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Abstract: Understanding the shear mechanical properties of shale reservoirs is of great significance in
the study of the formation stability around horizontal shale wells and the propagation and evolution
of fractures for shale fracturing. However, the existing direct shear test results are limited due
to small sample sizes and low shear rates. Based on previous experimental research results, the
mechanical properties of anisotropic reservoir shale in direct shear tests with different experimental
conditions were explored in this study. It was found that the shear mode, shear strain rate, and
normal stress have a significant impact on the deformation and failure characteristics of shale. The
peak shear displacement, peak shear strength, and shear stiffness of shale present an increasing trend
of fluctuation, with an increase in the bedding angle. The peak shear strength of shale decreases with
an increase in the shear strain rate, and this decrease trend descends with an increase in the shear
strain rate. The shape of the shear fracture zone and the shear fracture mode of shale exhibit bedding
effect characteristics. The fractal dimension of the shale shear fracture surface morphology shows a
trend of fluctuation with the variation in the bedding angle. Further, the shear strain rate was found
to play a dominant role in the fractal dimension of the shear fracture surface. The larger shear strain
rate strengthens the bedding effect of the roughness for the shear fracture surface morphology. The
results of this study provide a theoretical reference for determining the engineering geomechanics
characteristics of shale reservoirs.

Keywords: reservoir shale; direct shear test; bedding angle; shear strain rate; mechanical properties

1. Introduction

Shale reservoirs are characterized by tight and low permeability, with a porosity of
less than 10% and a permeability of 1013 nD [1,2]. To achieve industrial development, it is
necessary to drill and fracture shale reservoirs to form a fracture network. Therefore, hori-
zontal well drilling and hydraulic fracturing technologies have become key technologies in
shale gas development [3-5].

The deformation mechanism, failure mechanism, and mechanical properties of a rock
mass are controlled by its structure, which is a main reason for the anisotropic characteristics
of a rock mass [6-14]. The most common type of anisotropic rock mass is a transversely
isotropic rock mass [15,16]. There are some theoretical studies on the mechanical properties
of transversely isotropic rock masses in the recent literature. For instance, Zhao et al. [15]
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presented a double-yield-surface plasticity theory for transversely isotropic rock masses that
differentiated between plastic deformation through solid matrixes and localized plasticity
along weak bedding planes. On this basis, Zhao et al. [16] proposed a tensile failure criterion
for transversely isotropic rock masses that distinguished tensile fracturing mechanisms as
occurring either through anisotropic rock matrixes or along weak bedding planes. Shale
is a typical transversely isotropic rock mass; its bedding structure is developed and its
bedding strength is low [4,17-19]. On one hand, during horizontal well drilling, shale
formations around shale horizontal wells are more likely to shear and slide along the
bedding plane, resulting in a significant increase in the risk of collapse and instability
of horizontal wells [20,21]. On the other hand, in the process of hydraulic fracturing,
shale bedding and natural fractures are the key to the formation of complex network
fractures [22]. The propagation of complex network fractures is often accompanied by
complex mechanical properties, such as shear, slip, and dislocation, which play crucial roles
in the formation of complex secondary fractures from hydraulic main fractures connecting
bedding or natural fractures [23]. Previous studies have demonstrated that the fracturing
of reservoir shale in the shear failure mode is very common during wellbore instability
and hydraulic fracturing [21-23]. Therefore, studying the shear mechanical properties of
reservoir shale with different bedding orientations is of great significance in accurately
evaluating the formation stability around shale horizontal wells, as well as in understanding
the propagation and evolution of shale fractures [24].

