at 

(11)
ue

ud
= Wet

⎧
⎪⎪⎨⎪⎪⎩

< 2.0, None

2.0 ∼ 3.5, Weak

3.5 ∼ 5.0, Medium

> 5.0, Severe

.

(12)𝛿 =
Wet

1 + Wet

⎧
⎪⎪⎨⎪⎪⎩

< 0.667, None

0.667 ∼ 0.778,Weak

0.778 ∼ 0.833,Medium

> 0.833, Severe

.

Fig. 20  Relation between rockburst potential and temperature
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T = 120 ℃, the � value is 0.723, which is about 5.9% weaker 
than that observed at RT. Therefore, the rockburst potential 
of the granite increases in the temperature range of 60–90 ℃ 
and decreases at 120 ℃. The high-temperature range that 
strengthens the rockburst potential of the granites may be in 
the range of 60–90 ℃.

In a conclusion, attention should be paid to preventing 
rockburst in tunnel sections with high-ground temperatures 
in the range of 60 to 90 ℃ for the deep-tunnel engineering 
projects, in particular for the surrounding rock that is similar 
to the granite tested in this paper. Cooling measures and 
energy release methods should be taken to reduce thermo-
mechanical coupling damage to the rock mass. These 
methods would be helpful in the prevention and control of 
rockburst in tunnels with high geo-stress and high-ground 
temperature.

6  Conclusion

A series of coupled high-pressure and high-temperature 
triaxial compression tests were conducted on Tibet granite 
samples to investigate their strength, failure, and energy stor-
age characteristics for rockburst potential evaluation. The 
following conclusions can be made:

(1) Coupled high-pressure and ground temperatures have a 
significant effect on the mechanical compaction stage 
of the Tibet granite samples. The compaction stages of 
the stress–strain curve were exhibited differently for the 
Tibet granite samples at different temperatures at 20 
and 40 MPa confining pressures. However, the differ-
ence in compaction under a high confining pressure of 
60 MPa becomes less obvious at different temperatures.

(2) The coefficients of the confining pressure and tempera-
ture influence on strength and deformation properties 
of the Tibet granite vary much. The high pressure 
seems to strengthen and the high temperature seems to 
degrade monotonically the mechanical properties of the 
granite under coupled thermal–mechanical conditions.

(3) The brittleness of the Tibet granite at coupled thermal–
mechanical conditions increases when the temperature 
increases from room temperature to 120 ℃, however, 
its strength and peak strain decrease. The deformation 
modulus at a given confining pressure increases when 
temperature increases from room temperature to 90 ℃ 
and then decreases when the temperature goes even 
higher with a turning point of about 90 ℃. The decreas-
ing effect seems weakened by the increasing confining 
pressure due to its confined effect.

(4) A power function is suitable to quantify the growth of 
the energy densities due to the load level of the Tibet 
granite. Moreover, Tibet granite seems to strengthen 

its energy storage capacity in temperature ranges from 
60 to 90 ℃. The rockburst potential at 60 and 90 ℃ 
increases, respectively, by 22.4 and 64% concerning 
that at room temperature, which changes the rockburst 
potential to a medium level when compared to that at 
room temperature.

Nevertheless, due to the great variety of rocks on the 
earth, the results obtained in this study may be suitable only 
for the Tibet granite as indicated by the discussion on the 
strength of granite in different works. Future work will be 
focused on the coupled effect of high true triaxial stress and 
ground temperature on the mechanical properties of the 
Tibet granite as well as its long-term effects. Moreover, the 
effect of non-homogeneity of granite will be considered also 
in future work.

Acknowledgements Supports from the National RD Program of 
China (no.2021YFB2301304) and Natural Science Foundation of 
China (52278333), and the Research Project of China Railway First 
Survey and Design Institute Group Co., Ltd (no.19-15 and no.20-17-1) 
are acknowledged. The work is partially supported by the 111 Project 
(B17009) and under the framework of the Sino-Franco Joint Research 
Laboratory on Multiphysics and Multiscale Rock mechanics.

References

Akdag S, Karakus M, Taheri A, Nguyen G, He MC (2018) Effects 
of thermal damage on strain burst mechanism for brittle rocks 
under true-triaxial loading conditions. Rock Mech Rock Eng 
51(6):1657–1682

Chen SW, Yang CH, Wang GB (2017a) Evolution of thermal damage 
and permeability of Beishan granite. Appl Therm Eng 110:1533–
1542. https:// doi. org/ 10. 1016/j. applt herma leng. 2016. 09. 075

Chen YL, Wang SR, Ni J, Azzam R, Fernandez-Steeger TM (2017b) 
An experimental study of the mechanical properties of granite 
after high temperature exposure based on mineral characteristics. 
Eng Geol 220:234–242. https:// doi. org/ 10. 1016/j. enggeo. 2017. 
02. 010

Chen GQ, Li TB, Li GM, Qin CA, He YH (2018) Influence of tem-
perature on the brittle failure of granite in deep tunnels determined 
from triaxial unloading tests. Eur J Environ Civil Eng 22:s269–
s285. https:// doi. org/ 10. 1080/ 19648 189. 2017. 13694 61

