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Abstract: In view of current research on the cracking mechanism of high-energy gas on coal, little
attention has been paid to imitating the law of explosive blasting and cracks propagation, and
the influence of joint on cracks propagation in the process of high-energy gas impact permeability
enhancement has not been taken into account. In this paper, the effects of joint dip angles and
joint lengths on cracks size propagation are studied by using a similar simulation test and RFPA2D-
dynamic numerical simulation software. In the process of impact permeability enhancement of
high-energy gas, the extension direction of the cracks is approximately parallel to the joint, and with
the increase in the dip angle and length, the higher the number of cracks, the larger the extension
range, and the closer it is to the permeability enhancement holes, the fracture network is formed.
When the dip angle of the joint is 30◦, the impact permeability enhancement effect results in an
obvious zoning phenomenon. When the joint dip angle is 60◦ and 90◦, there is a higher number of
cracks and the cracks network is formed, and with the increase in the dip angle, the more the cracks
develop and the better the impact permeability enhancement effect.

Keywords: double-hole permeability enhancement; high-energy gas impact permeability enhancement;
joint characteristics; quantitative characterization; cracks propagation

1. Introduction

As a kind of unconventional natural gas, gas is not only a valuable clean energy, but
also a high-quality fuel. The calorific value of 1 m3 pure coal-bed methane is equivalent to
1.13 kg gasoline or 1.21 kg standard coal. The direct emission of gas not only aggravates
the atmospheric greenhouse effect and environmental pollution, but also is a great waste of
energy resources. Therefore, the extraction of gas can not only effectively reduce the mine
gas concentration to avoid gas explosion, but also play an important role in slowing down
the greenhouse effect and providing clean alternative energy. So, mining coal-bed methane
is in line with China’s dual carbon strategic decision. Under this background, domestic
and foreign scholars have put forward a variety of local pressure relief and permeability
enhancement methods for high gas and low permeability coal seams, including hydraulic
fracturing technology, hydraulic slotting technology, hydraulic punching technology, blast-
ing technology and CO2 phase change technology, etc. [1–14]. Compared with the above
methods, the high-energy gas impact permeability enhancement technology not only fully
takes into account their advantages, but also abandons their disadvantages; that is, no sec-
ondary pollution of coal seam, no sparks, controllable gas pressure, repeatable impact and
so on. It is a promising technology for increasing permeability in a single low permeability
coal reservoir [15–17].
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In the aspect of impact permeability enhancement of double-hole blasting, Guo D.Y. [18,19]
pointed out that the superposition effect of a stress wave between two blasting holes can
restrain the expansion of cracks in some regions. Fan S.X. et al. [20] designed two fracturing
holes using the L-CO2 fracturing test and proved that the fracturing radius of the fracturing
holes was about 25 m under pressure 30 MPa. Song Y.Q. et al. [21] used ANSYS to build
a three-dimensional porous blasting model in the same section, which improved the gas
extraction rate. In the field fracturing test and laboratory research, scholars have studied
the impact stress wave shape of high-energy gas impact permeability enhancement in
different ways. For example, Mingxiaotian et al. [22] used MATLAB software to simulate
and analyze downhole high-energy gas fracturing. Chen Huabin et al. [23] carried out
on-site oil and gas well potential tapping in Tarim Oilfield. Ma Tiehua et al. [24] established
an information acquisition platform for studying the performance and mechanism of high-
energy gas fracturing in coalbed gas wells. In the experimental process, it is found that the
waveform of pressure changing with time is a triangular wave. Therefore, in this paper, the
use of a triangular wave as the input waveform is in line with the actual situation.

