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Abstract
At present, hydrofracture technology is mainly used for shale gas exploration and exploitation, and the effect of volume 
fracturing is tightly linked to the mechanical properties (including anisotropy and brittleness) of shale. Meanwhile, Sichuan 
Basin is also an important area for unconventional natural gas exploration and development in China. This work analyzed 
mineral composition and microstructure of outcrop shale matrix in Lower Silurian Longmaxi Formation through XRD test, 
slice observation, and scanning electron microscope (SEM). How anisotropy affects shale deformation, strength and failure 
characteristics at different bedding angles (0°, 30°, 45°, 60°, and 90°) under diverse confining pressures (0 MPa, 25 MPa, 
50 MPa, 75 MPa, and 100 MPa) in conventional uniaxial/triaxial experiments were discussed. The acoustic emission (AE) 
evolution was introduced to reveal the cracks closure and propagation of Longmaxi Formation shale and qualitatively charac-
terized the brittleness of the shale. What’s more, based on the existing brittleness index, this study proposed an indicator BInew 
that considers the shape of the stress–strain curve before and after the peak stress to evaluate the brittleness of the Longmaxi 
Formation shale. The index BInew can better describe the changes of brittleness with confining pressure and bedding angle. 
Finally, this work elaborately explained the relationship between AE characteristics, brittleness, and failure modes of shale. 
AE characteristics can not only qualitatively characterize shale brittleness but also show the failure process and modes of 
shale samples. Change of failure modes rests with the difference in brittleness and also reflects the level of brittleness. The 
change of brittleness with failure modes can be expressed as shear along bedding plane (Sh-Al) > splitting through bedding 
plane (Sp-Th) > conjugate shear failure (Co-Sh) > shear along bedding plane (Sh-Al) > shear through bedding plane (Sh-Th).

Highlights

1.	 Uniaxial/triaxial compression and acoustic emission (AE) monitoring of Longmaxi formation shale were carried out.
2.	 Influence of anisotropy of shale on mechanical properties under different confining pressures was analyzed.
3.	 Different brittleness indexes were used to evaluate the brittleness of shale, and a new brittleness index was established.
4.	 Relationship between AE characteristics, brittleness, and failure modes of shale was discussed in detail.
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1  Introduction

Shale gas mainly exists in organic shale and interlayers in 
a free or adsorbed state. As clean and efficient unconven-
tional natural gas energy, shale gas plays an essential role in 
global energy development. Similarly, China also hopes to 
solve its energy problems through shale gas (Li et al. 2016b; 
Lin and Li 2020; Yuan et al. 2015b). China is abundant in 
shale gas reserves, and the recoverable shale gas resources in 

http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-022-03130-0&domain=pdf


1240	 C. Zhao et al.

1 3

favorable areas are 2.18 × 104 bcm, ranking first in the world 
(Weber and Clavin 2012), but the proven rate of shale gas is 
only 4.79% (Wei et al. 2021), indicating a huge potential for 
shale gas exploitation. However, compared with other coun-
tries such as the United States, shale gas in China is buried 
quite deeper. According to relevant data (Guan et al. 2014; 
Lee and Sohn 2014; Lin et al. 2013; Wei et al. 2021; Zhao 
et al. 2013), shale gas reserves buried deeper than 3500 m 
accounted for 65% of the total, and the average depth of 
shale gas in the Sichuan Basin is between 2957 and 4023 m; 
favorable mining areas with buried depth more than 3500 m 
in southern Sichuan accounted for over 82% of this area. 
Hydrofracture is widely used in shale gas exploration and 
development (Cheng et al. 2015; Lin et al. 2017; Ren and 
Lau 2020; Tan et al. 2017; Zhang et al. 2019a), but high 
crustal stress in the deep formation will severely affect the 
drilling stability and volume fracturing effect of shale res-
ervoir or lead to problems such as collapse and the leakage 
of drilling wellbore (Chen et al. 2017; Liu et al. 2021; Yang 
et al. 2020). Therefore, exploring the mechanical proper-
ties of shale under high crustal stress is significant for the 
application and promotion of hydrofracture technology in 
shale gas production.

Due to internal bedding planes in shale, physical, 
mechanical, and hydraulic properties of shale are far from 
the same in different directions. Based on this, shale is con-
sidered to possess anisotropic mechanical properties. Mak-
ing a clear understanding of shale anisotropy can provide 
a safety guarantee for exploring shale gas and maintaining 
shale gas drilling stability (Yang et al. 2020). Specifically, 
Hiroki et al. (2013) pointed out that the mechanical proper-
ties of different shale reservoirs or the same shale reservoir 
are significantly different, which is attributed to the diverse 
material compositions and microstructures of organic-rich 
shale. Niandou et al. (1997) conducted a triaxial compres-
sion test on Tournemire shale with different bedding angles. 
The test results illustrate that Tournemire shale shows ani-
sotropic plastic deformation under triaxial compression and 
failure modes display obvious anisotropy, which is greatly 
affected by confining pressure and loading direction. Moreo-
ver, Kuila et al. (2011) studied stress anisotropy and anisot-
ropy response of ultrasonic velocity of low-porosity shale 
in the Officer Basin and analyzed how ultrasonic velocity 
is affected by magnitude and direction of shale microfabric 
stress. Cho et al. (2012) conducted research that focus on the 
deformation and strength anisotropy characteristics of Asan 
gneiss, Boryeong shale, and Yeoncheon schist in Korea by 
uniaxial test and Brazilian Split test, finding that anisotropic 
mechanical properties of rock mass must be considered, 
avoid larger errors in rock engineering. A direct shear test 
was performed on shale samples with bedding angles of 0°, 
30°, 60°, and 90° by Heng et al. (2015), who theoretically 
deduced an analytical formula for shear stress concentration 

factor in the test, and proposed that shear strength of shale 
also displays obvious anisotropy. Under different confin-
ing pressures, temperatures, and strain rates, Rybacki et al. 
(2015) launched uniaxial and triaxial compression tests on 
black shales from Europe. The test results show the mechan-
ical properties of shale vary with bedding angle and loading 
direction. Under the brittle state, the compressive strength 
of shale increases nonlinearly with the change of confining 
pressure, while shale will change from brittleness to semi-
brittleness at higher temperature or confining pressure. 
Yang et al. (2019) stated that analysis of tensile strength and 
fracture modes of shale matter a lot for hydrofracture tech-
nology. Correspondingly, the Brazilian split test and PFC 
numerical simulation were used to explore the mechanical 
properties and failure modes of shale. According to tests, the 
Brazilian tensile strength of shale declines linearly with the 
change of dip angle, and shale matrix tensile fracture and 
shear fracture are the main failure modes in the Brazilian 
split test. Subsequently, Li et al. (2020) carried out uniaxial 
fatigue tests on shale of seven bedding angles under dif-
ferent loading frequencies and cyclic stress limits. Under 
influence of fatigue loading and bedding, cracks on shale 
samples will cross and interact with each other to eventually 
form a network of cracks. Acoustic emission (AE) technol-
ogy was adopted by Wu et al. (2017), Ma et al. (2017) and 
Li et al. (2018) to monitor the failure process of shale under 
different stress levels and states, and they concluded that 
AE technology can directly reflect fracture regular of shale. 
What’s more, Liu et al. (2021) investigated the anisotropic 
mechanical properties of shallow outcrop shale and deep 
shale through the uniaxial compression test and made a com-
parison of their mechanical properties. According to test 
results, Poisson’s ratio and compressive strength of shale 
change in a U-shaped pattern with the bedding angle, and 
the compressive strength and elastic modulus of deep shale 
are smaller than those of shallow one. In addition, it should 
be noted that Ramamurthy (1993) classified the mechanical 
properties of rock into “shoulder shape, U shape, and wave 
shape” according to the change of bedding angle. Based on 
experimental data related to anisotropic rocks, many schol-
ars had also proposed theoretical standards and numerical 
models to predict the strength of anisotropic rocks (Ashour 
1988; Yao et al. 2016; Hoek 1980; Jaeger 1960; Mclamore 
and Gray 1967; Qi et al. 2016; Rao et al. 1986; Shao et al. 
2015; Shi et al. 2016; Singh et al. 2015; Tien et al. 2006; 
Wang et al. 2020; Welemane et al. 2016; Wilson 2013; Yong 
and Ming 2001). These theories and numerical models can 
better predict the mechanical properties of anisotropic rocks. 
However, the above-mentioned related research on mechani-
cal properties of shale anisotropy indicates that more experi-
mental data are needed for verification of shale with inherent 
anisotropy. In particular, the anisotropy of shale should be 
discussed further under high confining pressure.
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During shale gas production, anisotropy of shale impact 
drilling stability and volume fracturing effect, and besides 
that, brittleness also affects the productivity of shale gas 
(Hajiabodolmajid 2001). Under favorable crustal stress 
conditions, the shape and volume of the fracture zone are 
decided by the brittleness of shale. In other words, when 
shale is more brittle, and the fracture network in shale 
reservoir is deeper and more complex, the productivity 
of shale gas would be higher. Therefore, analysis of shale 
brittleness is critical for shale gas production (Chandler 
et al. 2013; Rybacki et al. 2016; Zhang et al. 2016). The 
brittleness index (BI) is commonly used to evaluate rock 
brittleness. However, there is no clear definition for the 
measurement and calculation of BI. Numerous scholars 
listed brittleness indexes to quantify the strength of rock 
brittleness (Altindag 2002; Barnhoorn et al. 2016; Hucka 
and Das 1974b; Huo et al. 2018; Li et al. 2016a; Runar 
et al. 2006; Yagiz 2009; Yuan et al. 2015a; Zou et al. 
2021), but due to different definitions, measurement, and 
calculation methods of brittleness indexes, even if brittle-
ness of the same rock is assessed, greatly different BI val-
ues will be caused (Yang et al. 2013). Geng et al. (2016) 
proposed that brittleness essentially means that rocks are 
broken suddenly without severe plastic deformation under 
stress. For shale, it has inherent anisotropic properties, and 
brittleness performance is also directional (Martin et al. 
2011), which was confirmed by research on anisotropic 
shale brittleness after Rune et al. (2015). Similarly, in the 
laboratory test, the brittleness of rock not only displays 
anisotropy, and is also affected by the change of confining 
pressure. The brittleness of rock samples is in a ductile 
trend under high confining pressure, but stronger under 
low confining pressure, indicating that the mechanical 
properties of shale samples are dramatically affected by 
different stresses. As a result, the mechanical parameters 
of rock samples should be considered when defining BI to 
evaluate rock brittleness in laboratory tests. It specifically 
includes elastic properties (elastic modulus, Poisson’s 
ratio, etc.), strength parameters (compressive strength, 
shear strength, tensile strength, etc.), energy evolution 
(elastic energy, dissipation energy, etc.), strain (elastic 
strain, plastic strain, residual strain, etc.), and fracture 
toughness, etc. (Barnhoorn et al. 2016; Bi et al. 2020; 
Geng et al. 2016; Huo et al. 2018; Yuan et al. 2015a; Zou 
et al. 2022). In many studies, the triaxial compression test 
was launched to analyze the variation of shale brittleness 
index (BI) under different confining pressures (Amann 
et al. 2012; Arora and Mishra 2015; Guo et al. 2020; Lawal 
and Mahmoud 2020; Ren et al. 2018; Yang et al. 2021; Yi 
et al. 2016). Unfortunately, there are limitations for bed-
ding angle change and confining pressure range of shale in 
most experiments, so that they cannot reflect the change of 
BI under high confining pressure, and only provide limited 

