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Abstract

Reservoir stimulation is a critical technique for the efficient development of coalbed
methane (CBM), playing a significant role in improving permeability. Controlled shock
wave fracturing, as an emerging stimulation method, offers advantages such as safety and
high energy utilization, making it a promising candidate for CBM reservoir enhancement.
Due to the substantial potential of deep CBM reservoirs, conventional physical simulations
and field experiments are limited in accurately analyzing the fracturing effects. Research
on the fracture propagation and damage evolution of coal rock under the influence of
different geological and engineering parameters is limited, hindering the determination
of key operational parameters. In this study, a coupled mathematical model of solid me-
chanics and damage continuum mechanics is established using the finite element method,
alongside a geometric model, to investigate fracture propagation characteristics under the
influence of geological and engineering factors. The core contribution of this work is a
systematic numerical analysis that clarifies the controlling effects of key parameters. The
main conclusions are as follows: (1) a high stress contrast (>6 MPa) favors fracture exten-
sion along the direction of the maximum principal stress while inhibiting the expansion
of the damage area; (2) the increase in the orientation of natural fissures and the angle
of horizontal stress inhibits the propagation of fractures and the growth of damage area;
(3) engineering parameters exert a considerable effect on fracture propagation and multiple
shock cycles (>2 times) and high peak pressure (>250 MPa) are conducive to fracture
formation; and (4) a key distinguishing feature is the formation of radioactive fractures
induced by high-energy shock waves, which are beneficial for enhancing communication
between rock layers and natural fractures. Compared to hydraulic fracturing, the shock
wave method achieves distinctly faster fracture extension in a shorter time, highlighting its
unique advantage for improving coalbed permeability and porosity. This study extends the
numerical simulation research on controlled shock waves in deep coal seams, elucidates
the dynamic response of fracture propagation and damage evolution under the control of
geological and engineering parameters, reveals the sensitivity of key parameters to fracture
extension, and provides a critical basis for the selection and optimization of operational
parameters in field applications of shock wave fracturing.
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1. Introduction

With the continuous growth in energy demand driven by economic development,
China faces a prominent contradiction between energy supply and demand, due to the
complexity of resource endowment and the weak theoretical foundation [1,2]. As an
important component of unconventional natural gas, the coalbed methane (CBM) resource
in coal layers deeper than 2 km is estimated to be 40.71 x 10'> m? [3,4]. The large-scale
exploration and development of unconventional natural gas can help alleviate the tension
between energy supply and demand, ensuring energy security.

As the development of unconventional natural gas deepens, traditional technologies
can no longer meet the increasing production demands. Reservoir stimulation has become
a crucial technology in CBM exploration and development. Fracturing technologies can
improve coalbed permeability, and then, gas well production [5-7], and several methods
have been developed, including hydraulic fracturing, non-water fracturing, acid fracturing,
and explosion fracturing. However, despite the widespread application of hydraulic frac-
turing, issues such as proppant-induced water contamination, water resource shortages,
and limited branching fractures exist [8,9]. CO, fracturing suffers from low viscosity, poor
sand-carrying capacity, and high filtration losses, making it unsuitable for deep wells and
high-permeability reservoirs [10]. Acid fracturing can effectively alter the coal’s pore struc-
ture and enhance permeability, but its effectiveness is easily influenced by mineral types,
acid fluids, and pore temperature [11]. Explosion fracturing can cause severe damage to
the wellbore and is not suitable for coal layers with high gas content, potentially triggering
gas disasters [12]. Among these methods, controlled shock wave fracturing, based on
the electro-hydraulic effect, is an innovative coalbed stimulation technique that does not
require injecting fluids into the reservoir. Instead, high-energy shock waves are generated
using energetic materials or metal wires, creating multi-directional fractures and forming
fracture networks in a short time [13]. Currently, controlled shock wave fracturing has
garnered significant attention and research. In field experiments, Qiao et al. [14] established
a mathematical model for coalbed dynamic response based on explosion mechanics, rock
dynamics, and elasticity. This model determines the effective influence radius, and field
test data showed that this technology significantly improved coalbed methane production
within the affected area. An et al. [15] conducted pilot tests, identifying shock density and
the fracture-enhancing operation range as key factors for improving fracturing effective-
ness, and finally determining fracturing range and shock density. Wang [16] analyzed
test results from over 40 coalbed wells in the South Yanchuan Block, determining that the
optimal well selection criteria for controlled shock wave treatments include low coalbed
fracture pressure, the presence of impurities, good gas content, and relatively high pressure
coefficients. In terms of physical simulation, Wang et al. [17] conducted physical simulation
experiments on different types of rocks, determining the energy storage design parameters
for high-strength cement, granite, and limestone. Qiao et al. [8], using a self-constructed
controlled shock wave simulation platform, found that discharge voltage and frequency
play a critical role in enhancing permeability in low-permeability coal layers. Han et al. [18]
performed pulse-type repeated controlled shock wave fracturing experiments under triaxial
stress loading, illustrating the relationship between shock wave energy and the complexity
of crack propagation. Chen et al. [19] conducted controlled shock wave pre-fracturing
tests, determining that with a 3-m interval between operation points and a peak pressure
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of 224 MPa, performing > 4 shock cycles can achieve uniform pre-fracturing within the
target area.

