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The failure types of bedding determine the penetration behavior of hydraulic
fracture. A stratum model containing bedding was established based on the 3D
block distinct element method to explore the penetration behavior of hydraulic
fractures with different types of bedding. The mechanics of hydraulic fractures
penetrating the shear- failure bedding plane and tensile-failure bedding plane
were analyzed. The results showed that the shear-failure bedding plane was more
difficult to expand than the tensile-failure bedding plane after the hydraulic
fracture turns to bedding plane. The initial stress magnitude controls the
expansion difficulty of hydraulic fractures, and the high stress magnitude
attenuated penetration behavior. The vertical stress affected the shear failure
by increasing the shear strength of the bedding plane. It affected the tensile failure
by increasing the initiation stress of the bedding plane. The effect of horizontal
stress on the penetration behavior included the influence on the initiation stress of
vertical joints and the enhancement of the interference stress on the horizontal
bedding plane. The conclusions can provide the guidance for hydraulic fracturing
in reservoir with bedding planes.
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1 Introduction

Bedding planes is widely developed in shale. The penetration behavior of hydraulic
fractures refers to the behavior of whether hydraulic fractures can cross the bedding plane. It
has an important influence on the network of hydraulic fractures (Zhang et al., 2019; Huang
et al., 2020; Tan et al., 2020). If the hydraulic fracture cannot cross the bedding plane, the
fracture height is limited. Conversely, if the hydraulic fractures can cross the bedding plane,
the hydraulic fracture can connect multiple layers (Tong et al., 2020). The complexity of
fracture network requires both fracture height andmultiple fracturing (Shicheng et al., 2021).
Consequently, it is meaningful to explore the influence of the bedding plane on the formation
of fracture network (Xiao et al., 2019).

Previous studies largely focused on the influence factors of penetration behavior of hydraulic
fracture. The influence factors can be divided into three types, the stress difference (Warpinski
et al., 1982; Huang et al., 2016; Weng et al., 2018), the difference of rock properties (Huang et al.,
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2018; Xu et al., 2019; Huang et al., 2023), and the weak bedding planes
(Tang and Wu, 2018; Xing et al., 2018; Zhang et al., 2022). Some
numerical simulation and physical experiments about the penetration
behavior of hydraulic fractures showed that the filtration of fracturing
fluid into the bedding plane reduces the penetration ability (Ji et al.,
2015; Huang et al., 2019; Gao and Ahmad, 2020; Luo et al., 2022). It
mainly describes the phenomenon that the bedding planes hindered
fracture propagation, but fails to explain the control mechanism of
bedding on hydraulic fracture. Actually, the penetration behavior of
hydraulic fractures is mainly related to the mechanical behavior of the
weak bedding plane. Heng et al. (2021) believe that the penetration
behavior of hydraulic fractures is controlled by the mechanical
properties of the bedding joint and the local stress state of the
fracture tip. And the penetration behavior of hydraulic fractures is a
path selection problem. It means that the hydraulic fractures usually
propagate along the path with the least resistance. Zhang et al. (2021a)
and Zhang et al. (2021b) believe that the stress disturbance induced by
weak plane before hydraulic fractures approach the weak bedding plane
results in the energy dissipation on the bedding plane. Huang et al.
(2022) analyzed the penetration law in the layered rock mass under
different regimes based on the particle distinct element method. Zheng
et al. (2019) and Zheng et al. (2022) analyzed the evolution of normal
stress and shear stress on the bedding plane when the hydraulic fracture
approached through the block distinct element method, and identified
the discontinuous deformation (slip or shear failure) at the fracture tip
as the main reason why the hydraulic fracture could not cross the
bedding.Wang et al. (2019) also showed that the increase of shear stress
on the bedding plane and the passivation of fracture tip affect the
penetration of hydraulic fractures. Tan et al. (2021) proposed the notion
of transition zone in the layered formation and investigated the effects of
multiple influencing factors on hydraulic fracture vertical propagation
behavior based on XFEM-based CZMmethod. Zhao et al. (2022) given
a new pseudo 3D hydraulic fracture propagation model for sandstone
reservoirs considering fracture penetrating height. In conclusion, the
mechanism of weak bedding plane hindering vertical propagation of
fractures has been preliminarily understood, that is, the shear behavior
on the bedding plane increases the difficulty of hydraulic fracture
penetration. Therefore, the penetration behavior of hydraulic
fractures can be determined by stress state at connection point
between hydraulic fracture and bedding plane.

The stress state in the formation determines the choice of the
path after the hydraulic fracture meets the bedding plane. If the
stress field meets the failure criterion of the bedding plane first, the
bedding planes open and the hydraulic fracture turns to spread
along the bedding plane. If the stress filed meets the failure criterion
of the fracture tip, the fractures propagate along the original path
and cross the bedding plane. Therefore, the strength of the bedding
plane plays an important role in fracture penetration. According to
the strength characteristics, the bedding plane can be divided into
two categories. They are shear-failure bedding plane (the shear
strength of the bedding plane is low) and tensile-failure bedding
plane (the tensile strength of bedding plane is low). However, the
existing researches mainly focus on the shear failure of bedding
plane. There are few discussions about the failure types of bedding
plane and penetration behavior of fracture.

Here, the penetration behavior of hydraulic fractures is
calculated by the 3D block distinct element method (3D
DEM) considering the failure type of bedding plane and in-

situ stress conditions. The influence of stress filed on fracture
propagation path under different failure types of bedding plane
was analyzed. The structure of this paper is as follow. Firstly, the
3D DEM is introduced and the block model with bedding plane is
established. Then, the stress evolution of fracture penetration
behavior in shear-failure bedding plane is studied. Finally, the
stress evolution of fracture penetration behavior in tensile-failure
bedding plane is analyzed. In conclusion, this paper analyzes the
influence mechanism of bedding failure type and stress state on
the penetration behavior of hydraulic fractures, which has
important theoretical guiding significance for the hydraulic
fracturing construction of layered rock mass.

2 Method and model

2.1 Block distinct element method

The block distinct element method has an advantage in
simulating the hydro-mechanic coupling behavior in the fracture.
In this paper, the block distinct element method was used to
simulate the hydraulic fracturing. The block distinct element
describes the discontinuity by a set of distinct blocks. So, it has
significant advantages in modeling discontinuities. Each block is
subdivided into finite difference elements consisting of tetrahedral
regions and nodes. The velocities, displacements and joint forces of
all nodes at different time steps follow the Newton’s laws of motion.
The discontinuity is expressed by the boundary between blocks. The
3D DEM have been used by Zheng. See literature (Zheng et al., 2019;
Zheng et al., 2022) for details about the validation of this method.

