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Deep reservoirs have a large difference in geo-stress, and compared to shallow
reservoirs,multiple clusters of fracturing are usually required to effectively improve the
quality of reservoir reconstruction. In this paper, considering the relevant geological
parameters of a certain reservoir in the southwest, multi-cluster reservoir fracturing
models under three-dimensional conditions based on the cohesive element
modelling method are established. Then, the quantitative rules of fluid pressure,
fracture length, fracture aperture, fracture area, tensile failure rate, and the fractal
dimension of fracture morphology under different fracturing cluster numbers were
revealed. The results show that compared to conventional fracturing, multi-cluster
fracturing can significantly increase the number of main fractures and improve the
effectiveness of reservoir reconstruction. As the number of clusters increases, the
number ofmain fractures in the reservoir increases, but it can also lead to the increase
of small opening fractures, which may be unfavourable for the pumping of proppant
and subsequentmining. Meanwhile, based on the fractal dimension results of fracture
morphology, it was found that under this simulation condition, the number of
fracturing clusters had a significant impact on the fractal dimension of fracturing
fractures before the fracturing of six clusters, while after the fracturing of six clusters,
the impact of the number of fracturing clusters on the fractal dimension of fracturing
fractures decreased. Therefore, when considering factors such as the complexity of
fractures, multi-cluster fracturing does not necessarily result in more fracturing
clusters being better but should be comprehensively considered for optimization.
This study has certain reference significance for selecting the spacing between
multiple fracturing clusters.
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1 Introduction

With the development of unconventional oil and gas, more and more attention has been
paid to the exploration and development of deep shale (Song, et al., 2017). Because of the
high in-situ stress in deep shale reservoirs (Guo, et al., 1993; Huang, et al., 2019; Jiang, et al.,
2019; Moghadasi et al., 2019; Yang et al., 2023), it is difficult for hydraulic fractures to start
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and expand, and hydraulic fractures are easy to close under high in-
situ stress, so conventional methods of shale reservoir fracture
growth cannot be used to study unconventional shale reservoirs
(Wu, et al., 2020; Luo, et al., 2022). For deep shale reservoir
reconstruction engineering, the way of stage fracturing is usually
adopted, so it is necessary to study the law of multi-cluster fracture
propagation in deep shale reservoirs.

Early fracturing research was achieved through theoretical
derivation and indoor experiments. With the deepening of
fracturing research, the assumption of homogeneous rocks in
theoretical derivation has made it difficult to meet the current
research needs. Meanwhile, although indoor experiments are an
excellent method for fracturing research (Qiu, et al., 2023; Tan, et al.,
2023), they are limited by sample size and cost, making it difficult to
conduct more targeted on-site numerical simulation studies. As an
accurate, efficient and convenient research method, numerical
simulation can take into account some special factors in the
actual reservoir, such as irregular natural fractures, random
lithology mutants, and even complex ground stress states, and it
is very suitable for studying the fracture propagation mechanism of
deep shale reservoirs(Wei, et al., 2015; Liu, et al., 2018; Wu M. et al.,
2018; Zheng, et al., 2022). At present, the numerical methods
commonly used in hydraulic fracture propagation simulation
(Xiang, et al., 2009; Ju, et al., 2016; Yan, et al., 2018; Rougier,
et al., 2019) mainly include the unified pipe-interface element
method (Yan, et al., 2021; Yan and Yu, 2022), peridynamics,
cracking particles method, finite element method (FEM) (Xiang,
et al., 2009; Lecampion and Desroches, 2015), extended finite
element method (XFEM) (Wang, 2016; Zou, et al., 2020),
displacement discontinuity method (DDM), discrete element
method (DEM) (Huang, et al., 2022) and phase field method
(PFM). The FEM, as a mature numerical calculation method, is
widely used in hydraulic fracturing numerical simulation because of
its flexibility in dealing with complex mechanical problems, such as
rock heterogeneity. However, fractures can only expand along the
grid boundary and grid reconstruction is required. Based on the
conventional finite element continuous displacement field, the
XFEM characterizes discontinuity of displacement by adding
local enrichment function to the element containing fracture,
allowing fracture to penetrate the grid without grid
reconstruction. Compared with the finite element method, XFEM
has obvious advantages and is widely used in the simulation of
hydraulic fracture propagation. However, this method has some
difficulties in dealing with complex fracture networks and multi-
cluster fracture propagation. DDM as an indirect boundary element
method, only needs to discrete the fracture, but does not need to
discrete other areas outside the fracture. Therefore, compared with
the finite element method, DDM is one of the most used numerical
methods for the simulation of complex fracture networks.

