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Abstract: The bedding planes of unconventional oil and gas reservoirs are relatively well developed.
Bedding planes directly interfere with hydraulic fracture expansion. Determining how bedding
planes influence hydraulic fractures is key for understanding the formation and evolution of hy-
draulic fracturing networks. After conducting X-ray diffraction analysis of shale, we used Python
programming to establish a numerical model of mineral heterogeneity with a 0-thickness cohesive
element and a bedding plane that was globally embedded. The influence of the bedding-plane angle
on hydraulic fracture propagation was studied. Acoustic emission (AE) data were simulated using
MATLAB programming to study fracture propagation in detail. The numerical simulation and AE
data showed that the propagation paths of hydraulic fractures were determined by the maximum
principal stress and bedding plane. Clearer bedding effects were observed with smaller angles
between the bedding surface and the maximum principal stress. However, the bedding effect led to
continuous bedding slip fractures, which is not conducive to forming a complex fracture network. At
moderate bedding plane angles, cross-layer and bedding fractures alternately appeared, characteristic
of intermittent dislocation fracture and a complex fracture network. During hydraulic fracturing,
tensile fractures represented the dominant fracture type and manifested in cross-layer fractures. We
observed large fracture widths, which are conducive to proppant migration and filling. However, the
shear fractures mostly manifested as bedding slip fractures with small fracture widths. Combining
the fracture-network, AE, and fractal dimension data showed that a complex fracture network was
most readily generated when the angle between the bedding plane and the maximum principal stress
was 30◦. The numerical simulation results provide important technical information for fracturing
construction, which should support the efficient extraction of unconventional tight oil and gas.

Keywords: cohesive zone model; hydraulic fracturing; bedding plane angle; MATLAB; acoustic
emission simulation; fracture path

1. Introduction

With the depletion of conventional oil and gas resources, shale gas resources are attract-
ing increasing global attention. However, shale reservoir is dense with low permeability. To
achieve economic feasibility, it is necessary to fracture a reservoir to generate a connected
fracture network, increase the seepage channels for shale gas, and improve the reservoir
permeability. Therefore, obtaining a complex fracture network has become a hot research
topic. In addition, the bedding plane (BP) of a shale reservoir is well developed, which can
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provide a better diversion channel for hydraulic fractures (HFs) and directly determine the
complexity of the HF network [1]. Therefore, it is very important to explore the interaction
mechanisms between HFs and BPs to reveal the underlying mechanism of the complex
pressure–fracture network.

In view of the mechanism whereby BPs influence HF propagation, a substantial
amount of theoretical and indoor hydraulic fracturing testing analyses has been per-
formed [2]. Zhao et al. [3] researched the influence of the BP angle and injection rate
on HFs without confining pressure and discussed trends in fracture-pressure variations.
They proposed that a high injection rate can reduce the fracture pressure, whereas a low
injection rate is beneficial for a generating more complex fracture network. In addition, a
complex fracture network is mainly realized by the intersection of the HF and BP, which
determines the complexity of the fracture network. However, rocks show different charac-
teristics under confining pressure, and the geostress field is the main factor that determines
HF propagation. Owing to the development of a true triaxial testing machine, the in-
door hydraulic fracturing test was gradually developed from the non-confining pressure
condition to the conventional triaxial hydraulic fracturing test and then to the true triax-
ial hydraulic fracturing test, where the strength of the in situ stress and the number of
specimens studied have increased. The test samples included rocks, rock-like materials,
cement concrete, and other materials. Some scholars believe that horizontal bedding is
not conducive to the formation of a complex compressive fracture network. The existence
of BPs limits the expansion of HFs. HFs stop at the horizontal bedding and limit their
height. The larger the spacing between the BPs, the stronger the horizontal bedding that
can capture HFs, which reduces the fracturing complexity [4–6]. Huang et al. [7] revealed
a basic propagation law of hydraulic fracturing near the BP by performing true triax-
ial hydraulic fracturing experiments and established three fracture-propagation models.
Moreover, these three penetration modes have been recognized by many scholars who
performed numerical simulations of the interactions between HFs and natural fractures
(NFs) [8]. It is generally considered that the main interaction modes between hydraulic
and NFs include penetration, diversion, and offset interactions [9–11]. These penetration
modes are mainly affected by ground-stress differences and the angles between the HFs
and NFs. It is also generally considered that HFs are easily captured by NFs when the
ground-stress difference is low or when the angle between an HF and a NF is small. In
addition, other characteristics of BPs and fracture-propagation processes [12] have been
studied at different scales [12]. Huang et al. [7] researched the fracture-length distribution
before and after the bedding of HFs through via hydraulic fracturing experiments and
proposed that HFs could continue to expand in their original direction when the water
pressure increased to a certain critical value. Guo et al. [8] researched the influence of the
BP density on HF propagation and experimentally verified the three interaction modes of
HFs and BPs. In addition, Bradley et al. [13] developed a laboratory-scale transparent flow
cell to visually observe the filtration phenomenon of an artificial bedding interface and
studied the migration law of fracturing fluids and proppants with different viscosities. Due
to the complexity and high cost of indoor hydraulic-fracturing tests, numerical simulations
have become an important means for studying hydraulic fracturing.