(1) The failure of joints

The failure of the joint represents the opening of the fracture. In
the block distinct element method, joints are described by contacts.
The constitutive model of joint is the Coulomb slip joint model. This
model considers shear failure, tensile failure and dilation. During the
elastic stage, the contact is described by the normal stiffness and
tangential stiffness. The normal behavior of the joint can be
expressed as (Tang and Wu, 2018)

ΔFn � −KnΔUnAc (1)
The shear behavior can be expressed as:

ΔFs
i � −KsΔUs

iAc (2)
Where, Ac is the area of contact. ΔF

n is the increment of normal
force, ΔFi

s is the shear stress increment, Kn is the normal stiffness, Ks

is tangential stiffness, ΔUn is the normal displacement increment,
ΔUi

s is tangential displacement increment.
The maximum normal tensile force of the joint (without slip or

cracking) is:

T max � −TAc (3)
Where, T is the tensile strength.
The maximum shear force allowed by the joint is:

F s
max � cAc + Fn tanφ (4)
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Where, c is the cohesion of the joint and φ is the friction angle.
The contact fails when the stress on the joint equals to its tensile

or shear strength. Then the tensile strength and cohesion of the joint
equals to zero after failure. Here, the maximum tensile and shear
force on the joint plane can be expressed as:

T max � 0 (5)
F s

max � Fn tan ϕ (6)
The instantaneous loss of strength after failure is the “displacement-

weaken” behavior of joint plane. Here, the new contact force between
the blocks will be updated (assume that the compression is positive). For
tensile failure, the update mode of contact force is:

If Fn <Tmax, then the normal force Fn � 0, shear force Fs
i � 0.

For shear failure, the update mode of the contact force is:
If Fs >F s

max , then the shear force is Fs
i : � Fs

i
F s

max
Fs .

Where, the shear force is Fs � (Fs
i F

s
i )1/2.

Shear dilation occurs only in the slip mode. Then, the shear
displacement increment can be expressed as:

ΔUs � ΔUs
i ΔUs

i( )1/2 (7)
The shear displacement causes the change in normal

displacement considering dilation. The relationship can be
characterized by the dilation angle ψ. And their relationship is:

ΔUn dil( ) � ΔUs tanψ (8)
Where, ΔUn(dil) is normal displacement considering dilation. Ψ

is the dilation angle.
Here, the influence of dilation should be considered in the

normal force, and the normal force becomes:

Fn: � Fn + KnAcΔUs tanψ (9)

(2) Fluid flow in joints

The fluid flow in the joint follows to the Navier-Stokes equation.
When the joint surfaces are approximately parallel non-permeable
and the fluid is incompressible, the Navier-Stokes equation can be
simplified to the Reynolds equation.

u3ρg

12μ
ϕ, i( ), i � 0 (10)

where u= u(xi) is the distance of the two non-permeable surfaces at a
point xi on the plane. ϕ, ρ and μ are the head height, fluid density,
and fluid viscosity, respectively.

qi � −u
3ρg

12μ
ϕ, i � −kHϕ, i (11)

Where, the permeability of a single fracture is u2/12, and the
hydraulic conductivity is kH � u3ρg

12μ .

2.2 Modelling

The essence of the fracture height containment is the interaction
between the hydraulic fracture and bedding plane. In order to reveal
the behavior of hydraulic fractures before and after encountering

bedding, a base model of bedding stratum (shown in Figure 1) is
established. The size of model is 1 m*1 m*1 m. It contains two
horizontal joints and one vertical joint (shown in Figure 1B). Among
them, the vertical joint is set to simulate the preset hydraulic
fracture, while the horizontal joints are set to simulate the
horizontal bedding plane. The distance between two horizontal
joints is 0.3 m. The injection point is located between two
bedding planes. Based on the established model, different
injection rates and fracturing fluid viscosities can be set
according to the experiment plan.

2.3 Basic parameters

We focus on the influence of failure type of bedding plane and
in-situ stress on the penetration behavior of hydraulic fractures. The
failure type can be divided into shear failure and tensile failure. The
shear-failure bedding plane always has the high tensile strength and
low shear strength. Therefore, the shear failure is the main type
when the hydraulic fracturing approaches bedding plane. The tensile
failure bedding plane always has the high shear strength and low
tensile strength. So, the tensile failure is the main failure type.
According to their types, the parameters for the shear-failure
bedding plane and tensile-failure bedding plane are list in Table 1.

In addition to the failure type, the in-situ stress is also of great
importance. The stress includes the magnitude and difference of the
initial in-situ stress. Consequently, the effects of the stress magnitude
and difference are discussed separately with two types of failure. The
influence mechanism of horizontal stress and vertical stress
variation is also discussed in detail.

Other parameters are set according to the laboratory data and
previous literatures. The rock density is 2,600 kg/m3. The rock elastic
modulus is 20 × 103 MPa. The pore pressure is 1 MPa. And the
Poisson’s ratio is 0.25.

2.4 The stress state at intersection

No matter how the fracture propagates, the hydraulic fracture
will eventually encounter the bedding plane at the intersection of
the horizontal bedding and vertical joints. Then, the fracture
chooses propagation path according to the stress state and
strength of the horizontal and vertical joints. So, the stress
state is of great significance for the penetration behavior. In
order to investigate the stress state before and after the hydraulic
fracture meeting the intersection, the different stress states of the
vertical joints and horizontal joints at the intersection of the
hydraulic fracture in the model are extracted. The details are
shown in Figure 2 (Zheng et al., 2022). The solid black line in the
figure represents the hydraulic fracture, and the dashed blue line
indicates the location of the horizontal bedding plane. Here, the
hydraulic fracture has reached but not yet crosses the bedding
plane. Next, the hydraulic fracture will continue to expand, it may
pass through the bedding plane or be captured by the bedding
plane. The right-hand picture in Figure 2 gives the connection
between different elements. If the connections (block1 and
block3, or block2 and block4) on the horizontal bedding plane
are broken, the bedding plane are damaged and the hydraulic
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FIGURE 1
Stratum and joint model. (A) Numerical block model. (B) Numerical joint model.

TABLE 1 Base parameters for two types of bedding planes.

Failure type Vertical joint Horizontal joint

Cohesion
(MPa)

Friction
angle

Tensile
strength (MPa)

Cohesion
(MPa)

Friction
angle

Tensile
strength (MPa)

Shear Failure 5 20° 10 4 20° 5

Tensile Failure 10 20° 10 10 20° 3

FIGURE 2
Schematic diagram of stress location (Zheng et al., 2022).
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fracture is captured by the bedding. If the connections
(block1 and block2) in the propagation direction of the
hydraulic fracture are broken, the hydraulic fracture crosses
the bedding. Based on this, the stresses on the horizontal
bedding plane and vertical fracture plane are defined as N-H
(normal stress on the horizontal bedding plane), S-H (shear
stress on the horizontal bedding plane), N-V (normal stress
on the vertical joint) and S-V (shear stress on the vertical
joint) respectively. Where S denotes shear stress, N means
normal stress, H indicates horizontal bedding plane, and V
refers to vertical joint.

