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ABSTRACT

The anisotropic mechanical behavior of rocks under high-stress and high-temperature coupled condi-
tions is crucial for analyzing the stability of surrounding rocks in deep underground engineering. This
paper is devoted to studying the anisotropic strength, deformation and failure behavior of gneiss granite
from the deep boreholes of a railway tunnel that suffers from high tectonic stress and ground temper-
ature in the eastern tectonic knot in the Tibet Plateau. High-temperature true triaxial compression tests
are performed on the samples using a self-developed testing device with five different loading directions
and three temperature values that are representative of the geological conditions of the deep under-
ground tunnels in the region. Effect of temperature and loading direction on the strength, elastic
modulus, Poisson’s ratio, and failure mode are analyzed. The method for quantitative identification of
anisotropic failure is also proposed. The anisotropic mechanical behaviors of the gneiss granite are very
sensitive to the changes in loading direction and temperature under true triaxial compression, and the
high temperature seems to weaken the inherent anisotropy and stress-induced deformation anisotropy.
The strength and deformation show obvious thermal degradation at 200 °C due to the weakening of
friction between failure surfaces and the transition of the failure pattern in rock grains. In the range of
25°C—200 °C, the failure is mainly governed by the loading direction due to the inherent anisotropy. This
study is helpful to the in-depth understanding of the thermal-mechanical behavior of anisotropic rocks
in deep underground projects.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

geo-stress and high geo-temperature environment in the context of
deep excavation (Wang et al., 2022b; Kang et al., 2023; Liu et al,,

Anisotropic rocks exist commonly in deep engineering con-
structions, such as tunnel construction (Tonon and Amadei, 2014;
Mambou et al., 2015; Chen et al., 2017), oil and shale gas extraction
(Gao et al., 2015; Yang et al., 2020; Kasyap and Senetakis, 2022),
radioactive waste disposal (Millard et al., 2013; Young et al., 2020;
Zhang and Talandier, 2023), and geothermal energy extraction
(Wang et al., 2022a). It is known that the rock mass is often in a high
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2023). Due to high geo-stress and high geo-temperature, the
excavation of anisotropic rock mass often leads to engineering
problems such as rockburst (Chen et al., 2014; Dammyr, 2016),
spalling (Dammyr, 2016), and large deformation (Hu et al., 2021).
Therefore, for the safe construction and operation of underground
projects, it is necessary to fully investigate the mechanical behavior
of anisotropic rocks under high stress and high temperature
coupled conditions.

In the past decades, numerous laboratory experiments have
been conducted on anisotropic rocks to study the influence of
structural anisotropy on strength, deformation, and failure
behavior. Shale (Cho et al., 2012; Bonnelye et al., 2017; Wang et al.,
2018; Yang et al., 2019, 2020), slate (Attewell and Sanford, 1974; Tan
et al, 2014; Chen et al, 2017; Alejano et al., 2021), layered
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sandstone (Yin and Yang, 2018; Li et al., 2021), schist (Nasseri et al.,
1997; Cho et al., 2012; Ozbek et al., 2018), gneiss (Rosch et al., 2000;
Nasseri et al., 2003; Cho et al., 2012), phyllite (Ramamurthy et al.,
1993; Xu et al,, 2018), and claystone (Niandou et al., 1997; Liu
et al., 2015, 2018; Zhang et al.,, 2019; Braun et al., 2020) are
among the most commonly studied anisotropic rocks. Brazilian
splitting (Cho et al., 2012; Tan et al., 2014; Yin and Yang, 2018; Yang
et al., 2019), uniaxial compression (Nasseri et al., 1997; Rosch et al.,
2000; Cho et al., 2012; Hou et al., 2016; Chen et al., 2017; Wang
et al., 2017, 2018; Yin and Yang, 2018; Yang et al., 2020), triaxial
compression (McLamore and Gray, 1967; Attewell and Sanford,
1974; Ramamurthy et al., 1993; Niandou et al., 1997; Nasseri
et al, 2003; Bonnelye et al., 2017; Chen et al., 2017; Xu et al.,
2018; Braun et al., 2020; Yang et al., 2020; Alejano et al., 2021; Lu
et al., 2022), and triaxial tensile tests (Liu et al., 2019a; Zhang
et al., 2019) are the most widely used experimental methods. The
results obtained provide a good understanding of the mechanical
behaviors of anisotropic rocks under an axisymmetric stress state
(61>02 = 03). In the deep underground, however, the non-
axisymmetric stress state (o1>0,>03) often exists around an
excavation face (Stacey and Wesseloo, 2022). Therefore, the me-
chanical properties measured at the axisymmetric stress state can
only be applied in special field conditions (Haimson and Bobet,
2012; Liu et al., 2022a; Ma et al., 2023). To overcome this limita-
tion, true triaxial compression tests (¢1>02>03) have been carried
out on gneiss (Liu et al., 2020, 2022a, 2022b), schist (Mogi, 2006),
shale (Vachaparampil and Ghassemi, 2017), layered limestone
(Zhou et al., 2016b), and layered sandstone (Cyrille Couture and
Bésuelle, 2023). It has been confirmed that the strength, defor-
mation, and failure of anisotropic rocks are influenced not only by
the magnitude but also by the loading direction of the intermediate
principal stress (Mogi, 2006; Xie et al., 2022; Cyrille Couture and
Bésuelle, 2023). Due to the coupling of inherent anisotropy and
stress-induced anisotropy, the failure behavior of the anisotropic
rocks in true triaxial compression was found to be more complex
than that in uniaxial and triaxial compression. In the presence of
bedding planes, an unusual failure mode, shear failure parallel to
the direction of the minimum principal stress (o3) has been
observed in the true triaxial compression tests of anisotropic rocks
(Mogi, 2006). So far, the relationship between this failure, strength
and deformation is unclear. In addition, the quantitative identifi-
cation of this failure is crucial in deep excavation. However,
attention has not been paid to this issue, and thus further study is
needed.

