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To obtain the influence of anisotropy and energy evolution characteristics on wellbore stability, the acoustic and mechanical
anisotropy characteristics of shales are studied through various experiments, including scanning electron microscopy,
ultrasonic pulse transmission, and uniaxial compression experiments, with the Longmaxi Formation shale in the southern area
of the Sichuan Basin as the research object. The energy evolution characteristics of the Longmaxi Formation shale under
different bedding angles are analyzed. The influence of anisotropy on the wellbore stability of shale formation is discussed on
this basis. The results show that the acoustic and mechanical parameters, failure mode, and energy evolution characteristics of
shale have significant anisotropy. Furthermore, the P-wave and S-wave time differences decrease with an increase in bedding
angle. The compressive strength and Poisson’s ratio decrease first and then increase with an increase in bedding angle.
Meanwhile, the elastic modulus gradually increases with an increase in bedding angle. Rock samples with different bedding
angles show diverse failure modes in mechanical tests, including splitting, shear, and shear-splitting failure. The total energy
and elastic energy decrease first and then increase with an increase in bedding angle. Finally, the formation anisotropy affects
the wellbore stability: the higher the formation anisotropy, the more vulnerable is the wellbore to instability.

1. Introduction

With the continuous increase in energy demand and the
emphasis on environmental protection, the demands on
energy development are increasing, and unconventional
energy sources such as shale gas are gradually being valued
and developed [1]. The amount of technically recoverable
shale gas resources in China’s favorable shale gas areas is
21 8 × 1012 m3. This indicates that China’s shale gas explora-
tion and development potential is large and that it can play
an important role in environmental protection and China’s
energy security [2].

The Longmaxi Formation in the Sichuan Basin is a
favorable area for the exploration and development of
marine shale gas in China. Commercial extraction has been
achieved in this region [3, 4]. However, wellbore instability,
such as sticking and collapse, generally occurs during dril-

ling. Importantly, this affects construction progress and
increases drilling costs. Acoustic parameters are the basis
for well-logging analysis, calculation of mechanical parame-
ters, and conversion of dynamic and static parameters.
Strength is an essential mechanical parameter for analyzing
wellbore stability and hydraulic fracturing. In the process
of shale deposition and diagenesis, the mineral type and con-
tent, sedimentary environment, and sedimentary tectonic
history of rocks [5] cause large differences in the acoustic
and mechanical parameters of shale across regions. In addi-
tion, within the same region, the characteristics and occur-
rence of shale may differ substantially [6–8]. Currently,
research on the anisotropy of the Longmaxi Formation shale
mainly entails stress-strain curves, fracture type evaluation,
and acoustic velocity determination. Chen et al. [6] studied
the mechanical characteristics and anisotropy of the black
shale of the Lower Cambrian Niutitang Formation. Hou
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et al. [8] studied the stress-strain curve and rock fracture
type of the Longmaxi Formation shale in Pengshui, Chong-
qing, through a uniaxial compression test. Gao et al. [7] con-
sidered the Longmaxi Formation shale to analyze the
variation rule of its compressive strength under the influence
of different confining pressures and bedding angles. Lei et al.
[9] studied the influence of bedding characteristics on shale
strength parameters, elastic parameters, and fracture mode
by combining physical and numerical experiments. Cui
et al. [10] studied the influence of different coring angles
on brittle anisotropy based on uniaxial/triaxial compression
experiments with Longmaxi Formation shale as the research
object. Wang et al. [11] performed mechanical experiments
on Longmaxi Formation shale in the Changning area,
Sichuan Basin, and studied its anisotropy through longitudi-
nal and transverse wave tests. Chen et al. [12] studied the
relationship between shale acoustic velocity, acoustic attenu-
ation coefficient, and bedding angle using a numerical simu-
lation method. Xu et al. [13] systematically studied the
influence of the shale bedding structure on ultrasonic char-
acteristics by using the second-order time and fourth-order
space staggered-grid finite difference method. The afore-
mentioned research results provide an important reference
for understanding the variation laws of the acoustic and
mechanical properties of Longmaxi Formation shale under
the influence of anisotropy. Furthermore, anisotropy would
also have a significant impact on the characteristics of rock

energy evolution. Many studies have been conducted on
the energy evolution characteristics of sandstone, coal, gran-
ite, and other types of rocks [14–16]. However, there is a
deficiency of research on the influence of anisotropy on the
rock energy evolution characteristics.