guidance on adopting hydrofracture to develop shale gas 
in deep shale formations.

In conclusion, this work mainly analyzes outcrop shale 
samples of the Lower Silurian Longmaxi Formation in 
Changning, Sichuan Basin, China. The composition and 
microstructure of intact shale sample matrix were explored 
by XRD test, slice observation, and scanning electron micro-
scope (SEM), followed by conventional uniaxial/triaxial 
compression tests to investigate the deformation and failure 
of shale samples at different bedding angles (0°, 30°, 45°, 
60°, and 90°) under different confining pressures (0 MPa, 
25 MPa, 50 MPa, 75 MPa, and 100 MPa). Meanwhile, the 
anisotropy (including deformation, damage, and strength) 
of shale under different confining pressures and bedding 
angles were revealed. Acoustic emission (AE) technology 
was applied to monitor the whole process of deformation 
and failure of shale samples in conventional triaxial com-
pression tests, and the AE characteristics in the deformation 
and failure process of shale were analyzed. Furthermore, 
the brittleness of shale samples under different confining 
pressures and bedding angles was evaluated using a variety 
of brittleness indexes (BI). Finally, the relationship between 
shale brittleness, AE characteristics, and failure modes was 
discussed in detail. The research results are hoped to pro-
vide a reference for shale gas exploitation by hydrofracture 
technology under high crustal stress.

2 � Preparation and Characterization of Shale 
Samples

2.1 � Shale Sampling Location and Its Geological 
Characteristics

According to relevant data (Wei et al. 2021; Zhao et al. 
2013), Sichuan Basin is a key unconventional natural gas 
exploration area in China. The Longmaxi Formation shale in 
this area is thick and widely distributed, with abundant shale 
gas resources, and shale gas reserves account for 66% of the 
total reserves of the nation. Therefore, it is significant for 
China’s oil and gas exploration through studying the Long-
maxi shale in this area. In this study, the Longmaxi shale 
samples were collected from an outcrop shale in Shuanghe 
Town, Changning, Sichuan Province, China (Fig. 1). Thanks 
to construction and excavation, sampling there is extremely 
convenient, and there are a large number of fresh and com-
plete outcrop shales. Meanwhile, three basic requirements 
must be followed during field sampling, to ensure the integ-
rity and uniformity of shale samples during the test (Yang 
et al. 2020):



1242	 C. Zhao et al.

1 3

1.	 Shale blocks taken on site can be placed horizontally, 
and bedding must be visible; bedding of shale blocks 
can be kept horizontal when blocks are laid flat, which 
facilitates the preparation of standard shale samples with 
different bedding angles in subsequent laboratory tests.

2.	 The size of shale blocks should be within a reasonable 
range, to facilitate transportation and processing, and 
ensure the number of standard shale samples required 
for the experiment.

3.	 When shale blocks are prepared on-site, there should be 
no cracks and pores on the blocks, to ensure the integrity 
of shale blocks.

Shale at the sampling site is marine black rock (Fig. 2), 
rich in biological fossils and organic matter, with clear 
bedding development, which belongs to Paleozoic Low 
Silurian Longmaxi Formation. After shale blocks were 
taken on site, the dip angle was changed according to the 
method in Fig. 3, to change the angle between the bedding 
plane and the horizontal plane, and prepared cylindrical 
rock samples with different bedding angles (0°, 30°, 45°, 

60°, and 90°). The α is the angle between the bedding 
plane and the horizontal plane of shale samples. Interna-
tional Society for Rock Mechanics (ISRM) emphasized 
that the height–diameter ratio of rock samples used for 
rock mechanics tests should be kept between 2.0 ~ 3.0 
(Fairhurst and Hudson 1999; Hatheway, 2009; Lyu et al. 

Fig. 1   Longmaxi shale sampling site

Fig. 2   Outcrop rock blocks taken from the sampling site
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2021a), to minimize the influence of end friction on results 
during the test. Hence, the cylindrical rock samples were 
processed into standard cylindrical specimens with a 
diameter of 50 mm and height of 100 mm, as shown in 
Fig. 4. In addition, all shale samples were placed in a dry 
environment at room temperature, and the test was com-
pleted within 30 days, to guarantee the accuracy and reli-
ability of experimental results.

2.2 � Mineral Composition and Microstructure 
Analysis

Making a clear understanding of the mineral composition 
and microstructure of shale is critical to evaluating shale res-
ervoirs, which impose a profound impact on the occurrence 
and migration of shale gas, as well as the shape and diffusion 
path of hydraulic fractures. Furthermore, brittleness is a key 
factor affecting the hydraulic fracturing effect, and in terms 
of the mineral composition of shale, brittleness is influenced 
by the proportion of quartz (Amann et al. 2012; Yang et al. 

2020), the larger the proportion of quartz, the higher the 
brittleness. Of course, lots of rock core powder was collected 
during the process of specimen drilling and an XRD test was 
launched, as shown in Fig. 5.

According to XRD test results, the shale used in this 
experiment mainly contains quartz, calcite, dolomite, mus-
covite, illite, and pyrite. Among them, quartz and calcite 
account for 65.5%; quartz has the largest proportion in the 
mineral composition, as high as 42%, and the content of 
pyrite is lower, only 2.1%. To better understand the composi-
tion and microstructure of shale samples, this study identi-
fied slices of shale samples and conducted SEM scanning. 
The shale samples were first made into rock slices of 25 mm 
* 20 mm * 0.05 mm and then observed with a polarizing 
microscope in the direction perpendicular to the bedding 
plane. The identification results of slices are introduced in 
Figs. 6, and 7 is the SEM image of the complete shale sur-
face. It can be seen from Figs. 6 and 7 that the shale samples 
have an obvious bedding structure. Figure 6 shows lots of 
carbon-argillaceous minerals with weak light visibility are 
uniformly distributed in shale samples, and white minerals 

Fig. 3   Preparation method of shale specimens with different bedding 
angles

Fig. 4   50 mm × 100 mm standard cylindrical shale specimens

Fig. 5   Mineral composition and proportion of shale samples
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such as quartz, muscovite, and calcareous minerals are 
arranged in a directional arrangement. In Fig. 7, lamelli-
form minerals are in obvious directional alignment and some 
scattered calcium mineral particles such as quartz are found. 
Due to lamelliform minerals, shale samples selected for this 
experiment possess inherent anisotropy. Along the bedding 
direction, on the boundary of lamelliform minerals are also 
pores and micro-fractures that are not only original defects 
inside the shale samples but also the main place for shale 
gas occurrence and migration.

3 � Experimental Apparatus and Testing 
Procedure

This experiment aims to analyze mechanical properties, AE 
characteristics and failure modes of Longmaxi Formation 
shale in Changning, Sichuan Province, China. The MTS815 
Flex Test GT rock mechanics system of Sichuan University 
was selected for conventional uniaxial/triaxial compression 

Fig. 6   Identification of shale thin sections

Fig. 7   Microstructure of intact shale samples (pseudo-color map)

Fig. 8   MTS815 rock mechanics test system
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tests, and the PCI-2 acoustic emission three-dimensional 
positioning system was introduced to monitor the deforma-
tion and failure process of shale, as shown in Fig. 8. The 
maximum axial load of the system can reach 4600 kN, with 
maximum confining pressure of 140 MPa. The axial defor-
mation and circumferential deformation of rock samples was 
measured by axial and hoop extensometers, respectively. In 
the uniaxial compression test, the measurement range of the 
axial extensometer is − 4 ~ 4 mm, and that of the hoop exten-
someter is − 2.5 ~ 8 mm. Similarly, in the triaxial compres-
sion test, the measurement range of the axial extensometer is 
− 5 ~ 5 mm, and that of hoop extensometer is − 2.5 ~ 15 mm, 
with all accuracy of 5% (Lyu et al. 2021b; Zhou et al. 2019). 
The corresponding sampling rate of the PCI-2 acoustic emis-
sion three-dimensional positioning system was fixed at 40 
MSPS; the gain of the corresponding amplifier was 40 dB, 
and the signal acquisition threshold was 30 dB. The whole 
test process would be controlled by a computer, and the 
system automatically recorded the axial stress, confining 
pressure, axial deformation, and hoop deformation of shale 
specimen during the loading process (Lyu et al. 2022; Zhang 
et al. 2019b).