On the one hand, the strength, deformation, and failure
behavior of anisotropic rocks at high temperatures is a key concern
in deep underground engineering (Liu et al., 2023). Currently, high-
temperature uniaxial and triaxial compression tests have been
carried out on typical anisotropic rocks including oil shale (Wang
et al., 2021), Tournemire shale (Masri et al., 2014), layered sand-
stone (Meng et al., 2018), and argillite rock (Zhang et al., 2013). The
effect of temperature on strength, deformation, and failure of
anisotropic rocks under axisymmetric stress states have been
analyzed in these former studies. However, the mechanical
behavior of anisotropic rocks under true triaxial compression and
high-temperature coupled conditions, as far as we know from the
published materials, has not been studied yet. The relationship
between temperature and stress-induced anisotropy remains
unexplored.

To address these issues, the present study conducts a compre-
hensive series of high-temperature true triaxial compression tests
in gneiss granite. The test was completed using the self-developed
thermal-mechanical coupling true triaxial test system for hard
rock. We aim for clarifying the effect of temperature and principal
stress directions on strength and deformation anisotropy. We also

characterize the anisotropic failure behavior of gneiss granite under
high-temperature true triaxial compression. The deformation
evolution during deviatoric stress loading is analyzed, and a
method for quantitative identification of failure modes is studied.

2. Material and methods
2.1. Site geological condition

The samples were taken from a deep tunnel in China. The sur-
rounding rocks of this tunnel are mainly diorite, monzonite, and
gneiss granite, with gneiss granite comprising more than 80% of the
composition. The tunnel is buried at a depth greater than 500 m,
with a maximum depth of 1558 m. The in situ stress measurements
show that the average value of the maximum horizontal principal
stress is about 20 MPa.

Some geological boreholes were drilled to measure the
geothermal gradient in the tunnel site and it was found that at a
depth range of 115—779 m, the geothermal gradient ranges from
4.13 °C/100 m to 11.98 °C/100 m. Additionally, there are hot springs
in the tunnel site area and its adjacent areas, with a maximum
temperature of 92 °C. Therefore, the surrounding rocks of the
studied tunnel are situated in an environment of high-ground
temperature and high-stress.

The representative rock core, approximately 6 cm in diameter
and 85 cm in length, is shown in Fig. 1, and the gneiss granite
displays a layered structure and the angle between the bedding and
the core axis is about 60°. Due to the layered structure, the strength
and deformation of the gneiss granite may exhibit significant
anisotropy. Therefore, it is necessary to investigate the anisotropic
mechanical behavior of the gneiss granite under high-temperature
and high-pressure conditions.

2.2. Sample preparation

According to the method for rock true triaxial compression
recommended by International Society for Rock Mechanics and
Rock Engineering (ISRM) (Feng et al., 2019a), cuboid specimens
with a height of 50 mm and the ratio of height to width of two are
prepared based on the gneiss granite core shown in Fig. 1c. Gneiss
granite samples are cut by a diamond wire saw and polished at each
side. To investigate the influence of loading orientation on the
strength and failure behavior of the gneiss granite, samples with
different bedding orientations are prepared. The definition of the
principal stress orientation and the representative samples is
depicted in Fig. 2. The orientation of intermediate principal stress
(0,) is the angle w between intermediate principal stress and the
strike of the bedding. The orientation of maximum principal stress
(01) is the angle § between maximum principal stress and the
sample’s axis.

Before the testing, the geometry and mass of each specimen are
measured. Then, the samples with a geometrical error of +0.1 mm
and a density of 2.81—2.83 g/cm> are selected as the final tested
sample. The mineral composition and microstructure of the sam-
ples are identified by polarized light scanning, as shown in Fig. 3.
The gneiss granite consists of 50% plagioclase (PI), 20% alkali feld-
spar (Afs), 10% quartz (Q), 10% biotite (Bt), and 10% Hornblende
(Hbl). The plagioclase and alkali feldspar have a grain size primarily
ranging from 0.3 mm to 1 mm, while hornblende, quartz, and
biotite have particle sizes of 0.15-0.8 mm, 0.4-1.2 mm, and
0.08-0.3 mm, respectively. As a result, the gneiss granite has a
medium-coarse-grained structure.



862 H. Zhou et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 860—876

60mm

Fig. 1. The representative rock core.
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Fig. 3. The result of polarized light scanning of the gneiss granite: (a) Matrix and (b) Bedding.

2.3. Experimental device

The true triaxial compression tests with real-time high tem-
perature are realized in an auto-compensated thermo-mechanical
true triaxial system (see Fig. 4) designed at the Key Laboratory of
the Ministry of Education on Safe Mining of Deep Metal Mines of
Northeastern University (Liu et al., 2021; Wang et al., 2022a). The
test system is mainly composed of four modules: rigid loading
module, confining pressure loading module, temperature loading
module, and system software.

The maximum principal stress and intermediate principal stress
are applied by the rigid loading module with a precision of 0.1 kN.
The minimum principal stress is applied and maintained by the
confining pressure loading module with a precision of 0.1 MPa. The
real-time temperature is provided and maintained by the temper-
ature loading module. The system software is used for experiment
control and data acquisition. The test system can provide a
maximum test force of 2000 kN, a maximum confining pressure of
70 MPa, and a maximum temperature of 250 °C for carrying out
coupled thermal-mechanical as well as permeability tests of rocks

in the context of geothermal energy extraction, radioactive waste
disposal, oil and shale gas extraction, etc.

As presented in Fig. 4, three linear variable differential trans-
formers (LVDT) are used to measure the deformation in the di-
rections of minimum principal stress, intermediate principal stress,
and maximum principal stress, respectively. The measurement
range of LVDT is +2.5 mm, and the measurement accuracy is +1
pm.

2.4. Experimental program

The testing conditions and physical properties of the tested
gneiss are summarized in Table 1. Three groups of true triaxial
compression tests are designed to investigate the effects of prin-
cipal stress orientation and temperature on the anisotropic me-
chanical behaviors. As shown in Table 1, the first group of tests aims
to investigate the influence of the maximum principal stress di-
rection, while the second group devotes to investigating the in-
fluence of the intermediate principal stress direction. The last
group focuses on investigating the impact of temperature. The
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Fig. 4. Thermal-mechanical true triaxial testing system and its deformation measurement method: (a) High temperature true triaxial test system; (b) Schematic diagram of the

loading cell; and (c) Deformation measuring apparatus.