As the product of a variety of polymer biochemical processes and geological sedimen-
tation, coal usually contains joints of different scales, and these discontinuity structures
have a significant impact on its failure behavior under external loads. Li H.W. et al. [25]
carried out cyclic cold loading on coal samples and concluded that the joint structure
damage of coal samples with a 45◦ dip angle was the most obvious, and the damaging
effect of 60◦ was the weakest. Mou H.W. et al. [26] carried out uniaxial compression tests
on coal samples with different loading directions and joint dip angles, and found that the
peak load and failure time decreased at first and then increased with the increase in the
angles. Zhao J. J. et al. [27] concluded that the cracks in coal tended to propagate along
the joint and the failure area of the joint in the coal body decreased with the increase in
crustal stress.

To sum up, the existence of joint in coal makes the permeability enhancement mech-
anism of high-energy gas impact more complicated. When the external load stress wave
propagates to the discontinuity structure the wave propagation will change. This change
may strengthen or weaken the failure effect. On the one hand, the existence of the discon-
tinuous surface will hinder the propagation of the stress wave, and its energy attenuates
greatly at the surface, which weakens the damage degree of the stress wave propagation
direction. on the other hand, when the stress wave propagates to the discontinuous struc-
ture, it will be reflected, the stress wave increases, and the damage is serious. Therefore, the
study of the influence of joint characteristics on the impact permeability enhancement of
high-energy gas can provide a basis for the selection of reasonable parameters and schemes
in engineering practice, and has important theoretical and engineering significance.

2. Materials and Methods
2.1. Similar Experimental Research on High-Energy Gas Impact Permeability Enhancement
2.1.1. Test Equipment and Test description

In this study, the similar experiment of high-energy gas impact permeability en-
hancement is carried out by using the self-made air pressurization system, and a set of
experimental equipment for simulating high-energy gas impact cracking is designed and
established independently, as shown in Figure 1. The relevant test equipment is shown in
Figure 2. The device comprises a control system, a pressurization system and a connecting
system. The control system is composed of a pressure gauge and a manual control valve,
and the system shows the current gas pressure through the pressure gauge. The pressur-
ization system of the device is composed of an air source and a high-pressure air pump,
and its function is to increase the energy by compressing the air. When the high-energy gas
reaches the specified pressure value, the high-energy gas is instantly released by manual
control of the valve to achieve the purpose of impact. The connecting system is composed
of a check valve, a stainless-steel pipe and a connecting valve. The purpose of setting the
check valve is to prevent the high-energy gas from reflux and pollute the gas source. The
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stainless-steel pipe is not only to ensure the safety of the experimental process, but also
to maintain pressure in the experimental process. The purpose of connecting the valve is
for the repeatable, quick and convenient connection between the concrete specimen and
the system. The concrete specimen is a cement mortar specimen with a particle diameter
less than 0.5 mm quartz sand as aggregate, and the sand-binder ratio is 3:1. It is formed by
vibrating in the geometric dimension of 150 mm × 150 mm × 150 mm cube specimen mold.
At the same time, two standard specimens of 50 mm × 100 mm are poured to measure the
physical and mechanical parameters of the sample, as shown in Table 1.

Table 1. Mechanical parameters of specimen.

Sand-Binder Ratio Unit Weight (kg/m3)
Compressive

Strength (MPa)
Tensile Strength

(MPa)
Elastic Modulus

(GPa) Poisson Ration

3:1 2.7 33 2.2 48 0.25
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Figure 1. Experimental device for cracking caused by high-energy gas impact permeability enhance-

ment. (1—clean air source; 2—check valve; 3—stainless steel pipe; 4—high pressure air pump; 5—

pressure gauge; 6—manual control valve; 7—connection valve; 8—concrete specimen). 
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Figure 1. Experimental device for cracking caused by high-energy gas impact permeability enhance-
ment. (1—clean air source; 2—check valve; 3—stainless steel pipe; 4—high pressure air pump;
5—pressure gauge; 6—manual control valve; 7—connection valve; 8—concrete specimen).
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Figure 2. Test equipment: (a) connection valves; (b) high pressure air pump; (c) pressure gauge;
(d) manual control valve.

