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Abstract: To reveal the mechanism of hydraulic fracture initiation and propagation under the
conditions of multiple perforations during horizontal well fracturing, we creatively conducted
dual-hole fracturing experiments on small rock samples and established a two-dimensional model
of a single cluster with multiple perforations in a horizontal well based on the extended finite
element method using the fluid–solid coupling equation, which was combined with the basic theory
of damage mechanics. The biggest difference from previous research is that this model does not
consider the hypothesis of stress shadows and only focuses on studying the initiation and propagation
of multiple perforations in one cluster. We studied the effects of perforation parameters, stress state,
and injection flow rate on the initiation and propagation of hydraulic fractures using this model. The
experimental and simulation results indicate that under multi-perforation conditions, the number
of fractures depends on the number of perforations. The simulation results show that when the
spacing between perforations increases or the number of perforations reduces, the initiation time
of perforation is advanced and the interference between fractures weakens, which is conducive to
the initiation and propagation of hydraulic fractures. As the stress difference increases, the initiation
time of perforation becomes earlier and the deflection angle of the outermost fractures becomes
smaller, which is conducive to the parallel expansion of the fractures. Moreover, although this has
little impact on the morphology of fractures with the rise in flow rate in simulation, it is beneficial for
improving the initiation and propagation speed of fractures. The length of fractures also increases
significantly at the same time point. In addition, both the experiments and simulations revealed that
an increase in the flow rate could accelerate the initiation time of fractures. The proposed model can
guide fracturing construction to optimize the design of perforation spacing during horizontal well
fracturing, which can contribute to reducing development costs and improving the final production.

Keywords: hydraulic fracturing; multi-perforation; fracture swarms; initiation and propagation;
extended finite element method

1. Introduction

With the increasing demand for energy in economic development, the development of
unconventional energy, such as shale oil and gas, has attracted extensive attention [1–3].
Hydraulic fracturing is a powerful technology that can support the efficient development
of unconventional resources, such as shale gas. The research and application of hydraulic
fracturing technology has also received increasing attention [4–6]. For efficient exploitation
of shale gas, it is necessary to increase the stimulated reservoir volume as much as possible.
However, the research by Span et al. [7] showed that the fracturing efficiency of uncon-
ventional oil and gas reservoirs is still at a low level, with 40–60% of fracturing fractures
contributing little to no oil and gas production. Similarly, Li Yang et al. [8] found that a
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small number of fractures contributed to most of the oil and gas production in segmented
multi-cluster hydraulic fracturing. In contrast, many fractures did not contribute to pro-
duction at all. Therefore, it is necessary to study the initiation and propagation mechanism
of multi-perforation fractures.

In recent years, scholars have conducted extensive research on hydraulic fracture
propagation. Although it is generally believed that, due to the existence of stress shadow,
only a few fractures or even only one fracture can develop to the far end in one clus-
ter of perforations, researchers who conducted studies at the Hydraulic Fracturing Test
Site (HFTS) found that multiple fractures can be formed in one cluster zone. Thus, they
proposed the concept of fracture swarms [9–11]. Ciezobka, Reeves, et al. [12] conducted
hydraulic fracturing research experiments at the Midland Basin in West Texas and found
that up to 6–8 hydraulic fractures exist in a 1–2 foot fracturing area. This is contradic-
tory to the general understanding of underground hydraulic fracturing, but there is no
existing theory to explain this phenomenon. Meng Cao et al. [13] applied a new type
of three-dimensional fracturing reservoir simulator to analyze the data obtained from a
hydraulic fracturing test site. They proposed a method to represent the complex fracture
network generated by hydraulic fracturing effectively. Li Chuanliang et al. [14] studied
the geological and construction conditions for producing segmented single-fracture and
volume fracture networks. Their analysis showed that fracture network fracturing can only
be attained under specific geological conditions, such as a heterogeneous formation with
extremely poor physical properties. Generally, only a single straight fracture is generated
in a homogeneous formation or a macro-heterogeneous formation. Raterman et al. [15]
conducted a numerical simulation based on core inversion data, which showed that hy-
draulic fractures can expand in nearly parallel two-stage or three-stage fracturing, with
spacing ranging from a few centimeters to tens of centimeters. Sesetti et al. [16] developed
a numerical model based on the displacement discontinuity method to simulate the propa-
gation of non-planar hydraulic fractures. The results showed that under certain conditions
and operating parameters, fracture clusters may be closely distributed. Fractures near a
wellbore can extend to more than tens of feet, and closely spaced fractures may terminate
or merge early. Weijermars, R. et al. [17] applied a new fracture propagation simulation
method based on a time-stepped expansion of the two-dimensional linear superposition
method, and they used the well spacing and perforation spacing in the fracturing process.
The simulation showed that multiple competitive hydraulic fractures did not remain planar
and transverse. In contrast, they shifted due to local stress interference. Many hydraulic
fracturing experiments have been conducted to study the impact of various parameters on
the fracturing process [18–21]. According to a significant body of research, factors such as
perforation spacing and geo-stress are important factors that affect the result of hydraulic
fracturing. Zhang Chi et al. [22] optimized the cluster spacing, cluster number, and other
related parameters in their numerical simulation of the Fuling shale gas field, and the final
production increased significantly. Researchers have also conducted extensive research on
hydraulic fracturing using various methods in numerical simulation [23–26]. Due to its
convenient coupling calculations and fast computational speed, the extended finite element
method is considered effective for simulating hydraulic fracturing. However, most existing
studies have focused on large-scale multi-cluster hydraulic fracturing, while research on the
initiation and propagation of single clusters with multiple perforations is scarce. At present,
there is no clear theory to explain the initiation and propagation mechanism of fracture
swarms in hydraulic fracturing. Further research is needed to determine the conditions
under which a single fracture propagates or forms fracture swarms.

