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Abstract: Horizontal-well multi-cluster fracturing is one of the most important techniques for
increasing the recovery rate in unconventional oil and gas reservoir development. However, under the
influence of complex induced stress fields, the mechanism of interaction and propagation of fractures
within each segment remains unclear. In this study, based on rock fracture criteria, combined with
the boundary element displacement discontinuity method, a two-dimensional numerical simulation
model of hydraulic fracturing crack propagation in a planar plane was established. Using this model,
the interaction and propagation process of inter-cluster fractures under different fracturing sequences
within horizontal well segments and the mechanism of induced stress field effects were analyzed.
The influence mechanism of cluster spacing, fracture design length, and fracture internal pressure on
the propagation morphology of inter-cluster fractures was also investigated. The research results
indicate that, when using the alternating fracturing method, it is advisable to appropriately increase
the cluster spacing to weaken the inhibitory effect of induced stress around the fractures created
by prior fracturing on subsequent fracturing. Compared to the alternating fracturing method, the
propagation morphology of fractures under the symmetrical fracturing method is more complex. At
smaller cluster spacing, fractures created by prior fracturing are more susceptible to being captured
by fractures from subsequent fracturing. The findings of this study provide reliable theoretical
support for the optimization design of fracturing sequences and fracturing processes in horizontal
well segments.

Keywords: horizontal-well staged multi-cluster fracturing; fracture propagation; induced stress field;
numerical simulation; displacement discontinuity method

1. Introduction

Multi-cluster fracturing technology in horizontal wells is a revolutionary method for
oil and gas extraction, combining the advantages of horizontal drilling and fracturing
techniques [1,2]. In traditional vertical drilling, oil and gas extraction primarily relies on
the natural permeability of underground rock formations, often limiting production rates.
However, multi-cluster fracturing technology in horizontal wells involves drilling horizon-
tal segments in the subsurface and injecting high-pressure fluids, inducing rock fracturing
to create extensive fractures and release additional hydrocarbons, thereby significantly
enhancing extraction efficiency [3].

The key to the multi-cluster fracturing technology in horizontal wells lies in divid-
ing the horizontal well into different fracturing stages, each subdivided into multiple
fracturing clusters. By conducting independent fracturing operations within each cluster,
better coverage of the underground rock formations is achieved, maximizing the release
of hydrocarbon resources from the reservoir [4]. Through staged fracturing, engineers
can optimize fracturing designs based on geological conditions, rock properties, and fluid
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dynamics, thus maximizing the release of hydrocarbon resources from underground reser-
voirs [5]. The advantages of multi-cluster fracturing technology in horizontal wells include
the following [6,7]: (1) By deploying multiple fracturing clusters across various segments
of the horizontal well, a more uniform coverage of the underground reservoir is achieved,
enhancing oil and gas recovery rates and extraction efficiency, while avoiding uneven
production within the fracturing zone. (2) Precise fracturing designs can be tailored based
on geological features and rock properties, ensuring more effective fracturing outcomes
for each cluster. (3) Despite the additional construction costs associated with deploying
multiple clusters, the increase in recovery rates and extraction efficiency can lower the
production costs per unit of oil and gas, thereby enhancing the project’s economic benefits.
Horizontal-well staged fracturing technology holds significant importance for optimizing
oil and gas resource extraction, reducing environmental impacts, and improving economic
benefits. With the continuous growth in energy demand and the depletion of oil and gas
resources, this technology will continue to play a crucial role in the oil and gas industry,
promoting sustainable energy development and economic prosperity [8,9].

Extensive experimental and numerical simulation studies have been conducted on
the multi-cluster fracturing technology in horizontal wells. Researchers have explored
the effects of various fracturing parameters (such as fracturing fluid type, injection rate,
fracturing pressure, etc.) on fracturing outcomes through experiments and numerical simu-
lations to optimize fracturing construction schemes and enhance oil and gas production
capacity [10–14]. Some studies have focused on the distribution of fluids in the reservoir
and their influence on the formation of hydraulic fracture networks. They have investi-
gated different fluid injection strategies through experiments and numerical simulations
to maximize the control volume of fracture networks in the reservoir [15–19]. Researchers
have also conducted in-depth studies on the mechanical response of formations, including
the formation, propagation, and closure mechanisms of formation fractures. They have
simulated the mechanical behavior of formations through numerical simulations and com-
pared the results with experiments to better understand the mechanical response patterns
of formations [20–22]. In order to more accurately simulate the process of multi-cluster
fracturing in horizontal wells, researchers have also carried out multi-physics field cou-
pling simulations, including coupling simulations of formation mechanics, fluid transport,
and chemical reactions, to comprehensively evaluate fracturing effects and formation re-
sponses [23–26]. These research advancements provide important theoretical guidance and
technical support for the engineering application of multi-cluster fracturing technology in
horizontal wells. However, there is still limited research on the interaction and propagation
mechanisms of inter-cluster fractures within horizontal well segments. It remains unclear
how to optimize the fracturing sequence and fracturing construction parameters for each
cluster within segments to optimize fracture morphology. Further exploration is needed
to understand the influence mechanisms of induced stress field evolution on inter-cluster
fracture propagation.

