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The bedding structure of shale is generated during the deposition and formation, which results in shales with prominent
anisotropic characteristics. It depends on stability, control of oil and gas storage, and deep exploitation. In addition, the
mechanical and permeability parts of bedding shale are very complex when it is under deep underground space with coupled
high stress and high seepage. In this study, the black bedding shale was used as the research object, and a series of triaxial
shear-seepage coupling tests were carried out. Firstly, the triaxial shear stress-shear strain curves and permeability-shear stress
curves of different bedding shales under other triaxial shear-seepage coupling conditions were obtained. Secondly, the failure
characteristics and shear deformation characteristics of shale under the shear-seepage coupling effect were explored. The shear
stress threshold and permeability evolution law at each stage of shear failure were discussed. Thirdly, the shear strength, failure
mode, and mechanism parameters of the black bedding shale under different normal stress and seepage pressure were studied.
Fourthly, the linear M-C criterion, Ramamurthy criterion, and Hoek-Brown criterion characterize the variation of damage
strength of shale with bedding orientation under triaxial shear-seepage coupling. Those results provide an experimental basis
for exploring the anisotropic mechanical characteristics and failure mechanism of bedding shale under shear-seepage coupling.

1. Introduction

In recent years, shale gas stored in shale has been a critical,
unconventional, strategic supplementary energy source.
Black shale is a sedimentary rock with complex composi-
tions, and a large number of black bedding shales exist in
southwest China. Due to the accumulation of the mesomin-
eral particles during the depositional formation process, the
shale has an apparent bedding structure and anisotropic
mechanic characteristics [1, 2]. During the extraction of
shale oil and shale gas, it is essential that keep the stability
of the deep vertical and horizontal wells under the coupling
conditions of high ground stress and high seepage pressure.
The stability of shale in horizontal shaft wells is one of the
technical bottlenecks of deep-buried shale gas development

under high in situ stress and seepage pressure coupling.
However, because the anisotropy of shale is complex and
difficult to understand, borehole instability is often not con-
trolled in a timely manner, resulting in frequent borehole
collapse [3]. Therefore, it is of practical significance to study
the anisotropic strength characteristics, behavior mecha-
nism, and failure laws of shale under shear-seepage coupling
conditions.

Some scholars have studied the anisotropic mechanical
characteristics of shale with different bedding structures [4,
5]. Mokhtari and Tutunco [6] studied the anisotropic behavior
of shale at different temperatures through a series of triaxial
stress-seepage coupling tests. Jin et al. [7] investigated the
static mechanical properties of Marcellus shale, which showed
prominent anisotropic characteristics in both mechanical and
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damage mechanisms. In addition, it is found that the anisot-
ropy of bedding shale gradually decreases with the increase
of confining pressure [8-10]. Cao et al. [11] studied the failure
modes and fragment fractal behaviors of marine shale based
on the characteristics of elastic strain energy in the failure pro-
cess of shale and proposed a new scheme to evaluate the
anisotropy of shale by using the relationship between fractal
dimensions and elastic strain energy. Li et al. [12] established
the forward modeling theory of anisotropy and proposed a
quantitative evaluation method to evaluate the influence of
the anisotropy properties of bedding shale on seismic wave
fields. Based on an undrained multistage triaxial compression
test, Piane et al. [13] studied the mechanical properties and
anisotropy characteristics of wave velocity in salt-saturated
shale and obtained the influence of anisotropic stresses on
the anisotropy characteristics of ultrasonic wave velocity.
Wang et al. [14] studied the sound velocity and acoustic emis-
sion of bedding shale. Heng et al. [15] studied the shear frac-
ture evolution mechanism and bedding direction effect of
shale with different beddings by direct shear test. Jia et al.
[16] established a microscopic physical model of shale fracture
slip based on shale fracture shear slip test and discussed the
microscopic control mechanism of shale mineral composition
on shear strength and stability evolution. Lu et al. [17] carried
out direct shear tests on bedding shale and proposed a new
anisotropic shear failure criterion considering the microstruc-
ture and anisotropy of shale. A large number of researchers
[18-21] conducted a Brazilian splitting test on disc-shaped
bedding shale samples, and the results show that when the
loading direction is different from the bedding direction, there
are apparent anisotropic characteristics in splitting tensile
strength, brittle strength, and failure mechanism.

