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Controllable shock wave technology improves coal seam permeability by
weakening the strength of coal-rock mass and expanding fractures, but the
coupling mechanism of frequency and energy on crack propagation remains
unclear. In this study, FLAC3D was used to simulate the effects of shock
waves with different frequencies (100 Hz, 500 Hz, 1000 Hz) and peak
pressures (1 MPa, 5 MPa, 10 MPa) on crack propagation in coal-rock mass.
The results show that the influence of frequency on plastic zone volume is
non-linear, with the largest volume at 500 Hz; peak pressure exhibits a linear
effect, and when the pressure is 10 MPa, the plastic zone accounts for 84%
of the total volume, forming an optimal crack network. The displacement
field shows that the maximum z-direction displacement in the top loading
area is 0.008 m, driving crack expansion; the stress concentration area
highly coincides with the plastic zone, verifying the mechanical mechanism.
The study determines that the optimal parameter combination is 500 Hz and
10 MPa, providing a theoretical basis for shock wave parameter
optimization and efficient coalbed methane extraction.
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Introduction
Coal seams in China are generally characterized by *high gas content, low permeability, and
difficult drainage’[1], with permeability being a key factor restricting gas extraction efficiency. In
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response to the urgent needs of coalbed methane development, shock wave fracturing technology has
emerged to enhance coal seam permeability by inducing crack propagation[2]. Qiu et al.[3] first
proposed using repetitive high-energy electric pulses to stimulate coal reservoirs, initially verifying the
feasibility of this technology for enhancing permeability. Qin et al.[4] found that high-energy
repetitive pulsed wave technology can effectively improve coal reservoir permeability. Chen et al.[5]
used FLAC3D to simulate the dynamic response of rock slopes under blasting loads, demonstrating
that frequency has a significant impact on crack propagation. Wang et al.[6] found that high-frequency
stress waves promote more complex crack patterns in brittle materials. Fan et al.[7] indicated that
increasing shock wave intensity expands the number, length, and distribution of cracks, thereby
improving drainage efficiency in low-permeability coal seams. These studies demonstrate that both
shock wave intensity and frequency are closely related to crack propagation. However, the specific
coupling mechanism of frequency and energy on crack propagation in the coal-rock mass still requires
further exploration.

This study employs FLAC3D numerical simulation software to systematically analyze the
effects of shock waves on crack propagation in the coal-rock mass under various frequency-energy
combinations, determine the optimal parameters for fracturing, and optimize the fracturing outcome.
The aim is to provide theoretical guidance for coalbed methane drainage and mining engineering,
optimizing shock wave parameters to improve engineering efficiency.

Numerical Simulation Methodology
Model Construction

A three-dimensional cubic model with dimensions of 0.2 m x 0.2 m x 0.2 m was constructed

using FLAC3D software. The Mohr-Coulomb constitutive model was adopted. The mechanical

parameters of the model material are shown in Table 1:
Table 1Mechanical Parameters of the Model Material

Density[kg/m3] Young’s Poisson’s Cohesion Tensile Internal
Modulus[GPa] Ratio [MPa] Strength[MPa] Friction
Angle[°]

1400 5 0.30 0.85 0.8 32

The model fixed the displacement in the z-direction, adopted free boundaries on the side
faces to allow lateral deformation, set quiet boundary conditions, had an initial stress of zero, and
assumed that the sample had no prestress before loading.

Shock Wave Loading

Shock waves were loaded in the central area of the top surface, simulated as single-cycle

sinusoidal pressure pulses [8]. Mathematically, it can be expressed as:

P(t) = P,sin(27 ft), OStS% (L
where Py is the peak pressure, and f is the frequency.
An orthogonal experiment was designed, combining frequencies of 100 Hz, 500 Hz, and
1000 Hz with peak pressures of 1 MPa, 5 MPa, and 10 MPa, yielding a total of nine coupling schemes.
Results and Discussion
Simulation Results

To investigate the coupling effects of different frequencies and peak pressures on crack



propagation, typical combinations were selected, with the plastic zone volume as the primary
guantitative indicator[9]. Displacement and stress distributions were also analyzed to determine the
optimal frequency-energy combination.
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Fig. 1plastic zone distribution

Fig. 1 shows the plastic zone distributions at 5 MPa peak pressure and 100 Hz, 500 Hz, 1000
Hz frequencies. At 100 Hz, the plastic zone in coal-rock mass concentrates in the top loading area,
with small volume (0.05 m depth) and limited crack propagation. At 500 Hz, the plastic zone expands
markedly, covering nearly half of the model's upper part (0.1 m depth) with dense crack networks. At
1000 Hz, the plastic zone volume decreases slightly (0.08 m depth), indicating high frequencies limit
crack propagation due to insufficient pulse duration[10].
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Fig. 2plastic zone distribution