Xie et al. [14] researched the influence of BP on fracture height growth by adopting
a three-dimensional model coupled with an HF-propagation model and proposed that
fracture-height obstruction was caused by fracture fluid leakage into the BP. These results
further verified previous laboratory test results. Zou et al. [15] studied the influence
of horizontal bedding on HF propagation using the three-dimensional discrete-element
method and proposed that the existence of a BP increases the injection pressure during
fracturing. In addition, when the rock properties on both sides of the bedding differ or the
ground-stress difference is small, HFs are more easily captured by the BP, resulting in T-
shaped horizontal fractures, which indirectly limits the height of the HF but is beneficial for
increasing the complexity of fractures. Tang et al. [16] analyzed the HF propagation mode
under the influence of various factors, such as the angle of HF and BP, the ratio of injection
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point to BP spacing, fracture height, and injection pressure. There is a positive correlation
between the bedding slip and the approach angle. Based on the three-dimensional discrete
fracture network model, Li et al. [17] simulated the complex interaction process among HFs,
NFs, and BPs and focused on the influence of injection rate on the formation and evolution
of the fracture network. It was revealed that the interaction between the HF and original
discontinuous surface was affected by the injection rate. A low injection rate did not
activate NF and BP, whereas a high injection rate easily formed multiple network fractures.
Moreover, the injection rate positively affected the fracture complexity. Gong et al. [18] also
considered the propagation of HFs under the combined actions of BF and NFs. However,
their model comprehensively considers the influences of stress differences, BP angles, NF
angles, and BP cohesion on the HF. The results showed that the in situ stress difference and
cohesion of the BP correlated negatively with the complex fracture network. The BP and NF
angles significantly influenced the fracture-network morphology, which serves as the basis
for the formation and evolution of complex fracture networks. In addition, Sun et al. [19]
considered the effect of the tensile strength on HF propagation. Their simulation results
showed that the propagation of HFs was determined by differences in the in situ stress, BP
angle, and tensile strength. The tensile strength of the BP determines the degree of opening
of the bedding slip fracture. Zeng et al. [20] comprehensively considered the influence of
fracture spacing and NF on HF and found that complex fracture networks are determined
by fracture spacing and stress anisotropy. Based on the stress–shadow phenomenon caused
by HFs, Nagel et al. [21] also analyzed the effect of new HFs on in situ stress and NFs, and
changes in the stress field caused by HFs significantly affected the state of NFs, and NFs
also affected the success of hydraulic fracturing.

The current results show that the BP exerts an important influence on fracture propa-
gation and that the natural BP begins to undergo tensile or shear fracturing after the HF
contacts the BP. The BP angle primarily determines the fracture mode of the rock, directly
affects the fracture morphology, and determines the fracturing effect. However, most
current numerical simulation studies are based on the discrete-element method, where the
influence of rock mineral heterogeneity on HF propagation is not considered. Revealing
the influence of the BP angle on HF propagation is of great significance for guiding the
perforation arrangement and optimizing the fracturing design. Therefore, an urgent need
exists for further simulating the evolution of HF networks with different BP angles under
a rock–mineral heterogeneity model. In this study, a numerical model of shale mineral
heterogeneity was established using Python programming. A discrete network model
with a BP was constructed using a cohesive zone model (CZM). Numerical simulations of
acoustic emissions (AEs) were performed using MATLAB. The propagation process of HFs
were analyzed in detail in combination with the numerical AE results, and the interaction
mode between HFs and BPs was revealed, which provides important theoretical support
for the formation and evolution mechanism of the fracture network.

The structure of this paper is as follows. The first section reviews the research status
of the influence of bedding plane on hydraulic fracture propagation. The second part
introduces the basic principle of numerical simulation. Section 3 introduces the numerical
model. The numerical simulation results are presented in Section 4 and discussed in
Section 5. The conclusion is given in Section 6.

2. Principle of Numerical Calculation

The CZM was first proposed by Dugdale et al. [22] and Barenblatt et al. [23] and
can be used to better solve the singularity problem at the crack tip and determine crack
propagations under various conditions.
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2.1. Constitutive Equation for the Cohesive Element

The cohesive element adopts a linear elastic constitutive model based on the traction-
separation law. Before damage starts, the stress–strain relationship satisfies the linear elastic
relationship as follows:

t =


tn
ts
tt

 =

Knn Kns Knt
Kns Kss Kst
Knt Kst Ktt


εn
εs
εt

 = Eε (1)

where t represents stress, ε represents strain, subscript n represents normal, subscripts s
and t represent two tangential directions, and K represents the element stiffness.