Dwivedi RD, Goel RK, Prasad VVR, Amalendu Sinha (2008)Thermo-
mechanical properties of Indian and other granites. Int J Rock 
Mech Min Sci 45(3):303–315. https:// doi. org/ 10. 1016/j. ijrmms. 
2007. 05. 008

Fairhurst CE, Hudson JA (1999) Draft ISRM suggested method for 
the complete stress-strain curve for the intact rock in uniaxial 
compression. Int J Rock Mech Min Sci 36:279–289

Fang XS, Bi YS (1987) Rock mechanics. Geological Publishing House, 
Beijing

Feng GL, Feng XT, Chen BR, Xiao YX, Liu GF, Zhang W et al (2020) 
Characteristics of microseismicity during breakthrough in deep 
tunnels: case study of Jinping-II hydropower station in China. Int 
J Geomech. https:// doi. org/ 10. 1061/ (asce) gm. 1943- 5622. 00015 74

https://doi.org/10.1016/j.applthermaleng.2016.09.075
https://doi.org/10.1016/j.enggeo.2017.02.010
https://doi.org/10.1016/j.enggeo.2017.02.010
https://doi.org/10.1080/19648189.2017.1369461
https://doi.org/10.1016/j.ijrmms.2007.05.008
https://doi.org/10.1016/j.ijrmms.2007.05.008
https://doi.org/10.1061/(asce)gm.1943-5622.0001574


 Z. Liu et al.

1 3

Gautam PK, Verma AK, Jha MK, Sharma P, Singh TN (2018) Effect of 
high temperature on physical and mechanical properties of Jalore 
granite. J Appl Geophys 159:460–474. https:// doi. org/ 10. 1016/j. 
jappg eo. 2018. 07. 018

Gong F, Zhang P, Luo S, Li J, Huang D (2021) Theoretical damage 
characterisation and damage evolution process of intact rocks 
based on linear energy dissipation law under uniaxial compres-
sion. Int J Rock Mech Mining Sci. https:// doi. org/ 10. 1016/j. 
ijrmms. 2021. 104858

Grigoli F, Cesca S, Rinaldi AP, Manconi A, Lopez-Comino JA, Clinton 
JF et al (2018) The november 2017 M-w 5.5 Pohang earthquake: 
a possible case of induced seismicity in South Korea. Science 
360(6392):1003–1006. https:// doi. org/ 10. 1126/ scien ce. aat20 10

Gu B, Wan ZJ, Zhang Y, Ma YS, Xu XB (2020) Influence of real-time 
heating on mechanical behaviours of rocks. Adv Civil Eng. https:// 
doi. org/ 10. 1155/ 2020/ 88799 22

Hoek E, Brown ET (1997) Practical estimates of rock mass strength 
(Article). Int J Rock Mech Mining Sci 34(8):1165–1186. https:// 
doi. org/ 10. 1016/ s0148- 9062(97) 00305-7

Homand-Etienne F, Houpert R (1989) Thermally induced microcrack-
ing in granites: characterization and analysis. Int J Rock Mech 
Mining Sci Geomech Abstr 26(2):125–134. https:// doi. org/ 10. 
1016/ 0148- 9062(89) 90001-6

Hu J, Xie H, Sun Q, Li C, Liu G (2021) Changes in the thermodynamic 
properties of alkaline granite after cyclic quenching following 
high temperature action. Int J Mining Sci Technol 31(5):843–852. 
https:// doi. org/ 10. 1016/j. ijmst. 2021. 07. 010

Huang Z, Zeng W, Gu QX, Wu Y, Zhong W, Zhao K (2021) Inves-
tigations of variations in physical and mechanical properties of 
granite, sandstone, and marble after temperature and acid solution 
treatments. Constr Build Mater. https:// doi. org/ 10. 1016/j. conbu 
ildmat. 2021. 124943

Inserra C, Biwa S, Chen YQ (2013) Influence of thermal damage on 
linear and nonlinear acoustic properties of granite. Int J Rock 
Mech Mining Sci 62:96–104. https:// doi. org/ 10. 1016/j. ijrmms. 
2013. 05. 001

Kumari WGP, Ranjith PG, Perera MSA, Shao S, Chen BK, Lashin A 
et al (2017) Mechanical behaviour of australian strathbogie granite 
under in-situ stress and temperature conditions: an application to 
geothermal energy extraction. Geothermics 65:44–59. https:// doi. 
org/ 10. 1016/j. geoth ermics. 2016. 07. 002

Leroy MNL, Marius FW, Francois N (2021) Experimental and theoreti-
cal investigations of hard rocks at high temperature: applications 
in civil engineering. Adv Civil Eng. https:// doi. org/ 10. 1155/ 2021/ 
88939 44

Li P, Rao QH, Li Z, Jing J (2014) Thermal-hydro-mechanical coupling 
stress intensity factor of brittle rock. Trans Nonferrous Metals Soc 
China 24(2):499–508. https:// doi. org/ 10. 1016/ s1003- 6326(14) 
63088-0