In this study, the Longmaxi Formation shale in the
southern area of the Sichuan Basin in China is considered
as the research object; the acoustic and mechanical anisot-
ropy characteristics of shales are studied using various
methods, including scanning electron microscopy (SEM),
ultrasonic pulse transmission, and uniaxial compression
experiments. The energy evolution characteristics of Long-
maxi Formation shale with different bedding angles are ana-
lyzed. In addition, the influence of shale anisotropy on
wellbore stability is discussed on this basis. This study is of
guiding significance for optimizing drilling design, reducing
wellbore instability, and improving production in the subse-
quent period.

2. Geological Settings and Samples

The Sichuan Basin is one of the most important oil- and gas-
bearing basins in China. It is located in the southwest of
China to the west of the Yangtze River basin and covers an
area of over 1 81 × 104 km2 (Figure 1) [17]. The substanti-
ated natural gas reserves in Sichuan Basin total 8 40 × 1012
m3. The annual outputs of natural gas and crude oil are
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Figure 1: Geographic location and study area of Sichuan Basin [17].
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1 20 × 1011 m3 and 1 45 × 105 t, respectively [18]. Fuling,
Weirong, Weiyuan, Changning, Zhaotong, and other
national shale gas demonstration zones have been identified
and established in the Basin and surrounding areas [19]. The
Sichuan Basin is a complex superimposed basin located in
the northwest edge of the Yangtze paraplatform. It extends
to the Chuanxiang fault fold belt in the east, Longmen
Mountain fault fold belt in the west, Micang Mountain–
Daba Mountain fault fold belt in the north, and Emei
Washan fault block belt and Loushan fold belt in the south.
It can be divided into six secondary structural belts: the
North Sichuan low and gentle structural belt, East Sichuan
high and steep structural belt, Central Sichuan flat and gen-
tle structural belt, West Sichuan low and steep structural
belt, Southwest Sichuan low and steep structural belt, and
South Sichuan low and steep structural belt [20]. The Long-
maxi Formation shale is widely distributed in most areas of
the Sichuan Basin, with a large shale deposition thickness
and stable distribution. The Longmaxi Formation shale in
the southern area of the basin has a thickness range of
229.2–672.5m. The cumulative deposition thickness of the
high-quality shale section at the bottom is 50–85m [18].

The experimental rock samples in this article were taken
from the shale of the Longmaxi Formation in the southeast-
ern Sichuan Basin. According to the GB/T 50266—2013 Test
Method Standard for Engineering Rock Mass [21], rock sam-
ples with different bedding angles were prepared according
to different included angles between the normal direction
of the bedding plane and the axial direction of the rock sam-
ple (Φ25 mm×50× 50mm), and the included angle was set
as the bedding angle β. The bedding plane angles of the
experimental rock samples were 0°, 15°, 30°, 45°, 60°, 75°,
and 90°, respectively. There were three rock samples for each
angle. A total of 21 rock samples were used for the experi-
ment. Figure 2 shows a few experimental samples with dif-
ferent bedding angles.

3. Microstructural Anisotropy

Figure 3 shows the SEM scanning results of the Longmaxi
Formation shale used in the experiment under different bed-
ding plane directions and different scales. It is evident from
Figures 3(a)–3(d) that the microstructure plane is relatively
flat in the direction parallel to the bedding plane, various
mineral particles are arranged regularly, and microfractures
and micropores are not developed. In Figure 3(a), microfrac-
tures are filled in the direction parallel to the bedding plane.
A few dry fractures can be observed in Figures 3(b) and 3(c).
These may be formed by clay precipitation after water enters
the shale or during diagenesis. It is also evident from
Figures 3(b) and 3(d) that there are dispersed pyrite and
berry pyrite in the direction parallel to the bedding plane.
The irregular shapes that can be observed in Figures 3(e)–
3(f) are arranged in a disorderly manner in the direction
perpendicular to the bedding plane. Furthermore, there are
relatively developed micropore structures. The shapes and
types of pores and fractures are more diversified and can
be distinguished more clearly.

