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The complex fracture network formed by volume fracturing of shale gas reservoir is very
important to the effect of reservoir reconstruction. The existence of bedding interface will
change the propagation path of the hydraulic fracture in the vertical direction and affect the
reservoir reconstruction range in the height direction. The three-point bending test is used
to test and study the mechanical parameters and fracture propagation path of natural
outcrop shale core. On this basis, a two-dimensional numerical model of hydraulic fracture
interlayer propagation is established based on the cohesive element. Considering the fluid-
solid coupling in the process of hydraulic fracturing, the vertical propagation path of
hydraulic fracture under different reservoir properties and construction parameters is
simulated. According to the results, the strength of the bedding interface is the weakest,
the crack propagation resistance along the bedding interface is the smallest, and the crack
propagation path is straight. When the crack does not propagate along the bedding
interface, the fracture propagation resistance is large, and the fracture appears as an arc
propagation path or deflection. The difference between vertical stress and minimum
horizontal stress difference, interlayer stress difference and interface stiffness will have a
significant impact on the propagation path of vertical fractures. Large injection rate and
high viscosity fluid injection are helpful for vertical fractures to pass through the bedding
interface, and low viscosity fracturing fluid is helpful to open the bedding interface. This
research work is helpful to better understand the characteristics of bedding shale and the
interlayer propagation law of vertical fractures, and to form the stimulation strategy of shale
gas reservoir.
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INTRODUCTION

Horizontal well multi-stage cluster fracturing technology is a necessary means for shale gas reservoir
development (Longde et al., 2019). The vertical propagation of hydraulic fractures is one of the
important factors to be considered in fracturing design. It determines the transformation range of
volume fracture network in the vertical direction and is related to the effect of reservoir
transformation (Jian et al., 2007; Zhu et al., 2015; Khanna and Kotousov, 2016; Guangqing
et al., 2018). There are a lot of weak bedding cementation interfaces in shale reservoir. These
weak bedding cementation interfaces are discontinuous surfaces (Gale et al., 2007; Gale et al., 2014),
which affect the propagation path of vertical fractures.
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It has been considered that when the crack tip extends to the
bedding interface, there are three propagation behaviors in the
height direction: (1) the vertical crack stops propagation; (2)the
vertical fracture passes through the bedding interface; and (3)the
vertical fracture deflects along the bedding interface (Haifeng and
Mian, 2010). Due to the existence of weak cemented bedding
interface, the propagation path of vertical fractures will be
affected, which may cause the propagation path of vertical
fractures to deviate from the original path, which is a
necessary condition for the formation of complex fracture
network (Lee et al., 2015). Aiming at the propagation path of
hydraulic fractures at the bedding interface, relevant scholars
established a fracture propagation criterion based on energy
release rate and stress intensity factor (Hussain et al., 1973;
Nuismer, 1975; He and Hutchinson, 1989; Jinzhou et al., 2014;
Wan et al., 2014; Zeng and Wei, 2017). But the derivation is
extremely complex. Some scholars have studied the propagation
characteristics of fracture network in unconventional reservoirs
by using machine learning and fractal theory (Wang et al., 2020;
Wang et al., 2021).

At present, there have been many experimental studies on
hydraulic fracture propagation with bedding interface. The
preliminary study shows that the natural fracture interface in
the formation cannot completely change the extension direction
of hydraulic fractures (Koenig and Stubbs, 1986). The indoor
triaxial hydraulic fracturing simulation experiment of shale
believes that the hydraulic fracture will propagate through the
natural fracture interface only under the condition of high stress
difference and large included angle (Blanton, 1982; Blanton,
1986). In addition, the three-point bending experiments of
half disk and cylindrical straight notch patterns are also used
to study the fracture propagation law under different shale
bedding orientations (Lee et al., 2015; Chandler et al., 2016;
Wang et al., 2017; Forbes Inskip et al., 2018; Luo et al., 2018;
Fakai et al., 2019). Some scholars use three-point bending and
Brazilian splitting experiments to analyze the effect of shale
bedding on hydraulic fracture propagation from the stress field
distribution at the crack tip of anisotropic materials (Heng et al.,
2015; Shuai et al., 2019). With the development of technology,
digital image technology (He et al., 2013), acoustic emission, and
CT scanning technology (Dan et al., 2015; Zhi et al., 2015) are also
used to study the influence of shale bedding structure on
hydraulic fracture propagation.