2.2. Stiffness-Setting Principle

The cohesive element is used to simulate fracture propagation, which is essentially
the crack of the cohesive element. The fracture only extended along the cohesive elements.
To simulate a complex fracture network, it is necessary to embed a 0-thickness cohesive
element between all solid elements. However, the embedded 0-thickness cohesive element
affected the overall stiffness of the model. Therefore, to reduce the effect of the cohesive
element on the stiffness of the entire model, it is necessary to set a reasonable stiffness
value for the cohesive element. In this study, the stiffness variation in a cohesive element
embedded in two solid elements in series was used to illustrate the stiffness selection
(Figure 1).

Energies 2022, 15, x FOR PEER REVIEW 4 of 19 
 

 

2.1. Constitutive Equation for the Cohesive Element 
The cohesive element adopts a linear elastic constitutive model based on the traction-

separation law. Before damage starts, the stress–strain relationship satisfies the linear elas-
tic relationship as follows: 

n nn ns nt n

s ns ss st s

t nt st tt t

t K K K
t t K K K E

t K K K

ε
ε ε
ε

    
    = = =            

 (1)

where t represents stress, ε represents strain, subscript n represents normal, subscripts s 
and t represent two tangential directions, and K represents the element stiffness. 

2.2. Stiffness-Setting Principle 
The cohesive element is used to simulate fracture propagation, which is essentially 

the crack of the cohesive element. The fracture only extended along the cohesive elements. 
To simulate a complex fracture network, it is necessary to embed a 0-thickness cohesive 
element between all solid elements. However, the embedded 0-thickness cohesive ele-
ment affected the overall stiffness of the model. Therefore, to reduce the effect of the co-
hesive element on the stiffness of the entire model, it is necessary to set a reasonable stiff-
ness value for the cohesive element. In this study, the stiffness variation in a cohesive ele-
ment embedded in two solid elements in series was used to illustrate the stiffness selection 
(Figure 1). 

 
Figure 1. Schematic diagram of a cohesive element with 0 thickness embedded between solid ele-
ments. 

Suppose that the stiffness of the solid element is K1 and that of the cohesive element 
is Kc. When the two solid elements are connected in series, the overall stiffness (Kall) is 

1
all

1 1

1
1 1 2

KK

K K

= =
+

 
(2)

After embedding a cohesive element with 0 thickness between two solid elements, 
the formula for the overall stiffness becomes 

all

1 1

1
1 1 1

C

K

K K K

=
+ +

 
(3)

By comparing Formulas (2) and (3), it can be found that the embedded cohesive ele-
ment with 0 thickness does not affect the overall stiffness of the model only when KC >> 
K1.The relationship between the cohesive element stiffness (Kn) and elastic modulus (En) 
and the element geometric thickness (heff) is defined as follows: 

n
n

eff

EK
h

=  (4)

Figure 1. Schematic diagram of a cohesive element with 0 thickness embedded between solid elements.

Suppose that the stiffness of the solid element is K1 and that of the cohesive element is
Kc. When the two solid elements are connected in series, the overall stiffness (Kall) is

Kall =
1

1
K1

+ 1
K1

=
K1

2
(2)

After embedding a cohesive element with 0 thickness between two solid elements, the
formula for the overall stiffness becomes

Kall =
1

1
K1

+ 1
KC

+ 1
K1

(3)

By comparing Formulas (2) and (3), it can be found that the embedded cohesive
element with 0 thickness does not affect the overall stiffness of the model only when
KC >> K1.The relationship between the cohesive element stiffness (Kn) and elastic modulus
(En) and the element geometric thickness (heff) is defined as follows:

Kn =
En

he f f
(4)

In general, the elastic modulus of the cohesive element is set to be the same as that of
the solid element; therefore, according to Formula (4), to satisfy KC, K1 usually sets heff to a
very small value. In general, when heff ≤ 0.001, the embedded cohesive element had no
effect on the overall stiffness of the model.
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2.3. Equation of the Fluid–Solid-Coupling
2.3.1. Equilibrium Equation

The equilibrium equation of rock can be expressed using the virtual-work princi-
ple [24]: ∫

V
σ : δεdV =

∫
S

TδVdS +
∫

V
f̂ δvdV (5)

where V and S are the integral space and the surface of the integral space, respectively. δε

is the virtual strain field. δv is the virtual-velocity field of the rock node. T is the external
surface force of the unit integral region.

f̂ is the physical strength per unit volume and is defined as follows:

f̂ = (sn + nt)ρwg (6)

where ρw is the density of the liquid and g is the acceleration of gravity, assuming it is
constant in the vertical direction.

For the sake of simplicity, the gravity load of the wetting liquid is explicitly expressed
such that any other gravity term in f̂ is only related to the weight of the dry porous media.
Therefore, the virtual-work equation can be written as:∫

V
σ : δεdV =

∫
S

TδVdS +
∫

V
f δvdV +

∫
V
(sn + nt)ρwgδv (7)

where, f is the element volume force without considering fluid gravity.