To summarize, the microstructure is not developed in
the parallel bedding direction. However, there are relatively
developed microfractures and micropores in the vertical
bedding direction. This is mainly due to the dissolution of
rocks above the bedding plane direction, which is mainly
due to the filling of calcite, siderite, and clay minerals parallel
to the bedding plane direction. The internal stress is concen-
trated in the normal direction of the bedding plane, leading
to the development and extension of cracks in that direction.
It can be concluded that anisotropy caused during deposi-
tion is an inherent feature of shale. Meanwhile, water can
enter the rock straightforwardly along the microfractures
or bedding planes owing to the unique layered characteris-
tics and microstructure of shale. This would cause hydration
and damage the integrity of the shale. In severe cases, it can
cause complex problems downhole, such as borehole wall
falling and collapse.

4. Acoustic and Mechanical Anisotropy

4.1. Anisotropy Analysis of Acoustic Time Difference. The
standard rock samples with different bedding angles were
tested for P-wave and S-wave transmission. The center emis-
sion frequency of the acoustic transducer is 260 kHz.
Figure 4 shows the schematic diagram of ultrasonic testing
and the variation of acoustic velocity with the bedding angle
of the Longmaxi Formation shale sample. Both P-wave and
S-wave time differences show a decreasing trend with the
increase in β. The acoustic time difference is minimum
(the acoustic velocity attains the maximum) when β = 90°.
This may be owing to the anisotropy of acoustic wave prop-
agation caused by the unique lamellar microstructure of
shale. For example, interlayer fractures or a weak mudstone
interlayer alter the propagation direction of acoustic waves
from the vertical bedding plane (β = 0°) to the parallel bed-
ding plane. With less layers passing through a unit distance,
the low-speed medium decreases, the wave reflection and
energy attenuation weaken, and the wave velocity increases
[8]. This is consistent with the law that the acoustic velocity
decreases with an increase in bedding plane penetration.
This law was obtained by Hou et al. [8] and Xu et al. [13].
The sensitivity of the S-wave time difference to β is less than
that of the P-wave time difference. The average reductions in
the amplitudes of the S-wave and P-wave time differences
are 15.04% and 20.60%, respectively. The average ratio of
the P- and S-wave velocities increases from 1.64 to 1.76 with
the increase in β. This indicates that the acoustic anisotropy
in the study area is relatively strong. A large error may occur
if the P-wave velocity is multiplied by a certain empirical
value (such as 1.7) to estimate the S-wave velocity. A suffi-
cient understanding of the anisotropy of shale is conducive
to the accurate use of logging data to evaluate and analyze
downhole shale mechanical parameters such that logging
data can better serve the drilling and completion process.

4.2. Anisotropy Analysis of Mechanical Characteristics

4.2.1. Anisotropy Analysis of Stress-Strain Curves. After uni-
axial compression testing of rock samples with different
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bedding angles, the uniaxial triaxial rheometer is mainly
composed of hydraulic servo system, temperature servo sys-
tem, axial strain gauge, radial strain gauge, displacement
sensor, data processing terminal, and PC. The testing sche-
matic is shown in Figure 5(a). Uniaxial compression experi-
ments under different bedding angles were performed to
analyze the influence of bedding angles on mechanical
parameters. A one-time continuous loading method was
employed for load displacement at a rate of 0.2mm/min.
The stress and strain are monitored and recorded in real-
time until the specimen breaks. The stress-strain curves are
shown in Figure 5.

(1) The energy released by the rock sample after the
peak value can cause the fracture to continue to
expand. This indicates that the shale in the study
area is hard brittle shale, which is conducive to the
subsequent fracturing reconstruction

(2) The five phases of the stress-strain curves are not
apparent. There is almost no pore fissure compac-
tion phase before the elastic phase. The linear elastic
deformation phase is long, and the elastic limit and
yield limit almost coincide. The prepeak stress-
strain curve is approximately a line segment. The
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Figure 2: A few shale samples with different bedding angles.
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curve slope remains almost constant when the bed-
ding angle is large. This shows a strong linear elastic-
ity. The peak stress is caused by the discontinuity of
local structure and the stress increment of primary
and secondary stresses caused by the influence of
local thermal stress, which can reflect the strength
properties of the rock sample, the strain value at
the peak stress point decreases first and then
increases with the increase in bedding angle

4.2.2. Failure Mode of Rocks Sample. Shales with different
bedding angles are damaged after the uniaxial compression
test. Their morphology is shown in Figure 6. As a brittle rock
with a bedding structure, shale shows significant anisotropy
in its failure mode with different bedding plane angles.