To elucidate the mechanism underlying the initiation and propagation of multiple
fractures from a single cluster with multiple perforations, this study established an extended
finite element calculation model to study the initiation and propagation laws of multiple
fractures in homogeneous shale under the conditions of different perforation numbers,
spacing, reservoir stress, and injection flow rate while considering the effects of reservoir
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rock seepage, fracture surface filtration, and stress interference. The research results can
contribute to the hydraulic fracturing design of horizontal shale gas wells.

2. Mathematical Model and Experiment
2.1. Mathematical Model for Fracture Initiation and Propagation

Research on the mechanism of hydraulic fracture initiation and propagation is mostly
based on the fracture mechanics theory. Crustal stress is a crucial parameter in hydraulic
fracturing. Under the original geological conditions, the reservoir is mainly affected by
the combined effect of the horizontal stress and the weight of the covering rock stratum.
Simplifying shale reservoirs as isotropic linear elastomers for research, based on the elastic
mechanics theory and previous stress derivation combined with specific assumptions and
boundary conditions, the crustal stress can be obtained using Hooke’s law:

εx = 1
E
[
σx − µ

(
σy + σz

)]
εy = 1

E
[
σy − µ(σx + σz)

]
εz =

1
E
[
σz − µ

(
σy + σx

)]
γxy = 1

G τxy, γyz =
1
G τyz, γxz =

1
G τxz

(1)

where E is the elastic modulus of the rock, µ is Poisson’s ratio, and G is the shear modu-
lus. The rock stress balance equation can be obtained from the virtual work principle as
follows [27]: ∫

Ω
(σ − prI)δεδdΩ =

∫
S

TδVdS +
∫

Ω
f δVdΩ +

∫
Ω

φρwgδVdΩ (2)

where Ω is the integral body, S is the surface of the integrating body, σ is the effective stress
of the rock, pr is the osmotic pressure, I is the unit vector matrix, δε is the virtual strain
field, δV is the virtual velocity field, T is the external surface force within the unit integral
region, f is the unit volume force without fluid gravity, ϕ is the porosity of the rock, and ρw
is the density of the pore fluid.

According to fracture mechanics theory, a rock can be considered an open fracture.
Considering that the initiation of fractures is a relatively small deformation compared
to a reservoir, the propagation of fractures follows the criterion of linear elastic fracture
mechanics. Assuming that the flow of the fracturing fluid in the fracture is a Newtonian
fluid, the flow in the fracture can be divided into a tangential flow and a normal flow. The
tangential flow equation is as follows [28]:

q f = − b3

12µ
∇p f (3)

where q f is the tangential velocity of the fluid, b is the fracture width, µ is the viscosity of
the fracturing fluid, and p f is the fluid pressure in the fracture. The normal-phase flow of
the fracturing fluid enters the rock through the formed fracture surface, and the volume
conservation equation is as follows [29]:

∇q f − ∂w
∂t + qt + qb = 0

qt = ct

(
p f − pw

)
qb = cb

(
p f − pw

) (4)

where qt and qb are the normal filtration velocities of the fluid on the upper and lower
surfaces of the fracture, respectively; ct and cb are the filtration coefficients of the upper
and lower surfaces of the fracture, respectively; and pw is the pore fluid pressure around
the fracture. As a sedimentary rock, shale is rich in numerous micropores. The fluid
momentum equation can generally be used to characterize the flow of fluids in shale:
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∂(φu)
∂t

+∇ · (φu ⊗ u) = −∇P +∇ · τ + ρg (5)

where φ is the porosity of the porous medium, u is the velocity vector, t is time, P is the
local pressure, τ is the interaction stress between the fluid and the medium, and ρ is the
fluid density. By solving the fluid momentum equation, detailed information such as the
velocity distribution and pressure distribution of fluids inside shale can be obtained.