Besides, some scholars studied the influence of water on
the anisotropic mechanical properties of shale with different
bedding structures through laboratory tests and technical
means. Liu and Sheng [22] conducted CT scanning observa-
tion of shale and found that the internal structure of shale
became loose after hydration and expansion by water
immersion, the microfractures penetrated each other, the
original fractures on the bedding surface expanded, and
the anisotropy coeflicient increased. Teng et al. [23] analyzed
the Brazilian splitting test study on many bedding shales
with different water content and concluded that the shale
is affected by water, which led to the decrease of tensile
strength of shale. She et al. [24] evaluated the change rule
of water diffusion in shale and its damage evolution law
based on the test results, and the water-related damage evo-
lution equation of shale was derived. Lou et al. [25] used
RFPA2D-Flow numerical simulation software to study the
failure mechanism of shale with different bedding orienta-
tions under the coupling of seepage and stress. Carey et al.
[26] used a fractured core flood device and X-ray tomogra-
phy combined with FDEM simulation to study the fracture
permeability behavior of shale. The results show that the
bedding shale perpendicular to the direct shear load
develops more complex network fractures and peak perme-
ability. Frash et al. [27] studied the apparent permeability
characteristics induced by shear fractures of bedding shale
under high triaxial stress and the relationship between frac-

Geofluids

ture geometry and apparent permeability through shear
tests. Other scholars [28-30] have studied the stability and
collapse area of shale boreholes considering the mechanical
properties of natural bedding geological bodies and weak
structural planes, which provide guidance and recommenda-
tions for drilling techniques in permeable, brittle, and hard
bedding shale. Zhang et al. [31] analyzed the influence of
water activity on shale and found that the effect of anisot-
ropy on the compressive strength of shale decreases with
the increase in water content, which is the main factor con-
trolling the mechanical behavior.

The above studies mainly focused on the boreholes sta-
bility and considered the role of water activity during the
extraction of shale oil and shale gas. However, there are
few studies on the deformation and stability of borehole
shale in deep horizontal wells under the coupling effect of
seepage pressure and high in situ stress. Due to the different
bedding direction determine the anisotropy of shale perme-
ability, cracking characteristics, and failure strength, the
characteristic of bedding direction and layer bonding
strength also seriously affect the oil and gas storage capacity.
Moreover, the stability of anisotropic shale cavern excava-
tion has become a key research topic today. Therefore, this
paper conducted shear seepage coupling tests for shale with
different bedding directions under constant normal stress
loads of 10, 20, and 30 MPa and a seepage pressure of
5MPa. The strength, deformation, failure mode, shear fail-
ure mechanism, and other anisotropic characteristics of
shale under triaxial shear-seepage coupling were studied.
On this basis, the variation characteristics of the shear
strength of shale under the coupling effect of triaxial shear
seepage were studied, and the evolution law of permeability
during the progressive damage and deformation process of
shale was analyzed. The mechanism of the influence of bed-
ding planes on strength characteristics and failure mecha-
nism was revealed.

2. Test Principle and Method

2.1. Specimen Preparation. Black shale with a prominent
bedding structure is adopted as the test samples. The bed-
ding shale sample used in the laboratory test is from the
Cambrian Qingxudong Formation in Hunan Province of
China. To ensure the uniformity of the shale samples, cylin-
drical samples with different bedding orientations were
drilled from the same core by mechanical drilling, cutting,
and grinding, as shown in Figure 1. The samples were uni-
form in appearance and flat at the ends; the error of length
and diameter is less than 0.5mm, and the parallelism of
the shale sample end is within +0.02mm. The size of the
sample is 50 x 90 mm (D x H), and its bedding orientations
are 0°, 30°, 45°, 60°, and 90°, as shown in Figure 2. The den-
sity of the sample shall be counted by weighing, and the
average density is 2.57 g/cm>. The deviation of the density
of shale from the average value is less than 0.05g/cm’. In
addition, in order to ensure that the sample is completely
saturated before the test, the shale sample is dried at
105°C, vacuumized in a vacuum barrel to -0.8 Pa for 24h,
soaked in water for 48h, and then vacuumized again for
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FIGURE 2: Shale samples with different bedding orientations.

24 h. When there is no bubble in the water, all pores in the
shale sample are considered to be filled.

Shale is a kind of sedimentary rock formed by squeezing,
dehydration, recrystallization, and cementation of clay with
weak consolidation, but different bedding directions will be
formed due to various influencing factors during sedimenta-
tion. Due to the stability problem of bedding direction in
shale oil and gas mining and other engineering fields, such
as mining, tunnel excavation, foundation, civil engineering,
slope, nuclear waste treatment, the anisotropy of shale bed-
ding is one of the most typical characteristics that shale-
related engineering must pay attention to. Therefore, the
author selected multilayered shale with bedding directions
of 0°, 30°, 45°, 60°, and 90° as a sample and conducted a series
of tests on the failure characteristics, shear deformation
characteristics, shear strength, failure mode, and mechanism
parameters of shale under constant permeability water pres-
sure under shear seepage coupling. So the normal stress and
water pressure for the tests are set to 10, 20, and 30 MPa and
5MPa, respectively.

