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ABSTRACT: Hydraulic fracturing, an effective method for enhancing coal seam productivity, largely determines
coalbed methane (CBM) production, which is significantly influenced by geological and engineering factors. This
study focuses on the L block to investigate the mechanisms influencing efficient fracture propagation and enhanced
stimulated reservoir volume (SRV) in fracturing. To explore the mechanisms influencing effective fracture propagation
and enhanced SRV, the L block was selected as the research object, with a comprehensive consideration of geological
background, reservoir properties, and dynamic production data. By combining the discrete lattice method with numer-
ical analysis and true triaxial experimental simulation, the fracture morphology of a single cluster and the propagation
patterns of multiple clusters of complex fractures were obtained. Additionally, the optimization of temporary plugging
timing and the fracture map under multiple factors were innovatively proposed. Results indicate that greater flow
rate and viscosity can effectively overcome the stress shadow effect of the outermost fractures (1st and 6th clusters),
increasing the fracture pressure of the single cluster and the equilibrium degree of multiple fracture propagation, thus
forming a more complex fracture network. Moreover, when viscosity exceeds 45 mPa⋅s, pressure concentrates at fracture
tips, promoting discontinuous propagation and reducing flow resistance. Conversely, increased gangue thickness and
spacing between horizontal wells increase the vertical propagation pressure, suppressing fracture growth and reducing
central flow velocity. This study provides a multi-cluster fracture propagation map for optimizing volumetric fracturing
in coal seams and suggests that the optimal temporary plugging time significantly enhances the SRV.

KEYWORDS: Coalbed methane; hydraulic fracturing; discrete lattice method; multi-cluster fracturing; temporary
plugging

1 Introduction
Although China has significant coalbed methane (CBM) resource potential, the actual production

volume falls short of expectations. Proven reserves total approximately 36.0 × 1012 m3—nearly 25% of
the global total—but the commercial recovery rate remains low (approximately 15%) due to technical
and economic constraints. In 2024, production reached 13.8 × 109 m3 following breakthroughs in deep
CBM exploration, about 70% of the reserves are hosted in low-permeability formations. This is primarily
due to the complex geological conditions of coal reservoirs in China, characterized by low permeability,
uneven geostress gradients, and widespread under-compaction [1]. These factors make it challenging to
develop adaptive extraction strategies for varying geological conditions. Hydraulic fracturing remains
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the most widely used CBM enhancement technique. However, field operations reveal that the fracturing
performance often fails to meet expectations, resulting in low single-well production and unstable output.
In addition, the development of CBM increasingly relies on horizontal well branching and staged fracturing
technologies, which introduce new challenges, particularly fracture-to-fracture interactions. Multi-cluster
fractures occur in scenarios such as multiple perforation clusters within a fracturing stage or natural media
splitting a single fracture into multiple branches. This necessitates reservoir modification to improve gas
production [2]. Optimizing fracturing designs is essential to address these challenges, and such optimization
must be grounded in accurate predictions of production performance based on geological conditions and
engineering parameters.

Understanding the 3D propagation behavior of hydraulic fractures in complex deep coal reservoirs
is essential for optimizing fracturing operations. Extensive research has been conducted using theoretical,
experimental, and numerical methods to study fracture propagation. Hubbert et al. [3] analyzed the initiation
mechanism of hydraulic fractures from boreholes and developed an elastic hydraulic fracturing model widely
applied to predict vertical and horizontal well fracture initiation. Abass et al. [4] investigated non-planar
fracture propagation near wellbores through hydraulic fracturing experiments, finding that misalignment
between the wellbore axis and the principal stress direction results in complex non-planar fractures. As
an effective method for observing rock fracture propagation, true triaxial experiments reveal the impact
of geostress, lithologic strength differences, and interlayer strength on hydraulic fracture propagation in
multilayer coal-bearing formations, achieving reliable results. The numerical analysis of hydraulic fracturing
has evolved from 2D to 3D models, with various simulation methods proposed, including the finite
element method (FEM), discrete element method (DEM), boundary element method (BEM), displacement
discontinuity method (DDM), and extended finite element method (XFEM) [5,6]. The FEM commonly uses
fracture mechanics criteria, where fractures are typically constrained to predefined paths and limited to
simple geometries [7,8]. Yin et al. extended the FEM with a globally embedded cohesive element model
to study the effects of SC-CO2 phase transitions on fracture propagation under various geological and
engineering conditions. DEM, widely used for simulating granular rock mechanics, offers faster computation
than FEM perform while maintaining accuracy. However, traditional DEM requires predefined fracture
paths, limiting its ability to simulate fractures propagating freely in arbitrary directions [9–12]. The numerical
simulation software XSite, based on the synthetic rock mass (SRM) method and lattice method, allows direct
insertion of joint planes and definition of weak plane strength without the need for predefined fracture
propagation paths, enabling intuitive simulation of 3D crack initiation and propagation [13].