In the case of a single fracture, the hydraulic fracture extends in the direction perpen-
dicular to the minimum principal stress with a length of 2a, which can be simplified as a
type I fracture model, as shown in Figure 1.
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Figure 1. Schematic diagram of the hydraulic fracture tip.

The condition of fracture initiation and continuous propagation at the fracture tip is
KI ≥ KIC [30], where KI is the stress intensity factor at the fracture tip and KIC is the rock’s
fracture toughness, which is determined by the material properties, and

KI = (pc − σh)
√

πa (6)

where pc is the critical pressure of fracture initiation and can be obtained as follows:

pc ≥
KIC√

πa
+ σh (7)

The maximum principal stress intensity is used to judge the fracture initiation. If the
principal stress in a certain direction of the unit exceeds the set value, that is,

σ ≥ pc (8)

then the fracture starts and extends forward.
The minimum strain–energy density criterion is commonly used in fracture mechanics.

According to this criterion, when the minimum strain energy density at the crack tip
accumulates to a specific critical value, the crack starts to crack and expand along the
direction of the minimum strain energy density. This criterion not only considers the
stress state at the crack tip but also comprehensively considers the mechanical properties
and energy state of the material. Thus, it can comprehensively describe the propagation
behavior of cracks. According to the theory of elasticity mechanics, the stress corresponding
to different types of cracks is superimposed to obtain the strain energy density at the
crack tip:

S =
1
r

(
a11K2

I + 2a12KIKII + a22K2
II

)
(9)

where
a11 = 1

16µ (1 + cos θ)(k − cos θ)

a12 = 1
16µ sin θ(2 cos θ + 1 − k)

a22 = 1
16µ [(1 + k)(1 − cos θ) + (1 + cos θ)(3 cos θ − 1)]

(10)
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In the case of plane stress, k = 3−ν
1+ν ; for the problem of plane strain, k = 3 − 4ν. µ is

the shear modulus, ν is Poisson’s ratio, and r is the radius of a concentric circle with the
center of the circle at the crack tip. If only cracks of type I are considered, the equation we
can obtain at the critical state is as follows:

Sc =
(

a11K2
I + 2a12KIKII + a22K2

II

)
= a11K2

IC (11)

Therefore, we can obtain the following:

KIC =

[
8µ

k − 1

(
a11K2

I + 2a12KIKII + a22K2
II

)
θ=θ0

] 1
2

(12)

This criterion can evaluate the damage evolution after crack initiation during the
simulation. This theory suggests that the initial propagation direction of cracks follows the
minimum value direction, which is {

∂S
∂θ = 0

∂2S
∂θ2 < 0

(13)

The extension angle can be determined by taking the partial derivative of the analytical
formula given in Equation (9) and substituting it into the above equation.

The finite element method is a numerical method widely used in various engineering
analyses, which can simulate the relationship between force and the displacement involved
in various complex physical processes. However, when facing highly nonlinear problems
such as hydraulic fracturing and coupling involving multiple physical fields, the method is
often not suitable or ineffective. In contrast, the extended finite element method adds an
enhancement function that can reflect the discontinuity problem in the continuity function
of the traditional finite element method and adds node degrees of freedom to simulate
the crack propagation of any camping, solving the displacement field of special problems
(including cracks and holes) [31]. Currently, it has been widely used in the simulation
of hydraulic fracturing. For two-dimensional problems with fractures, the displacement
vector function is approximated as follows [32,33]:

u =
n

∑
i=1

Ni(x)

[
ui + H(x)ai +

4

∑
j=1

Fj(x)bj
i

]
(14)

In this equation, Ni(x) is the node shape function, ui is the node injection flow rate
vector related to the continuous part of the finite element solution, H(x) is a step function, ai
is the degree of freedom of the fracture-penetration node expansion, Fj(x) is the asymptotic

injection flow rate function of the fracture tip, bj
i is the extension degree of freedom of the

element node where the fracture tip is located, and i is the node set of all nodes in the
grid. By substituting the displacement vector function (14) into the stress balance equation,
the stress balance relationship can be combined with the actual deformation of the rock
mass [34], thus obtaining the extended finite element method discrete form of the rock
mass deformation equation:∫