Figure 3 shows the mineral composition of shale based
on X-ray diffraction (XRD) analysis. In general, the mineral-
ogical composition of the bedding shale is complex, in which
dolomite is the most, accounting for 45.7%. Mica is the
least, accounting for 2.7%. In addition, the mineral com-
ponents such as dolomite, quartz, and feldspar both have
an obvious influence on the mechanical properties of
shale. The uniaxial strengths of shale in different orienta-
tions are shown in Table 1.

2.2. Instrumentation. The tests were carried out in the Rock
Top 50HT full-stress multifield coupling triaxial test system
(Figure 4) in the laboratory of the Guangxi University of Sci-
ence and Technology. The system is equipped with three
independent loading systems: an axial stress loading system,
normal stress loading system, and seepage stress loading sys-
tem. It can apply a maximum axial shear stress of 750 MPa,
maximum normal stress of 60 MPa, and maximum seepage
pressure of 60 MPa. Two axial dual-channel LVDT sensors
are placed on both sides of the sample. The measurement
accuracy of LVDT is 0.001 mm, and the measurement range
is 0~12mm, which can accurately measure the shear dis-
placement of the sample during the test.

2.3. Testing Principles and Procedures

2.3.1. Testing Principles. In this study, the normal stress
selected for the test is 10, 20, and 30 MPa, and the seepage
pressure is 5 MPa. The triaxial shear-seepage coupling test
was performed on shale of different bedding orientations.
Figure 5 shows the schematic diagram of the triaxial shear-
seepage coupling test. As seen in Figure 5, the cushion block
consists of a half-cylindrical silicone pad and cylindrical steel
gaskets with permeable holes. The hardness and elastic mod-
ulus of the silicone pad are lower than that of the steel gas-
ket. At the same axial displacement, the silicone gasket is
subjected to a much smaller load than the rock. Therefore,
due to the existence of the rubber pad, shear loads are
formed at both ends of the rock under the action of the
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FIGURE 3: Mineral composition of shale with different bedding
orientations.

TaBLE 1: Uniaxial strength of shale with different bedding
orientations.

Bedding orientation/’ 0° 30° 45° 60° 90°
Uniaxial strength/MPa  18.43 12.45 6.02 4.58 6.11

normal loads. By the way, the confining stress acting on the
specimen is taken as the normal stress.

During the experiment, the axial force is recorded as F,,
in which the forces on the rock and silicone rubber are F'
and F, respectively. The shear area of the bedding shale is
recorded as S. So the shear stress 7 of rock under confining
pressure can be expressed as

!
T= —F _F, (1)
S
F'+F=F,, ()
F,—2F
= 3
< (3)
F =kAg, (4)

where k and A are the deformation modulus and cross-
sectional area of the silicone rubber, respectively.

To obtain the deformation modulus k of the silicone
rubber, a uniaxial compression test is performed on a cylin-
drical silicone rubber with a height of 100 mm and a diame-
ter of 50 mm. The stress-strain curve of the silicone rubber
was obtained by testing, as shown in Figure 6.

2.3.2. Testing Procedures. Firstly, the bedding shale sample,
the half-cylindrical silicone pad, and steel gasket are tightly
wrapped in a heat-shrinkable sleeve and placed in a pressure
chamber. Two LVDT displacement sensors are connected.

Secondly, when the loading rate is 10 bar/min, the nor-
mal stress was loaded from 0 MPa to the target value and
stabilized for 30 min.
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Thirdly, the seepage pressure at the outlet end is equal to
the atmospheric pressure. The seepage pressure at the inlet
end was loaded from 0 MPa to the target value at the rate
of 15bar/min and stabilized for 30 min, so that stable seep-
age was formed inside the sample. Moreover, the seepage
pressure remains constant during the test.

Fourthly, the shear stress was loaded at a displacement
loading rate of 0.02 mm/min. When the shear stress reaches
the maximum value, the ductile joint is formed inside the
sample, and finally, the test is completed.

During the triaxial shear-seepage coupling test, the test
data were recorded every 5. For high-density rock materials
and permeability coefficient k> 1077 um?, the steady-state
method should be used to measure permeability [32]. Due
to the low porosity of shale samples, the steady-state method
is used to measure permeability during the test. The perme-
ability of the sample is calculated according to Equation (5)
as follows:

A"{L (Qi+1 B Qi )

M= Aapar ©)
where p is the dynamic viscosity coefficient of water, which
is 1.005 x 107> pa. s at room temperature, L is the height of
the sample (m), A is the cross-sectional area of the rock sam-
ple, Q; and Q,,, are the seepage flow at the i-th and i + 1 -th
recording points, respectively; At is the time interval
between the i and the i+ 1 recording point, and AP is the
seepage pressure difference between both ends of the sample
within the time At.