Quantitative characterization of multi-cluster artificial fracture interference mechanisms after fractur-
ing remains challenging, and research on fluid flow behavior and pressure fluctuations in coal seam hydraulic
fractures is limited. Based on true triaxial experiments and discrete lattice numerical simulations, this study
provides a comprehensive understanding of fracture propagation under single- and multi-cluster conditions
in coal seams, effectively simulating fracture initiation and propagation and quantifying complex fracture
patterns influenced by geological and engineering factors. Additionally, the innovative consideration of post-
fracturing temporary plugging timing offers scientific guidance for optimizing coalbed methane production,
aiming to increase fracturing production.

2 Computational Model
The discrete lattice is a type of discrete element method based on a simplified bonded particle model

using synthetic rock mass technology and lattice theory [14]. This method effectively simulates the initiation
and propagation of hydraulically induced fractures under coupled fluid-solid interactions. The fundamental
principles of the discrete lattice method include the solid mechanics component, fluid flow dynamics, the
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fluid-solid coupling process based on incompressible fluid mechanics, and the optimization of explicit
integration strategies for fracture propagation governed by fracture toughness [15–17]. In the discrete lattice
method, rock is represented by a series of nodes connected by springs. The micro-stiffness and strength of
the springs determine the macroscopic stiffness and strength of the rock. Fig. 1 illustrates the basic principle
of the discrete lattice method, where the black circles represent lattice nodes, and the lattice is connected by
springs. Additionally, the tensile-shear failure of the springs represents the failure of the rock mass.

Figure 1: Schematic diagram of the lattice array with smooth junctions

Fluid flows through the springs, and the predefined inter-layer interfaces are represented via a smooth
joint model, allowing precise simulation of behaviors such as slip, opening, and closure. Accordingly, the
more lattice nodes in the model, the finer the simulation results [13].

2.1 Force Model
The discrete lattice method is an explicit numerical calculation approach that treats an object as a block

made up of several nodes connected by springs. Each node has six degrees of freedom, including three
translational and three rotational degrees of freedom. The translational degrees of freedom are determined
by the momentum balance equation and Newton’s second law, as shown in Eq. (1). This method can simulate
nonlinear behaviors such as joint fracture, slip, and opening [18].
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i denotes the total force acting on the node, N; Δt is interval
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w

⎛
⎜
⎝

t+
Δt
2
⎞
⎟
⎠

i = w

⎛
⎜
⎝

t−
Δt
2
⎞
⎟
⎠

i + ∑M t
i

I
Δt

(2)

where ωi represents the angular velocity, rad/s;∑M(t)
i is the torque acting on the node, N⋅m; I is the moment

of inertia, kg⋅m2; and the normal force F(N)
i and shear stress F(S)i of the spring can be calculated through
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the relative displacement of the nodes as follows:

{ FN
i,t+Δt = FN

i,t + u̇N
i,t kNΔt

Fs
i,t+Δt = Fs

i,t + u̇s
i,t ksΔt (3)

In the equation, FN
i,t is the normal force, N; Fs

i,t represents the shear stress, N; u̇N
i,t is the normal

displacement, m; u̇s
i,t represents the tangential displacement, m; kN is the normal stiffness, N/m; and ks

represents the shear stiffness, N/m, respectively. Eqs. (4) and (5) describe the relationships between the
micro-spring stiffness and tensile strength and the bulk modulus and tensile strength of macroscopic rock
are:

FNmax = αtTR2 (4)

Fsman = τFNana + αsCR2 (5)

where FNmax is the tensile strength of the spring element, N; Fsman represents the shear strength of the spring
element, N; αt is the tensile strength correction factor; αs is the shear strength correction factor; T is the
tensile strength of the rock block, Pa; R is the element size, m; τ denotes the friction coefficient; and C
represents the shear strength of the rock block, Pa.

2.2 3D Discrete Lattice Fluid Flow Models
The discrete lattice method can handle the movement of fluid, fracture propagation, and deformation of

the rock matrix simultaneously. In the fluid-solid coupling process, fluid flows through pre-existing fractures
and infiltrates the rock matrix. This process involves the dynamic of fluid and thermodynamic properties, as
well as the geometry of the fractures. Subsequently, the infiltrating fluid further influences the mechanical
properties of the rock, such as its elastic modulus, Poisson’s ratio, and hardness. This influence can lead
to changes in the shape of the rock matrix, such as variations in rock volume. These changes in the rock
matrix shape, in turn, affect the properties of the fractures, including fracture width and fluid pressure, and
subsequently impact the filtration properties of fracture.

