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Abstract
The efficient extraction of deep shale gas (burial depth > 3500 m) in challenging high-temperature and high-stress environ-
ments plays a pivotal role in advancing natural gas development. This study investigates how real-time high temperatures and 
bedding plane inclinations (BPI) affect the mechanical properties of shale, including strength, deformation, and brittleness, 
under true triaxial loading conditions. Experiments on Longmaxi Formation shale reveal that the true triaxial compressive 
strength (TCS) and elastic modulus (TEM) exhibit significant temperature thresholds between 120 ℃ and 160 ℃, attributed to 
the dissipation of adsorbed water in clay minerals speculatively. Failure modes are significantly affected by temperature and 
bedding plane inclination (BPI). Notably, for samples with a 45° BPI, fracture strike changes occur at higher temperatures 
(160 ℃ and 200 ℃) due to reduced shear strength along bedding planes. Numerical simulations confirm that this is driven by 
differing thermal expansion coefficients between bedding planes and the matrix. Additionally, brittleness, evaluated through 
stress–strain based indices, is affected by temperature, BPI, and loading direction relative to bedding planes. These findings 
significantly advance the understanding of anisotropic shale behavior under high-temperature conditions, offering insights 
for optimizing engineering strategies in deep shale gas extraction.

Highlights

•	 True triaxial compression tests were conducted on shale with varying bedding plane inclinations and temperatures to 
investigate its mechanical properties.

•	 The changes of mechanical properties and failure characteristics of anisotropic shale with temperature were obtained and 
analyzed.

•	 The anisotropy of mechanical properties of shale at high temperature under true triaxial loading was obtained and analyzed.
•	 The brittleness of shale, evaluated based on stress–strain curves, is influenced by both temperature and bedding plane 

inclination, and the relative orientation between the �
2
 loading direction and the strike of the bedding plane significantly 

affects the brittleness of shale.
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List of Symbols
BPI	� Bedding plane inclination/°
�	� Inclination angle of bedding plane/°
RT	� Room temperature/℃
�1 , �2,�3	� Maximum principal stress, intermediate prin-

cipal stress, minimum principal stress/MPa
�p1 , �p2,�p3	� Principal strain in the direction of maximum 

principal stress, intermediate principal stress 
and minimum principal stress

TCS	� Triaxial compressive strength/MPa
TEM	� Triaxial elastic modulus/GPa
�	� Normalized coefficient of mechanical 

property
�	� Inclination of fracture/°
B	� Brittleness index
B
′	� Normalized brittleness index

�R	� Pre-peak recoverable strain
E	� Elastic modulus/GPa
H	� Hardening modulus/GPa
M	� Post-peak modulus/GPa
�p	� Peak strength/MPa
�r	� Residual strength/MPa
�r	� Residual strain
kac(AC)	� Slope of the line from the initial yielding 

point to the residual strength start point
m	� Coefficient of heterogeneity
�	� Thermal conductivity coefficient/(W∕(m ⋅ K))
�	� Thermal expansion coefficient/(1∕K)
C	� Specific heat capacity/(J∕(kg ⋅ K))
R
C
	� Anisotropy coefficient

�n	� Normal stress on the bedding plane
�	� Shear stress on the bedding plane
�	� Internal friction angle
c	� Cohesion

1  Introduction

Shale gas, as a clean and green non-renewable energy 
source, is a type of natural gas found within shale forma-
tions. The efficient extraction of shale gas to replace tradi-
tional fossil fuels is crucial for reducing carbon emissions 
and achieving carbon neutrality. The Sichuan Basin in China 
is particularly rich in shale gas reserves, and numerous wells 
have already been established in this region (Zou et al. 2015; 
Ma et al. 2020). However, deep shale gas reservoirs, unlike 
shallower reservoirs (burial depth < 2500 m) or middle-
depth reservoirs (2500 m < burial depth < 3500 m), are sub-
ject to higher formation temperatures and in situ stresses. 
For instance, as a representative case, the Lu-202 well in 
Changning County, Sichuan Province, reaches a vertical 
depth of over 4500 m with a reservoir temperature exceeding 

140 ℃ (Guo et al. 2022b). These conditions significantly 
alter the mechanical properties of shale, affecting aspects 
such as permeability, brittleness, and failure mechanisms 
(Huang et al. 2022). Additionally, the presence of bedding 
planes in shale induces significant anisotropic variations in 
mechanical properties and failure characteristics, profoundly 
impacting the hydro-fracturing process (Guo et al. 2022a; 
Zhang et al. 2024). Therefore, in the context of deep shale 
gas development, it is essential to thoroughly investigate the 
anisotropic effects on the mechanical properties and failure 
characteristics of shale. This is particularly relevant under 
conditions involving high true triaxial stress and real-time 
high temperatures.

In recent years, research on the anisotropy of rock 
mechanical properties has primarily focused on uniaxial or 
conventional triaxial tests conducted on rocks with various 
bedding plane inclinations (BPI) at room temperature. Uni-
axial compression tests have revealed that the strength of 
specimens compressed perpendicular to the bedding plane is 
significantly higher than that of specimens compressed par-
allel to the bedding plane (Liu et al. 2023). In conventional 
triaxial tests, as the angle between the bedding plane and the 
horizontal plane increases, the peak strength curve exhibits a 
"U-shaped" pattern with the BPI, with the most unfavorable 
BPI typically ranging between 45° and 60° (Cheng et al. 
2015; Yang et al. 2019; Zhao et al. 2022a, b). Similarly, 
the tensile strength of shale discs under dynamic Brazilian 
splitting tests also demonstrates a "U-shaped" variation with 
increasing BPI (Feng et al. 2022). Saroglou and Tsiambaos 
(2008) introduced an anisotropy-considerate Hoek–Brown 
criterion for intact rock, which was further refined by Zhang 
et al. (2021a) to account for hydration in unsaturated intact 
anisotropic shale, successfully predicting the strength of ani-
sotropic rock under varying confining pressures. With the 
growing interest in deep shale gas exploration, the testing 
of deep shale mechanical properties at high temperatures 
has gained increasing attention. Han et al. (2023) conducted 
conventional triaxial tests on shale at real-time temperatures 
up to 170 ℃, observing a significant influence of tempera-
ture on shale's mechanical properties. Guo et al. (2023) per-
formed conventional triaxial tests on shale under different 
confining pressures at temperatures up to 150 ℃, developing 
GSI-strength degradation and constitutive models for Long-
maxi shale based on the Hoek–Brown criterion using the test 
data. Studies involving real-time heating uniaxial or triaxial 
compression tests on shale with BPIs of 0° and 90° indi-
cated that high temperatures alter the anisotropic response of 
shale's mechanical properties (Masri et al. 2014; Wang et al. 
2021), and that high-temperature treatment continues to 
affect shale's mechanical properties post-treatment (Huang 
et al. 2022). These studies have confirmed the significant 
impact of temperature on shale's mechanical properties, yet 
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some have not thoroughly explored the effects of shale ani-
sotropy and were limited by the capabilities of the testing 
equipment, which were restricted to uniaxial or conventional 
triaxial tests. Research has shown that the brittleness of rock 
under true triaxial loading conditions is greater than under 
conventional triaxial loading conditions (Vachaparampil and 
Ghassemi 2017; Zhang et al. 2021b; Zheng et al. 2023). 
Therefore, it is also essential to consider the mechanical 
properties and failure characteristics of deep shale gas under 
conditions of high in situ stress and significant horizontal 
stress differences.

Brittleness is a crucial metric for assessing a rock's frac-
turing capability. A higher brittleness index indicates a 
shorter hydraulic fracture length and a higher likelihood of 
forming complex fracture networks, whereas lower brittle-
ness tends to result in simpler bi-wing fractures (Rickman 
et al. 2008; Tao et al. 2020). In the context of deep shale gas 
reservoirs, understanding how the brittleness of anisotropic 
shale changes at high temperatures is essential. Definitions 
of brittleness vary: Obert and Duvall (1967) considered 
materials that fracture at or just above the yield stress as 
brittle. Andreev (1995) described brittleness as the rock's 
ability to deform under external forces without undergoing 
permanent deformation. Goktan and Yilmaz (2005) defined 
brittle rocks as those that fail under low stress without sig-
nificant deformation. Rickman et al. (2008) associated brit-
tleness with the elastic modulus and Poisson's ratio, sug-
gesting that a higher elastic modulus and a lower Poisson's 
ratio indicate greater brittleness. However, under triaxial 
compression tests, both the elastic modulus and Poisson's 
ratio increase, contradicting the general trend of decreasing 
rock brittleness under high confining pressure. This suggests 
that these measures are only applicable under uniaxial com-
pression conditions (Xia et al. 2017). Hucka and Das (1974) 
identified several high brittleness phenomena, including low 
elongation values, fracture failure, fines formation, a high 
compressive-to-tensile strength ratio, high resilience, a high 
internal friction angle, and crack formation in indentation. 
Consequently, there is no unified definition of rock brittle-
ness. To evaluate rock brittleness more accurately, brittle-
ness indices based on stress–strain curves, mineral composi-
tion, and parameters from specific tests are often used (Meng 
et al. 2015; Xia et al. 2019; Zhang et al. 2021b). Geng et al. 
(2016) evaluated the brittleness of Longmaxi Formation 
shale under conventional triaxial test conditions using five 
brittleness indices based on the stress–strain curve, find-
ing that the anisotropy of shale brittleness decreased with 
increasing confining pressure for certain BPIs. Zhao et al. 
(2023c) discovered that while the anisotropy of strength and 
deformation parameters of shale closely correlated with the 
content of quartz and clay minerals, brittleness anisotropy 
did not. Guo et al. (2020; 2022b) heated Longmaxi Forma-
tion shale samples from the Sichuan Basin with BPIs of 

0°, 30°, 45°, 60°, and 90°, conducting uniaxial compression 
tests after cooling to room temperature under both natural 
and flowing water conditions. Their findings indicated that 
heating treatment significantly affects shale brittleness.

In summary, to investigate the anisotropic variations in 
the mechanical properties and failure characteristics of shale 
under the high temperature and high in situ stress environ-
ment of deep shale gas reservoirs, this study conducted 
true triaxial tests and numerical simulations on Longmaxi 
Formation shale. The bedding planes of the shale samples 
intersected the horizontal plane at angles of 0°, 30°, 45°, 
60°, and 90°. The temperatures during the tests were main-
tained at room temperature (RT), 80 ℃, 120 ℃, 160 ℃, and 
200 ℃. We obtained the stress–strain curves and failure 
modes, exploring the mechanisms by which temperature 
and bedding plane inclination (BPI) influence shale failure 
modes. Furthermore, we quantitatively evaluated the vari-
ation in shale brittleness under different testing conditions 
and determined the impact of real-time high temperature on 
the anisotropy of shale's mechanical properties and failure 
characteristics. This research provides valuable insights into 
the anisotropy laws of shale and offers important guidance 
for deep shale gas exploitation projects.