3 The effect of stress on penetration
behavior with shear-failure bedding
plane

In shear-failure bedding, hydraulic fracture failure mainly
includes two forms. One is the tensile failure caused by the
tensile stress at the front edge of the hydraulic fracture in the
propagation direction. And the other is the shear failure of the
bedding under the combined action of normal stress and shear stress
on the bedding plane.

The effect of in-situ stress can be analyzed in terms of both the
magnitude of the stress and the stress difference. The magnitude of
the stress characterizes the initial value of the in-situ stress and its
magnitude is mainly influenced by the burial depth of the reservoir.
The difference of in-situ stress characterizes the stress difference
reflected by tectonic stress in the reservoir. Consequently, the effects
of the initial in-situ stress value and the in-situ stress difference on
the hydraulic fracture propagation are analyzed separately.

3.1 The effect of initial stress on fracture
propagation

3.1.1 Uniform in-situ stress conditions
To investigate the effect of stress magnitude on the hydraulic

fracture propagation under uniform stress conditions, we assume
that the stress is equal in three directions. Five cases with stress of
5 MPa, 10 MPa, 15 MPa, 20 MPa and 25 MPa are established. The
injection rate is 5 mL/s. The fluid viscosity is 10 cp and the injection
time is 20 s. Then the above five cases are calculated separately.

The propagation results are shown in Figure 3. In the all 5 cases,
the hydraulic fractures fail to cross bedding plane. However, the
fracture morphology varies under different stress conditions. When
the stress is low (5 MPa), the hydraulic fracture fails to pass through
the bedding plane after encountering it. Due to the barrier effect of
bedding plane, hydraulic fractures propagate laterally. The hydraulic
fractures turn and propagate along the bedding plane, but the
extension range is not far. With the increase of in-situ stress, the
extension range of hydraulic fractures decreases. In addition, when
the stress is 5 MPa, the length of hydraulic fracture is the largest.
With the increase of stress, the fracture length becomes shorter. The
reduction of extension area on bedding plane and fracture length
means that the fracturing volume is reduced. When the stress is
25 MPa, the hydraulic fracture has not yet propagated to the bedding
plane under the same liquid injection volume. In conclusion, the
initial stress magnitude controls the extension range of hydraulic
fractures. Under high stress conditions, the propagation difficulty of
hydraulic fractures increases, so the propagation speed of hydraulic
fractures slows down and the extension range decreases.

The magnitude of in-situ stress reflects the burial depth of the
reservoir. And the deeper the reservoir, the greater the in-situ stress.

FIGURE 3
Fracture propagation morphology under uniform in-situ stress.
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Therefore, with the increase of burial depth, the difficulty of
propagation increases. To obtain the same extension range, more
liquid injection is required. When the stress is different, the fracture
extension range is different for the same liquid injection volume.
Since the stress induced by the fluid in the formation is caused by
fluid compression, the formation pressure will be higher under the
condition of high in-situ stress. Therefore, the evolution of injection
pressure under different stress states is analyzed in Figure 4. The
liquid injection pressure increases with the increase of stress.
Therefore, fracturing in deep reservoirs requires higher pressure
and higher power equipment.

In conclusion, high stress reservoirs require higher injection
pressure. In this simulation, the initiation strength of the five cases is
the same, so the fracture initiation is controlled by the stress state.
The stress state on the joint is the result of the combined effect of the
initial stress field of the formation and the included stress by liquid
injection. The formation is compressed and the opening of the
fracture is the result of the tension of the fracture surface. Therefore,
the opening of the fracture requires the induced stress by liquid
injection to overcome the initial stress. Taking N-V stress as an
example, the initial N-V is the compressive stress, and the opening of
hydraulic fractures requires N-V to change into a tensile state and be
greater than the tensile strength of the joint (10 MPa in this cases).
Therefore, the larger the initial stress, the larger the range of N-V
from compression to tension. This explains why it is more difficult to
propagate for hydraulic fractures under high in-situ stress
conditions.

Hydraulic fracture propagation is the result of stress action. Its
propagation behavior at the bedding plane is determined by the
stress state at the intersection of hydraulic fracture and bedding
plane. As mentioned above, the failure in the failure of shear-failure
bedding is mainly the tensile failure of vertical joints and the shear
failure of horizontal beddings. The tensile failure of vertical joints is
determined by N-V. According to Coulomb slip criterion of bedding
plane, shear failure of horizontal bedding is determined by normal
stress (N-H) and shear stress (S-H) on bedding plane. Therefore, the

stress curve at the intersection is extracted and summarized in
Figure 5.

Figure 5A shows the N-V stress curve at the intersection.
According to the figure, the N-V curve can be divided into three
stages. The first stage is the slight decrease stage, in which the
fracture tip is far from the intersection point. The induced stress
caused by hydraulic fractures is small and has little influence on the
total stress at the intersection point. The second stage is the rapid
decrease stage, in which the fracture tip approaches and finally
reaches the intersection point. At this time, the induced stress by
hydraulic fracture has a great influence on this point, so the stress
curve drops rapidly. According to the minimum value of each curve
in Figure 5, the N-V fails to meet the tensile strength of the vertical
joint. Consequently, the hydraulic fracture cannot propagate
vertically and cross the bedding plane. In addition, the analysis
of the starting time of this stage (when the curve starts to drop
rapidly) shows that the greater the stress, the later the starting time.
The late starting time means that it takes more time for the fracture
to meet the bedding plane, which is caused by the slow propagation
speed of hydraulic fracture under high stress conditions. The third
stage is the gradual recovery stage. In this stage, N-V does not reach
the tensile strength of the vertical joint, and the hydraulic fracture
turns to the bedding plane. It results that the interference stress of
the hydraulic fracture mainly acts on the bedding plane. Therefore,
the tensile stress on the stress curve gradually decreases, and it shows
a slow recovery on the curve. Finally, the curve finally
approaches zero.

Figure 5B shows the N-H stress curve. Similar to the N-V curve,
the N-H curve shows a slight decrease at the early stage. When the
hydraulic fractures approach the intersection, the stress drops
rapidly. When the bedding plane is sheared, the connection at
this point is broken. Now, N-H becomes 0. Compared with the
initial stage, the N-H has a greater drop than the initial stress.
According to the Coulomb slip criterion, if the normal stress on the
bedding plane decreases, the shear strength of the plane decreases. In
conclusion, the N-H curve is higher under high stress conditions.

Figure 5C shows the S-H stress evolution curve. When the
hydraulic fracture is far from the intersection, the value of shear
stress is low. With the approaching of hydraulic fracture, the shear
stress increases gradually. When the hydraulic fracture reaches the
bedding plane, the shear stress increases rapidly. Finally, shear
failure occurs at the intersection, and the shear stress decreases.
It can be seen from the figure that the maximum shear stress
increases with the increase of initial stress.