However, due to the assumption of discontinuous displacement
solutions, this method cannot be applied to non-homogeneous and
non-linearly elastic media. The discrete element method (DEM)
discrete the medium into blocks (or particles) and judges the
fracture behavior by the contact state between the blocks (Huang,
et al., 2019). Hydraulic fracturing is the process in which rock mass
fractures occur, so the DEMmethod is gradually used to simulate the
propagation of hydraulic fractures. The advantages of this method in
dealing with discontinuity problems make it very suitable for

simulating the complex fracture network propagation process in
reservoirs with high natural fracture development, but its
disadvantages are that it cannot deal with continuum problems
well, and the calculation amount is too large, and the calculation
efficiency is low. The phase field method equates the fracture to a
material weakening zone, and the displacement is continuous.
Under the framework of finite element calculation, the phase
field variable is introduced to describe the fracture without
additional tracking of the fracture geometry. Compared with the
discrete model, the PFM has a unique advantage in calculating
complex fracture propagation such as fracture intersection,
bifurcation, and three-dimensional arbitrary tortuous propagation
path. However, the model also has some shortcomings, such as
requiring the finite element mesh in the fracture propagation area to
be sufficiently fine and commutative. The finite element discrete
element method (FDEM) (Munjiza, 2004; Wu, et al., 2023) is a
hybrid simulation method, that can give full play to the advantages
of the finite element method and discrete element method, and avoid
the disadvantages of both, so it is suitable for hydraulic fracturing
simulation test. Unfortunately, the previous numerical simulation
studies mainly focused on the study of fracture propagation
mechanism under low geo-stress environments, and it is difficult
to provide direct references for fracturing operations in deep-tight
sandstone reservoirs. Therefore, based on the FDEM method, it is
very necessary to study the law of multi-cluster hydraulic fracture
propagation under high-ground stress. Meanwhile, deep reservoirs
usually use multi-cluster fracturing construction. Yuan et al. (Yuan
et al., 2018) established a mathematical model for CFS multi-stage
fracturing of horizontal wells. Considering the differences in limited
hydraulic fracture conductivity, hydraulic fracture inclination, and
the different shapes of multi-wing fractures at perforation points,
this model can effectively analyze the production performance of
different multistage fractured horizontal well types. A simple and
fast well-testing method has been proposed by Meng et al. (Meng
et al., 2020) for fracturing evaluation and parameter estimation of
non-uniform fractured multi-fracture horizontal wells. Then, they
found that there is a good relationship between the fracturing
treatment parameters and the generated fracture properties,
including fracture length and reservoir ratio (or fracture volume
ratio). Qin et al.’s research (Qin et al., 2019) shows that the fractal
dimension of rough fractures significantly affects the permeability
characteristics of reservoirs. Given that the evaluation of the fractal
dimension of fractures after fracturing is more likely to be presented
simultaneously with the fracturing results, it is also necessary to
further evaluate the complexity of complex fractures using the
fractal dimension.

This paper investigates a specific reservoir in the southwest by
considering relevant geological parameters. Three-dimensional (3D)
multi-cluster reservoir fracturing models using cohesive element
modeling were established, and the quantitative rules of fluid
pressure, fracture length, fracture aperture, fracture area, tensile
failure rate, and the fractal dimension of fracture morphology under
different fracturing cluster numbers were revealed. The simulation
method, modeling process, and parameters for the benchmark
model are presented in Section 2, and the simulation results and
corresponding analysis are presented in Section 3. Afterward, the
results of comparing and analyzing the differences in conventional
quantitative parameters and morphological fractal dimensions of
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fracture propagation during different cluster fracturing processes are
presented in Section 4, and some suggestions for the number of
fracturing clusters in the fracturing block were provided. The
conclusion is presented at the end.

2 Numerical model

Reservoir fracturing is a typical fluid-solid coupling process that
involves stress deformation and rock fracture caused by fluid
injection (Huang, et al., 2023). Therefore, the fracturing process
needs to meet the equilibrium equation. During the fracturing
process, the fluid first flows from the perforation into the
reservoir, involving the distribution of pipe flow in multiple
clusters of fracturing. Subsequently, the fluid flows into the
reservoir through different clusters and gradually forms artificial
fractures, involving simulation processes such as reservoir
fracturing. Therefore, this study is based on cohesive element
modeling to achieve reservoir fracture simulation, and
corresponding equations were used to simulate fluid flow in
pipes, fractures, and matrices. Of course, the fracturing process
may also involve the migration of porous media in the reservoir
matrix (Song, et al., 2022a; Song, et al., 2022b). Based on above
analysis, the detailed simulation methods and model settings is
described below.

2.1 Simulation method

During the entire fracturing process, reservoir deformation and
fluid flow need to meet the following equilibrium equations (Wu Z.
et al., 2018)

∫
V

�σ − pwI( )δεδdV � ∫
S

t · δvdS + ∫
V

f δvdV (1)

where �σ represented the effective stress matrix, MPa; pw denoted the
pore pressure, MPa; δε/s−1 was the virtual strain rate matrix; t was
the surface force matrix, N/m2; δv was the virtual velocity matrix, m/
s and f was the physical force matrix, N/m3.

Fluid flow needs to satisfy the continuity equation (Dahi
Taleghani, et al., 2018)

d

dt
∫
V

ρw
ρ0w

ndV( )⎛⎜⎜⎝ ⎞⎟⎟⎠ + ∫
S

ρw
ρ0w

nn · vwdS � 0 (2)

where n is the outward normal to the surface S, vw is the fluid
velocity, m/s, ρw was the fluid density kg/m3, nw was the void ratio.

When fracturing a real reservoir, fluid is first injected from the
wellbore and further flowed into the reservoir through wellbore
perforation and diversion. There is a relationship between the total
amount of injected fluid and the total amount of different perforated
fluids flowing into the reservoir.