2 � Experimental Methodologies

2.1 � Sample Preparation

The samples used in this experiment, which are representa-
tive of deep shale gas reservoirs, were sourced from the out-
crops of the Longmaxi Formation shale in the Wulong area 
of the Sichuan Basin, China (Fig. 1). Following the guide-
lines recommended by the International Society for Rock 
Mechanics (ISRM) (Fairhurst and Hudson 1999), intact por-
tions of the rock mass were fashioned into cuboid specimens 
measuring 50 mm × 50 mm × 100 mm, ensuring that the non-
uniformity and non-perpendicularity of the samples were 
less than 0.02 mm. To investigate the anisotropy of shale, 
samples with five different bedding plane inclinations (BPI) 
of 0°, 30°, 45°, 60°, and 90° were prepared along various 
bedding plane orientations during the cutting process, as 
depicted in Fig. 1b. As illustrated in Fig. 2a, the black shales 
feature several layers of earth-yellow bedding planes, which 
are macroscopically visible pyrite bedding planes character-
istic of the Longmaxi Formation shale (Chen and Jin 2012; 
Rybacki et al. 2016). In the Longmaxi Formation shale from 
the southern Sichuan Basin, the approximate content of clay 
minerals is 35.35%, quartz minerals 35.08%, feldspar miner-
als 6.48%, calcite minerals 13.66%, and pyrite 3.18% (Guo 
et al. 2022c).
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2.2 � Testing Apparatus

The testing apparatus utilized was the real-time high-temper-
ature true triaxial test equipment, a collaborative develop-
ment by the Wuhan Institute of Rock and Soil Mechanics of 
the Chinese Academy of Sciences and Qingdao University 
of Technology, as depicted in Fig. 2d. This equipment con-
sists of a rigid loading frame, a hydraulic pump system, a 
temperature control system, and a test operation and data 
monitoring system. The temperature control system is capa-
ble of independently managing the activation and deactiva-
tion of heaters in contact with the four horizontal faces of 
the sample, as well as regulating the target temperature and 
heating rate. Each of the four horizontal loading plates is 
equipped with nine rigid electric heaters, totaling 36, and a 
thermocouple is embedded in each plate to monitor the tem-
perature, providing real-time feedback on the temperature of 
the rock specimen's surfaces in direct contact with the plates. 
The advanced heating system is capable of heating the sur-
face of the rock specimen to a maximum of 600℃, ensuring 
precise temperature control critical for high-temperature 
experiments. The test operation and data monitoring sys-
tem can independently apply the desired stress in the three 
principal stress directions, control the rate of stress increase, 
and record the data. The equipment employs linear variable 
differential transformers (LVDTs) to measure displacement 
in the three principal stress directions. Figure 2e illustrates 
the internal loading chamber with the sample installed. For a 
cuboid rock specimen measuring 50 mm × 50 mm × 100 mm, 
the device can apply a maximum stress of 1000 MPa in the 
vertical direction ( �1 ) and 200 MPa in both the forward and 

lateral directions ( �2 and �3 ). Further details about the test 
equipment are available in the paper by Ma et al. (2023).

2.3 � Testing Procedure

The testing protocol is outlined in Table 1. The angles 
between the bedding plane and the horizontal plane were 
set at 0°, 30°, 45°, 60°, and 90° (Fig. 2a). Real-time tem-
peratures were established at room temperature (RT), 80 ℃, 
120 ℃, 160 ℃, and 200 ℃, based on the temperature of deep 
shale gas reservoirs (Guo et al. 2020; Zhou et al. 2024). 
This selection also considered the observation that Long-
maxi Formation shale undergoes macroscopic failure when 
heated beyond 220 ℃ (Guo et al. 2020), resulting in a total 
of 25 shale samples being tested. The confining pressures 
�2 and �3 were set at 80 MPa and 60 MPa, respectively, to 
simulate the high in situ stress and the differential horizontal 
stress present in deep shale gas formations (Nie et al. 2023; 
Zhou et al. 2024). The direction of stress loading is depicted 
in Fig. 2c, with the strike of the bedding plane perpendicular 
to the �2 direction. To facilitate fracture identification, the 
surface of the rock sample with an inclined bedding plane is 
labeled as Surface 1, and the sides of the rock specimen are 
numbered 1–4 in a counterclockwise direction. Surfaces 1 
and 3 correspond to the �2 direction, while Surfaces 2 and 4 
correspond to the �3 direction. Prior to testing, the samples 
underwent anti-friction treatment (as illustrated in Fig. 2b). 
Each side of the sample was tightly sandwiched between two 
layers of 0.05 mm thick copper sheets, with high-tempera-
ture lubricant evenly applied between the sheets to minimize 
end effects. It is important to note that although only one test 

Fig. 1   Location of the shale (a), and schematic diagram of shale samples with five different BPIs in this study (b)
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was conducted for each condition, the results obtained were clear and consistent with those from other relevant true tri-
axial tests (Vachaparampil and Ghassemi 2017; Zhang et al. 
2021b; Ma et al. 2023).

Figure 3 illustrates the stress and temperature loading 
path for the test condition at 200 ℃. Initially, hydrostatic 
pressure was applied at a rate of 6 MPa/min until all three 
principal stresses reached 60 MPa. Once the hydrostatic 
pressure was attained, the rock sample was heated to 200 ℃ 
at a rate of 5 ℃/min. After reaching the target temperature, 

Fig. 2   Shale samples with five different BPIs (a), antifriction treatment before the test (b), schematic diagram of principal stress loading direc-
tion (c), real-time high-temperature true triaxial testing system used in this study (d), loading chamber (e)

Table 1   Test conditions

BPI/° Temperature/℃ �2/MPa �3/MPa

0 RT, 80, 120, 160, 200 80 60
30
45
60
90
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the sample was maintained at this temperature for 2 h to 
ensure uniform internal heating, which can better reduce 
the temperature disturbance of the shale samples (Ma et al. 
2023). Subsequently, �2 and �3 were synchronously increased 
to the target stress of 80 MPa at a rate of 6 MPa/min. There-
after, the control mode for �1 was switched to a strain loading 
rate of 0.0006/min until the sample failed. Meanwhile, �2 
and �3 were maintained at 80 MPa and 60 MPa, respectively, 
and the temperature was kept constant at 200℃ until the 
completion of the test.

3 � Experimental Results

3.1 � Stress–Strain Curves

Figure 4 illustrates the stress–strain curves of shale sam-
ples with varying bedding plane inclinations (BPI) at room 
temperature (RT), 80 ℃, 120 ℃, 160 ℃, and 200 ℃. These 
curves generally exhibit four distinct stages: pore and crack 
compaction, elastic deformation, unstable fracture develop-
ment, and residual deformation. The pore and crack com-
paction stage is less pronounced in the stress–strain curves 
due to the compaction effect of high hydrostatic pressure 
on the shale's pores and cracks. Examining the stress–strain 
curves at different temperatures, it is evident that the elas-
tic modulus and peak strength of shale samples with dif-
ferent BPIs vary significantly, highlighting the anisotropy 
in shale's mechanical properties. The peak strains in the �2 
and �3 directions show that in true triaxial tests of isotropic 
rock, the presence of �2 usually restricts deformation in this 
direction, leading to more significant deformation in the �3 

direction. When the bedding plane orientation is parallel 
to the �3 direction, the difference between �2 and �3 strains 
decrease. In some cases, such as shale samples with a BPI 
of 45° at 200 ℃, the �2 strain may even exceed the �3 strain. 
This indicates that the bedding plane influences the ani-
sotropy of deformation caused by �2 in true triaxial tests. 
All stress–strain curves exhibit a negative post-peak modu-
lus, characteristic of Class I rock behavior. After the peak, 
energy absorption is necessary for continued failure, leading 
to some plastic deformation behaviors in shale (Wawersik 
and Fairhurst 1970; Wang et al. 2020b). Some samples expe-
rience stress drops after peak strength, indicating matched 
brittle fracture processes rather than sudden uncontrollable 
stress drops (Zheng et al. 2023). In the residual stage, the 
curves of shale samples with all BPIs at RT and 80 ℃ are 
stable, whereas samples with BPIs of 30°, 45°, and 60° at 
120 ℃ exhibit slight stick–slip behavior. Samples with BPIs 
of 0°, 45°, 60° at 160 ℃, and 0° and 90° at 200 ℃ show more 
pronounced stick–slip behavior. This suggests that higher 
temperatures increase the likelihood of significant stick–slip 
behavior in the residual stage.

The volumetric strain curves of shale samples with dif-
ferent BPIs at RT, 80 ℃, 120 ℃, 160 ℃, and 200 ℃ show 
that an increase in volumetric strain indicates compression, 
while a decrease indicates expansion. Under high confining 
pressure, most samples contract before reaching peak stress. 
After peak stress, crack penetration leads to sample failure 
and volume expansion. However, some samples transition 
from compression to expansion before peak stress, such as 
those with a BPI of 30° at RT and 200 ℃. As seen in Fig. 4b 
and d, the volumetric strain curves before the correspond-
ing peak points at RT and 80 ℃ exhibit an upward con-
cave shape with gradually increasing slopes. The curves are 
relatively dispersed at lower temperatures, reflecting shale's 
anisotropy. At 120 ℃ (Fig. 4f), the front part of the curves 
before the peak point shows an upward concave trend with 
a gradual slope increase, and the middle and later stages 
are almost linear. This trend becomes more pronounced at 
160 ℃ and 200 ℃ (Fig. 4h and j). Moreover, the curves at 
120 ℃, 160 ℃, and 200 ℃ are more clustered than those 
at RT and 80℃, suggesting that higher temperatures may 
reduce shale's anisotropy.

3.2 � Mechanical Properties

The compressive strength and elastic modulus are funda-
mental parameters for evaluating the failure bearing capacity 
and deformation characteristics of rock, providing critical 
insights into its mechanical behavior. The maximum devia-
tional stress from the true triaxial stress–strain curve was 
defined as the true triaxial compressive strength (TCS), and 
the slope between the points corresponding to 30% and 50% 

Fig. 3   Stress and temperature loading path and loading rate
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Fig. 4   Stress–strain curves of shales with BPIs of 0°, 30°, 45°, 60°, 90° at RT (a) and (b), 80 ℃ (c) and (d), 120 ℃ (e) and (f), 160 ℃ (g) and 
(h), 200 ℃ (i) and (j)
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of the TCS values on the curve in the �1 direction was identi-
fied as the true triaxial elastic modulus (TEM).

As depicted in Fig. 5a, the TCS of shale samples with 
different BPIs exhibits varying trends with temperature 
increase. Samples with BPIs of 0°, 60°, and 90° show a 

Fig. 4   (continued)

Fig. 5   Evolution of TCS (a) and 
TEM (b) with temperature in 
shales with different BPIs



7211Studies on Mechanical Properties and Failure Characteristics of Anisotropic Shale Under True…

decrease followed by an increase in TCS with temperature, 
reaching their minimum values at 120 ℃. The maximum 
TCS values for samples with BPIs of 0°, 60°, and 90° occur 
at 200 ℃. This suggests a temperature threshold around 
120℃ that significantly influences the TCS of shale. As 
shown in Fig. 5a, shale with a BPI of 30° also exhibits a 
pattern of decreasing then increasing TCS with temperature. 
The TCS of shale with a BPI of 45° shows a significant 
increase at 120 ℃. Figure 5b displays the TEM variations 
of shale samples with different BPIs with temperature. The 
TEM curves for shale samples generally exhibit a down-
ward trend followed by an upward recovery as temperature 
increases, with the lowest TEM values observed in the range 
of 80–120 ℃. In summary, a temperature threshold near 
120 ℃ markedly alters the mechanical property trends of 
most shale samples, affecting both TCS and TEM.

Figure 6a and b depicts the variation curves of TCS 
and TEM for shale with BPI at different temperatures. At 
room temperature, both TCS and TEM curves exhibit a 
concave shape, with minimum values appearing at BPIs of 
30° or 45°, indicating the most pronounced anisotropy at 
these inclinations. This contrasts with the minimum value 
under uniaxial compression, which occurs when the angle 
between the minimum principal stress and the bedding plane 
is 45°–60° at RT (Saroglou and Tsiambaos 2008; Guo et al. 
2022b), due to the anisotropy of deformation caused by the 
high horizontal stress difference in true triaxial conditions 
affecting the bedding plane's anisotropy. Figure 7 demon-
strates that the distribution of fractures in shale samples with 
different BPIs also differs significantly from that under uni-
axial conditions, confirming that true triaxial loading causes 
noticeable differences in anisotropy compared to uniaxial 
compression. With temperature increase, the overall TCS 
and TEM of shale samples rise. Except at 120℃, with the 

minimum TCS value at 60° and the minimum TEM value 
at 0°, the analysis is detailed in the discussion section. In 
summary, the lowest mechanical properties of shale samples 
across different temperatures are predominantly observed 
within the BPI range of 30°–45°, underscoring the critical 
role of inclination in anisotropic behavior.