Although these experimental studies have studied the
propagation path and failure mechanism when the
hydraulic fracture intersects with the bedding interface, they
have not systematically revealed the propagation path law
when the vertical fracture intersects with the bedding
interface. The numerical simulation can make up for the
shortcomings of the experiment. The numerical simulation
method is also widely used to study the law of crack
propagation path. At present, cohesive elements have good
practicability in simulating hydraulic fracture propagation.
XFEM cannot be directly used to simulate the intersection
of hydraulic fractures and bedding interface. It needs to
automatically realize the pressure continuity and mass
balance at the intersection of hydraulic fractures by sharing

a fluid node, so as to establish the hydraulic fracture
propagation model in the formation with natural fractures
(Shi et al., 2017). This method requires Python for secondary
development, and the process is cumbersome. Cohesive
elements can model intersecting cracks, which follows the
bilinear traction separation criterion. Based on a cohesive
element, a multi-layer hydraulic fracture propagation model
considering fluid solid coupling and bedding interface in
hydraulic fracturing fluid injection process can be
established to simulate and calculate the hydraulic fracture
propagation direction under the conditions of different
vertical stress, bedding plane angle, and bedding interface
tensile strength (Hanyi, 2019; Chao et al., 2020). The
globally embedded cohesive element can be used to carry
out the fracture propagation characteristics of any path (Jun
et al., 2021), taking into account the bedding of the stratum
and the characteristics of natural fracture development (Shi
et al., 2020; Yizhao et al., 2021).

To sum up, for the theoretical study of interlayer propagation
of vertical fractures, the theoretical derivation is too complex, and
the influence of the existence of bedding cementation interface on
the height of vertical fractures is not well considered in
experiments and numerical simulation. In this paper, the core
of natural outcrop shale is tested by three-point bending
experiment, and the mechanical parameters and propagation
path of bedding shale are obtained. The finite element
calculation model of the propagation path of vertical fracture
at the bedding interface is established by using a cohesive element,
considering the fluid-solid-damage coupling in the process of
hydraulic fracturing, The law of vertical crack propagation path
under different geological and construction conditions is
calculated.

EXPERIMENTAL METHODS AND RESULTS

Outcrop Shale Core Processing Method
Shale is a typical transversely isotropic material. The direction of
the bedding interface shall be considered in the test. Figure 1
shows three relative positional relationships between the
hydraulic fracture propagation path and the bedding interface
in bedding developed shale reservoir. Arrester and Divider are,
respectively, used to characterize the two typical phenomena that
may occur when the crack propagates to the bedding, that is, the
Arrester orientation where the crack stops at the bedding and the
bedding continues to crack and the Divider orientation where the
crack is divided into multiple cracks by the bedding with priority
cracking. The orientation of the notch plane parallel to the
bedding plane in the figure is called Short-Transverse, which
represents the notch orientation when the crack extends directly
along the bedding.

The natural outcrop shale core used in this study is taken from
Weiyuan shale gas well area, Sichuan, China, and the surface
weathered part has been removed in advance during sampling.
The core of natural outcrop shale is processed into a cuboid
specimen, and the specimen is long × wide × height � 200 × 40 ×
40 mm, a prefabricated crack opening is set in the middle of the
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bottom of the shale specimen, the height of the prefabricated
crack opening is 8 mm, and the ratio of the prefabricated crack
height to the core height is 0.2. Three shale cores of each type are
processed, and a total of 15 shale cores are processed. The specific
details of core sampling are shown in Figure 1. All processed
shale outcrop specimens shall be numbered. Arrester type,
Divider type, and Short-Transverse type are represented by
letters A, D, and S, respectively, and numbered by adding
numbers 1, 2, and 3 after the letter.

Three-Point Bending Loading Test of
Bedding Shale
Mechanical Property Parameters of Bedding Shale
The three-point bending test is used for loading. The span of the
three-point bending is 160 mm during the loading process.
Because the shale may have great brittleness, the constant
loading speed of 0.002 mm/min is used for loading during the
loading process. Figure 2 shows the load-displacement curve of
the testing machine during the loading.

As can be seen from the curves, the shapes of all curves are very
similar. In the initial stage of loading, the load increases slightly,

and then the load tends to be stable; with the continuous
application of load, the load begins to increase gradually until
the load reaches the peak load. When the load reaches the peak
load, the test piece suddenly breaks. It is directly broken into two
halves, and collapses and falls off the fixture. At the same time, the
load curve falls off. The complete curve is not obtained during the
whole loading process. This phenomenon also reflects that shale
has strong brittle properties.

The calculation formula of tensile strength of a rectangular
three-point bending specimen with prefabricated crack opening
is as follows:

σt � 3FmaxS

2t(h − a)2 (1)

where Fmax represents the maximum load, N; S is the span of the
test piece, m; t is the thickness of the test piece, m; h is the height
of the test piece, m; a is the length of precast crack, m.

The fracture toughness calculation formula of a rectangular
three-point bending specimen with prefabricated crack opening
is as follows:

Kc � F

β
��
W

√ f( a
W
) (2)

where: S, B, andW are the span, thickness, and height of the test
piece, respectively; a0 is the length of the precast crack. For

FIGURE 1 | Schematic of the fracture propagation and details of sample preparation.