However, since fracture initiation by shock waves results from a combination of
geological conditions and shock wave operating conditions, it is challenging to simulate
this process systematically in physical experiments, and field monitoring conditions are
not yet suitable [20]. Meanwhile, numerical simulations, as an essential tool for studying
fracture propagation mechanisms, can compensate for the high cost and poor controllability
of field tests. Many scholars have carried out numerical simulations of shock wave-induced
fracturing. As example, Sun et al. [21], combining a damage-permeability-deformation
coupled model, analyzed the positive correlation between shock intensity and damage
area, highlighting the suppressive effect of geostress on fracture propagation. Moreover,
Qin et al. [20] used the discrete element method with continuum mechanics to explain
the influence of loading conditions, geostress, and mechanical properties on fracturing
effectiveness. Based on numerical simulations, Li [22] showed that there is an optimal
range of peak pressure, shock cycles, and fracture initiation effects, with geostress having a
strong inhibitory effect, and elastic modulus and tensile strength being the key mechanical
parameters that affect fracturing performance.

Accordingly, given the applicability of controlled shock wave fracturing to deep CBM
reservoirs and the practical difficulty and high cost of conventional physical experiments,
this study employs numerical simulations to elucidate the controlling factors and the
advantages of controlled high-energy shock-wave fracturing over hydraulic fracturing,
and to investigate fracture propagation and damage evolution under controlled repeated
high-energy shock wave loading. By using the finite element method, a solid mechanics
and damage continuum mechanics coupled model is established, introducing high-energy
shock wave loads to simulate the dynamic fracture propagation characteristics in coal-
rock formations. The study explores the impact of geological and engineering parameters
on fracture morphology and propagation paths. Through comparison with hydraulic
fracturing effects and mechanisms, this research demonstrates the potential and advantages
of high-energy pulse fracturing in improving reservoir stimulation, providing guidance
for the application of controlled high-energy shock wave fracturing technology in efficient
CBM exploration and development.

2. Numerical Simulation Model Construction
2.1. Mathematical Model and Basic Assumptions

The coal seam is primarily composed of coal matrix and fractures [23]. During the
controlled repeated high-energy shock wave fracturing process, the main deformation
of the coal body remains within the small deformation range. Under tensile stress, the
coal exhibits tensile failure characteristics, while under compressive stress, it exhibits
shear failure characteristics. Based on the rationality of coal seam damage analysis, the
assumptions for the mathematical models of controlled repeated high-energy shock wave
fracturing and hydraulic fracturing are as follows: (1) the coal seam is modeled as a
dual-porosity single-permeability linear elastic material, satisfying the small deformation
assumption; (2) in the hydraulic fracturing process, only the migration of fracturing fluid
within the fractures is considered, following Darcy’s law and (3) the coal body’s fracture
process under geostress, fluid pressure, and other stress effects is represented by a damage-
based continuum mechanics model, following the maximum tensile stress criterion and
Mohr—Coulomb criterion.
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(1) Deformation Control Equation