Both triaxial compression tests with different confining stresses and direct shear exper-
iments with various normal stresses are usually adopted to explore the shear mechanical
properties of reservoir shale [20]. Previous research shows that the triaxial compression
test is difficult to use to analyze the propagation and evolution of a shear fracture in depth
due to the uncertainty of the shear fracture plane and the randomness of the fracture
initiation point. However, the direct shear experiment can overcome this weakness [24].
Moreover, the loading path can be precisely controlled and experimental parameters are
easily obtained in the direct shear experiment [25-31]. Hence, the direct shear experiment
has been viewed as the preferred experimental method to understand the shear proper-
ties of reservoir shale [20-22,24,32,33]. In order to theoretically study the effect of shear
mechanical properties for shale on the stability control of horizontal well drilling and the
optimal design of hydraulic fracturing in shale gas reservoirs, many scholars have con-
ducted direct shear experiments to characterize the shear mechanical properties of reservoir
shale with different bedding orientations [20-22,24,32,33]. For example, Ma and Chen [21]
conducted direct shear tests on cubic shale samples with side lengths of 50 mm. It was
found that when the shear directions were 0° and 90° with the shale bedding orientation,
the cohesion of the latter was 2.1 times that of the former and the internal friction angle
was 1.2 times that of the former. The peak shear strength of shale exhibited anisotropic
characteristics. Yuan and Chen [32] performed direct shear tests on cylindrical shale sam-
ples with a diameter of 25 mm soaked in water- and oil-based drilling fluids and found
that when the shear direction was 0° and 90° with respect to the shale bedding orientation,
the internal friction angle and cohesion of the latter were higher than those of the former,
the cohesion controlled the shale strength, and the internal friction angle controlled the
range of shale failure along the bedding. Heng et al. [22] conducted a series of direct
shear tests at the shear rate of 0.002 mm/s on cylindrical shale samples with a diameter
of 50 mm. It indicated that for the shear direction at the increasing angles of 0°, 30°, 60°,
and 90° with the shale bedding orientation (obtuse-angle shear mode, clockwise rotation
along the shear direction to the bedding orientation with an obtuse angle, as shown in
Figure 1a), the peak shear strength of shale increased first and then decreased. When the
angle was 30°, it reached a maximum; the shear failure mechanism of shale included three
modes: the shear failure of the shale rock mass, the tensile failure of the shale bedding, and
the shear composite failure of the rock mass and shear slip along the shale bedding. The
anisotropy of the peak shear strength of shale was controlled by the anisotropy of its shear
failure mechanism. Lu et al. [20] conducted a group of direct shear tests at the shear rate
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of 0.0003 mm/s on cubic shale samples with a side length of 50 mm. It was found that
for increasing the angle of the shear direction from 0° to 30°, 60°, and 90° with the shale
bedding orientation (acute-angle shear mode, clockwise rotation along the shear direction
to the bedding orientation with an acute angle, as shown in Figure 1b), the peak shear
strength of shale increased first and then decreased. When the angle was 60°, it reached
a maximum and a new anisotropic shear failure criterion was proposed. At the angle of
0°, the fractal dimension of the shale fracture surface was lower, and when the angle was
30°-90°, the fractal dimension of the shale fracture surface was larger. Li [33] performed
direct shear tests at the shear rates of 0.002-0.003 mm/s on cylindrical shale samples with a
diameter of 50 mm. The shear-stress—shear-displacement curve of shale clearly exhibited
four characteristic stages, including a slow increase in shear stress, a rapid rise in shear
stress, a rapid drop in shear stress, and a residual strength stage. Nevertheless, the sample
size and the shear rate of existing direct shear tests are small and the relevant research
conclusions are limited.

Normal load Normal load
" Obtuse Acu‘t‘e‘-
- angle> Shear angle - Shear
& load 2 load
N N o ‘
B : %,
Shear S E Shear &, %
load 9 load S AN
Normal load Normal load
(@ (b)

Figure 1. Loading mode of direct shear tests for shale: (a) obtuse-angle shear mode; (b) acute-angle
shear mode.

In this work, based on the experimental research results in the previous literature,
comparative test studies of the direct shear properties for anisotropic reservoir shale were
conducted for experimental conditions of a larger sample size (along the shear direction
length of 100 mm) and a higher shear rate (0.01 mm/s), considering different bedding
angles of shale (acute-angle shear mode, shear direction, and bedding orientation of 0°, 30°,
45°, 60°). This paper mainly includes five parts. The Section 1 summarizes the research
status of the shale direct shear tests. The Section 2 introduces the shale direct shear test
method. The Section 3 describes the experimental results and compares the research results
with those of previous studies. The Sections 4 and 5 provide the relevant discussion and
conclusion, respectively.

2. Materials and Methods
2.1. Specimen Preparation

The shales in this study were all from the shale outcrop of the Longmaxi Formation in
Shizhu County, Chongging, China, which were very similar to the shales of Heng et al. [22],
Lu et al. [20], and Li [33]. The shale was greyish-black with developed bedding. We
transported large shale samples to the laboratory and used a rock sample cutter to process
the shale into cuboid samples. To study the influence of the bedding angle on the shale
shear properties, we cut the shale into samples with bedding angles of 0°, 30°, 45°, and
60° to the shear direction. The size of each sample was 100 mm x 60 mm x 100 mm
(length x width x height), and the unevenness of each end face did not exceed 0.02 mm,
as shown in Figure 2a,b (modified after [22]). In this study, the acute-angle shear loading
mode was adopted in the direct shear test, as shown in Figure 2c.
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Figure 2. Sample preparation and diagram of loading in the direct shear test: (a) processing of
reservoir shale samples with different bedding angles; (b) sample size; (c) loading diagram of a

sample in the experiment.
The formula for calculating the normal and shear stresses of shale was given as
on=N/S,T=F/S 1)

where 0, is the normal stress, T is the shear stress, N is the normal load, F is the shear load,
and S is the nominal area of the sample in the shear direction.