FIGURE 2 | Load-displacement curve.

FIGURE 3 | Crack propagation shape and section shape of S-3
specimen.
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three-point bending, there is the following function (Anderson,
1991).

f( a
W
) � 3

s

W

��
a

W

√
2(1 + 2

a

W
)(1 − a

W
)3/2×

[1.99 − a

W
(1 − a

W
){2.15 − 3.39( a

W
)} + 2.7( a

W
)2]

(3)

Figure 3 shows the relevant parameter values of an outcrop
shale specimen obtained according to the three-point bending
loading test results.

The parameter of sample S-3 is abnormal, and its parameter
value is lower than that of the other two samples. This is because
in the loading process, because the prefabricated crack of the
specimen is not located on the bedding interface with the lowest
strength during processing, the vertical crack starts at the
position with lower strength. Figure 3 shows the crack
morphology of an S-3 sample after complete failure. The
crack shape of the specimen is straight and the section is flat.
Many spalling bedding are found on the specimen section,
which also shows that there are many bedding interfaces
with low strength.

For different bedding interface orientations, it can be seen
from Figure 4 that the strength of S-shaped specimens along the
bedding interface is low. For D-type and A-type bedding plane

orientation specimens, the peak load, tensile strength, and
fracture toughness are greater than those of S-type specimens,
but they are not obvious. In general, the mechanical strength of
shale specimens with three typical bedding orientations presents
Divider > Arrester > Short-Transverse.

Vertical Fracture Propagation Path of Bedding Shale
Figure 5 shows the crack propagation paths of all specimens. It
can be seen that the propagation paths of vertical cracks of
different types of specimens are different.

For Short-Transverse specimens, the notch direction is
along the bedding plane. When subjected to external load,
the crack starts to crack and expand along the bedding surface
along the notch tip, and the fracture path does not turn and
offset. It is a straight line along the bedding interface, and the
section is relatively flat and smooth. This is because the
cementation strength of the bedding interface is weaker
than that of the shale body, and the ability to resist fracture
is weaker.

For the Divider sample, the structure is that the notch passes
through the bedding plane orthogonally. At the beginning of the
vertical crack, the propagation path of the crack deviates to a
certain extent, but the deviation of the propagation path
gradually turns to the vertical direction after a short distance.
Due to the action of three-point bending tensile stress, the
influence of the bedding interface gradually weakens in the
process of further propagation, and the fracture is more affected
by tensile stress, making its propagation path turn to the vertical
direction.

For the Arrester specimen, its structure is perpendicular to the
bedding plane in the notch direction. After the vertical crack
starts, the vertical crack deflects at the bedding interface due to
the shale bedding interface. In the experiment, the vertical crack
passes through the bedding interface, and the propagation path
has been offset.

We know that the crack initiation and propagation is due to
the stress intensity factor at the crack tip reaching the fracture
toughness of the material. The fracture toughness of the
material is an inherent attribute, and its size determines
the ability of the material to resist crack propagation. Due

FIGURE 4 | Experimental results of three-point bending loading.

FIGURE 5 | Vertical crack propagation path and fracture section.
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to the anisotropy of bedding shale, its fracture toughness is
different in different bedding directions, which shows
different ability to resist crack propagation. According to
the mechanical property parameters of shale under
different bedding orientations obtained from the previous
three-point bending test, for fracture toughness, in general,
the mechanical strength of shale specimens with three typical
bedding orientations presents Divider > Arrester > Short-
converse. This shows that when the crack propagates along
the bedding interface, its fracture toughness is the smallest,
the resistance of the bedding shale to crack propagation is
small, and the crack is easier to propagate along the bedding
interface and form a flat crack shape. For the divider type
specimen and arrester type specimen, the fracture toughness
value is higher than that of the short reverse type specimen,
and the vertical crack will be affected by the bedding interface
during the propagation process, which will offset or deflect the
propagation path of the vertical crack. For the divider
specimen, the vertical crack presents a smooth arc and a
stepped section in the propagation process, and the
propagation process is affected by the combined action of
the bedding interface and tensile stress. For arrester
specimens, the cracks appear obvious deflection and arc-
shaped path along the bedding interface. Its expansion is
mainly affected by the bedding interface, and the crack
shape is relatively complex.

Although we obtained the mechanical property parameters
of the bedding shale by an experimental method, obtained the
law of vertical fracture interlayer propagation path, and had a
preliminary understanding of the vertical fracture propagation
of the bedding shale, compared with the actual formation
conditions, the factors such as in-situ stress and pore
pressure cannot be considered by an experimental method.
Therefore, on the basis of the experiment, the cohesive
element is used to simulate the propagation of vertical
fractures in the formation, so as to make up for the
deficiency of the experiment.