Q �∑N
i�1
Qi (3)

Correspondingly, the fluid pressure drop equilibrium equation
can be described as

p0 � ppf,i + pcf,i + pwf,i (4)
where p0 is the injection point fluid pressure, ppf,i is the fluid pressure
at the cluster, pcf,i is the pressure drop through the cluster, psf,i is the
pressure resulting from friction between the fluid and the wellbore.

It is worth mentioning that when fluid flows in the wellbore,
there will be a certain pressure loss due to the influence of wellbore
roughness, which can be calculated using the following formulas
(Modeland, et al., 2011; Zhang, et al., 2023).

∇p − ρgΔZ � CL +Ki( ) ρv
2

2
,

CL � fL

Dh
,

f � 8
8
Re
( )12 + 1

A + B( )1.5[ ]1/12,
A � −2.457In 7

Re
( )0.9 + 0.27

Ks

Dh
( )( )[ ]16

,

B � 37350
Re

( )16

(5)

where ΔP is the pressure difference at the node of the cluster, ΔZ is
the elevation difference of the node, v is the fluid velocity in
horizontal wellbore, ρ is the fluid density, G is the acceleration of
gravity, CL is the loss coefficient, f is the friction force on the
wellbore, L is the wellbore length, Ki is the loss term in fixed
direction, Ks is the roughness of wellbore, Dh is the wellbore
diameter, Re is the Reynolds number of the fluid in the wellbore.

Given the complexity of the perforation situation, there may also
be some pressure loss at the perforation location (Cramer,
et al., 2019)

pf � 0.087249 ×
ρ

n2D4
pC

2
q2i (6)

where n is the number of perforations in each cluster, in this paper,
the value is 16, Dp is the perforation diameter, C is the coefficient
affecting perforation flow, generally 0.56–0.9 (Modeland, et al., 2011;
Zhang, et al., 2023), in this paper, the value is 0.6.

After the fluid flows into the reservoir through the wellbore and
perforation, it will promote the initiation of artificial fractures. At
this time, the deformation behaviour of artificial fractures can be
described by linear elastic equations (Wu, et al., 2019)

σcoh �
σcoh n

σcoh s

σcoh t

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ � K cohεcoh

�
Kcoh nn Kcoh ns Kcoh nt

Kcoh ns Kcoh ss Kcoh st

Kcoh nt Kcoh st Kcoh tt

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ εcoh n

εcoh s

εcoh t

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ (7)

where σcoh denoted the stress vector of a cohesive element;
σcoh−h, σcoh−s, σcoh−t were the normal stress (perpendicular to the
upper and lower surfaces of the cohesive element), the first tangent
stress and the second tangent stress (non-existent in two-dimensional
cases), respectively. Here, Kcoh denoted the stiffness matrix of a cohesive
element; εcoh was the strain matrix of a cohesive element and
εcoh−n, εcoh−s, εcoh−t represented the normal strain, the first tangential
strain and the second tangential strain of a cohesive element, respectively.
They were defined as follows (Réthoré, et al., 2008; Wu, et al., 2019):
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εcoh n � dn

T0
, εcoh s � ds

T0
, εcoh t � dt

T0
(8)

where dn, ds, dt represented the normal displacement, the first
displacement and the second tangential displacement of a
cohesive element, respectively. Here, T0 was the constitutive
thickness of the cohesive element.

It is generally believed that rock is a brittle material, and when it
fails, fractures will rapidly initiate, and its strength stress-strain
curve shows a rapid downward trend. To simulate this failure
behaviour, the Cohesive element used to simulate artificial
fractures cannot deform infinitely and can be judged using the
maximum principal stress criterion (Wang, 2019)

〈σn〉
σ0n

{ }2

+ σs
σ0s

{ }2

+ σt
σ0t
{ }2

� λ (9)

where σn was the normal stress; σs, σt represented tangential stress
(σt did not exist in two-dimensional cases), MPa; σ0s , σ

0
t were the

threshold stress of tangential damage, MPa; λ indicated that cohesive
elements resist tension stress but not compression stress: 1≤ λ≤ 1.05.

After the failure of reservoir rocks, fractures rapidly develop, but
their bearing capacity does not directly decrease to 0. The reservoir
rock still has a certain degree of continuous attenuation of
deformation resistance, which can be described using damage
variables (Xavier, et al., 2014; Wu M. et al., 2018; Wu, et al., 2019)

E � 1 − d( ) × E0 (10)
where E0, E were the initial elastic modulus (without damage) and
the elastic modulus after damage, Pa, respectively. Here, d denoted a
damage factor, dimensionless.

Damage factors could be calculated by

d � δfm δmmax − δ0m( )
δmmax δfm − δ0m( ) (11)

where δmmax, δfm , δ0m signify distinct displacements in the context of
element behaviour under loading conditions. Specifically, δmmax

refers to the maximum displacement experienced by the element
during loading. On the other hand, δfm denotes the displacement
corresponding to the point of complete damage to the element.
Lastly, δ0m represents the displacement at the onset of initial damage
to the element.

It is worth mentioning that the process of artificial fracture
initiation, opening, and extension is accompanied by fluid flow.
After the artificial fracture initiation, the fluid flow inside it can be
calculated by the following equation.

q � t3

12u
∇p (12)

where q represented the volume flow vector per tangential element
length; t was the thickness of a cohesive element, m; μ was the
viscous coefficient of fracturing fluid in a cohesive element; pwas the
fluid pressure in a cohesive element, MPa.