(1) When the bedding plane angle β = 0°, 15°, and 30°,
the rock sample is split, and the main splitting frac-
tures generated pass through the bedding along the
axis direction. Simultaneously, the short fractures
along the bedding plane connect the main splitting
fractures, which are parallel to each other. This
may be because the included angle of the bedding
plane is small. The bedding plane is mainly subjected
to compressive stress when the two ends of the rock

sample are loaded under stress. Consequently, shear
failure would not occur along the bedding plane. The
shale is relatively brittle. In case of failure, when the
splitting fracture crosses the bedding plane, it would
destroy the bedding plane and generate short frac-
tures connecting the splitting fracture

(2) When β = 45°, the rock sample is subject to shear
failure. Consequently, an individual shear fracture
is generated along the bedding plane. This occurs
because the rock sample slips directly along the bed-
ding plane

(3) When β = 60° and 75°, the rock sample undergoes
splitting failure through the rock sample and shear
failure along the bedding plane. This occurs because
when the axial stress is loaded, the rock sample also
slides along the bedding plane to cause shear failure,
whereas splitting failure occurs owing to axial
compression

(4) When β = 90°, the rock sample undergoes splitting
failure. This results in splitting fractures along the
bedding. This occurs because when the axial stress
is loaded, the rock sample is compressed axially
and expands radially to generate tensile stress,
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Figure 3: SEM scanning results of shale at different scales in different bedding plane directions.
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whereas the bedding plane is cemented weakly to
form multiple splitting failure planes parallel to the
bedding plane

4.2.3. Anisotropy Analysis of Mechanical Parameters. After
the uniaxial compression mechanical experiment on the test
sample, the corresponding rock mechanical parameter char-
acteristics are obtained. The rock mechanical parameters
vary with the variation in bedding angle. This indicates that

the rock mechanical parameters have strong anisotropy,
which is seen in Figure 7.

The test results for compressive strength are shown in
Figure 7(a). It is evident that the uniaxial compressive
strength varies following a “V” shape with the variation in
bedding angle. In other words, it decreases first and then
increases. The compressive strength is higher when β is
approximately 0° and 90°, with average values of 113.2 and
115.35MPa, respectively. When β = 60°, the compressive
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strength is minimum and the average value is 78.99MPa.
Hou et al. [8] performed a uniaxial compression test of the
Longmaxi Formation shale in Pengshui. They found that
the minimum value of compressive strength is attained
when the bedding plane angle β is 60° and 45°. Yao et al.
[22] concluded that the minimum compressive strength is
obtained when β = 60° in a uniaxial compression study of
Longmaxi Formation in the south of Chongqing. Heng
et al. (2015) conducted uniaxial and triaxial compression
tests on Longmaxi Formation shale. They observed that both
uniaxial compressive strength and triaxial compressive
strength were minimal when β = 60°. Chen et al. [6] studied
the anisotropy of the black shale in the Niutitang Formation
of the Lower Cambrian. They conjectured that the bedding

angle of the shale with the minimum uniaxial compressive
strength is 60° when the confining pressure of the shale is
0, 30, and 40MPa, and that of the shale with the minimum
compressive strength is 45° at 10 and 20MPa. Thus, the bed-
ding angles for obtaining the minimum compressive
strength differ with area and confining pressure. This angle
cannot be generalized and is approximately 45° or 60°.

The elastic modulus increases gradually with the increase
in β. This is consistent with the variation trend of elastic
modulus obtained by Hou et al. [8] during the uniaxial com-
pression test of Pengshui Longmaxi Formation shale. Heng
et al. (2015) conducted uniaxial and triaxial compression
tests (with confining pressures of 10, 20, and 30MPa) and
arrived at a similar conclusion. Although the elastic modulus
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Figure 5: Deformation characteristics of certain shale samples from Longmaxi Formation.