NUMERICAL SIMULATION METHOD

Damage Failure Theory of Cohesive
Element
Figure 6 shows the traction-separation law (Tomar et al., 2004)
used by the damage and failure process of the cohesive element.
The constitutive relation of the cohesive element includes the
early linear elastic behavior and damage evolution. The
constitutive relation connects the nominal stress and nominal
strain in the failure process of the cohesive element.

The nominal strain is the ratio of the traction displacement at
the integration point of the cohesive element to the original
thickness, and its calculation formula is εn � δn/T0, εs � δs/T0,
εt � δt/T0 where εn is the normal nominal strain of the cohesive
element, and εs and εt are the two tangential nominal strains of the
cohesive element, respectively; δn is the traction displacement of
the cohesive element, δs and δt are the two tangential traction
displacements of the cohesive element; T0 is the original thickness
of the cohesive element, and its value is defined as 1 by default.

For the early linear elastic stage, the relationship between
nominal stress and nominal strain of the cohesive element is as
follows:

t �
⎧⎪⎨⎪⎩ tn

ts
tt

⎫⎪⎬⎪⎭ � ⎡⎢⎢⎢⎢⎢⎣Enm Ens Ent

Ens Ess Est

Ent Est Ett

⎤⎥⎥⎥⎥⎥⎦ ×⎧⎪⎨⎪⎩ εn
εs
εt

⎫⎪⎬⎪⎭ � Eε (4)

where t, ε, and E are the nominal stress, nominal strain, and
material elastic modulus of the cohesive element, respectively; tn
is the normal nominal stress on the cohesive element plane; ts and
tt are tangential nominal stresses on the plane of the cohesive
element; εn is the normal nominal strain on the cohesive element
plane, mm; εs and εt are the nominal tangential strains on the
cohesive element plane.

For damage initiation, the quadratic nominal stress criterion
(Sun et al., 2019) as shown in Formula (2) can be used. When the
nominal stress in the normal or tangential direction on the

FIGURE 6 | Traction-separation law. FIGURE 7 | Fluid pressure node sharing of cohesive element at
intersection.
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surface of the cohesive element reaches the maximum strength,
the cohesive element begins to damage. The formula is as follows:

{〈tn〉
ton
}2

+ {ts
tos
}2

+ {tt
tot
}2

� 1 (5)

where tn is the normal stress on the cohesive element; ts and tt are
the shear stress on the cohesive element; tn0 is the tensile strength
of the cohesive element; ts0 and tt0 are the shear strength of the
cohesive element. The symbol < > indicates that the cohesive
element causes damage under pure compression deformation.

The linear damage evolution law is adopted in this study. The
scalar damage variable D is used to describe the overall damage of
the cohesive element. The damage variable changes
monotonically from 0 to 1 during crack propagation. It can be
calculated by the following equation:

D � δfm(δmax
m − δom)

δmax
m (δfm − δom) (6)

where δom is the displacement at the beginning of damage of the
cohesive element; δfm is the displacement when the cohesive
element is completely destroyed; δmax

m is the maximum
displacement in the failure process of the cohesive element.

The cohesive element is used to simulate the propagation
process of hydraulic cracks. The energy release rate of the
propagation criterion of hydraulic cracks adopts the B-K
energy release rate proposed by Benzeggagh and Kenane
(1996), and the calculation formula of B-K energy release rate
is as follows:

GIC + (GIIC − GIC)( GII

GI + GII
)η

� G (7)

whereGIC is type I critical energy release rate, N/m;GIIC is type II
critical energy release rate, N/m; GI is type I energy release rate,
N/m;GII is type II energy release rate, N/m; η is a constant related
to the characteristics of the material itself, a dimensionless
quantity, which is taken as 2 in this study; G is the compound
energy release rate, N/m.

The Constitutive Response of Fluid Within
the Cohesive Element Gap
The fluid flow in the hydraulic fracture includes tangential flow
and normal flow. Tangential flow is the reason for the forward
expansion of the hydraulic fracture, and normal flow causes the
filtration of fluid in the fracture.

For incompressible fracturing fluid with Newtonian fluid
characteristics, the pressure drop equation in the fracture can
be expressed as (Batchelor and Hunt, 1968; Qinghua et al.,
2017):

qf � − w3

12μw
∇pf (8)

where pf is the fluid pressure in the crack, MPa; µw is the liquid
viscosity, mPa·s.