The uniaxial compression test of shale samples with dif-
ferent bedding angles (0°, 30°, 45°, 60°, and 90°) can be 
carried out as per the following steps: First, applied axial 
stress at a rate of 30 kN/min; applied axial load with a hoop 
deformation rate of 0.02 mm/min at the end of the elastic 
deformation stage of shale samples; after the peak stress, 
continuously applied axial load at a hoop deformation con-
trol rate of 0.04 mm/min, which eventually damaged rock 
samples. Similarly, the process of triaxial compression test 
of shale samples with different bedding angles (0°, 30°, 45°, 
60°, and 90°) under different confining pressures (25 MPa, 
50 MPa, 75 MPa, and 100 MPa) is as follows: increased con-
fining pressure to a predetermined value (the rate of increase 
of confining pressure must be slow enough to ensure the 
integrity of shale sample) at the rate of 3 MPa/min, and 
then applied axial stress at a rate of 30 kN/min. Just like 
the uniaxial compression test, the axial load was applied 
with a hoop deformation rate of 0.02 mm/min at the end of 
the elastic stage. After peak stress was reached, to adapt to 
the rapid and large circumferential deformation of the rock 
sample after the peak, the circumferential deformation con-
trol rate was increased to 0.04 mm/min and 0.10 mm/min to 
apply the axial load, and finally reached the residual stage 
(Lyu et al. 2021b). Before the experiment, the shape and 
quality of shale samples were measured and recorded, and 
these samples were kept dry and tested at room temperature, 
to ensure accurate test results.

4 � Experimental Results and Discussion

4.1 � Analysis of Mechanical Properties of Longmaxi 
Formation Shale

4.1.1 � Characteristics of Stress–Strain Curves

Figure 9 describes the stress–strain curves of shale sam-
ples under different confining pressures (due to limited 
space, only the stress–strain curves of shale at bedding 
angles of 0°, 30°, 45°, and 90° are given). Figure 10 shows 
the stress–strain curves of shale samples under different 
bedding angles (only the stress–strain curves of shale 
under confining pressures of 0 MPa, 25 MPa, 75 MPa, and 
100 MPa are given). In general, the stress–strain curves of 
Longmaxi shale are significantly different from those of 
granite, sandstone, and halite (Li et al. 2018; Nishiyama 
et al. 2002; Wang et al. 2018). Because of the low-porosity 
and dense structure of shale, the stress–strain curves are 
free of obvious microcracks compaction stage of shale 
in triaxial compression, and it mainly goes through four 
stages, such as near-linear elastic deformation stage I, 
bedding activation and stable microcracks’ propagation 
stage II, bedding initiation slip and unstable microcracks 
propagation stage III, bedding severely slips and post-peak 
failure stage IV. In the triaxial compression experiment, 
because the large microcracks and weak bedding planes in 
the shale matrix have been highly compacted and closed in 
process of increasing confining pressure to target confining 
pressure, the shale matrix and bedding are compressed in 
the initial stage of applying axial load. Once compressed, 
the shale will enter the near-elastic deformation stage 
(elastic modulus E and Poisson’s ratio μ are determined 
by the stress–strain relationship of shale in this stage). As 
deviatoric stress increases to cracks initiation stress σci 
(Fig. 11), cohesion between internal bedding and matrix 
of the shale weakens, the bedding is activated, and micro-
cracks begin to expand stably. At the same time, shale 
no longer shows typical linear elastic characteristics, and 
the stress–strain curves change from straight to curved; 
shale enters bedding activation and stable microcracks’ 
propagation stage II under the axial load and confining 
pressure. When deviatoric stress continues to increase 
to cracks damage stress σcd (Fig. 11), microcracks in the 
shale increase gradually, causing bedding to slip, and vol-
ume expansion of shale samples. The cracks damage stress 
σcd corresponds to the dilatancy point (Fig. 11), which 
also marks shale samples entering the stage of bedding 
initiation slip and unstable microcracks propagation. At 
this stage, shale samples will experience a certain plastic 
deformation under the axial load and confining pressure. 
Figure 9 demonstrates that most shale samples produce 
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small plastic deformation before peak stress and reach 
peak stress σf in a “sharp” form (Yang et al. 2020), indicat-
ing the strong brittleness of shale samples in this experi-
ment. After deviatoric stress reaches the peak stress σf, 
shale samples enter the bedding severely slips and post-
peak failure stage IV. In this stage, the bedding of shale 
samples slips violently and forms a through tension or 
shear failure surface; deviatoric stress drops sharply, and 
a crisp failure sound often occurs during shale samples 
failure, implying that the shale samples show strong brittle 
failure characteristics, as shown in Fig. 9.

Additionally, Fig. 9 shows that the failure strength of 
shale is greatly affected by confining pressure, and the higher 
the confining pressure, the greater the peak stress. The rela-
tionship between the forms of stress–strain curve and brit-
tleness is explained in Fig. 12. The higher the brittleness, 
the stress–strain curve will be accompanied by the decrease 
of axial strain while the peak stress drops, which signifies 
the unstable failure of shale. A comparison between Figs. 9 
and 12 indicates that with the increase of confining pressure, 

stress after the peak gradually slows down with the decreas-
ing trend of axial strain, and the brittle failure characteristics 
gradually weaken. In Fig. 10, shale with different bedding 
angles has various mechanical properties even under the 
same confining pressure. A significant change is found in 
elastic modulus E and peak stress σf with the bedding angle, 
showing that the shale samples have obvious anisotropy. 
Interestingly, according to the forms of stress–strain curves, 
anisotropy is found in the brittleness of shale. Under the 
confining pressure of 0 MPa, the stress of shale with the bed-
ding angle of 60° declines more slowly after the peak stress 
σf, and brittleness is lower. At 25 MPa confining pressure, 
the brittleness of shale is lower at the 45° bedding angle.

4.1.2 � Deformation and Strength Characteristics 
of Longmaxi Formation Shale

The aforementioned analysis of stress–strain curves 
indicates that the Longmaxi Formation shale has obvi-
ous anisotropy, and the changes in confining pressure 

Fig. 9   Stress–strain curves of shale samples under different confining pressures σ3
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Fig. 10   Stress–strain curves of shale samples under different bedding angles α 

Fig. 11   Typical stress–strain curves of shale under triaxial compression (take shale sample with 30° and 45° bedding angle under 100 MPa con-
fining pressure as example)
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and bedding angle produce a significant impact on its 
mechanical properties. This part will discuss the defor-
mation failure and strength characteristics of Longmaxi 
Formation shale in light of stress–strain curves (Figs. 9, 
10). Figure 13 introduces how elastic modulus E, Pois-
son’s ratio μ, axial cracks initiation strain ε1ci, axial cracks 
damage strain ε1cd, axial peak strain ε1f, cracks initiation 
stress σci, cracks damage stress σcd, peak stress σf of Long-
maxi Formation shale change with bedding angle α. In 
Fig. 13a,b, the distribution of Poisson’s ratio μ is relatively 
discrete and changes less with confining pressure and bed-
ding angle. However, the elastic modulus E increases con-
tinuously with the rise of confining pressure and changes 
in a “U”—shaped pattern as the bedding angle increases 
from 0° to 90°. Since the bedding plane of shale samples 
with a bedding angle of 90° is parallel to the squeezing 
direction, most specimens are fractured along the bedding 
plane, and the sedimentary compaction degree of sam-
ples is high. Therefore, the elastic modulus E obtains the 
maximum value at α = 90° under different confining pres-
sures. Furthermore, the elastic modulus E is the minimum 
at the position with α = 45° under low confining pressures 
(σ3 = 0 MPa, 25 MPa, 50 MPa), and at the position with 
α = 60° under high confining pressures (σ3 = 75  MPa, 
100 MPa). Meanwhile, a lower elastic modulus E will lead 
to a larger peak strain ε1f (Yang et al. 2020). The peak 
strain ε1f changes dramatically with bedding angle, and its 
change pattern corresponds to the elastic modulus E each 
other, as shown in Fig. 13e. Under low confining pres-
sure, peak strain ε1f has the maximum value at the position 
with bedding angle α = 45°; under high confining pressure, 
the maximum value is found at the position with bedding 
angle α = 60°. Coincidentally, it shows from Fig. 13c, d 
that the variation pattern of axial cracks initiation strain 
ε1ci and axial cracks damage strain ε1cd with bedding angle 
α is consistent with that of axial peak strain ε1f with bed-
ding angle α. Under the same confining pressure, axial 
cracks’ initiation strain ε1ci changes with the bedding angle 
smaller than that of axial cracks damage strain ε1cd and 

axial peak strain ε1f, with a maximum difference of only 
1.87 × 10–3, and the maximum difference of axial damage 
strain ε1cd with the bedding angle α is 2.84 × 10–3, which 
indicates that the initiation of new cracks in shale matrix 
is less affected by bedding angle than that in the propa-
gation process. After cracks initiation, the microcracks 
will expand under the continuous loading of axial stress. 
When it expands to intersect with the bedding plane, the 
properties of the bedding plane (angle, strength, etc.) will 
exert an influence on propagation direction, scope, degree 
of intersection, and connection, which is the reason why 
cracks damage stress σcd and peak stress σf in Fig. 13g, 
h change drastically with the bedding angle α, showing 
strong anisotropy.