To address the aforementioned issues, this study first established a two-dimensional
numerical simulation model for hydraulic fracturing crack propagation based on the bound-
ary element method combined with linear elasticity theory and rock fracture mechanics
theory. Subsequently, utilizing this model, we simulated and analyzed the interaction and
propagation morphology of multi-cluster fractures within segments under two different
fracturing sequences, along with the distribution of induced stress fields. Finally, we delved
into the influence mechanisms of cluster spacing, fracture internal pressure, and fracture
design length on the interaction and propagation of inter-cluster fractures. Our research
provides reliable theoretical support and valuable insights for optimizing the design of
construction schemes for multi-cluster fracturing in horizontal well segments.



Processes 2024, 12, 971 3 of 22

2. Numerical Model Establishment
2.1. Basic Principles and Governing Equations

The displacement discontinuity method is a numerical technique for simulating dis-
continuous problems (such as cracks and joints). The boundary element method (BEM)
presents distinct advantages for solving rock fracture mechanics problems. One notable
advantage is its ability to directly model the interaction of fractures with surrounding
rock boundaries, which is crucial for accurately capturing stress distributions and fracture
propagation paths. Unlike finite element methods that require volumetric discretization,
BEM focuses solely on the boundaries, significantly reducing computational overhead for
large-scale problems. This method naturally accommodates unbounded domains by lever-
aging fundamental solutions or far-field approximations, thus simplifying the treatment of
infinite boundaries such as those encountered in geomechanical contexts.

Based on the boundary element concept, it treats the relative displacement on crack
surfaces as the unknowns, transforming the problem into solving a series of linear or
nonlinear equations. By solving these governing equations (such as equilibrium equations
and boundary conditions), it derives the stress and displacement fields during the crack
propagation process [27]. Crouch proposed discretizing elements in an infinite elastic body
to simulate the discontinuous distribution of crack displacement [28]. As shown in Figure 1,
within an infinite formation, there exists a crack element with a length of 2a. The upper and
lower surfaces of the crack are denoted as y = 0+ and y = 0−, respectively. The application
of external loads causes changes in relative displacement between the upper and lower
surfaces, resulting in tangential displacement variation, represented by Dx (crack shear
slip), and normal displacement variation, represented by Dy (crack width).
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Figure 1. Constant displacement discontinuity of crack surface [29].

The displacement difference between the upper and lower surfaces is defined as the
displacement discontinuity, and the expression is as follows:{

Dx = ux(x, 0−)− ux(x, 0+)
Dy = uy(y, 0−)− uy(y, 0+)

(1)

where ux and uy represent the displacement along the x and y directions. The positive sign,
“+”, represents the upper surface of the crack unit, and the negative sign, “−”, represents
the lower upper surface of the crack unit.
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The stress and displacement components generated by the relative displacement (Dx
and Dy) of the crack unit at any point, i, in the plane are as follows:

ux = Dx
[
2(1 − ν) f′y − y f′xx

]
+ Dy

[
−(1 − 2ν) f′x − y f′xy

]
uy = Dx

[
2(1 − ν) f′x − y f′xy

]
+ Dy

[
2(1 − ν) f′y − y f′yy

]
σxx = 2GDx

(
2 f′xy + y f′xyy

)
+ 2GDy

(
f′yy + y f′yyy

)
σyy = 2GDx

(
−y f′xyy

)
+ 2GDy

(
f′yy + y f′yyy

)
σxy = 2GDx

(
f′yy + y f′xyy

)
+ 2GDy

(
−y f′yyy

)
(2)

where f (x,y) is as follows:

f (x, y) = − 1
4π(1−ν)

[
y
(
arctg y

x−a − arctg y
x+a

)]
−(x − a) ln

[
(x − a)2 + y2

] 1
2
+ (x + a) ln

[
(x + a)2 + y2

]1/2 (3)

In the formula, σxx and σyy represent the normal stress along the x and y directions;
σxy represents the shear stress; ν represents Poisson’s ratio; G represents the shear mod-
ulus; f (x,y) represents the constant displacement discontinuity problem; and f′x and f′y,
respectively, represent the first-order partial derivatives of f (x,y) with respect to x and y,
and so on for the remaining multi-order partial derivatives.

For an independent curved crack problem in a plane, when performing the numerical
simulation, the curve can be discretized into N small segments connected end to end, that
is, N boundary elements (a straight line is used to replace the curve for each element). At
this time, the tangential and normal local coordinates s-n of a boundary element, j, are
shown in Figure 2.
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Coordinate transformation is required when calculating the influence coefficient of
discrete element j on discrete element i. Usually, the coordinates of element i in the global
coordinate system x-y need to be transformed into the local coordinate system sj-nj for
calculation. The expression is as follows:

xi =
(
xi − xj) cos βj +

(
yi − yj) sin βj

yi = −
(
xi − xj) sin βj +

(
yi − yj) cos βj

γ = βi − βj
i, j = 1, 2, 3..N (4)

where xi,xj, yi, and yj represent the coordinates of the midpoints of discrete fracture units
i and j in the x-y coordinate system; βi and βj represent the angles between the local
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coordinate systems of discrete fracture units i and j and the global coordinate system x-y;
and xi and yi represent the coordinates of the midpoint of discrete fracture unit i in the
local coordinate system s-n.