Before the start of the test, connect the equipment and build a high-energy gas impact
test platform according to the experimental device of high-energy gas impact permeability
enhancement in Figure 1. First of all, the specimen is loaded into the clamping device,
and a small amount of confining pressure is applied around it, which is used to fix the
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concrete specimen and prevent the test piece from spattering during the test. Secondly, the
connection valve is assembled, and the pressure pipe of the concrete specimen is connected
with the high-energy gas impact test platform. The connected stainless-steel pipe is fixed
with a fixture. Thirdly, start the pressurization system of the test device to continuously
pressure the clean air source to the pipeline through the booster pump. Finally, after many
attempts, it is found that when the pressure gauge is 30 MPa, the concrete specimen can be
cracked by opening the manual control valve and instantly releasing high-energy gas and
impacting the permeability enhancement hole wall of the concrete specimen.

2.1.2. Strain Gauge Arrangement of Specimen

In order to study the function and propagation law of stress wave in a high-energy
gas impact test, a XH5699 dynamic and static resistance strain gauge is used to detect the
propagation of stress wave in concrete specimen during cracking. The strain gauge on
the surface of the specimen is arranged, as shown in Figure 3. In order to obtain as much
data as possible, the strain gauges are fan-shaped around the holes. The strain peak is
measured by the statistical strain gauge, the strain peak of the circular holes is taken as the
average of the strain peak at the same distance, the peak pressure in Figure 4 is recorded
by the strain gauge in this process, and the values of the strain peak in the two directions
are compared. It can be seen that the stress wave propagates uniformly in a circle in the
specimen. The strain peak at 20 mm is about 40% of 5 mm, and that at 45 mm is 25%
and 10% at 70 mm, which shows that the attenuation of a stress wave in the process of
propagation has a numerical law.
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Figure 4. Numerical curve of stress on the right side of permeability enhancement holes. (a) Radial
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sive stress is greater than the compressive strength). (b) Circumferential tensile stress at different
distances (The content in the red circle means that the circumferential tensile stress is greater than the
tensile strength.).
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2.2. Numerical Simulation Research on High-Energy Gas Impact
Permeability Enhancement
2.2.1. Introduction of RFPA2D-Dynamic Software

RFPA numerical simulation software is used to study the process from damage to
macroscopic fracture of rock. RFPA2d-dynamic is the dynamic analysis version of RFPA,
which can be used to carry out numerical experiments on the law of stress wave transmis-
sion and induced fracture process of brittle rock materials under dynamic loading. In the
dynamic analysis, the software can accept the stress wave as the input and analyze the
gradual deformation and fracture process according to the time step under the condition
of a given reasonable time step. Thus, the influence of material inhomogeneity on the
propagation process of a stress wave and the basic law of the stress wave-induced fracture
process can be discussed.

2.2.2. Description of Numerical Simulation Schemes

In this study, the two-factor and three-level orthogonal test method is adopted to
design the experimental schemes, as shown in Table 2, the two factors are: joint dip angle
and joint length. The three levels of joint dip angle are 30◦, 60◦ and 90◦, and the three levels
of joint length are 0.2 m, 0.4 m and 0.6 m.

Table 2. Schedules of experiment.

Scheme 1 2 3 4 5 6 7 8 9

Joint dip angle/◦ 30 30 30 60 60 60 90 90 90
Joint length/m 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6

The research uses RFPA2D-dynamic numerical simulation software; the model size is
1.5 m ×1.5 m and 300 × 300 grids are divided, in which two permeability enhancement
holes with 50 mm diameter are excavated with a hole spacing of 0.6 m. There is an open
joint between the two holes. The peak value of the impact triangular wave p = 30 MPa is
applied, the rise time of the impact triangular wave is t1 = 1 × 10−6 s, the attenuation time
of the impact triangular wave is t2 = 5 × 10−6 s, and the time step of the impact triangular
wave is ∆t = 2 × 10−7 s, as shown in Figure 5. The joint shape and width of different
research schemes are the same: the joint’s shape is straight, and the joint’s width is 4 cm to
reduce the influence on the experimental results.
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2.2.3. Evolution of Impact Stress Wave and Division of Failure Zone