3. Experimental Results and Discussions

3.1. Shear Stress-Shear Strain Curve. The macroscopic failure
and deformation process of bedding shale under loading is
the process of closuring, initiation, expansion, and penetra-
tion of microscopic cracks. Figures 7 and 8 show the shear
stress-shear strain curves of shale with different bedding ori-
entations in the triaxial shear-seepage coupling test. Accord-
ing to the compression-shear deformation and fracture
development of bedding shale under hydraulic coupling, this
paper introduces the concept of shear stress threshold. It
analyzes the change law of the triaxial shear stress threshold
of shale, which is essential for the stability monitoring of
rock engineering.

The shear stress thresholds for each stage of shear defor-
mation are now marked as points A, B, C, D, and E, respec-
tively. The shear stress-shear strain curve of bedding shale
can be divided into the prepeak area and postpeak area, as
shown in Figure 7. The prepeak area can be divided into four
stages based on the fracture development characteristics and
the shear stress deformation thresholds during the failure
process of bedding shale, the prepeak area is divided into
four stages. They are the initial microcrack and void com-
paction stage (OA), crack initiation stage (AB), shear crack
initiation and development stage (BC), and crack extension
and damage stage under compression shear action (CD),
respectively. For those four stages, the corresponding thresh-
olds are microcrack closure shear stress (7,.), crack initiation
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shear stress (7,;), crack damage shear stress (7;), and peak
shear strength (7/), respectively. The postpeak area is the

postpeak shear failure stage (DE), and the corresponding
shear stress threshold is the residual shear strength (7).
The characteristics for those stages are as follows:

In the first stage (initial microcrack and void compaction
stage OA), the triaxial shear-seepage coupling initiation
stage, the shear stress-shear strain curves of bedding shales
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FIGURE 7: Five stages of shear damage under triaxial shear-seepage
coupling test (normal stress = 10 MPa, seepage pressure = 5 MPa).

show nonlinear characteristics. It is mainly due to the bed-
ding plane, primary cracks, many voids, and micropores of
bedding shales gradually compaction under the combined
action of normal stress, shear stress, and seepage stress,
and the volume is gradually squeezed and shrunk. At the ini-
tial stage, the shear stress-shear strain curve is concave, but
the microcrack closure shear stress is different from judging
and calculating according to the shear stress-shear strain
curve. In this study, the method based on axial shear strain
difference was adopted to determine the closed shear stress
of microcracks [33]. Due to the rock matrix is contact with
each other, the axial shear stress reaches the microcrack clo-
sure shear stress (7,), and the original crack and voids have
been completely closed.

In the second stage (crack initiation, linear elastic stage
AB), the axial shear stress-shear strain curve of bedding
shale is approximately linear; in other words, the axial shear
stress of bedding shale increases linearly with the increase of
axial shear strain. The ratio of shear stress increment to
shear strain increment in this stage is the shear elastic
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deformation modulus. At this time, the volumetric strain of
bedding shale is approximately equal to the elastic volumet-
ric strain. The internal primary fractures and voids continue
to be compacted, and the volumetric compression rate
decreases gradually.

In the third stage (crack initiation and development
stage BC), the shear stress-shear strain curve of bedding
shale exhibits nonlinear characteristics. This stage is the ini-
tial developmental stage of plastic deformation. When the
axial shear stress of bedding shale exceeds the initial shear
stress of crack (7;), the primary cracks and pores are no lon-
ger compacted, and the internal cracks begin to initiate and
expand slowly and stably, but to a certain extent, no macro-
scopic cracks were formed.

In the fourth stage (crack damage propagation stage
CD), when the shear stress exceeds the crack damage shear
stress (7,4), the shear stress-shear strain curve of bedding
shale still shows nonlinear deformation characteristics, but
the slope of the curve decreases gradually. This is due to
the unstable propagation of the newly developed cracks after
the shear stress reaches the damage dilatancy shear stress,
and the new shear prominent cracks are initially formed.
With the continuous development of shear stress, the volu-
metric strain of bedding shale slowly transforms from com-
pression to expansion. The permeability of bedding shale at
this stage will increase rapidly with the generation of prom-
inent shear cracks.

In the fifth stage (postpeak failure stage DE), with the
increase of shear stress under external load, the primary
shear fracture continues to expand unstably, then the bed-
ding shale would be further damaged. Brittle failure of bed-
ding shale is formed under low normal pressure, and tensile
failure is formed under high normal pressure.