Figure 13h shows that under the same bedding angle, as 
confining pressure rises, peak stress σf also increases, signi-
fying that the confining pressure can improve shale strength. 
Under the same confining pressure, peak stress σf of shale is 
in a changing pattern of “decrease first and then increase” 
with the increase of bedding angle. The shale matrix is uni-
formly stressed under the bedding angle of 0° and 90°, and 
the peak stress σf is larger and close. Under low confining 
pressures (σ3 = 0 MPa, 25 MPa, 50 MPa), peak stress σf is 
the minimum at the position with bedding angle α = 45°, and 
shale sample is more easily damaged by bedding structure at 
45°bedding angle. However, under high confining pressures 
(σ3 = 75 MPa, 100 MPa), shale has the lowest compressive 
strength at the position with bedding angle α = 60°, and the 
shale sample is more easily damaged by the influence of bed-
ding structure at 60°. This shows the influence of bedding 
angle on shale strength changes with the increase of confin-
ing pressure. The “dangerous bedding angle” will increase 
from 45° to 60° in the process of increasing from low to 
high confining pressure, which is also a unique performance 
of anisotropy of shale when low confining pressure rises to 
high confining pressure.

To analyze the strength characteristics of Longmaxi 
formation shale, according to the Mohr–Coulomb strength 
criterion (Cai et  al. 2022; Labuz and Zang 2012), the 

Fig. 12   Relationship between stress–strain curve forms and brittleness (Tarasov and Potvin 2013)
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Fig. 13   Variation of deformation and strength parameters of shale with bedding angle α 
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relationship between the maximum principal stress σ1 and 
the minimum principal stress σ3 of Longmaxi formation 
shale can be expressed as follows:

where φ represents the internal friction angle; c is the cohe-
sion of shale sample.

Therefore, the compressive strength of shale samples with 
the same bedding angle under different confining pressures 
is fitted to obtain the linear relationship between the maxi-
mum principal stress σ1 and the minimum principal stress 
σ3, and then, the cohesion c and internal friction angle φ of 
shale sample under different bedding angles are calculated 
according to Eq. (1), as shown in Fig. 14. The cohesion c 
can be expressed as shear strength on failure surface under 
normal stress, which affects the shear resistance of rock sam-
ples. As can be seen from Fig. 14, the variation of cohesion c 

(1)�1 =
1 + sin�

1 − sin�
�3 +

2 cos�

1 − sin�
c,

with bedding angle α is consistent with the change mode of 
peak strength σf, and also shows the trend of “first decreasing 
and then increasing” with the increase of bedding angle, but 
the internal friction angle φ changes insignificantly with the 
bedding angle as a whole, with average value about 33.51°. 
It should be noted that cohesion c has the maximum at the 
bedding angle of 90°, and minimum at bedding angles of 
45° and 60°, which indicates that it is easy for shear cracks 
to propagate along with bedding angles of 45° and 60°, and 
eventually lead to shear slip failure of shale samples with 
45° and 60° bedding angles.

To quantify the effects of bedding angle and confining 
pressure on strength of shale, the relative strength Rσ, anisot-
ropy of compressive strength Dσ, and elastic modulus DE are 
defined as follows (Niandou et al. 1997; Zhai et al. 2021b):

where σ1θ represents the first principal stress of shale sample 
under different confining pressures; σ1min is the minimum 
first principal stress; σmax and σmin refer to the maximum 
and minimum compressive strength of shale samples with 
different bedding angles under the same confining pressure, 
respectively; Emax and Emin are expressed as the maximum 
and minimum elastic modulus of shale samples with dif-
ferent bedding angles under the same confining pressure, 
respectively.

Accordingly, the variety of relative strength Rσ, anisot-
ropy of compressive strength Dσ and elastic modulus DE is 

(2)R� =
�1�

�1min

,

(3)D� =
�max

�min

,

(4)DE =
Emax

Emin

,

Fig. 14   Variation of cohesion c and internal friction angle φ with 
bedding angle α 

Fig. 15   Variation of relative strength Rσ, anisotropy of compressive strength Dσ and elastic modulus DE
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obtained, as shown in Fig. 15. Due to the compaction effect 
of confining pressure on the microcracks and pores and its 
inhibition of the deformation and failure of shale samples, 
the failure modes of shale samples will change. As a result, 
at the same bedding angle, relative strength Rσ increases 
when confining pressure rises from 0 to 100 MPa, while 
anisotropy of compressive strength Dσ decreases from 2.45 
to 1.44, and that of elastic modulus DE reduces to 1.38 from 
2.33. This phenomenon implies confining pressure is ben-
eficial to enhancing the compressive strength of shale and 
reducing anisotropy (Duveau et al. 1998). Furthermore, it 
can be seen from Fig. 15b that under high confining pres-
sures (σ3 = 75 MPa, 100 MPa), the effect of confining pres-
sure on anisotropy is weakened, but shale still displays obvi-
ous anisotropy. Consequently, the anisotropy of shale should 
not be ignored when hydrofracture technology is used to 
exploit shale gas in deep shale formations. Otherwise, there 
will be large errors in fracturing geometric parameter design 
and fracturing effect prediction.

As mentioned previously, the Mohr–Coulomb criterion 
can describe the linear behavior of isotropic rock strength 
but affected by mineral composition and structure of shale, 
the strength is usually in a nonlinear variation pattern. The 
Hoek–Brown criterion has been widely applied to explain 
the nonlinear change of rock strength, with the basic equa-
tion as follows (Brown 1997; Hoek 1980):

where σ1 and σ3 are the first principal stress and third prin-
cipal stress, respectively; σc represents the compressive 
strength of the intact rock in uniaxial compression test. The 
s and m refer to correlation coefficients representing integ-
rity and hardness of rock samples, respectively. The value of 
s ranges from 0 to 1, and the closer to 1, the more complete 
the rock samples. Because each shale sample is kept intact 
in this experiment, the value of s is 1. In addition, the harder 
the rock, the greater the value of m. The experimental data of 
shale obtained in the triaxial compression test are substituted 
into Eq. (5), to obtain parameter m under different confining 
pressures and bedding angles, as shown in Table 1.

To better describe and predict strength variation and 
mechanical properties of transversely isotropic rocks, such 
as shale, scholars proposed diverse anisotropic criteria (De 
et al. 1950; Jaeger 1960; Lee and Pietruszczak, 2008; Pie-
truszczak and Mroz 2001; Tsai and Wu 1971), which can be 
divided into continuous mathematical criteria, discontinu-
ous empirical criteria, and continuous empirical criteria. In 
this paper, three classical anisotropic criteria are selected 
from these three types of criteria to evaluate the accuracy 
and adaptability of the uniaxial/triaxial experimental data of 

(5)�1 = �c

(
s + m

�3

�c

)0.5

+ �3,

shale, and compared with the Mohr–Coulomb criterion and 
Hoek–Brown criterion. Based on the Mohr–Coulomb crite-
rion, Nova (1980) analyzed the anisotropy of shale under the 
true triaxial stress state using tensor expressions and raised 
the anisotropic strength criterion suitable for the true triaxial 
stress state, which is a typical continuous mathematical cri-
terion. The rock will fail when principal stress satisfies any 
of the followings:

where f and c refer to the second-order tensor related to the 
internal friction angle φ and cohesion c, respectively. When 

(6)
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Table 1   Relevant parameters of shale samples under different 
strength criteria

α (°) 0° 30° 45° 60° 90°

Mohr–Coulomb
 c 41.35 39.07 25.69 33.21 57.12
 φ 36.84 32.32 34.01 30.76 36.47
 R2 0.9651 0.9715 0.9835 0.9795 0.9399

Hoek–Brown
 m 11.2809 9.5728 7.1669 7.3065 10.1403
 s 1 1 1 1 1
 R2 0.9916 0.9922 0.9746 0.9944 0.9654

Nova
 a 1.2758 1.5692 1.6769 1.4584 1.5348
 b 1.1989 1.2170 2.2000 1.4957 2.2649
 cmin 64.9024 61.1862 53.6965 38.9685 56.7129
 γmin 2.2907 2.0458 1.9389 2.0105 1.1755
 R2 0.9922 0.9884 0.9853 0.9959 0.9720

Jaeger
 c0 41.35 41.35 – – –
 φ0 36.84 36.84 – – –
 c90 – – – – 57.12
 φ90 – – – – 36.47
 cw – – 28.8823 34.9047 –
 φw – – 32.63 31.9808 –
 R2 0.9651 0.9377 0.9823 0.9796 0.9399

Saeidi
 I 7.9546 6.2357 6.1270 6.4881 12.9548
 J 1.7853 1.3169 0.6419 1.7011 4.3647
 η 1.0123 0.9189 0.7171 1.0827 0.9973
 R2 0.9985 0.9959 0.9867 0.9965 0.9995



1252	 C. Zhao et al.

1 3

rock shows isotropy, the above formulas can be directly 
transformed into the Mohr–Coulomb failure criterion. For 
transversely isotropic rock such as shale, when the mini-
mum friction coefficient γmin, the maximum friction coef-
ficient aγmin, the minimum cohesion cmin, and the maximum 
cohesion bcmin are introduced, the Nova criterion can be 
expressed as

where a and b are both greater than 1; σr represents the stress 
along the bedding plane; σt refers to the stress perpendicular 
to the bedding plane; τtr is the shear stress on the bedding 
plane. σr, σt and τtr are calculated as follows:

Accordingly, relevant parameters in Eq.  (9) can be 
obtained by substituting relevant experimental data of 
shale into Eqs. (9) and (10) and through fitting, as shown 
in Table 1.

Jaeger. (1960) proposed the single weak surface (SWP) 
criterion in 1960, which is a typical discontinuous empiri-
cal criterion. Due to the different strengths of rock samples 
under bedding angles of 0° and 90°, the modified Jaeger 
criterion can be expressed as

where cw and φw are the cohesion and internal friction angle 
of the weak surface, respectively; c0, φ0, c90, and φ90 repre-
sent the cohesion and internal friction angle of rock samples 
at bedding angles of 0° and 90°, respectively. If slip failure 
occurs on the weak bedding surface, the requirements should 
be as follows:

Similarly, relevant parameters in Eqs. (11) and (12) can 
be obtained by substituting relevant test data of shale into 
Eqs. (11) and (12) and through fitting, as shown in Table 1.