2.2. Test Apparatus and Procedure

Direct shear tests on shale were carried out using the dynamic direct shear test appa-
ratus (TFD-500/1000-JS), which was developed by the Key Laboratory of Shale Gas and
Geoengineering, Institute of Geology and Geophysics, Chinese Academy of Sciences (Bei-
jing, China), and can be utilized for different dynamic direct shear tests on rock masses [34].
The apparatus is presented in Figure 3. The sample was placed in the shear box before the
experiment, and the stresses applied to samples with different bedding angles during the
experiments are shown in Figure 4.

(1) Normal hydrocylinder (2) Tangential hydrocylinder (3) Shear box 4) Qil source
(5 Accumulator &) Control device

Figure 3. Photograph of the dynamic direct shear test apparatus (TFD-500/1000-JS).
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Figure 4. Shale sample in the shear box and its stress conditions.

The loading conditions for shale samples with different bedding angles of 0°, 30°, 45°,
and 60° used in the experiments are listed in Table 1. The normal loading condition and
the shear loading condition represented constant normal load (CNL) and constant shear
rate (CSR), respectively. The experimental processes were as follows: first, the normal load
was applied in the load control mode at the loading rate of 50 N/s until the preset normal
load of 6 kN, namely the normal stress of 1 MPa, was reached, after which it remained
constant. Subsequently, the shear load was applied in the displacement control mode with
the constant shear rate of 0.01 mm/s, namely, the shear strain rate of 0.0001/s, until the
preset shear displacement was reached. During the experiments, the normal load and
shear load were recorded in real time using a test apparatus with the system acquisition
frequency of 100 Hz.

Table 1. Loading conditions of shale samples.

Bedding Angle Normal Loading ~ Normal Loading Normal Stress Shear Loading Shear Loading Shear Strain Rate
©) Condition Rate (N/s) (MPa) Condition Rate (mm/s) (/s)
Constant normal Constant shear
0, 30, 45, 60 Joad (CNL) 50 1 rate (CSR) 0.01 0.0001
3. Results

3.1. Relationship between Shear Stress and Shear Displacement

The shear stress and shear displacement curves of shale samples with different bedding
angles after the direct shear tests are displayed in Figure 5. It is apparent that the shear
stress and shear displacement curves for different samples exhibited similar characteristics.
In the early work of Martin and Chandler [35], the deformation and failure process of
a rock mass can be divided into five stages: the crack closure stage, elastic deformation
stage, stable fracture stage, unstable fracture stage, and post-peak stage. On this basis,
Heng et al. [24], Lu et al. [20], and Li [33] divided the shear stress and shear displacement
curve of shale into four stages during their direct shear tests, respectively. By referring to
previous conclusions [20,24,33,35] according to the relation of the shear stress and shear
displacement in this study, we divided the shear stress and shear displacement curve into
three stages (Stage OA, Stage AB, and Stage BC), as shown in Figure 6.
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Figure 5. Shear stress and shear displacement curves of shale samples with different bedding angles
of (a) 0°, (b) 30°, (c) 45°, and (d) 60°.
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Figure 6. Variation characteristics of the shear stress and shear displacement curve (taking the sample
with the bedding angle of 45° as an example).

Stage OA: the shear stress increased with an increase in shear displacement. At
this stage, the slope of the curve was relatively small; similar shear stress and shear
displacement characteristics were observed by Heng et al. [24], Lu et al. [20], and Li [33].
Previous studies [20,24,33] revealed that under the action of the normal load and the shear
load during this stage, the very small gap between the sample and the shear box was closed,
and the microcracks and voids inside the sample were closed.

Stage AB: the shear stress increased with an increase in shear displacement, and the
slope of the curve was larger than that in Stage OA. At this stage, the sample underwent
approximately linear elastic deformation; when the strength was close to the peak value,
the slope of the curve decreased slightly. At this stage, the sample underwent internal
microcrack initiation, propagation, and gradual penetration.



Energies 2024, 17, 1977

7 of 19

Stage BC: after the shear stress reached the peak strength, there was an obvious
inflection point. The shear stress decreased sharply with an increase in shear displacement
and then entered the residual strength stage. At this stage, the sample underwent the
process of shear fracture plane penetration and crack plane shear slip.