Figure 8 shows the shear stress-radial strain curve of
bedding shale in the triaxial shear-seepage coupling test.
During the triaxial shear-permeability coupling test, the
radial deformation of bedded shale experienced three typical
stages, including slow deformation, linear deformation, and
gradual expansion deformation. The maximum radial strain
of bedding shale under different normal stresses is less than
1%. When the shale fails, the absolute value of the ratio of its
radial shear strain to axial shear strain is defined as the gen-
eralized Poisson’s ratio, which can reflect the radial defor-
mation characteristics of shale in the triaxial shear-seepage
coupling test. The calculation in Equation (6) is as follows:

Ef

Elf

, (6)

where the parameters ¢,; and &;; are the axial shear strain

and radial shear strain when shale fails during the triaxial
shear-seepage coupling test.

When the seepage pressure is 5MPa, the relationship
between the generalized Poisson’s ratio and the bedding ori-
entation of bedding shale under different constant normal
stresses is shown in Figure 9. With the increase of the nor-
mal stress, the generalized Poisson’s ratio y, of bedding

shale increases, and the growth of the bedding orientation
of 60° and 0° is the maximum and minimum, respectively.
The generalized Poisson’s ratio y, ranges from 0.125 to

0.569 when the normal stress increases from 10 MPa to
30 MPa. In addition, the radial strain deformation of rock
has noticeable characteristic changes under the triaxial
stress-seepage coupling conditions [34-36]. The radial strain
of rock under the triaxial shear-seepage coupling test is
much smaller than that under the triaxial stress-seepage test.
Compared with the boundary condition of constant normal
stiffness, the radial variation amplitude of the triaxial shear
test under constant normal stress is more significant [37].

3.2. Shear Failure Characteristics of Shale. The failure char-
acteristics of bedding shale under shear-seepage coupling
are shown in Figure 10. The white dotted line and thickness
in Figure 10 represent the location and size of the fracture
surface, respectively. Due to the restraint of normal stress,
the weakening of seepage pressure, and the attenuation effect
of the bedding plane, the failure characteristics of bedding
shale become more complex. Previous studies have shown
that shale is fractured into small fragments under uniaxial
compression [38, 39]. Under triaxial compression, the main
failure modes of shale include axial splitting failure, single
shear failure, conjugate shear failure, and ductile deforma-
tion failure. In this study, the failure mode of shale under tri-
axial shear-seepage coupling conditions is mainly as follows:

(1) Shear failure along the shear plane. When the bed-
ding orientation is 90°, as shown in Figure 10, in
the triaxial shear-seepage coupling condition, the
shear failure surface is a top-bottom shear surface
with small cracks on both sides of the fracture



3= 10 MPa

03=20 MPa §

03=30 MPa

Geofluids

FIGURE 10: Failure mode of bedding shales with different bedding orientations.
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surface, and there are small cracks on both sides of
the fracture surface

(2) Sliding failure along the bedding plane. As shown in
Figure 10, these failures mainly occur at the bedding
orientation 6 of 45° and 60°, sliding along the bed-
ding structural plane before the shear zone is
formed, and the failure cracks of the bedding shale
extend along the bedding plane. It is due to the shear

strength of the bedding plane being less than the tan-
gential component of the shear stress on the bedding
plane

(3) Shear-sliding combination failure. This failure mode
mainly occurs in shale with a bedding orientation of
0°-30°. As shown in Figure 10, the failure samples
contain axial shear damage cracks and damage
cracks along the sliding surface

(4) Transverse shear failure. When the bedding orienta-
tion is 0° and the normal stress is 30 MPa, the failure
samples contain transverse cracks forming conjugate
shear cracks

3.3. Permeability Characteristics of Shales. The permeability
of bedding shale under the triaxial shear-seepage coupling
test is calculated by Equation (5). Figure 11 shows the
permeability-shear stress curves of bedding shale under dif-
ferent normal stresses when the seepage pressure is 5 MPa.
Due to the limited space, this paper only takes the shear
stress-shear strain-permeability curve of shale with bedding
orientation of 0° under normal stress of 10 MPa as an exam-
ple. It can be seen from Figure 11 that with the increase of
axial shear strain, the permeability first decreases slowly,
then increases gradually, and then increases sharply until
reaching the maximum value. When the axial shear strain
increases continuously, the permeability decreases rapidly
and finally tends to be stable. In addition, with the gradual
development of shear strain, the trend of the permeability-
shear strain curve lags behind the movement of triaxial shear
stress-shear strain curve. To be consistent with the shear
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stress segmentation of bedding shale during the triaxial
shear-seepage coupling test in the previous paper, the shear
stress-shear strain curve, and permeability curve are divided
into five stages: OA, AB, BC, CD, and DE, as shown in
Figure 11.