Li M, Zhang JX, Zhou N, Huang YL (2017) Effect of particle size 
on the energy evolution of crushed waste rock in coal mines. 
Rock Mech Rock Eng 50(5):1347–1354. https:// doi. org/ 10. 1007/ 
s00603- 016- 1151-5

Liu ZB, Shao JF (2017) Strength behavior, creep failure and per-
meability change of a tight marble under triaxial compression. 
Rock Mech Rock Eng 50(3):529–541. https:// doi. org/ 10. 1007/ 
s00603- 016- 1134-6

Liu S, Xu JY (2015) An experimental study on the physico-mechanical 
properties of two post-high-temperature rocks. Eng Geol 185:63–
70. https:// doi. org/ 10. 1016/j. enggeo. 2014. 11. 013

Liu NF, Li N, Liu JP, Yao XC, Guo XG (2013a) Mechanical charac-
teristics of high-temperature tunnel based on analytical method. 
Paper presented at the Rock Characterisation, Modelling and 
Engineering Design Methods, Shanghai, China

Liu ZB, Shao JF, Xu WY, Meng YD (2013b) Prediction of rock burst 
classification using the technique of cloud models with attribution 
weight (Article). Nat Hazards 68(2):549–568. https:// doi. org/ 10. 
1007/ s11069- 013- 0635-9

Liu XS, Ning JG, Tan YL, Gu QH (2016) Damage constitutive model 
based on energy dissipation for intact rock subjected to cyclic 
loading. Int J Rock Mech Mining Sci 85:27–32. https:// doi. org/ 
10. 1016/j. ijrmms. 2016. 03. 003

Liu Y, Dai F, Dong L, Xu NW, Feng P (2018) Experimental investiga-
tion on the fatigue mechanical properties of intermittently jointed 
rock models under cyclic uniaxial compression with different 
loading parameters. Rock Mech Rock Eng 51(1):47–68. https:// 
doi. org/ 10. 1007/ s00603- 017- 1327-7

Liu ZB, Shao JF, Xie SY, Conil N, Talandier J (2019) Mechanical 
behavior of claystone in lateral decompression test and thermal 
effect. Rock Mech Rock Eng 52(2):321–334. https:// doi. org/ 10. 
1007/ s00603- 018- 1573-3

Lu C, Sun Q, Zhang WQ, Geng JS, Qi YM, Lu LL (2017) The effect 
of high temperature on tensile strength of sandstone. Appl Therm 
Eng 111:573–579. https:// doi. org/ 10. 1016/j. applt herma leng. 2016. 
09. 151

Ma X, Wang GL, Hu DW, Liu YG, Zhou H, Liu F (2020) Mechanical 
properties of granite under real-time high temperature and three-
dimensional stress. Int J Rock Mech Mining Sci. https:// doi. org/ 
10. 1016/j. ijrmms. 2020. 104521

Masri M, Sibai M, Shao JF, Mainguy M (2014) Experimental inves-
tigation of the effect of temperature on the mechanical behavior 
of Tournemire shale. Int J Rock Mech Mining Sci 70:185–191. 
https:// doi. org/ 10. 1016/j. ijrmms. 2014. 05. 007

Menaceur H, Delage P, Tang AM, Conil N (2016) On the thermo-
hydro-mechanical behaviour of a sheared callovo-oxfordian 
claystone sample with respect to the EDZ behaviour. Rock 
Mech Rock Eng 49(5):1875–1888. https:// doi. org/ 10. 1007/ 
s00603- 015- 0897-5

Meng W, He C (2020) Back analysis of the initial geo-stress field of 
rock masses in high geo-temperature and high geo-stress. Ener-
gies. https:// doi. org/ 10. 3390/ en130 20363

Meng QB, Zhang MW, Han LJ, Pu H, Chen YL (2018) Acoustic emis-
sion characteristics of red sandstone specimens under uniaxial 
cyclic loading and unloading compression. Rock Mech Rock Eng 
51(4):969–988. https:// doi. org/ 10. 1007/ s00603- 017- 1389-6

Meng Q-B, Liu J-F, Huang B-X, Pu H, Wu J-Y, Zhang Z-Z (2021) 
Effects of confining pressure and temperature on the energy 
evolution of rocks under triaxial cyclic loading and unload-
ing conditions. Rock Mech Rock Eng. https:// doi. org/ 10. 1007/ 
s00603- 021- 02690-x

Meng FD, Li YB, Zhai Y, Li Y, Zhao RF, Zhang YS (2022) Study on 
the effect of sandstone microscopic damage and dynamic com-
pressive properties after heat treatment. Rock Mech Rock Eng 
55(3):1271–1283. https:// doi. org/ 10. 1007/ s00603- 021- 02733-3

Miao ST, Pan PZ, Yu PY, Zhao SK, Shao CY (2020) Fracture analysis 
of Beishan granite after high-temperature treatment using digital 
image correlation. Eng Fract Mech. https:// doi. org/ 10. 1016/j. engfr 
acmech. 2019. 106847