To construct a continuous empirical failure criterion more 
suitable for transversely isotropic rocks, Saeidi et al. (2013) 

(9)
�1 − �3

2
=

{[
cmin

(
b sin2 � + cos2 �

)
+ 2�min

(
a�r sin

2 � + �t cos
2 � + �tr sin 2�

)]

⋅

[
cmin

(
sin

2 � + b cos2 �
)
+ 2�min

(
a�r cos

2 � + �t sin
2 � − �tr sin 2�

)]
}0.5

− sin 2�
[
�min�r(a − 1) + cmin(b − 1)∕2

]
,

(10)

�r = �1 sin
2 � + �3 cos

2 �

�t = �1 cos
2 � + �3 sin

2 �

�tr = sin 2�
(
�1 − �3

)/
2.

(11)

⎧⎪⎨⎪⎩

�0 = c0 + �n tan�0

�
0◦ ≤ � ≤ �min

�
�w = cw + �w tan�w

�
�min ≤ � ≤ �max

�
�90 = c90 + �n tan�90

�
�max ≤ � ≤ 90◦

� ,

(12)�1 = �3 +
2cw + 2�3 tan�w(

1 − tan�w cot �
)
sin 2�

.

adjusted the rock failure criterion proposed by Rafiai (2011) 
as follows:

where σcα is the uniaxial compressive strength of rock 

under the bedding angle α; I and J are constant parameters, 
which mainly depend on rock properties, and η means the 
strength reduction coefficient of rock. Relevant parameters 
in Eq. (13) can be obtained by substituting relevant test data 
of shale into Eq. (13) and through the fitting, as shown in 
Table 1.

To evaluate the accuracy and adaptability of five fail-
ure criteria, the fitting coefficient R2 is set to evaluate the 
goodness of fit of each failure criterion, as follows (Yang 
et al. 2020):

where n is the total number of data points; �e
i
 and �p

i
 are 

the measured and predicted values at the i-th data point, 
respectively, and A[σe] is the average of all measured values. 
The fitting coefficients (R2) of different failure criteria are 
calculated by Eq. (14), as shown in Table 1.

Figures 16 and 17 show the strength envelope and fit-
ting coefficient R2 of shale samples in this experiment 
under different failure criteria, respectively. As can be 
seen from Figs. 16 and 17, the relationship between the 
maximum principal stress σ1 and minimum principal stress 
σ3 of Longmaxi Formation shale can be vividly described 
by the Mohr–Coulomb criterion, Hoek–Brown criterion, 
and other three anisotropic criteria.

However, compared with the linear strength criterion, 
the nonlinear strength criterion can better describe the 
experimental results of the Longmaxi Formation shale. 
According to the strength envelopes of the Mohr–Cou-
lomb criterion and Hoek–Brown criterion (Fig. 16a), it 
seems the latter describes the experimental results bet-
ter than the former. In addition, the fitting coefficient R2 
of the Hoek–Brown criterion is significantly larger than 
that of the Mohr–Coulomb criterion at different bedding 
angles (0°, 30°, 60°, 90°). The results of Fig. 16b show 
that, among three anisotropic criteria, the Saeidi criterion 
is more accurate in describing the experimental results 
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than the Nova criterion and Jaeger criterion. The fitting 
coefficient R2 of the Saeidi criterion and Nova criterion 
under different bedding angles are significantly larger than 
that of the Jaeger criterion. Particularly, among the five 
strength criteria, the fitting coefficient R2 of the Jaeger 
criterion is generally smaller, and it is even smaller than 
the Mohr–Coulomb criterion under bedding angles of 30° 
and 45°, which signifies Jaeger criterion is less qualified 
to describe the strength change and mechanical properties 
of shale, compared with the others. The main reason is 
that the shale strength predicted by the Jaeger criterion is 
always a constant value near bedding angles of 0° and 90°, 
and the mechanical property that shale strength changes 
with the bedding angle are ignored. Figure 18 lists the 
variation of predicted compressive strength with bedding 
angle under different strength criteria. It can be seen from 
Fig. 18 that the variation trend of predicted compressive 

Fig. 16   Strength envelope of shale samples under different failure criterions

Fig. 17   Variation of fitting coefficient (R2) with bedding angle α 
under different strength criterions

Fig. 18   Variation of compressive strength (σ1–σ3) with bedding angle α under different strength criterions
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strength with the bedding angle under five strength crite-
ria is consistent with that of compressive strength in the 
experiment. Five strength criteria can describe the unique 
behavior that “dangerous bedding angle” increases from 
45° to 60° in the process of confining pressure increasing 
from low to high.

To further analyze the adaptability and accuracy of five 
strength criteria, the predicted values under five strength 
criteria are substituted into Eqs.  (2) and (3) to obtain 

the relative strength Rσ and anisotropy of compressive 
strength Dσ under different strength criteria, as shown 
in Figs. 19 and 20. Compared with the relative strength 
Rσ obtained from the experiment of Longmaxi Forma-
tion shale (Fig. 15a), the relative strength Rσ under five 
strength criteria has changed, but changing trends with 
bedding angle and confining pressure are roughly consist-
ent. Under the same bedding angle, the relative strength 
Rσ under different strength criteria increases as confin-
ing pressure rises. Under the same confining pressure, the 
relative strength Rσ under the five strength criteria also 
varies in a trend of “decrease first, then increase” when 
the bedding angle increases from 0° to 90°. Following the 
variation of Dσ with confining pressure under five strength 
criteria (Fig. 20), the anisotropy degree of predicted com-
pressive strength declines with the increase of confining 
pressure, and under high confining pressures (σ3 = 75 MPa, 
100 MPa), the weakening effect of confining pressure on 
anisotropy degree also declines. This shows that these five 
strength criteria can effectively reveal the effect of confin-
ing pressure on the anisotropy of Longmaxi Formation 
shale, as shown in Fig. 20.

Interestingly, it can be seen from Fig. 20 that under con-
fining pressures of 0 MPa, 100 MPa, five strength criteria 
will amplify the anisotropy degree of compressive strength, 
while under 25  MPa, 50  MPa, and 75  MPa, these five 

Fig. 19   Distribution of relative strength Rσ for predicting strength under different strength criterions

Fig. 20   Degree of anisotropy Dσ of predicted compressive strength 
under different strength criterions
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strength criteria will reduce the anisotropy degree of com-
pressive strength.

4.2 � AE Characteristics Analysis of Longmaxi 
Formation Shale

Acoustic emission (AE) is a technique widely used to study 
the characteristics of rock deformation and failure. The char-
acteristics of AE activities are tightly related to the closure 
and propagation of cracks in rock (Byerlee 1978; Lockner 
1993; Lyu et al. 2021b). For transversely isotropic rocks, 
such as shale, the closure and propagation of internal cracks 
are not only related to confining pressure in the triaxial com-
pression test but also influenced by anisotropy so that cracks 
closure and propagation are far from the same under differ-
ent bedding angles.

To investigate the cracks closure and propagation in 
Longmaxi Formation shale under different confining pres-
sures and bedding angles, the AE response characteristics of 
shale in triaxial compression test are analyzed (taking shale 
with bedding angle of 30° and 25 MPa confining pressure 

as examples, respectively). The variation patterns of stress, 
AE ringing counts (number of ringing counts when the AE 
signal exceeds the threshold value per unit time), cumula-
tive ring counts (total number of ringing counts when the 
AE signal exceeds the threshold value during the test), and 
cumulative energy (total count of energy during the test) 
of the Longmaxi Formation shale under different confining 
pressures and bedding angles over time are drawn in Figs. 21 
and 22. In the initial loading stage (macroscopic near-linear 
elastic deformation stage I), affected by the compression, a 
small number of AE events with low AE ringing counts and 
energy occurred, and cumulative ring counts and cumula-
tive energy begin to increase, which is different from the 
previous statement on the macro-mechanical performance 
of shale. The main reason is that although the larger micro-
cracks and weak bedding planes have been highly com-
pacted and closed before the application of axial load, the 
deformation of shale is near-linear elastic deformation in 
the macroscopic view, a small number of microcracks inside 
the shale are not compressed. These microcracks are com-
pacted tightly under the axial stress and confining pressure 

Fig. 21   AE characteristic curves of shale under different confining pressures
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to radiate elastic waves, resulting in AE signals with a small 
number of AE ringing counts in the initial loading stage. 
With the continuous application of axial load, the microc-
racks in the shale begin to appear, and propagate and con-
nect; the cohesion between bedding and matrix becomes 
weakened, and the bedding is activated and slipped, resulting 
in the increase of AE events, the cumulative ring counts and 
cumulative energy rise slowly with time, and the increase 
rate accelerates gradually. When reaching the peak stress 
σf, the AE ringing counts are the highest. Specifically, near 
the peak stress σf, the AE ringing counts of shale samples 
with 30° bedding angle under 25 MPa and 75 MPa confin-
ing pressure reach the maximum values of 1724 times/s and 
1111 times/s, respectively. At this time, shale samples are 
also close to failure. After the peak stress σf, shale samples 
enter the bedding severely slips and post-peak failure stage 
IV, and the AE ringing counts begin to decrease until shale 
samples fail eventually.

As a whole, the variation of cumulative ring counts and 
cumulative energy with time is roughly the same. The AE 
ringing counts of shale are in a changing pattern of “first 

increase and then decrease” over time, and they are lower in 
the entire macroscopic near-linear elastic deformation stage 
I and end of the bedding severely slips and post-peak failure 
stage IV.