According to the triaxial shear stress-permeability-shear
strain curve in Figure 11, it can be known that in the early
shear deformation stage (OB stage) of bedding shale under
the triaxial shear-seepage coupling, when the shear stress-
shear strain curve is in the nonlinear deformation OA sec-
tion, the permeability of the bedding shale decreases gradu-
ally. Because at the beginning of shear stress loading, the
fractures inside the shale are progressively closed, and the
seepage channels inside the shale are continuously com-
pacted, leading to the gradual reduction of the permeability
of the bedding shale.

With the increase of axial shear stress, the permeability of
elastic deformation AB shale increases slowly. When the shear
stress exceeds 7,; (BC stage), the internal fractures of bedding
shale will gradually initiate and connect, resulting in the grad-
ual increase of permeability of the bedding shale.

When the shear stress increases gradually and reaches
the 7; (CD stage), under the condition of triaxial shear-
seepage coupling, the main fractures will gradually form
inside the shale, which is the main seepage channel. In addi-
tion, with the increase of newly generated fractures, the seep-
age channels inside the shale increase, so its permeability
increases rapidly.

When the shear stress exceeds 7/, the shale has been

destroyed, primary fractures (DE stage) have been formed
inside the shale, and the permeability of the shale gradually
reaches the maximum value. The primary shear fracture is
the dominant factor controlling the permeability of shale.
At the later stage of axial shear stress loading, the permeabil-
ity of shale gradually decreases and tends to be stable. After
the formation of shear failure, with the further increase of
shear displacement, the shear stress of the sample gradually
decreases, the permeability gradually increases and reaches
the maximum value, and the peak permeability obviously
lags behind the peak shear strength. When the shear dis-
placement continues to increase, the shear fracture surface
slips relatively, and under the action of constant normal
stress, the fracture surfaces on both sides are closed
again, and the shear wear particles are filled between
the fracture surfaces, so that the permeability will
decrease sharply, which is similar to the permeability evo-
lution law of rock in the process of hydrostatic pressure
and triaxial compression deformation by Xiao et al. [33]
and Yu et al. [34].

In engineering practice, the evolution law of permeabil-
ity in the progressive failure process before rock failure is
the key issue that engineers are concerned about. Therefore,
this paper further studies the permeability evolution charac-
teristics of bedding shale under the increase of shear stress.
Figure 12 shows the permeability-shear stress curves of shale
under the triaxial shear-seepage coupling conditions. At the
initial stage of shear stress growth, the permeability of shale
decreases with the increase of shear stress, which is related to
the compaction of the internal pores and fractures in bed-

ding shale. With the further expansion of shear stress, the
permeability of bedding shale gradually changes from a
decreasing state to an increasing state, which is due to the
generation of new fractures inside the bedding shale, result-
ing in the rise of seepage channels. In summary, under the
triaxial shear-seepage coupling condition, the permeability
corresponding to the peak strength decreases, and the per-
meability amplitude gradually decreases with the increase
of the normal stress.

3.4. Failure Mechanism of Shale under Shear-Seepage
Coupling Condition

3.4.1. Shear Strength Characteristics of Shales with Different
Bedding Orientations. In the triaxial shear-seepage coupling
test, the shear stress characteristic values of shale with differ-
ent bedding orientations can directly reflect the deformation
characteristics of corresponding stages. The crack closure
shear stress 7, is defined as the boundary shear stress when
the bedding shale changes from the initial compaction stage
to the linear elastic deformation stage; the crack initiation
shear stress 7; is the boundary shear stress when the bed-
ding shale ends the elastic deformation stage and the plastic
deformation stage begins. The crack damage shear stress 7.,
is the critical shear stress when the bedding shale changes
from volume compression deformation to volume expan-
sion; the peak shear stress 7, is the maximum shear stress
of shale with different bedding orientations under the triax-
ial shear-seepage coupling test.

Table 2 is the summary table of the characteristic shear
stress of bedding shale with different bedding orientations
at each corresponding stage during the triaxial shear-
seepage coupling test. Under the same normal stress, crack
closure shear stress T, crack initiation shear stress 7;, crack
dilatancy shear stress 74, and peak shear stress 7/, all show

nonlinear characteristics with the increase of the bedding
orientation of shale. The ratio of crack closure shear stress
to peak shear stress 7,./7; is between 0.15 and 0.25; the ratio

of crack initiation shear stress to peak shear stress /7 is

between 0.42 and 0.61; the ratio of crack damage shear stress
to peak shear stress 7,,/7; is between 0.72 and 0.86. The

main reason why the characteristic stress exhibits large
anisotropy is that shale is mainly composed of the primary
bedding structure plane.