If the interior of the crack is acted upon by compressive stress, the displacement
discontinuity produced on the upper and lower surfaces of unit j is as follows:

j
Ds =

j
u−

s −
j

u+
s

j
Dn =

j
u−

n −
j

u+
n

(5)

where
j

Ds and
j

Dn represent the displacement discontinuities of unit body j in the s and n

directions; and
j

us and
j

un represent the displacement of unit body j in the s and n directions.
If the crack unit j has a displacement discontinuity, the stress and displacement components
generated at any crack unit i are as follows:

i
σs =

j,i
Ass

j
Ds +

j,i
Asn

j
Dn

i
σn =

j,i
Ans

j
Ds +

j,i
Ann

j
Dn

i
σt =

j,i
Ats

j
Ds +

j,i
Atn

j
Dn

i
us =

j,i
Bss

j
Ds +

j,i
Bsn

j
Dn

i
un =

j,i
Bns

j
Ds +

j,i
Bnn

j
Dn

(6)

where
i

σs,
i

σn, and
i

σt represent the tangential stress, normal stress, and normal stress com-

ponent along the crack direction;
i

us and
i

un represent the displacement of unit i in the

tangential and normal directions;
j,i

Ass,
j,i
Asn,

j,i
Ans,

j,i
Ann,

j,i
Ats, and

j,i
Atn represent the stress influ-

ence coefficients; and
j,i

Bss,
j,i
Bsn,

j,i
Bns, and

j,i
Bnn represent the displacement influence coefficient.

When a crack is equally divided into N crack units, the stress and displacement com-
ponents formed at unit i are produced by the joint action of the displacement discontinuities
of the N crack units, specifically expressed as follows:

i
σs =

N
∑

j=1

j,i
Ass

j
Ds +

N
∑

j=1

j,i
Asn

j
Dn

i
σn =

N
∑

j=1

j,i
Ans

j
Ds +

N
∑

j=1

j,i
Ann

j
Dn

i
σt =

N
∑

j=1

j,i
Ats

j
Ds +

N
∑

j=1

j,i
Atn

j
Dn

i
us =

N
∑

j=1

j,i
Bss

j
Ds +

N
∑

j=1

j,i
Bsn

j
Dn

i
un =

N
∑

j=1

j,i
Bns

j
Ds +

N
∑

j=1

j,i
Bnn

j
Dn

(7)

For four boundary unit components, we need to obtain two components at the same
time to solve, giving 2N linear algebra equations based on N discretized units. By using
Formula (7) to list 2N independent linear algebraic equations for the boundary conditions
given on all boundary elements, all 2N displacement discontinuity unknowns on the
boundary elements can be solved. During the simulation process, the software first uses
Formula (7) to determine the displacement discontinuity of each boundary based on the
input stress value. Then, based on the displacement discontinuities of each boundary, the
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displacement and stress values of any point in the plane are obtained by superimposing
them. This will generate new surface force components at the boundary, and then continue
to calculate the displacement discontinuity at the boundary, iterating repeatedly to simulate
crack propagation.

2.2. Rock Fracture Criteria

The stress intensity factor is a key factor influencing the propagation trajectory of
hydraulic fractures. Under external loading, stress concentrations are formed at the tips of
fractures in rocks, and their fracture types are divided into three types: opening (Mode I),
sliding (Mode II), and tearing (Mode III) [31]. The stress intensity factor can be used to
characterize the stress and displacement fields at the crack tip position [32]. KI, KII, and KIII
are the stress intensity factors at the tips of the three types of cracks, where KI and KII can
be expressed as follows: KI = lim

r→0

√
2πrσn = lim

r→0

√
2Ga√

π(1−v)

[
1

(2a−r)
√

r

]
Dn

KI I = lim
r→0

√
2πrσs = lim

r→0

√
2Ga√

π(1−v)

[
1

(2a−r)
√

r

]
Ds

(8)

The maximum circumferential stress criterion [33] is used to judge the crack initiation
and extension direction, where the stress expression is as follows:

σr =
1

2
√

2πr

[
KI(3 − cos θ cos θ

2 ) + KI I(3 cos θ − 1) sin θ
2

]
σθ = 1

2
√

2πr
cos θ

2 [KI(1 + cos θ)− 3KI I sin θ]

τrθ = 1
2
√

2πr
cos θ

2 [KI sin θ + KI I(3 cos θ − 1)]

(9)

According to the maximum circumferential stress criterion, cracks will initiate along
the direction where the circumferential stress, σθ , is the largest, where the value of the
maximum circumferential stress is as follows:

(σθ)max =
1

2
√

2πr
cos

θ

2
[KI(1 + cos θ)− 3KI I sin θ] (10)

When the circumferential stress in the direction of the crack initiation angle, θ, reaches
the maximum value, that is, the critical value, σc, the crack begins to extend forward. From
this, it can be obtained that the conditions for judging crack propagation based on the
maximum circumferential stress criterion are as follows:

(σθ)max = (σθ)c (11)

The accuracy of the numerical model established in this paper has been verified
in simulating hydraulic fracture propagation and induced stress field distribution. The
specific methods and procedures of verification can be found in the literature [29,30] and
are therefore not described in this section.