2.3.2. Fluid-Flow Model in Cohesive Elements

Assuming that the fluid within a crack is continuous and incompressible, the fluid
flow within a cohesive element can be divided into tangential and normal flows (Figure 2).
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Figure 2. Schematic diagram of fluid flow in a fracture. The crack is presented using a cohesive
cracking model, where fluid flows within a cohesive element.

(1) Fluid tangential flow equation: The tangential flow on the surface of a cohesive
element can be obtained using Newton’s model. The volume flow in Newtonian fluid is
given by the following expression [24]:

Q = −kt∇p (8)

where Q is the injection rate, kt is the tangential permeability, and ∇p is the pressure
gradient along the fracture surface.

According to Reynold’s equation, tangential permeability can be defined as [24]:

kt =
d3

12µ
(9)

where d is the opening displacement of the fracture element and µ is the viscosity of the
fracturing fluid.
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(2) Normal flow-flow equation: The normal flow of fluid on the fracture element
can be explained as the rate that a given volume of fluid flows into a simulated regional
element, which corresponds to the filtration phenomenon in engineering (Figure 3).
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The formula for calculating the normal flow of fluid on the upper and lower surfaces
of cohesive elements is as follows [24]:{

qt = ct(pi − pt)
qb = cb(pi − pb)

(10)

where q is the volume-flow rate, c is the filtration coefficient, p is the pore pressure, and pi
is the fluid pressure at the virtual node on the edge of a rupture unit. The subscripts t and b
indicate the upper and lower surfaces of the cohesive element, respectively.

2.4. Fracture-Propagation Criterion
2.4.1. Damage Initiation

In this study, the maximum principal stress criterion was adopted as the fracture
initiation criterion:

f =

{
〈σmax〉
σ0

max

}
(11)

Damage starts when σ0
max is equal to the critical maximum principal stress value,

〈σmax〉, expressed as: {
〈σmax〉 = 0, σmax < 0
〈σmax〉 = σmax, σmax ≥ 0

(12)

That is, the cohesive element does not initiate damage under pure compression.

2.4.2. Damage Evolution Criterion

The damage evolution law was used to describe the stiffness–degradation rates of
materials. The damage variable D was defined as representing the overall damage to the
materials, where D evolved from 0 to 1 during the damage process. The influence of the
damage variables on the stress components can be expressed using the following formula:

tn =

{
(1− D)tn, tn ≥ 0

tn, otherwise
ts = (1− D)ts
tt = (1− D)tt

(13)

where tn, ts, and tt are the three stress components predicted by the elastic–plastic traction–
separation behavior combined with the current strain. In order to describe the damage
evolution under the joint actions of normal and shear deformation on the interface, the
effective displacement [25] was introduced and defined as:

δm =

√
〈δn〉2 + δs2 + δt2 (14)
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The damage variable D was expressed in the form of linear softening based on the
effective displacement:

D =
δ

f
m(δ

max
m − δ0

m)

δmax
m (δ

f
m − δ0

m)
(15)

δ
f
m =

2GC

T0
e f f

(16)

where δ
f
m denotes the effective displacement when a failure occurs, δ0

m is the effective
displacement of the damage initiation evolution, δmax

m represents the maximum effective
displacement during loading, T0

e f f is the effective traction force at the beginning of the

damage, and GC is the fracture energy [25].

2.5. AE Based Numerical Simulation Method

AE technology is an effective means of monitoring crack propagation that can be used
to continuously monitor the generation and development of cracks in real time, and it
has been widely used in the field of rock mechanics [26]. To deeply analyze the process
of fracture propagation, based on the principle of the AE method, Python was used to
extract the simulation results, and MATLAB was used to process the simulation data. In
this manner, AE-based numerical simulations were performed with the finite element,
and accurate AE-location map and AE-characteristic parameters were obtained. The basic
concept is as follows [27]:

First, all damage elements and their initial damage times were extracted, and the
numbers of damaged elements at different times were counted as the number of AE events.
Second, the node coordinates and dissipated energy of the damaged elements were obtained
to calculate the coordinates of the AE event and energy. Finally, the damage-element
parameter, MMIXDME, was obtained to determine the fracture type. The MMIXDME
parameters were defined as follows:

MMIXDME =
Gs + Gt

GT
; GT = Gn + Gs + Gt (17)

where Gn, Gs and Gt represent the fracture energies of the three fracture types. MMIXDME
of 0 represents a pure tensile fracture, and MMIXDME of 1 represents a pure shear fracture.
Tensile-shear mixed fractures are represented with MMIXDME between 0 and 1.

3. Numerical Model

As a mineral assemblage, rocks are composed of various mineral particles with mineral
heterogeneity, and the BP of shale is extremely developed. Therefore, it is necessary to
consider both the mineral heterogeneity and bedding anisotropy of shale. The types
and proportions of minerals contained in the shale were determined based onshale X-ray
diffraction results [28] (Table 1). In Python, mineral particles were represented by grid
elements, and strength parameters were applied to different minerals to determine the
heterogeneity of shale minerals.