The flow of fluid in fractures is not limited to the flow inside the
fractures. Since the interface between the fluid and the reservoir
matrix is rock, there is also a certain degree of fluid flow ability.
Under this condition, there may be some filtration of fluid within the
fracture, i.e., it flows out of the fracture into the reservoir. At this

point, the fluid filtration at the upper and lower interfaces of the
fracture can be defined by the filtration coefficient.

qt � ct pi − pt( )
qb � cb pi − pb( ){ (13)

where qt, qb represented the volumetric flow rate of the fluid flowing
out of the upper and lower surfaces of a cohesive element. They also
denoted the surface flow rate in a two-dimensional plane. The terms
ct, cb were the filtration coefficient of the upper and lower surfaces,
m/min0.5; pt, pb were the pore pressure of the upper and lower
surfaces, MPa and pi was the fluid pressure of the middle surface of a
cohesive element, MPa.

Finally, the fluid filtered into the reservoir from fractures and
other locations will flow through Darcy flow to other areas of the
reservoir, therefore, it can be described by Darcy flow (Li and
Ghosh, 2006)

vw � − 1
nwgρw

k · ∂pw

∂x
− ρwg( ) (14)

where k represented a permeability matrix, m/s and g was the gravity
acceleration vector, m/s2.

2.2 Model setup

To conduct a targeted and in-depth analysis of the multi-cluster
fracturing construction rules of a fracturing well in Southwest China,
the on-site data of a fracturing well in Southwest China was first
investigated. Subsequently, based on on-site data and existing
researches (Wu, et al., 2022; Wu, et al., 2023), a multi-cluster
fracturing simulation model for the reservoir was constructed,
and the corresponding model settings are as follows.

① The fracturing well belongs to the well section that has completed
the fracturing transformation, and the main construction process
is the transformation mode of multiple clusters and large
displacement within the section. The fracturing fluid is a low-
viscosity and smooth water system. After comprehensive
consideration, the range of segmented fracturing is 60 m ×

FIGURE 1
Schematic diagram of multi segment and multi-cluster
fracturing model.
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60 m, mainly involving multiple layers, with the sum of
thicknesses of the closest layer being about 3 m. Therefore, the
simulation model study area size is set to 60 m × 60 m × 3 m. The
fluid used in the simulation has a smooth water parameter
of 0.001 Pa s.

② Observation and statistics of fractured well cores show the
presence of natural bedding fractures, with linear density
ranging from 0.5 to 30 per meter. Given that natural
fractures are not the focus of this simulation, the model
assumes that natural fractures are approximately 0.5 per
meter. Meanwhile, the conventional interface element method
with global embedding has phenomena such as long

computational time and severe local shear collapse of
fractures. Therefore, the use of random modelling to form a
discrete nonplanar sequence fracture network (Shi, et al., 2023)
facilitates the development of multi-cluster fracturing.
Subsequently, based on the Python module developed by us;
a corresponding grid model was formed as shown in Figure 1.

③ The injected fluid flows into the reservoir after being diverted along
thewellbore components, and the pressure loss andfluid distribution
in the wellbore can be simulated through the fluid pipe element
(fp3d2 and fpc3d2) in Abaqus. Therefore, the fp3d2 element is used
to set up a simulated wellbore located at the bottom of the reservoir
area, and the fpc3d2 element is used to simulate the friction before
flowing into the reservoir. The interaction between fluid volume and
fluid pressure in the simulation is achieved by binding the wellbore
tip node and the reservoir interface element node. Therefore, during
single cluster fracturing, the injection point of the model is located at
the endpoint of the wellbore. In addition, there is randomness in the
actual on-site perforation spacing. To simulate perforation more
realistically, the perforation of thismodel is randomly set, with a total
of 32 perforation points.

④ The x direction is assumed to be the maximum horizontal principal
stress direction, the z direction is assumed to be the vertical principal
stress direction and the y direction is assumed to be the minimum
horizontal principal stress direction. The outer boundary of the
model is a fixed displacement and impermeable boundary condition,
with upper and lower boundaries constraining displacement in the z
direction and left and right boundaries constraining displacement in
the x and y directions.

⑤ To reduce computational complexity, larger grid seeds were used
for grid generation. After grid generation, the total grid size of the
reservoir components was 16596, including 12710 rock block
elements, 3885 interface elements, and a total of 28376 nodes.

TABLE 1 Main parameters used in simulation models.

Input parameters Value

Young’s modulus (GPa) 43

Poisson’s ratio (Dimensionless) 0.23

Permeability coefficient (m/s) 1e-7

Porosity (Dimensionless) 0.03

Tensile strength of natural fractures (MPa) 2

Critical damage displacement (m) 0.001

Injection rate (m3/min) 18

Fracturing fluid viscosity (mPa·s) 1

Pipe roughness (mm) 0.015 × 10−3

Number of perforations 32

perforation diameter (m) 0.01

FIGURE 2
Comparison results of conventional quantitative parameters under the influence of interface element stiffness (Single cluster).
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The total number of simulated wellbore elements is 95, including
32 fpc3d2 elements, 63 fp3d2 elements, and a total of 98 nodes.