Miao ST, Pan PZ, Zhao XG, Shao CY, Yu PY (2021) Experimental 
study on damage and fracture characteristics of Beishan granite 
subjected to high-temperature treatment with DIC and AE tech-
niques. Rock Mech Rock Eng 54(2):721–743. https:// doi. org/ 10. 
1007/ s00603- 020- 02271-4

Mohajerani M, Delage P, Sulem J, Monfared M, Tang AM, Gatmiri 
B (2014) The thermal volume changes of the callovo-oxfordian 
claystone. Rock Mech Rock Eng 47(1):131–142. https:// doi. org/ 
10. 1007/ s00603- 013- 0369-8

Najari M, Selvadurai APS (2014) Thermo-hydro-mechanical response 
of granite to temperature changes. Environ Earth Sci 72(1):189–
198. https:// doi. org/ 10. 1007/ s12665- 013- 2945-3

https://doi.org/10.1016/j.jappgeo.2018.07.018
https://doi.org/10.1016/j.jappgeo.2018.07.018
https://doi.org/10.1016/j.ijrmms.2021.104858
https://doi.org/10.1016/j.ijrmms.2021.104858
https://doi.org/10.1126/science.aat2010
https://doi.org/10.1155/2020/8879922
https://doi.org/10.1155/2020/8879922
https://doi.org/10.1016/s0148-9062(97)00305-7
https://doi.org/10.1016/s0148-9062(97)00305-7
https://doi.org/10.1016/0148-9062(89)90001-6
https://doi.org/10.1016/0148-9062(89)90001-6
https://doi.org/10.1016/j.ijmst.2021.07.010
https://doi.org/10.1016/j.conbuildmat.2021.124943
https://doi.org/10.1016/j.conbuildmat.2021.124943
https://doi.org/10.1016/j.ijrmms.2013.05.001
https://doi.org/10.1016/j.ijrmms.2013.05.001
https://doi.org/10.1016/j.geothermics.2016.07.002
https://doi.org/10.1016/j.geothermics.2016.07.002
https://doi.org/10.1155/2021/8893944
https://doi.org/10.1155/2021/8893944
https://doi.org/10.1016/s1003-6326(14)63088-0
https://doi.org/10.1016/s1003-6326(14)63088-0
https://doi.org/10.1007/s00603-016-1151-5
https://doi.org/10.1007/s00603-016-1151-5
https://doi.org/10.1007/s00603-016-1134-6
https://doi.org/10.1007/s00603-016-1134-6
https://doi.org/10.1016/j.enggeo.2014.11.013
https://doi.org/10.1007/s11069-013-0635-9
https://doi.org/10.1007/s11069-013-0635-9
https://doi.org/10.1016/j.ijrmms.2016.03.003
https://doi.org/10.1016/j.ijrmms.2016.03.003
https://doi.org/10.1007/s00603-017-1327-7
https://doi.org/10.1007/s00603-017-1327-7
https://doi.org/10.1007/s00603-018-1573-3
https://doi.org/10.1007/s00603-018-1573-3
https://doi.org/10.1016/j.applthermaleng.2016.09.151
https://doi.org/10.1016/j.applthermaleng.2016.09.151
https://doi.org/10.1016/j.ijrmms.2020.104521
https://doi.org/10.1016/j.ijrmms.2020.104521
https://doi.org/10.1016/j.ijrmms.2014.05.007
https://doi.org/10.1007/s00603-015-0897-5
https://doi.org/10.1007/s00603-015-0897-5
https://doi.org/10.3390/en13020363
https://doi.org/10.1007/s00603-017-1389-6
https://doi.org/10.1007/s00603-021-02690-x
https://doi.org/10.1007/s00603-021-02690-x
https://doi.org/10.1007/s00603-021-02733-3
https://doi.org/10.1016/j.engfracmech.2019.106847
https://doi.org/10.1016/j.engfracmech.2019.106847
https://doi.org/10.1007/s00603-020-02271-4
https://doi.org/10.1007/s00603-020-02271-4
https://doi.org/10.1007/s00603-013-0369-8
https://doi.org/10.1007/s00603-013-0369-8
https://doi.org/10.1007/s12665-013-2945-3


Triaxial Compressive Strength, Failure, and Rockburst Potential of Granite Under High‑Stress…

1 3

Nguyen TS, Selvadurai APS (1995) COUPLED THERMAL-
MECHANICAL-HYDROLOGICAL BEHAVIOR OF 
SPARSELY FRAC TUR ED ROCK - IMPLICATIONS FOR 
NUCLEAR-FUEL WASTE-DISPOSAL. Int J Rock Mech Min-
ing Sci Geomech Abstr 32(5):465–479. https:// doi. org/ 10. 1016/ 
0148- 9062(95) 00036-g

Niu WJ, Feng XT, Xiao YX, Feng GL, Yao ZB, Hu L (2021) Identi-
fication of potential high-stress hazards in deep-buried hard rock 
tunnel based on microseismic information: a case study. Bull 
Eng Geol Environ 80(2):1265–1285. https:// doi. org/ 10. 1007/ 
s10064- 020- 01973-x