Moreover, it can be seen from Figs. 21 and 22 that the AE 
response characteristics of the Longmaxi Formation shale 
are dramatically impacted by confining pressure and bed-
ding angle, and the AE evolution displays different char-
acteristics under different confining pressures and bedding 
angles. When σ3 = 25 MPa, α = 30° and σ3 = 25 MPa, α = 0° 
(Figs. 21a and 22a), the AE events appear intermittently, 
and AE ringing counts are all larger, which decrease rapidly 
and then remain at a small value in stage IV. The cumula-
tive ring counts and cumulative energy increase slowly with 
time before peak stress σf, but rise rapidly to the maximum 
value in stage IV. According to the method of identifying 
AE types proposed by Zhang et al. (2018), the AE evolu-
tion of shale shows characteristics of brittle failure under 
σ3 = 25 MPa, α = 30° and σ3 = 25 MPa, α = 0°, as shown 
in Fig. 23. However, under the condition of σ3 = 25 MPa, 
α = 45° and σ3 = 100 MPa, α = 30° (Figs. 21d and 22b), AE 

Fig. 22   AE characteristic curves of shale under different bedding angles
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events occur frequently, but the peak value of AE ringing 
counts is small. During the whole process of the experiment, 
the cumulative ring counts and cumulative energy continue 
to grow slowly, and the growth rate is significantly smaller 
than that at σ3 = 25 MPa, α = 30°, and σ3 = 25 MPa, α = 0° 
(Fig. 23), which indicates that the brittle failure characteris-
tics of AE evolution are weakened and show the character-
istics of plastic failure.

In Fig.  23a, with confining pressure increasing, the 
increase rate of cumulative ring counts declines gradually, 
and the AE response characteristic of brittle failure gradually 
weakens and displays plastic failure. According to Fig. 23b, 
the cumulative ring counts of shale at 25 MPa confining 
pressure in stage IV show a higher increase rate with time, 
but the AE event trigger rate and AE ringing counts still 
change differently with the bedding angles, which again 
confirms that the brittleness of shale is also anisotropic 
(Fig. 22). Under confining pressure of 25 MPa, AE events of 
shale at the 45° bedding angle are more densely distributed 
than that at other bedding angles. In addition, the peak value 
of AE ringing counts is the smallest, cumulative ring counts 
increase the slowest over time, and plastic failure character-
istics are found in AE evolution. In a word, the AE evolution 
of Longmaxi Formation shale can qualitatively characterize 
its brittleness, which is more consistent with the brittleness 

evaluation results based on the stress–strain curve form. 
When the distribution of AE events is much denser, and the 
peak value of AE ringing counts is smaller, the rise of cumu-
lative ring counts and cumulative energy is smoother over 
time, and the lower the brittleness of Longmaxi Formation 
shale. In return, the higher the brittleness of Longmaxi for-
mation shale, the lower the triggering rate of AE events, the 
higher the peak value of AE ringing count of a single event, 
the abrupt change of cumulative ring counts and cumulative 
energy will occur in stage IV and rise sharply with time.

In the triaxial compression test, shale will undergo frac-
tures with different scales at different loading stages, and 
the peak frequencies of AE signals will also change. Fig-
ures 24 and 25 introduce the distribution of peak frequen-
cies (frequency corresponding to the maximum energy spec-
trum point) of Longmaxi Formation shale under different 
confining pressures and bedding angles, respectively. The 
peak frequencies of Longmaxi Formation shale are in zonal 
distribution, mainly distributed in four frequency bands of 
0–50 kHz, 50–100 kHz, 100–150 kHz, and 150–350 kHz, 
of which 0–50 kHz frequency band accounts for the high-
est proportion of peak frequencies, about 50–65%. It shows 
from Figs. 24 and 25 that when shale enters stage IV from 
stage III, fewer high-frequency signals occur and low-fre-
quency signal increases clearly. The main reason is that 

Fig. 23   Cumulative ring 
counts–time curves of shale 
under different confining pres-
sures and bedding angles
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the stress drops sharply in stage IV, and due to the friction 
of macroscopic through fractures in the shale, the bedding 
plane slips violently, enlarging the rupture scale dramati-
cally. Eventually, lots of low-frequency signals occur. This is 
consistent with the findings of Ohnaka and Mogi (1982) on 
the correlation between rupture scale and peak frequencies.

To clarify the distribution of peak frequencies in dif-
ferent stages, the distribution ratios of peak frequencies 
in four stages under different confining pressures and bed-
ding angles are collected, as shown in Figs. 26 and 27. The 
proportion of peak frequencies is not the same in different 
stages. Shale experiences microscopic fractures in stage I 
and stage II, and the rupture scale is small, such as coupling 
of mineral particles in shale matrix and bedding plane, or 
fractures along and within crystal interface (crystal inter-
face dislocation, intergranular failure, transgranular fail-
ure, etc.). Thus, the high-frequency signals (150–350 kHz) 
always occupy the highest proportion in stage I and stage II 
regardless of the variation of confining pressure and bed-
ding angle. Nevertheless, the proportion of low-frequency 
signals (0–50 kHz) is the highest in stage III and stage IV, 

because microcracks in the shale have penetrated each other, 
and the bedding plane slips with a large rupture scale. It is 
worth noting that from the distribution of peak frequencies 
in different stages (Figs. 26 and 27), the distribution does 
not seem to show obvious regular changes with confining 
pressure and bedding angle. Therefore, the total propor-
tion of peak frequencies under different confining pressures 
and bedding angles is counted, as shown in Fig. 28. Due 
to the binding effect of confining pressure on shale sam-
ple, the rupture scale of shale gradually decreases in the 
process of confining pressure increases; the total propor-
tion of low-frequency signals (0–50 kHz) falls, while that of 
high-frequency signals (150–350 kHz) rises (Fig. 28a). In 
Fig. 28b, under confining pressure of 25 MPa and bedding 
angle of 45°, the total proportion of low-frequency signals 
(0–50 kHz) is the highest, indicating that shale has a larger 
rupture scale under such conditions. In addition, it is found 
that the confining pressure affects the total proportion of 
peak frequency more greatly than bedding angle.

In the research of seismology, the frequency of seis-
mic signal is tightly related to the focal dimension, and 

Fig. 24   Peak frequency of shale under different confining pressures
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the focal dimensions of different frequency signals can 
be evaluated by the method of focal dimension-frequency 
scaling (Benson et al. 2010; Zurich et al. 2007). Similarly, 
it can be seen from the above analysis that the rupture 
scale of shale is well correlated to peak frequency at dif-
ferent loading stages. Benson et al. (2010) proposed the 
relationship between the frequency and focal dimension 
when earthquakes were simulated by laboratory AE tests, 
as shown in the following:

where SL is the rupture scale in laboratory test; fL means the 
frequency in laboratory test; Se refers to the focal dimension 
of the earthquake; fe represents the focal frequency of the 
earthquake.

When the natural earthquake scale is 0.2–1 km, the 
focal frequency shall be distributed in 1–2 Hz (Benson 
et al. 2010). Since both focal dimension and frequency of 
natural earthquakes are determined, it can be seen from 
Eq. (15) that the larger the rupture scale of laboratory test, 
the smaller the corresponding frequency. When the peak 

(15)SL × fL = Se × fe,

frequency in laboratory test is 100–200 kHz, the rupture 
scale should be between 2 and 10 mm theoretically, which 
is millimeter level; when the peak frequency is less than 
100 kHz, the rupture scale should be greater than 10 mm, 
at a centimeter level. In summary, based on the above sta-
tistical results, due to the existence of bedding planes, the 
internal structure of shale will be damaged in the triaxial 
compression test, and the rupture scale is at the centimeter 
level. Both confining pressure and bedding angle affect the 
failure scale of shale. Specifically, as confining pressure 
increases from 25 to 100 MPa (Fig. 28a), the rupture scale 
of shale will change from centimeter level to millimeter 
level. Under low confining pressure (25 MPa), shale with 
a bedding angle of 45° undergoes slip failure due to the 
influence of bedding planes, and the rupture scale is the 
largest. When shale transitions from the bedding activation 
and stable microcracks propagation stage II to bedding 
initiation slip and unstable microcracks propagation stage 
III, the rupture scale will also increase.

Fig. 25   Peak frequency of shale under different bedding angles
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4.3 � Failure Modes Analysis of Longmaxi Formation 
Shale

Figure 29 shows the failure modes of Longmaxi formation 
shale with different bedding angles under various confin-
ing pressures. The failure modes of Longmaxi Formation 
shale seem complex and irregular. However, from the 
changing trend of failure modes with confining pressure 
and bedding angle, the failure modes show a significant 
confining pressure effect and bedding effect. Under low 
confining pressures (0 MPa, 25 MPa, and 50 MPa), shale 
samples with bedding angles of 0° and 30° produce non-
penetrating vertical cracks and multiple fractures along the 
bedding direction, forming a complex fracture network. 
For shale samples with bedding angles of 45° and 60°, 
because the bedding planes with inclination angles of 45° 
and 60° are easily activated under the critical stress, shale 
samples with bedding angles of 45° and 60° will produce 
single or multiple oblique fractures extending along bed-
ding plane under low confining pressure, mainly domi-
nated by slip failure along the weak bedding plane. The 
shale samples with a bedding angle of 90° show split-
ting failure characteristics under low confining pressure, 
mainly dominated by bedding fractures through shale. As 

confining pressure increases from low (0 MPa, 25 MPa, 
50 MPa) to high (75 MPa, 100 MPa), under the confining 
pressure effect, the number of cracks along the bedding 
planes of shale samples under different bedding angles is 
reduced, and instead, complex and disordered cracks net-
work gradually transforms into a single shear crack. This 
is consistent with the previous conclusion that “increasing 
confining pressure will reduce the anisotropy of shale”. 
When shale gas is exploited by hydrofracturing technol-
ogy under high crustal stress, attention should also be paid 
to the connectivity and effectiveness of fracture network.