2.3. Fracture Propagation Model Establishment

To explore the interaction and propagation mechanisms of horizontal-well cluster
spacing under different fracturing sequences, we developed a two-dimensional numerical
simulation model for hydraulic fracture propagation, depicted in Figure 3. The model is
based on several fundamental assumptions: (1) the reservoir is treated as a homogeneous,
infinitely large ideal linear elastic body; (2) hydraulic fracture deformation is modeled
using two-dimensional plane strain conditions in the x and y directions; and (3) the model
neglects fluid loss during fracturing and does not account for pressure gradients within the
fractures. The proposed model cannot be used to analyze fracture propagation in highly
permeable reservoirs or under ultralow-viscosity fracturing fluid conditions. Another
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drawback of the model is that it cannot take into account the heterogeneity of reservoir
rock mechanical properties.
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As shown in Figure 3, a uniform and symmetrical application of maximum horizontal
principal stress (σH) and minimum horizontal principal stress (σh) is imposed on the
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boundaries of the numerical model to simulate the effect of in situ stress. Within each
individual fracturing segment of the horizontal wellbore, five short initial fractures are
pre-set to simulate the interaction mechanisms of five competing clusters of fractures. By
controlling the timing of fracturing fluid injection, we designed two different fracturing
sequences: alternating fracturing (Figure 3a) and symmetrical fracturing (Figure 3b). Given
the ease of implementation using temporary plugging fracturing technology and their
suitability for controlling the simulation process and comparing induced stress fields, we
ultimately selected these two standardized fracturing sequences for our research. Taking
alternating fracturing as an example, we first injected fracturing fluid into initial fractures 2
and 4. Under constant pressure, fractures 2 and 4 begin to propagate. Once fractures 2 and
4 have expanded to a certain length, fracturing fluid injection is halted to maintain fracture
internal pressure. Subsequently, fracturing fluid is injected into initial fractures 1, 3, and 5,
and the propagation morphology of subsequent fractures under constant internal pressure
is observed. The basic parameters of the numerical model are listed in Table 1. It is noted
that compressive stress is represented as negative values, while tensile stress is represented
as positive values in this study.

Table 1. Numerical model parameter table.

Category Numerical Value

Young’s modulus/MPa 20,400

Poisson’s ratio 0.23

Maximum horizontal principal stress σH/MPa 32

Minimum horizontal principal stress σh/MPa 30

Fracture toughness/ MPa·m1/2 2.5

Rock density/kg·m−3 2480

3. Discussion of Simulation Results
3.1. Alternating Fracturing

(1) Influence of cluster spacing

Figure 4 illustrates the fracture propagation morphology of alternating fracturing
under the same fracture internal pressure but different cluster spacing. After fractures 2 and
4 have propagated 50 m and terminated to maintain fracture internal pressure, fracturing
fluid is injected into fractures 1, 3, and 5. The internal pressure within each cluster fracture
remains consistent during the fracturing process. The induced normal stress field and shear
stress field around the fractures are shown in Figures 5 and 6, respectively. As depicted
in Figure 4, when the cluster spacing is only 15 m, fractures 1, 3, and 5 cannot initiate
propagation after the previous fractures 2 and 4 have terminated propagation. Fractures 2
and 4 exhibit mutually repulsive propagation behavior. When the cluster spacing increases
to 25 m, fractures 1 and 5 can initiate propagation after the previous fractures 2 and 4 have
propagated, while fracture 3 still cannot initiate propagation. Fractures 2 and 4 propagate
in a linear manner, with the weakening of the repulsive interaction. However, fractures
1 and 5 exhibit noticeable deviation after initiation (indicated by blue dashed lines in
Figure 4b), propagate while repulsing each other, and the deviation gradually diminishes
with increasing propagation length. When the cluster spacing further increases to 35 m,
fracture 3 still cannot initiate propagation, but the repulsive interaction between fractures
1 and 5 weakens (indicated by blue dashed lines in Figure 4c). When the cluster spacing
reaches 45 m, fracture 3 can initiate propagation, and the deviation of fractures 1 and 5
decreases after initiation (indicated by blue dashed lines in Figure 4d).

Figure 5 illustrates that, when the cluster spacing is 15 m, the pressure stress field
around the previously fractured fractures 2 and 4 is strong, placing the subsequent fractures
1, 3, and 5 in a high-pressure stress zone, thereby preventing their initiation and propaga-
tion. As the cluster spacing increases, the pressure stress around the previously fractured
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fractures significantly decreases, enabling the initiation and propagation of subsequent
fractures 1 and 5. The pressure stress distribution around the wellbore vicinity of the
subsequent fractures 1 and 5 is asymmetric, with stronger pressure stress on the inner side
than on the outer side, resulting in the deflection of subsequent fractures 1 and 5 after
initiation. When the cluster spacing increases to above 35 m, the pressure stress acting on
the region where subsequent fracture 3 is located has significantly reduced, initiating its
propagation. Figure 6 shows that, when the cluster spacing is 15 m, the shear stress field on
the outer side of the previously fractured fractures 2 and 4 is significantly stronger than on
the inner side. Consequently, in situations with small cluster spacing, subsequent fractures
cannot initiate, but natural fractures on the outer side may experience shear slip induced by
the shear stress field. With an increase in cluster spacing, subsequent fractures can initiate
and propagate, resulting in a substantial attenuation of the shear stress field around the
previously fractured fractures that mainly concentrates on the outer side of the subsequent
fractures. When the cluster spacing increases to 45 m, subsequent fracture 3 can initiate and
propagate, enhancing the shear stress in the central region. Therefore, the comprehensive
analysis of Figures 4–6 suggests that it is advisable to appropriately increase the cluster
spacing during alternate fracturing to mitigate the inhibitory effect of previously fractured
fractures on subsequent ones. A reasonable cluster spacing not only facilitates effective
propagation of fractures within each segment but also diminishes the induced pressure
stress field from previously fractured fractures, enhancing the shear stress around fractures
within the cluster.
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(2) Effect of fracture internal pressure