⑥ On-site logging interpretation and triaxial compression tests
show that the Poisson’s ratio of the fractured rock is between
0.224 and 0.266, and Young’s modulus is 40.16–48.58 GPa, the
porosity ranges from 3.6% to 5.2%. Therefore, in the reservoir
fracturing benchmark model, Young’s modulus is taken as
43 GPa, Poisson’s ratio is taken as 0.23, and porosity is
taken as 0.03. At the same time, the maximum horizontal
stress of the target section is about 110 MPa, the minimum
horizontal stress is about 96 MPa, the vertical stress is about
106 MPa, and the pore pressure is about 66 MPa. During on-

site construction, the displacement of the fracturing well is
18 m3/min, and generally, fracturing takes 1–2 h. Therefore, the
injection rate in the simulation model is set to 18 m3/min, and
the injection time is set to 3600 s. In addition to the above
parameters, the simulation model also includes constitutive
parameters of the cohesive element and fluid flow-related
parameters of the simulated wellbore, all of which are
referenced from previous studies (Wu, et al., 2022; Wu,
et al., 2023; Zhang, et al., 2023). The main simulation
parameters obtained are shown in Table 1. Then, the
fracturing simulation results can be obtained based on
Eqs 1–14.

FIGURE 3
Comparison results of fracture morphology under the influence of interface element stiffness (3D view).
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3 Results and analysis

To explore the impact of fracturing cluster setting on the
propagation of artificial fractures during fracturing construction

in a certain block in southwestern China, this section conducted
further numerical simulation research based on previous model
settings, analysing the differences in the propagation of artificial
fracture morphology from single cluster fracturing to twelve cluster

FIGURE 4
Artificial fracture development process during single cluster fracturing (top view).
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fracturing construction conditions. To explore the impact of
fracturing cluster setting on the propagation of artificial fractures
during fracturing construction in a certain block in southwestern
China, this section conducted further numerical simulation research
based on previous model settings, analysing the differences in the
propagation of artificial fracture morphology from single cluster
fracturing to twelve clusters fracturing construction conditions.

3.1 Single cluster

After comprehensive consideration of the information collected
earlier, a three-dimensional multi-cluster fracturing simulation
model was created. To deeply analyze the fracture propagation
characteristics under different fracturing cluster conditions, a
single cluster fracturing analysis was first conducted. Considering

FIGURE 5
Artificial fracture development process during three clusters fracturing (3D view).

FIGURE 6
Artificial fracture development process during three clusters fracturing (top view).
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that the stiffness of interface elements has a certain impact on the
simulation results during the simulation process, a comparison of
stiffness was also considered in some single-cluster andmulti-cluster
simulations. In the subsequent simulation model, the cluster is
represented by C, and the ratio of stiffness to rock modulus is
represented by E. For example, C1 represents single cluster
fracturing, and E1 and E2 represent the ratio of the stiffness of
the interface element to the elastic modulus of the rock, which is
10 times and 100 times, respectively. Due to the limitations of model
size, the propagation process of fracture morphology with the
greatest variation in simulation mainly occurs between 0 and
1000s. Therefore, this simulation mainly extracted simulation
result data between 0 and 1000s. Subsequently, conventional
quantitative parameter results were extracted using extraction
methods from existing researches (Wu, et al., 2022; Wu, et al.,
2023) on the number of damaged cohesive elements, fracture length,
fracture area, fracture aperture, and tensile failure ratio. The
comparison results of conventional quantitative parameters under
the influence of interface element stiffness are shown in Figure 2.

It can be seen from Figure 2 that when the stiffness value is large,
the number of fracture elements and the total area of fractures are
both large. This result indicates that the stiffness of interface elements
has a certain impact on the morphology and development of rock
mass compression fractures, with an area effect of up to twice.
Meanwhile, when the stiffness is high, the fracture width at the
injection point, the maximum fracture width, and the total volume
of the fractures are relatively small, which may result in the formation
of many local fractures with smaller openings and the interlocking
phenomenon of remote fractures. The above results indicate that
when the rock interface in the reservoir ruptures, under the same limit
width conditions, the greater the stiffness, the more likely it is to
generate small opening local fractures.

Figure 3 shows the comparison results of fracture morphology
under the influence of interface element stiffness. Please note that
the hydraulic fracture in Figure 3 is composed of multiple damaged
cohesive elements. It can be seen from Figure 3 that when the
stiffness is high, two artificial fractures are produced in a single
cluster fracturing, and there is a phenomenon of bifurcation and
propagation at the tip. When the stiffness is small, artificial fractures
mainly propagate along the main fracture. Generally, the greater the
stiffness of the interface element, the stronger the brittleness of the
rock during fracture, and the easier it is to form some shear cracks
under stress. Therefore, we speculate that the two clusters of
fractures in Figure 3 may have developed from shear failure
fractures during the early stages of fracturing. Correspondingly,
the stronger the deformation resistance of the interface, the easier it
is for the reservoir to form multiple clusters of fractures. The weaker
the resistance to deformation, the more likely it is to form a main
seam with a forked and bent tip (Figure 4).