Overall, from RT to 200 ℃, shale exhibits a temperature 
threshold at around 120 ℃. Before this threshold, the TCS 
of shale remains relatively unchanged or decreases with 
temperature increase. Beyond the temperature threshold, 
the TCS of all shale samples with different BPIs shows a 
marked increase, driven by the dissipation of bound water 
and enhanced intergranular contact. The impact of tempera-
ture on rock failure mechanics is attributed to the compe-
tition between temperature strengthening and weakening 
effects. The former results from intergranular contact com-
paction due to the volume expansion of certain minerals at 
high temperatures, while the latter arises from intergranular 
cracking caused by uneven thermal expansion of different 
minerals (Ma et al. 2023). Additionally, the improvement 
or deterioration of rock mechanical properties also depends 
on the role played by water evaporation and microcracks 
(Rao et al. 2007). Therefore, the slight reduction in TCS 
before the temperature threshold may be due to high confin-
ing pressure compacting the pores and cracks before axial 
compression, and the heating treatment leading to uneven 
thermal expansion of mineral particles, resulting in thermal 
stress and microcracks (Sun et al. 2015). Thermal stress can 
also expand existing cracks, causing irreversible damage to 
the rock structure (Tian et al. 2012). After the temperature 
threshold, the increase in TCS of shale may be attributed 
to the dissipation of bound water above 100 ℃ (Guo et al. 
2020), which mitigates the degradation of TCS by thermal 
cracks and significantly improves the TCS of shale.

Fig. 6   Evolution of TCS (a) and TEM (b) of shales with BPIs at different temperatures
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Fig. 7   Failure morphologies of shales under all BPIs and temperatures ranging from RT to 200℃
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3.3 � Failure Modes

This section explores the failure mechanisms of anisotropic 
shale by analyzing the failure modes and fracture inclina-
tions under various temperature conditions. Figure 7 pre-
sents the fracture morphologies of anisotropic shale samples 
at room temperature (RT), 80 ℃, 120 ℃, 160 ℃, and 200 ℃. 
To determine the shale's failure mode, the angle between 
the fracture plane and the horizontal plane, denoted as the 
fracture inclination � , is measured. The failure mode is clas-
sified based on �max : when �max exceeds 80°, it indicates 
tensile failure; when �max exceeds 80° and is accompanied 
by shear fracture, it signifies tensile-shear composite failure; 
and when �max is less than 80°, it represents shear failure 
(Ma et al. 2023). The majority of the shale samples exhibit 
fracture planes that are perpendicular to surface 1 and sur-
face 3, and parallel to the �2 direction. Under true triaxial 
loading, �2 suppresses microcrack formation, while tensile 
stress at microcrack tips in the �3 direction promotes crack 
propagation, resulting in fracture planes parallel to �2 . These 
findings align with the failure phenomena observed in true 
triaxial tests (Vachaparampil and Ghassemi 2017; Ma et al. 
2023).

The failure mode of anisotropic shale under the influence 
of temperature shows different results. The fractures of shale 
samples with a Bedding Plane Inclination (BPI) of 0° display 
an inverted "V-shape" or a single-slope shear fracture at all 
temperatures. Two fractures extend upward from the two 
corners of the bottom edge of surface 1 to the middle and 
upper part of surface 1. From the junction point, one or two 
fractures with a more moderate inclination extend to the 
upper boundary of surface 1. The maximum fracture angle 
( �max ) is 75°, 76°, 75°, 72°, and 74°, respectively, indicating 
shear failure. At all temperatures, the fracture morphologies 
of shale samples with a BPI of 30° almost present diagonal 
shear fractures distributed on surface 1 and surface 3. The 
�max is 65°, 63°, 62°, 63°, and 66°, respectively, all indicating 
shear failure. For shale with a BPI of 90° at RT, a fracture 
extends from the lower left corner of surface 1 to the upper 
boundary, while another fracture is distributed nearly paral-
lel to the right side of the initial fracture with a �max of 67°, 
indicating shear failure. At 80 °C and 120 °C, a fracture 
runs through the top boundary of the sample from the lower 
corner of surface 1 and presents a cross distribution with this 
fracture. It consists of several small fracture groups with less 
inclination than the main fracture, running parallel from the 
lower corner of surface 1 to the upper corner, intersecting 
with the main fracture of surface 1. The �max is 80° and 73°, 
indicating a tensile-shear composite failure and shear failure. 
At 160 °C and 200 °C, two fractures in shale samples with 
a BPI of 90° extend from two corner points in the diagonal 
direction of surface 1 but do not converge. They are con-
nected by many parallel small fracture groups with opposite 

tendencies at the middle ends of the two extended fractures. 
The �max is 77° and 70°, respectively, indicating shear fail-
ure. At RT, 80 °C, and 120 °C, the fracture planes of shale 
samples with a BPI of 45° are perpendicular to surface 1 
and surface 3, with an obvious penetrating fracture roughly 
distributed along a diagonal. The �max is 64°, 68°, and 66°, 
respectively, indicating shear failure. However, at 160 °C 
and 200 °C, the fracture planes are perpendicular to surface 
2 and surface 4 and parallel to the �3 direction, presenting a 
result inconsistent with the failure mode under true triaxial 
loading. At 160 °C, shale with a BPI of 45° has a penetrat-
ing fracture distributed along the diagonal, and at 200 °C, 
the fractures are generally distributed in two patterns. One 
fracture extends diagonally from the upper right corner of 
surface 2 to the lower boundary, and the other extends down-
ward from the upper left corner of surface 2 to intersect it, 
with �max of 66° and 71°, respectively, indicating shear fail-
ure. The fracture planes of shale samples with a BPI of 60° 
at all temperatures are perpendicular to surface 2 and surface 
4, parallel to the �3 direction, with fracture inclinations of 
60°, indicating that shear failure occurs along the bedding 
planes of shale samples with a BPI of 60°.

In summary, the influence of temperature on shale failure 
mode is closely related to the distribution of the bedding 
plane. When BPIs are 0°, 30°, 60° and 90°, temperature has 
little obvious influence on the failure mode of shale. When 
BPI is 45°, the direction of the fracture plane changes at 
higher temperatures of 160 °C and 200 °C. Temperature 
can affect the failure mode of shale samples with certain 
BPIs under true triaxial loading. Regarding the influence 
of anisotropy of shale on failure mode at different tempera-
tures, at room temperature (RT), 80 °C, and 120 °C, the 
shale samples generally show shear failure. The fracture 
planes of shale samples with a BPI of 60° are parallel to 
�3 , whereas the fracture planes of shale samples with other 
BPIs are parallel to �2 . At 160 °C and 200 °C, shale samples 
with all BPIs exhibit shear failure. Specifically, the fracture 
planes of shale samples with BPIs of 45° and 60° are parallel 
to �3 , while those with other BPIs are parallel to �2 . Shale 
samples with BPIs of 0° and 90° generally exhibit the high-
est fracture inclinations. In contrast, samples with a BPI of 
60° show shear failure along the bedding plane, resulting in 
the lowest fracture inclinations. The failure mode of shale 
results from the combined effects of BPI and temperature.

4 � Brittleness Evaluation

4.1 � Brittleness Indices Selection

Brittleness indices derived from stress–strain curves are 
commonly classified into four categories: pre-peak stage, 
post-peak stage, combined pre- and post-peak stages, and 
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strain energy-based calculations. Mineral composition-based 
indices assess rock brittleness by quantifying the propor-
tion of brittle minerals within the rock; however, they fail 
to incorporate external factors such as stress and tempera-
ture. Additional brittleness indices are derived from special-
ized test parameters, including hardness, impact, indenta-
tion, and hydraulic fracturing tests, which provide valuable 
insights into specific rock behaviors. Certain tests, although 
insightful, involve complex procedures, and their accuracy 
and reliability under varying geological conditions still 
require further validation. Given the advantages and limita-
tions of various brittleness indices, this study focuses on 
those derived from stress–strain curves. These indices were 
selected to evaluate the brittleness of anisotropic shale under 
real-time temperature conditions, leveraging the mechanical 
parameters obtained from the tests. Table 2 provides a com-
prehensive overview of the brittleness indices employed in 
this study, detailing their calculation methods and the under-
lying mechanical parameters. The selected indices are based 
on stress, strain parameters, and pre-peak and post-peak 
characteristics for comprehensive evaluation. B1 calculates 
the brittleness index using the ratio of pre-peak recoverable 
strain to peak strain, ranging from 0 to 1. A value of 1 indi-
cates extreme brittleness (Hucka and Das 1974). B2 uses the 
ratio of the hardening modulus to the elastic modulus, with 
the index also ranging from 0 to 1, where 1 signifies extreme 
brittleness (Rybacki et al. 2016). The hardening modulus 
is calculated from the slope of the points corresponding to 
50% and 100% of the peak strength. B3 calculates the brittle-
ness index by the ratio of post-peak rupture energy to with-
drawn elastic energy, ranging from 0 to + ∞. An index of 0 
represents extreme brittleness (Tarasov and Potvin 2013). 
Among them, the post-peak modulus is calculated from the 
slope of the corresponding point of the peak strength and 
the first point of the residual strength. B4 uses the ratio of 
post-peak stress drop to peak stress, with the index ranging 
from 0 to 1, where 1 indicates extreme brittleness (Rybacki 
et al. 2016). The residual strength is selected from the lowest 

value reached for the first time after the peak. B5 considers 
both the ratio of post-peak stress drop to peak stress and the 
velocity of the post-peak stress drop, with the index ranging 
from 0 to 1, and 1 representing extreme brittleness (Meng 
et al. 2015). B6 accounts for the rate of post-peak stress drop 
and the ratio of elastic energy released by failure to the total 
energy stored at the peak, with the brittleness index ranging 
from 0 to + ∞. A higher brittleness index indicates higher 
rock brittleness (Xia et al. 2017).