Ranjith PG, Viete DR, Chen BJ, Perera MSA (2012) Transformation 
plasticity and the effect of temperature on the mechanical behav-
iour of Hawkesbury sandstone at atmospheric pressure. Eng Geol 
151:120–127. https:// doi. org/ 10. 1016/j. enggeo. 2012. 09. 007

Rao QH, Wang Z, Xie HF, Xie Q (2007) Experimental study of 
mechanical properties of sandstone at high temperature. J Cen-
tral South Univ Technol 14:478–483. https:// doi. org/ 10. 1007/ 
s11771- 007- 0311-x

Rong G, Peng J, Cai M, Yao MD, Zhou CB, Sha S (2018) Experimental 
investigation of thermal cycling effect on physical and mechani-
cal properties of bedrocks in geothermal fields. Appl Therm Eng 
141:174–185. https:// doi. org/ 10. 1016/j. applt herma leng. 2018. 05. 
126

Rong G, Sha S, Li B, Chen Z, Zhang Z (2021) Experimental investiga-
tion on physical and mechanical properties of granite subjected to 
cyclic heating and liquid nitrogen cooling. Rock Mech Rock Eng 
54(5):2383–2403. https:// doi. org/ 10. 1007/ s00603- 021- 02390-6

Selvadurai APS, Najari M (2017) The thermo-hydro-mechanical behav-
ior of the argillaceous Cobourg limestone. J Geophys Res-Solid 
Earth 122(6):4157–4171. https:// doi. org/ 10. 1002/ 2016j b0137 44

Selvadurai APS, Niya SMR (2020) Effective thermal conductivity of 
an intact heterogeneous limestone. J Rock Mech Geotech Eng 
12(4):682–692. https:// doi. org/ 10. 1016/j. jrmge. 2020. 04. 001

Selvadurai A, Suvorov A (2017) Thermo-poroelasticity and geome-
chanics. Cambridge University Press

Shao SS, Ranjith PG, Wasantha PLP, Chen BK (2015) Experimental 
and numerical studies on the mechanical behaviour of Austral-
ian Strathbogie granite at high temperatures: an application to 
geothermal energy. Geothermics 54:96–108. https:// doi. org/ 10. 
1016/j. geoth ermics. 2014. 11. 005

Su GS, Chen ZY, Ju JW, Jiang JQ (2017) Influence of temperature on 
the strainburst characteristics of granite under true triaxial load-
ing conditions. Eng Geol 222:38–52. https:// doi. org/ 10. 1016/j. 
enggeo. 2017. 03. 021

Tian H, Ziegler M, Kempka T (2014) Physical and mechanical behavior 
of claystone exposed to temperatures up to 1000 degrees C. Int 
J Rock Mech Mining Sci 70:144–153. https:// doi. org/ 10. 1016/j. 
ijrmms. 2014. 04. 014

Torabi A, Zarifi Z (2014) Energy release rate of propagating deforma-
tion bands and their hosted cracks. Int J Rock Mech Mining Sci 
67:184–190. https:// doi. org/ 10. 1016/j. ijrmms. 2013. 10. 007

Vishal V, Pradhan SP, Singh TN (2011) Tensile strength of rock under 
elevated temperatures. Geotech Geol Eng 29(6):1127. https:// doi. 
org/ 10. 1007/ s10706- 011- 9440-y

Wang F, Konietzky H (2019) Thermo-mechanical properties of gran-
ite at elevated temperatures and numerical simulation of thermal 
cracking. Rock Mech Rock Eng 52(10):3737–3755. https:// doi. 
org/ 10. 1007/ s00603- 019- 01837-1

Wang CP, Chen L, Liu JF, Liu J (2015) Experimental characterisation 
of thermo-mechanical coupling properties of Beishan granite. Eur 
J Environ Civil Eng 19:S29–S42. https:// doi. org/ 10. 1080/ 19648 
189. 2015. 10646 18

Wang P, Xu JY, Fang XY, Wang PX (2017) Energy dissipation and 
damage evolution analyses for the dynamic compression failure 

process of red-sandstone after freeze-thaw cycles. Eng Geol 
221:104–113. https:// doi. org/ 10. 1016/j. enggeo. 2017. 02. 025

Wang ZL, He AL, Shi GY, Mei GX (2018) Temperature effect on 
AE energy characteristics and damage mechanical behaviors of 
granite. Int J Geomech. https:// doi. org/ 10. 1061/ (asce) gm. 1943- 
5622. 00010 94

Wang C, He B, Hou X, Li J, Liu L (2020a) Stress-energy mechanism 
for rock failure evolution based on damage mechanics in hard 
rock. Rock Mech Rock Eng 53(3):1021–1037. https:// doi. org/ 10. 
1007/ s00603- 019- 01953-y

Wang F, Konietzky H, Fruehwirt T, Dai YJ (2020b) Laboratory 
testing and numerical simulation of properties and thermal-
induced cracking of Eibenstock granite at elevated tempera-
tures. Acta Geotech 15(8):2259–2275. https:// doi. org/ 10. 1007/ 
s11440- 020- 00926-8