In the process of impact permeability enhancement of high-energy gas, the wave
gradually attenuates to impact wave, stress wave and seismic wave, forming three different



Sustainability 2022, 14, 16342 6 of 14

zones: crushing zone, crack zone and elastic-plastic zone, as shown in Figure 6. Among
them, the crushing zone is mainly caused by the impact waves (the radial compressive
stress exceeds the compressive strength of the coal), and the crack propagation is mainly
caused by the stress waves (the circumferential tensile stress exceeds the tensile strength of
the coal). The elastic-plastic zone is mainly formed by seismic waves.
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Figure 6. The division of failure zone and the evolution of impact stress wave (1—Crushing zone;
2—Crack zone; 3—Elastic-plastic zone; 1©—Impact wave; 2©—Stress wave; 3©—Seismic wave).

2.2.4. Quantitative Processing of Cracks and Failure Zone

The numerical simulation result image is binarized by using VCTiS for Binary software,
and the crack’s length and damage zone are measured according to the process of gray
transformation, zone statistics, measurement and so on, as shown in Figure 7.
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3. Results and Discussion
3.1. Influence of Joint Dip Angle on Cracks Propagation Law

Due to the limitation of space, the cracks propagation process is analyzed by taking the
joint length of 0.4 m as an example. The RFPA2D-dynamic simulation software completely
shows the failure evolution process of coal under the action of impact wave during high-
energy gas impact permeability enhancement, and dynamically reproduces the initiation,
gestation and forming process of the crushing zone, radial crack zone and elastic-plastic
zone around the permeability enhancement holes, as shown in Figure 8.

Under the action of shock wave, the walls of the permeability enhancement holes
are broken (Step 20). As the shock wave attenuates to stress wave, four uniform and
symmetrical main cracks appear around the wall of each hole, and the length of the main
cracks is 40 mm.

With the propagation of a stress wave in coal (step 40), when the joint dip angle is 30◦,
the length of the six main cracks increases to 80 mm, and the length of the main cracks
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close to the joint end is 40 mm, without further extension. This is because the stress wave
attenuates and transfers at the joint end, and two cracks with a length of 80 mm appear
on the side of the joint end near the holes. When the joint dip angle is 60◦, the length of
eight main cracks is 120 mm, and ten small cracks with a length of 40 mm appear along the
parallel direction of the joint. When the joint dip angle is 90◦, the length of the main cracks
is 120 mm, and fourteen small cracks with a length of 40 mm appear along the parallel
direction of the joint.

With the continuous propagation of stress wave in coal (step 60), the bifurcation
of the main cracks is more obvious. When the joint dip angle is 30◦, the length of the
six main cracks is 160 mm, and part of the cracks (40 mm) near the joint are blocked by
the joint. Two cracks with a length of 200 mm appear at both ends of the joint, and the
cracks propagation direction are parallel to the joint. When the dip angle is 60◦, the length
of eight main cracks is 200 mm, and two cracks with a length of 200 mm and four small
cracks with a length of 80 mm appear near the two ends of the joint near the permeability
enhancement holes. When the dip angle is 90◦, the length of the main cracks is 240 mm, and
the cracks on both sides of the joint are approximately symmetrical due to the influence of
the approximately symmetrical stress wave. There are 20 cracks with the length of 80 mm
on both sides of the joint.
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Figure 8. The cracks propagation process of high-energy gas impact permeability enhancement with
different joint dip angles: (a) The propagation process of high-energy gas impact cracks with joint dip
angle of 30◦; (b) The propagation process of high-energy gas impact cracks with joint dip angle of
60◦; (c) The propagation process of high-energy gas impact cracks with joint dip angle of 90◦ (Step 20,
step 40, step 60 from left to right).