8 Geofluids



of each rock sample does not increase with the increase in β
in this experiment, the general trend is still an increase. This
indicates the strong anisotropy. Poisson’s ratio first
decreases and then increases with the increase in β. Pois-
son’s ratio decreases gradually when β is 0°–60° and
increases rapidly when β is 60°–90°. The minimum and
maximum values are obtained at 60° and 90°, respectively.
Heng et al. (2015) also obtained the minimum Poisson’s
ratio when β was 60° in a uniaxial compression experiment
of Longmaxi Formation shales.

4.3. Anisotropy Analysis of Energy Evolution Characteristics.
Omitting the heat energy generated by the temperature var-

iation, the internal energy of rock samples in the uniaxial
compression test originates mainly from the work done by
external forces. Part of this work done is stored in the rock
in the form of elastic potential energy. The other part is dis-
sipated when it is used for fracturing the internal structure of
the rock. The total energy, elastic energy, and dissipation
energy of shale samples at different phases with different
bedding angles can be calculated according to the uniaxial
experimental data. Figure 8 shows the energy-strain curves
and axial stress-strain curves at different bedding angles. It
is evident from Figure 8 that with the increase in axial stress,
the strain increases, the external force continues to do work,
and the total energy, elastic energy, and dissipated energy of

(a) 0° (b) 15° (c) 30° (d) 45°

(e) 60° (f) 75° (g) 90°

Figure 6: Failure mode of certain Longmaxi Formation shale samples.
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the rock sample increase. On the one hand, the elastic
energy, driving energy, and fracture capacity increase. On
the other hand, the increase in dissipative energy results in
the formation of microfractures and fracture coalescence in
the rock sample. This gradually damages the structure,
reduces the bearing capacity, and decreases the energy stor-
age limit of the rock. Various microfractures and micropores

continue to develop into macrofractures with the increase in
rock deformation. This results in rock fracture.

The energy evolution can be divided into three phases
according to the characteristics of the energy-strain curve
and axial stress-strain curve. Phase I: At the initial phase of
loading, none of the rock samples displays apparent com-
pression. In the linear elastic phase of rock sample
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deformation, the total energy and elastic energy increase
steadily, whereas the dissipated energy essentially remains
unaltered. The elastic energy curve is almost parallel to the
total energy curve. The shale damage is low in this phase.
Phase II: The rate of increase in elastic energy reduces and
the rate of increase in dissipated energy accelerates. The elas-
tic energy curve is no longer parallel to the total energy
curve. At this time, the internal fractures expand and con-
nect with each other, thereby causing higher damage to the
internal structure until the peak strength point. Phase III:
At the peak strength point, the energy stored in the rock
attains the maximum value that can be withstood at present,
and the two attain a critical state. Subsequently, the elastic
energy is released instantaneously, and the rock sample
breaks.

All kinds of energy coexist throughout the entire process
of rock sampling from stress to failure, but their proportions
vary in different situations. The expression for its energy is
as follows:

U =Ue +Ud 1

In the formula, U , Ue and Ud , respectively, represent
total energy, elastic energy, and dissipated energy (J/cm3);
σ1 and ε1 are axial stress (MPa) and axial strain (mm/mm),
respectively.

U = σ1dε1 = 〠
n

i=0

1
2 ε1i+1 − ε1i σ1i + σ1i+1 2

It is evident from Figures 8(a)–8(g) that the energy evolu-
tion of rock samples differs in the same phase under the
influence of different bedding angles. The rock sample with
β ≤ 45° has a more apparent Phase II compared with the rock
samples with β = 75° and 60°. The elastic energy curve is not

parallel to the total energy curve, and the dissipation energy
increases to produce microfractures. Meanwhile, the rock
sample with β = 90° does not undergo Phase II. According
to the failure morphology of rock samples in Figures 6(a)–
6(c) (the rock samples with β = 0°, 15°, and 30°), during the
loading deformation process in Phase II, microfractures are
generated along the weak structural plane of low angle bed-
ding, and macrofailure occurs after the peak strength point.
Consequently, a short fracture connecting the splitting frac-
ture along the bedding plane is formed. However, Phase II
is not apparent for rock samples with β = 60° and 75°.
Rock samples with β = 90° also do not undergo Phase II.
In combination with Figures 6(e)–6(g), there are a few
short fractures in the macrodamage morphology of the
rock samples. The rock samples with different bedding
angles also show significant differences in Phase III. For
the rock samples with β ≤ 45° and β = 90°, macrodamage
occurs after the peak strength point, and the elastic energy
curve and the dissipated energy curve show smooth reduc-
tion and increase, respectively. For the rock samples with
β = 60° and 75°, the elastic energy curve and dissipated
energy curve show zigzag reduction and increase, respec-
tively. This may be because in Phase III, the rock samples
with β ≤ 30° and β = 90° mainly sustain a single splitting
failure, those with β = 45° mainly sustain a single shear
failure, and those with β = 60° and 75° also sustain a shear
failure along the bedding plane when splitting failure
occurs. This may have resulted in a tortuous shape of
the energy curve in Phase III.