3.2. Shear Failure Pattern

The failure pattern of shale samples after the direct shear tests is depicted in Figure 7.
According to Figure 7, the trace of the shale shear fracture zone and its range of influence
are shown in Figure 8. As can be seen in Figures 7 and 8, when the bedding angles were 0°
and 30°, the shear fracture zone of the sample was straight and rough. When the bedding
angles were 45° and 60°, the shear fracture zone of the sample was curved and rough, and
the influence range of the shear fracture zone expanded; thus, the shear fracture zone shape
of shale clearly exhibited bedding effect characteristics.

In the previous literature on direct shear tests for rock masses, the conclusions showed
that tensile-induced fractures were prone to be curved and shear-induced fractures were
comparatively straight [36-39]. Hence, on the basis of the above findings, the shale shear
fracture planes were carefully observed according to Figures 7 and 8. Then we preliminarily
performed the qualitative analysis of the genetic mechanism for shale shear fracture zone
cracks (Figure 9). It was found that the shear fracture mode of shale showed an obvious
bedding effect, as follows.

When the bedding angle was 0°, the sample produced shear cracks along the shear
direction, the shear load induced the formation of echelon tension cracks near the shear
plane, and the shear cracks and tension cracks connected to form a shear fracture zone.

As the bedding angle reached 30°, the sample produced echelon shear cracks along
the bedding orientation. The shear load induced echelon tension cracks in the shale matrix
near the shear plane, and the shear cracks and tension cracks connected to form a shear
fracture zone.

(d)

Figure 7. Photographs of shale samples with different bedding angles after experiments: (a) 0°;
(b) 30°; (c) 45°; (d) 60°.
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Figure 9. Types of cracks in shear fracture zones for shale samples with bedding angles of (a) 0°,
(b) 30°, (c) 45°, and (d) 60°.
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When the bedding angle was 45°, one end of the sample traced the bedding orientation
and generated shear cracks. Simultaneously, the other end of the shale produced echelon
tension cracks that crossed the bedding orientation and echelon shear cracks along the
bedding orientation. In addition, mixed tension—shear cracks were produced in the middle
of the shale along the shear direction; shear cracks, tension cracks, and mixed tension—shear
cracks connected to form shear fracture zones.

As the bedding angle reached 60°, one end of the sample traced the bedding ori-
entation to produce shear cracks and induce the generation of echelon tension cracks.
Simultaneously, the other end of the shale produced tension cracks oblique to the bedding
orientation. In addition, mixed tension—shear cracks were generated in the middle of the
shale along the shear direction. Shear cracks, tension cracks, and mixed tension—shear
cracks connected to form shear fracture zones.

3.3. Shear Fracture Surface Morphology

Rock mass fracture surface morphology is critically affected by the rock mass’s failure
pattern. A quantitative description of the shear fracture surface morphology of shale is
of great importance in analyzing the local rupture mechanism [20]. Fractal theory can
quantitatively describe the roughness and complexity of a fractured surface [14]. The
fractal dimension calculation method recommended by Zheng et al. [14] was employed in
this work. First, we used a 3D laser scanner (Creaform Handyscan 3D VIUscan, Quebec
City, Quebec, Canada) at the Key Laboratory of Shale Gas and Geoengineering, Institute
of Geology and Geophysics, Chinese Academy of Sciences to scan the shear fracture
surface morphology of the shale (Figure 10a), and then we utilized the related software
(VXelements, Version 5.0) to calculate the fractal dimension of the shear fracture surface
morphology. The projection size of the calculated area on each shear fracture surface was
80 mm x 48 mm (Figure 10b), yielding 400 x 240 measured points per surface.

60 mm
48 mm

o R 5 N R (i < TV BT N T

100 mm 80 mm
(a) (b)

Figure 10. Scanned and calculated areas of the shear fracture surface: (a) scanned areas;
(b) calculated areas.

The fractal dimension calculation results for the shale shear fracture surface morphol-
ogy are provided in Figure 11. It is apparent from Figure 11 that the fractal dimension
of the shear fracture surface morphology for shale samples varied with the change in the
bedding angle. When the bedding angle was 45°, the roughness of the shear fracture surface
morphology was the highest. When the bedding angle was greater than 45°, the upper
shear fracture surface was rougher than the lower shear fracture surface. It can be seen in
Figure 11 that the shaded zone covers the distribution range for the fractal dimension of the
shear fracture surface morphology for shale samples with different bedding angles. When
the bedding angle increases, the shaded zone area is enlarged, revealing that the difference
in the morphology between the upper and lower shear fracture surfaces increased with an
increase in the bedding angle, thus indicating that the bedding effect of the difference in
the degree of the local fracture, as well as the complexity of the morphology between the
upper and lower shear fracture planes in shale, was enhanced.
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3.4. Shear Strength and Shear Stiffness