Figure 5D shows the N-H and S-H stress evolution. The dotted
line in the figure is the critical curve for the failure of the bedding
plane. The vertical dotted line on the left side of the curve indicates
the tensile failure of the bedding plane, while the diagonal dotted line
on the right side indicates the shear failure of the bedding plane. It
can be seen from the figure that shear failure occurred to the bedding
plane in all five cases. It can also be seen from the evolution law of
the curve that the normal stress on the bedding plane decreases and
the shear stress increases with time. Under low stress conditions
(5 MPa and 10 MPa), N-H is in tension when it is damaged. Under
high stress conditions (20 MPa and 25 MPa), N-H is under
compression when the bedding plane is damaged. From the
analysis of stress variation difference, the normal stress reduction
value and the shear stress increase value on the bedding plane are

FIGURE 4
Fluid injection pressure under uniform in-situ stress.
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higher under high stress conditions. The change of stress requires
the supply of injected fracturing fluid, so the difficulty of hydraulic
fracture expansion under high stress conditions increases.

3.1.2 Non-uniform in-situ stress condition
The influence of different initial stresses on fracture propagation

with uniform in-situ stress has been investigated. Based on the
simulation scheme in the previous section, we set the difference
between vertical stress and horizontal stress as 5 MPa, and the fluid
injection time is increased to 30 s. But other parameters are
consistent with those in the previous section. The details about
simulation cases are shown in Figure 6.

Figure 6 shows the fracture propagation under non-uniform in-
situ stress. In the five cases, due to the difference between the vertical
stress and the horizontal stress, the hydraulic fracture can cross the
bedding plane. The increase of vertical stress leads to the increase of
normal stress on the bedding plane, which improves the shear
strength of the bedding plane. From the perspective of initial
stress, when the initial stress is low, the hydraulic fracture has a

large expansion range and the fracture is uniform and circular. With
the increase of initial stress magnitude, the difficulty of hydraulic
fracture propagation increases, and the expansion range decreases
gradually. In addition, when the initial horizontal stress is 25MPa, the
propagation of the hydraulic fracture is hindered when it meets the
bedding plane. The hydraulic fractures first extend along the length of
the fractures, and then gradually break through the bedding plane and
expand vertically. In conclusion, the initial in-situ stress mainly affects
the difficulty of hydraulic fracture propagation. The higher the initial
stress is, the slower the propagation speed of hydraulic fracture is
under the same construction parameters. Therefore, according to
different in-situ stress conditions, appropriate construction
parameters should be determined. On the basis of ensuring the
shape of hydraulic fractures, parameters such as fluid injection rate
should be appropriately increased to improve the efficiency of
fracturing construction.

Figure 7 illustrates the injection pressure under different
horizontal stress conditions. Similarly, the injection pressure
decreases as the fracture propagates. It is easy to know that the

FIGURE 5
Stress curve at the intersection of hydraulic fracture and bedding plane. (A) N-V stress. (B) N-H stress. (C) S-H stress. (D) Stress on the bedding.
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injection pressure is positively correlated with the initial stress by
analyzing different cases. The higher the initial stress is, the greater
the stress difference required for N-V to decrease from the initial
value to cracking. It results in the higher induced stress by pressure
in fracture. Analysis of the stress differences among the cases
demonstrates that the differences between adjacent curves are
relatively uniform at the same time point.

Figure 8 presents the stress curves at the intersection. Figure 8A
illustrates the N-V curve. All the hydraulic fractures cross the
bedding plane and propagate along the vertical joints, so N-V is
the key factor to determine the fracture propagation. From the
figure, N-V are reduced from the initial stress to −10 MPa. By
analyzing the curves, it can be obtained that the N-V curve is
basically decreased directly to −10 MPa in the rapid decrease stage
when the initial horizontal stresses is 5 MPa and 10 MPa. And as the
initial stress rises, the falling rate of the N-V curve slows down in the
later part of the rapid decrease stage. The duration of the slowing
zone increases significantly with the increase of the initial stress.
Combined with the change of fracture propagation pattern analyzed
in Figure 6, the reason for the slowing down of the interval may be
related to the obstruction of hydraulic fractures on the bedding
plane. According to the stress curve, the N-V at the intersection has
not yet reduced to −10 MPa when the hydraulic fracture approaches
the bedding plane. So, the fracture cannot continue to propagate
upward. However, due to the high vertical initial stress, the hydraulic
fractures also cannot meet the condition of turning toward the
bedding. So, the fracture expansion is hindered in vertical and
horizontal direction and it can only propagate along the length
direction. The N-V at the intersection reduces to −10 MPa when the
fracture propagates for a certain length, and at this time the
hydraulic fracture crosses the bedding plane. It is noteworthy
that the duration of slowing zone increases due to the higher
difficulty of fracture propagation under high stress conditions.
That means the obstruction of bedding is slight after
encountering the bedding plane and hydraulic fracture can cross
the bedding plane rapidly when the initial stress is low. While under

FIGURE 6
Fracture propagation with non-uniform stress (difference is 5 MPa).

FIGURE 7
Injection pressure change with different horizontal stress σx
(difference is 5 MPa).
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high stress conditions, the hydraulic fracture is hindered by the
bedding plane, and it takes some time for the hydraulic fracture to
pass through the bedding plane.

Figure 8B shows the N-H stress evolution curve. Similar to
Figure 5B, N-H stress decreases gradually. However, due to the high
initial stress, the lowest value of the stress curve is still greater than 0,
whichmeans that the bedding plane is always in compression.When
the initial stress is low, the reduction of N-H curve is low. However,
due to the low initial value, its minimum value is the lowest. With
the increase of initial stress, the reduction of N-H stress increases.
However, due to the increase of the initial value, the minimum value
of the final N-H stress increases with the increase of the initial stress.

Figure 8C presents the S-H curve. The shear stress has a jump rise
when the hydraulic fracture reaches the intersection point. However, it
still cannot meet the shear failure strength yet. Consequently, the shear
stress remains at a higher value and increases slightly. Similar to the flat
phase of N-V, there is also a slightly rising phase in S-H. When the
hydraulic fracture crosses the bedding plane, the S-H curve drops
suddenly. As can be seen from the figure, the duration of the flat phase
becomes longer as the initial stress value rises. This is same as the N-V

curve, both are influenced by the fracture barrier effect. That is, the
barrier effect of bedding plane on hydraulic fracture is enhanced under
high stress conditions.