Various minerals in the same interlayer are closely and
regularly arranged, and their mechanical parameters are
high; their mechanical parameters are low when the primary
bedding plane is a weak structural plane. The failure plane of
shale with a bedding orientation of 0° is perpendicular to the
bedding structural plane under triaxial shear-seepage cou-
pling. Its shear failure strength is significantly higher than
that of shale with other bedding orientations. When the bed-
ding orientations are 30, 45, 60, and 90°, the characteristics
of shear stress of shale are affected not only by the normal
stress, axial shear stress, and seepage pressure during the tri-
axial shear-seepage coupling test but also affected by the
bedding orientations of shale. In summary, the shear sliding
of each bedding plane induces the expansion of internal
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FIGURE 12: The permeability-shear stress curves of bedding shale under shear-seepage condition.

cracks and pores, resulting in the relative reduction of the
shear stress characteristic value and showing prominent
anisotropic characteristics.

3.4.2. Analysis of Shear Strength Parameters. Triaxial shear-
seepage coupling tests were carried out on the bedding shale
with different bedding orientations. Figure 13 shows the
shear strength of shale with different bedding orientations
obtained under the normal stress of 10, 20, and 30 MPa.

As shown in Figure 13, with the increase of bedding ori-
entation, the shear strength of shale shows a trend of first
decreasing and then increasing, which is positively corre-
lated with the normal stress. Under the normal stress of
10 MPa, the shear strength of the shale with a bedding orien-
tation of 0° is 103.791 MPa. With the increase of the bedding

orientation, the shear strength of the shale is distributed in a
“shoulder” shape. Based on Mohr-Coulomb theory, the fail-
ure mode of shale is mainly a shear failure, which is closely
related to normal stress and shear stress, and the shear
strength of shale is determined by the cohesion and internal

friction angle. The expression of Mohr-Coulomb theory is as
follows:

T=c+o0tan ¢, (7)

where the parameters ¢ and 7 are the cohesion and internal
friction angle, respectively.

According to the above formula, the cohesive force and
internal friction angle under different bedding orientations
can be obtained, as shown in Figure 14.
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TaBLE 2: The shear stress characteristic values of shale with different bedding orientations under triaxial shear - seepage coupling test.

No. 03/MPa or 7../MPa 7,/MPa 7.4/MPa 7;/MPa T /Tg T4lTy TlTs
Y-01 0 16.67 61.47 82.30 104.18 0.16 0.59 0.79
Y-02 30 9.67 36.74 50.92 64.45 0.15 0.57 0.79
Y-03 10 45 5.39 16.17 22.83 31.71 0.17 0.51 0.72
Y-04 60 7.71 22.70 31.69 42.83 0.18 0.53 0.74
Y-05 90 13.00 26.00 45.81 61.90 0.21 0.42 0.74
Y-06 0 21.49 65.53 85.94 107.43 0.20 0.61 0.80
Y-07 30 14.43 44.09 68.95 80.17 0.18 0.55 0.86
Y-08 20 45 6.83 19.36 30.37 37.96 0.18 0.51 0.80
Y-09 60 10.05 31.32 49.04 59.09 0.17 0.53 0.83
Y-10 90 15.01 41.09 61.64 79.02 0.19 0.52 0.78
Y-11 0 25.82 71.60 100.95 117.38 0.22 0.61 0.86
Y-12 30 17.25 53.78 82.19 101.47 0.17 0.53 0.81
Y-13 30 45 10.14 32.82 47.74 59.67 0.17 0.55 0.80
Y-14 60 16.25 40.64 60.14 81.27 0.20 0.50 0.74
Y-15 90 20.28 47.65 78.06 101.38 0.20 0.47 0.77
40— formed fractures will expand and develop along the bedding
plane, resulting in lower cohesion. In addition, when the
bedding orientation is 45°, the cohesion of shale is the
120 5 minimum.
] Strength parameters are essential for evaluating the
& 1004 mechanical properties of shales with different bedding orien-
§ tations. The generalized Hoek-Brown criterion [40] based on
S 80 the Griffith crack theory is an empirical strength criterion. It
g has been widely used to describe the nonlinear behavior of
2 60 shear strength. The criterion is as follows:
407 0,=05+1/m0,05 + 502, (8)
20 : : . . . .
0 15 % 94(; %0 7 % where m gnd. s are the two strengh parameters ir} the Hoek-
Brown criterion, and o, is the uniaxial compressive strength
—4— 10MPa of intact bedding shale. Parameters 1 and s are constants for
- ig ﬁﬁz the entire rock. When the parameter m is larger, the stone is

FIGURE 13: Shear strength of different bedding shales under
different normal stresses.