Summarizing failure behavior and modes of Longmaxi 
formation shale (Fig. 30), this study found that under low 
confining pressures (0 MPa, 25 MPa, 50 MPa), there are 
mainly four failure modes such as conjugate shear failure, 
splitting through bedding plane, splitting along bedding 
plane, and shear along bedding plane. Under high confining 
pressures (75 MPa, 100 MPa), there are mainly two failure 
modes: shear along bedding plane and shear through bed-
ding plane. Five failure modes not only change with confin-
ing pressure but also are tightly related to bedding angle. 
Table 2 shows failure modes of Longmaxi Formation shale 
under different confining pressures and bedding angles. Five 
failure modes are analyzed as follows:

Fig. 26   Distribution of peak frequency bands under different confining pressures
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1.	 Conjugate shear failure (Co-Sh): Conjugate shear occurs 
mainly in shale samples with bedding angles (30°, 45°, 
60°) under low confining pressures (0 MPa, 25 MPa, 
50 MPa). Under low confining pressure, shale samples 
are subject to small lateral restraint and larger axial 
stress. Due to the influence of end effect, after shale 
samples slip along the bedding plane on one side of the 

end, the axial stress is fully concentrated on the other 
side of the end, causing shear cracks on the other side. 
Eventually, cracks on both sides form a V-shaped con-
jugated major fracture.

2.	 Splitting through bedding plane (Sp-Th): This mode 
occurs in shale samples with the bedding angle below 
45° under low confining pressure. Because the angle 

Fig. 27   Distribution of peak frequency bands under different bedding angles

Fig. 28   Total proportion of the peak frequency bands under different a confining pressures and b bedding angles
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between the bedding plane below the bedding angle of 
45° and axial stress is larger, and the lateral restraint is 
small, the shale is induced to produce tensile fractures 
parallel to the direction of maximum principal stress, 
accompanied by slip fractures and related secondary 
cracks along the bedding direction.

3.	 Splitting along bedding plane (Sp-Al): Under low 
confining pressure, when the bedding angle of shale 
increases to 90°, the maximum principal stress is con-
sistent with the direction of bedding plane. Due to the 
weak binding effect of confining pressure, the bedding 
planes are stretched and opened under axial stress, which 

Fig. 29   Failure modes of Long-
maxi Formation shale
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eventually leads to the formation of vertical multiple-
splitting failure.

4.	 Shear along bedding plane (Sh-Al): The Sh-Al failure 
mode is caused mainly by shear slip failure of shale sam-
ples with larger bedding angles (45°, 60°) along the bed-
ding plane. The main reason is that the bedding plane 
with a larger angle is easier to lose the cohesive force 
under the axial load than the shale matrix, and finally, 
single or multiple macro shear planes are formed along 
the bedding plane direction.

5.	 Shear through bedding plane (Sh-Th). Under high con-
fining pressure, the binding effect of confining pressure 
inhibits the brittleness and bedding effect of Longmaxi 
Formation shale, so that the shale will not produce more 
microcracks along the direction of bedding plane. Even-
tually, only the macroscopic shear planes through the 
bedding planes are formed, such as shale samples with 
bedding angles of 45° and 60° under 100 MPa.

4.4 � Discussion on the Relationship Between AE 
Characteristics, Brittleness, and Failure Modes 
of Shale

AE response characteristics of Longmaxi Formation shale 
can not only qualitatively characterize the brittleness 
(Sect. 4.2), but also are related to failure modes (Zhao et al. 
2022). To reveal the relationship between AE response char-
acteristics and failure modes, this study calibrated and ana-
lyzed the AE source location, as shown in Fig. 31 (taking 
shale with different bedding angles under 25 MPa confining 
pressure as an example). Figure 31 describes the amplitude 
distribution of the AE source in different loading stages. It 
can be seen that the amplitude evolution reflects the devel-
opment of AE events in real time. Before the cracks ini-
tiation stress σcc, since the shale is in stage I (macroscopic 
near-linear elastic) at this time, AE events are all randomly 
and discretely distributed, and most of the amplitudes are 
below 50 dB. When Longmaxi Formation shale enters stage 
II (bedding activation and stable microcrack propagation), 
the amplitude gradually increases (the amplitude is greater 
than 50 dB), and AE events grow and are aggregated dis-
tribution. This means that the bedding inside shale samples 
is activated and cracked, and the microcracks begin to pen-
etrate. At peak stress σf, the bedding begins to slip, and the 
growing range and rate of microcracks increase. Meanwhile, 
more AE events with amplitude greater than 70 dB increase 
and are clustered. The main reason is that the bedding and 
matrix of shale samples at peak stress σf debond and start 
to slip, and strain energy stored by mutual bonding of shale 
particles in the matrix is relatively high, forcing shale sam-
ples to release more energy during bedding slip and matrix 
fracture process. With the continuous loading of axial stress, 
shale enters stage IV (bedding severely slips and post-peak 
failure), and AE events with amplitude greater than 90 dB 
begin to appear. According to Fig. 31, the distribution of 
AE events in the final is tightly related to failure modes. 
The distribution of AE events can reflect failure modes of 
shale samples, and AE events with higher amplitudes are 
concentrated and distributed in the macro-fracture zone and 
near the bedding slip position.

From the above analysis, it can be seen that the AE 
response characteristics of shale can not only qualitatively 
characterize the brittleness but also directly display failure 
modes of shale. At present, the brittleness index is widely 
used to quantitatively analyze the brittleness of shale. 
Table 3 lists common BIs about the proportion of shale 
mineral composition and stress–strain curve. In accord-
ance with the mineral composition proportion of Long-
maxi Formation shale in Sect. 2.2, it obtains BI1 = 0.655, 
BI2 = 0.575, and BI3 = 0.904, respectively, all greater than 
0.5. Therefore, shale samples selected in this experiment 

Fig. 30   Main failure modes of shale under different confining pres-
sures and bedding angles

Table 2   Failure modes of Longmaxi Formation shale under different 
confining pressures and bedding angles

0 MPa 25 MPa 50 MPa 75 MPa 100 MPa

0° Sp-Th Sp-Th Sh-Th Sh-Th Sh-Th
30° Sp-Th Sp-Th Co-Sh Co-Sh, 

Sh-Al
Sp-Th, Sh-Al

45° Co-Sh, 
Sp-Th

Co-Sh, 
Sp-Th

Sh-Al Sh-Al Sh-Al

60° Sp-Th, 
Sh-Al

Sh-Al Co-Sh Sh-Al Sh-Al

90° Sp-Al Sp-Al Sp-Al Sh-Th Sh-Th
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are relatively brittle from the perspective of mineral com-
position. The fact is that the brittleness is not only related 
to mineral composition, and may change under different 
stress environments. Therefore, it is particularly significant 
to analyze the brittleness based on the stress–strain curve. 
By referring to the deformation and strength parameters 

of shale in Sect. 4.1, this study calculated BI4 ~ BI8 under 
different confining pressures and bedding angles, respec-
tively. To evaluate the relative degree of brittleness 
between BI4 ~ BI8, Eqs. (16) and (17) are used to normalize 
BI4 ~ BI8, respectively (Zhai et al. 2021a). The normalized 
brittleness indexes under different confining pressures and 
bedding angles are shown in Figs. 32 and 33

Fig. 31   Main failure modes of 
shale under different confining 
pressures and bedding angles
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where BIΔ1 stands for the normalization of indexes posi-
tively related to brittleness; BIΔ2 represents the normaliza-
tion of indexes negatively related to brittleness; BIx means 
BI4 ~ BI8; BImax refers to the maximum brittleness index 
under the same confining pressure or bedding angle; BImin 
is the minimum brittleness index under the same confining 
pressure or bedding angle.

Figure 32 describes the variation trend of normalized 
brittleness indexes with confining pressure under different 
bedding angles. Overall, as confining pressure increases, the 
brittleness of Longmaxi Formation shale gradually weak-
ens, which is consistent with the change of brittleness with 
confining pressure concluded by AE characteristics. How-
ever, under different bedding angles, BI4 ~ BI8 also expe-
rience obvious fluctuations and even show reverse brittle-
ness changes over the increase of confining pressure. Such 
fluctuation states and reverse brittleness variations are also 
found in research by Yang et al. (2020) and Rahimzadeh 
Kivi et al. (2018). For example, at bedding angles of 0° and 
45°, BI5, BI6, and BI7 fluctuate with the increase of confining 
pressure, respectively; at bedding angles of 30° and 45°, BI4 
and BI8 even show an increasing trend with the increase of 
confining pressure (after 50 MPa confining pressure), which 
cannot reasonably reflect the influence of confining pressure 
on brittleness. Although BI4 ~ BI8 can show that the over-
all brittleness of shale decreases with the rise of confining 
pressure, it experiences fluctuations, which is not conducive 
to accurately evaluating the brittleness of Longmaxi For-
mation shale. The major reason is that BI4 only considers 
the influence of pre-peak elastic strain on the brittleness of 

(16)BIΔ1 =
BIx − BImin

BImax − BImin

,

(17)BIΔ2 =
BIx − BImax

BImin − BImax

,

shale, while brittleness is defined by BI5, BI6, BI7, and BI8 
only according to the form of the post-peak stress–strain 
curve, which causes BI4 ~ BI8 to fluctuate and experience 
reverse brittleness with the change of confining pressure. 
Figure 33 shows the variation trend of normalized BI with 
bedding angle under different confining pressures. BI4 ~ BI8 
change obviously with the bedding angle, indicating the 
brittleness of Longmaxi Formation shale also changes with 
bedding angle. Notably, according to the AE characteristics 
of Longmaxi Formation shale analyzed previously, the brit-
tleness will show a variation trend of “first decrease and 
then increase” with the increase of bedding angle. How-
ever, it can be seen from Fig. 33 that even under the same 
confining pressure, the changes of BI4 ~ BI8 with bedding 
angle are not consistent. This phenomenon once again shows 
that BI4 ~ BI8 defined only by considering the form of the 
stress–strain curve before and after the peak does not seem 
to fully reflect the brittleness variation of Longmaxi forma-
tion shale. The brittleness index should be defined in combi-
nation with the characteristics of stress–strain curve before 
and after the peak of the Longmaxi formation shale.