For the normal flow of fluid in the fracture, it describes the
filtration of fluid in the fracture to the formation. The normal
seepage of fracturing fluid on the upper and lower surfaces of the
cohesive element can be expressed as follows:

⎧⎨⎩ qt � ct(pf − pt)
qb � cb(pf − pb) (9)

where qt and qb are the flow of fluid along the upper and lower
surfaces, m3/s; ct and cb are the filtration coefficients of fluid on
the upper and lower surfaces of fractures, dimensionless; pi is the

FIGURE 8 | Finite element model of hydraulic fracture and fracture
interface intersection.

TABLE 1 | Parameters of numerical model

Parameter Value

Young’s modulus of rock/GPa 15
Poisson’s ratio of rock 0.25
Formation rock strength/MPa 3.1
Crack interface strength/MPa 0
Fluid injection rate/m2·s−1 0.001
Fluid viscosity/Pa·s 0.1

FIGURE 9 | Finite element calculation results of interface intersection
between hydraulic fracture and natural fracture.
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fluid pressure on the middle surface of the cohesive element
fracture element, MPa; pt and pb are the pore pressure of the fluid
on the upper and lower surfaces of the fracture, MPa.

Pressure Transfer of Pore Water Pressure
Element at Crack Intersection
For the intersection of hydraulic fractures and weak formation
interface in the process of volumetric fracturing of shale gas
reservoir, the deflection of propagation path is caused. When
simulating the intersection of vertical fracture and weak bedding
interface, it is necessary to solve the problem of fluid pressure
transfer at the intersection of the cohesive element. Because the
middle layer node of the cohesive element is used to simulate the
tangential flow of fluid in the seam, when the cohesive elements
intersect, all elements must share a common middle surface node
at the intersection position to support the continuity of fluid flow.

Figure 7 shows a two-dimensional example of intersecting
cohesive element. The cohesive elements numbered ①, ②, ③,
and ④share the same intermediate pore pressure node at the
intersection. When the fluid pressure is transmitted to the pressure
node of ② cohesive element, the fluid pressure is first transmitted
to the combined shared pressure node, and then the pressure nodes
of ①, ③, and ④ cohesive elements are set to the same fluid
pressure. Due to the different parameter properties of the cohesive
elements, there are differences in flow distribution in the three
directions, and finally different expansion paths are formed.

In ABAQUS, the “Merge” tool in the grid tool can be used to
merge the intermediate nodes of the cohesive elements on the
weak bedding surface and the fracture propagation path into a
shared fluid pressure node to realize the pressure transfer when
the hydraulic fracture extends to the bedding interface.

Fluid Solid Coupling Theory
By solving the stress balance equation and fluid continuity
equation, the fluid solid coupling solution in the fracturing
process is realized. The rock stress balance equation is as
follows (Diguang et al., 2016):

∫
Ω

(σ− − pwI)δε. .dΩ � ∫
S

TδVdS+

∫
Ω

fδVdΩ + ∫
Ω

φρWgδVdΩ
(10)

The fluid continuity equation is

d

dt
⎛⎜⎜⎝∫

Ω

φdΩ⎞⎟⎟⎠ � −∫
S

φvwdS (11)

where �σ is the effective stress in rock, MPa; Pw is pore fluid
pressure, MPa; δ _ε is the virtual strain field, m; T is the external

TABLE 2 | Comparison of results

Angle σH (MPa) σh (MPa) Stress difference
(MPa)

Blanton experimental
results

Numerical simulation
results

30° 20 5 15 Stop Stop
60° 20 5 15 Cross Cross
90° 14 5 9 Cross Cross

FIGURE 10 | Geometric model of two-dimensional cross fracture of
bedding shale.

TABLE 3 | Basic parameters of the model

Parameter Value

Young’s modulus/GPa 15
Poisson’s ratio 0.25
Pore ratio 0.1
Permeability/md 1
Minimum horizontal stress/MPa 20
The vertical stress/MPa 20
Pore pressure/MPa 12
Tensile strength of shale/MPa 6
Shear strength of shale/MPa 20
Critical energy release rate of shale/N·m−1 4,000
Tensile strength of interface/MPa 1.5
Shear strength of interface/MPa 20
Interface stiffness/GPa·m−1 10
Critical energy release rate of interface/N·m−1 2000
Injection rate/m3·min−1 10
Fracturing fluid viscosity/mPa·s 1
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surface force of the element integral area, MPa; δv is the node
virtual velocity field, m/s; f is the element volume force without
considering fluid gravity, MPa; φ is rock porosity, dimensionless;
ρw is fluid density, kg/m3; vw is the velocity of fluid flow between
rock pores, m/s; t is the calculated test piece, s; S is the surface
area, m2; Ω is the study area.