During hydraulic fracturing, while keeping reservoir rock properties constant, varying
the fracturing fluid volume significantly influences the fracture internal pressure, con-
sequently leading to different fracture propagation patterns. We analyzed the fracture
propagation patterns during alternate fracturing under the same cluster spacing but dif-
ferent fracture internal pressure conditions. In the simulation process, after the initiation
of previously fractured fractures, we used the fracture internal pressure of the previously
fractured fractures as the initial value and gradually increased the fracture internal pressure
of subsequent fractures until a change occurred. As shown in Figure 7a, after fractures 2
and 4 initiated and expanded at 31.0 MPa, subsequent fractures could not initiate and prop-
agate at the same pressure. When the fracture internal pressure of the subsequent fractures
increased to 31.7 MPa (Figure 7b), fractures 1 and 5 could initiate and propagate, while
fracture 3 still could not initiate and propagate. When the fracture internal pressure of sub-
sequent fractures further increased to 31.9 MPa (Figure 7c), fractures 1 and 5 initiated and
propagated to a certain length before fracture 3 began to initiate and propagate, resulting in
a shorter final propagation length for fracture 3. When the fracture internal pressure of the
subsequent fractures increased to 32.0 MPa (Figure 7d), fractures 1, 3, and 5 initiated and
propagated simultaneously, resulting in a similar final propagation length for subsequent
fractures. In this paper, the term “deflection effect” describes the phenomenon where a
fracture reorients under induced stress, causing its propagation trajectory to deviate from
the direction of maximum horizontal principal stress. Additionally, comparing Figure 7b
with Figure 4b reveals that increasing the fracture internal pressure of subsequent fractures
compared to previously fractured fractures effectively mitigates the deflection effect of
subsequent fractures. Overall, as depicted in Figure 7, after the completion of previously
fractured fractures, increasing the fluid volume to enhance the fracture internal pressure of
subsequent fractures facilitates overcoming the inhibitory effect of previously fractured
fractures on subsequent ones.
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Figure 8 depicts the induced stress field distribution around the fractures correspond-
ing to Figure 7. It can be observed from Figure 8 that, under low fracture internal pressure
conditions, the strong pressure stress zone formed by previously fractured fractures is
extensive, thereby inhibiting the initiation and propagation of subsequent fractures. As
the fracture internal pressure of subsequent fractures increases, these fractures can initiate
and propagate. The strong pressure stress zone within the previously fractured fractures
significantly weakens, forming a rectangular region of weak pressure stress. In this region,
the pressure stress field exhibits an X-shaped symmetrical distribution, surrounded by the
strong pressure stress zone formed by subsequent fractures. With an increase in internal
pressure, the propagation of subsequent fractures 1 and 5 results in a slight reduction in
the range of induced shear stress field on the outer side of the fractures but enhances the
heterogeneity of the shear stress field distribution on the inner side of the fractures. Overall,
increasing the fracture internal pressure of subsequent fractures helps weaken the pressure
stress effect caused by previously fractured fractures and enhances the shear action on the
inner side of the fractures.
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(3) Influence of the length of previously fractured fractures

The extension length of previously fractured fractures affects the propagation pattern
of subsequent fractures. We analyzed the propagation patterns and induced stress field
distribution of alternating fracturing fractures under different extension lengths of pre-
viously fractured fractures, as depicted in Figure 9. In this section, the extension length
of previously fractured fracture 2 is defined as L. As illustrated in Figure 9, when the
extension length of previously fractured fractures is relatively short, subsequent fractures
can initiate and propagate under the same internal pressure. The deflection amplitude of
subsequent fractures 1 and 5 is small. However, when the extension length of previously
fractured fractures increases to 60 m, only subsequent fractures 1 and 5 can initiate and
propagate, while subsequent fracture 3 cannot initiate. Moreover, under the same time
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step, the lengths of subsequent fractures 1 and 5 noticeably decrease, and the deflection
amplitude increases after initiation. When the extension length of previously fractured
fractures further increases to 70 m, the subsequent fractures 1, 3, and 5 cannot initiate and
propagate. From the distribution of induced stress fields, it can be observed that, the shorter
the length of previously fractured fractures, the weaker the induced pressure stress acting
around the horizontal wellbore, which is more favorable for the initiation and propagation
of subsequent fractures resulting from fracturing. As the extension length of previously
fractured fractures increases, the enhanced pressure stress around the horizontal wellbore
suppresses the initiation of subsequent fractures resulting from fracturing. In summary,
during alternating fracturing, it is essential to design reasonable lengths for previously
fractured fractures; otherwise, there is a risk of significantly inhibiting the initiation and
propagation of subsequent fracturing fractures.
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Figure 9. Fracture propagation morphology and corresponding induced stress field of alternating
fracturing under different fracture lengths produced by previous fracturing (intra-fracture pressure,
34 MPa; cluster spacing, 25 m).