Under the effects of geostress, shock load, and fluid pressure, coal undergoes defor-
mation. Based on the theory of porous media elasticity, the stress field equation for the
fracturing mathematical model in the Shenfu Block can be derived as follows [24]:

Guyjj + apgi +H =0 1)

1= 20"
where G is the shear modulus of coal, G = E/2(1 + v), GPa; E is the elastic modulus of coal,
GPa; v is the Poisson’s ratio of coal; u; is the displacement component in the i-direction; o
is the Biot coefficient, « = 1 — K/K;; K and K are the bulk modulus of coal and the skeleton
modulus, respectively, K = E/3(1 — 2v), Ks = Es/3(1 — 2v), GPa; E; is the skeleton modulus,
GPa; pg; is the fracture pressure component in the i-direction, MPa; F; is the body force
component in the i-direction, MPa.

(2) Damage Evolution Equation

Under a triaxial geostress environment, the Mohr-Coulomb criterion [25] effectively
describes shear failure of the coal body. Additionally, the maximum tensile stress criterion
is used as the failure criterion for the coal body (Equation (2)). The damage variable is
introduced to describe the damage state of the coal body:

0,F<0,FKL <0

2
D, — 1_(%0> JF =0,dF; >0 )
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€

Fi=0—0a 3)
1+ sinf
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where Dy is the damage variable; F; is the function for tensile failure; F; is the function for
shear failure; ot and f. are the maximum tensile strength and uniaxial compressive strength,
MPa; 6 is the friction angle, °; o1 and o3 are the first and third principal stresses, MPa;
€to is the maximum tensile strain at tensile failure, &y = 0t/ Eg; € is the maximum shear
strain at shear failure, e.9 = 0./Ep; €1 and €3 are the maximum and minimum principal
strains, respectively.

(3) Fluid Flow Control Equation

In hydraulic fracturing, the fluid in the coal seam fractures is assumed to be saturated.
Based on the mass conservation equation and Darcy’s law, the fluid flow equation in the
fractures is [26]:

(o
W019) | . (prsttr) = Qm ®)

where py1 is the density of the fracturing fluid, kg/m?3; ¢; is the fracture porosity; t is
time, s; 1y, is the flow velocity of the fracturing fluid, w1 = —kVps/ w1, m/s; k is the
permeability of the coal body, m?; j,1 is the viscosity of the fracturing fluid, Pa/s; Qm is
the mass source term, kg/(m3-s).

(4) Coupling Terms

In both fracturing methods, the elastic modulus E [27] of the coal body can be
expressed as:
E=(1-D)E (6)

where E is the initial elastic modulus of the coal, GPa.
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Under the influence of fracture pressure and geostress, the porosity ¢ [28] of the coal
can be expressed as:

¢ = m[(1+50)¢0+“(5—50)] 7)

where S = &y + pg/Ks; So = eyo + pro/Ks; €y is the volume strain of the coal; e is the initial
volume strain; py is the initial fracture pressure, MPa; ¢ is the initial porosity of the coal.

The permeability and porosity of the coal seam satisfy a cubic relationship [24], and
thus the permeability and porosity of the coal seam can be expressed as follows:

3
13 = ((P> Dy 8)
ko $0
where ky is the initial permeability of the coal, m?; a; is the permeability damage coefficient,
with a typical value of 5.0.