3.2 Three clusters

Keeping the total injection flow constant and changing the
model to three clusters, the obtained fracture morphology results
are shown in Figure 5. From the figure, it can be observed that the
initiation and propagation process of artificial fractures:① Fracture
initiation stage: in the early stage of fracturing, after the fluid flows
into the wellbore, a large number of artificial fracture initiation
phenomena first occur near the perforation position of the wellbore;
② Perforated fracture competition propagation stage: As the fluid is
further injected, under the influence of multiple clusters of
fracturing, fractures that have already sprouted between different
clusters exhibit competition propagation phenomenon, gradually

FIGURE 7
Comparison results of conventional quantitative parameters under the influence of interface element stiffness (Six clusters).
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beginning to show the phenomenon of main fracture propagation
within different clusters. It is worth noting that the artificial fractures
formed during this period did not extend forward in a straight line.
Affected by the stress and fluid distribution between different
clusters, the first and third clusters in the three-cluster fracturing
exhibit an approximate single-wing linear propagation pattern.
However, the intermediate clusters may be affected by the
development of fractures at both ends of the clusters, exhibiting
significant non-planar propagation of a single wing; ③ The mutual
influence and propagation stage of the main fractures within the
cluster: When the fluid is further injected, the bending and
propagation of the fractures lead to non-uniform distribution of
ground stress, thereby inducing obstruction at the tip. It may cause a
shift in the propagation path of the advantageous tip during the
initiation of artificial fractures, leading to a transition from single-
wing propagation to double-wing propagation of artificial fractures;

④ Main seam extension stage: After the artificial main seam is
roughly formed, the artificial fracture will be more easily extended
along the dominant main seam due to the comprehensive influence
of stress difference and other conditions.

Figure 6 shows the development process of artificial fractures
during three clusters of fracturing (top view). Compared to the
above and below figures, the formation and development process
and stages of artificial fractures during the three clusters of
fracturing are basically consistent. It is worth noting that as the
fracturing process continues, it can be seen from the following
figure that there appeared artificial main fractures that did not seem
to be connected between time t4 and t5, which was caused by the
resolution setting during simulated data extraction. Due to the
extremely small width of artificial fractures relative to reservoir size
in the simulation results. Therefore, it is inevitable that some seemingly
disconnected low-width artificial fractures will appear in the simulation

FIGURE 8
Comparison results of fracture morphology under the influence of interface element stiffness (3D View).
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results. These fractures are similar to the low-width fractures formed
during the reservoir fracturing process, which may hinder the flow of
proppants such as ceramides, and thus may lead to complex fracture

networks detected by microseisms. However, proppants are difficult to
flow into the supporting fractures, resulting in a phenomenonwhere the
increase in production is not significant.

FIGURE 9
Artificial fracture development process during six clusters fracturing (top view).
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3.3 Six clusters

The simulation results under the influence of different interface
stiffness during six clusters fracturing are shown in Figure 7. As the
interface stiffness increases, the number of fracture elements
increases, the total area of fractures increases, and the volume of

fractures decreases. Meanwhile, comparing the results of single
cluster fracturing, as the number of fracturing clusters increases,
the model shows a significant decrease in the influence of rock
interface stiffness.

Figures 8, 9 show that when using six clusters of fracturing, the
shape of the artificial fracture network is less affected by the interface

FIGURE 10
Artificial fracture development process during nine clusters of fracturing (3D view).

FIGURE 11
Artificial fracture development process during nine cluster fracturing (top view).
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stiffness. This phenomenon indicates that in actual reservoir
fracturing, the impact of reservoir fracture resistance on the
effectiveness of reservoir reconstruction can be reduced by setting
reasonable multi-cluster fracturing.

3.4 Nine clusters

Keeping the total injection flow constant and changing the
model to nine cluster fracturing, the obtained fracture morphology
results are shown in Figure 10. It can be observed from Figure 10
that the initiation and propagation process of artificial fractures is
similar to the results of three cluster fracturing, which can be
divided into the following four stages: ① fracture initiation stage;
② Stage of perforation gap competition propagation; ③ The
mutual influence and propagation stage of the main fractures
within the cluster; ④ Main seam extension stage. It is worth
mentioning that compared to the three-cluster fracturing, there
is no significant phenomenon of single-wing main fracture
expanding to double-wing during the mutual influence stage of
the main fractures within the cluster. This should be due to the
more clusters, the more significant the phenomenon of artificial
fracture competition and propagation. This should be due to the
more clusters, the more significant the phenomenon of artificial
fracture competition and propagation. In addition, the process of
artificial fracture morphology change during nine clusters (top
view) is shown in Figure 11. It can be seen from the figure that
compared to the results of three clusters; more discontinuous main
fractures appear in the artificial fractures. This phenomenon
indicates that the more clusters, the more local wide fractures,
and low-opening main fractures will be formed in
artificial fractures.

3.5 Twelve clusters

Figure 12 shows the comparison results of conventional
quantitative parameters under the influence of interface element
stiffness during 12-cluster fracturing. From the above figure, as the
interface stiffness increases, the number of fracture elements and total
fracture area show an increasing trend, while the fracture volume
shows a decreasing trend. Meanwhile, comparing the results of single
cluster fracturing (Figure 2) and three cluster fracturing (Figure 7), as
the number of fracturing clusters increases, the model shows a
significant decrease in the influence of rock interface stiffness.