Figure 10 illustrates the critical extension length of previously fractured fractures
required for subsequent fracturing fractures to initiate and propagate under different
cluster spacing. Taking a cluster spacing of 15 m as an example, if the length of previously
fractured fractures exceeds the value indicated by the red circle, subsequent fracture 3
cannot initiate and propagate. Similarly, if the length of previously fractured fractures
exceeds the value indicated by the black square, subsequent fractures 1 and 5 cannot initiate
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and propagate. Therefore, to ensure the initiation and propagation of subsequent fracturing
fractures, it is necessary to either reduce the length of previously fractured fractures at
each point or increase the cluster spacing. Additionally, from Figure 10, it can be observed
that as the cluster spacing increases, the critical extension length of previously fractured
fractures for subsequent fractures 1 and 5 to initiate and propagate significantly increases.
This indicates that, with larger cluster spacing, the difficulty of subsequent fractures 1
and 5 to initiate and propagate decreases substantially. However, as the cluster spacing
increases, the increase in the critical extension length of previously fractured fractures for
subsequent fracture 3 is relatively small. This suggests that the difficulty for subsequent
fracture 3 to initiate decreases with increasing cluster spacing but remains higher than that
for subsequent fractures 1 and 5. Figure 10 establishes a standard for selecting the critical
extension length of previously fractured fractures.
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Figure 10. The critical length of previously fractured fractures at which subsequent fractures can
initiate and expand under different cluster spacing (intra-fracture pressure is 34 MPa).

Critical fracture internal pressure is defined as the minimum fluid pressure necessary
for a hydraulic fracture to initiate propagation from a static condition. Investigating critical
fracture internal pressure is beneficial for establishing the appropriate range of injection
pressures during fracturing operations. Figure 11 illustrates the critical fracture internal
pressure required for subsequent fracturing fractures to initiate and propagate under
different cluster spacing. Under the same cluster spacing, subsequent fracturing fractures
can initiate and propagate when the fracture internal pressure is above the curve; otherwise,
they cannot initiate and propagate. From Figure 11, it can be observed that when the cluster
spacing is less than 15 m, subsequent fractures 1, 3, and 5 require the same fracture internal
pressure of 31.8 MPa for initiation. However, as the cluster spacing increases, the required
fracture internal pressure for subsequent fracture 3 to initiate increases by 0.1 MPa, while
the required fracture internal pressure for subsequent fractures 1 and 5 linearly decreases.
Based on the illustration in Figure 11, if the design of previously fractured fracture length
cannot be altered, increasing the fracture internal pressure or decreasing the cluster spacing
is necessary to ensure the normal initiation of subsequent fracturing fractures. Figure 12
depicts the critical fracture internal pressure required for subsequent fracturing fractures to
initiate and propagate under different lengths of previously fractured fractures. As shown
in Figure 12, with an increase in the length of previously fractured fractures, the required
fracture internal pressure for subsequent fracturing fractures to initiate and propagate
increases in a stepwise manner. When the length of previously fractured fractures increases
to 80 m, the required fracture internal pressure for subsequent fracturing fractures to initiate
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and propagate essentially remains unchanged. To design longer fracture lengths as much
as possible, it is necessary to increase the fracture internal pressure of subsequent fracturing
fractures based on the illustration in Figure 12 to ensure their initiation and propagation.
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Figure 11. Critical intra-fracture pressure at which subsequent fracturing fractures can initiate and
propagate under different cluster spacing (previously fracturing fractures 2 and 4 intra-fracture
pressure = 31 MPa, previously fracturing fracture 2 length L = 50 m).
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Figure 12. The critical intra-fracture pressure at which subsequent fracturing fractures can initiate
and propagate under different previously fractured fracture lengths (previously fractured fractures 2
and 4 intra-fracture pressure = 31 MPa; cluster spacing = 25 m).

3.2. Symmetric Fracturing

We investigated and analyzed the fracture propagation process of symmetric fractur-
ing, as illustrated in Figure 13. To ensure the initiation and propagation of fractures in all
five clusters, we set the fracture internal pressure of the previously fractured fractures 1
and 5 to 35 MPa; fractures 2 and 4, which were fractured subsequently, to 36 MPa; and the
fracture internal pressure of the last one, fractured fracture 3, to 37 MPa. The cluster spacing
was 10 m, and the designed fracture propagation length was 60 m. The fracture internal
pressure was maintained after the initiation and propagation of the previously fractured
fractures, followed by subsequent fracturing. As shown in Figure 13, after the initiation
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of the previously fractured fractures 1 and 5, the fracture propagation exhibited a sym-
metrical distribution, with minimal overall deviation of fractures (Figure 13b). Upon the
initiation of fractures 2 and 4, which were fractured subsequently, initially, they propagated
primarily in a direction perpendicular to the minimum horizontal principal stress; then,
after propagating a certain length, they deviated to some extent and repelled each other
during propagation (Figure 13c). Fractures 2 and 4, which were fractured subsequently,
were gradually attracted and captured by the previously fractured fractures 1 and 5. After
the initiation of the last fractured fracture, fractured fracture 3, it consistently propagated
in a direction perpendicular to the minimum horizontal principal stress (Figure 13d). A
comparison with Section 3.1 reveals that in symmetric fracturing, the morphology of frac-
ture propagation is somewhat more complex. The variation in the deviation angles of
fractures 1, 2, and 3 with fracture length is shown in Figure 14. We define the deviation
angle of a fracture at a certain point as the angle between the tangent direction of the
fracture and the direction of the maximum horizontal principal stress (clockwise as pos-
itive, counterclockwise as negative). As depicted in Figure 14, after the initiation of the
previously fractured fracture 1, the deviation angle is minimal, and then, as the fracture
length increases, the deviation angle slowly increases, with the overall deviation angle
not exceeding 5◦. After the initiation of the subsequently fractured fracture 2, it initially
deviates clockwise by 10◦. Subsequently, fracture 2 reorients and deviates counterclock-
wise significantly, with a maximum deviation angle exceeding 30◦. Finally, as subsequent
fractured fracture 2 approaches the previously fractured fracture 1, the deviation angle
gradually decreases again, and subsequently fractured fracture 2 is gradually captured by
the previously fractured fracture.