Figure 8D shows the evolution curves of the normal and shear
stresses on the bedding plane. At the low stress condition, the bedding
plane reached the condition of shear failure, but the hydraulic fracture
did not propagate along the bedding plane due to the presence of stress
difference. At high initial stress, the stress on the bedding plane does not
reach the shear failure condition. Due to the high initial vertical stress,
the bedding plane is always under compression.

3.2 Effect of stress difference on fracture
propagation

The effect of the initial stress magnitude was explored in the
previous section, and the result shows that the magnitude of the
initial stress value affects the propagation difficulty of the hydraulic
fracture. The greater the initial stress, the more difficult it is for the
hydraulic fracture to propagate. In addition to the initial stress

FIGURE 8
Stress curve at the intersection with different horizontal stress σx. (A) N-V stress. (B) N-H stress. (C) S-H stress. (D) Stress on the bedding.
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magnitude, stress difference has an important effect on the
propagation morphology of hydraulic fractures. Therefore, this
section addresses the effect of stress difference. Stress difference
refers to the difference between vertical stress and horizontal stress.
Changes in both vertical stress and horizontal stress will cause
changes in stress difference, so the influence of vertical stress and
horizontal stress are analyzed separately here.

3.2.1 Effect of vertical stress
In order to investigate the effect of vertical stress on hydraulic

fracture propagation, the horizontal stress was set to 15 MPa and the
vertical stress was set to 16 MPa, 17 MPa, 18 MPa, 19 MPa, and
20 MPa, respectively, which means the stress difference was
1–5 MPa. The injection time was 30 s. The hydraulic fracture
propagation patterns under different cases are presented in
Figure 9. When the vertical stress is low, the stress difference is
small and the hydraulic fracture fails to cross the bedding plane, but
turns to the bedding plane. Meanwhile, the hydraulic fracture
propagates along the length direction. When the vertical stress is
high, the stress difference is large and the hydraulic fracture cross the
bedding plane directly. In summary, the hydraulic fracture
penetration behavior is influenced by the stress difference, and
the tendency of hydraulic fracture penetration increases when the
difference between vertical stress and horizontal stress grows.

Figure 10 illustrates the injection pressure under different
cases. The figure shows that the injection pressure curve is
basically the same. It can be divided into two groups
according to fracture morphology (cross and capture, in
Figure 9). The pressure curves of the two groups were

basically the same before 15 s. Then the injection pressure of
capture is slightly higher than that of the cross during 15 s–30 s.
In the same group, the injection pressure increased slightly with
the growth of vertical stress, but the difference was not obvious.
Hence, if hydraulic fracture mainly propagates in the vertical
joints, the injection pressure is mainly controlled by the
horizontal stress and is little influenced by the vertical stress.
The vertical stress mainly affects the normal stress on the bedding
plane. It limits the fracture turning to bedding plane by increase
the normal stress on the bedding plane.

FIGURE 9
Fracture propagation of different vertical stresses (σx=15 MPa).

FIGURE 10
Injection pressure with different vertical stresses σz (σx=15 MPa).
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Figure 11 shows the stress curve at the intersection. Figure 11A
shows the N-V stress evolution curve. The stress curve overlaps
before 15 s, indicating that the fracture propagation is controlled by
horizontal stress before the hydraulic fracture encounters the
bedding plane. During 15–30 s, the fractures can be divided into
2 groups according to their morphologies (cross and capture). The
fracture turns to the bedding plane under the condition of low
vertical stress, so the N-V can continue to maintain a certain stress
and gradually tends to 0. Under the high vertical stress condition
(19 MPa and 20 MPa), the hydraulic fracture crosses the bedding
plane, that is why N-V becomes 0 directly and the two curves
coincide. This is due to the fact that the propagation is not affected
by vertical stress when a hydraulic fracture crosses the layer.

Figure 11B shows the N-H stress evolution curve. In the first half
of the curve (0–15 s), the difference between the curves remains the
same. It results that the minimum value of N-H under low vertical
stress is small. Low N-H stress means that the shear strength of the
bedding is not high and the bedding is more prone to shear failure
resulting in the propagation of hydraulic fractures along the bedding
plane. In conclusion, the effect of vertical stress on hydraulic fracture
penetration is mainly through influencing the normal stress on the

bedding plane, which then influences the shear strength of the
bedding plane and finally determines the penetration behavior of
the hydraulic fracture. During 15–30 s, the curves can be divided
into two groups according to the failure state. However, the stress
has no significant effect on the fracture propagation in this stage.

Figure 11C shows the S-H stress evolution curve. The shear
stress curves coincide before the hydraulic fractures reach the
bedding plane. After the hydraulic fracture meets the bedding
plane, the shear stress shows slight difference. Figure 11D shows
the stress path on the bedding plane. It can be seen from the figure
that in the cases where fractures are captured (vertical stress is
16–18 MPa), the shear stress increases slightly with the increase of
vertical stress. However, the main reason for its shear failure is that
the low N-H leads to the reduction of the shear strength of the
bedding plane. In this case, the shear failure of the bedding can occur
under the condition of low shear stress.

In conclusion, the essence of the influence mechanism of vertical
stress on the bedding behavior of hydraulic fractures is to change the
normal stress on the bedding plane, and then affect the shear
strength of the horizontal bedding plane. For bedding plane, the
vertical stress is the normal stress on the surface. Under the

FIGURE 11
Stress curve at intersection with different vertical stresses σz (σx=15 MPa). (A) N-V stress. (B) N-H stress. (C) S-H stress. (D) Stress on the bedding.
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condition of low stress difference, the vertical stress is small. So, the
normal stress on the bedding plane is small. It results in the low
shear strength of bedding. Therefore, the bedding plane is prone to
shear failure in this case. After the shear failure of the bedding plane,
the hydraulic fracture can expand along the bedding plane. In this
way, the normal stress on the vertical joint cannot be transferred
effectively. Therefore, the hydraulic fractures cannot continue to
expand vertically.

3.2.2 Effect of horizontal stress
In addition to the vertical stress, the horizontal stress is another

key to the stress difference. In order to analyze the influence of
horizontal stress, the vertical stress is set as 15 MPa, and the
horizontal stress is set as 14 MPa, 13 MPa, 12 MPa, 11 MPa and
10 MPa respectively, that is, the stress difference is 1–5 MPa. And
other parameters are the same as 3.2.1.

Figure 12 presents the fracture propagation under five cases.
From the perspective of stress difference, the results are similar to
those in Section 3.2.1. Under the condition of low stress difference,
the hydraulic fractures fail to cross the bedding plane. And the
hydraulic fractures propagate along the bedding plane and mainly
along the fracture length. However, under the condition of high
stress difference, the hydraulic fractures continue to propagate
vertically through the bedding plane. From the perspective of
horizontal stress, the reduction of horizontal stress increases the
possibility of hydraulic fracture penetrating the bedding plane.