Figures 13 and 14 show that the artificial fracture development
process during twelve cluster fracturing. Based on the comparison of
the fracturing results between cluster 1 and cluster 6 in Sections 3.1
and 3.3, as the number of clusters increases, the impact of the
interface stiffness within the reservoir, i.e., the reservoir’s ability to
resist fracture deformation, on the shape of the artificial fracture
network in the reservoir shows a certain decreasing trend. This
phenomenon indicates that in actual reservoir fracturing, the impact
of reservoir fracture resistance on the effectiveness of reservoir
reconstruction can be reduced by setting reasonable multi-cluster
fracturing.

4 Discussions

The previous study analysed the results of fracture propagation
under different cluster numbers, to further analyse the quantitative
results of fracture propagation. This section further compares the
variation process of conventional quantitative parameters of
compression fractures under different clusters and the results at
1000s. Meanwhile, the complex characteristics of artificial fractures

FIGURE 12
Comparison results of conventional quantitative parameters under the influence of interface element stiffness (Twelve clusters).
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at the final 1000s were quantitatively analysed based on
fractal dimension.

4.1 Comparison of conventional quantitative
parameters

To further analyse the changes in parameters related to final
fracture propagation during different cluster fracturing. Firstly, the
conventional quantization parameter results of different clusters
were comprehensively extracted, as shown in Figure 15. As the
cluster spacing increases, the number of fracture elements and total
fracture area in the simulation model show an increasing trend.
Meanwhile, the final increase in cluster spacing from 1 cluster to six
clusters and from six clusters to twelve clusters is relatively similar.
The injection point fracture width and maximum fracture width
exhibit significant randomness, making it difficult to use for direct

quantitative analysis. The total volume of fractures shows a certain
downward trend with the increase of cluster spacing. We speculate
that this is due to the increase in the total extension area of the
fractures, which makes it difficult for the same flow rate to support
many large opening artificial fractures.

After extracting the final values, the morphological results
shown in Figure 16 were obtained. Please note that the data
results for the three fracturing clusters have not been fully
calculated, and the corresponding results were not presented. By
comprehensively comparing the fracture morphology of different
clusters after fracturing, as the number of clusters increases, the
multi-cluster phenomenon of artificial main fractures in the
reservoir becomes more significant. When using the single cluster
to twelve cluster fracturing, 2, 3, 5, 9, and 12 main fractures were
formed respectively. Therefore, the fracture area has significantly
increased. Meanwhile, as the number of clusters increases, the
bending and branching of the formed fractures become more

FIGURE 13
Comparison results of conventional quantitative parameters under the influence of interface element stiffness (3D view).
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significant, thus the proportion of hydraulic fractures formed by
tensile failure decreases. It is worth mentioning that due to the
extremely small opening of artificial cracks caused by shear failure, it
is difficult to be counted in the total volume of cracks. Therefore,

under the influence of shear stimulation, the volume of artificial
cracks shows a decreasing trend. However, when the number of
fracturing clusters reached twelve, there was a significant increase in
the volume of artificial fractures. Combined with the fracture

FIGURE 14
Artificial fracture development process during twelve cluster fracturing (top view).
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morphology results in Figure 14, we speculate that this may be due to
insufficient growth in the length of multiple main fractures during
the twelve-cluster fracturing, resulting in internal pressure
suppression and an increase in the calculated fracture volume.
Therefore, using multi-cluster fracturing with wellbore sealing
can significantly improve the effectiveness of reservoir
reconstruction. However, in actual construction, it may also be
necessary to consider economic factors as a reference.

4.2 Comparison of fractal dimensions of
multiple clusters of artificial fractures

The previous study compared in detail the conventional
quantitative parameters and morphological results of artificial

fractures under different stiffness and number of fracturing
clusters. Unfortunately, many mining studies have shown that
the efficiency of reservoir mining is not only affected by the
length of fractures but also more significantly by the complexity
of pores and fractures (Song, et al., 2020; Liu, et al., 2023). To this
end, we first extracted the artificial fracture propagation results
under different fracturing cluster conditions for 1000 s, as shown in
Figure 17. It can be roughly inferred that as the number of fracturing
clusters increases, the complexity of reservoir fractures shows an
increasing trend. However, quantitative growth rates are difficult to
obtain. It is worth mentioning that the complexity of artificial
fractures can be characterized by fractal dimension (Costa, et al.,
2007; Lai, et al., 2018), and the most used method is the box-
counting dimension method. The specific calculation formula is as
follows (Mandelbrot, 1982; Xie and Wang, 1999; Wu Z. et al., 2018).

FIGURE 15
Comparison results of conventional quantization parameters under the influence of different clusters.

FIGURE 16
Comparison results of conventional quantitative parameters under the influence of different clusters (1000 s).
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FIGURE 17
Comparison results of final fracture morphology under different cluster numbers (Top view).

FIGURE 18
Schematic diagram of box calculation using improved box-counting method.
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D � − lim
ri→0

logN ri( )
log ri

(15)

where imeans the number of measurements, ri(ri → 0) is the scale,
N(ri) represents the box number.