In the discrete lattice method, fluid flow is described by a pipe model, assuming that the pipe has the
same width and length. The flow rate calculation formula is as follows [19]:

q = βkr
a3

12μ [pA − pB + ρwg (zA − zB)] (6)

In the equation, q is the flow rate, m3/s; β represents the correction factor; kr represents the relative
permeability, a is the fracture width, m; μ is the fluid viscosity, Pa⋅s; pA − pB is the pressure difference at the
two endpoints, Pa; ρw is the fluid density, kg/m3; g is the acceleration of gravity, m/s2; and zA − zB denotes
the hydraulic head difference at the two endpoints, m.

The explicit numerical method is used to solve the flow evolution model that changes with time. In the
time step (Δtf ), the pressure increment (Δp) is calculated as follows:

Δp = ∑ qi
V K̄FΔtf (7)

where Δp represents the pressure increment, Pa; qi is the flow rate, m3/s; V is the node volume, m3; KF is
the fluid bulk modulus, Pa.
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3 Model Establishment and Verification

3.1 Model Establishment
Verifying the accuracy and reliability of numerical simulation methods is crucial in rock mechanics

simulations. Accurate simulation results are vital for understanding rock behavior under different physical
conditions and directly influence the interpretation and prediction of outcomes. Verification ensures that
the model follows proper physical principles and accurately reflects rock behavior, while also allowing for
the evaluation and improvement of simulation methods through comparison with experimental data. This
process enhances prediction accuracy, identifies potential issues such as parameter selection, and ensures
the reliability of the simulation.

As shown in Fig. 2a, the lithological profiles of the two representative wells indicate that the vertical well
penetrates multiple lithologies, reflecting complex geological conditions. The model data is derived from 8
wells in the L block, drilled through 26 layers of mudstone (89.81 m), 60 layers of coal (100.6 m), 14 layers of
dry strata (28.2 m), and 5 layers of gas strata (9.69 m). Five of the wells have coal layer ratios exceeding 20%,
with an average coal layer ratio of 49.97% in the Ty formation of this region as shown in Fig. 2b. Based on
geological stratification data from key well areas, the distribution and thickness of each layer were used to
establish a horizontal well fracturing model for studying multi-fracture propagation in coal seams.
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Figure 2: Data statistics for each layer of a typical well in block L. (a) Lithologic profiles of two characteristic wells; (b)
Lithology distributions of different wells

The injection rate significantly affects the fracture morphology and stimulated reservoir volume (SRV).
Considering the strong multi-cluster liquid diversion effects, numerical simulation optimization of the
injection rate parameters is necessary to ensure the effectiveness of the stimulation. The pressure curves
under two different injection rates are shown in Fig. 3. On-site fracturing operations should adjust the
injection rate based on the formation conditions, avoiding excessive operational risks. Within a controllable
pressure range, efforts should be made to maximize the injection rate to achieve the desired stimulation effect.

A 3D discrete lattice method was used to numerically simulate the hydraulic fracture propagation
behavior during horizontal well fracturing of deep coal seams. This study addresses the vertical propagation
of hydraulic fractures in a typical deep coal seam stratigraphy consisting of 7 layers (Fig. 4), including
coal, cap rock, and floor layers, with varying injection rates considered. To ensure that the numerical
simulation results accurately reflect real-world conditions, the model was established based on typical
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layer combinations from the deep coalbed methane production region of the L block, integrating well
log interpretation and geological data. This led to the development of a 3D numerical model (1200 m ×
600 m × 21.4 m) for horizontal well fracturing and fracture propagation.
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Figure 3: Construction curves of two wells under different flow rates. (a) Stage two construction curve for well L38;
(b) Stage eight construction curve for well L65

Figure 4: Numerical model of horizontal well fracturing based on the discrete lattice method

3.2 Validation of Computational Models
A schematic of Penny-type fracture propagation is shown in Fig. 5. Savitski derived theoretical functions

relating the size parameters of Penny-type fracture propagation, injection pressure, elastic modulus, Poisson’s
ratio, and other factors [20]. In this study, a viscous-dominated Penny-type fracture propagation model with
fluid pressure was used to validate the discrete lattice numerical method against the analytical solution.