Processes 2024, 12, x FOR PEER REVIEW 17 of 24 
 

 

other during propagation (Figure 13c). Fractures 2 and 4, which were fractured subse-
quently, were gradually attracted and captured by the previously fractured fractures 1 
and 5. After the initiation of the last fractured fracture, fractured fracture 3, it consistently 
propagated in a direction perpendicular to the minimum horizontal principal stress (Fig-
ure 13d). A comparison with Section 3.1 reveals that in symmetric fracturing, the mor-
phology of fracture propagation is somewhat more complex. The variation in the devia-
tion angles of fractures 1, 2, and 3 with fracture length is shown in Figure 14. We define 
the deviation angle of a fracture at a certain point as the angle between the tangent direc-
tion of the fracture and the direction of the maximum horizontal principal stress (clock-
wise as positive, counterclockwise as negative). As depicted in Figure 14, after the initia-
tion of the previously fractured fracture 1, the deviation angle is minimal, and then, as the 
fracture length increases, the deviation angle slowly increases, with the overall deviation 
angle not exceeding 5°. After the initiation of the subsequently fractured fracture 2, it ini-
tially deviates clockwise by 10°. Subsequently, fracture 2 reorients and deviates counter-
clockwise significantly, with a maximum deviation angle exceeding 30°. Finally, as sub-
sequent fractured fracture 2 approaches the previously fractured fracture 1, the deviation 
angle gradually decreases again, and subsequently fractured fracture 2 is gradually cap-
tured by the previously fractured fracture. 

 
Figure 13. Symmetric fracturing crack growth process. Figure 13. Symmetric fracturing crack growth process.



Processes 2024, 12, 971 17 of 22Processes 2024, 12, x FOR PEER REVIEW 18 of 24 
 

 

 
Figure 14. Crack deflection angle changes curve with crack length. 

Figure 15 illustrates the variation in the induced stress field during the process of 
symmetric fracturing. From Figure 15, it can be observed that, after the completion of 
propagation of the previously fractured fractures 1 and 5, the tensile effect at the tips of 
the fractures is relatively weak, and there is a wide range of compressive stress around 
the horizontal wellbore. The shear stress field is mainly concentrated on the outer side of 
the fractures, with weak shear action on the inner side of the fractures. Upon completion 
of the propagation of the subsequently fractured fractures 2 and 4, the tensile effect at the 
tips of the fractures and the shear action on the inner side of the fractures are enhanced, 
while the compressive stress around the horizontal wellbore is weakened. Due to the 
weaker compressive stress on the inner side of the fractures compared to the outer side, 
subsequently fractured fractures 2 and 4 tend to deviate towards the direction of the pre-
viously fractured fractures 1 and 5. After the completion of the propagation of the last 
fractured fracture, fractured fracture 3, the compressive stress around the horizontal well-
bore and the tensile effect at the tips of the fractures are enhanced, and the non-uniformity 
of the shear stress on the inner side of the fractures is increased. A comparison with the 
content of Section 3.1 reveals that symmetric fracturing tends to enhance the shear action 
on the inner side of the fractures, thereby facilitating shear failure along natural fractures. 

0 10 20 30 40 50 60 70
−40

−30

−20

−10

0

10

Fr
ac

tu
re

 d
ef

le
ct

io
n 

an
gl

e 
(°

)

Fracture propagation length (m)

 Fracture-1
 Fracture-2
 Fracture-3

Figure 14. Crack deflection angle changes curve with crack length.

Figure 15 illustrates the variation in the induced stress field during the process of
symmetric fracturing. From Figure 15, it can be observed that, after the completion of
propagation of the previously fractured fractures 1 and 5, the tensile effect at the tips of
the fractures is relatively weak, and there is a wide range of compressive stress around the
horizontal wellbore. The shear stress field is mainly concentrated on the outer side of the
fractures, with weak shear action on the inner side of the fractures. Upon completion of
the propagation of the subsequently fractured fractures 2 and 4, the tensile effect at the
tips of the fractures and the shear action on the inner side of the fractures are enhanced,
while the compressive stress around the horizontal wellbore is weakened. Due to the
weaker compressive stress on the inner side of the fractures compared to the outer side,
subsequently fractured fractures 2 and 4 tend to deviate towards the direction of the
previously fractured fractures 1 and 5. After the completion of the propagation of the
last fractured fracture, fractured fracture 3, the compressive stress around the horizontal
wellbore and the tensile effect at the tips of the fractures are enhanced, and the non-
uniformity of the shear stress on the inner side of the fractures is increased. A comparison
with the content of Section 3.1 reveals that symmetric fracturing tends to enhance the
shear action on the inner side of the fractures, thereby facilitating shear failure along
natural fractures.