Wang Y, Feng WK, Li CH (2020c) On anisotropic fracture and energy 
evolution of marble subjected to triaxial fatigue cyclic-confining 
pressure unloading conditions. Int J Fatigue. https:// doi. org/ 10. 
1016/j. ijfat igue. 2020. 105524

Wang Y, Sun J, Liang Z, Huang S, Wang Y (2021a) Experimental 
study on the mechanical properties of triaxial compression of 
white sandstone under the coupling action of chemical corrosion 
and temperature. IOP Conf Ser: Earth Environ Sci 692:042009. 
https:// doi. org/ 10. 1088/ 1755- 1315/ 692/4/ 042009

Wang Y, Yi YF, Li CH, Han JQ (2021b) Anisotropic fracture and 
energy characteristics of a Tibet marble exposed to multi-level 
constant-amplitude (MLCA) cyclic loads: a lab-scale testing. Eng 
Fract Mech. https:// doi. org/ 10. 1016/j. engfr acmech. 2021. 107550

Wang C, Liu Z, Zhou H, Wang K, Shen W (2022a) A novel true triaxial 
test device with a high-temperature module for thermal-mechan-
ical property characterization of hard rocks. Eur J Environ Civil 
Eng. https:// doi. org/ 10. 1080/ 19648 189. 2022. 20922 14

Wang XP, Wang LH, Zhao BY, Wu YJ, Yang JS, Sun JC (2022b) 
Experimental study on mechanical properties of gas storage sand-
stone and its damage under temperature and pressure. Front Earth 
Sci. https:// doi. org/ 10. 3389/ feart. 2022. 905642

Xiao F, Jiang D, Wu F, Zou Q, Chen J, Chen B et al (2021a) Effects 
of high temperature on the mechanical behaviors of sandstone 
under true-triaxial unloading conditions. Bull Eng Geol Environ 
80(6):4587–4601. https:// doi. org/ 10. 1007/ s10064- 021- 02205-6

Xiao F, Jiang DY, Wu F, Zou QL, Chen J, Chen B et al (2021b) Effects 
of high temperature on the mechanical behaviors of sandstone 
under true-triaxial unloading conditions. Bull Eng Geol Environ. 
https:// doi. org/ 10. 1007/ s10064- 021- 02205-6

Yan J, He C, Wang B, Meng W, Wu FY (2019a) Inocunlation and 
characters of rockbursts in extra-long and deep-lying tunnels 
located on Yarlung Zangbo Suture. Chin J Rock Mech Eng 
38(04):769–781

Yan J, He C, Zeng YH, Wang B, Zhang JB (2019b) Cooling technol-
ogy and effect analysis for high geothermal tunnel on Sichuan-
Tibet railway. China Railw Sci 40(05):53–62

Yang HT, Xu J, Wang L, Nie M, Ren HN (2013) Experimental study 
on temperature effect of the mechanical properties of granite. 
Chin J Undergr Space Eng 9(01):96–101

Yang SQ, Ranjith PG, Jing HW, Tian WL, Ju Y (2017) An experi-
mental investigation on thermal damage and failure mechanical 
behavior of granite after exposure to different high temperature 
treatments. Geothermics 65:180–197. https:// doi. org/ 10. 1016/j. 
geoth ermics. 2016. 09. 008

Yang SQ, Tian WL, Elsworth D, Wang JG, Fan LF (2020) An experi-
mental study of effect of high temperature on the permeability 
evolution and failure response of granite under triaxial compres-
sion. Rock Mech Rock Eng 53(10):4403–4427. https:// doi. org/ 
10. 1007/ s00603- 019- 01982-7

https://doi.org/10.1016/0148-9062(95)00036-g
https://doi.org/10.1016/0148-9062(95)00036-g
https://doi.org/10.1007/s10064-020-01973-x
https://doi.org/10.1007/s10064-020-01973-x
https://doi.org/10.1016/j.enggeo.2012.09.007
https://doi.org/10.1007/s11771-007-0311-x
https://doi.org/10.1007/s11771-007-0311-x
https://doi.org/10.1016/j.applthermaleng.2018.05.126
https://doi.org/10.1016/j.applthermaleng.2018.05.126
https://doi.org/10.1007/s00603-021-02390-6
https://doi.org/10.1002/2016jb013744
https://doi.org/10.1016/j.jrmge.2020.04.001
https://doi.org/10.1016/j.geothermics.2014.11.005
https://doi.org/10.1016/j.geothermics.2014.11.005
https://doi.org/10.1016/j.enggeo.2017.03.021
https://doi.org/10.1016/j.enggeo.2017.03.021
https://doi.org/10.1016/j.ijrmms.2014.04.014
https://doi.org/10.1016/j.ijrmms.2014.04.014
https://doi.org/10.1016/j.ijrmms.2013.10.007
https://doi.org/10.1007/s10706-011-9440-y
https://doi.org/10.1007/s10706-011-9440-y
https://doi.org/10.1007/s00603-019-01837-1
https://doi.org/10.1007/s00603-019-01837-1
https://doi.org/10.1080/19648189.2015.1064618
https://doi.org/10.1080/19648189.2015.1064618
https://doi.org/10.1016/j.enggeo.2017.02.025
https://doi.org/10.1061/(asce)gm.1943-5622.0001094
https://doi.org/10.1061/(asce)gm.1943-5622.0001094
https://doi.org/10.1007/s00603-019-01953-y
https://doi.org/10.1007/s00603-019-01953-y
https://doi.org/10.1007/s11440-020-00926-8
https://doi.org/10.1007/s11440-020-00926-8
https://doi.org/10.1016/j.ijfatigue.2020.105524
https://doi.org/10.1016/j.ijfatigue.2020.105524
https://doi.org/10.1088/1755-1315/692/4/042009
https://doi.org/10.1016/j.engfracmech.2021.107550
https://doi.org/10.1080/19648189.2022.2092214
https://doi.org/10.3389/feart.2022.905642
https://doi.org/10.1007/s10064-021-02205-6
https://doi.org/10.1007/s10064-021-02205-6
https://doi.org/10.1016/j.geothermics.2016.09.008
https://doi.org/10.1016/j.geothermics.2016.09.008
https://doi.org/10.1007/s00603-019-01982-7
https://doi.org/10.1007/s00603-019-01982-7