Figure 5: Schematic diagram of Penny-type hydraulic fractures
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By combining the parameters in Table 1, the analytical solution of the model was calculated, and
the corresponding simulation results at different times were obtained using the discrete element model
for comparison. Simulation of fracture width distribution along the tangential direction under identical
boundary conditions with five different lattice sizes (110, 80, 50, 30, and 10 cm) indicates that the maximum
fracture width occurs at the injection point as illustrated in Fig. 6a. Lattice sizes smaller than 50 cm ensure
sufficient computational accuracy; however, excessively fine lattices significantly reduce computational
efficiency. A size of 50 cm is thus selected as the optimal balance between accuracy and efficiency of
calculation. As shown in Fig. 6b, after 1.2 s, the hydraulic fracture expanded in a Penny shape with a radius
of approximately 2.34 m, and the fracture width at the injection point was 1.61 mm. A comparison of the
variation in fracture width over time revealed that the simulation results were generally smaller than the
analytical results, but the error was less than 5%, indicating that the discrete lattice method has a certain
degree of accuracy in modeling fracture propagation.

Table 1: Rock properties and ground stress in the computational modeling

Object Parameters Value

Rock properties

Density g/cm3 2.3
Young’s modulus/GPa 25.0

Poisson’s ratio 0.2
Uniaxial compressive strength/MPa 200.0

Tensile strength/MPa 4.8
Mode I fracture toughness/MPa.m1/2 0.3

Porosity/% 2.0
Permeability/mD 0.3
Biot’s coefficient 0.8

In-situ stresses
Maximum horizontal principal stress/MPa 52.0
Minimum horizontal principal stress/MPa 46.0

Vertical principal stress/MPa 48.3

Fluid properties
Density/g/cm3 1.20

Viscosity/mPa⋅s 3.00
Injection rate/m3/min 10.00

Figure 6: Validation of model accuracy. (a) Independent verification of lattice size; (b) Comparison of the analytical
solution with the numerical solution
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4 Coal Seam Fracture Propagation Pattern after Fracturing under Multi-Factors

4.1 Preliminary True Triaxial Experiment on Single-Cluster Fracture Propagation
True triaxial experiment can accurately reflect the horizontal stress and crack propagation status in

real field conditions. By converting the input parameters of the true triaxial experiment using similarity
criteria, the experimental parameters before and after conversion are shown in Table 2 [21]. To quantify the
multi-cluster fracture propagation in coal seams, outcrop rock samples from the L block were processed
to dimensions of 300 mm × 300 mm, as shown in Fig. 7. A true triaxial experiment was conducted to
preliminarily characterize single-cluster fracture propagation and pressure fluctuations in coal seams, laying
the groundwork for further simulations.

Table 2: Parameter values before and after similarity criterion transformation

Parameters Production site Experiment unit
Allowable extended half length 100 0.3 m

Timing of fracturing 200 10 min
Injection rate 15/20/25 17/22/26 m3/min; mL/min

Tensile strength 0.37 0.1 MPa
Maximum geostress σH 52.7 14.24 MPa
Minimum geostress σh 46.9 12.41 MPa

Figure 7: True triaxial experiment process of coal sample fracture propagation. (a) Rock specimen; (b) Specimen
pressure chamber; (c) Laboratory bench

Due to the similar effects of viscosity and flow rate during the fracture initiation process, experiments
were conducted under three different flow rate-viscosity conditions, as shown in Fig. 8. In the low flow
rate experiment (sample 3#), the sample fractured at 12.60 MPa due to the low injection rate, resulting
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in a rapid pressure drop and relatively small fluctuations in the curve, indicating fewer fracture events
and the formation of low-angle planar fractures. In contrast, as shown by sample 2#, branching fracture
occurred under higher viscosity and flow rate. Particularly, the experiment (sample 1#) showed that the
increased viscosity reduced fluid loss within the fracture. After reaching a fracture pressure of 18.24 MPa,
multiple branch fractures appeared during fracture propagation, leading to larger pressure fluctuations.
After fracturing, the rock exhibited multiple branch fractures, with the overall complexity of the fractures
significantly increased.

Figure 8: Fracture behavior and pressure response under different viscosities and flow rates. (a) Post-fracturing
characteristics of 1#; (b) Characteristics of 2#; (c) Characteristics of 3#

By combining the cohesive strength measured between interfaces, typical deep coal samples containing
seven layers, including coal seams, gangue, and top and bottom plates, were artificially bonded. Three
gangue layer thicknesses were studied under identical construction conditions, as shown in Fig. 9. The results
revealed that with a 2 cm of gangue, vertical fractures form within the coal seam, intersecting the interface
and passing through the gangue. For gangue thicknesses ≥4 cm, fractures turned toward the bedding plane
after encountering the gangue, limiting the fracture height.