Table 1
Some physical properties of samples and relative testing conditions.
No B(°) (%) L (mm) W (mm) H (mm) p (g/cm3) a5 (MPa) o3 (MPa) T (°C) Purpose
B-1 0 45 24.98 25 50.05 2.83 30 20 25 Varying orientation of a4
B-2 30 24.94 25.02 49.97 2.81
B-3 60 25.01 25.07 50.08 2.82
B-4 60 0 25.05 24.93 50.07 2.83 30 20 25 Varying orientation of o
B-5 90 24.98 24.96 50.08 2.82
B-6 0 45 24.98 25.02 50.09 2.81 30 20 100 Varying temperature
B-7 24.99 24.93 50.08 2.81 200
B-8 30 45 24.95 24.91 49.94 2.81 100
B-9 24.96 25.01 50.03 2.82 200
B-10 60 90 25.07 25.09 50.05 2.83 100
B-11 25.02 25.03 50.04 2.83 200
testing conditions are determined based on the following __A :
considerations. i \
. . . . Stress control |
Geological exploration shows that the maximum horizontal 2 e >
principal stress in the area where the rock core is extracted is about 9 : =2
20.2 MPa, and the representative stress ratio is 1.5. Therefore, a o Ocd
minimum principal stress of 20 MPa and an intermediate principal ) :53 strain control
stress of 30 MPa are applied in each true triaxial test. E 0.0001mm/s
The principal stress orientations, the angles between the prin- 54—’
cipal stresses and bedding planes (see Fig. 2), are applied to
describe the geometrical relations between the orientations of in
situ stress and the strike of the rock formation. According to the 30 &
outcomes of the site geological survey, the principal stress orien- 0.5MPa/s 2
tations with 6 = 60° and w = 45° are determined as representative & %
ones in the present high-temperature true triaxial test. § = 0°, 0.2MPals
6 = 30° w = 0° and w = 90° are also used to comprehensively ) >
Time (s)

study the influence of the principal stress orientation.
Three representative temperatures of 25 °C, 100 °C, and 200 °C
are selected to investigate the effect of temperature on the

Fig. 5. Applied stress path during the high temperature true triaxial compression
testing.
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Fig. 6. Stress-strain outputs of true triaxial compression tests carried out with three different ¢; directions at w = 45°and T = 25 °C: (a) &1 VS 01-03, £ VS 01-03, €3 VS d1-03; and (b) &y

VS 01-03.

anisotropic mechanical properties of the gneiss granite. The tem-
perature of the hot spring in the vicinity of the studied tunnel has
reached 92 °C. Thus, one can roughly evaluate the influence of the
hot spring on the mechanical behavior of the surrounding rocks
based on the test results obtained at 100 °C. The studied tunnel is
located in the Lhasa-Gangdis plate, where heat flow values are
around 100 mW/m?. The Lhasa-Gangdis plate contains abundant
geothermal resources, and the predicted temperature of the ther-
mal reservoir is about 150—200 °C. Therefore, the test data ob-
tained at 200 °C can provide a basis for the safety assessment of
tunnels under extreme conditions and support geothermal energy
extraction in adjacent areas.

The high-temperature true triaxial compression test mainly
includes four loading stages, i.e. hydrostatic stress loading, tem-
perature loading, biaxial stress loading, and deviatoric stress
loading. The method for the stress loading is shown in Fig. 5. In this
study, both hydrostatic stress and biaxial stress are loaded by stress
control mode at rates of 0.2 MPa/s and 0.5 MPa/s, respectively. To
obtain the post-peak mechanical properties of gneiss under high-
temperature true triaxial compression, the deviatoric stress is
loaded at a constant stress rate of 0.5 MPa/s when it is smaller than
the damage stress 0.4, and a constant displacement rate of
0.006 mm/min in the ¢3 direction when it reaches o4.

2.5. Experimental procedure

Each high-temperature true triaxial compression test is mainly
carried out in the following steps:

(1) Calibrate the deformation sensor (LVDT) and temperature
Sensor.

(2) Install the sample to ensure that the axis of the specimen is
parallel to the loading direction.

(3) Load the sample in the hydrostatic state to a given level
(20 MPa, e.g.) at a constant rate of 0.2 MPa/s.

(4) After the deformation is stabilized in the hydrostatic stress
state, the temperature is applied to a selected value and held
for 2 h (Gao et al., 2022; Liu et al., 2023).

(5) Apply the biaxial stress. The g3 is maintained at 20 MPa while
g1 and g, are simultaneously loaded to 30 MPa at a constant
rate of 0.5 MPa/s.

(6) Apply the deviatoric stress. The ¢4 is monotonically loaded at
an initial constant rate of 0.5 MPa/s with o, and o3 are
constant. When the deviatoric stress increases up to the
damage stress o.4, 01 is loaded at a fixed strain rate of
e3 = 0.006 mm/min until the test is terminated (Wang et al.,
2022a).

3. Experimental results
3.1. Stress and strain

A series of true triaxial compression tests was conducted on the
gneiss granite samples according to the experimental program
(Table 1). Fig. 6 shows the stress-strain curves obtained under
different maximum principal stress directions (6 = 0°, 8§ = 30°,
6 = 60°) when the intermediate principal stress direction is 45° and
the temperature is 25 °C. Fig. 7 presents the stress-strain curves
obtained under different intermediate principal stress directions
(w = 0° w = 45°, v = 90°) when the maximum principal stress
direction is 60° and the temperature is 25 °C. Fig. 8 gives the stress-
strain curves obtained under different temperatures (T = 25 °C,
T = 100 °C, T = 200 °C) when the maximum principal stress di-
rection is 0° and the intermediate principal stress direction is 45°.
To study the effect of temperature on inherent anisotropy, high-
temperature true triaxial compression tests were also conducted
at different conditions (8 = 30°, w = 45°; and § = 60°, w = 90°), and
the corresponding stress-strain curves are shown in Figs. 9 and 10.
Note that all tests were realized at g5 = 30 MPa and o3 = 20 MPa,
respectively.