NUMERICAL SIMULATION CALCULATION

Model Validation
Blanton (1986) studied the propagation path law of hydraulic
fractures when encountering natural fractures interface under
different conditions by using indoor hydraulic fracturing
experiments under triaxial stress. In order to verify the
feasibility and correctness of using zero thickness cohesive
element method to calculate the propagation path when the
hydraulic fracture intersects with the interface, referring to the
experiment of Blanton, the finite element models with the
intersection angles of 30°, 60°, and 90° between the hydraulic
fracture and the natural fracture interface as shown in Figure 8
are established. Model parameter settings are shown in Table 1.

Figure 9 shows the numerical simulation results. It can be seen
that when the included angle between hydraulic fracture and

natural fracture interface is 30°, 60°, and 90°, the propagation
paths of hydraulic fractures are stop propagation, passing
through, and passing through natural fracture interface,
respectively. Table 2 shows the summary of numerical
simulation results and Blanton experimental results. It can be
seen that the hydraulic fracture propagation path calculated by
numerical simulation results is the same as the experimental
results. The feasibility and correctness of using zero thickness
cohesive element to simulate the propagation path when
hydraulic fracture intersects with interface are verified.

Finite Element Model and Paramenter
Setting
The geometric model as shown in Figure 10 is established.
Vertical and horizontal cohesive elements are inserted in
advance, and the vertical cohesive element is used to
simulate hydraulic fracture propagation in shale rock mass.
The horizontal cohesive element is used to simulate the bedding
interface. The vertical fracture width direction (X direction) is
the minimum horizontal in-situ stress direction, and the
fracture height direction (Y direction) is the vertical stress
direction, which is orthogonal to each other. The model size
is 100 × 100 m.

FIGURE 11 | Numerical simulation results under different stress conditions.
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The loading mode of the model adopts concentrated point
injection, and the injection of hydraulic fracturing fluid is
simulated at a constant fluid injection rate at the injection
point. CPE4P element and COH2D4P element with pore
pressure are used to simulate the fracture propagation. The
displacement constraint boundary condition is set as 0 in the
X and Y directions of the model, and the two cohesion elements
near the liquid injection point on the hydraulic fracture
propagation path are set as the initial damage elements.

The basic data of shale body, shale interface, and construction
parameters in the model are shown in Table 3. When considering
different conditions, only one of the parameters is changed.

SIMULATION RESULTS

Different Ground Stress Difference
In the process of vertical fracture propagation in strata with
bedding interface, the difference between vertical stress and
minimum horizontal stress directly affects the propagation
behavior of vertical hydraulic fractures. Set the minimum
horizontal stress as 20 MPa, and then change the vertical stress
as 20, 21, and 24MPa, respectively, corresponding to the extension
path when the difference between the vertical stress and

the minimum horizontal in-situ stress is 0, 1, and 4MPa,
respectively.

It can be seen from Figure 11 that the difference between vertical
stress and minimum horizontal stress will affect the interlayer
propagation path and fracture shape of vertical fractures. There is
no difference between the vertical stress and the minimum
horizontal stress, or when the difference between the vertical
stress and the minimum horizontal stress is small, the interface is
easy to open, and the vertical fracture will deflect at the interface. For
example, when the stress difference in the calculation results is 0 and
1MPa, the interface opens but does not pass through the interface,
forming a “T" fracture, and the growth of the fracture height is
limited to 50m. At 1MPa, the interface is opened and passes
through the interface to form a “+” crack. With the increase of
the difference between the vertical stress and the minimum
horizontal stress, the difficulty of opening the interface increases.
The vertical fracture directly passes through the bedding interface
when the difference between the vertical stress and the minimum
horizontal stress is 4MPa in the calculation results.

The variation curve of liquid injection point pressure with liquid
injection time under three different vertical stress and minimum
horizontal stress differences can be seen from Figure 11. It can be
seen that at the initial stage of liquid injection, the pressure at the
liquid injection point rises rapidly, and the fracture pressure

FIGURE 12 | Numerical simulation results under the condition of minimum horizontal stress between different layers.
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corresponding to the pressure peak point is 19.2MPa in all cases.
This shows that the change of vertical stress does not affect the
fracture pressure. After the pressure reaches the peak, the pressure
drops rapidly and tends to be stable.When the vertical stress and the
minimum horizontal in-situ stress are 0MPa, the injection point
pressure drops again at 700 s because the vertical fracture has
expanded to the bedding interface and opened the bedding
interface, resulting in the drop of the injection point pressure.
With the increase of the vertical stress, when the difference
between the vertical stress and the minimum horizontal stress is
1 MPa, this phenomenon does not occur again.When the difference
between vertical stress and minimum horizontal stress is 4MPa, the
pressure drop occurs at 1380 s, which is due to the vertical crack tip is
close to the model boundary.