Figure 9: Fracture propagation in coal samples under different gangue layer thicknesses. (a) Fracturing result of 19#;
(b) Fracturing result of 18#; (c) Fracturing result of 20#
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4.2 Impact of Injection Rate on Multi-Cluster Fracture Morphology after Fracturing
The 3D discrete lattice method was used to simulate hydraulic fracture propagation in deep coal seams.

The model incorporates seven strata, including coal, limestone, and top/bottom plates, to study vertical
fracture growth. Geological data and well log interpretations from the L block coal seam gas area were used
to construct a three-dimensional fracture propagation model, ensuring accurate simulation results.

Well L-38, located in the southern part of the second development area, features a horizontal wellbore
aimed southwest of the wellhead. The fracturing segment is selected based on low GR values and high
gas measurements to reduce operational complexity, with an optimized design for both uniform and
non-uniform fracturing. Different fracture models were built by assigning lithological properties to each
layer. Pressure comparisons for two wells with varying injection rates reveal significant impacts on the
fracture morphology and SRV. A multi-cluster liquid distribution effect necessitates optimizing injection
rates through numerical simulation to ensure effective stimulation.

Simulation results under five different injection rates, shown in Fig. 10a, reveal that at a low rate (16
m3/min), the third fracture cluster struggles to propagate due to interference from the fourth cluster, causing
deflection. Communication between the two main fractures may lead to interference, potentially affecting
production in the field. Due to the stress shadow effect and insufficient fracture pressure, the interface of the
fifth and sixth clusters was activated, limiting the height of fractures. Fluid pressure contours show greater
injection and pressure in the main fractures, with the highest pressure occurring between fractures, whereas
the pressure across interfaces and layers is lower.

y x

(b)(a)

Figure 10: Fracturing results at different injected rates. (a) Multi-cluster fracture propagation at three different rates;
(b) Changes in stimulated volume

At an injection rate of 20 m3/min, the fracture height increases, and the main fracture of third cluster
extends more extensively, demonstrating that higher injection rates effectively mitigate the stress shadow
effects on outer fractures (clusters 1 and 6). Fractures penetrate the coal seams into the gangue of limestone;
however, due to the high stress and elasticity of the limestone, significant fluid energy loss hinders further
penetration into deeper coalbed methane reservoirs. As injection rate increases, the number of active
clusters also increases, leading to more uniform fracture propagation. At an injection rate of 24 m3/min,
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large fractures form and propagate across bedding planes. The propagation process is influenced by stress
interactions from other fractures, with higher injection rates promoting fracture connectivity and forming a
complex fishbone-shaped fracture network, significantly enhancing fluid permeability within the formation.
Additionally, high flow rates may induce a transition from laminar to turbulent flow within the fracture,
increasing shear stress on the fracture walls and facilitating fracture propagation by overcoming resistance
caused by rock heterogeneity. However, excessively high injection rates can intensify fluid leakage and trigger
fracture branching, thereby reducing the controllability of fracture geometry. Effective SRV calculated at five
injection rates shows a power-law increase with injection rate, as shown in Fig. 10b. A marked increase in
SRV is observed at 22 m3/min, reaching approximately 1.64 times that at 16 m3/min. Beyond this rate, further
increases in injection rate yield diminishing production returns.

4.3 Different Viscosities and Horizontal Stress Differences on Multi-Cluster Fracture Propagation
Fluids with different viscosities exhibit distinct advantages and disadvantages in fracture creation and

enhancing the SRV. In field fracturing, the complexity of the fracture network is typically used to assess fluid
viscosity. Numerical simulations of horizontal well fracturing were conducted with varying viscosities of
fracturing fluids (5/25/45 mPa⋅s) to evaluate the fracture creation capabilities of each viscosity system. As
shown in Fig. 11, owing to the stress shadow effects and insufficient fluid pressure, the cracking extent of the
two middle clusters (clusters 4 and 5) is relatively low.

Figure 11: Contours of multi-cluster fracture widths at three different viscosities

Under varying viscosity conditions of fracturing fluids, fracture propagation notably differs. At a
viscosity of 5 mPa⋅s, fluid pressure is distributed across both the main fractures and bedding planes, with
elevated pressure in the main fractures facilitating fracture communication. At 25 mPa⋅s, activation of the 4th
and 5th fracture clusters is limited, but the fractures begin to connect, with the 1st and 2nd clusters linking to
the 5th and 6th clusters, resulting in more complex fracture patterns that penetrate lower coal seams. Fluid
pressure contours reveal high-pressure zones concentrated at initiation points, and fractures laterally extend
through bedding planes, further linking adjacent fractures.