Simultaneously, a cohesive element with 0 thickness was used to construct the BP. To
determine the randomness of the fracture propagation, cohesive elements with 0 thickness
were embedded globally in the model by programming, and different material properties
were assigned to the cohesive element at the BP and between solid elements to highlight
the weakness characteristics of the BP. In this manner, a model of mineral heterogeneity
and BP anisotropy was established (Figure 4).The size of the model was 50 m × 50 m, the
initial fracture parallel to the direction of the maximum principal stress was prefabricated
in the center of the model as the perforation, and the perforation length was set to 1 m.
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Table 1. Mineral parameters [24].

Minerals (Shale) Elastic Modulus
(GPa) Poisson’s Ratio Percentage

(%)

Quartz 40 0.2 49
Muscovite 18 0.27 17

Albite 21 0.24 11
Calcite 27 0.23 6

Dolomite 21 0.23 5
Microcline 20 0.25 4
Kaolinite 22 0.23 4

Pyrite 35 0.22 4
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elements had 0 thickness.

After setting the angle between the BP and the minimum principal stress, a numerical
model with seven different BP angles (0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦) was established.
The average number of elements for the seven models was 67,932, the solid element was
composed of a four-node plane strain pore fluid element, and the average number of
elements was 22,692. The cohesive element employed four-node cohesive pore fluid/stress
elements, with an average of 45,240 elements. The geostatic and soil analysis steps were
set, and a transient consolidation analysis was performed. Fracturing fluid injection was
simulated by editing keywords using the C-flow function. The basic reservoir and cohesive
element parameters (Table 2) were set based on published data [29].

Table 2. Basic reservoir and cohesive element parameters.

Simulation Parameter
Value

Cohesive Elements in the BP Cohesive Elements in the Matrix
Knn 15 17
Kss 15 17
Ktt 15 17

Tensile strength (MPa) 3 6
Shear strength (MPa) 6 12

Horizontal maximum principal stress 13
Horizontal minimum principal stress 7

Permeability coefficient (m/s) 1−7

Filtration coefficient (m/[Pa × s]) 1−14

Fracturing fluid viscosity (Pa × S) 0.001
Injection rate (m2/s) 0.01
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4. Simulation Results

The AE simulation data and numerical simulation results were obtained to determine
the interaction processes between the HFs and BP and the influence of the BP angle on the
evolution of the HF network was determined.

4.1. Fracture Path and AE-Location Map
4.1.1. Fracture-Propagation Paths

The fracture-propagation paths were extracted at seven BP angles (Figure 5). Different
colors represent the fracture widths, which increased from blue to red. According to the
fracture path, the overall propagation direction of the fracture was along the direction of
the maximum principal stress after the fracture started from the perforation. When the BP
angles were set to 0◦ and 15◦, the fractures ruptured through the layer and spread along
the direction of the maximum principal stress, and the fracture width was large. When
the angle of the BP was greater than 15◦, the BP hindered the propagation of fractures
along the direction of the maximum principal stress, resulting in complex fracture patterns
in the cross-layer and bedding slip fractures. With an increase in the bedding angle, the
fracture path gradually tended to become a single bedding slip fracture from the cross-layer
fracture. When the BP angle was 30◦, the phenomena of cross-layer and bedding slip
fractures were the most obvious, the fracture path was the most complex, the fracture width
of the cross-layer fracture was generally larger than that of the bedding slip fracture, and
the cross-layer fracture hada high fracture width (which is more conducive to proppant
migration and filling).
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4.1.2. AE-Location Map

The AE parameters were obtained using Python, and a AE-location map was drawn
using MATLAB (Figure 6). The AE energy and fracture type are represented by the size
and color of the AE-event points, respectively. Red points represent pure tensile fractures,
and purple points represent pure shear fractures. According to the AE-location map, the
overall fracturing process was dominated by tensile fractures that were mainly manifested
in cross-layer fractures. The bedding slip fractures were mainly of the shear-fracture type,
which is caused by dislocation sliding due to the opening of the BP under the action of
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hydraulic fracturing. During actual hydraulic fracturing construction, the tensile fracture
readily closes under the action of in situ stress. Although proppants provide support,
tensile fractures have higher proppant-strength requirements, whereas shear fractures are
difficult to close. Therefore, the formation of bedding-shear fractures is conducive to the
exploitation of tight oil and gas. With an increase in the BP angle, the fracture underwent
discontinuous dislocation expansion, which was no longer obvious after 45◦, and the BP
became the main controlling factor of HF propagation.
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4.2. Fracture Lengths and Numbers of AE Events
4.2.1. Fracture Length