To sum up, under the action of the impact wave (step 20), the hole wall is broken.
As the impact wave attenuates to stress wave, four main cracks with equal length and
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symmetrical distribution appear around the wall of each hole. At this time, the joint dip
angle has no effect on the crack propagation. With the propagation of stress wave in coal
(step 40), the length of the main cracks increases with the increase in dip angle. Some
main cracks appear a bifurcation phenomenon, and the damage and micro-damage on
both sides of the main cracks increase. Cracks appear near the hole’s side at both ends
of the joint, and the damage degree is close. With the increase in dip angle, the damage
range increases. With the propagation of shock wave in coal and the superposition of
waves (step 60), the main cracks continue to extend, and the number of bifurcation cracks
increase. The cracks on both sides of the joint also extend and increase, and the extension
direction is approximately parallel to the joint. As the dip angle increases, the number of
cracks increases and the range of extension increases, which is close to the permeability
enhancement holes, forming a crack network. When the joint dip angle is 30◦, the two ends
of the joint are close to the permeability enhancement holes, which hinders the extension of
the initial main cracks near the two ends of the joint, and the permeability enhancement
effect shows an obvious zoning phenomenon. When the joint dip angles are 60◦ and 90◦,
the number of cracks is large and the cracks network is formed. With the increase in the
dip angle, the cracks are more developed. Therefore, when the joint dip angle is less than
30◦, the permeability enhancement effect is not ideal. When the joint dip angle is between
30◦ and 90◦, the larger the joint dip angle is, the more cracks are generated and the better
the permeability enhancement effect is.

3.2. Influence of Joint Length on Cracks Propagation Law

Due to the limitation of space, the cracks propagation process is analyzed by taking
the joint dip angle of 60◦as an example, as shown in Figure 9.
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Figure 9. Cracks growth process of high-energy gas impact permeability enhancement with different
joint lengths: (a) The cracks propagation process of high-energy gas impact permeability enhance-
ment when the joint length is 0.2 m; (b) The cracks propagation process of high-energy gas impact
permeability enhancement when the joint length is 0.4 m; (c) The cracks propagation process of
high-energy gas impact permeability enhancement when the joint length is 0.6 m (Step 20, step 40,
step 60 from left to right).
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Under the action of shock wave, the walls of the permeability enhancement holes
are broken (step 20). As the shock wave attenuates to stress wave, four uniform and
symmetrical main cracks appear around the wall of each hole, and the length of the main
cracks is 40 mm.

With the propagation of stress wave in coal (step 40), the two ends of the joint are
approximately uniformly destroyed, the influence of the joint on the wave propagation
on both sides is the same, the cracks are approximately uniformly and symmetrically
distributed, and the bifurcation occurs in the main cracks around each permeability en-
hancement hole. When the joint length is 0.2 m, the length of eight main cracks increases
to 80 mm, and six small cracks of 40 mm length appear on both sides parallel to the joint.
When the joint length is 0.4 m, the eight main cracks are 120 mm, and 10 small cracks with
40 mm length appear along the parallel direction of the joint. When the joint length is 0.6 m,
the length of the main cracks is 120 mm, and twenty-two small cracks of 40 mm length
appear along the parallel direction of the joint.

With the continuous propagation of a stress wave (step 60) in coal, the bifurcation of
the main cracks is more obvious. When the length of the joint is 0.2 m, the length of the
eight main cracks is 200 mm, and there are two cracks with a length 40 mm and two cracks
with length 120 mm around the joint. When the joint length is 0.4 m, eight main cracks
of 200 mm length appear around the permeability enhancement holes, and two cracks of
200 mm length and four small cracks of 80 mm length appear at the two ends of the joint
near the permeability enhancement holes. When the joint length is 0.6 m, eight main cracks
of 200 mm length appear around the permeability enhancement holes, and two cracks of
200 mm length and six small cracks of 80 mm length appear at the two ends of the joint
near the permeability enhancement holes.