4.2 � Anisotropic Characteristics of Shale Brittleness 
at Real‑Time Temperatures

Table 3 presents the true triaxial test data of anisotropic 
shale samples at different temperatures. In the test condi-
tions, the first digit represents the test temperature, and the 
second digit represents the BPI. The calculated brittleness 
indices B1 − B6 are shown in Table 4. To facilitate the com-
parison of the evaluation results of different brittleness indi-
ces, the indices are normalized according to Eq. (1):

where B′ is the normalized brittleness index, Bmin and Bmax 
are the minimum and maximum values of the brittleness 
index under all test conditions. The normalized indices 
B�

1
− B�

6
 are shown in Table 4. Since B3 is negatively cor-

related with the brittleness of rock, it is treated reciprocally 
before normalization. The contour plots of B�

1
− B�

6
 for shale 

samples with different temperatures and BPIs are shown in 
Fig. 8a–f, with red representing regions with higher brittle-
ness and blue representing regions with lower brittleness. 
To explore the consistency of the evaluation results of brit-
tleness indices, a correlation analysis was conducted on 
the results of B1 − B6 using the Kendall τ-b method (Zhou 
and Ma 2024). The calculated Kendall’s correlation coef-
ficients among each normalized brittleness index are shown 
in Fig. 9. When the significance value is less than 0.05, it 

(1)B�
=

(B−Bmin)

(Bmax−Bmin)

Table 2   Selected brittleness indices

Calculation formula Formula characteristics Author's conditions of use

B1 = �R∕�1 Pre-peak parameters Rock type: Skarn, Siltstone
Test type: Conventional triaxial test

B2 = H∕E Pre-peak parameters Rock type: Shale
Test type: Conventional triaxial test

B3 = (M − E)∕M Post-peak energy ratio
B3 is negatively correlated with brittleness

Rock type: Class I and Class II rock
Test type: Conventional triaxial test

B4 =

(
�p − �r

)
∕�p

Post-peak parameters

B5 =
�p−�r

�p

⋅

lg|kac(AC)|
10

Post-peak parameters Rock type: Cement mortar, Marble, Granite
Test type: Conventional triaxial test

B6 =
�p−�r

�r−�p

+
(�p−�r)(�r−�p)

�p�p

Post-peak parameters and energy ratio Rock type: Sandstone
Test type: Conventional triaxial test
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is considered that there is a significant relationship between 
the results of the two brittleness indices. In this case, the 
larger the Kendall’s correlation coefficient (ranging from 
– 1 to 1), the stronger the correlation. In Fig. 9, the Kend-
all’s correlation coefficients for B′

1
 and B′

2
 , B′

4
 and B′

5
 , and 

B′

3
 and B′

6
 are all greater than 0.8, with significance values 

less than 0.01, indicating a high consistency in the evalu-
ation results. The correlation coefficients for other brittle-
ness indices are low, indicating poor consistency. Observ-
ing brittleness indices B1 − B6 , we see that B1 and B2 are 
calculated using elastic parameters before the peak of the 
stress–strain curve; B4 and B5 are calculated using stress 
parameters after the peak of the stress–strain curve; B3 and 
B6 are calculated using energy parameters. This indicates 
that while the parameters and calculation processes of each 
brittleness index differ, the brittleness indices derived from 
the same type of parameters on the stress–strain curve show 
high consistency under the same test conditions. As shown 
in Fig. 8a and b, temperatures and BPIs of 120 ℃–60° and 
160 ℃–90° are regions with high brittleness under B1 and 
B2 evaluations, while 120 ℃-30° and 160 ℃–45° are regions 
with low brittleness. In Fig. 8c, temperatures and BPIs of 
160 ℃–0°, 30°, and 60° are regions with high brittleness 
under B3 evaluation, while 120 ℃–0° and 160 ℃–45° are 

regions with low brittleness. Figure 8d and e shows that 
90° at all temperatures are regions with high brittleness 
under B4 and B5 evaluations, while 80 ℃, 120 ℃–0°, 160 ℃, 
200 ℃–45°, and 60° at all temperatures are regions with low 
brittleness. Figure 8f shows that 160 ℃–60° is a region with 
high brittleness under B6 evaluation, while 80 ℃, 120 ℃–0° 
and 160 ℃, 200 ℃–45° are regions with low brittleness. 
Although the results of brittleness indices which are based 
on the same type of parameters of the stress–strain curve 
show differences, they have consistent trends.

To verify the reliability of brittleness indices evaluation, 
we analyzed the trends of B′

1
-B′

6
 for shale samples with all 

BPIs at 160 °C and shale samples with BPIs of 45° and 
90° at different temperatures, showing significant brit-
tleness fluctuations. As shown in Fig. 10a, at 160 °C, the 
brittleness indices change differently with increasing BPI. 
The brittleness indices B′

1
 , B′

2
 , B′

4
 and B′

5
 decrease initially 

and then increase with increasing BPI. The values of these 
four indices at BPIs of 0° and 30° are almost similar. At 
a BPI of 45°, B′

4
 and B′

5
 reach their minimum brittleness 

values, while B′

1
 and B′

2
 reach their minimum values at a 

BPI of 60°. All four indices then sharply increase to their 
maximum brittleness values at a BPI of 90°. The brittleness 
indices B′

3
 and B′

6
 show a different trend. At a BPI of 30°, 

Table 3   True triaxial 
experimental data of shale 
samples

Test condition �p∕MPa �1∕10
−3

�r∕MPa �r∕10
−3

�R∕10
−3 H∕GPa E∕GPa M∕GPa kac(AC)

RT-0 280.22 15.17 220.80 20.90 12.83 14.88 20.29 – 10.38 – 10.38
80–0 269.88 14.79 231.94 16.98 13.02 15.02 19.19 – 17.30 – 17.30
120–0 264.37 14.48 219.97 20.73 12.77 14.69 19.14 – 7.11 – 7.11
160–0 331.53 16.45 206.20 19.42 13.70 15.75 22.74 – 42.30 – 42.30
200–0 362.10 18.04 269.15 21.90 15.34 15.86 22.31 – 24.11 – 24.11
RT-30 281.13 17.45 178.37 20.44 14.23 12.47 18.35 – 34.44 – 34.44
80–30 244.69 14.92 165.27 20.34 11.93 12.51 18.84 – 14.65 – 14.65
120–30 282.64 18.39 198.19 22.20 13.30 11.08 19.75 – 22.18 – 11.44
160–30 283.58 15.66 180.28 19.14 12.96 13.91 20.33 – 29.75 – 29.75
200–30 313.21 17.32 216.58 20.00 14.30 13.55 20.50 – 36.10 – 36.10
RT-45 244.09 13.18 167.18 19.44 11.40 14.68 19.66 – 12.28 – 12.28
80–45 244.12 13.77 155.31 16.48 11.82 13.93 18.96 – 32.72 – 32.72
120–45 286.14 15.91 194.70 20.73 12.52 13.56 21.25 – 18.96 – 18.96
160–45 323.16 15.55 277.12 19.60 12.14 15.75 24.98 – 11.37 – 11.37
200–45 318.04 18.00 238.96 25.02 13.74 12.92 21.70 – 11.27 – 7.45
RT-60 301.06 15.59 213.05 19.91 13.11 15.18 21.43 – 20.39 – 20.39
80–60 267.70 13.00 211.39 14.53 11.06 16.41 22.40 – 36.85 – 36.85
120–60 240.40 10.88 213.79 11.90 9.97 17.65 22.10 – 25.96 – 17.12
160–60 326.74 16.88 247.72 18.20 12.74 14.25 24.08 – 60.14 – 12.57
200–60 349.32 16.30 266.23 18.14 13.69 16.46 24.06 – 45.04 – 26.49
RT-90 328.40 14.29 208.72 22.76 12.76 18.94 24.16 – 14.14 – 14.14
80–90 317.10 13.76 124.41 22.38 12.41 19.03 23.94 – 22.35 – 22.35
120–90 268.39 12.49 137.93 16.54 11.24 17.24 22.09 – 32.25 – 32.25
160–90 360.41 14.11 161.38 20.43 13.40 21.14 25.40 – 31.50 – 31.50
200–90 384.01 15.66 203.27 21.31 13.82 19.48 26.34 – 31.94 – 31.94
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these indices decrease slightly, continue to decrease to their 
minimum values at a BPI of 45°, then sharply rise to their 
maximum values at a BPI of 60°, and decrease again at a 
BPI of 90°. As shown in Fig. 10a, the fracture inclinations 
of shale samples with BPIs of 0°, 30°, 45°, 60°, and 90° at 
160 °C are 72°, 63°, 66°, 60°, and 77°, respectively. The 
fracture planes of shale samples with BPIs of 45° and 60° 
are parallel to �3 , while those of samples with other BPIs 
are parallel to �2 . Figure 10b shows photos of the fracture 
surfaces of shale samples with BPIs of 0°, 30°, 45°, and 60° 
at 160 °C. The fracture surfaces of shale with a BPI of 0° 
are extremely rough; with a BPI of 30°, slightly rough; and 
with a BPI of 45°, slightly smooth. Fossils are visible on 
the fracture surfaces of shale with a BPI of 60°, indicating 
complete shear along bedding planes and extremely smooth 
surfaces. Generally, larger fracture inclinations correspond 
to rougher fracture surfaces and greater rock brittleness (Xia 
et al. 2017). Therefore, based on fracture inclination and 
surface roughness, the evaluation results of B1 , B2 , B4 and B5 
are relatively closest to the observed phenomena. Figure 11a 
shows the change curves of B�

1
− B�

6
 for shale samples with 

a BPI of 45° as temperature increases. B′

1
 and B′

2
 show a 

decreasing trend with increasing temperature, while B′

3
 , B′

4
 , 

B′

5
and B′

6
 first increase, then decrease, and finally increase 

again. The fracture inclinations of shale samples with a BPI 
of 45° at room temperature (RT), 80 °C, 120 °C, 160 °C, 
and 200 °C are 64°, 68°, 66°, 66°, and 71°, respectively. The 
evaluation results of B3 , B4 , B5 and B6 are consistent with the 
failure phenomena. Figure 11b shows the change curves of 
B�

1
− B�

6
 for shale samples with a BPI of 90° as temperature 

increases. B′

1
 and B′

2
 generally increase with temperature, 

then decrease slightly, increase sharply to their maximum 
values at 160 °C, and finally decrease. The minimum values 
occur at 200 °C. B′

3
 and B′

6
 first increase and then remain 

stable, with maximum values at 120 °C and minimum values 
at RT. B′

4
 and B′

5
 first increase, then decrease, then increase, 

and finally decrease, with B′

4
 peaking at 80 °C and B′

5
 nearly 

peaking at both 80 °C and 160 °C. The minimum values of 
B′

4
 and B′

5
 occur at RT. The fracture inclinations of shale 

samples with a BPI of 90° at RT, 80 °C, 120 °C, 160 °C, and 
200 °C are 67°, 80°, 73°, 77°, and 70°, respectively. Tensile-
shear composite failure occurs at 80 °C, and tensile failure is 
generally more brittle than shear failure (Chen et al. 2019). 
Additionally, shale samples with a BPI of 90° at 80 °C pro-
duce audible sounds upon failure, with the sound at 120 °C 
being significantly less than at 80 °C. At 160 °C and 200 °C, 

Table 4   Calculation results of 
brittleness indices B1 − B6 and (
B − Bmin

)
∕

(
Bmax − Bmin

)
 of all 

indices

Test condition B1 B2 B3 B4 B5 B6

(
B − Bmin

)
∕

(
Bmax − Bmin

)

B
′

1
B
′

2
B
′

3
B
′

4
B
′

5
B
′

6

RT-0 0.85 0.73 2.95 0.21 0.022 10.46 0.54 0.64 0.15 0.20 0.11 0.06
80–0 0.88 0.78 2.11 0.14 0.017 17.32 0.69 0.82 0.46 0.06 0.05 0.19
120–0 0.88 0.77 3.69 0.17 0.014 7.18 0.70 0.76 0 0.12 0 0
160–0 0.83 0.69 1.54 0.38 0.061 42.37 0.48 0.49 0.86 0.54 0.69 0.66
200–0 0.85 0.71 1.93 0.26 0.035 24.17 0.56 0.55 0.56 0.29 0.31 0.32
RT-30 0.82 0.68 1.53 0.37 0.056 34.50 0.41 0.44 0.86 0.51 0.61 0.52
80–30 0.80 0.66 2.29 0.33 0.038 14.77 0.34 0.38 0.38 0.43 0.35 0.14
120–30 0.72 0.56 1.89 0.30 0.032 22.25 0 0 0.58 0.38 0.26 0.28
160–30 0.83 0.68 1.68 0.36 0.054 29.83 0.46 0.45 0.73 0.51 0.58 0.43
200–30 0.83 0.66 1.57 0.31 0.048 36.15 0.45 0.37 0.83 0.40 0.50 0.55
RT-45 0.87 0.75 2.60 0.32 0.034 12.43 0.62 0.69 0.26 0.41 0.29 0.10
80–45 0.86 0.74 1.58 0.36 0.055 32.79 0.60 0.64 0.82 0.51 0.60 0.48
120–45 0.79 0.64 2.12 0.32 0.041 19.06 0.28 0.28 0.45 0.42 0.39 0.22
160–45 0.78 0.63 3.20 0.14 0.015 11.41 0.25 0.26 0.09 0.06 0.02 0.08
200–45 0.76 0.60 2.93 0.25 0.022 11.37 0.18 0.13 0.16 0.28 0.11 0.08
RT-60 0.84 0.71 2.05 0.29 0.038 20.47 0.52 0.54 0.49 0.37 0.35 0.25
80–60 0.85 0.73 1.61 0.21 0.033 36.88 0.56 0.63 0.79 0.20 0.28 0.56
120–60 0.92 0.80 1.85 0.11 0.014 25.97 0.85 0.88 0.61 0 0 0.36
160–60 0.76 0.59 1.40 0.24 0.027 60.16 0.14 0.11 1 0.26 0.18 1
200–60 0.84 0.68 1.53 0.24 0.034 45.07 0.52 0.46 0.86 0.26 0.29 0.72
RT-90 0.89 0.78 2.71 0.36 0.042 14.35 0.75 0.82 0.22 0.51 0.41 0.14
80–90 0.90 0.80 2.07 0.61 0.082 22.73 0.79 0.86 0.48 1 0.99 0.29
120–90 0.90 0.78 1.69 0.49 0.073 32.41 0.78 0.81 0.73 0.76 0.86 0.48
160–90 0.95 0.83 1.81 0.55 0.083 31.75 1 1 0.64 0.89 1 0.46
200–90 0.88 0.74 1.83 0.47 0.071 32.11 0.70 0.66 0.63 0.72 0.82 0.47
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the failure sounds are the most intense. Less brittle rock 
fails quietly, without debris ejection, and the process is slow 
(Meng et al. 2015). Thus, based on these phenomena, the 
evaluation results of B4 and B5 align well with the observed 