In previous studies (Lee, et al., 1990; Feng, et al., 2021; Wu, et al.,
2021), the resolution of fracture images was usually processed to the
nth power of 2, allowing for multiple equal divisions and obtaining
the fractal dimension through the above equation. However, when
processing actual fracture images, it is not possible to obtain fracture
images that meet the conditions, and the processing process may
cause distortion of the fracture images. Therefore, we have made
improvements to our previous box calculation methods by
proposing the square box method and the rectangular box
method, respectively. As shown in Figure 18, The two improved
box-counting dimensionality methods no longer need to process the
resolution of the original fracture image. The square box method
directly divides the values based on the maximum image resolution
to determine the box occupied by the fracture and then obtains the
fractal dimension result through Eq. 15. The rectangular box
method directly takes equal values based on the resolution size,
and its size is obtained by converting the square with equal area to
determine the box occupied by the fracture. The fractal dimension
result is obtained through Eq. 15.

Given that conventional morphological parameters such as
fracture area and volume are often difficult to effectively evaluate
the effectiveness of fracture network fracturing. Therefore, after
pixel extraction of the final fracture morphology, the improved
square and rectangular box methods were used to calculate the
fractal dimension results of the final fracture morphology after
different cluster fracturing. As shown in Figure 19 that the fractal
dimension results of the final fracture during single cluster
fracturing were 1.32672 and 1.31952, respectively. The fractal
dimension results of the final fracture during three cluster
fracturing were 1.25064 and 1.28741, respectively (please note
that the three cluster fracturing results did not fully converge to
the calculation, so the reference level is low), The fractal dimension
results of the final fractures during six clusters fracturing were
1.36737 and 1.40083, respectively. The fractal dimension results
of the final fractures during nine clusters fracturing were

1.37670 and 1.37988, respectively. The fractal dimension results
of the final fractures during twelve clusters fracturing were
1.44731 and 1.46547, respectively. When using the square box
dimension, the fractal dimension results as the number of
clusters increases are 1.32672, 1.25064 (low reference level),
1.36737, 1.37670, and 1.44731, respectively. As the number of
clusters increases, the fractal dimension of reservoir fractures
significantly increases, indicating a significant increase in
complexity. Therefore, when considering the fracturing situation
of a square area reservoir, the more clusters, the better the fracturing
effect. The rectangular box method is more sensitive to the
rectangular space occupied by artificial sewing nets, thus better
reflecting the local complexity of the formed sewing net structure.
Therefore, the analysis of the rectangular box dimension results
shows that the fractal dimension results as the number of clusters
increases are 1.31952, 1.28741 (with low reference level), 1.40083,
1.37988, and 1.46547, respectively. From this result, it can be
preliminarily determined that an increase of 5 clusters from
single cluster fracturing to six clusters fracturing resulted in an
increase of nearly 0.08 in fractal dimension. From six clusters to
twelve clusters fracturing, an increase of six clusters resulted in an
increase of nearly 0.06 in fractal dimension. At the same time, there
is a decrease in fractal dimension results during the process from six
clusters to nine clusters, indicating a possible downward trend in the
complexity of fractures. Therefore, when considering the complexity
of fracturing fractures characterized by the fractal dimension of
cuboids, it is more inclined to choose six clusters of fracturing.

5 Conclusion

Considering the relevant geological parameters of a certain
reservoir in the southwest, three-dimensional (3D) multi-cluster
reservoir fracturing models using cohesive element modeling were
established. Then, the quantitative rules of fluid pressure, fracture
length, fracture aperture, fracture area, tensile failure rate, and the
fractal dimension of fracture morphology under different fracturing
cluster numbers were revealed. The following understandings are
mainly drawn:

(1) There are several main stages of fracture propagation in multi
cluster fracturing, including: ① fracture initiation stage; ②
Stage of perforation gap competition propagation; ③ The
mutual influence and propagation stage of the main fractures
within the cluster;④Main seam extension stage. Meanwhile, as
the number of fracturing clusters increases, the ability of the
main fracture in the reservoir to expand from single wing to
double wing decreases, and the phenomenon of single wing
propagation intensifies.

(2) As the interface stiffness increases, the number of fracture
elements increases, the total area of fractures increases, and
the volume of fractures decreases. Meanwhile, comparing the
results of single cluster fracturing, as the number of fracturing
clusters increases, the model shows a significant decrease in the
influence of rock interface stiffness. As the cluster spacing
increases, the number of fracture elements and total fracture
area in the simulation model show an increasing trend.
Meanwhile, the final increase in cluster spacing from single

FIGURE 19
Fractal dimension results of artificial fracture morphology under
different cluster conditions (1000 s).
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cluster to six clusters and from six clusters to twelve clusters is
relatively similar. The injection point fracture width and
maximum fracture width exhibit significant randomness,
making it difficult to use for direct quantitative analysis. The
total volume of fractures shows a certain downward trend with
the increase of cluster spacing. From the fractal quantification
results of fracture morphology, as the number of fracturing
clusters increases, it is easier to form complex fractures within
the reservoir research area.

(3) It is worth mentioning that when only considering the
maximum cuboid calibration area of reservoir fractures for
analysis, an increase of 5 clusters was achieved from single
cluster fracturing to six clusters fracturing, achieving a fractal
dimension increase of nearly 0.08. From six clusters to twelve
clusters fracturing, an increase of six clusters was achieved,
achieving a fractal dimension increase of nearly 0.06. This
indicates that using fracturing clusters of about six clusters in
this model reservoir may have higher economic efficiency.
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