According to Figure 5, the peak shear displacement, peak shear strength, and shear
stiffness (peak load /peak displacement, MN/m) of the shale direct shear tests were ob-
tained, as shown in Figure 12. It can be seen from Figure 12 that the peak shear displacement,
peak shear strength, and shear stiffness of shale samples with different bedding angles
exhibited similar trends; they all fluctuated and increased with increasing bedding an-
gles. When the bedding angle was 0°, the peak shear displacement, peak shear strength,
and shear stiffness were all minimum; when the bedding angle was 60°, the peak shear
displacement, peak shear strength, and shear stiffness were maximized.

30

Shear stiffness
(MN/m)
N
(6]

N
o

=
(3]

strength
(MPa)
=
o

Peak shear

[8)]

Peak shear
displacement
(mm)

o

Bedding angle (°)

Figure 12. Peak shear displacement, peak shear strength, and shear stiffness of shale samples with

different bedding angles.

Based on the peak shear strength formula for shale proposed by Lu et al. [20] and
Li [33], the peak shear strength was calculated for the normal stress of 1 MPa, as shown in
Tables 2 and 3.

From Tables 2 and 3, the peak shear strength of shale samples with different bedding
angles under different shear strain rates and the normal stress of 1 MPa is shown in
Figure 13. It can be seen from Figure 13 that the peak shear strength of shale decreased with
an increase in the shear strain rate. The shaded zone covers the distribution range for the
peak shear strength of shale samples with different bedding angles under different shear
strain rates. It can be seen that the slope (absolute value) of the upper or lower envelope
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line for the shaded zone decreased with an increase in the shear strain rate range, which
revealed that the variation amplitude of the peak shear strength from the shear strain rate
scope of 4 x 1073 /sto 1 x 10~%/s was smaller than that from 6 x 107°/sto4 x 107°/s,
no matter the bedding angle, thus indicating that the decrease tendency of the peak shear
strength descended with an increase in the shear strain rate (Figure 13). From the shaded
zone, we can see that when the shear strain rate was 6 x 107°/s, the distribution range of
the peak shear strength with different bedding angles was larger than those at the shear
strain rates of 4 x 107°/sand 1 x 10~#/s, which shows that the bedding effect on the peak
shear strength at 6 x 107%/s was stronger than those at 4 x 107°/sand 1 x 10~%/s, thus
indicating that when the shear strain rate was the lowest (6 x 107°/s), the bedding effect
on the peak shear strength was the strongest (Figure 13). However, it is noteworthy that
there were differences in the sample shape (Table 3).

Table 2. Peak shear strength of shale samples under the normal stress of 1 MPa (0: normal stress;
Tp: shear stress).

; ° Calculated Peak Shear
Bedding Angle (°) Peak Shear Strength Formula Normal Stress (MPa) Strength (MPa) Reference
0 Tp = 0.648-0 +19.488 20.136
30 Tp =0.723-0 +22.896 23.619 [20]
60 Tp = 0.595-0, + 31.165 1 31.760
90 Tp = 0.512-0y + 31.151 31.663
0 Tp = 0n-tan (22.538°) +12.114 12.529
30 Tp = 0n-tan (20.606°) + 12.820 13.196 [33]
45 Tp = 0n-tan (26.565°) + 10.489 10.989
60 Tp = On-tan (22.782°) +17.393 17.813
Table 3. Peak shear strength of shale samples with different bedding angles.
Shear Rate (mm/s)/ Bedding Angle (°)
Sample Shape/ ear Rate (mmys. Normal Stress
Sample Size (mm) Shear Strain Rate (MPa) 0 30 45 60 Reference
Us) Peak Shear Strength (MPa)
Cubic/ 0.0003/
Length: 50 6 10.6 1 20.14 23.62 — 31.76 [20]
Cylinder/ 0.002/
Diameter: 50 4%10°5 12.53 13.20 10.99 17.81 [33]
Cubic/ 0.01/ .
Length: 100 1% 10-4 5.59 9.01 6.51 10.83 This paper
35 Bedding angle=0<
$30 Bedding angle=30°
= Bedding angle=60°
= 25
£20 |
215
[+ 1 * ]
(<5}
310 '
E l
&£ o
0 1 1 1 1
0 0.00002  0.00004 0.00006  0.00008 0.0001

Shear strain rate (/s)

Figure 13. Peak shear strength of shale samples with different bedding angles under different shear

strain rates.
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4. Discussion
4.1. Shear Deformation and Failure Characteristics