At 45 mPa⋅s, the 3rd and 4th clusters show increased height extension, with enhanced fracture commu-
nication. The propagation of fractures becomes more uniform, extending vertically into the upper bedding
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planes with discontinuous propagation, indicating limited interlayer penetration. As viscosity increases,
fracture propagation becomes more balanced, enhancing flow paths and creating a more effective fracture
network. High-viscosity fluids facilitate the formation of a complex fishbone-like network, reducing flow
resistance and significantly promoting fracture growth with the highest fluid pressure at the fracture tips.

The state of the horizontal stress field and the mechanical properties of rocks determine the direction,
morphology, and SRV of post-fracturing fractures, which significantly affects the increase in productivity
from fracturing [22,23]. Typically, high horizontal stress difference anisotropy counteracts the stress shadow
effect on fracture deflection, forcing fractures to propagate in the direction of maximum stress, resulting
in limited fracture divergence. In contrast, low horizontal stress difference anisotropy favors the formation
of a complex hydraulic fracture network, and the mutual exclusion between fractures leads to significant
differences in fracture geometry. The stress difference distribution of the target well is complex, with a stress
difference ranging from 1–6 MPa. The horizontal stress difference in different blocks is oriented N15○-45○W,
and the local reservoir modification range is limited (Fig. 12a). Therefore, fracturing parameters must be
optimized based on the varying stress distribution. Through simulation calculations under the combined
influence of viscosity and horizontal stress difference, typical fracture propagation patterns under different
conditions are mapped as Fig. 12b, providing effective support for optimizing multi-cluster fracturing
parameters in deep coal seams at the field site.

(b)

(a)

Figure 12: Combined effect of two factors. (a) Distribution of horizontal stress difference; (b) Map of the post-fracturing
fractures in different stresses and viscosities

The results indicate that there is a critical viscosity difference (30 mPa⋅s). When the viscosity exceeds this
value, the impact of the horizontal stress difference becomes negligible. However, when the viscosity is lower
than this value, the combined effect of both factors is significant. At lower viscosities, such as 5 mPa⋅s, a larger
proportion of the fluid infiltrates the formation, resulting in a lower pressure buildup within the fracture,
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which is insufficient to form dominant hydraulic fractures perpendicular to the minimum horizontal stress
direction. As the viscosity increases to 30 mPa⋅s, the number of activated natural fractures and bedding
fractures increases, and the fracture network becomes more complex. High-viscosity fluids typically exhibit
laminar flow within fractures, which helps maintain a stable pressure field and promotes the formation of
uniform fracture morphology. The reduction in fluid loss rate effectively concentrates more fracturing energy
at the fracture tip, thereby facilitating continued fracture propagation. However, due to the higher viscosity,
fracture height control becomes more difficult, and fractures are more likely to penetrate into aquifers or
the cap rock, reducing the influence of horizontal stress. Therefore, for coal seam gas fracturing in the target
well, a viscosity of approximately 30 mPa⋅s is recommended.

During prolonged fracturing at 4 MPa, microseismic monitoring indicated an SRV of 4.31 × 106 m3
(Table 3). Under the same injection viscosity, wells with a stress differences (8 MPa) exhibited predominantly
unidirectional fracture propagation, resulting in increased fracture height but a reduction in SRV by
approximately 20%. In contrast, low stress tends to induce the formation of multi-directional, dispersed
fractures, leading to less effective fracture connectivity and stimulation. Furthermore, increasing the viscosity
to 30 mPa⋅s activates more natural and bedding fractures, which complicates fracture height control
during operation.

Table 3: Comparison of the reformed volume of reservoirs with different stress differences

Horizontal stress difference SRV Fracture height in the field
2 MPa 422 × 104 m3 59 m
4 MPa 431 × 104 m3 68 m
8 MPa 340 × 104 m3 73 m

4.4 Effects of Different Gangue Thicknesses on Multicluster Fracture Propagation
In coal seam geology, varying thicknesses of gangue and mudstone layers significantly affect multi-

cluster fracturing, restricting efficient coalbed methane extraction. By analyzing geological stratification data
from the target well area, the thickness of the gangue and the initial coal seam thickness for fracture initiation
were identified as key variables. Numerical simulation results for gangue thicknesses of 2, 4, and 6 m are
shown in Fig. 13.