The relationship between the strain and the deviatoric stress in
three principal strain directions, and the relationship between the
volumetric strain and the deviatoric stress are shown in Figs. 6—10.
In this study, 01 — 03 denotes the deviatoric, &1, €, €3 are respec-
tively the strains in the directions of ¢1, g, and a5. &y represents the
volumetric strain and it is calculated by ey = &1 + &3 + 3.

From Figs. 6—10, one can find that the stress and strain at failure
vary with loading orientation and temperature, confirming that the
gneiss granite in the present study exhibits an anisotropic struc-
ture, and its strength and deformation behavior are sensitive to
changes in temperature. Additionally, as shown in Figs. 7a and 10,
in the post-peak stage, the value of ¢, is greater than e3 when the
intermediate principal stress is perpendicular to the bedding plane.
In contrast, the value of ¢, is smaller than e3 when the intermediate
principal stress is parallel to the bedding plane. These phenomena
indicate that the deformation behavior of the gneiss granite in true
triaxial compression is significantly influenced by the direction of
the intermediate principal stress.

3.2. Strength and deformation parameters

The effects of temperature and principal stress orientation on
the anisotropic mechanical behavior of gneiss granite under true
triaxial compression can be well evaluated by the changes in
strength and deformation parameters. The parameters obtained
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from the stress and strain curves shown in Figs. 6—10 are the peak
stress op, crack damage stress o4, crack initiation stress o, residual
stress oy, strains at peak stress epeqi, elastic modulus E, and Pois-
son’s ratio v. The method for the determination of strength and
deformation parameters is as follows.

The peak stress is the maximum value of the deviatoric stress on
the stress-strain curve. The crack damage stress corresponds to the
reversal point of volumetric strain and deviatoric stress curves. In
this study, crack initiation stress o is identified by using a lateral
strain model (Nicksiar and Martin, 2012). The strains at the peak
stress are the peak strain epeq. The elastic modulus E, Poisson’s
ratio vq,, and Poisson’s ratio v;3 are calculated by

(1)

(2)

(3)
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where deq, dey, and de3 are the strain increments in the direction
of 01, 05 and o3 respectively.

The strength and deformation parameters of the gneiss granite
under different principal stress directions and different tempera-
tures are given in Table 2. Based on these parameters, we analyze
the anisotropic mechanical behavior of the gneiss granite under
high-temperature true triaxial compression in the next section.

4. Analysis and discussion
4.1. Strength anisotropy

The value of oy, 04, 0 and o; are good indicators quantifying
the rock’s strength characteristics. The effect of the principal stress
direction on op, o4, 0 and oy of the gneiss granite under true
triaxial compression is presented in Fig. 11. For a given temperature
of 25 °C and a constant w of 45°, the minimum strength is observed
at 6 = 30°, and the strength measured at 8 = 0 ° is higher than
that obtained at § = 60 °. These results are consistent with those
obtained in uniaxial and triaxial compression tests for typical
anisotropic rocks (Nasseri et al., 2003; Cho et al., 2012).

Different from uniaxial compression and triaxial compression, a
true triaxial compression test can study the influence of interme-
diate principal stress loading orientation » on the mechanical
properties of rocks with inherent anisotropy. The change of o}, 04,
g, and o of gneiss granite with intermediate principal stress di-
rection, is illustrated in Fig. 11b. As w increases, the values of o}, 64,
o and o; tend to increase. Notably, op, 04, 0 and o measured at
® = 90 ° are higher than those obtained at w = 0 °. Therefore, a
large w can enhance the strength behavior of gneiss granite both in
the pre-peak and post-peak stages.

Table 2

Experimental values of o}, 0.4, 0 and o; in high-temperature
true triaxial compression tests are depicted in Fig. 12. In Fig. 12a—
¢, 0p, 0q and o tend to respond differently in increasing the
temperature under different principal loading directions. As the
temperature increases from 25 °C to 200 °C, the op, 04 and o
decrease continuously at ( = 0°, w = 45°), while increase slightly
and then decrease at (§ = 30°, w = 45°) and (§ = 60°, v = 90°).
These results indicate that, in the pre-peak stage, inherent anisot-
ropy can affect the thermal effects of the strength behaviors of
granite gneiss. Previous studies have found that the thermal
expansion coefficient of anisotropic rocks such as such as slate
(Ding et al., 2020) and layered sandstone (Zhou et al., 2016a) can
exhibit strong anisotropy. Moreover, it is widely believed that the
thermal effects on the mechanical properties of rocks are closely
related to the thermal expansion (Zhou et al., 2022). This means
that if the thermal expansion of anisotropic rocks is anisotropic,
their thermomechanical behavior can be anisotropic. These results
further support our findings that, in the pre-peak stage, the thermal
effects of the strength behavior of granite gneiss samples vary with
the principal stress loading direction.

In the post-peak stage, as shown in Fig. 12d, ¢, continues to
decrease as temperature increases from 25 °C to 200 °C for different
loading orientations. The variation of ¢; of gneiss granite under
high temperature true triaxial compression can be roughly attrib-
uted to the following two mechanisms. The first is that the oy is
thought to be governed by frictional behavior. It has been found
that a high temperature can induce a decrease in the friction co-
efficient of quartz and feldspar (Masuda et al., 2019), which drives
the thermal degradation of the strength of rocks that contain a
larger amount of quartz or feldspar. The gneiss granite samples
used in this study contained up to 50% feldspar and 10% quartz
(Fig. 3). Thus, for a given loading orientation and a constant stress

Strength and deformation parameters obtained from high-temperature true triaxial compression tests in gneiss granite.