The deformation and failure characteristics of shale are controlled via the shear mode
and the loading conditions. Both this study and Lu et al. [20] adopted the acute-angle shear
mode, whereas Heng et al. [22] utilized the obtuse-angle shear mode. Differently from
the literature of Lu et al. [20], in this paper, the sample size and the shear rate were twice
and 30 times those used by Lu et al. [20], respectively (Table 3). Nevertheless, the normal
stress in this work (1 MPa) was much lower than that (20-60 MPa) in the work by Lu
et al. [20]. In the case of the same shear mode, for the shear stress and shear displacement
curves (Figure 6), when the shear strain rate was lower and the normal stress was higher,
the periodic change in the slope of the pre-peak curve observed by Lu et al. [20] was
more obvious. In addition, as mentioned above, the shear strain rate in Lu et al. [20] was
much lower than that in this study (Table 3). Therefore, the smaller shear strain rate and
higher normal stress caused more significant phase change characteristics in pre-peak
deformation for the shear stress and displacement curve concluded by Lu et al. [20]. In
the case with different shear modes, when the angle between the shear direction and the
bedding orientation was the same, the shale showed stronger brittle failure characteristics
in the acute-angle shear test than those in the obtuse-angle shear test performed by Heng
et al. [22]. It was found that the deformation and failure characteristics of shale were
sensitive to the shear mode (acute angle or obtuse angle) and loading conditions such as
the shear strain rate and normal stress.

4.2. Shear Fracture Mode

The shear fracture mode of shale is affected by the shear mode. In Heng et al. [22], for
the obtuse-angle shear mode, the shale sample produced tensile cracks along the orientation
of the bedding plane under the action of shear load. In this work, under the acute-angle
shear mode and the action of the shear load, the tension cracks were generated oblique to
the bedding orientation, and the angle between the tension crack and the shear direction
was less than 45° (Figure 9). It should be noted that different types of cracks for shear
fracture zones in Figure 9 were mainly qualitatively speculated from the morphology of
tensile cracks and shear cracks. In terms of mixed tension—shear cracks, these were mainly
qualitatively inferred from the development location as well as the direction of tension—
shear cracks and their relationships with tension cracks and shear cracks, as well as the
surface roughness and shear slip marks of tension—shear cracks [11,36-39]. For different
types of cracks, the shear fracture mode was controlled by both the bedding plane and the
matrix, corresponding to the stress state of the micro-element near the shear plane.

As investigated by Ikari et al. [40] and discussed by Heng et al. [24], for the acute-
angle shear mode, when the normal stress was small, the shear load induced compressive
stress (maximum principal stress) and tensile stress (minimum principal stress) near the
shear plane. The stress state of the micro-element near the shear plane is depicted in
Figure 14, modified from Heng et al. [24] and Lu et al. [20]. The maximum principal stress
(compressive stress) was perpendicular to the bedding plane, or its normal angle was small.
There was a tendency to compact the bedding plane and strengthen the shear slip along the
bedding plane. As a result, echelon shear cracks were generated along the bedding plane
or at a smaller angle, as shown in Figure 15. Conversely, the minimum principal stress
(tensile stress) was generated approximately along the bedding plane or at a smaller angle.
Although it inhibited the echelon tension cracks along the bedding plane, it produced
the echelon tension cracks connected with the echelon shear cracks. The echelon tension
cracks were generated in the direction of the maximum principal stress and intersected
with the direction of the minimum principal stress at a larger angle in the shale matrix
(Figure 15). In the work by Zhao et al. [16], the authors elaborated how the overall behaviors
of a transversely isotropic rock mass were determined via two competing failure modes
either through matrixes or along bedding planes based on the theoretical analysis and
the experimental verification. They found that the tensile strength of matrixes exhibited
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anisotropic characteristics and varied with the bedding orientation, which provided a good
explanation of why the direction of tensile cracks through shale matrixes changed with
the bedding orientation for shale samples with different bedding angles in this study. For
a position far from the shear plane, the direction of the stress field for the micro-element
may be deflected, and the stress state may be more complex, causing the distribution of the
current tension cracks and shear cracks.
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Figure 14. Diagram of stress state around shear plane during the direct shear test (¢n: normal
stress; T: shear stress; 1: maximum principal stress; o3: minimum principal stress; a: angle between
maximum principal stress and normal stress).
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Figure 15. Stress state around shear plane and cracks in shear fracture zones for shale samples with
bedding angles of (a) 0°, (b) 30°, (c) 45°, and (d) 60°.