In summary, the joint length has no obvious effect on the propagation of the main
cracks, but has an obvious effect on the secondary cracks. With the increase in joint length,
the length and number of the secondary cracks show an increasing trend, and the cracks
network formed by permeability enhancement is also developed. Under the action of
impact wave, the hole wall is broken. As the impact wave attenuates to stress wave, four
main cracks with equivalent length and symmetrical distribution appear around the hole
wall of each hole. With the propagation of the stress wave in the coal body (step 40), some
main cracks result in bifurcation, and the damage on both sides of the main cracks and
small damage increase. At the two ends of the joint there appear cracks near the holes
side, and the damage degree is close, and with the increase in length, the damage range
increases. With the propagation of shock wave in coal and the superposition of waves
(step 60), the main cracks continue to extend, and the number of bifurcation cracks increase.
The cracks on both sides of the joint also extend and merge, and the extension direction is
approximately parallel to the joint. With the increase in the joint length, the number and
length of the cracks increase, and the extension ranges are gradually close to the joint length,
and the cracks network is formed among the cracks and the permeability enhancement
holes. Therefore, the greater the joint length, the better the permeability enhancement effect.

3.3. Relationship between Joint Parameters and Cracks Length and Number

The final results of each test scheme are shown in Figure 10, and the number of cracks
of different lengths in each scheme is counted, as shown in Figure 11.

It can be seen that with the increase in joint dip angle from 30◦ to 90◦, when the joint
length is 0.2 m, the number of cracks increases from 10 to 22 with the increase in dip angle,
and when the joint length is 0.4 m, the number of cracks increases from 10 to 28 with the
increase in dip angle, and when the joint length is 0.6 m, the number of cracks increases
from 10 to 32 with the increase in dip angle. Therefore, the larger the joint dip angle is, the
more the number of cracks is, and the longer the joint length is, the more it increases. When
the joint length increases by 0.2 m, the total number of cracks increases by 4~6.

The greater the dip angle of the joint, the greater the length of the main cracks. When
the joint dip angle is 30◦, the main cracks length is 160 mm, when the joint dip angle is
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60◦, the main cracks length is 200 mm, and when the joint dip angle is 90◦, the main cracks
length is 240 mm. When the joint length is 0.2 m, the proportion of cracks less than 120 mm
increases from 20% to 64%, when the length is 0.4 m, the proportion increases to 71%, and
to 75% when the length is 0.6 m. Therefore, the larger the joint dip angle is, the larger the
proportion of small cracks is, and the longer the joint length is, the more it increases. When
the joint length increases by 0.2 m, the proportion of small cracks increases by about 5%.
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Figure 11. The proportion of cracks number of different permeability enhancement schemes.

3.4. Relationship between Joint Dip Angle, Joint Length and Cracks Permeability
Enhancement Area

The statistical results of the permeability enhancement area of each scheme are shown
in Tables 3 and 4. As the impact wave attenuates to the propagation of stress wave in
coal, the area of cracks permeability enhancement changes greatly. In some cases, there
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are a large number of cracks, but because the length of the cracks is small, the distribution
of the area of the cracks’ permeability enhancement area and the number of cracks is not
completely consistent. The area of the cracks is related to the dip angle and length of the
joint. When the joint dip angle is 30◦, the joint length increases and the crack area decreases.
However, when the joint dip angle is 60◦ and 90◦, the joint length increases and the crack
area increases.

Table 3. Cracks area of scheme 1 to 9 (m2).

Scheme 1 2 3 4 5 6 7 8 9

Area 0.891 0.876 0.877 0.923 0.999 1.056 0.976 1.052 1.093

Table 4. Comparison table of two factors affecting crack area.