phenomena for shale samples with a BPI of 90°. Overall, the 
brittleness indices B4 and B5 , which are based on post-peak 
stress drop and stress drop velocity, provide the best match 
with the observed failure phenomena under various test con-
ditions. This might be because the observed phenomena are 
all based on post-peak characteristics of stress–strain curves, 
such as failure sounds and fracture surface characteristics. 
Other brittleness indices based on pre-peak parameters and 
energy ratios do not align with shale fracture characteristics 
under certain conditions. This discrepancy suggests that the 
brittleness expression in the post-peak stage under true tri-
axial loading differs from that in the pre-peak stage. Geng 
et al. (2016) found that pre-failure elastic parameters alone 
are insufficient to determine rock brittleness, and it is more 
reasonable to characterize brittleness based on post-failure 
behavior.

As shown in Fig. 8d and e, the evaluation results of B4 
and B5 indicate that the brittleness of shale is significantly 
influenced by temperature and the distribution of BPI. Under 
true triaxial loading, �2 promotes the rapid aggregation of 
microcracks, forming a single fracture plane parallel to 
�2 , which enhances the rock's brittleness (Vachaparampil 
and Ghassemi 2017). However, when the BPI is 60°, shale 
samples exhibit shear failure along the bedding plane at all 

Fig. 8   Contour maps of normalized brittleness indices of shales under all BPIs and temperatures ranging from RT to 200℃. a B′

1
 , b B′

2
 , c B′

3
 , d 

B
′

4
 , e B′

5
 , f B′

6

Fig. 9   Heat map of Kendall’s � -b correlation coefficients of brittle-
ness indices B�

1
− B

�

6
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temperatures. This behavior is inconsistent with the fracture 
plane parallel to �2 under true triaxial loading, suggesting 
that the bedding plane at 60° is the least stable. This weak-
ens the brittleness enhancement effect of �2 and explains 
why B4 and B5 show a region of low brittleness near a BPI 
of 60°. The brittleness of shale samples with a BPI of 90° 
is relatively high at various temperatures. This is because 
the 90° bedding plane is perpendicular to the �2 direction, 
causing the fracture plane to form parallel to �2 and per-
pendicular to the bedding plane. This configuration releases 
a significant amount of energy at the moment of failure. 
Consequently, the failure of shale samples with a BPI of 

90° is often accompanied by loud sounds and features such 
as a sharp post-peak stress drop in the stress–strain curve. 
Regarding the effect of temperature on shale brittleness, the 
brittleness of shale samples with a BPI of 0° evaluated by 
B4 and B5 increases at 160 °C and 200 °C. On one hand, the 
brittle-ductile transformation of rock is primarily controlled 
by the microcrack propagation and dislocation processes of 
minerals. Higher temperatures increase the tensile stress 
between mineral particles (Ma et al. 2023). On the other 
hand, higher humidity reduces rock brittleness (Xia et al. 
2019). As temperature rises, the free water content in shale 
decreases, and bound water dissipates, resulting in increased 

Fig. 10   Evolution of normalized brittleness indices B�

1
− B

�

6
 with BPI at 160 ℃ (a), and fracture surface morphology of shales with BPIs of 0°, 

30°, 45° and 60° at 160 ℃ (b)

Fig. 11   Evolution of normalized brittleness indices B�

1
− B

�

6
 with temperature in shales with BPIs of 45° (a) and 90° (b)
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brittleness. Shale samples with a BPI of 45° show low brit-
tleness regions at 160 °C and 200 °C because the fracture 
planes at these temperatures are parallel to the �3 direction. 
This demonstrates that the brittleness of shale samples at 
different temperatures is the result of the combined effects 
of temperature and BPI.

5 � Discussions

5.1 � Influence Mechanism of Temperature on Shale

According to the experimental results in this paper, the influ-
ences of temperature on shale samples are reflected in the 
mechanical properties such as strength, deformation and 
brittleness. Additionally, the failure mode of some shale 
samples with specific BPIs, such as those with a BPI of 45°, 
is strongly affected by temperature. Therefore, this section 
explores the influence mechanism of temperature on shale 
in the test and adopts the finite element numerical simula-
tion test method to conduct verification tests under relevant 
conditions.

5.1.1 � Analysis of Test Results

Equation (2) was applied to calculate the normalized coef-
ficient of mechanical properties (NCMP) (Ma et al. 2023), 
quantifying the continuous changes in the mechanical prop-
erties of anisotropic shale samples under varying tempera-
ture conditions relative to room temperature (RT).

where Ni is the true triaxial compressive strength (TCS) or 
true triaxial elastic modulus (TEM) of shale samples under 
the ith temperature, and N1 is the TCS or TEM of shale 
sample with different BPIs under RT. As shown in Fig. 12, 
NCMP values of TCS and TEM of shale samples with 
BPIs of 0°, 30°, 45°, 60°, and 90° vary with temperature. 
Blue represents negative values, indicating that mechanical 
parameters decrease at this temperature compared with RT, 
while red represents positive values, indicating that mechan-
ical parameters increase. As shown in Fig. 12a, the TCS of 
most shale samples shows a decreasing trend at 80 ℃ and 
120 ℃ compared with RT, and an increasing trend at 160 ℃ 
and 200 ℃ compared with RT. Except for the shale with a 
BPI of 45°, TCS presents an upward trend at 120℃ and an 
upward trend compared with RT at 160℃ and 200℃. The 
increase amplitudes at 160℃ and 200℃ are larger than those 
of shale samples with other BPIs, which is probably closely 
related to the change of failure mode. As shown in Fig. 12b, 
the TEM of shale samples with BPIs of 0°, 30°, 45°, 60° and 
90° at different temperatures has a significantly smaller vari-
ation than that of TCS, indicating that TCS of shale is more 
affected by temperature. The NCMP values of TEM of most 
shale samples fluctuate in a small range between –10% and 
10% at 80 ℃ and 120 ℃ compared with RT. At 160 ℃ and 
200 ℃, the TEM values of all shale samples show an obvious 
upward trend compared with RT, and the rise trend of shale 
with a BPI of 45° is obvious at 160℃. It is also probably 
closely related to the shift in the pattern of failure mode.

(2)� =
(Ni−N1)

N1

× 100%, (i = 2,3, 4,5)

Fig. 12   Normalized coefficient of TCS (a) and TEM (b) of shales with temperature
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As a sedimentary rock rich in clay minerals (Guo et al. 
2022b), the water contained in shale is mainly stored in clay 
minerals (Wang et al. 2020a). This water is mainly divided 
into free water, interlayer adsorbed water, crystal water 
and structural water, with interlayer adsorbed water further 
divided into weakly bound water and strongly bound water 
(Feng et al. 2018; Fang et al. 2021). Clay minerals include 
minerals such as montmorillonite, kaolinite and illite, with 
water absorption capacity decreasing in that order. Hydration 
of clay minerals can seriously affect the mechanical proper-
ties of shale (Zhang et al. 2020; Zhao et al. 2024). Guo et al. 
(2020) heated the shale samples of the Longmaxi Formation 
in their natural state and found that their mass decreased by 
0.45% at 100 ℃ and 0.92% at 200 ℃ when cooled to RT. 
This proves that there are free water and interlayer adsorbed 
water in natural shale of Longmaxi Formation. Due to the 
different composition of clay minerals, the thermogravimet-
ric analysis results also differ. In general, the complete dis-
sipation temperature range of free water in clay minerals is 
70℃–84℃, the complete dissipation temperature range of 
weakly bound water is 118℃–140℃, and the strongly bound 
water can completely dissipate at 230 ℃ (Wang and Xiong 
2002; Li et al. 2012b; Zhu et al. 2020; Shi 2023). Therefore, 
the possible reason for the slight decline in TCS at 80 ℃ is 
that the temperature rise leads to the extension and expan-
sion of micro-cracks, making shale samples more vulner-
able to destruction (Guo et al. 2020; Ma et al. 2023). The 
presence of microcracks also leads to a decline in cohesion 
between rock particles (Meng et al. 2019; Zhao et al. 2023a). 
Secondly, free water evaporation in the shale matrix leads 
to an increase in porosity and a decrease in shale integrity. 
In addition, even if the internal free water of shale samples 
evaporates at 80 ℃, the bound water has not completely dis-
sipated at this temperature, and the low permeability of shale 
during loading will lead to excessive pore pressure in some 
areas, resulting in reduced effective stress and easier fracture 
of shale (Zhang et al. 2020). At 120 ℃, TCS is generally still 
lower than RT, which may be due to the further extension 
and expansion of micro-cracks caused by rising temperature, 
resulting in a decline in strength, and weakly bound water in 
clay minerals in shale matrix is not completely dissipated, 
resulting in lubrication. At 160 ℃ and 200 ℃, TCS increase 
compared to RT, because the weakly bound water of clay 
minerals in the shale matrix completely dissipates at this 
temperature, while the strongly bound water also begins to 
dissipate, resulting in a decrease in the adverse factors to 
strength. Among them, the shale with a BPI of 45° presents 
a TCS greater than RT at 120 ℃, which may be because the 
fracture direction of the shale with a BPI of 45° changes 
with the increase of temperature, resulting in an increase in 
the macroscopic strength. As for the TEM, there is almost 
no significant change under the lower temperature loading at 
80 ℃ and 120 ℃. However, at 160 ℃ and 200 ℃, TEM of all 

shale samples is generally higher than RT, which may be due 
to the dissipation of weakly and strongly bound water, which 
weakens the lubrication effect of the internal particles of 
shale samples, making deformation difficult, and finally, the 
macro TEM becomes larger. The TEM of shale with a BPI 
of 45° is significantly greater than RT at 160 ℃, indicating 
that the change of fracture direction can significantly affect 
the mechanical properties of shale. In addition, after macro-
scopic shear failure of shale samples, stick–slip phenomena 
generally occurred in the post-peak residual stage at 120 ℃ 
and higher temperatures with further loading of vertical dis-
placement, as shown in Fig. 4. Wei et al. (2024) studied the 
shear mechanical properties of illite with different interlayer 
water content through molecular dynamics simulation and 
found that illite containing weakly bound water and free 
water between layers generally had a weak stick–slip effect, 
because weakly bound water and free water mainly played 
a lubricating role in the shear process, while illite contain-
ing strongly bound water between layers had the strongest 
stick–slip effect. Therefore, the free water evaporates com-
pletely and the weakly bound water partially dissipates at 
120 ℃, and the stick–slip phenomenon begins to appear in 
the residual section after the peak. The weakly bound water 
dissipates completely at 160 ℃, and the stick–slip effect 
becomes more obvious.