In addition, the fracture lengths of the seven BP angles were extracted (Figure 7). The
total lengths of the fractures at the seven bedding angles were of the ‘W’ type, and the
lengths of the cross-layer fractures were of the ‘U’ type. At 0◦, the lengths of the cross-layer
fractures were equal to the total length of the fractures. At this point, the BP did not
significantly influence the HF propagation, and this result may be related to the strength of
the BP, which requires further detailed research. When the BP angle was 45◦, the cross-layer
fracture was the smallest, and the ability to capture HFs was the strongest. The length of
the bedding slip fractures increased gradually from 0◦ to 45◦ and decreased above 45◦, but
there was a small increase at 90◦. When the BP angle was 90◦, because the perforation did
not completely coincide with the BP, the ground stress had the main advantage of fracture
propagation, and the fracture extended along the direction of the maximum principal stress.
Owing to the weak strength of the BP, the pore water pressure induced initiation and
propagation of the BP near the HF at the same time as HF propagation. Therefore, when
the BP angle was 90◦, the bedding fracture was incomplete. The length of the cross-layer
fracture at 30◦ was close to that of the bedding slip fracture, indicating that the cross-layer
and bedding slip fractures occurred simultaneously, which is conducive to the generation
of a complex fracture network.

4.2.2. Number of AE Events

Tensile fractures were considered dominant when MMIXDME was less than 0.5, and
shear fractures were considered dominant when the value was between 0.5 and 1. Based
on this, the numbers of AE events for different rupture types were determined using
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MATLAB (Figure 8). The numbers of AE events of the tensile-fracture type first decreased
and then increased with increasing angles and were generally greater than those for the
shear-fracture type (except at an angle of 45◦), indicating that the tensile fracture was
dominant. However, the numbers of shear-fracture events showed an opposite trend to that
of the number of tensile-fracture events, which first increased and then decreased. When
the angles were 30◦, 45◦, and 60◦, the numbers of shear-fracture events were highest, and
the tensile-shear ratio was lowest. When the BP angle was 30◦, the numbers of tensile and
shear-fracture events were similar. The cross-layer and bedding slip fractures were tensile
and shear failures, respectively. Therefore, the alternating complex propagation process of
cracks was also reflected in the AE-fracture type.
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4.3. Pore-Water Pressure Curves and AE-Energy Distributions

The pore-water pressure curves and AE-energy characteristics of the perforating orifice
at different BP angles were extracted. In this study, a BP angle of 30◦ was used as an example
for analysis (Figure 9). According to the degree of fluctuation of the pore-water pressure
curve and the distribution characteristics of the AE energy, the fracturing process could be
roughly divided into four stages. The fractures started at the first stage and then continued
to fracture throughout the layer. At this time, the AE energy was evenly distributed in
the interval. The second stage showed rapid fracture expansion, during which the AE-
energy distribution was more concentrated. It was observed from the fracture path that
this stage was mainly the fracture of the BP. Owing to the weakness of the BP, the fracture
occurred rapidly, and the pore-pressure curve also clearly fluctuated at this time. During
the third stage, the pore-water pressure increased steadily, and the fracture exhibited stable
expansion. During this process, the fractures were mainly comprised of extensional cross-
layer fractures with a single fracture type and a stable pore-pressure curve. Moreover, the
AE energy was evenly distributed in the form of multiple clusters during this stage. At
the end of the stage, the AE energy varied owing to a small amount of bedding fractures.
During the fourth stage, the fractures entered the last bedding slip fracture expansion stage
and were close to the model boundary. Under the influence of the boundary effect, the
pore-pressure curve exhibited strong fluctuations, and the AE energy exhibited uneven
distribution characteristics. When the fracture penetrated the model boundary, the pore
pressure dropped sharply, and a high-intensity AE energy event occurred.
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Figure 9. Pore-water pressure and AE-energy. During different stages, the fractures showed different
propagation modes, and the AE energy presented with different distribution characteristics. The AE
energy of bedding slip fracture was concentrated. The energy of cross-layer fracture was dispersed.

4.4. Fractal Dimensions (FDs)

To quantitatively analyze the influence of different BP angles on the HF effect, the FD
was introduced to evaluate the fracturing effect, as the FD can be used to quantitatively
evaluate the complexity of the fracture network. Because the box-counting dimension
(BCD) method is simple and easy to implement, it is often used to calculate FD [30].

The basic principle of the BCD method is that a square lattice with a side length of δ
is used to cover the entire graphic area and count the number of grids containing cracks.
Subsequently, the side length of the lattice is continuously reduced, and the corresponding
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number of grids containing cracks is counted. Finally, a double-logarithmic coordinate
system is implemented, and the least-squares method is used for regression analysis of the
number of lattices to obtain a fitting line. The slope of the straight line represents the FD in
the graph. The relevant equations are as follows:

N(δ) = Aδ−D (18)

where N(δ) is the number of grids containing cracks, δ is the edge lengths of the grids,
A is the initial value of the image distribution, D is the value of FD, and the D value of a
two-dimensional plane is always between 1 and 2.