It is evident from Figure 9(a) and Table 1 that the total
energy, elastic energy, and dissipated energy at the peak
strength points of different bedding angles have significant
anisotropy. The variation trend of total energy and elastic
energy with the increase in β is identical. It decreases first
and then increases. The maximum value is obtained at 0°,
and the minimum value is obtained at 60°. The dissipation
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Figure 8: Energy evolution characteristics of certain Longmaxi Formation shale under different bedding angles β.
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energy decreases with the increase in β, and the minimum
value is obtained at 60°. It is evident from Figure 10(b) and
Table 1 that the ratio of elastic energy to total energy
decreases first and then increases with the increase in β.
The maximum value of 96.83% is obtained at 90°, and the
minimum value of 77.97% is obtained at 45°. The ratio of dis-
sipated energy to total energy first increases and then
decreases. The minimum value is 3.17% at 90°, and the max-
imum value is 22.03% at 45°. It is further explained through
an analysis of the energy relationship of total energy, elastic
energy, and dissipated energy at the fracture point of differ-
ent bedding angles that the energy required for shale fracture
at different bedding angles differs significantly. This results in
the significant anisotropy of its corresponding peak strength.

5. Effect of Anisotropy on Wellbore Stability

It can be concluded based on the above analysis that shale
with different bedding angles β displays spatial anisotropy.
In the process of drilling horizontal wells, the included angle
between the borehole axis and the normal direction of the
bedding plane is numerically equal to β. In the process of
drilling, the wall rocks of the vertical section, deviation sec-
tion, and horizontal section of the horizontal well can be
equivalent to rock samples with different bedding angles.
The included angle between the axis of the wellbore and
the bedding plane passing through varies many times during
the process from the straight section to the horizontal sec-
tion (as shown in Figure 10). In the vertical well phase,
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Figure 9: Variation curve of energy parameters at shale peak strength point under different bedding angles.
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drilling is perpendicular to the horizontal bedding direction.
This is equivalent to β = 0° while coring. In the deviation
phase, the included angle between the axis of the wellbore
and the normal direction of the bedding plane is θ (the
included angle between the wellbore direction line and the
vertical direction), which is equal to β. In the horizontal well
phase, the axis of the wellbore is parallel to the bedding

plane, and both β and θ are 90°. The vertical section, devia-
tion section, and horizontal section of the horizontal well
satisfy the rule that the included angle between the principal
stress of wall failure and the normal direction of the bedding
plane is equal to the well deviation angle.

The geomechanical parameters of the formation are
obtained from the drilling data of the oilfield, as shown in
Table 2. Ding et al. [23] showed that the anisotropy coeffi-
cient of elastic modulus increases from 0.6 to 1.0 (the higher
the value, the higher the difference, and the higher the
anisotropy) by varying the elastic modulus of parallel

Table 1: Energy parameters at peak strength point of shale at different bedding angles.

Bedding
angle

Total energy
(J/cm-3)

Elastic energy
(J/cm-3)

Dissipative energy
(J/cm-3)

E-energy/T-energy
(%)AVG

D-energy/T-energy
(%)AVG

0°
0.3731 0.3165 0.0566

85.09 14.910.3952 0.3465 0.0487

0.3593 0.2965 0.0628

15°
0.2653 0.2168 0.0485

82.12 17.880.2923 0.2322 0.0601

0.2556 0.2188 0.0368

30°
0.2451 0.1973 0.0478

81.10 18.900.2665 0.2236 0.0430

0.2399 0.1886 0.0512

45°
0.2002 0.1571 0.0430

77.97 22.030.2110 0.1691 0.0420

0.1936 0.1454 0.0482

60°
0.1542 0.1437 0.0104

90.41 9.590.1875 0.1673 0.0202

0.1659 0.1479 0.0180

75°
0.2716 0.2512 0.0205

92.37 7.630.2618 0.2486 0.0132

0.2967 0.2670 0.0297

90°
0.2989 0.2895 0.0094

96.83 3.170.2886 0.2795 0.0092

0.2778 0.2689 0.0088

� = 0°

� = 90°

� = 0°

� = 90°

� = �

�

Figure 10: Angle variation law between the axial direction of
horizontal well and normal direction of wall rock bedding plane
in shale reservoir.