According to the failure modes shown in Fig. 7, the 
failure mode of shale samples is influenced by tempera-
ture and the distribution of BPI. The failure mechanisms 
of anisotropic shale under the influence of temperature 
were explored. Figure 13a presents the true triaxial load-
ing diagram of a shale sample with a BPI of β, assuming 
only one bedding plane inside the shale. There are two 
possible failure modes based on the �2 direction, which 
is perpendicular to the strike of the bedding plane. The 
first mode involves shear or tensile failure of the fracture 
plane, with the strike parallel to the �2 direction. This is 
caused by the deformation inhibition of �2 in this direction, 
leading to fracture planes forming in the shale matrix and 
intersecting with the bedding plane (Fig. 13a). The second 
mode involves shear failure when the fracture plane forms 
entirely along or near the bedding plane under its influ-
ence, with the strike of the fracture plane parallel to �3 
(Fig. 13a). Since the fracture planes formed by these two 
failure modes strike in opposite directions, the final failure 
form of shale is determined by the competition between 
these modes.

Next, the shear failure along the bedding plane is ana-
lyzed. Since �3 is loaded parallel to the bedding plane, it 
is assumed that �3 does not affect the stress distribution 
on the bedding plane. The cross-section of the shale is 
obtained by cutting it perpendicularly along the �3 direc-
tion, simplifying it to a two-dimensional plane problem 
as shown in Fig. 13a. Jager (1979) proposed the formulas 
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for normal stress and shear stress on a single inclined 
plane loaded by two-dimensional plane principal stress 
as follows:

where, �n is the normal stress on the bedding plane, � is 
the shear stress on the bedding plane, and � is the angle 
between the bedding plane and the horizontal plane. When 
shear failure occurs along the bedding plane, the strength of 
the bedding plane conforms to the Coulomb’s law, as shown 
in Eq. (5):

where, � is the internal friction angle of the bedding plane, 
and c is the cohesion of the bedding plane. Guo et al. (2022b) 
substituted Eqs. (3) and (4) into Eq. (5) to obtain the Cou-
lomb’s law expressed by principal stress and � (Eq. (6)), 
and then took the derivative of Eq. (6) with respect to � to 
obtain the BPI of � =

π

4
+

�

2
 at the smallest �1 . According to 

the internal friction angle of the bedding plane of shale from 
the Longmaxi Formation at RT being about 30°, the most 
unfavorable BPI under RT is about 60° (Guo et al. 2022b).

(3)�n =
1

2

(
�1 + �2

)
+

1

2

(
�1 − �2

)
cos 2�

(4)� =
1

2

(
�1 − �2

)
sin 2�

(5)� = �ntan� + c

(6)�1 = �2 +
2(c+�2tan�)

(1−tan�cos�)sin2�

In the direct shear test, the shear strength of the bed-
ding plane of shale is significantly lower than that of the 
shale matrix (Lu et al. 2021). When the Bedding Plane 
Inclination (BPI) of shale is 60°, the required σ₁ for shear 
failure along the bedding plane is the smallest. Therefore, 
under the loading of �1 , the sliding force on the bedding 
plane exceeds the shear strength, causing shear failure 
before the shear or tensile microcracks parallel to �2 in 
shale aggregate through. This explains the shear failure of 
shale with a BPI of 60° along the bedding plane at room 
temperature (RT). Experimental studies on sedimentary 
rock (sandstone) with well-developed bedding planes after 
heating showed that the internal friction angle of sand-
stone samples with 0°, 45°, and 60° angles between the 
bedding plane and the horizontal plane decreased with 
increasing temperature in the range of RT-200 °C (Yang 
et al. 2017; Qin et al. 2023). For most rocks, temperature 
increase leads to the formation of thermal cracks, increas-
ing the distance between molecules and effectively reduc-
ing rock cohesion (Meng et al. 2019; Zhao et al. 2023a). 
As shown in Fig. 13b, the blue line represents Coulomb’s 
law for the bedding plane of shale with a BPI of 60° at 
RT: � = �ntan�RT + cRT . The red line represents Cou-
lomb’s law for the bedding plane of shale with a BPI of 
60° under real-time heating: � = �ntan�HT + cHT . The 
region above the blue line indicates shear failure along 
the bedding plane when shear strength is reached at RT, 
with �RT−60◦ ≥ �n−60◦ tan�RT + cRT . If cRT decreases to cHT 
with increasing temperature, and tan�RT decreases to 

Fig. 13   Analysis of possible failure modes of shale with an idealized single bedding plane (a) and variation of Coulomb’s law of the bedding 
surface affected by temperature (b)
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tan�HT , assuming the strength �1 remains constant, then 
𝜏RT−60◦ > 𝜎n−60◦ tan�HT + cHT causes shear failure along 
the bedding plane. Thus, the area between the blue and 
red lines represents shear failure along the bedding plane 
of shale with a BPI of 60° caused by a decline in shear 
strength at high temperature.

According to the most unfavorable inclination � =
π

4
+

�

2
 , 

if the internal friction angle decreases with increasing tem-
perature in the range of RT-200 °C, the most unfavorable 
inclination angle α will develop to be less than 60°. Under 
the loading of �1 , if the shear or tensile microcracks parallel 
to �2 aggregate first, the failure forms of shale with BPIs 
of 0° and 30° at RT-200 °C and shale with a BPI of 45° 
at RT-120 °C will appear, corresponding to the area below 
the red line in Fig. 13b. As the cohesion of the bedding 
surface further weakens with temperature. If shear failure 
along the bedding plane in the �3 direction occurs almost 
simultaneously with microcracks parallel to the �2 direction, 
then shale with a BPI of 45° at 160 °C will have fractures in 
all directions (Fig. 13b). If shear failure occurs first along the 
bedding plane in the �3 direction, the failure forms of shale 
with a BPI of 45° at 200 °C (Fig. 13b) and shale with a BPI 
of 60° at 80 °C–200 °C correspond to the middle region of 
the blue and red lines in Fig. 13b. The region above the blue 
line in Fig. 13b corresponds to the shear failure of shale with 
a BPI of 60° along the bedding plane at RT. Therefore, the 
failure forms of anisotropic shale at different temperatures 
are closely related to the variation of shear strength of the 
bedding plane with temperature. This analysis is based on 
the variation in the cohesion observed in experiments after 
heating sedimentary rock. Currently, there are few experi-
ments on the variation in the cohesion of shale at real-time 
temperatures, so further research and verification are needed.

5.1.2 � Analysis of Numerical Simulation Results

To verify the effect of temperature and BPI on the mechani-
cal properties of shale under true triaxial loading, true triax-
ial tests of shale under relevant in situ stress and temperature 
were carried out using numerical simulation. RFPA (Real-
istic Failure Process Analysis) is a finite element numerical 
analysis software developed by Tang and Kaiser (1998) and 
Li et al. (2012a), which incorporates statistical mesoscopic 
damage theory. It considers the non-uniformity of rock 
materials by setting the coefficient of heterogeneity m in 
the Weibull distribution, as shown in Eq. (7):

Here, u represents the mechanical parameter of an ele-
ment; u0 represents the average value of the input mechani-
cal parameter; m is the coefficient of heterogeneity, and the 

(7)�(u) =
m

u0

(
u

u0

)m−1

exp
[
−

(
u

u0

)]m−1

larger the m value, the more uniform the distribution of the 
mechanical parameter of the elements.

RFPA3D-Thermal is a numerical analysis version of RFPA 
that considers temperature effects. By introducing thermo-
physical parameters such as thermal conductivity coefficient, 
volumetric heat capacity and thermal expansion coefficient, 
the three-dimensional numerical simulation analysis of 
rock failure under the coupled conditions of temperature 
and stress fields can be carried out (Chen et al. 2024). In 
RFPA3D-Thermal, the unsteady heat conduction equation for 
a model without an internal heat source is shown in Eq. (8):

where T  is the temperature of the material,℃; � is the 
material density, kg∕m3 ; C is the specific heat capac-
ity, J∕(kg ⋅ K) ; � is the thermal conductivity coefficient, 
W∕(m ⋅ K) ; t is the time of unsteady heat transfer, s; x , y 
and z are the coordinates of elements in the rectangular coor-
dinate system.

The element in RFPA3D-Thermal adopts the thermoelastic 
theory constitutive equation, as shown in Eq. (9):

where �ij is stress; �ij is strain; �′ is the Lame coefficient (
�
�
=

E�

(1+�)(1−2�)

)
 , with � being the Poisson's ratio; G is the 

shear modulus 
(
G =

E

2(1+�)

)
 ; � is the thermal stress coeffi-

cient 
(
� =

E�

1−2�
= (3� + 2G)�

)
 , with � being the thermal 

expansion coefficient, �ij is the Kronecker function 
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Fig. 14   Elastic-brittle constitutive relationship of elements in RFPA
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( �ij =
{

0 i ≠ j

1 i = j
 ), and ΔT  is the temperature difference. Fig-

ure 14 shows the elastic-brittle constitutive relation curve of 
the elements under loading. The failure of the elements is 
divided into compressive shear failure and tensile failure. 
Tensile failure is judged by the maximum tensile stress cri-
terion, while shear failure is judged by the Mohr–Coulomb 
criterion. After the elements reach compressive shear or 
tensile failure, their strength reduces to the residual com-
pressive strength �cr or the residual tensile strength �tr . Over 
the years, RFPA has been successfully applied to rock engi-
neering deformation and failure instability analysis (Xia 
et al. 2017; Zhao et al. 2022a, 2022b, 2023b; Chen et al. 
2024).

Figure 15a shows the shale numerical samples with 
BPIs of 0°, 30°, 45°, 60°, and 90°. The size of the numeri-
cal samples is 50 mm × 50 mm × 100 mm, the same as 
that of the physical samples, and the numerical samples 
are divided into 100 × 100 × 200 = 2,000,000 hexahedral 
elements. The bedding plane width is two elements, with 
a width of 1 mm. According to the bedding plane spac-
ing of Longmaxi Formation shale, which is about 4–7 mm 

(Wang et al. 2023), the bedding plane spacing of numeri-
cal samples was determined to be 5 mm. Three fixed dis-
placement boundaries in the x, y and z directions were 
adopted for the numerical samples. The confining pressure 
loading rate is 5 MPa/step, and the target stress and direc-
tion are the same as in the previous physical tests. The 
first boundary condition of heat transfer was adopted for 
the numerical samples, and temperature loading was car-
ried out on the four sides before loading. The temperature 
loading rate is 5 ℃/step, and the initial temperature of 
the models is 20 ℃. Before loading, the confining pres-
sure and temperature were loaded simultaneously. When 
the target stress and temperature were reached, the con-
fining pressure and temperature were kept constant, and 
vertical displacement loading with 0.02 mm/step in the y 
direction was carried out until failure. According to the 
tests results of BSE (Back Scattered Electron) images and 
energy spectrometric scanning images conducted by Yin 
(2020) on the shale of Longmaxi Formation, the quartz 
content in the shale matrix of Longmaxi Formation occu-
pies the largest proportion. Therefore, quartz mineral was 
taken as the representative of the thermophysical param-
eters of the shale matrix in this paper. The bedding plane 

Fig. 15   Shale numerical samples with BPIs of 0°, 30°, 45°, 60° and 90° (a), test and simulation of stress–strain curves (b) and failure morpholo-
gies (c) of shales with a BPI of 0° at 20 ℃, 80 ℃ and 120 ℃ under true triaxial loading
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of Longmaxi Formation shale mainly consists of calcite 
and a small amount of pyrite, so calcite mineral was taken 
as the representative of the thermophysical parameters of 
the bedding plane. The thermal conductivity coefficient 
of quartz is 7.69 W∕(m ⋅ K) ; the linear expansion coeffi-
cient is 24.3 × 10–6 / K ; the specific heat capacity is 632.4 
J∕(kg ⋅ K) ; the density is 2.65 g∕cm3 ; and the converted 
volumetric heat capacity is 1.68 × 106 J∕(m3

⋅ K) . The ther-
mal conductivity coefficient of calcite is 3.57 W∕(m ⋅ K) ; 
the linear expansion coefficient is – 3.2 × 10–6 / K ; the 
specific heat capacity is 834.2 J∕(kg ⋅ K) ; the density is 
2.71 g∕cm3 ; and the converted volumetric heat capacity is 
2.26 × 106 J∕(m3

⋅ K) (Sydney 1966; Yu 2015; Selvadurai 
and Rezaei 2020; Wang 2021). The mechanical parameters 
of the models were obtained by trial and error method 

(Zhao et al. 2023b), and stress–strain curves and failure 
modes of shale numerical samples with a BPI of 0° at dif-
ferent temperatures were compared with the physical test 
results (Fig. 15b and c). Finally, the calibrated mechani-
cal parameters adopted in the subsequent simulation were 
obtained, as shown in Table 5.