According to Fig. 14, when the gangue layer thickness is 2 m, the fluid pressure is evenly distributed,
with high-pressure zones concentrated in the main fracture, promoting deeper fracture propagation and
enhancing productivity. The fracture network has good connectivity, and the fluid velocity distribution is
uniform. When the gangue layer thickness increases to 4 m, fracture propagation is somewhat inhibited,
particularly in the vertical direction. Fractures tend to extend along the interface of the gangue layer, leading
to reduced complexity. Furthermore, when the gangue layer thickness reaches 6 m, vertical propagation is
significantly restricted, and the fracture network becomes simpler.

As the gangue thickness increases, vertical fracture propagation weakens, fluid flow becomes less
uniform, and paths are concentrated. In thin gangue layers, fractures extend further with higher fluid velocity,
improving reservoir recovery. In thick gangue layers, fracture propagation is limited, with fluid velocity
concentrated in the main fracture, reducing overall reservoir stimulation.
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Figure 13: Contours for different gangue thicknesses. (a) Fracture width distributions; (b) Fluid velocity distributions
inside the fractures

Figure 14: Fluid pressure in the fracture at three different thicknesses of the gangue layer

4.5 Effect of the Gangue-to-Wellbore Distance on Multi-Cluster Fracture Propagation
The distance between the gangue layer and the wellbore is another important factor influencing

hydraulic fracture propagation [24,25]. Fig. 15a shows the fracture propagation pattern when the gangue
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layer is 3 m away from the horizontal well. The fracture width contour map indicates significant extension
both vertically and horizontally.

Figure 15: Contours for different distances from the gangue layer. (a) Fracture width distributions; (b) Fluid velocity
distribution inside the fractures

When the gangue layer is 3 m away from the horizontal well, the fluid pressure within the fracture is
concentrated, particularly at the center, where maximum values are reached, indicating that fluid maintains a
high driving force over a short distance, effectively promoting fracture extension toward the gangue layer. The
flow velocity distribution is relatively uniform, with a peak velocity at the fracture center, signifying efficient
energy transfer and favorable fracturing results. However, as the distance to the gangue layer increases,
fracture propagation becomes constrained, particularly in the vertical direction. Energy consumption near
the gangue layer inhibits further propagation, reducing fracture width and complexity. As a result, the
fluid pressure distribution becomes more dispersed, the high-pressure zone shrinks, and the fluid driving
force weakens, as shown in Fig. 15b. Flow velocity also becomes uneven, with a decline in velocity at the
fracture center, reflecting reduced fluid transfer efficiency. At a distance of 9 m from the gangue layer,
fracture propagation is significantly suppressed, and fluid energy is nearly exhausted. The fracture struggles
to penetrate the gangue layer as the pressure decreases and the flow velocity decreases, especially at the
fracture tip, thus diminishing both fracture propagation and permeability.

5 Fracturing Parameter Optimization

5.1 Optimization of Temporary Plugging Timing
Temporary plugging is commonly used in deep coal seam horizontal fracturing to guide fracture

propagation and enhance stimulation performance. However, research on its optimal implementation timing
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remains limited, with field practices largely relying on empirical judgment due to the lack of systematic
theoretical guidance. Specifically, Fig. 16 shows a rapid pressure increase during the sand addition phase in
key wells, indicating difficulty in extending the main fractures. Following temporary plugging, a significant
pressure rise is observed, confirming the effectiveness of temporary plugging in the treated sections
or clusters.
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Figure 16: Curves of the pressure of temporary plugging fractures in well

Taking a flow rate of 20 m3/min as an example, temporary plugging is carried out at 120 min after
fracturing, with other boundary conditions considered. A seven-layer geological model is established,
with the middle layer being the coal seam, surrounded sequentially by gangue, coal seam, carbonaceous
mudstone, and coal seam layers. Based on the field fracturing temporary plugging time, three temporary
plugging timings are selected for analysis: 60, 90, and 150 min after fracturing. To increase coalbed methane
development and production efficiency, the timing of temporary plugging agent addition is considered
as a variable for numerical simulation research on temporary plugging and diversion in deep coal seam
horizontal wells.