2.2. Geometry Model Construction
(1) Geometry Model and Parameter Settings

Based on the relevant studies on controlled repeated high-energy shock wave fractur-
ing, a numerical model was established using COMSOL Multiphysics 6.2 finite element [29]
software, with a model size of 0.3 m x 0.3 m (Figure 1). The model was discretized using
a free triangular mesh in COMSOL Multiphysics. The element size was defined with
a minimum of 0.0004 m, a maximum of 0.003 m, and a maximum element growth rate
of 1.30. A two-step solution strategy was employed: first, a stationary study was performed
to obtain the initial equilibrium state of the stress field. This steady-state solution was
then used as the initial condition for a subsequent Time-Dependent study, which utilized
an implicit time-stepping solver based on the Backward Differentiation Formula (BDF)
to simulate the dynamic evolution of the damage field. For handling nonlinearities, the
fully coupled Newton-Raphson method was applied. The numerical simulations were
performed on a workstation equipped with an AMD Ryzen 9 9900X 12-Core Processor
(4.40 GHz) and 64 GB of RAM. The L; well in the Linxing block, located at the eastern
margin of the Ordos Basin, was taken as an example. The fracture propagation process
under the influence of controlled repeated high-energy shock waves was analyzed and
compared with the fracture propagation results under hydraulic fracturing. A borehole
with a radius of 0.005 m was set at the center of the geometry model, and the computa-
tional domain was divided into triangular mesh elements, with a total of 46,010 elements.
The geological parameters of L; well in the Linxing block were collected. Referring to
the geological data of L well and related literature [30], and taking the Benxi Formation
(Nos. 8 and 9 coal) in the Linxing block as the study object, the vertical stress and horizontal
principal stress were determined to be 39 MPa and 33 MPa, respectively, with a Poisson’s
ratio of 0.35 and an internal friction angle of 30°. The elastic modulus and tensile strength
were determined based on a Weibull random distribution, as shown in the Figure 2.

(2) Boundary Conditions

In the high-energy pulse fracturing process, non-reflective boundary conditions were
applied to all four boundaries of the model. Specifically, independent viscous absorbing
boundary conditions were set along the normal and tangential directions of the boundaries
to absorb incident waves from the interior of the model, as shown in Equations (9)-(12).
Stress loads related to boundary node velocity and the velocity of the particles at the
boundary were applied as follows [31]:

on = —2(0Cp)vn 9)
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s = —2(pCs)vs (10)
o, [Kries an
P
G
Cs - - 12
p (12)

where o, is the normal stress load, MPa; o is the shear stress load, MPa; p is the medium
density, kg/m?; Cp, is the wave speed for longitudinal stress waves, m/s; Cs is the wave
speed for transverse stress waves, m/s; Vy, is the normal velocity of the boundary particles,
m/s; Vs is the tangential velocity of the boundary particles, m/s.

Non-reflecting boundary

Pressure(MPa)

A1epunoq Surjod[joI-uoN
Non-reflecting boundary

Non-reflecting boundary 100

(a)

Figure 1. Geometry model and pressure-time history curve. (a) Geometric model; (b) pressure—time
history curve.

(a) (b)

Figure 2. Distribution of coal seam elastic modulus and tensile strength. (a) Elastic modulus;
(b) Tensile strength.
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(38) Controlled Repeated High-Energy Shock Wave Pressure-Time History Curve

In the numerical simulation of controlled high-energy shock waves, the pressure
amplitude of the shock wave is related to the amount of energetic material [32,33]. Therefore,
research on the pressure-time history curve of the shock wave pulse is limited. In this study,
a pulse function (Equation (11) defined by the rise time and peak pressure [34] is used
to define the pressure—time history curve of the shock wave in the numerical simulation
(Figure 1b).

e/stO t.BtO
p(t) = Pmaxm (13)

where p is the pulse pressure, MPa; pmax is the peak pulse pressure, MPa; f3 is a constant;
t is the pulse duration, s; t is the time from the initial state to the peak pressure, s.

(4) Model Calculation and Verification

During the numerical model calculation, vertical stress was first applied to the upper
part of the model, and horizontal stress was applied to the right boundary, with the remain-
ing boundaries set as roller supports, representing the initial stress state for subsequent
fracturing simulations. During the high-energy pulse fracturing numerical simulation,
non-reflective boundary conditions were applied to all four boundaries of the model. Using
the rock samples collected from the relevant region, the model was validated with the
relevant mathematical and geometric models (Figure 3). The fracture propagation trends
were consistent, with fractures extending from the upper and lower ends of the borehole
and branching occurring on one side.

wo
(=}

! 0.2 m ! 0.2m
(a) (b)

Figure 3. Comparison of experimental and numerical simulation results (the red line and the purple
line represent the fracture propagation in the experiment and the numerical simulation, respectively.).
(a) Experimental result; (b) Numerical simulation result.