Figure 16a–e shows the true triaxial stress–strain curves 
of shale with BPIs of 0°, 30°, 45°, 60° and 90° at real-time 
temperatures of 20 ℃, 80 ℃, 120 ℃, 160 ℃ and 200 ℃, 
respectively. The numerical samples under true triaxial 
loading exhibit the same behavior as the physical samples, 
showing three stages: elastic deformation, unstable fracture 
development, and residual deformation. Moreover, under the 
influence of �2 , the peak strain of the numerical samples in 
the direction of �2 is significantly smaller than that in the 

Table 5   Mechanical parameters 
used in the numerical 
simulation

Structures Elastic 
Modulus/
MPa

Compressive 
Strength/MPa

Poisson’s Ratio Fraction 
Angle/°

C-T ratio Residual 
Strength/%

Shale matrix 23,800 330 0.25 30 9 0.6
Heterogeneity index 4 4 200 / / /
The bedding plane 14,280 198 0.27 26 10 0.6
Heterogeneity index 3 3 200 / / /

Fig. 16   Stress–strain curves of shales with BPIs of 0° (a), 30° (b), 45° (c), 60° (d), 90° (e) at 20 ℃, 80 ℃, 120 ℃, 160 ℃ and 200 ℃ in numeri-
cal stimulation
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direction of �3 , which aligns with the deformation character-
istics of true triaxial loading. The peak strength and elastic 
modulus of the numerical samples are shown in Table 6. 
The peak strength of the shale samples decreases signifi-
cantly with increasing temperature at 20 ℃–120 ℃, which 
is roughly consistent as the physical samples. The peak 
strength of the numerical samples continues to decrease at 
160 ℃ and 200 ℃, but the peak strength increases signifi-
cantly in the physical tests. Figure 16a–e shows that the peak 
strength of the numerical samples with BPIs of 30°, 45° and 
60° decreases more significantly with temperature than that 
of 0° and 90°. This is because the linear expansion coef-
ficients of the bedding plane and the matrix are different, 
and the amount of thermal deformation varies, resulting in 
greater thermal stress near the interface between the bed-
ding plane and the matrix. However, the numerical sam-
ples with BPIs of 30°, 45°, and 60° have a greater bedding 
plane angle, so the changes caused by thermal damage to 
the bedding plane have a more intense impact on the over-
all strength of the numerical samples. In contrast, numeri-
cal samples with BPIs of 0° and 90° are perpendicular or 
parallel to the loading direction, so the thermal damage to 

the bedding plane has less impact on the overall strength 
of the numerical samples compared with those with large 
BPI. This simulation only considers the thermal stress of 
the materials, so as the temperature increases to 200 ℃, the 
area and degree of thermal damage also increase, resulting 
in a decrease in the peak strength of the numerical samples. 
According to the physical experiment results, the complete 
dissipation of weakly bound water under the influence of 
a certain temperature range is largely responsible for the 
increase in the peak strength of shale samples. Unfortu-
nately, it is currently difficult to implement numerical analy-
sis software for rock mechanics that considers the change of 
free water and interlayer adsorbed water with temperature, 
which can be considered as future research. The numerical 
samples in this paper only consider the effect of thermal 
stress on shale, which also reflects that the water content of 
clay minerals inside shale may have a significant influence 
on the change in mechanical properties of shale at real-time 
high temperatures.

Figure 17 shows the failure modes of the numerical sam-
ples with BPIs of 0°, 30°, 45°, 60°, and 90° at real-time 
temperatures of 20 ℃, 80 ℃, 120 ℃, 160 ℃, and 200 ℃. 
The failure modes can be divided into cutting through the 
shale matrix and shear along the bedding plane. The fail-
ure modes of the numerical samples with BPIs of 0° and 
90° at 20 ℃–200 ℃ are cutting through the shale matrix, 
with several inclined shear fractures appearing parallel to 
�2 , which is related to the deformation inhibition of �2 and 
aligns with the deformation and failure results of physical 
tests under true triaxial loading. The numerical samples with 
BPIs of 30°, 45°, and 60° at 20 ℃–200 ℃ mainly fail by 
shearing along the bedding plane. The numerical samples 
with a BPI of 30° slip along the bedding plane at 20 ℃ and 
80 ℃, accompanied by some shear fractures parallel to �2 . 
However, with increasing temperature, the shear fractures 
parallel to �2 gradually decrease and disappear. The reason is 
that with increasing temperature, the thermal damage caused 
by the different linear expansion coefficients between the 
bedding plane and the matrix intensifies, making the shale 
more prone to sliding along the bedding plane. Tish is also 
consistent with the physical test results and further indi-
cates that the influence of temperature on the thermal dam-
age of the bedding plane is more severe. Figure 18 shows 
the results of stress, damage and element microfracture of 
the numerical samples with a BPI of 60° during heating 
to 200 ℃. The stress distribution of the sample at 20 ℃ is 
uniform, and no element failure occurs. At 80 ℃, obvious 
stress concentration appears at the position of the bedding 
plane, and compressive shear failure occurs in some internal 
elements of the sample. At 120 ℃, 160 ℃, and 200 ℃, the 
stress concentration at the bedding plane becomes increas-
ingly pronounced because the strength of the bedding plane 
is significantly lower than that of the matrix, resulting in an 

Table 6   Strength and deformation parameters obtained from the 
numerical simulation

Test condition �p∕MPa E∕GPa �1∕10
−3

RT-0 290.35 19.10 18.00
80–0 283.79 18.47 19.00
120–0 278.29 17.42 19.40
160–0 270.75 16.25 20.00
200–0 246.28 14.86 19.20
RT-30 280.83 19.16 18.80
80–30 258.33 18.72 18.60
120–30 242.96 17.96 18.00
160–30 209.31 16.89 15.80
200–30 167.56 15.52 11.60
RT-45 265.29 19.64 14.80
80–45 241.68 19.41 14.40
120–45 227.74 18.97 14.60
160–45 199.30 18.21 12.60
200–45 157.00 17.12 9.20
RT-60 281.57 19.41 16.60
80–60 265.27 19.23 15.80
120–60 249.96 18.92 15.00
160–60 211.87 18.26 11.80
200–60 166.31 17.21 8.40
RT-90 293.32 19.72 17.40
80–90 288.72 19.67 17.80
120–90 283.67 19.62 17.80
160–90 275.79 19.46 17.00
200–90 262.66 18.99 15.60
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Fig. 17   Failure morphologies of shales under all BPIs and temperatures ranging from 20 ℃ to 200 ℃ in the numerical stimulation
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Fig. 18   Maximum principal stress contours, damage contours, and microfracture contours of shales with a BPI of 60° at RT, 80 ℃, 120 ℃, 
160 ℃ and 200 ℃ in numerical stimulation
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increasing number of damaged elements along the bedding 
plane, showing the compressive shear failure of the bedding 
plane elements. This also indicates that, without considering 
the influence of internal water, the failure mode in physical 
tests tends to slip along the bedding plane more easily with 
increasing temperature because of the thermal stress concen-
tration between the bedding plane and the matrix.

5.2 � Variation of Temperature on Shale Anisotropy

To quantify the continuous changes in the mechanical 
properties of shale samples with different BPIs, the nor-
malized coefficients of mechanical properties (NCMP) 
compared to a BPI of 0° were calculated. As shown in 
Fig. 19a, TCS of shale samples with BPIs of 30°, 45°, 
and 60° at RT, 80 ℃, 160 ℃, and 200 ℃ is smaller than 
that of shale samples with a BPI of 0°, while the TCS 
of shale samples with a BPI of 90° is larger than that of 
shale samples with a BPI of 0°. At 120 ℃, the variation 
of TCS of shale samples with BPI is inconsistent with 
other angles. As shown in Fig. 19b, the variation of TEM 
of shale samples with BPI is roughly consistent with that 
of TCS. Except at 120 ℃, the TEM of shale samples with 
BPIs of 30° and 45° is smaller than that of shale samples 
with a BPI of 0°, while the TEM of shale samples with 
BPIs of 60° and 90° is larger than that of shale samples 
with a BPI of 0°. It can be seen that under true triaxial 
loading with a high horizontal stress difference of 20 MPa, 
except at 120 ℃, the most adverse BPI for shale’s mechani-
cal properties is 30°–45°. The special behavior at 120 ℃ 
may be due to the temperature range for the complete 

dissipation of weakly bound water being 118 ℃–140 ℃ 
(Wang and Xiong 2002; Li et al. 2012b; Zhu et al. 2020; 
Shi 2023). Therefore, affected by individual differences in 
shale samples, the degree of dissipation of weakly bound 
water varies at 120 ℃, resulting in different degrees of 
influence on mechanical properties. Only free water evapo-
rates at 80 ℃, while weakly bound water does not dissipate 
in large quantities. At 160 ℃ and 200 ℃, weakly bound 
water dissipates completely. This ultimately explains the 
change in anisotropic shale under true triaxial loading.

To investigate whether temperature affects the anisot-
ropy of shale under true triaxial loading, Eqs. (10) and 
(11) were used to calculate the degree of anisotropy of true 
triaxial compressive strength ( RC(TCS) ) and true triaxial 
elastic modulus ( RC(TEM)

 ) of shale samples, respectively 
(Saroglou and Tsiambaos 2008):

where TCSmax , TCSmin , TEMmax , and TEMmin are the maxi-
mum and minimum values of TCS and TEM of anisotropic 
shale samples at the same temperature, respectively. The 
RC(TCS) , RC(TEM)

 and the BPI corresponding to the maximum 
and minimum values are plotted as a variation chart with 
temperature, as shown in Fig. 20. The maximum values of 
TCS and TEM occur at a BPI of 90°, while the minimum 
values of TCS and TEM occur at BPIs of 30° and 45°. Both 
RC(TCS) and RC(TEM)

 show a decreasing trend with increasing 

(10)RC(TCS) =
TCSmax

TCSmin

(11)RC(TEM)
=

TEMmax

TEMmin

Fig. 19   Normalized coefficients of TCS (a) and TEM (b) of shales with BPI
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temperature. The maximum and minimum values exhibit 
unusual behavior at 120 °C, and RC(TCS) and RC(TEM)

 show 
a sharp decrease at 120 °C, likely due to the dissipation of 
weakly bound water, as analyzed above.