4.3. Influence of the Bedding Angle

The effect of the bedding angle on the shape of the shale shear fracture zone was
different. For the same shear mode, the shear fracture zone in the work by Lu et al. [20]
was flat and straight, and its shape did not obviously change with the bedding angle.
Conversely, the shape of the shear fracture zone in this study was greatly affected by the
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bedding angle, as shown in Figure 8. As previously mentioned in Table 3 and Section 4.1,
in terms of the different loading conditions for this work and Lu et al. [20], it indicates
that the bedding effect of the shear fracture mode showed a strengthening trend with the
greater shear strain rate and the lower normal stress (Figure 8).

The bedding angle had an influence on the shale shear fracture surface morphology.
Although the normal stress in this study was low (1 MPa), the fractal dimension of the
shear fracture surface morphology at different bedding angles was greater than that of the
shear fracture surface morphology under high normal stress (20-60 MPa) in the work by
Lu et al. [20], as shown in Figure 16. It should be noted that the fractal dimension of this
work in Figure 16 was the average value of fractal dimension for the upper and lower shear
fracture planes. In order to facilitate the comparison of the fractal dimension under the same
normal stress of 1 MPa, we gave the quantitative presumption about the fractal dimension
of the shear fracture surface for shale samples of different bedding angles with the normal
stress of 1 MPa based on variations of the fractal dimension for the shear fracture surface
morphology with bedding angles under different normal stress conditions utilized in Lu
et al. [20]. It can be seen from Figure 16 that when the bedding angle increased from 30° to
60°, the shear strain rate increased (Table 3) and the bedding effect of the roughness for the
shear fracture surface morphology increased. Moreover, it can be seen that when the shear
strain rate was greater (Table 3), there was a stronger bedding effect from the roughness for
the shear fracture surface morphology. This indicates that the shear strain rate played a
dominant role in the fractal dimension of the shear fracture surface morphology.
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Figure 16. Fractal dimension of the shear fracture surface morphology in different experiments from
this work and [20].

The effect of bedding angle on the shear strength of other lithologies has been discussed
in the previous literature. For instance, previous researchers found that the shear strength
values showed an increase with the increase in the angle between the bedding plane of the
Mont Terri Opalinus Claystones and the shear plane in the direction of shear [41]. On the
basis of Heng et al. [22], Lu et al. [20], and Li [33], the peak shear strength of shale samples
with different bedding angles is depicted in Figure 17. It can be seen from Figure 17 that
when the normal stress was the same (1 MPa) and the bedding angle was less than 90°
(acute-angle shear mode), the peak shear strength fluctuated and increased with an increase
in the bedding angle. As the bedding angle was between 90° and 180° (obtuse-angle shear
mode), the peak shear strength fluctuated and decreased with an increase in the bedding
angle. It can be seen that the shear strain rate effect of the peak shear strength strengthened
with an increase in the bedding angle. Figure 17 shows that the peak shear strength values
for the bedding angles of 60° and 150° were maximal for the acute-angle shear mode and
the obtuse-angle shear mode, respectively, which could be mainly due to more mixed-
mode fractures and more complicated failure mechanisms along the bedding plane and the
matrix, resulting in greater peak shear strength, as described in Section 4.2 and by Heng
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et al. [22] and Lu et al. [20]. The stress states of the micro-element near the shear plane
for the acute-angle shear mode and the obtuse-angle shear mode are shown in Figure 18,
revised from Heng et al. [24] and Lu et al. [20]. With regard to the acute-angle shear mode,
the shear force tended to induce bedding plane compaction and prevent the tensile splitting
of the bedding plane but promoted shear slip. In terms of the obtuse-angle shear mode,
there was a trend of shear force inducing a large amount of bedding plane cracking and
producing echelon cracks with complex shapes [24]. This indicates that different shear
modes and various bedding angles result in complicated fracture mechanisms and the
anisotropy of peak shear strength in shale.
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Figure 17. Peak shear strength of shale samples with different bedding angles in different experiments
from this work and [20,22,33].
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4.4. Influence of the Shear-Strain Rate