Figure 13 shows the fluid injection pressure under different
horizontal stress. As can be seen from the figure, the injection
pressure drops with the decrease of horizontal stress. This is because

the expansion of hydraulic fractures is mainly in the vertical joint
plane, so the injection pressure is mainly related to the normal stress
(for vertical joint, the normal stress is horizontal stress) of the
fracture plane. Note the difference between adjacent curves at the
same time point. At the beginning, the difference between the curves
is basically the same. In the later stage (such as 30 s), it is divided into
two groups according to the fracture morphology. The maximum

FIGURE 12
Fracture propagation under different horizontal stresses (σz=15 MPa).

FIGURE 13
Injection pressure with different horizontal stresses σx
(σz=15 MPa).
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spacing is between 11 MPa and 12 MPa. The fracture shape
corresponding to 11 MPa is crossing, and the fracture shape
corresponding to 12 MPa is captured. According to the pressure
difference, the pressure of the hydraulic fracture after penetrating
the bedding is low. This shows that the expansion difficulty of
hydraulic fracture after penetrating the bedding is lower than that of
capture in this case.

Figure 14 shows the stress evolution curve at intersection. And
Figure 14A shows the N-V stress evolution curve. The curves in the
figure can be divided into two categories according to the fracture
morphology. The hydraulic fracture crosses the bedding plane when
the horizontal stress is low (10 MPa and 11 MPa). When the N-V
curve is reduced to −10 MPa, the tensile strength of the vertical joint
is reached. After fracture cracking, the joint connection fails and the
normal stress becomes 0. The stress is not reduced to −10 MPa when
the horizontal stress is high because of the high initial value of N-V.
At this time, the bedding plane meets the shear failure, so the
hydraulic fracture turns toward the bedding plane. Consequently,
the mechanism of horizontal stress on hydraulic fracture
penetration is mainly the evolution of N-V stress. When the
horizontal stress is low, the reduction value of N-V from the
initial value to the failure criterion is small. On the contrary,
when the horizontal stress is high, the initial stress of N-V is
high, which rises the range of stress reduction and makes it
difficult for the hydraulic fracture to continue vertical propagation.

Figure 14B shows the N-H curve. It can be seen from the figure
that the lowest value of the curve before failure decreases with the
increase of horizontal stress. This shows that the higher the
horizontal stress is, the greater the reduction of N-H. According
to Figure 13, the higher the horizontal stress, the greater the injection
pressure. Stress disturbance was caused by fracturing fluid injection.
The N-H reduction is the result of induced stress by injection.
Therefore, the high horizontal stress leads to a large decrease of N-H.
Under low horizontal stress, N-H only decreases slightly. This leads
to high N-H. According to Coulomb slip theory, high N-H means

high shear strength of bedding plane. Here, the difficulty of shear
failure of bedding plane increases. It results in an increase in the
probability of hydraulic fracture crossing the bedding plane.

The influence of horizontal stress on N-V and N-H are
comprehensively considered. On the one hand, low horizontal
stress results in low initial value of N-V. The low N-V reduces the
tensile strength of vertical joints. This is conducive to the vertical
propagation of hydraulic fractures. On the other hand, low
horizontal stress leads to a higher value of N-H, which
increases the shear strength of the bedding plane and is not
conducive to the hydraulic fracture turning to the bedding plane.
In conclusion, low horizontal stress is conducive to hydraulic
fracture penetration.

4 The effect of stress on penetration
behavior with tensile-failure bedding
plane

The fracture propagation law of shear-failure bedding plane is
analyzed above. Combined with stress analysis, it can be seen that
the normal stress on the bedding plane decreases gradually in the
process of hydraulic fracture propagation. With the decrease of
stress, the bedding plane changes from compression to tension. If
the tensile strength of bedding plane is low, tensile failure may occur
on the bedding plane. Therefore, the analysis of tensile failure
bedding is carried out to explore the influence mechanism of
stress on the fracture propagation law in tensile-failure bedding
plane. There are two main propagation modes of hydraulics
fractures in the tensile-failure bedding model. One is the tensile
failure of the vertical bedding plane. The hydraulic fracture
propagating vertically and crosses the bedding plane in this
model. Another is the tensile failure of the bedding plane. The
hydraulic fractures will turn and propagating along the bedding
plane in this model.

FIGURE 14
Stress curve at intersection with different horizontal stresses σx (σz=15 MPa). (A) N-V stress. (B) N-H stress.
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4.1 The effect of initial stress magnitude on
fracture propagation

Studies have shown that the initial stress magnitude has a
significant impact on fracture morphology. In order to analyze
the influence of initial stress on fracture morphology, the
difference between horizontal stress and vertical stress is set to
2 MPa. The initial horizontal stress is 20 MPa, 15 MPa, 10 MPa and
5 MPa respectively. The injection rate is 5 mL/s. The viscosity of
fracturing fluid is 1 cp. And the injection time is 25 s. The results of
the above 4 cases are shown in Figure 15.

The results show that the initial stress affects the fracture
propagation. When the initial horizontal stress is 20 MPa, the
hydraulic fracture cannot cross the bedding plane, and the
fractures mainly propagating along the length direction and the
fracture height is limited. When the initial horizontal stress is
15 MPa, the hydraulic fracture crosses the bedding plane and
continues to propagate vertically. As the initial horizontal stress
decreases, the fracture morphology changes, and the hydraulic
fracture cannot cross the bedding plane. The hydraulic fracture
turns and spreads along the bedding plane. When the initial
horizontal stress is 5 MPa, the range of fracture is obviously
larger than that of 10 MPa. From the perspective of fracture
range, it is affected by the initial stress. The higher the initial
stress is, the smaller the fracture range is. This is consistent with
the conclusion in the shear-failure bedding plane. In addition to the
influence on the propagation range, the initial stress value also
affects the fracture morphology. A small initial stress value will
increase the tendency of hydraulic fractures to be captured. From the

analysis of fracture aperture, it can be seen that the increase of initial
stress will increase the aperture. As discussed in last section, the
initial stress affects the fluid pressure in the fracture. The greater the
pressure in the fracture, the greater the fracture deformation. For
this kind of bedding, the stress difference is not the only factor that
affects the fracture penetration behavior. When fracturing is carried
out in reservoirs with different burial depths, the stress of the
formation shall be evaluated in detail. Then fracturing design is
carried out according to different initial stresses.

Stress is the essence of fracture propagation. And in the
simulation of tensile-failure bedding, it is mainly the vertical
propagation of hydraulic fracture (tensile failure) and the tensile
failure of horizontal bedding. Therefore, only the normal stress at
the intersection should be analyzed. The stress evolution curves of
the four cases are extracted respectively, and the results are shown in
Figure 16.