D can be obtained by taking the logarithms of both sides of (18):

lgN(δ) = lgA− Dlgδ (19)

The BCD method was used to calculate the FDs of fractures at different BP angles
(Figure 10). The FDs at a BP angle of 30◦ were significantly higher than those at other
angles, indicating that the fractures at 30◦ were the most complex and that the fracturing
effect was the best.

Energies 2022, 15, x FOR PEER REVIEW 14 of 19 
 

 

4.4. Fractal Dimensions (FDs) 
To quantitatively analyze the influence of different BP angles on the HF effect, the 

FD was introduced to evaluate the fracturing effect, as the FD can be used to quantitatively 
evaluate the complexity of the fracture network. Because the box-counting dimension 
(BCD) method is simple and easy to implement, it is often used to calculate FD [30]. 

The basic principle of the BCD method is that a square lattice with a side length of 
δ  is used to cover the entire graphic area and count the number of grids containing 
cracks. Subsequently, the side length of the lattice is continuously reduced, and the corre-
sponding number of grids containing cracks is counted. Finally, a double-logarithmic co-
ordinate system is implemented, and the least-squares method is used for regression anal-
ysis of the number of lattices to obtain a fitting line. The slope of the straight line repre-
sents the FD in the graph. The relevant equations are as follows: 

( ) DN Aδ δ −=  (18)

where ( )N δ  is the number of grids containing cracks, δ  is the edge lengths of the 
grids, A is the initial value of the image distribution, D is the value of FD, and the D value 
of a two-dimensional plane is always between 1 and 2. 

D can be obtained by taking the logarithms of both sides of (18): 

lg ( ) lg lgN A Dδ δ= −  (19)

The BCD method was used to calculate the FDs of fractures at different BP angles 
(Figure 10). The FDs at a BP angle of 30° were significantly higher than those at other 
angles, indicating that the fractures at 30° were the most complex and that the fracturing 
effect was the best. 

 
Figure 10. FDs at different BP angles. The FD reached a maximum at 30°. 

5. Discussions 
Since the influence of proppant was not taken into account in this study, the fracture 

tends to close under the action of in situ stress after the fracture penetration model bound-
ary. Therefore, the crack width before and after the fracture penetration model boundary 
can be extracted, and the difference between the two can be obtained to characterize the 
degree of fracture closure. Then, the response of different fracture types to in situ stress 
can be obtained by comparative analysis of fracture closure degree and AE location (Fig-
ure 11). It can be found that the degree of fracture closure of tensile fracture is obviously 
greater than that of shear fracture. Therefore, shear fractures are favorable for maintaining 
fracture width, and tensile fractures require higher proppant strength. 

Figure 10. FDs at different BP angles. The FD reached a maximum at 30◦.

5. Discussion

Since the influence of proppant was not taken into account in this study, the fracture
tends to close under the action of in situ stress after the fracture penetration model boundary.
Therefore, the crack width before and after the fracture penetration model boundary can be
extracted, and the difference between the two can be obtained to characterize the degree
of fracture closure. Then, the response of different fracture types to in situ stress can be
obtained by comparative analysis of fracture closure degree and AE location (Figure 11).
It can be found that the degree of fracture closure of tensile fracture is obviously greater
than that of shear fracture. Therefore, shear fractures are favorable for maintaining fracture
width, and tensile fractures require higher proppant strength.

Scholars have proposed mechanisms that influence rock minerals on crack propagation
at micro- and nano-scales [12]. However, hydraulic fracturing simulations are usually
aimed at fractures with a size of several min length or even larger. Owing to limitations
in computing ability, it is unrealistic to reduce the actual size of rock minerals during
numerical HF simulations based on the size of the reservoir. Therefore, this study was
conducted in attempt to analyze the influence of mineral heterogeneity on fracturing by
constructing a mineral heterogeneity model using an approximate method. The horizontal
stress contours of the different fracturing stages were extracted (Figure 12). The contour
distributions showed that mineral heterogeneity can lead to uneven stress distributions.