B(°) (%) T (°C) 0p (MPa) 0cd (MPa) aci (MPa) o (MPa) €1_peak (%) €2_peak (%) €3_peak (%) €v_peak (%) E (GPa) V12 V13
0 45 25 393.65 310.2 200.34 183.5 1.02 -0.82 —-0.86 —0.66 524 0.36 0.31
30 164.04 118.37 75.55 889 0.87 —0.69 -0.75 —0.57 27.1 0.32 0.25
60 268.71 200.31 125.81 89.5 0.93 -0.35 -0.71 -0.13 38.7 0.18 0.31
60 0 25 245.94 186.72 117.35 87.4 0.98 -0.17 -0.81 0 34.7 0.16 0.53
90 263.29 204.94 129.94 127.46 0.99 —0.65 —0.46 -0.12 374 0.32 0.16
0 45 100 330.59 263.74 168.74 121.9 0.78 -0.32 —0.68 —0.21 49.4 0.24 0.26
200 319.97 260.1 151.44 105 -0.33 —0.85 -0.17 45.1 0.22 0.25
30 45 100 166.1 125.01 8047 66.5 0.69 -04 -0.74 -0.44 29 0.26 0.32
200 142.92 110.57 69.29 46.5 0.44 -0.1 —0.26 0.17 36.2 0.15 0.23
60 90 100 270 208.69 131.23 121 —0.68 -0.72 -0.39 38.8 0.27 0.24
200 208.9 170.88 108.9 112.8 0.78 -0.39 -0.35 0.04 39.3 0.28 0.2
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Fig.12. Strength parameters of gneiss granite as a function of temperature at different principal stress directions: (a) Peak stress; (b) Crack initiation stress; (c) Crack damage stress;

and (d) Residual stress.

level, it is reasonable that the ¢; decreases continuously with
increasing temperature. The second mechanism involves changes
in the rock structure. In the residual stage, the original complete
structure of the rock is broken. Hence, g, continues to decrease as
temperature increases from 25 °C to 200 °C for different loading
orientations.

4.2. Stress and strain

The deformation characteristics of anisotropic rocks under true
triaxial compression are important for theoretical analysis and
engineering practice. The elastic modulus and Poisson’s ratio under
different principal stress orientations are illustrated in Fig. 13. One
can find in Fig. 13a that the maximum and minimum values of
elastic modulus appear respectively at § = 0° and § = 30°. The
Poisson’s ratios v and vy3 at § = 0° are higher than those at § =
45° and § = 60°. Fig. 13b shows the E, vi, and vi3 measured at

different intermediate principal stress orientations (v = 0°; v =
45°; w = 90°).The value of Eis 34.7 GPaat w = 0°,and whenw =
45° and w = 90°, values of E are 38.7 GPa and 37.4G Pa, respec-
tively. Hence, the value of E increased with increasing intermediate
principal stress orientations w. For vy, and vq3, the values of v
increase continuously as the w increases. On the contrary, the
values of vi3 decrease continuously as the w increases (Fig. 13b).

In the linear elastic stage, the loading rate of the deviatoric stress
in all experiments is 0.5 MPa/s. According to the definitions of E, vy,
and vq3 given by Egs. (1)—(3), for a given deviatoric stress incre-
ment Aq = 0.5 MPa/s, the smaller the E, the smaller the defor-
mation in the direction of 0. Moreover, when the deviatoric stress
increment and the deformation in ¢; direction are given, the
smaller the vy, and vq3, the smaller the deformation in ¢, and o3
directions.

Based on the above analysis, it is confirmed that the principal
stress directions significantly affect the linear elastic deformation
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Fig. 13. Deformation parameters of the gneiss granite versus principal stress directions under true triaxial compression: (a) E, v1, and v3 under different 8; and (b) E, vq,, and vq3

under different w.

behavior of gneiss granite under true triaxial compression. The
increase of w strengthens the deformability in the ¢; and o5 di-
rections while weakening that in the o3 direction.

The effect of temperature on the deformation behavior of gneiss
granite under true triaxial compression are illustrated in Fig. 14. As
shown in Fig. 14a, the changes of E are not only related to the
temperature level, but also to the principal stress orientation. The
values of E decrease with increasing temperature at (6 = 0°,
w = 45°), while at (8 = 30°, w = 45°) and (§ = 60°, w = 90°), the
response of E to a temperature increase is opposite to that obtained
at ( = 0°, w = 45°). The thermal effect of v3 also exhibits loading
orientation dependence (Fig. 14c). v13 continuously decreases with
increasing temperature at (§ = 0°, w = 45°). However, at the other
two principal stress orientation combinations (8 = 30°, v = 45° and
6 = 60°, w = 90°), vy3 first increases and then decreases as the
temperature increases from 25 °C to 200 °C. vq, decreases contin-
uously with increasing temperature, as shown in Fig. 14b.
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Therefore, under true triaxial compression, the principal stress
orientation and temperature play a key role in the deformation
behavior of the gneiss granite. Importantly, the influence of tem-
perature on the deformation differs when the principal stress ori-
entations are different.

4.3. Stress-induced anisotropy change by temperature

The stress-induced anisotropy is defined as the anisotropy of the
physical-mechanical properties of rock due to non-hydrostatic
stress (Wu and Hudson, 1991; Bruno, 1994; Feng et al., 2019b).
Under a true triaxial compression stress state, the difference be-
tween deformation in the ¢ direction and deformation in the a3
direction is a common illustration of the stress-induced deforma-
tion anisotropy. To understand the stress-induced deformation
anisotropy of gneiss granite under high-temperature true triaxial

01 } O p=0° w=45° Sso
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Fig. 14. Deformation parameters of gneiss granite as a function of temperature at different principal stress directions: (a) Elastic modulus E; (b) Poisson’s ratio v{,; and (c) Poisson’s

ratio vq3.
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compress, the stress-induced deformation anisotropy coefficients
are proposed in Egs. (4) and (5):

V12
(=22 4
vis (4)
_ €2_peak (5)
€3_peak

where &) peai and e3_pe,i are the peak strains in the direction of o,
and o3; { and 7 denote the degree of stress-induced deformation
anisotropy at the linear elastic stage and failure, respectively. The
variations of { and n with temperature represent the influence of
temperature on stress-induced deformation anisotropy.