It can be seen from Figure 14 that when the bedding ori-
entation increases, the value of cohesion presents a “U”
curve, which indicates that the cohesion of bedding shale
has anisotropic characteristics under the triaxial shear-
seepage coupling condition. The internal friction angle (¢)
does not show a specific pattern as the bedding orientation
is increases. When the bedding orientation is 0%, it is difficult
for the shear fractures inside the shale to cross the bedding
surface after failure because the bedding surface inhibits
the expansion of the primary shear fractures; thus, it has
considerable cohesion and slight internal friction angle.
When the bedding orientation increases gradually, the newly

more substantial. The parameter s reflects the incomplete-
ness degree of the rock, the value ranging from 0 to 1; when
the parameter s is close to 1, the stone is intact.

In general, for significant rocks, the parameters m and s
are constant, while for anisotropic rocks, the parameters m
and s are inconsistent. Therefore, through a series of triaxial
shear-seepage coupling tests on shales with different bedding
directions, the strength parameters m and s of shales are
determined. According to the m and s values of anisotropic
rocks, the failure strength of different bedding shales can
be predicted under triaxial shear-seepage coupling. In this
study, the shale samples from each bedding direction were
considered intact; therefore, the parameter s of shale was 1.
The triaxial shear-seepage coupling test data is substituted
into Equation (8) to obtain the parameter m of the specimen
at each bedding orientation.

Ramamurthy and Arora [41] proposed the following
expression based on the complete nonlinear yield strength
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criterion for anisotropic rocks:

ﬁ;ﬁz:&<&>, 9
03 03

where «; and f3; are considered strength parameters.
According to Ramamurthy (1994), for rock masses, even
intact anisotropic rocks, the values of the parameters «; and
B; are not constant, which change with their uniaxial
strength, loading direction, and the bedding orientation.

Geofluids

Figure 15 shows the predicted values from two different pre-
dicted empirical equations and test data under the triaxial
shear-seepage coupling condition.

o o\ %o
_L:(q> , (10)
&9 090

ﬁj Oy A ) (11)

Bs 0j

According to the triaxial shear test data in Figure 15
and the prediction results of the Ramamurthy criterion
and Hoek-Brown criterion, the consistency is very high.
Figure 15 clearly reflects that the Ramamurthy criterion
and the Hoek-Brown criterion can predict the experimen-
tal results under the triaxial shear-seepage coupling
condition.

4. Conclusion

Considering the influence of high normal stress and seepage
pressure on the shear strength and permeability characteris-
tics of shale, this paper conducts a series of shear-seepage
coupling tests on bedding shales with different bedding ori-
entations under triaxial shear-seepage coupling conditions.
The main conclusions are as follows:

(1) In the triaxial shear-seepage coupling test, when
the normal stress is the same, the shear stress
characteristic value and shear stress characteristic
ratio of shales with different bedding orientations
show a nonlinear growth trend with the increase
of bedding orientation. When the bedding orienta-
tion is 07, the shear strength is the maximum,
while it is the minimum when the bedding orien-
tation is 45°

(2) During the triaxial shear-seepage coupling test, the
permeability of shale with different bedding orienta-
tions decreases first and then increases until it
reaches the maximum value. When the permeability
reaches the peak, it decreases rapidly and tends to be
stable finally. The peak permeability lags signifi-
cantly behind the peak of shear stress. In addition,
the ratio of axial strain to radial strain is always
much less than 1

(3) Due to the restraint of normal stress, the weaken-
ing of seepage pressure, and the attenuation effect
of the bedding plane, the failure characteristics of
bedding shale become more complex. It can be
summarized into four typical failure modes: the
shear failure along the shear plane, the sliding fail-
ure along the bedding plane, the shear-sliding
combination failure, and the lateral shear failure.
It can conclude that the shear failure of shale
under the triaxial shear-seepage coupling condition
is relatively complex
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(4) With the increase of bedding direction, the shear
peak strength shows a “shoulder” curve. The linear
Mohr-Coulomb criterion, Ramamurthy criterion,
and Hoek-Brown criterion are used to describe the
failure strength of shale with different bedding orien-
tations under triaxial shear-seepage coupling condi-
tions. According to the relevant results, the three
criteria can reasonably predict the test data

In this paper, only the triaxial shear-seepage coupling
test of shale from the Cambrian Qingxudong Formation in
Hunan Province of China is carried out, and the shear dam-
age mechanism and permeability characteristics of bedding
shale are analyzed in detail, which provides a new idea for
studying the mechanical properties and failure modes of
shale. However, the relationship between microdamage and
macropermeability characteristics of bedding shale has not
been established by means of micromeasurement tech-
niques. In the future research, the microdamage mechanism
of bedding shale with different bedding orientations will be
further studied by confining pressure, seepage water pres-
sure, and other factors.
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