It can be seen from the figure that in the early stage of hydraulic
fracture propagation, the normal stress N-H and N-V are in a slow
decline stage. When the hydraulic fracture approaches the bedding
plane, the normal stress enters a rapid decline stage. Figure 16A
shows the stress evolution curve with an initial horizontal stress of
20 MPa. After the hydraulic fracture encounters the bedding plane
(after the rapid decline stage, about 14 s later), the N-H stress on the
bedding plane does not reach −3 MPa (tensile strength for tensile-
failure bedding), and N-V does not drop to −10 MPa (tensile
strength for vertical joint). Therefore, both tensile failures will
not occur. Due to the high shear strength of the bedding plane,
shear failure will not occur, so the fracture is limited to the bedding
plane and can only propagate in the length direction. At this stage,

FIGURE 15
Fracture morphology of different initial stress.
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both N-H and N-V decrease slowly, and when one stress meets the
failure criterion, the hydraulic fracture continues to propagate
outward. According to the curve in the figure, N-V can
reach −10 MPa. Therefore, it can be predicted that under this
case, the hydraulic fracture will eventually cross the bedding
plane and continue to propagate vertically.

Figure 16B shows the stress curve under the condition that the
horizontal stress is 15MPa. In those cases, the stress does not meet any
failure criterion after the hydraulic fracture meets the bedding plane. So,
N-H and N-V enter the slightly decline stage. Finally, the N-V
reaches −10MPa, and the hydraulic fracture crosses the bedding plane.

Figure 16C is the stress evolution curve with an initial horizontal
stress of 10MPa. Due to the low initial stress, the N-H has been reduced
to-3 MPa in the rapid decline stage. So, the tensile failure of the bedding
plane occurs. Then the fracturing fluid enters the bedding plane, and the
hydraulic fracture continues to propagate along the bedding plane.

Similarly, Figure 16D shows the stress curve under the condition
that the initial horizontal stress is 5 MPa. N-H first decreases
to −3 MPa, tensile failure occurs on the bedding surface, and
hydraulic fractures propagate along the bedding plane.
Comparing Figures 16C, 16d, the latter has a shorter initial time.

There are two reasons for it. First, fractures are easy to expand under
low stress conditions. Second, the initial value of N-H is small, and
the required reduction range to reduce to—3 MPa is small.

The cross or captured of hydraulic fractures is related to the
decrease of N-H and N-V. The higher the initial stress, the greater
the required reduction range to reach the critical stress. Figure 17
analyzes the initial values, minimum values and stress drops of N-H
and N-V under different cases. According to the figure, and the
decreases of N-H and N-V increased with the increase of initial
stress. Therefore, the increase of initial stress will increase the
difficulty of fracture failure. By comparing N-H and N-V, it can
be seen that the reduction of N-V is greater than that of N-H.
Combined with the stress curve, when the initial horizontal stress is
20 MPa and 15 MPa, the reduction rate of N-H is smaller than that
of N-V. Therefore, N-V first reaches the failure condition, and the
hydraulic fracture will directly cross the bedding plane. When the
initial horizontal stress is 10 MPa and 5 MPa, both N-H and N-V are
in the rapid reduction stage, and the initial value of stress is low. N-H
can reach—3 MPa in the rapid reduction stage, so the bedding is first
subject to tensile failure. In conclusion, the internal reason for the
influence of initial stress on the behavior of hydraulic fracture

FIGURE 16
Stress curves of different initial stress values. (A) σx= σy= 20 MPa, σz= 18 MPa. (B) σx= σy= 15 MPa, σz= 13 MPa. (C) σx= σy 10 MPa, σz= 8 MPa. (D) σx=
σy = 5 MPa, σz = 3 MPa.
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penetration is that the lower initial stress can ensure that the N-H
stress has reached the tensile strength of the bedding plane in the
rapid reduction stage.

4.2 Effect of stress difference on fracture
propagation

4.2.1 Effect of vertical stress
The stress difference has a significant effect on the

penetration behavior of hydraulic fractures. In order to

analyze the influence of vertical stress on the behavior of
hydraulic fractures, the horizontal stress is set to 10 MPa, and
the vertical stresses are 6 MPa, 8 MPa, 10 MPa and 12 MPa,
respectively. The corresponding stress differences (the vertical
stress minus the horizontal stress) are −4 MPa, −2 MPa, 0 MPa
and 2 MPa. The injection time is set to 15 s, and other parameters
are consistent with above. Fracture propagation morphology
under four cases is shown in Figure 18.

The forms of hydraulic fractures are different with different
vertical stress. When the vertical stress is small (6 MPa and 8 MPa),
the hydraulic fractures propagate along the bedding plane.When the

FIGURE 17
Stress drop under different cases (stress difference is 2 MPa). (A) Stress change of N-H. (B) Stress change of N-V. (C) Stress drop of different cases.

FIGURE 18
Fracture morphology with different vertical stresses.
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vertical stress is large (10 MPa and 12 MPa), the hydraulic fractures
propagate vertically through the bedding plane. This shows that with
the increase of vertical stress, the difficulty of hydraulic fracture
turning to bedding plane increases. And the vertical stress affects the
aperture of the fracture. The smaller the vertical stress, the smaller
the maximum aperture of the fracture.

Comparing the morphology of captured fracture in shear-
failure bedding (e.g., Figure 3; Figure 9; Figure 12) and tensile-
failure bedding (e.g., Figure 15; Figure 18), the former will still
propagate in the direction of fracture length after shear failure on
the bedding plane, while the propagation distance on the bedding
plane is shorter. The fracture morphology of the latter tends to
extend along the bedding plane, and the fracture length is shorter
than shear-failure type. This is related to the failure form of both.
The failure mode of shear-failure type bedding is shear failure.
However, the fractures may not open after the shear failure of
bedding. When the pressure inside the fractures overcomes the
normal stress of the fracture surface, the fracture opens. The
shear stress caused by hydraulic fractures mainly acts near the
intersection line. The shear stress far away from the intersection
line decreases, which cannot cause the shear failure of the
bedding plane. In addition, the tensile strength of the bedding
is high, and the bedding is difficult to meet the requirements of
tensile failure. Therefore, the fractures are limited between
bedding planes and can only extend along the length
direction. In tension-failure bedding, the failure mode of
bedding is tension failure. And the fracturing fluid directly
enters the bedding plane after failure. The tensile strength of
the bedding plane is low, so the fluid pressure in the bedding
plane can ensure the fracture expansion. Even because the
strength of bedding plane is far lower than that of rock mass,
bedding plane has become the main channel for hydraulic
fracture expansion.