3. Fracture Propagation Influencing Factors Analysis
3.1. Numerical Simulation Results and Analysis

The fracture propagation during the numerical simulation is shown in Figure 4. As
shown in the figure, under the effect of controlled high-energy shock wave fracturing,

initial clustered fractures begin to form around the borehole at the peak pressure time
(20 ps). These fractures expand further with the impact. By 50 us, the fractures exhibit
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clear directionality, extending primarily along the maximum principal stress direction. By
100 ps, a significant tensile-shear composite failure mode is observed.

0.9

0.8

0.7

1 0.6

(a) (b) L 405

104

0.3

0.2

(c) (d)

Figure 4. Fracture propagation mode. (a) 10 ps; (b) 20 ps; (c) 50 us; (d) 100 us.

A single-factor analysis was performed on geological structures (tectonic stress, natural
fracture development), and operational parameters (pulse pressure, loading and unloading
time) to explore their effects on fracture propagation during pulse fracturing. In the single-
factor influence simulation, all other parameters were kept constant while only the value of
the analyzed factor was changed.

3.2. Effect of Geostress Difference

In the Linxing block, the geostress difference between vertical and horizontal principal
stresses typically ranges from 5 to 7 MPa [27]. The fracture propagation under different
geostress differences (0 MPa, 3 MPa, 6 MPa, 9 MPa) is shown in Figure 5. When the geostress
difference is between 0 MPa and 3 MPa, fractures expand in all directions, showing a
relatively clear radial pattern. As the geostress difference increases to 69 MPa, fracture
branching significantly decreases, and the fracture propagation is largely suppressed in the
horizontal principal stress direction, favoring extension along the vertical stress (maximum
principal stress direction). The damage area and maximum fracture length under different
stress states are shown in Figure 4. When the stress difference increases to 9 MPa, the
maximum fracture length increases from 0.039 m to 0.046 m, and the fracture damage area
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increases in a stepwise manner. When the geostress difference is between 6 MPa and 9 MPa,
the damage area changes little, decreasing by 40.06% compared to 0 MPa. This suggests
that an increase in geostress difference promotes single-direction fracture extension and
inhibits the increase in damage area.

0.8

0.7

10.6

(a) (b) 405

0.4

0.3

0.2

(© (d)

Figure 5. Effect of geostress difference on fracture propagation. (a) 0 MPa; (b) 3 MPa; (c) 6 MPa;
(d) 9 MPa.

3.3. Effect of Natural Fissure Characteristics on Fracture Propagation

Natural fissures have a significant impact on fracture propagation. A simulation
was conducted with natural fissures set to 100, 200, and 300 fissures, and the fracture
propagation under different natural fissures quantities was analyzed (Figure 6). It was
observed that in the presence of natural fissures, fractures propagate along the natural
fissure orientation under the impact of the pulse. Natural fissures provide advantageous
pathways for controlled shock wave fracturing. When the number of fissures reaches 300,
the fracture length along the maximum principal stress direction decreases from 0.039 m to
0.031 m, as fractures consume more energy when communicating through natural fissures,
inhibiting further extension.
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Figure 6. Effect of the number of natural fissures on fracture propagation (the short dash lines
represent natural fractures.). (a) 100 natural fissures; (b) 200 natural fissures; (c) 300 natural fissures.

Additionally, the effect of the natural fissure orientation on fracture propagation

was analyzed by setting the number of natural fissures to 200 and varying the angle

between the natural fractures and the horizontal principal stress (0°, 45°, 90°). As shown in

Figures 7 and 8, when the natural fissure orientation is perpendicular to the maximum

principal stress, there are more natural fissures at the upper end of the borehole, which

significantly inhibits fracture propagation compared to the lower end of the borehole. As

the angle between the natural fissures and the horizontal principal stress increases from

0° to 90°, the fractures tend to branch, and the overall damage area increases compared to

the fractures at 0°.

- .
- 7 7
7

= 4
7
= 7y ///
—_ // /
—d . i
| 2
— 7
Z 7 W
= 7
- 4 W
— 7
—— /
7 %
7 //
= ik /
= /
— 7 o
7 7
7 s
— b

0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

Figure 7. Effect of the angle of the natural fissures on fracture propagation (the short dash lines in the
figure represent natural fractures.). (a) 0°; (b) 45°; (c) 90°.
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3.4. Effect of Operational Parameters on Fracture Propagation

The fracture propagation under different peak pressures (150 MPa, 200 MPa, 250 MPa,
300 MPa) was analyzed (Figure 9). When the peak pressure is between 150 MPa and
200 MPa, the fractures tend to extend along the maximum principal stress direction under
the effect of geostress. As the peak pressure increases to 300 MPa, the number of fracture
branches increases to 6-7, and the maximum fracture length increases to 0.06 m, significantly
larger than the 0.032 m extension at 150 MPa.