Fig. 15 shows the variation of stress-induced deformation
anisotropy with temperature at different loading stages. One can
find that for a given temperature, { and 7 obtained at § = 60°,
© = 90°are significantly higher than those obtained at § = 0°,
w = 45° and § = 30°, w = 45°. As shown in Fig. 18, at § = 60°,
w = 90°, the macroscopic fracture only develops along the direction
parallel to o3. However, at § = 0°, w = 45°and § = 30°, w = 45°, the
macroscopic fracture develops along both the ¢, and the o3 di-
rections. Therefore, it is logical the deformation difference between
the g, direction and the o3 direction at § = 60°, w = 90°are higher
than that at § = 0°, w = 45°and § = 30°, w = 45°. These results
indicate that { and 7 can quantify the stress-induced anisotropic
deformation under true triaxial compression.

One can also see in Fig. 15 that both { and n decrease with
increasing temperature at § = 0°, w = 45°and § = 30°, w = 45°.
Moreover, when § = 60°, w = 90°, { and 7 obtained at high tem-
peratures (100 °C and 200 °C) are smaller than those obtained at
room temperature (25 °C). Therefore, it can be concluded that high
temperatures weaken the stress-induced deformation anisotropy
under true triaxial compression.

4.4. Inherent anisotropy change by temperature

The strength and deformation of the studied gneiss granite
exhibit obvious anisotropy in high-temperature true triaxial
compression. In uniaxial and triaxial compression, strength
anisotropy degree and elastic modulus anisotropy degree are
widely used to evaluate the inherent anisotropy (Nasseri et al.,
2003). However, in true triaxial compression, the complex combi-
nation of principal stress directions makes it difficult to determine
these parameters. Therefore, this study uses the strength ratio ¢
and elastic modulus ratio y to quantify the inherent anisotropy of
gneiss granite:

—B-f=0° w=45°
—o—f=30° w=45°
4 —A— =60° ©=90°
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p =g (6)
p-min
E
S )
min

where o, iy and Ey,;, are the minimum peak stress and minimum
elastic modulus. 6p_com and Ecom are the reference values of peak
stress and elastic modulus. Date listed in Table 2 indicated that,
0p_min and Epi, for the studied gneiss granite are observed at
6 = 30°, w = 45°. The elastic modulus and peak stress measured at
6 =0°,w=45°and § = 60°, w = 90° are used as the reference values.
¢ and y are respectively used to evaluate the strength anisotropy
and the elastic modulus anisotropy. Variation of ¢ and y with
temperature reflects the effect of temperature on the inherent
anisotropy.

The values of ¢ and y under different principal stress directions,
as a function of temperature, are plotted in Fig. 16. For a given
temperature, the values of ¢ and ¥ at § = 0°, w = 45°are different
from those at 8 = 60°, v = 90°, indicating the inherent anisotropy of
the gneiss granite. For a given principal stress direction, one can
observe that the values of ¢ at high temperatures of 100 °C and
200 °C are generally lower than those at room temperature of 25 °C.
As the temperature increases from 25 °C to 200 °C, the value of ¥
decreases continuously (Fig. 16b). These results imply that high
temperature weakens the inherent anisotropy of gneiss granite.

4.5. Mechanism of the effect of loading orientation and temperature

The failure behavior of anisotropic rocks is closely related to
their strength and deformation. Therefore, this section discusses
the mechanism of how loading orientation and temperature affect
the mechanical properties of gneiss granite from the perspective of
multi-scale failure behavior. It is well known that single diagonal
shear failure with the strike parallel to the o5 direction is the most
common failure of rocks under true triaxial compression (Fig. 17a).
In the presence of bedding planes, however, anisotropic rocks have
another typical failure under true triaxial compression, single di-
agonal shear failure with the strike parallel to the o, direction
(Fig. 17b). Such a failure has been observed in the true triaxial
compression tests of schist (Mogi, 2006), gneiss (Liu et al., 2020),
and layered limestone (Zhou et al.,, 2016b). The schema of the
typical failures of the anisotropic rocks in true triaxial compression
tests and the definition of the failure surfaces and failure angle is
given in Fig. 17.

The post-failure of the gneiss granite in the true compression
tests under different loading orientations and temperatures are
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Fig. 15. Variation of the degree of stress-induced deformation anisotropy with temperature at different loading stages: (a) Linear elastic stage; and (b) At failure.
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Fig. 16. Change of inherent anisotropy with temperature at different principal stress directions: (a) Strength ratio vs T; and (b) Elastic modulus ratio vs T.

(a) (b

Fig. 17. Schema of the typical failure of the anisotropic rocks in true triaxial
compression: (a) Diagonal shear failure with the strike parallel to the ¢, direction; and
(b) Diagonal shear failure with the strike parallel to the g5 direction.

shown in Fig. 18a—k. As shown in Fig. 18, three failure patterns were
observed on the tested samples: mixed shear failure (Fig. 18a, b, c, f,
g, h, k), diagonal shear failure with the strike parallel to the o, di-
rection (Fig. 18e), and diagonal shear failure with the strike parallel
to the o3 direction (Fig. 18d, i, j). In Fig. 18, dashed lines mark the
outline of the sample’s failure surface. The color of the dashed lines
corresponds to the specific failure pattern. Among them, yellow
represents mixed shear failure. Blue and dark pink respectively
represent diagonal shear failure with the strike parallel to the a3
and o, directions. The white dashed line represents the localized
cracks.

The failure behavior of the gneiss granite under true triaxial
compression is greatly dependent on the loading orientation, as
shown in Fig. 18. When o5, is inclined at an angle of 45° with respect
to the bedding plane, the samples experience mixed shear failure
under different temperatures and ¢ loading directions (Fig. 18a, b,
¢, f, g, h, k). In addition, at § = 0°, w = 45°, the mixed shear failure of
gneiss granite is dominated by matrix shear, and the failure surface
is partially along the bedding plane (Fig. 18a, f, k). However, at
6 = 30°, w = 45°, the mixed shear failure of the samples is domi-
nated by bedding shear, and the failure angle values are close to the
inclination angle of the bedding (Fig. 18b, c, g, h). Therefore, if the
strength of the bedding planes is lower than that of the matrix, then
it is reasonable for gneiss granite to reach a minimum strength at
6 = 30° (Fig. 11a).