Figure 34 describes the stress–strain curves with the same 
peak stress σf and residual stress σr (C1, C2, C3, C4, C5, C6). 
It can be seen from Fig. 34 that the pre-peak and post-peak 
characteristics of stress–strain curves with the same peak 
stress and residual stress are inconsistent, which represents 
the different degrees of brittleness. For example, although 
the pre-peak characteristics of C4, C5, and C6 curves are 
consistent, the decrease rate of stress with strain is not the 
same after the peak, and the rock shows different brittle-
ness degrees, which cannot be accurately described by BI7. 
Meanwhile, although the magnitude of post-peak strength 
loss is the same for C2 and C5 (C3 and C6), the pre-peak 
plastic strain accumulation rates are different, and BI8 can-
not accurately describe the change of brittleness. Therefore, 
based on BI7 and BI8, this study considers the characteristics 

Table 3   Common BIs about the proportion of shale mineral composition and stress–strain curve

Classification Analytical formula References Abbreviations

Mineral composition BI1 =
Wq+Wc

Wtot

Rickman et al. (2008) Wq =  Weight percentage of quartz; Wc = Weight percentage of 
calcite; Wd  = Weight percentage of dolomite; Wcl = Weight 
percentage of clay; Wqmf = Weight percentage of quartz, mica 
and feldspar; Wtot = Total mineral weight

BI2 =
Wq

Wq+Wcl+Wc

Jarvie et al. (2007)

BI3 =
Wqmf+Wc+Wd

Wtot

Jin et al. (2015)

Stress–strain curve BI4 =
�e

�f
Hucka and Das (1974a) εe = Elstic strain; εf = Peak strain; εr = Residual strain; 

σf = Peak Stress; σr = Residual Stress; M = post-peak modu-
lusBI5 =

�f

�r

Hajiabdolmajid and Kaiser (2003)

BI6 =
�f−�r

�f

Martin (1996)

BI7 =
�f−�r

�f

Bishop (1967)

BI8 =
�f−�r

�f
lg |M| Yang et al. (2020)
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of the stress–strain curve before and after the peak of the 
Longmaxi formation shale and proposes a new brittleness 
index BInew, as shown in the following:

(18)BInew =
�f ⋅ lgN

�f − �cd
BI8.

By further simplifying Eq. (18)

(19)BInew =
�f − �r

�f − �cd
lg |M| ⋅ lgN,

Fig. 32   Normalized brittleness index under different confining pressures
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where N represents the slope of the secant between the 
cracks damage stress σcd and peak stress σf. The larger value 
of N means the brittleness characteristic before the peak of 
the stress–strain curve is more obvious, as shown in Fig. 34.

The changes of BInew and normalized BInew with confin-
ing pressure and bedding angle are obtained in combination 
with Eq. (19), as described in Figs. 35 and 36, respectively. 

BInew gradually decreases with the rise of confining pres-
sure, and shows a changing pattern of “first decrease and 
then increase” with the increase of bedding angle, which is 
consistent with the analysis of the brittleness of Longmaxi 
Formation shale by AE characteristics. It shows that BInew 
can better reflect the change of brittleness of Longmaxi for-
mation shale with confining pressure and bedding angle.

Fig. 33   Normalized brittleness index under different bedding angles
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Therefore, it can be found that there is a correlation 
between brittleness and failure modes in view of the changes 

in brittleness and failure modes of Longmaxi Formation 
shale with confining pressure and bedding angle. Under low 
confining pressure, due to the weak binding effect of confin-
ing pressure, the elastic energy is released violently when 
the shale sample is damaged; the shale sample mainly expe-
riences tensile splitting failure, and the shale is brittle. As 
confining pressure increases, the binding effect of confining 
pressure becomes stronger, and the shale sample undergoes 
shear failure. At this time, the shale will slide along the frac-
ture surface, causing further plastic deformation and energy 
dissipation and the brittleness of shale is reduced. According 
to the variation of brittleness and failure modes with con-
fining pressure, the brittleness of shale samples in Co-Sh, 
Sp-Al or Sp-Th failure modes is significantly higher than that 
of Sh-Al or Sh-Th failure modes. Furthermore, because the 
matrix of shale is stronger than the bedding plane, once the 
bedding plane is damaged, cracks will grow rapidly along 
the bedding plane, resulting in a violent release of elastic 
energy and a sharp reduction in stress. Compared with the 
fracture through the bedding plane, the failure along the bed-
ding plane is easier, and the shale samples damaged along 

Fig. 34   Stress–strain curves with the same peak stress and residual 
strength but showing different degrees of brittleness

Fig. 35   Variation of BInew with confining pressure and bedding angle

Fig. 36   Variation of BInew after normalization with confining pressure and bedding angle
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the bedding plane show stronger brittleness. Thus, the brit-
tleness of shale samples in the Sp-Al failure mode is higher 
than that of the Sp-Th failure mode, and the brittleness of 
the Sh-Al failure mode is also higher than that of the Sh-Th 
failure mode. In essence, the Co-Sh failure mode refers to 
the combination of shear cracks passing through the bedding 
plane and shear failure along the bedding plane under low 
confining pressure. Based on the above analysis, the brittle-
ness of the Co-Sh failure mode should be less than the Sp-Th 
failure mode. Therefore, the brittleness degree represented 
by five failure modes can be expressed as Sp-Al > Sp-Th > 
Co-Sh > Sh-Al > Sh-Th.

In conclusion, the brittleness of Longmaxi Formation 
shale is tightly related to the AE response characteristics 
and failure modes. AE response characteristics can not 
only qualitatively characterize the brittleness level of shale, 
but also visually represent the failure process and modes 
of Longmaxi Formation shale. The final failure modes can 
reflect the brittleness level, and the brittleness also deter-
mines the change of shale failure modes.

5 � Conclusions

In this paper, conventional uniaxial/triaxial compression 
tests were carried out on the Longmaxi formation shale from 
Changning, Sichuan Basin, China. The mechanical proper-
ties, AE characteristics, and failure modes of shale under 
different confining pressures and bedding angles were stud-
ied, and the effects of anisotropy on deformation, strength 
and failure characteristics of shale were analyzed. Mean-
while, AE technology and a variety of brittleness indexes 
(including the new index BInew proposed in this study) were 
used to evaluate the brittleness of the Longmaxi formation 
shale under different confining pressure and bedding angles. 
Finally, the relationship between AE characteristics, brit-
tleness, and failure modes of shale was also discussed. The 
main conclusions are as follows:

1.	 There is no significant microcracks compaction stage in 
the stress–strain curve of Longmaxi Formation shale, 
which mainly experiences the near-linear elastic defor-
mation stage I, bedding activation and stable microc-
racks’ propagation stage II, bedding initiation slip and 
unstable microcracks propagation stage III, and bedding 
severely slips and post-peak failure stage IV. Increasing 
confining pressure helps to improve the compressive 
strength of shale and reduce the anisotropy. Shale has 
significant anisotropy under high confining pressure, and 
it must be considered when shale gas is exploited in deep 
shale. Otherwise, there will be large errors in fracturing 
geometric parameter design and fracturing effect predic-
tion.

2.	 The mechanical properties of Longmaxi Formation 
shale can be described by the Mohr–Coulomb criterion, 
Hoek–Brown criterion, Nova criterion, Jaeger criterion, 
and Saeidi criterion. Results show that the Saeidi crite-
rion and Nova criterion can better reflect the test results 
than the Mohr–Coulomb criterion and Hoek–Brown cri-
terion. The five strength criteria are all able to describe 
the effect of confining pressure on compressive strength 
and anisotropy, and the unique performance that the 
“dangerous bedding angle” will change in the process 
of confining pressure increasing.

3.	 AE monitoring results show that AE evolution can 
qualitatively characterize the brittleness of shale. The 
denser the distribution of AE events, the smaller the 
peak value of AE ringing count, the smoother the rise 
of cumulative ring counts and cumulative energy with 
time, and the lower the brittleness of Longmaxi forma-
tion shale; when the trigger rate of AE events is lower 
and the peak value of the AE ringing count of a single 
event is higher, cumulative ring counts and cumulative 
energy will change suddenly in stage IV and increase 
sharply with time, and the brittleness is higher. During 
the progressive failure process of shale, the distribution 
of peak frequency is different in various stages, which 
is also significantly affected by confining pressure and 
bedding angle.

4.	 The failure modes of Longmaxi Formation shale are 
equipped with significant confining pressure effect and 
bedding effect. The failure modes can be divided into 
five types: conjugate shear failure (Co-Sh), splitting 
through bedding plane (Sp-Th), shear along bedding 
plane (Sh-Al), and shear through bedding plane (Sh-
Th). The brittleness index BInew proposed in this paper is 
consistent with the brittleness results of shale analyzed 
by AE evolution, which can better describe the variation 
of brittleness with confining pressure and bedding angle. 
The AE response characteristics of Longmaxi formation 
shale can not only qualitatively characterize the brit-
tleness of shale but also show the failure process and 
modes of shale samples. Meanwhile, the different brit-
tleness determines the change of failure modes, and the 
failure modes also reflect the brittleness of shale. The 
brittleness represented by the five failure modes can be 
expressed as Sp-Al > Sp-Th > Co-Sh > Sh-Al > Sh-Th.
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