Ω

δεTσdΩ −
∫
Ω

δuT f dΩ =
∫
ΓF

δuT FdΓF +
∫
ΓF

δwT pdΓF (15)

where Ω is the two-dimensional crack area, F is the traction force on the boundary, δu is
virtual displacement, and δε is the corresponding virtual strain. Similarly, the fluid pressure
field inside the fracture can also be approximated as

Ph(x) = ∑
i⊂I

Ni(x)pi (16)
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where I is the set of all element nodes in the grid, which constitutes the basic unit for
fluid pressure field analysis; Ni(x) is shape function of the unit node, which reflects
the characteristic of fluid pressure changing with spatial position; and pi is the node
pore pressure. Substituting the displacement vector function into the fluid momentum
Equation (5), the deformation of the rock mass can be correlated with the movement of
fluid inside cracks, thus obtaining the discrete form of the fluid motion control equation
inside cracks:∫

Γ f

w3

12µ
∇p∇

(
δpT

)
dΓ f =

(
δpT w3

12µ
∇p
)

Γ f

−
∫
Γ f

δpT
(

∂w
∂t

− qI

)
dΓ f (17)

The stress–seepage coupling equation can be obtained by coupling Equations (15) and (17):[
0 0
C 0

]
d
dt

(
ũ
p̃

)
+

[
K Q
E G

](
ũ
p̃

)
=

(
d f̃
dt
f̃

)
(18)

where K is the stiffness matrix, reflecting the ability of the rock mass to resist deformation;
C, E, Q, G are coefficient matrices that contain physical properties, boundary conditions,
and external forces of the rock mass; f̃ is the external force vector; ũ is the node displacement
vector; and p̃ is the fluid pressure vector. By simulating and using software, the geometric
shape of cracks, as well as the pressure distribution state of fluids, can be obtained.

2.2. Experiment of Multi-Perforation Fracturing
2.2.1. Multiple Perforation Fracturing Experimental Protocol

The experimental design mainly considers the influence of different stresses and
injection flow rates on the initiation and propagation of multi-perforation fracturing under
three-dimensional stress conditions and determines whether all perforations can crack.
The experiment used a high-pressure multifunctional triaxial experimental system, as
shown in Figure 2. The multifunctional triaxial experimental system mainly comprises
a true triaxial pressure chamber, a loading control system, and a data measurement and
acquisition system. The three-dimensional stress and injection flow rates of the experiments
are shown in Table 1. The basic mechanical parameters of the samples are shown in
Table 2. The samples include the outcrop shale obtained from the Longmaxi Formation in
Sichuan Province, as shown in Figure 3, with a sample size of 5 cm × 10 cm. The samples
were drilled to create two 5 cm deep perforations with a spacing of 3 cm at the top, as
shown in Figure 2c. Although there are still some areas for improvement, conducting dual-
perforation shale hydraulic fracturing experiments on small-sized rock cores is a significant
innovation. This is because it is difficult to place the samples in a sealed state in large-scale
fracturing experiments to prevent pressure relief after the fracturing of one perforation.
The procedures for fracturing tests are as follows: (1) Clean and mark the surface of the
rock sample before drilling. Insert the pipe and seal the drilling hole with high-strength
adhesive. (2) Place the prepared samples into the experimental fracturing chamber and use
the triaxial loading system to simulate the loading of geo-stress conditions. (3) Vacuum
the pipe through an air compressor, perform water injection and pressure fracturing, and
monitor the water pressure in real time through a data recorder. (4) After observing that
the water pressure has remained constant for a period of time during the experiment, it
is judged that the water injection pump pressure system should be shut down after the
completion of fracturing. (5) After pressure relief, disassemble and remove the sample, take
photos and record the direction of surface cracks on the sample, and perform CT scanning.
Then, export the water pressure data for experimental result analysis.
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Table 1. Shale multi-perforation fracturing test scheme 1.

Sample Number Axial Pressure
(σ1)/MPa

Confining Pressure
(σ2 = σ3)/MPa

Injection Flow Rate
(mL/min)

S2 20 15 15
S4 20 15 10
S6 20 15 5
S9 20 20 5

S10 25 15 5
S13 25 20 5
S15 25 15 10

1 Samples S2~S6 were designed to study the impact of the injection flow rate. S4 was compared with S15, S6 with
S10, and S9 with S13 separately. S10, S13, and S15 have a larger axial pressure in order to study the influence of
principal stress on fracturing.