Energies 2022, 15, 6052 14 of 18

The stress was concentrated at the fracture tip, but the difference in minerals led to different
degrees of stress concentration, which directly affected the subsequent fracture propagation
direction. Because the stress–shadow effect caused by fracture propagation was also
affected by the mineral distribution, the extended fracture produced compressive stress
zones on both sides of the fracture, thereby affecting subsequent fracture propagation.
Mineral heterogeneity led to an asymmetrical distribution of compressive stress. In this
scenario, the compressive stress on the left side of the fracture was higher than that on the
right side. In subsequent fracture-propagation processes, different fracture propagation
patterns appeared on both sides of the existing fractures.
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Shale in different regions showed strong differences in bedding spacing. It is of
great significance to investigate the influence of bedding spacing on HF propagation in
order to reasonably guide fracturing design. Fracture-propagation paths for different BP
spacings were obtained (Figure 13). The smaller the BP spacing, the more obvious the BP
effect. When the BP spacing was small, the weak-plane distribution was dense, and a large
number of intermittent short cracks was readily produced. The fracture path shows that
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short bedding slip and cross-layer fractures appeared alternately, and the width of the cross-
layer fracture was larger than that of the bedding slip fracture. When the spacing between
BPs was large, weak BPs were sparsely distributed and had a lower chance of interacting
with HFs; therefore, their influence on HFs was small. However, when the spacing between
BPs was moderate, the length of a single bedding slip fracture increased significantly, and
the compression-fracture network formed by the interaction with cross-layer fractures was
beneficial for improving the mining efficiency and increasing production.
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Figure 13. Fracture paths under different bedding spacing. The bedding spacing of (a–d) are 2 m,
4 m, 8 m and 16 m, respectively The smaller the interlayer spacing, the more obvious the bedding
effect, although the fracturing effect was better when the interlayer spacing was moderate.

According to the numerical simulation results, the fracture propagation path is de-
termined by the in situ stress and BP, but their influence proportions are different. The
influence of BP on HFs is also affected by factors such as BP angle, strength and spacing.
The energy of HF propagation is mainly used to overcome the strength of the rock and the
compression of the in situ stress field. When the angle between the BP and the direction of
the maximum principal stress is large, the BP needs more energy to resist the influence of
the in situ stress field if it wants to crack. However, when the energy is insufficient to open
the BP, the rock has broken. At this time, the energy is released, and the bedding plane is
more unlikely to crack. However, when the angle between the BP and the direction of the
maximum principal stress is small, the compression effect of the in situ stress field on the BP
is reduced. Therefore, the energy required for the initiation of the BP decreases, and the BP



Energies 2022, 15, 6052 16 of 18

is easier to open. As can be seen in Figure 5, when the angle of BP is 30◦, the bedding plane
effect begins to appear. This indicates that the residual energy after overcoming the effect
of rock strength and in situ stress field just meets the initiation condition of BP. Of course, it
is also related to the strength of the BP. Under this critical condition, the fracture behavior
of cross-layer and bedding slip alternation is generated. Since then, with the increase of BP
angle, the compression effect of in situ stress on BP is weakened. And the energy required
to open the BP is reduced, so the BP effect is clearer. Combined with Figure 13, it can
be found that this phenomenon is also related to the spacing of BPs. Therefore, different
combinations of bedding plane angle, strength and spacing may produce different fracture
path, which is a complex process and needs further research.

6. Conclusions

The influence of different BP angles on the evolution of the HFN was studied using
the global-embedding cohesive element method. Moreover, the interaction processes
between the HF and BP were analyzed using AE-based numerical simulation. HF effects
corresponding to different BP angles were comprehensively evaluated using multiple
simulation results. The following conclusions were drawn.

(1) The maximum principal stress was always the main factor controlling the propagation
of HFs, and the BPs captured HFs to inhibit their propagation along the direction of
maximum principal stress. The larger the angle between the BP and the minimum
principal stress, the stronger the capture ability. In addition, when a BP captured an
HF, the phenomena of cross-layer and bedding slip fractures occurred alternately,
showing characteristics of an intermittent dislocation fracture, which were most
obvious when the BP angle was 30◦. These results indicate that the final fracture path
of the HF was determined by the maximum principal stress and BP.

(2) The entire fracturing process was mainly dominated by cross-layer fractures, which
are tensile fractures with a large fracture width, whereas bedding slip fractures are
shear fractures with a small fracture width. A tensile fracture with a large fracture
width is more effective for proppant migration and filling, whereas a shear fracture
with a small fracture width is more effective for maintenance of the HF width.

(3) Mineral heterogeneity directly affected the stress-contour distribution and indirectly
affected the fracture-propagation direction and stress–shadow effect. Therefore, min-
eral heterogeneity plays an important role in multi-cluster and multi-batch fracturing.

(4) When combining the fracture path, fracture length, AE-fracture type, and fractal
dimension, the best fracturing effect was obtained when the BP angle was 30◦ with
moderate interlayer spacing.
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Nomenclature
K element stiffness
heff element geometric thickness
V integral space
S surface of the integral space
δε virtual strain field
δv virtual-velocity field of the rock node
T external surface force of the unit integral region
ρw liquid density
g acceleration of gravity
Q injection rate
kt tangential permeability
∇p pressure gradient along the fracture surface
d opening displacement of the fracture element
µ viscosity of the fracturing fluid
q volume-flow rate
c filtration coefficient
p pore pressure
D damage variable
δ

f
m effective displacement when a failure occurs

δ0
m effective displacement of the damage initiation evolution

δmax
m maximum effective displacement

T0
e f f effective traction force

GC fracture energy
N(δ) number of grids containing cracks
δ edge lengths of the grids
A initial value of the image distribution
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