The failure behavior depicted in Fig. 18 also indicates that, for a
given o; loading direction of § = 60°, the samples experience

diagonal shear failure at both w = 0° and w = 90°. Specifically, the
strike of the failure surface is parallel to o, when w = 0° (Fig. 18e),
and parallel to 3 when w = 90° (Fig. 18d, i, j). These results confirm
the influence of o, direction on the failure of the gneiss granite.
Meanwhile, the change in the failure pattern well explains the
observed variation of strength and deformation with ¢, direction in
Figs. 11b and 13b.

In the case of diagonal shear failure, the force that acts on the
sample can be resolved into components normal and parallel to the
failure plane. The normal stress component directly confines the
propagation of the macro cracks, thereby controlling the strength
and deformation behavior of the rocks (Mogi, 1967). In Fig. 18, the
sample has the same failure angle at w = 0° and w = 90°. Therefore,
given g, = 30 MPa and g3 = 20 MPa, it can be inferred that the
normal stress component at « = 90° is higher than at w = 0°. This
results in gneiss granite having a higher strength and elastic
modulus at v = 90° than at w = 0° (Fig. 11b). Based on the failure
pattern (Fig. 18), the main crack propagates perpendicular to the a3
direction at w = 0°, and perpendicular to the g, direction at w = 90°.
This crack propagation pattern causes the sample to laterally dilate
mainly along the o3 direction at w = 0°, and mainly along the o,
direction at v = 90°. Consequently, the deformation in the o di-
rection is greater at v = 90° than at w = 0°, which explains the
increase in vy, with increasing w and the decrease in vy3 with
increasing w (Fig. 13b).

On the other hand, at a given stress level and loading direction,
there are no considerable differences in the shear plane between
the gneiss granite samples tested at 25 °C, 100 °C, and 200 °C.
Nonetheless, we observed many localized shear and tensile cracks
around the shear plane for the sample that failed at 200 °C, as
depicted in Fig. 18k. These findings are in good agreement with our
earlier observations from high-temperature triaxial compression
tests on granite (Liu et al., 2023) and claystone (Liu et al., 2019b).
Hence, it appears that localized cracks may serve as an indicator of
the thermal effects of rock. The localization of cracks also proves
that for anisotropic gneiss granite, their failure is affected by the
coupling of stress direction and temperature. Among them, the
principal stress direction dominates the macroscopic failure
pattern in the temperature range from room temperature to 200 °C.

To further characterize the thermal effect of the failure behavior
of gneiss granite in the thermal-mechanical coupled true triaxial
compression test and to reveal the thermal degradation mecha-
nism of the strength behavior, we analyze the representative zones
on the failure surface of the samples that failed under different
temperatures by the ultra-depth three-dimensional microscope
and scanning electron microscope. Fig. 19 shows the multiscale
features of the failure surface of gneiss granite that failed at
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Fig. 18. Failure pattern and cracking feature of gneiss granite in thermal-mechanical coupled true triaxial compression test: (a) T = 25 °C, § = 0°, w = 45°; (b) T = 25 °C, § = 30°,
=45 (c)T=25°C,#=60° w=45(d) T=25°C,§ =60°, w=90° (e) T=25°C, § = 60°, w = 0°; (f) T= 100 °C, = 0°, w = 45°; (g) T= 100 °C, § = 30°, w = 45°; (h) T = 200 °C,
8 =30° w=45° (i) T= 100 °C, § = 60°, v = 90°; (j) T = 200 °C, f = 60°, w = 90°; and (k) T = 200 °C, § = 0°, w = 45°.

temperatures of 25 °C, 100 °C, and 200 °C when the loading di-
rection are § = 0° and w = 45°.

Fig. 19a—c shows the macroscopic morphology of the failure
surface, indicating that at a temperature of 200 °C, the failure
surface of the gneiss granite is covered by a large amount of rock
powder. Additionally, obvious friction scratches were found on the
failure surface of the specimens failed at each temperature
(Fig. 19d—f). This suggests that the rock powders are formed during
shear sliding. Therefore, friction plays a critical role in the defor-
mation and failure of gneiss granite under thermal-mechanical
coupled true triaxial compression. From Fig. 19a—f, the failure
surface formed at 100 °C and 200 °C is smoother than that formed
at 25 °C. The amount of rock powder at 200 °C is significantly
higher than that at 25 °C. Our previous high-temperature triaxial
compression tests on granite have revealed that these variations in
the failure surface indicate that the high temperature weakens the

friction between the failure surfaces (Zhou et al., 2022). Therefore,
the change in friction is closely linked to the thermal effect of the
strength and deformation of gneiss granite.

Fig. 19g, h and i depicts the microscopic morphology of the
failure surface of the gneiss granite that failed at 25 °C, 100 °C, and
200 °C, respectively. The presence of river lines and shear steps on
the grains indicates that, at the microscopic scale, the failure of the
samples under thermal-mechanical true triaxial compression is
primarily due to shear fracture and cleavage fracture. At 25 °C and
100 °C, most of the grains remain intact, with clear grain bound-
aries and noticeable transgranular and intergranular cracks. It is
worth noting that the damage of the grains appears slightly more
severe at 100 °C than that at 25 °C, manifested as the crushing of
edges in a small number of grains. At 200 °C, the majority of grain
edges, and even some grains, are crushed, and the boundaries of
most grains cannot be distinguished. These findings indicate that
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Fig. 19. Multiscale features of the failure surface of gneiss granite in thermal-mechanical coupled true triaxial compression test.

the rock powder on the failure surface is essentially crushed rock
grains. Thus, the high temperature of 200 °C appears to alter the
strength of rock grains and the cementation strength between rock
grains, further impacting the microscopic failure mechanism of
rock grains.

Hence, the thermal degradation mechanism of the strength and
deformation of gneiss granite in thermo-mechanical coupled true
triaxial compression can be explained as follows. At the macro-
scopic scale, weakening of friction between the shear failure sur-
faces is one of the primary factors that can cause a reduction in the
rock’s shear resistance. At the microscopic scale, changes in grain
failure mechanisms also contribute to thermal degradation.