Table 2. Basic mechanical parameters of samples.

Bedding and
Horizontal Angle

Elastic
Modulus

Poisson’s
Ratio

Tensile
Strength Porosity Permeability

0◦ 13.3 GPa 0.147 15.40 MPa 2.12% 6.92 × 10−4 mD
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Figure 3. Shale drilling and pre-fracturing samples.

2.2.2. The Effect of Principal Stress Differences on Fracturing

The water injection pressure curves during fracturing and the samples after fracturing
are shown in Figure 4. The red arrow represents the direction of the fracture. The fracturing
conditions of S4 and S15, S6 and S10, and S9 and S13 are only different regarding the axial
pressure. The width and length of the fractures in S15, S10, and S13 are larger, indicating that
the greater the axial pressure, the greater the degree of fracture propagation. The fractures
of S10 and S13 are close to penetrating the bottom surface, while the surface length of
the cracks in samples S6 and S9 is shorter. In addition, according to the characteristic
curve of dual-hole pressure during the fracturing process, the trend of the changes in shale
hydraulic fracturing is roughly the same under different stress conditions. Still, there are
differences in the initiation pressure and time of the two holes due to stress combinations.
The maximum initiation pressure of S4 exceeds 40 MPa, while the maximum initiation
pressure of S15 does not exceed 35 MPa. Compared to that of S6, the initiation pressure of
S10 under high-stress differences is also slightly lower. Increasing the axial pressure (the
maximum principal stress) is more conducive to fracture initiation and propagation under
the same injection flow rate.
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2.2.3. Influence of Injection Flow Rate on Fracturing

To analyze the impact of fluid injection flow rates on the initiation and propagation
of hydraulic fractures, fluids with different injection flow rates were used for fracturing.
The perforation pressure curves of the fracturing process are shown in Figure 5. The
initiation time, initiation pressure of each perforation, and average initiation pressure are
shown in Table 3. The S2 sample has the highest pressure at the fracture initiation but the
shortest time required from the initial injection for the fracture to form. The S6 sample
has the lowest average pressure at the fracture initiation but the longest time required
from the initial injection for the fracture to form. This is because as the injection rate
increases, the fluid pressure rises faster in a limited space, and the perforation initiation
time becomes significantly earlier; thus, a greater injection rate is accompanied by a higher
fracture pressure.
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2.2.4. Analysis of Multi-Perforation Initiation

CT scanning was performed on the samples after fracturing to further analyze the
mechanism of fracture initiation. In Figure 6, the CT scanning profiles of the S10 sample at
different heights from the perforation top surface are shown from left to right. As shown
in the figure, both perforations have initiated fractures, forming two nearly parallel main
fractures that extend toward both sides of the perforation. In addition, combined with
the fluid pressure curve shown in Figure 4d, the initiation time and the pressure of the
two perforations differ. Moreover, as seen in the experimental results of other samples,
the initiation time and pressure of the two perforations are not the same. However, the
pressure is often close to the same after rupture. This is because the fractures generated
by the two holes are interconnected, as shown at the top of the sample in Figure 4c, or
both fractures penetrate the surface, causing the interconnection of liquid. The initiation
and expansion of one perforation cannot prevent the initiation of another perforation,
which provides experimental support for generating multiple parallel fractures under
multi-perforation conditions.
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Table 3. The initiation time, initiation pressure of each perforation, and average initiation pressure
of samples.

Sample

Initiation
Time of

Perforation
1/s

Initiation
Pressure of
Perforation

1/MPa

Initiation
Time of

Perforation
2/s

Initiation
Pressure of
Perforation

2/MPa

Average
Initiation

Pressure/MPa

S2 24 44.7 55 35.3 40.0
S4 47 35.6 33 28.0 31.8
S6 81 31.3 52 28.2 29.75

3. Simulation under Multi-Perforation Conditions

Hydraulic fracturing of horizontal wells greatly increases the fracture network area
of horizontal wells, thereby improving the productivity of gas wells. Conducting in-
depth research on the initiation and propagation mechanisms under single clusters with
multi-perforation conditions can improve current fracturing technology to achieve the
most optimized fracture distribution results, thereby improving the hydraulic fracturing
efficiency of shale horizontal wells and achieving safe, practical, and economic development
of unconventional resources.