Figure 16 depicts the morphology of symmetric fracturing and the distribution of
induced stress fields under different cluster spacing. It is evident from Figure 16 that
the cluster spacing significantly affects the morphology of symmetric fracturing. When
the cluster spacing is small (Figure 16a,b), subsequently fractured fractures 2 and 4 are
attracted and gradually captured by the previously fractured fractures 1 and 5. When
the cluster spacing is large, subsequently fractured fractures 2 and 4 exhibit a wave-like
propagation pattern. The distribution of induced stress fields reveals that changing the
cluster spacing affects the shape of the deep red tensile stress zone at the tips of the fractures.
A smaller cluster spacing results in a more flattened compressive stress zone around the
horizontal wellbore. Increasing the cluster spacing significantly enhances the non-uniform
distribution of shear stress on the inner side of the fractures. Taking fracture 2 as an example,
we analyzed the effect of cluster spacing on the deviation angle of the fractures, as shown
in Figure 17. It can be observed from Figure 17 that a smaller cluster spacing leads to a
faster deviation rate after the initiation of subsequently fractured fracture 2. Increasing the
cluster spacing slows down the magnitude of deviation of subsequently fractured fracture 2
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near the wellbore. With the increasing fracture length, subsequently fractured fracture 2 is
less likely to be captured under larger cluster spacing. In conclusion, based on the above
analysis, it is advisable to select an appropriate cluster spacing to prevent subsequently
fractured fractures from being captured by previously fractured fractures when employing
symmetric fracturing.
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Figure 16. Fracture propagation morphology and induced stress field distribution of symmetrical
fracturing under different cluster spacing.
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Figure 17. Variation curve of fracture 2 deflection angle with length for symmetrical fracturing under
different cluster spacing.

We analyzed the critical fracture internal pressure required for the initiation and
propagation of subsequently fractured fractures 2 and 4, as well as fracture 3, under
different cluster spacing, as shown in Figure 18. It can be observed from Figure 18 that,
with increasing cluster spacing, the critical fracture internal pressure required for the
initiation and propagation of subsequently fractured fractures 2 and 4 decreases slowly,
while the critical fracture internal pressure required for the initiation and propagation of the
last fractured fracture, fractured fracture 3, increases linearly. This indicates that increasing
the cluster spacing can reduce the initiation difficulty of subsequently fractured fractures 2
and 4, but it increases the initiation difficulty of intermediate fracture 3.
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Figure 18. Critical intra-fracture pressure at which subsequent fracturing fractures can initiate and
propagate under different cluster spacing (intra-fracture pressure of previously fractured fractures 1
and 5 = 31 MPa).

Figure 19 illustrates the morphology of symmetric fracturing and the corresponding
distribution of induced stress fields under different critical fracture internal pressures.
Fractures 1 and 5, which were previously fractured, initiate and propagate under two
different internal pressure conditions, 31.0 MPa and 34.0 MPa, respectively. Subsequently,
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fractured fractures (2, 4, 3) initiate and propagate based on their respective critical fracture
internal pressures. It can be observed from Figure 19 that, as the internal pressure within
fractures 1 and 5 decreases, the critical pressure required for subsequent fractures (2, 4, 3)
to initiate decreases accordingly. When the internal pressure within previously fractured
fractures is relatively low (Figure 19a), subsequently fractured fractures 2 and 4 are attracted
by the previously fractured fractures 1 and 5, resulting in the opposing propagation of
fractures. Conversely, when the internal pressure within previously fractured fractures is
relatively high (Figure 19b), subsequently fractured fractures 2 and 4 are attracted to each
other, leading to the co-propagation of fractures. The distribution of induced stress fields
reveals that, when the internal pressure within previously fractured fractures is relatively
low, the compressive stress zone around the horizontal wellbore appears more uniform and
rounded. The distribution area of shear stress on the inner side of the fractures is larger and
more uniform. Increasing the internal pressure within previously fractured fractures results
in a flatter and more uneven distribution of compressive stress zones around the horizontal
wellbore, and the area of shear stress on the inner side of the fractures becomes smaller. In
conclusion, based on the above analysis, for symmetric fracturing, it is advisable to use
smaller injection volumes to reduce internal pressure and weaken the mutual attraction
between fractures.
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4. Conclusions

Based on the theory of rock fracture mechanics and utilizing the boundary element
method with displacement discontinuity, this study established a numerical simulation
model for the interaction and propagation of fractures between clusters in horizontal
wells. Based on this model, the competitive propagation morphology of fractures and the
mechanism of induced stress fields under alternating fracturing and symmetric fracturing
were analyzed. The main conclusions of this study are as follows:
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(1) When employing alternating fracturing, it is advisable to increase the cluster spacing
appropriately to mitigate the inhibitory effect of previously fractured fractures on
subsequently fractured fractures. A reasonable cluster spacing not only facilitates the
effective propagation of fractures within each segment but also reduces the compres-
sive stress induced by previously fractured fractures, thus enhancing the surrounding
shear stress.

(2) For alternating fracturing, increasing the internal pressure within subsequently frac-
tured fractures can effectively mitigate the deviation effect, thereby helping subse-
quently fractured fractures overcome the inhibitory effect of induced compressive
stress from previously fractured fractures. As the length of previously fractured
fractures increases, the enhanced compressive stress around the horizontal wellbore
inhibits the initiation of subsequently fractured fractures.

(3) Compared to alternating fracturing, symmetric fracturing results in more complex
fracture propagation morphology. Under the same cluster spacing, symmetric fractur-
ing enhances the shear action on the inner side of fractures, facilitating shear failure
along natural fractures.

(4) When employing symmetric fracturing, it is advisable to increase the cluster spacing
appropriately to prevent subsequently fractured fractures from being captured by pre-
viously fractured fractures. Using smaller injection volumes during fracturing can ef-
fectively reduce internal pressure and weaken the mutual attraction between fractures.
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