5. Failure pattern identification

The identification of failure patterns in rock mass under in situ
stress conditions is crucial for assessing the stability of deep un-
derground engineering. Many studies (Mogi, 2006; Zhou et al,,
2016b; Liu et al, 2020) have revealed that anisotropic rocks

typically exhibit three types of failure patterns under true triaxial
compression: Type A - mixed shear failure (Fig. 18a, b, ¢, f, g, h, k);
Type B - diagonal shear with the strike parallel to the ¢, direction
(Fig. 18e); and Type C - diagonal shear with the strike parallel to the
g3 direction (Fig. 18d, i, j). This section proposes a method to
identify the unusual failure pattern of Type C.

The failure of rocks under true triaxial compressive stress de-
pends on the difference in the deformation in intermediate prin-
cipal stress and the minimum principal stress directions. Hence, the
change in deformation difference with deviatoric stress is the key
to identifying failure modes. In view of this, the deformation ratio, &
is proposed:

)

£ -

(8)

where D, and D3 are the deformation in the direction of ¢, and a3,
respectively. The value of ¢ quantities the difference in the defor-
mation in the direction of ¢, and o3. The positive value of D,
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indicates compression, whereas the negative value of D3 refers to
compression.

that during the post-peak stage, the value of £ is greater than or
equal to one and increases with the decrease in deviatoric stress.

Fig. 20a—k illustrates the evolution of £ with deviatoric stress for

Thus, we have:

gneiss granite specimens with different failure patterns in

thermomechanical-coupled true triaxial experiments. For the

samples undergoing Type C failure (Fig. 20a—c), it can be observed

§>1l,0p< 01 —03 < 0y

(9)
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Fig. 20. Differences in deformation ratio under different failure patterns in thermal-mechanical coupled true triaxial compression: (a) T = 25 °C, § = 60°, w = 90°; (b) T = 100 °C,
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2—3<0,0’p< g1 —03 < Op (10)
where A¢ and Aq are the increment of £ and deviatoric stress q.
q=01-03.

For the specimens undergoing Type A failure (Fig. 20d—j) and
Type B failure (Fig. 20k), one can find that during the post-peak
stage, the value of £ is less than one and decreases or keep con-
stant as the deviatoric stress decreases. These results can be
expressed as follows:

E<lop< 01 —03< 0y (11)
A
A—gzo,op< 01— 03 < 0Oy (12)

From Eqgs. (10)—(12), it is concluded that if the variation of £ with
deviatoric stress satisfies both Egs. (9) and (10), then it indicates
that the specimen experienced Type C failure under true triaxial
compression.

Based on Fig. 20, the evolution of ¢ with the deviatoric stress
during the pre-peak phase is analyzed and compared for the gneiss
granite that underwent different failure patterns. We found that
among the three types of failure patterns observed, the following
two characteristics of £ appear together only for the samples that
underwent Type C failure. The first one is that ¢ increases as the
deviatoric stress increase when the deviatoric stress is smaller than
the crack initiation stress. The second one is that the ¢ is greater
than or equal to one during the unstable crack propagation stage.
Therefore, one can identify and predict the Type C failure by:

£>1,0q < 07—03< 0p (13)
A
A_S > 0,01 — 03 < 0 (14)

6. Conclusions

The anisotropic mechanical behaviors of gneiss granite were
investigated by several groups of high-temperature true triaxial
compression tests. Effects of temperature and principal stress di-
rection on strength, deformation, and failure were studied. The
thermal degradation mechanism of strength was discussed in
terms of the failure pattern change. The method for the quantitative
identification of the failure patterns was proposed. Based on the
obtained experimental results, the main conclusions can be drawn:

(1) The principal stress direction with respect to the bedding
plane plays an important role in controlling the strength and
deformation of the gneiss granite in true triaxial compres-
sion. The peak stress, crack damage stress, crack initiation
stress, residual strength, and elastic modulus are greater at
w = 90° than at w = 0°.

(2) The thermal effects of the strength and deformation of
anisotropic gneiss granite depend on the temperature
magnitude and principal stress direction. Within the range of
25 °C—100 °C, the response of strength and deformation to
temperature increase varies with the principal stress direc-
tion. The high temperature of 200 °C leads to an obvious
thermal degradation of strength. The residual stress con-
tinues to decrease with the increase of temperature in the
range of 25 °C—200 °C.

(3) In thermal-mechanical coupled true triaxial compression
test, gneiss granite exhibits stress-induced deformation
anisotropy and inherent anisotropy. Increasing the temper-
ature weakens both types of anisotropy. The failure of gneiss
granite mainly shows shear sliding of bedding and matrix at
the macroscopic scale and shear fracture and cleavage frac-
ture at the microscopic scale. The principal stress direction
dominates the macroscopic failure pattern in the tempera-
ture range from 25 °C to 200 °C. The weakening of friction
between shear sliding surfaces and the failure mechanism
transition of rock grains contribute to the thermal degrada-
tion of strength and deformation.

(4) The loading direction of g, has a significant influence on the
failure of the gneiss granite in true triaxial compression test.
When ¢, is perpendicular to the strike of the bedding, the
sample experiences diagonal shear with the shear plane
strike parallel to the direction of 5. In the case of this failure
pattern, the ratio (£) between the deformations in ¢, and g3
direction is characterized as follows. In the post-peak stage, &
> 1. In the pre-peak stage, £ increases as the deviatoric stress
increases when the deviatoric stress is smaller than the crack
initiation stress, and £ > 1 in the unstable crack propagation
stage.

It is confirmed in the present study that temperature and
principal stress direction significantly affect the anisotropic me-
chanical behavior of gneiss granite under true triaxial compression.
It is known that the anisotropic mechanical behavior of rocks is
closely related to the degree of inherent anisotropy. To verify the
findings of this study and further study the anisotropic mechanical
properties of rocks under the high temperature and true triaxial
stress coupled conditions, more high-temperature true triaxial
compression tests will be conducted on different types of aniso-
tropic rocks in the next step.
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a1 Maximum principal stress

ay Intermediate principal stress

a3 Minimum principal stress
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op Peak stress
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