3.1. Model Description

During the fracturing process of a horizontal well, multiple perforations are used
in a cluster, and each cluster may form many fractures. Parameters such as the injection
flow rate, reservoir stress, and perforation spacing can all affect the formation of multiple
fractures. If the parameter settings are not optimized, it may cause some perforations to fail
to open or form effective fracturing fractures, thereby reducing the efficiency of fracturing
construction. As shown in Figure 7, a two-dimensional shale model for hydraulic fractur-
ing under multi-perforation conditions based on the extended finite element theory was
established, with a size of 1 × 6 m. Due to simulation limitations, some assumptions were
established for the model. For example, the reservoir was considered as a homogeneous
and isotropic medium, and the simulation did not consider the influence of bedding and
natural fractures on hydraulic fracture propagation. However, the influence of seepage
and filtration on pressure was considered. Multiple perforations were simulated by setting
multiple initial fractures with a length of 1 cm. The relevant model parameters were set
according to the data for shale gas wells in southwestern Sichuan Province, China, as
shown in Table 4. This model was used to study the effects of perforation spacing, perfo-
ration quantity, reservoir stress, and construction injection flow rate on the initiation and
propagation of multiple fractures during the hydraulic fracturing of horizontal wells. To
study the influence of different parameters on the initiation and propagation, different
operating conditions were designed and simulated, as shown in Table 5.
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Table 4. Basic parameters of the simulated reservoir.

Parameter Numerical Value Parameter Numerical Value

Density 2600 kg/m3 Porosity 0.01
Elastic modulus 30 GPa Fluid viscosity 10 mPa·s
Poisson’s ratio 0.22 Leakoff coefficient 1 × 10−12 m/s

Tensile strength 2 MPa Initial crack length 0.01 m
Permeability coefficient 1 × 10−7 m/s Pore pressure 20 MPa

Table 5. Numerical simulation design schemes.

Scheme Number of
Perforations Spacing/cm Three-Dimensional Stress/MPa

σH σh σν

Injection
Flow

Rate/L/min

1 5 6 25 15 20 1
2 5 6 25 15 20 5
3 5 6 25 15 20 10
4 5 6 20 15 20 5
5 5 12 25 15 20 1
6 5 12 25 15 20 5
7 5 12 25 15 20 10
8 5 12 20 15 20 5
9 3 12 25 15 20 1

10 3 12 25 15 20 5
11 3 12 25 15 20 10
12 3 12 20 15 20 5

3.2. Verification of Extended Finite Element Model

To verify the reliability of the proposed model, the model results were compared to the
simulation results obtained by Chen et al. [35], who also used the extended finite element
method. We simulated the propagation of two fractures under two different principal
stress differences, and both models had the same basic parameters and stress conditions, as
shown in Table 6. The results are shown in Figure 8. The Figure shows that the fracture
propagation path remains almost consistent, proving that the method and the model used
in this study have high reliability. To further verify the model’s accuracy, the results of a
single crack were compared with the classical model (KGD) [36]. After 40 min of fracturing,
the crack length calculated using the KGD model was 43.71 m, and the XFEM model
calculated a crack length of 42.82 m. This is a difference of 2%, thus verifying the proposed
model’s accuracy.

Table 6. Basic parameters of verification models (after Chen et al. [35]).

Parameter Numerical Value Parameter Numerical Value

Pore pressure 30 MPa Porosity 0.05
Elastic modulus 23 GPa Fluid viscosity 0.01 mPa·s
Poisson’s ratio 0.25 Injection rate 1.25 m3/min

3.3. Simulation Results and Analysis

To study the influence of different factors on the initiation and propagation of fractures
under multi-perforation conditions, a comparative simulation analysis was conducted
on each factor investigated in this study to better understand the influence of each factor
during the horizontal well’s fracturing process. Firstly, based on the simulation results
and combined with the experimental analysis, it was found that the perforations showed
significant interference with each other during the initiation stage. However, there was a
trend of parallel propagation thereafter. The experimental and simulation results confirm
that all perforations can initiate fractures under the condition of a single cluster with
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multiple perforations. Thus, the parallel fractures distributed in the clusters found at
the Hydraulic Fracturing Test Site in the United States were largely developed from each
perforation in each cluster, as shown in Figure 9. Based on the simulation results, it
can be inferred that under actual shale fracturing conditions, fractures propagate in a
parallel manner.
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3.3.1. The Influence of Perforation Spacing on Fracture Initiation and Propagation