Ground Stress Difference Between
Different Layers
When hydraulic fractures extend to the interface, the minimum
horizontal stress difference between layers has a great influence on
the propagation path of vertical fractures. In the numerical
simulation, the difference between the vertical stress and the
minimum horizontal stress is 4MPa. The simulation calculation

is carried out when the horizontal stress difference between layers is
2 and 4MPa. For layered shale reservoir, there may be two
situations: the upper horizontal stress is greater than the lower
horizontal stress or the lower horizontal in-situ stress is greater than
the upper horizontal stress. Figure 12 shows the propagation path
under the condition of different interlayer stress differences.

It can be seen from the above results that when the horizontal
stress difference between layers is 0MPa, the vertical fracture passes
through the interface and the interface is not opened. When the
horizontal stress difference between layers is 2MPa, the vertical
cracks pass through the interlayer interface. When the horizontal
stress of the lower layer is greater than that of the upper layer, the
vertical cracks expand through the interface, the interface is not
opened, and the overall width of the vertical cracks is small, showing
a relatively slender state. When the horizontal in-situ stress of the
lower layer is less than that of the upper layer, the vertical fracture
extends through the interface, the interface is not opened, and the
overall width of the vertical fracture is large, showing the state of the
end width. At the same time, it can also be seen that the fracture
height when the horizontal stress of the lower layer is greater than
that of the upper layer is significantly greater than that when the
horizontal stress difference of the lower layer is less than that of the
upper layer, which indicates that when the horizontal stress

FIGURE 13 | Numerical simulation results under different interface stiffness conditions.
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difference of the lower layer is less than that of the upper layer,
the height propagation of the vertical fracture will be affected,
which is not conducive to the height growth of the vertical
fracture. When the horizontal stress difference between layers is
less than 4MPa, if the horizontal stress of the lower layer is greater
than that of the upper layer, the vertical crack passes through the
interface and the interface is not damaged. At the same time, the
crack width of the vertical crack in the upper layer is greater than
that in the lower layer. When the horizontal stress of the lower
layer is less than that of the upper layer, the vertical fracture does
not pass through the interface, but deflects along the interface to
form a “T” shaped fracture.

It can be seen that the interlayer horizontal stress difference
affects the interlayer expansion path of vertical fractures. Generally
speaking, the greater the interlayer horizontal stress difference, the
more difficult it is to increase the height of vertical fractures, and
this phenomenon is more obvious when the horizontal stress
difference in the lower layer is less than that in the upper layer.

It can be seen from Figure 12 that the pressure curve is under the
condition of different interlayer stress difference. It can be seen that
the peak value of the pressure curve is different. When the interlayer
stress difference is 2MPa (upper> lower), the pressure curve basically
coincides with that at 4MPa (upper > lower), and there is no drop
after the pressure area at the liquid injection point is stable, and the

FIGURE 14 | Numerical simulation results under different injection rate conditions.
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pressure peak point of both is 19.0MPa. This is because although the
minimum horizontal stress difference between the two layers is
different, the minimum horizontal stress at the horizon where the
liquid injection point is located is 8MPa. When the interlayer stress
difference is 2MPa (lower > upper) and 4MPa (lower > upper), the
pressure peak point is 22.5 and 26.5MPa, respectively. This is because
the minimum horizontal stress in the upper layer is less than that in
the lower layer in these two cases.

Different Interface Stiffness
The interface stiffness is used to quantitatively characterize the
interface strength. In the numerical simulation, the difference
between the vertical stress and the minimum horizontal stress is
4 MPa. The simulation calculation is carried out when the
interface stiffness is 7 GPa/m and 5 GPa/m, respectively. The
difference between the vertical stress and the minimum
horizontal stress in Figure 11 is 4 MPa, the interface stiffness
is 10 GPa/m. Figure 13 shows the through layer expansion path
under different interface strength conditions.

From the results, it can be seen that the interface stiffness affects
the propagation path of vertical cracks at the interface and the shape
of vertical cracks. When the interface strength is 10 GPa/m, the
vertical crack directly passes through the interface and the interface is
not opened. When the interface strength is 7 GPa/m and 5 GPa/m,
the growth of the vertical crack height is restrained, the final crack
height is 50 m, stops at the interface, and the interface is opened,

forming a “＋” crack. This shows that the higher the interface
stiffness is, the easier the vertical crack is to propagate through the
layer interface, and the lower the stiffness strength is, the easier the
vertical crack is to deflect along the interface.

It can be seen from Figure 13 that the pressure curve of the liquid
injection point is under the conditions of different bedding interface
stiffness. The curve trend under the two different conditions is
generally the same, and the pressure peak point is 19.5MPa.

Different Injection Rate
In the numerical simulation, the fracturing fluid injection rates
are 3 m3/min, 6 m3/min, 12 m3/min, and 18 m3/min, respectively.
Figure 14 shows the propagation path of hydraulic fracture
through the layer interface under different liquid injection rates.