As shown in Fig. 17, after 60 min of fracturing, the plugging agent limited excessive fracture growth,
with the main fracture height reaching 10.7 m and an effective SRV of only 433 m3. Fluid accumulation near
the wellbore disrupted proppant placement, reducing fracture conductivity. At 90 min post-fracturing, the
primary fracture extended toward the interface, and the SRV increased to 497 m3. Temporary plugging ele-
vated the pressure at the fracture tip, promoting interlayer penetration and enabling multilayer stimulation.
This process helped balance fracture height and length, reduce fluid loss, and enhance vertical propagation.
By 150 min, the main fracture was sealed, redirecting fluid along weak planes into gangue, which increased
network complexity and yielded an SRV of 462 m3. Fracture height reached 12.9 m, but prolonged injection
led to more uneven growth between the fifth and sixth clusters. Accordingly, a 90-min fracturing duration
is recommended to optimize reservoir stimulation, as both shorter and longer injection times can hinder
fracture propagation and reduce effectiveness.
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Figure 17: Two views of temporary plugged fracture propagation patterns after three different fracturing times

5.2 Fracture Propagation Law under Engineering-Geological Parameters
Based on the simulation results, the impacts of the fracturing fluid viscosity and injection rate on

fracture propagation in deep coalbed horizontal wells are analyzed. Fig. 18 illustrates the fracture patterns
with respect to the stress difference and injection rate. High injection rates and viscosity fracturing fluids
enhance the connectivity between clusters, increasing the complexity of post-fracturing fractures. On the
other hand, a moderate injection rate is crucial for forming the optimal fracture morphology.
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Figure 18: Map of the combined effects of the fracturing fluid flow rate and horizontal stress difference on fracture
propagation
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The impacts of the fracturing fluid injection rate and horizontal stress difference on fracture propagation
in deep coalbed horizontal wells were analyzed. When the stress difference is 2 MPa, the control of stress
on fractures is weak, causing fractures to easily turn along natural weak planes, leading to the formation
of secondary fractures. However, an ideal fracture network requires not only easy deflection of hydraulic
fractures but also vertical propagation to connect more layers and weak planes. Without this, high-density
small fractures will form only near the initiation point. As the stress difference increases, fracture width
gradually decreases. When the stress difference exceeds 6 MPa, hydraulic fractures are more likely to
initiate and extend along the vertical minimum horizontal principal stress direction at the wellbore, with a
reduced chance of deflection, leading to simpler fracture shapes. Moreover, under the same stress difference,
increasing the viscosity of the fracturing fluid facilitates the formation of a more complex fracture network
during propagation.

An analysis of the effects of the interaction between the thickness and distance of the gangue on fracture
propagation in deep coalbed horizontal wells, as shown in Fig. 19, reveals that when the gangue is thin and
the distance is less than 4 m, fractures are more likely to penetrate the gangue and continue to extend. This
suggests that thinner gangue impose weaker restrictions on fracture propagation. As both the thickness
and distance of the gangue increase, fracture propagation is significantly suppressed, the fracture height
decreases, and fractures fail to penetrate the gangue. A thinner gangue layer poses less restriction on fracture
propagation, causing fractures to extend primarily along the main stress direction, easily penetrating the thin
gangue and forming vertical main fractures. In contrast, thicker gangue and greater distances hinder fluid
pressure transmission, substantially reducing the fracture propagation capacity and limiting the development
of the fracture network.
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Figure 19: Map of the combined effects of the thickness and distance of the gangue layer on fracture propagation

6 Conclusion
The geological structure and mechanical properties of the deep coal seams in the L block are complex,

with significant differences in the coal and rock properties, geological characteristics, and horizontal stress
distributions across different layers. Based on engineering-geological classification methods, coal seams are
divided into different reservoir types according to their geomechanical properties. A fracture propagation
model is established using the discrete lattice method under multiple influencing factors, and a targeted
reservoir transformation plan is proposed, focusing on non-uniform perforation, temporary plugging, and
stress interference for balanced multi-fracture propagation control.
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1. Under the same conditions in L block, SRV increased with injection rate following a power-law trend.
Increasing the rate from 16 to 22 m3/min raised the breakdown pressure by 1.2 times, increasing the fracture
complexity and expanding SRV by 1.64 times.

2. Similar to high flow rates, high-viscosity fluids increase fracture network complexity by increasing
fluid pressure at the fracture tip, resulting in a bifurcated fracture network. However, when there is a stress
difference, excessive flow rates can lead to an imbalance in the activation of fracture clusters at the interface.
Therefore, selecting an optimal injection rate is crucial for activating and connecting more reservoirs.

3. As the thickness of the gangue and the distance from the horizontal well increase, the vertical
propagation capability of fractures gradually weakens. The fluid velocity distribution becomes more uneven,
and the flow path tends to become more concentrated.

4. Early temporary plugging (30 min) limited fracture propagation, while plugging at 90 min promoted
interlayer penetration, forming a complex multi-wing fracture network and increasing the SRV by 15%.
However, overly delayed plugging led to uneven growth of the main fractures and a subsequent decrease
in SRV.
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