0.9

0.8

0.7

0.6

(a) (b) 0.5
0.4

0.3

0.2

0.1

(c) (d)

Figure 9. Effect of peak pressure on fracture propagation. (a) 150 MPa; (b) 200 MPa; (c) 250 MPa;
(d) 300 MPa.

The effect of loading rate on fracture propagation was analyzed by setting the loading
time of a single pulse waveform to 10 ps, 20 ps, 30 ps, and 40 ps, while keeping the
unloading time constant at 80 ps. As the loading rate increases, the damage around
the borehole initially decreases, then increases (Figure 10). The overall trend of fracture
extension remains the same (from 0.053 m at 10 ps to 0.057 m at 40 ps). This behavior is
due to excessive stress near the borehole when the loading time is too fast, leading to a
more severe fracture. When the rise time is increased to 20 ps, passive confining pressure
improves the stress state of the rock mass and increases its resistance to fracturing. When
the loading rate is further slowed, the dynamic strength decreases, leading to significant
increases in fracture propagation and damage.

The effect of repetition of shock pulses was analyzed by setting the number of repe-
titions to 1 and 2, with peak pressures of 150 MPa, 200 MPa, 250 MPa, and 300 MPa. As
the number of shock pulses increases, the maximum fracture length increases significantly
under higher peak pressures (>250 MPa) (Figures 11 and 12). The maximum fracture
length increased by 12.5%, 9.3%, 61.7%, and 101.7% for the first shock at the respective
pressures. This suggests that multiple shock pulses with higher peak pressures contribute
to further extension and an increase in damage area.
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Figure 10. Effect of loading time on fracture propagation. (a) 10 ps; (b) 20 us; (c) 30 ps; (d) 40 ps.
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Figure 11. Effect of repeated shocks on fracture propagation. (a) 150 MPa; (b) 200 MPa; (c) 250 MPa;

(d) 300 MPa.
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pressure; (b) Loading time; (c) Peak pressure.
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4. Analysis and Discussion
4.1. Sensitivity Analysis of Factors Affecting Fracture Propagation

The analysis above demonstrates that geological and engineering parameters sig-
nificantly influence fracture propagation. To quantify the degree of influence of specific
parameters, the ratio of the damage area to the total area under single-factor influence is
used as an indicator. The formula is as follows:

AL

H=——"
AP/ Pmax

(14)
where AL is the change in the maximum fracture half-length, m; AP is the change in the
parameter influencing fracture propagation; Pmay is the maximum value of the parameter
influencing fracture propagation.

The sensitivity coefficients of various influencing factors are presented in Table 1,
with the results indicating the following order of influence: repeated shocks > peak stress
> geostress difference > loading time > angle of natural fissures > Number of natural
fissures. Among these, the number of natural fractures exhibits a relatively minor impact
on fracture propagation, while the number of repeated shocks and the peak stress exert
more substantial control over both fracture extension and the damage area. This finding
highlights the distinct advantage of engineering parameters (such as repeated shocks and
peak stress) over geological parameters in promoting fracture propagation, underscoring
the importance of focusing on stress conditions and repeated shock strategies in the design
of controlled high-energy shock wave fracturing. From a mechanistic perspective, repeated
shocks significantly enhance the rupture degree of the coal matrix through a fatigue damage
accumulation mechanism, while high peak stress directly determines the initiation energy
required for initial fractures. The synergistic effect of these two factors provides the essen-
tial conditions for the formation of a complex fracture network. Based on these findings,
this study recommends employing a combination of engineering parameters—specifically,
a peak pressure of >250 MPa, repeated shocks of >2 cycles, and a loading time of approx-
imately 30-40 ps—when implementing shock wave fracturing, provided that geological
conditions are well understood.