To analyze the impact of perforation spacing on the initiation and propagation mor-
phology of a cluster with multiple perforations, the extended finite element model estab-
lished in this study was used to simulate the fracturing state under different conditions.
The results are shown in Figures 10 and 11 (the color of the lines in the figures represents the
width of the fractures). For clearer presentation, the deformation scale factor of the fractures
in all figures is set to 20. These figures show that under multi-perforation conditions, even
if there is a difference in perforation spacing, the two outermost perforations are the first
to fracture, followed by the two adjacent perforations, and the middle perforation is the
last to fracture. Due to the presence of stress interference, both sides of these fractures
show a tendency to deflect outward. After the fractures on both sides deflect, the impact
on the middle fracture is reduced, and the propagation speed of the middle fracture is
accelerated, with the propagation length being significantly greater than the other fractures.
In Scheme 1, at 300 s, the length of the middle fracture reaches 27.1 cm, while the outermost
fracture is only 14.6 cm, a decrease of 46.1% in length. When the perforation spacing is
6 cm, the interference is significantly stronger, and the two outermost fractures exhibit a
larger outward deflection angle of about 13◦. After the outermost fracture deflects, its influ-
ence on the second outermost fracture decreases. When expanding, the second outermost
fracture deflects outward under the influence of the middle fracture until it merges with the
outermost fracture and then continues to expand in a nearly parallel state. When the perfo-
ration spacing is 12 cm, the interference of the fractures on both sides is relatively small,
and the outward deflection angle is only about 11◦. After expanding by about 24.2 cm, it
maintains parallel expansion with other fractures. The second outermost fracture quickly
becomes parallel to the middle fracture, and the outermost fracture becomes parallel after
the outward deflection. Afterward, the five fractures continue to expand in parallel in
sequence. Given these results, it can be concluded that increasing the perforation spacing
appropriately during actual fracturing can reduce the competitive expansion effect between
fractures, improve the uniformity of multi-fracture development, and increase the length
of simultaneous multi-fracture development.
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3.3.2. The Influence of the Number of Perforations on Fracture Initiation and Propagation

Using the same method, we analyzed the impact of different numbers of perforations
on the initiation and propagation of multi-perforation hydraulic fracturing in a single
cluster, and the results are shown in Figures 12 and 13. These figures show that with
a larger perforation spacing of 12 cm, all perforations can initiate normally in sequence
and continue to propagate in a stepped sequence in a parallel state. However, when the
number of perforations is 5, the interference on both sides of the perforations is relatively
large and tends to deflect outward. The deflection angle is approximately 10◦. Due to the
interference of the middle perforation generated by both sides canceling each other out, the
expansion speed of the middle perforation is faster. In Scheme 6, at 1000 s, the length of the
middle fracture reached 118.5 cm, while the second outermost fracture was 70.4 cm and the
outermost fracture was 33.4 cm, decreasing by 40.6% and 71.8% in length separately. After
the second outermost fracture was deflected toward the outer side for a certain distance,
it was influenced by the outermost fracture and started developing toward the middle,
thereby extending parallel to the middle fracture. After the outermost fracture was deflected
for a certain distance, it maintained parallel expansion with the three inner fractures. In the
case of three perforations, the two outer cracks were still the first to crack. Due to relatively
small interference, although they had a slight deviation toward the outside, they quickly
maintained a parallel expansion state with the middle fracture. At 1000 s, the length of
the middle crack reached 133.5 cm, which is 11.2% longer than that of five perforations.
This phenomenon indicates that a decrease in the number of perforations helps to reduce
mutual interference during the fracture propagation, making the process more stable. In
practical engineering, in order to maximize fracturing efficiency, it is possible to consider
reducing the number of perforations appropriately to reduce interference during crack
propagation and achieve a more stable and efficient fracturing effect.