Fig. 2 shows plastic zone distributions at 500 Hz with peak pressures of 1 MPa, 5 MPa, and
10 MPa. At 1 MPa, the plastic zone is confined to the top loading area (0.02 m depth, smallest
volume). At 5 MPa, the plastic zone expands significantly (0.1 m depth). At 10 MPa, the plastic zone
reaches maximum volume, nearly penetrating the entire model depth, indicating high-energy input
enhances crack propagation[11].
Displacement and Stress Analysis
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To gain insight into the mechanism of crack propagation, a comprehensive analysis was
conducted by integrating the displacement field and stress distribution. Fig. 3 shows the Z-direction
displacement contour at a frequency of 500 Hz and a peak pressure of 10 MPa. As can be seen from
the figure, the maximum Z-direction displacement in the top loading area reaches approximately 0.008
m, and the displacement gradually decreases toward the bottom surface until it approaches zero. This
indicates that the shock wave induces significant deformation in the surface loading area, driving the
opening of crack faces and promoting crack propagation, which aligns with the observed behavior in
the deep plastic zone[12].

Fig. 4 shows the maximum principal stress distribution contour at a frequency of 500 Hz and
a peak pressure of 10 MPa. As indicated in the figure, the high-stress zone extends to the bottom of the
coal-rock mass model, and the stress-concentrated area is highly coincident with the plastic zone. High
stress concentration typically drives crack propagation, indicating that the model has more potential
crack initiation points[13].

Analysis of Frequency and Energy
Table 2 Plastic Zone Volume

Frequency (Hz) Peak Pressure (MPa) Plastic Zone Volume (m3)
100 1 0.000104
100 5 0.000696
100 10 0.002132
500 1 0.000116
500 5 0.000832
500 10 0.006724
1000 1 0.000114
1000 5 0.000912
1000 10 0.002248

Table 2 summarizes plastic zone volumes from 9 simulations to quantify crack propagation.
At 10 MPa, increasing frequency from 100 Hz to 500 Hz boosts volume from 0.002132 m3 to
0.006724 m3, but 1000 Hz reduces it to 0.002248 m3. At 500 Hz, raising pressure from 1 MPa to 10
MPa expands volume from 0.000116 m?3 to 0.006724 m3. The 500 Hz-10 MPa combination yields the
maximum volume (0.006724 m3, 84% of total model volume), indicating optimal crack propagation.

Fig. 5 shows a 2D contour plot of plastic zone volume versus frequency and peak pressure
based on Table 2 data. In low-frequency regions, dense contours indicate high sensitivity of plastic
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zone size to pressure changes, confirming energy's dominant role in crack propagation[14]. In
high-frequency regions, sparse contours suggest weak pressure sensitivity, attributed to limited energy
transfer from short pulse durations[15]. The analysis identifies the optimal frequency-pressure
combination for maximum plastic zone expansion, providing a theoretical basis for shock wave
parameter optimization.

Conclusions

Simulations show a significant coupling effect of shock wave parameters on coal-rock crack
propagation. Under dynamic loading, peak pressure and frequency jointly regulate crack network
characteristics. Increasing peak pressure directly enhances energy input, promoting plastic zone
expansion—consistent with high-energy shock waves driving crack development[16]. Frequency
exhibits nonlinear effects: an optimal frequency range around 500 Hz exists, related to the interaction
between loading rate and energy transfer time[17]. At 100 Hz (0.01 s pulse duration), long loading
time facilitates uniform energy distribution but increases elastic energy consumption, limiting crack
efficiency. At 1000 Hz (0.001 s), high loading rate promotes local brittle fracture, yet short pulse
restricts deep propagation. At 500 Hz, pulse duration balances loading efficiency and energy transfer,
maximizing plastic zone volume. Analysis of displacement and stress contour plots shows maximum
Z-direction displacement at the top loading area, indicating shock-induced surface deformation drives
crack opening. Principal stress concentrations coincide with plastic zones, predicting crack initiation
sites and potential nucleation points[18].

This paper analyzes plastic zone, displacement, and stress distributions for reliable crack
propagation assessment in engineering. However, limitations exist: the model assumes continuity and
homogeneity, while real coal-rock masses show heterogeneity and joint structures[19]. The
Mohr-Coulomb model cannot accurately characterize crack propagation. Future work may adopt DEM
or experimental validation to improve model accuracy[20].

In summary, the coupling effect of shock wave frequency and energy significantly
influences crack propagation in coal-rock masses. The 500 Hz-10 MPa combination maximizes plastic
zone volume and fracturing efficiency, providing a theoretical basis for optimizing shock parameters
in coalbed methane extraction and mining engineering.
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Nomenclature
Po -peak pressure, [Pa] f -frequency, [Hz]
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