Stress-induced anisotropy occurs under true triaxial 
loading, distinct from the anisotropy caused by the bedding 
planes of shale. This type of anisotropy arises from non-
hydrostatic pressure (Zhang et al. 2021b). To explore the 
relationship between bedding plane anisotropy and stress-
induced anisotropy, the peak strain ratio �p2∕�p3 of �2 and 
�3 was calculated, and the variation of �p2∕�p3 with increas-
ing BPI at different temperatures was plotted, as shown in 
Fig. 21. In non-true triaxial tests, when the angle between 

the bedding plane and the horizontal plane falls within a cer-
tain range, failure tends to occur as shear slip along the bed-
ding plane, resulting in 𝜀p2 > 𝜀p3 . Under true triaxial loading 
of isotropic rock, deformation in the �3 direction is more 
pronounced due to inhibition by �2 , leading to 𝜀p2 < 𝜀p3 . 
As shown in Fig. 21a, �p2∕�p3 shows an upward trend with 
increasing BPI. When the BPIs are 0° and 30°, �p2∕�p3 is 
almost less than 1, indicating that shale samples with BPIs 
of 0° and 30° are dominated by stress-induced anisotropy. 
When the BPI is 45°, �p2∕�p3 is larger at 200 °C and smaller 
at 160 °C, with values around 0.75 at other temperatures. 
Temperature affects the cohesion of the bedding plane, caus-
ing the fracture plane at 160 °C and 200 °C to be parallel 
to �3 . However, fractures appear on surfaces loaded with 
�2 and �3 at 160 °C (Fig. 21b), and temperature completely 
aligns the fracture direction with �3 at 200 °C (Fig. 21b). 
Thus, at 160 °C, stress-induced anisotropy dominates, while 
at 200 °C, bedding plane anisotropy dominates. At other 
temperatures, shale samples with a BPI of 45° show true 
triaxial failure forms and are more affected by stress-induced 
anisotropy. When the BPI is 60°, shale samples with a BPI of 
60° exhibit shear failure along the bedding plane at all tem-
peratures, so �p2∕�p3 is generally greater than 1, indicating 
that bedding plane anisotropy is stronger than stress-induced 
anisotropy. When the BPI is 90°, �p2∕�p3 is greater than 1 
at all temperatures, indicating dominance by bedding plane 
anisotropy. However, the bedding plane of shale samples 
with a BPI of 90° is perpendicular to �2 , and the failure 
forms suggest no possibility of shear slip in the �2 direction, 
which is puzzling.

Therefore, to analyze the deformation characteristics of 
shale samples with a BPI of 90°, an additional true triaxial 

Fig. 20   Evolution of R
C
 of TCS and TEM with temperature and the 

maximum and minimum inclinations of TCS and TEM at different 
temperatures

Fig. 21   Evolution of �p2∕�p3 with BPI at different temperatures (a) and failure morphologies of shales with a BPI of 45°at 160 ℃ and 200 ℃ (b)
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compression test was conducted on a shale sample with a 
BPI of 90° at room temperature (RT). �2 and �3 were still 
set at 80 MPa and 60 MPa, but the loading direction was 
opposite to that in Fig. 2c. That is, �2 was set parallel to 
the strike of the bedding plane of 90°. Figure 22 shows the 
stress–strain curves and failure forms of two shale samples 
with a BPI of 90° at RT. The black line in the stress–strain 
curves represents the strike of the bedding plane parallel 
to �3 , and the red line represents the strike of the bedding 
plane parallel to �2 . As seen in Fig. 22a, the TCS of the 
shale sample with the bedding plane parallel to �2 is sig-
nificantly lower than that of the shale sample with the bed-
ding plane parallel to �3 . Stress drops occur after the peak 
in both samples, with more frequent drops in the sample 
with the bedding plane parallel to �2 , while the drops are 

larger in the sample with the bedding plane parallel to �3 . In 
Fig. 22b, the volumetric strain curves of both samples coin-
cide before the peak. However, at residual stress, the volume 
expansion of the sample with the bedding plane parallel to 
�3 is greater than that of the sample with the bedding plane 
parallel to �2 . Figure 22c shows that when the bedding plane 
is parallel to �2 , the fracture planes remain parallel to �2 , 
displaying a true triaxial failure form. Two fractures of 74° 
run through the top and bottom of the sample, with several 
nearly parallel fracture groups at 75° connecting the two 
primary fractures in the middle. This failure form differs 
from that of the sample with the bedding plane parallel to �3 . 
It has larger fracture inclinations and contains parallel frac-
ture groups because the bedding plane influences fracture 
development during expansion along the �3 direction. The 

Fig. 22   Stress–strain curves of shales with different relative positions of �2 loading direction and strike of 90° bedding planes at RT (a) and (b) 
and their failure morphologies (c)

Table 7   True triaxial compression experimental data of shale samples with a BPI of 90°

Submitted to Rock Mechanics and Rock Engineering

�2 loading direction �p∕MPa �1∕10
−3

�2∕10
−3

�3∕10
−3

�r∕MPa �r∕10
−3 E∕GPa B4 B5

Vertical to bedding plane 328.40 14.29 – 4.42 – 2.87 208.72 22.76 24.16 0.364 0.042
Parallel to bedding plane 258.15 11.74 – 2.19 – 3.52 215.03 19.65 22.76 0.167 0.012
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calculated mechanical parameters of the two shale samples 
are shown in Table 7. The �p2∕�p3 ratio for the sample with 
the bedding plane parallel to �2 is 0.623, indicating smaller 
deformation in the �2 direction than in the �3 direction. This 
is due to the bedding planes being separated during expan-
sion. The �p2∕�p3 ratio for the sample with the bedding plane 
parallel to �3 is 1.543, indicating greater deformation in the 
�2 direction than in the �3 direction. This could be attributed 
to the low stiffness of the bedding plane (Geng et al. 2016), 
resulting in severe deformation under compression. The cal-
culated B4 and B5 values for the shale sample with the bed-
ding plane parallel to �3 are 0.364 and 0.042, respectively. 
For the sample with the bedding plane parallel to �2 , they are 
0.167 and 0.012. This indicates that when the bedding plane 
is parallel to �2 , brittleness decreases significantly. The weak 
bedding plane perpendicular to the expansion direction of �3 
consumes part of the energy in tension or shear slip during 
the failure process, preventing severe energy release. Con-
versely, when the bedding plane is parallel to �3 , shear slip 
occurs in the high-strength shale matrix, releasing intense 
energy and resulting in greater brittleness. In summary, the 
relative direction of the true triaxial principal stress load-
ing direction and the bedding plane strike affects the failure 
forms, brittleness, and anisotropy of shale.

5.3 � Potential Engineering Applications

In the process of deep shale gas exploitation, reservoirs are 
typically found in high-temperature formations with a sig-
nificant horizontal stress difference. Higher brittleness in the 
reservoir rock increases the likelihood of forming a com-
plex fracture network, thereby enhancing the permeability 
of shale and improving shale gas output. The test results in 
this paper demonstrate that Bedding Plane Inclination (BPI), 
temperature, and stress loading direction significantly impact 
shale brittleness. Therefore, it is essential to consider these 
factors comprehensively in shale gas exploitation projects to 
increase deep shale gas production. At high temperatures, 
the shear strength of the bedding plane decreases. If hydrau-
lic fracturing operations are conducted in high-temperature 
regions and the angle between the bedding plane and the �3 
direction is near 60°, the likelihood of fracturing fluid flow-
ing into fractures parallel to the bedding plane increases. 
This can result in the dispersion of water pressure energy, 
which may hinder the expansion of hydraulic fractures in 
the shale matrix. Due to limitations in detection technology, 
it may be challenging to accurately and simply obtain the 
real-time temperature at various positions within the reser-
voir, necessitating further technological development. After 
injecting normal-temperature fracturing fluid into a high-
temperature reservoir, the cooling effect will further alter 
the physical and mechanical properties of shale, which also 
needs to be considered. Additionally, significant brittleness 

changes occur with varying BPI. In this test, when the angle 
between the bedding plane and the horizontal plane is 90°, 
and the bedding plane is parallel to the �3 direction, the brit-
tleness is at its maximum. The resulting cracks are dense 
and evenly distributed, aligning with the goal of achieving 
a complex fracture network. Therefore, in shale gas exploi-
tation, it is crucial to consider the relationship between 
the angle of perforation clusters, BPI, and the direction of 
in situ stress. By rationally arranging the distribution of BPI 
and in situ stress, the maximum brittleness of shale can be 
achieved, enhancing the complexity of the fracture network 
and increasing shale gas production.

6 � Conclusions

In this paper, a series of true triaxial tests were conducted 
on anisotropic shale samples at real-time temperatures (RT-
200℃) to investigate the mechanical properties and failure 
characteristics of shale in deep shale gas reservoirs under 
high temperatures and high horizontal in situ stress differ-
ences. The study analyzed the variation of strength, defor-
mation, failure mode, and brittleness of shale samples with 
temperature under true triaxial loading. The anisotropy of 
the mechanical properties of shale in a deep shale gas envi-
ronment was also explored. The main conclusions are sum-
marized as follows:

1.	 During the heating process from RT to 200℃, both 
physical and numerical tests showed that the reduction 
in TCS is primarily caused by thermal damage before 
approximately 120℃. Physical tests revealed that the 
TCS and TEM of shale exhibit obvious temperature 
thresholds after 120℃, which correspond to the dissi-
pation temperature intervals of adsorbed water in clay 
minerals within shale. In contrast, numerical simulation 
tests without considering hydraulic coupling showed no 
obvious temperature thresholds for TCS and TEM. This 
suggests that the changes in mechanical properties of 
shale with temperature are likely caused by variations 
in internal water content.

2.	 The failure mode of shale under true triaxial loading in 
physical tests is determined by temperature and BPI. 
At BPIs of 0°, 30°, and 90°, the failure mode is shear 
failure with the fracture plane parallel to �2 . At a BPI of 
60°, shear failure occurs along the bedding plane at all 
temperatures. At a BPI of 45°, shear failure occurs with 
the fracture plane parallel to �2 at RT, 80℃, and 120℃, 
but parallel to �3 at 160℃ and 200℃. Numerical simula-
tion results indicate that the change in failure mode at 
high temperatures is caused by the difference in thermal 
expansion coefficients between the bedding plane and 
the matrix. According to analysis of Coulomb’s law, the 
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change in failure mode for shale samples with BPIs of 
45° and 60° is due to the weakening of the cohesion of 
the bedding plane by temperature, which is consistent 
with the numerical simulation results.

3.	 Brittleness indices based on stress–strain curve param-
eters were used to evaluate the brittleness of anisotropic 
shale samples at different temperatures. Correlation 
analysis shows that results based on the same type of 
parameters are consistent. Brittleness indices based on 
stress drop and velocity of stress drop post-peak best 
match post-peak phenomena, such as sound during fail-
ure, fracture surface characteristics after failure, and fail-
ure mode. Brittleness is influenced by both temperature 
and BPI, with shale samples at a BPI of 90° exhibiting 
higher brittleness, those at 60° showing lower brittle-
ness, and those at 45° showing reduced brittleness at 
160℃ and 200℃.

4.	 TCS and TEM show significant anisotropy. The most 
unfavorable angles for most shale samples under true 
triaxial loading range from 30° to 45°, with maximum 
values occurring at 90°. The overall trend of �p2∕�p3 
increases with BPI, indicating that deformation is domi-
nated by stress-induced anisotropy at low BPI and by the 
anisotropy of the bedding plane at high BPI. The relative 
orientation of the loading direction of true triaxial stress 
and the bedding plane significantly affects the mechani-
cal properties and failure characteristics of shale. The 
TCS, �p2∕�p3 , and brittleness of �2 parallel to a bedding 
plane of 90° at RT are significantly smaller than those 
of �2 perpendicular to a bedding plane of 90°, and the 
failure forms are notably different.
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