3.3.3. The Influence of Different In Situ Stress Conditions on the Initiation and Propagation
of Fractures

The effects of different in situ stress conditions with the same spacing and number
of perforations on the initiation and propagation of fractures were simulated, and the
results are shown in Figures 14 and 15. Through a comparison of the results, it was found
that under a principal stress difference of 10 MPa, the influence of stress on the direction
of the fractures is smaller, and the fractures become more uniform during propagation,
which is more conducive to the formation of parallel propagation fractures. At the same
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time point, the extension length is larger, which is more conducive to the development of
fractures toward the far end. For example, at 300 s, the perforation length in the middle
of Scheme 2 reached 108.9 cm, while it was only 67.2 cm in Scheme 4. When the principal
stress difference was 5 MPa, the speed of fracture propagation was slower, and the fractures
on both sides were more prone to deflection. In the case of Scheme 4, where the principal
stress difference was small and the spacing was also small, the deflection angle of the
outermost fracture was close to 45◦, and it even developed in a direction perpendicular
to the initial direction, which is not conducive to the extension to the far end. Moreover,
taking the middle fracture as an example, the fracture lengths of Scheme 10 and Scheme 12
were 141.5 cm and 116.9 cm at 1000 s. It can be seen that under higher stress difference
conditions, the fracture length at the same time point is longer. In addition, it was found
through comparison that under larger principal stress differences, the initiation time of
perforation is earlier, which is consistent with the experimental results. It can be seen in
Figures 14 and 15 that a large principal stress difference during the fracturing process is not
only conducive to the initiation of fractures but also has a positive effect on the continuous
propagation of fractures toward the far end. Overall, it can be concluded that the greater the
stress difference, the weaker the stress interference effect on fracture propagation, and the
more uniform the fracture propagation; thus, the phenomenon of competitive propagation
between fractures gradually weakens.
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3.3.4. The Influence of Different Injection Flow Rates on the Initiation and Propagation
of Fractures

By keeping the other conditions unchanged, simulations were conducted under differ-
ent states to examine the effect of different injection flow rates on fracture initiation and
propagation. As shown in Figure 16, the flow rate does not have a significant impact on
the morphology of fractures; however, the greater the injection flow rate, the longer the
fracture propagation distance at the same time point. Taking the middle crack, for example,
at 600 s, the crack lengths for Schemes 1, 2, and 3 were 97.1 cm, 131.8 cm, and 217.6 cm,
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respectively. Further, when extracting the pressure curve at the same location points as
Schemes 1, 2, and 3, as shown in Figure 17a,b, as the injection flow rate increased, the
perforation initiation time was earlier. Similar results were also observed in the experiments
described in Section 2.2.3. Based on the experimental results in the previous section, we
obtained a pressure chart for perforation initiation at different flow rates. The same result
was also obtained, as shown in Figure 18. This is because the greater the injection flow
rate at the same time point, the larger the volume required to accommodate the fluid,
resulting in a greater relative fracture propagation length. During the stage of continuous
fracture propagation, the required fluid pressure tends to be the same, and there is no clear
correlation with the flow rate. Therefore, in actual fracturing operations, the injection flow
rate should be adjusted reasonably based on the geological conditions in order to achieve
the best fracturing effect.
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4. Discussion

This study conducted fracture initiation and propagation experiments on multi-
perforation fracturing. It simulated the initiation and propagation of hydraulic fracturing
under multi-perforation conditions while considering the influence of shale fluid seepage
and filtration loss using the extended finite element method. The following conclusions
can be drawn:

(1) All perforations can initiate fractures under the condition of multiple perforations in
one cluster when using experimental and simulation methods. The parallel fracture
swarms discovered at the Hydraulic Fracturing Test Site (HFTS) are highly likely to
be caused by the initiation and continuous propagation of each perforation. Due to
the stress interference between perforations, the order of perforation initiation varies,
but there is a trend of parallel propagation.
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(2) When the perforation spacing is 12 cm, the interference between fractures is sig-
nificantly reduced compared to 6 cm. Thus, increasing the perforation spacing is
beneficial for the parallel expansion of fractures toward the distal end.

(3) With five perforations, the stress interference of initiation and propagation between
the fractures is stronger. When the number of perforations is three, the initiation
time of the perforations is earlier, and the mutual interference between fractures is
weaker, which is more conducive to the parallel propagation of fractures. Reducing
the number of perforations has a positive effect on the initiation and expansion of
hydraulic fracturing.

(4) When the principal stress difference is 10 MPa, fractures start earlier than when it
is 5 MPa, and the initiation time of perforation is advanced by 2–3 s. The deflection
angle of the outermost crack is almost 90◦ when the stress difference is 5 MPa. The
greater the principal stress difference, the smaller the degree of stress interference in
fracture propagation, and the fractures become more uniform during propagation,
which is conducive to the formation of parallel propagation fractures. Moreover, the
extension length is larger at the same time point, which supports the development
of fractures toward the far end. In addition, the comparison showed that when the
principal stress difference is larger, the initiation time of perforation is earlier, which
is consistent with the experimental results.

(5) Both the experimental and simulation results indicate that a higher flow rate is con-
ducive to fracture initiation and propagation. An increase in the flow rate has a
reduced impact on the shape of fractures, but it increases the propagation speed of
fractures, and the crack length increases by about 80% at 600 s.
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