Previous studies have reported that there are two types of rate effects for rock materials
in direct shear tests [34,42—44]. One type has a shear-rate-strengthening effect on the shear
strength of rock mass discontinuities such as granite and concrete [34,43]. The other type has
a shear-rate-weakening influence on the shear strength of discontinuities such as sandstone
and plaster [42,43]. In this study, we found that there was the phenomenon of a shear-rate-
weakening effect on the shear strength of shale, which displayed the similar rate influence
of shear strength of sandstone, possibly due to their common lithology. From Table 3 and
Figures 13 and 17, we can see that when the sample shape was the same, the shale samples
of the same size had peak shear strength values of proximate magnitudes. It seems that
the peak shear strength of shale decreased with both the shear rate and the sample size
increasing overall. However, when shale samples with different sizes were applied to shear
loads of various shear rates, it was difficult to rigorously conclude the specific influence
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of the shear rate or sample size, especially the area involved in the shearing on the peak
shear strength, based on the current experimental results. Therefore, the parameter of the
shear strain rate was introduced to analyze the rate influence on the peak shear strength of
shale, which could avoid the uncertainty caused by the two-factor variables of shear rate
and sample size. It was suggested in Section 4.3 that relatively complicated failure patterns
could result in a higher failure strength. At a lower shear rate, the shear force loading on
shale took longer than that at a higher shear rate. Furthermore, the experiments at a lower
shear rate, namely, with a longer shear loading time, could probably induce more complex
fractures, causing a greater shear strength than that at a higher shear rate, which might
explain the experimental law behind the peak shear strength of shale decreasing with an
increase in shear strain rate, as seen in Figure 13.

4.5. Potential Applications

As mentioned above, these findings have potential application value in shale horizon-
tal well engineering and fracturing engineering. For instance, in terms of the stability for
the formation around a shale horizontal well, when the bedding angle is 0° or 45°, the shear
strength of shale appears to be low (Figures 12 and 17). In this case, it is recommended
that corresponding measures should be taken to ensure the stability of the surrounding
stratum for the shale horizontal well, considering both the geostress and the bedding angle
of the formation around the shale horizontal well. As another example, with regard to
the expansion and evolution of fractures for shale fracturing, when the bedding angle is
60°, the difference in the morphology between the upper and lower shear fracture planes
reaches a maximum (Figure 11), which means that the degree of the local fracture, as well
as the complexity of the morphology, is the highest and the fractures may have higher
permeability characteristics. Further, when the bedding angle is 45°, the roughness of the
shear fracture surface appears larger (Figure 11), indicating that fractures are more likely to
form self-support during subsequent shearing, thus potentially providing a more favorable
channel for shale gas seepage and then increasing the productivity of shale reservoirs. From
these points of view, we suggest adjusting and optimizing fracturing programs to induce
more shear cracks. Therefore, the bedding angle or angle range could have an important
impact on the formation stability around the shale horizontal well and the expansion and
evolution of fractures in shale fracturing.

4.6. Limitations and Prospects

In this study, we have explored the shear properties of anisotropic reservoir shale
based on both our experiments and previous experimental results. Nevertheless, due to
the fresh shale samples for the direct shear tests being difficult to process, there are still
some limitations to the use of the data from the current results of our research regarding
shale direct shear tests, especially the information from the dynamic direct shear tests
for shale, taking into account that the sample size and the normal stress conditions are
insufficient. In future research, we recommend carrying out shale direct shear tests with
a larger sample size and the greater normal stress in the higher shear strain rate range to
explore the influence of size, as well as normal stress and rate effects, in depth. Moreover,
we suggest conducting acoustic emission monitoring in shale dynamic direct shear tests
to quantitatively determine the distribution of tensile cracks or shear cracks on the shear
fracture surface. Then, suitable statistic models, such as the deformation constitutive
equation and the strength criterion formula, could be proposed, to quantitatively evaluate
the experimental results.

5. Conclusions

In order to study the shear properties of anisotropic reservoir shale, on the basis
of previous experimental research results, shale direct shear tests were performed using
a larger sample size (100 mm along the shear direction), as well as a higher shear rate
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(0.01 mm/s), and comparative studies were carried out considering different bedding
angles with a low normal stress condition. The following conclusions are drawn:

(1) The deformation and failure characteristics of shale are affected by the shear mode,
shear strain rate, and normal stress. The peak shear displacement, peak shear strength,
and shear stiffness of shale fluctuate with an increase in the bedding angle. The peak
shear strength of shale decreases with an increase in the shear strain rate, and this
tendency decreases with an increase in the shear strain rate.

(2) The shape of the shear fracture zone and the shear fracture mode of shale have clear
bedding effect characteristics. With an increase in the bedding angle, the shape of the
shear fracture zone changes from a straight rough type to a curved rough type and
the influence range of the shear fracture zone expands.

(38) The fractal dimension of the shale shear fracture surface morphology fluctuates with
a change in the bedding angle, and the bedding effect of the difference in the local
fracture degree and the morphology complexity between the upper and lower shear
fracture surfaces increases with an increase in the bedding angle. The larger the shear
strain rate, the stronger the bedding effect of the roughness of the shear fracture
surface morphology.
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