According to the stress evolution curves (summarized in
Figure 19), N-H is divided into two categories according to the

fracture morphology. When the vertical stress is low, the N-H
curve can be divided into slightly reduction stage, rapid
reduction stage and flat stage. Firstly, before the hydraulic
fracture reaches the bedding plane, the induced stress of N-H
is small, and the curve shows a slow decline. When the hydraulic
fracture approaches the bedding plane, the N-H decreases
rapidly due to the induced stress caused by the fracture.
When it is reduced to −3 MPa, the fracture opens due to
tensile failure of bedding plane. Then the N-H becomes 0.
When the bedding plane is opened, the fracturing fluid enters
the bedding plane. Because of the low tensile strength of the
bedding plane, the hydraulic fractures propagate along the
horizontal bedding plane. When the vertical stress is large,
N-H is always greater than −3 MPa, so no tensile failure
occurs on the bedding plane.

The analysis of the N-V curve shows that before the hydraulic
fracture meets the bedding plane (about 7 s), the stress curves
coincide. After encountering the bedding plane, N-H is reduced
to −3 MPa during rapid reduction stage due to the small initial
N-H of the low vertical stress, resulting in bedding failure and
fracture deflection. Therefore, N-V cannot be further reduced.
However, when the vertical stress is high, the initial N-H is high,
and the N-H is still greater than-3 MPa after the rapid reduction
stage. The bedding plane is not destroyed, and the N-H enters the
slow reduction stage. Therefore, N-V can continue to decline.
When N-V drops to −10 MPa, the hydraulic fractures propagate
vertically.

In conclusion, the effect of vertical stress on the penetration
behavior of hydraulic fractures is mainly to affect the initial value of
N-H.When the vertical stress is low, the initial value of N-H is small.
Therefore, it is easy for the bedding plane to change from
compression to tension. On the contrary, when the vertical stress
is high, the initial value of N-H is large, and the compressive stress
on the bedding is large. So, it is difficult to change from compression
to tension. If the bedding plane is not subject to tensile failure, the

FIGURE 19
Stress evolution curve at intersection with different vertical stress σz (σx=σy=10 MPa). (A) N-H stress. (B) N-V stress.
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hydraulic fracture will expand vertically. In a word, with the increase
of vertical stress, hydraulic fractures are easier to cross the bedding.

4.2.2 Effect of horizontal stress
Horizontal stress is another key factor causing stress difference.

In order to analyze the influence of horizontal stress on fracture
propagation, the vertical stress is set to 10 MPa. And the horizontal

stresses are 8 MPa, 10 MPa, 12 MPa and 14 MPa, respectively. The
difference between vertical stress and horizontal stress is 2 MPa,
0 MPa, −2 MPa and −4 MPa, respectively. The injection time is 15 s,
and the other parameters are the same as the previous section. The
results are shown in Figure 20.

According to the figure, when the horizontal stress is small
(8 MPa and 10 MPa), the hydraulic fractures cross the bedding

FIGURE 20
Fracture morphology under different vertical stresses.

FIGURE 21
Stress curve at intersection with different horizontal stress σx (σz =10 MPa). (A) N-H stress. (B) N-V stress.
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plane. As the horizontal stress increases (12 MPa and 14 MPa),
the hydraulic fractures are captured by the bedding plane.
Combined with the stress evolution curve (Figure 21), when
the horizontal stress is small, the initial value of N-V is low.
Therefore, the pressure in the fracture required for the vertical
propagation of the fracture is small. The decrease of N-V
required for vertical fracture propagation is small, which
leads to the small induced stress by hydraulic fractures.
However, the initial value of N-H is the same, and the N-H
cannot be reduced to −3 MPa under low stress conditions. So,
the bedding plane will not be damaged. Owing to the low initial
value of N-V, the hydraulic fracture first reaches −10 MPa,
resulting in vertical propagation of hydraulic fracture. On the
contrary, if the horizontal stress is high, the fracture pressure
during the vertical propagation is large. High pressure leads
large induced stress, resulting in the N-H decreasing to −3 MPa
at first. Then, the hydraulic fractures will propagate along the
bedding plane.

To sum up, the influence of vertical stress on fracture
morphology is mainly on the initial value of N-H. The higher
vertical stress leads to the increase of the initial normal stress on
the bedding plane, which increases the opening difficulty of the
bedding plane. The influence of horizontal stress is divided into two
aspects. On the one hand, horizontal stress affects the initial value of
N-V, lower horizontal stress results in lower initial N-V value and
less stress reduction required for N-V. On the other hand, if the
horizontal stress is small, the vertical propagation difficulty of
hydraulic fracture is low. So, the fracture pressure is small. Then
the induced stress by pressure is small. As a result, the reduction of
N-H is small and cannot meet the tensile criterion of bedding plane.
It can be concluded that the increase of vertical stress or the decrease
of horizontal stress will increase the tendency of hydraulic fractures
crossing the bedding.

5 Conclusion

(1) According to the failure characteristics of the bedding plane,
it can be divided into shear-failure bedding and tensile-
failure bedding. The shear-failure bedding mainly
considers the shear failure behavior on the bedding plane.
While the tensile-failure bedding mainly focuses on the
tensile behavior on the bedding plane. The failure
characteristics of the two are also different. After the shear
failure of the bedding plane, it is difficult for the bedding
plane to maintain the shear failure, so the hydraulic fracture
will propagate in the length direction. However, the tensile
strength of tensile failure bedding plane is small in tensile-
failure bedding. So, the bedding plane is the dominant path of
fracture propagation, and the length of hydraulic fractures is
shorter than the shear-failure bedding.

(2) The initial stress mainly affects the difficulty of hydraulic
fracture propagation. The inherent mechanism is that the
normal stress on the fracture needs to be reduced from the
initial stress to the failure stress during the fracking.
Therefore, the greater the initial stress, the greater the

stress reduction required for fracture propagation.
Therefore, the effect of initial stress on the fracture
penetrating is summarized as follows: the smaller the
initial stress is, the smaller the barrier effect of bedding
plane on the hydraulic fracture penetration.

(3) The vertical stress mainly affects the normal stress on the
bedding plane. For the shear-failure bedding plane, the
vertical stress determines the shear strength of the
bedding plane by affecting the normal stress on the
bedding plane. The smaller the vertical stress, the lower
the shear strength of the bedding plane. For tensile-failure
bedding planes, vertical stress affects the difficulty of tensile
failure of bedding planes. When vertical stress is small, the
difficulty of tensile failure of bedding planes decreases. In
consequence, the low vertical stress is conducive to the
propagation of hydraulic fractures along the bedding
plane, and the fractures are easier to be captured.

(4) The horizontal stress affects normal stress on vertical bedding
planes. The large horizontal stress increases the difficulty of
vertical propagation of hydraulic fractures. So, the increase of
horizontal stress will aggravate the difficulty of hydraulic
fracture crossing the bedding. In addition, due to the
increase of the pressure in the fracture, the induced stress
increases. Then, the stress reduction on the bedding plane
increases, which reduces the difficulty of the failure of the
bedding plane and is conducive to the hydraulic fracture
turning to the bedding plane.
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