Table 1. Sensitivity coefficients of factors affecting fracture propagation.

Parameter Sensitivity Coefficient Rank
Geostress difference 0.0537 3
Number of natural fissures 0.0001 6
Angle of natural fissures 0.0020 5
Peak stress 0.3526 2
Loading time 0.0359 4
Repeated shocks 1.0000 1

The determination of this parameter range is grounded in the distinct damage thresh-
old effects observed in numerical simulations: a peak pressure of >250 MPa initiates
significant damage in the coal matrix, repeated shocks of >2 cycles ensure effective fracture
propagation, and a loading time of 3040 ps balances sufficient energy input with the pre-
vention of premature energy dissipation. Through this optimized parameter combination,
the most favorable fracture propagation outcomes can be achieved, offering clear technical
guidance for field operations.
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4.2. Comparison with Hydraulic Fracturing

A comparative numerical simulation study conducted under identical coal seam con-
ditions further reveals the distinct advantages of controlled repeated high-energy shock
wave fracturing over conventional hydraulic fracturing. In terms of the operating mecha-
nism, hydraulic fracturing typically requires on the order of minutes to complete fracture
initiation and propagation, whereas controlled high-energy shock waves achieve energy
release within microseconds to milliseconds. This instantaneous high-energy loading char-
acteristic provides an order-of-magnitude advantage in operational efficiency. Regarding
fracture morphology, shock wave action readily generates multiple radial main fractures
and abundant short fracture branches around the borehole, while hydraulic fracturing
under an in situ stress of 6 MPa tends to form a relatively simple planar fracture system
(Figure 13). From the perspective of pressure mechanisms, hydraulic fracturing relies on
the slow injection of fracturing fluid to gradually increase reservoir pressure, with its peak
pressure typically rising by tens of megapascals above the initial pressure [9], yet remaining
significantly lower than the peak pressure of controlled repeated high-energy shock wave
fracturing (>250 MPa). This high-pressure characteristic enables shock wave fracturing to
overcome higher geo-stress barriers and achieve effective fracturing under more complex
geological conditions. Compared to the operational features of hydraulic fracturing, the
shock wave fracturing technology employed in this study not only significantly enhances
fracture complexity but also avoids common issues associated with hydraulic fractur-
ing, such as water consumption and environmental contamination, thereby offering a
new technical alternative for coalbed methane development in arid areas and ecologically
sensitive regions.

0.9

0.8

0.7

2
o
W

(a) (b)

Figure 13. The comparison of controlled shock wave fracturing and hydraulic fracturing. (a) Con-
trolled shock wave fracturing; (b) Hydraulic fracturing.

5. Conclusions

Based on numerical simulation of controlled repeated high-energy shock wave frac-
turing combined with systematic comparison with traditional hydraulic fracturing, this
study reveals the influence of geological and engineering factors, clarifies the significant
technical advantages of this method in coalbed methane development, and proposes an
optimized engineering implementation plan. The main conclusions are as follows:
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Geostress difference (>6 MPa) significantly promotes fracture extension along the
direction of the maximum principal stress and fracture formation. The angle between the
orientation of natural fractures and the direction of the principal stress affects the fracture
propagation path, and an angle of 90° between the natural fracture orientation and the
horizontal principal stress inhibits fracture extension.

On this basis, sensitivity analysis further reveals the critical role of engineering pa-
rameters. The number of shock cycles and the peak pressure have the most significant
impact on fracture propagation, while a longer loading time also contributes to fracture
generation and improves propagation stability. Accordingly, a parameter combination
of peak pressure > 250 MPa, repeated shocks > 2 times, and loading time of 30—40 s is
proposed, providing a basis for achieving efficient and controllable fracture extension.

The radial fracture system generated by high-energy shock waves demonstrates sig-
nificant advantages in connecting rock layers and natural fractures. Compared to hydraulic
fracturing, this method not only achieves rapid propagation on the order of milliseconds
to microseconds but also operates without water. While effectively enhancing coal seam
permeability and porosity, it avoids water consumption and reservoir contamination, offer-
ing a more sustainable technological pathway for coalbed methane development in arid
regions and environmentally sensitive areas.
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