According to numerical simulation results, it can be seen that
the larger the injection rate is, the greater the vertical crack height
is and the greater the crack width is. This is because the greater the
injection rate and the greater the net pressure in the fracture, the
easier it is to overcome the resistance encountered in the crack
propagation process of hydraulic fracture. At the same time, the
larger the injection rate is, the greater the opening degree of
bedding interface is, and the farther the hydraulic fracture
extends on the bedding interface. In general, the greater the
injection rate, the greater the crack height, the greater the
extension distance on the bedding interface, and the easier it
is to form a volumetric fracture network.

FIGURE 15 | Numerical simulation results under different fracturing fluid viscosity conditions.

Frontiers in Energy Research | www.frontiersin.org December 2021 | Volume 9 | Article 79710512

Xiong et al. Fracture Propagation of Shale

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


It can be seen from Figure 14 that the pressure curves of the
liquid injection point are under different liquid injection rates. It
can be seen that all curves have the same law from the beginning
of the liquid injection to the peak stage of the liquid injection
point pressure, and the pressure peak point is 19.5 MPa. For the
subsequent curve trend, the higher the injection rate, the greater
the pressure at the injection point.

Different Fracturing Fluid Viscosity
When fracturing fluid is injected into shale, the leakage of the
fracturing fluid is mainly determined by the viscosity of the
fracturing fluid. In the numerical simulation, the viscosity of
the fracturing fluid is 5, 10, and 20 mPa s, respectively. Figure 15
shows the propagation path of hydraulic fracture through the
layer under the conditions of different fracturing fluid viscosity.

It can be seen from the results that the viscosity of fracturing
fluid affects the propagation of vertical fractures at the interface.
When the viscosity of fracturing fluid is low, the bedding interface
is easy to open, resulting in the obstruction of vertical fracture
propagation in height. For example, when the viscosity of
fracturing fluid is 5 mPa s, the bedding interface is opened, and
the vertical fracture also passes through the bedding interface to
form a “＋” fracture. At the same time, when the fracturing fluid
viscosity is 10 and 20mPa s, the vertical fracture directly passes
through the interface, and the interface is not opened.

It can be seen from Figure 15 that the pressure curve of the
injection point is under different viscosity conditions of
fracturing fluid. The change trend of the pressure curve under
different viscosity conditions is basically the same, and the
pressure peak point is 19.5 MPa.

CONCLUSION

In this work, we first carried out three-point bending tests on
outcrop shale cores with different bedding orientations and tested
the mechanical parameters and expansion path of the bedding
shale. On this basis, the numerical calculation model of vertical
crack propagation at the interlayer interface is established by
using a cohesive element, and the propagation path of a vertical
crack under different conditions is calculated. The main
conclusions are as follows.

1) The strength along the bedding interface is the smallest, the
resistance to fracture propagation along the bedding interface
is the smallest. When the fracture and bedding interface are
orthogonal or vertical, the fracture propagation resistance is
large, the fracture propagation path will show an arc shape
under the joint action of the bedding interface and tensile
stress or deflect along the interface.

2) The greater the difference between the vertical stress and the
minimum horizontal stress, the easier it is for the vertical
fracture to pass through the shale bedding interface, and the
more difficult it is to open the shale bedding interface. When
the difference between the vertical stress and the minimum
horizontal in-situ stress is equal or the difference is small, the
shale bedding interface may be opened in the process of

vertical fracture propagation to form a “T” or “cross”
fracture propagation path.

3) When the horizontal stress of the lower layer is greater than the
horizontal stress difference of the upper layer, the vertical fracture
is easier to pass through the shale bedding interface than when the
horizontal stress difference of the lower layer is less than the
horizontal stress difference of the upper layer.When the horizontal
stress difference of the lower layer is greater than the horizontal low
stress difference of the upper layer, it is possible that the width of
the underwater crack in the lower layer is less than that of the
hydraulic crack in the upper layer. When the horizontal stress
difference of the lower layer is less than that of the upper layer, the
shale interface is easy to open, and the resistance of vertical fracture
propagation through the layer is large. The vertical fracture is easier
to stop propagation at the interface or open the shale bedding
interface to form a “T” shaped fracture.

4) The interface stiffness will affect the propagation path of
vertical cracks through layers. The greater the bedding
interface stiffness, the easier it is for vertical fractures to
pass through bedding fractures. The smaller the stiffness of
the bedding interface, the easier it is for the vertical crack to
open the bedding interface and form a “T” shaped crack.

5) The larger the injection rate is, the greater the crack height is, the
greater the extension distance on the bedding interface is, and the
easier it is to form a volumetric fracture network. The higher the
viscosity of fracturing fluid, the easier the vertical fracture passes
through the shale bedding interface, and the lower the viscosity of
fracturing fluid, the easier it is to open the bedding interface.
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