 Z. Liu et al.

1 3

Yang SQ, Tian WL, Dong JP (2021) Experimental study on failure 
mechanical properties of granite with two grain sizes after ther-
mal treatment. Chin J Geotech Eng 43(02):281–289

Yavuz H, Demirdag S, Caran S (2010) Thermal effect on the physi-
cal properties of carbonate rocks. Int J Rock Mech Mining Sci 
47(1):94–103. https:// doi. org/ 10. 1016/j. ijrmms. 2009. 09. 014

Yin TB, Bai L, Li X, Li XB, Zhang SS (2018) Effect of thermal treat-
ment on the mode I fracture toughness of granite under dynamic 
and static coupling load. Eng Fract Mech 199:143–158. https:// 
doi. org/ 10. 1016/j. engfr acmech. 2018. 05. 035

Yin Q, Liu RC, Jing HW, Su HJ, Yu LY, He LX (2019) Experimental 
study of nonlinear flow behaviors through fractured rock sam-
ples after high-temperature exposure. Rock Mech Rock Eng 
52(9):2963–2983. https:// doi. org/ 10. 1007/ s00603- 019- 1741-0

Yin WT, Zhao YS, Feng ZJ (2020) Experimental research on per-
meability of fractured-subsequently-filled granite under high 
temperature and triaxial stresses. Chin J Rock Mech Eng 
39(11):2234–2243. https:// doi. org/ 10. 13722/j. cnki. jrme. 2020. 
0491

Yin W, Feng Z, Zhao Y (2021) Effect of grain size on the mechanical 
behaviour of granite under high temperature and triaxial stresses. 
Rock Mech Rock Eng 54(2):745–758. https:// doi. org/ 10. 1007/ 
s00603- 020- 02303-z

Yu P, Pan P-Z, Feng G, Wu Z, Zhao S (2020) Physico-mechanical prop-
erties of granite after cyclic thermal shock. J Rock Mech Geotech 
Eng 12(4):693–706. https:// doi. org/ 10. 1016/j. jrmge. 2020. 03. 001

Zhang ZZ, Gao F (2015) Confining pressure effect on rock energy 
Chinese. J Rock Mech Eng 34(01):1–11

Zhang ZZ, Gao F, Liu ZJ (2010) Research on rockburst proneness and 
its microcosmic mechanism of granite considering temperature 
effect. Chin J Rock Mech Eng 29(08):1591–1602

Zhang ZZ, Gao F, XU, X. L. (2011) Experimental study of tempera-
ture effect of mechanical properties of granite. Rock Soil Mech 
32(08):2346–2352

Zhang F, Hu DW, Xie SY, Shao JF (2014) Influences of temperature 
and water content on mechanical property of argillite. Eur J Envi-
ron Civil Eng 18(2):173–189. https:// doi. org/ 10. 1080/ 19648 189. 
2013. 852485

Zhang WQ, Sun Q, Hao SQ, Geng JS, Lv C (2016) Experimental study 
on the variation of physical and mechanical properties of rock 
after high temperature treatment. Appl Therm Eng 98:1297–1304. 
https:// doi. org/ 10. 1016/j. applt herma leng. 2016. 01. 010

Zhang CL, Conil N, Armand G (2017a) Thermal effects on clay rocks 
for deep disposal of high-level radioactive waste. J Rock Mech 
Geotech Eng 9(3):463–478. https:// doi. org/ 10. 1016/j. jrmge. 2016. 
08. 006

Zhang MW, Meng QB, Liu SD (2017b) Energy evolution characteris-
tics and distribution laws of rock materials under triaxial cyclic 

loading and unloading compression. Adv Mater Sci Eng. https:// 
doi. org/ 10. 1155/ 2017/ 54715 71