Table 2: Shale gas well-drilling data.

No. Parameter Value

2 Depth (m) 3198.5

2 Vertical in situ stress (MPa) 81.7

3 Maximum horizontal in situ stress (MPa) 93.2

4 Minimum horizontal in situ stress (MPa) 78.5

5 Pore pressure (MPa) 57.57

6 Biot coefficient 0.71

7 Cohesion (MPa) 8.67

8 Internal friction angle (°) 40.69

9 Cohesion of weak plane (MPa) 5.42

10 Internal friction angle of weak plane (°) 38.23
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bedding while maintaining the elastic modulus of vertical
bedding constant. The wellbore collapse pressure is calcu-
lated using the weak surface structure criterion. The calcula-
tion process is detailed in reference to Ding et al. [23]. The
calculation results are shown in Figures 11 and 12.

KE =
Eh

EV
, 3

where KE is the anisotropy of elastic modulus and EV and Eh
are the elastic moduli of the vertical bedding and parallel
bedding, respectively.

Figure 11 shows the influence of anisotropy on the for-
mation collapse pressure. It is evident from the figure that
the formation collapse pressure increases with the increase
in the anisotropy coefficient. This indicates that the higher
the formation anisotropy, the more vulnerable is the well-
bore to instability. According to the previous research, the

shale strength varies with the variation in bedding angle.
This results in the variation in formation collapse pressure.
The comparison between the formation collapse pressures
of different well paths is shown in Figure 12. It is evident
from the figure that owing to the development of strati-
graphic bedding planes, the distribution of collapse pressure
under any borehole trajectory is not symmetric (i.e., the col-
lapse pressure is not completely controlled by in situ stress)
unlike homogeneous formation conditions. Furthermore,
the distribution of high collapse pressure areas is relatively
discrete, which increases the difficulty of borehole trajectory
design.

The mechanical test results show that the mechanical
strength of bedded shale displays significant anisotropy.
Moreover, the mechanical strength between the bedding
planes is low, which is a weak structural plane. The variation
in mechanical strength is related to the angle between the
failure principal stress direction and the normal of the bed-
ding plane. It can be concluded that the wellbore stability
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during the process of drilling horizontal wells is closely
related to the strength of shale with bedding angle β. The
mechanical strength of the wellbore in the vertical and hor-
izontal sections is high, and the stability is good. The well-
bore instability is most likely to occur in the deviation phase.

6. Conclusion

In this paper, taking the Longmaxi Formation shales in the
southern area of the Sichuan Basin as the research object,
the acoustic and mechanical anisotropy characteristics of
shales are studied through various experiments, including
scanning electron microscopy, ultrasonic pulse transmission,
and uniaxial compression experiments, and the energy evo-
lution laws are discussed including the main conclusions as
follows:

(1) The acoustic time difference, peak strength, shear
strength, elastic modulus, and Poisson’s ratio of
shale have significant anisotropic characteristics.
The time difference of P- and S-waves decreases with
the increase in bedding angle. The compressive
strength and Poisson’s ratio decrease first and then
increase with the increase in bedding angle

(2) Shale is a brittle rock with a bedding structure. Its
failure modes show significant diversity with differ-
ent bedding plane angles, mainly including single-
splitting failure, shear failure, and shear-splitting
failure

(3) According to the analysis of energy evolution char-
acteristics, the elastic energy and dissipated energy
absorbed and stored display significant anisotropy
under the condition of work done by external forces.
The energy evolution process is the origin of shale
strength anisotropy. The total energy and elastic
energy decrease first and then increase with the
increase in the bedding angle

(4) While drilling horizontal wells, the wall stability of
the vertical section, deviation section, and horizontal
section is closely related to the shale strength varia-
tion law under different bedding angles β
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