Zhang YL, Sun Q, He H, Cao LW, Zhang WQ, Wang B (2017c) Pore 
characteristics and mechanical properties of sandstone under the 
influence of temperature. Appl Therm Eng 113:537–543. https:// 
doi. org/ 10. 1016/j. applt herma leng. 2016. 11. 061

Zhang F, Zhao JJ, Hu DW, Skoczylas F, Shao JF (2018a) Laboratory 
investigation on physical and mechanical properties of granite 
after heating and water-cooling treatment. Rock Mech Rock Eng 
51(3):677–694. https:// doi. org/ 10. 1007/ s00603- 017- 1350-8

Zhang W, Sun Q, Zhang Y, Xue L, Kong F (2018b) Porosity and wave 
velocity evolution of granite after high-temperature treatment: 
a review. Environ Earth Sci 77(9):350. https:// doi. org/ 10. 1007/ 
s12665- 018- 7514-3

Zhang Y, Zhang F, Yang K, Cai Z (2022) Effects of real-time high 
temperature and loading rate on deformation and strength behav-
ior of granite. Geofluids 2022:9426378. https:// doi. org/ 10. 1155/ 
2022/ 94263 78

Zhao ZH (2016) Thermal influence on mechanical properties of gran-
ite: a microcracking perspective. Rock Mech Rock Eng 49(3):747–
762. https:// doi. org/ 10. 1007/ s00603- 015- 0767-1

Zhao YS, Wan ZJ, Feng ZJ, Xu ZH, Liang WG (2017) Evolution 
of mechanical properties of granite at high temperature and 
high pressure. Geomech Geophys Geo-Energy Geo-Resources 
3(2):199–210. https:// doi. org/ 10. 1007/ s40948- 017- 0052-8

Zhou J, Li XB, Mitri HS (2018) Evaluation method of rockburst: 
State-of-the-art literature review. Tunn Undergr Space Technol 
81:632–659. https:// doi. org/ 10. 1016/j. tust. 2018. 08. 029

Zhou YQ, Sheng Q, Li NN, Fu XD (2020) The influence of strain rate 
on the energy characteristics and damage evolution of rock materi-
als under dynamic uniaxial compression. Rock Mech Rock Eng 
53(8):3823–3834. https:// doi. org/ 10. 1007/ s00603- 020- 02128-w

Zhu SY, Zhang WQ, Sun Q, Deng S, Geng JS, Li CM (2017) Thermally 
induced variation of primary wave velocity in granite from Yantai: 
experimental and modeling results. Int J Therm Sci 114:320–326. 
https:// doi. org/ 10. 1016/j. ijthe rmals ci. 2017. 01. 008

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

https://doi.org/10.1016/j.ijrmms.2009.09.014
https://doi.org/10.1016/j.engfracmech.2018.05.035
https://doi.org/10.1016/j.engfracmech.2018.05.035
https://doi.org/10.1007/s00603-019-1741-0
https://doi.org/10.13722/j.cnki.jrme.2020.0491
https://doi.org/10.13722/j.cnki.jrme.2020.0491
https://doi.org/10.1007/s00603-020-02303-z
https://doi.org/10.1007/s00603-020-02303-z
https://doi.org/10.1016/j.jrmge.2020.03.001
https://doi.org/10.1080/19648189.2013.852485
https://doi.org/10.1080/19648189.2013.852485
https://doi.org/10.1016/j.applthermaleng.2016.01.010
https://doi.org/10.1016/j.jrmge.2016.08.006
https://doi.org/10.1016/j.jrmge.2016.08.006
https://doi.org/10.1155/2017/5471571
https://doi.org/10.1155/2017/5471571
https://doi.org/10.1016/j.applthermaleng.2016.11.061
https://doi.org/10.1016/j.applthermaleng.2016.11.061
https://doi.org/10.1007/s00603-017-1350-8
https://doi.org/10.1007/s12665-018-7514-3
https://doi.org/10.1007/s12665-018-7514-3
https://doi.org/10.1155/2022/9426378
https://doi.org/10.1155/2022/9426378
https://doi.org/10.1007/s00603-015-0767-1
https://doi.org/10.1007/s40948-017-0052-8
https://doi.org/10.1016/j.tust.2018.08.029
https://doi.org/10.1007/s00603-020-02128-w
https://doi.org/10.1016/j.ijthermalsci.2017.01.008

	Triaxial Compressive Strength, Failure, and Rockburst Potential of Granite Under High-Stress and Ground-Temperature Coupled Conditions
	Abstract
	Highlights
	1 Introduction
	2 Materials, Test Apparatus, and Procedure
	2.1 Materials and Sample Preparation
	2.2 Test Apparatus and Procedures

	3 Test Results
	3.1 Stress–Strain Curves
	3.2 Validation Test
	3.3 Failure Pattern

	4 Analysis and Discussion
	4.1 Peak Strength Change
	4.2 Deformation Property Evolution
	4.3 Energy Evolution Characteristics

	5 Additional Discussion on Rockburst Potential
	6 Conclusion
	Acknowledgements 
	References