Scheme Dip Angle Range Length Range Influence Factors of Dip Angle Influence Factors of Length

1 0.01 0.066 A B
2 0.005 0.1 B A
3 0.004 0.113 B A
4 0.007 0.034 B A
5 0.006 0.023 B A
6 0.063 0.086 B A
7 0.011 0.099 B A
8 0.015 0.076 B A
9 0.026 0.123 B A

Note: The range method is used to compare the influence of the two factors on the area, and the influence factor
A > B.

The influence of joint length on cracks area and cracks propagation is greater than that
of joint dip angle. By comparing the number of cracks with the same method, it can be
concluded that the influence of joint length is greater than that of joint dip angle. Therefore,
in the impact permeability enhancement of high-energy gas, the first consideration is
the joint length, and the second is the joint dip angle. At the same time, according to the
statistical results of Table 5, all the test data points of joint dip angle, length and permeability
enhancement damage area are fitted by the least square method, and the surface fitting
results are solved at one time. The least square method is used to fit the joint parameters
and the permeability enhancement crack area surface fitting results as shown in Figure 12,
the Adjusted R-square reaches 92.18%.

Table 5. Statistical results of cracks area (m2) with different joint parameters.

Joint Length/m
Joint Dip Angle/◦

30 60 90

0.2 0.891 0.923 0.976
0.4 0.876 0.999 1.052

Surface equation: S = 1.04 − 1.279 × 10−2x− 2.731 × 10−1y + 2.598 × 10−4x2 + 1.63 ×
10−2xy − 1.33 × 10−2y2 + 1.518 × 10−6x3 + 8.902 × 10−5x2y − 2.122 × 10−3xy2

In the formula:
X—joint dip angle (◦),
Y—joint length (m),
S—permeability enhancement crack area (m2).
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4. Conclusions

The main results are as follows:
(1) In the process of impact permeability enhancement of high-energy gas, the wave

gradually attenuates to shock wave, stress wave and seismic wave, forming three different
regions: crushing zone, crack zone and elastic-plastic zone.

(2) The influence of joint orientation on high-energy gas seepage cannot be ignored,
and the simulation results show the influence of joint orientation. Under the action of the
stress wave, when the joint is close to the permeability enhancement holes, the main cracks
will be suppressed, but the main cracks far away from the joint will not be affected. The
distribution of the secondary cracks is also related to the orientation of the joint. The cracks
first appear on the side of the joint near the permeability enhancement holes, and then
with the continuous propagation of the stress wave, the cracks continue to propagate in the
direction parallel to the joint, while the secondary cracks far away from the joint bifurcate
on the basis of the main cracks.

(3) The walls of the permeability enhancement holes are broken under the action of
the impact wave. As the impact wave attenuates to stress wave, four main cracks of equal
length and uniform symmetrical distribution appear around the hole wall of each hole. The
cracks’ development and permeability enhancement effect are related to the dip angle and
length of the joint.

(4) At the initial stage of impact permeability enhancement of high-energy gas, the
effect of joint dip angle on cracks propagation is not obvious, and with the propagation
of stress wave, the length of the main cracks increases with the increase in dip angle. The
extension direction of the secondary crack is approximately parallel to the joint, and with
the increase in the dip angle, the more the number of the secondary cracks is, the larger the
extension range is, and the closer it is to the permeability enhancement holes, the cracks
network is formed.

(5) When the dip angle of the joint is 30◦, the permeability enhancement effect results
in an obvious zoning phenomenon. When the dip angle of the joint is 60◦ and 90◦, the
number of cracks is more, and the cracks network is formed, and with the increase in the
dip angle, the more the cracks develop and the better the permeability enhancement effect.

(6) The effect of joint length on the propagation of the main cracks is not obvious,
but on the secondary cracks it is obvious. With the increase in joint length, the length
and number of secondary cracks increase, and the cracks network formed by permeability
enhancement is also developed. The longer the joint length is, the better the permeability
enhancement effect is. The influence of joint length on cracks’ area and cracks’ number is
greater than that of joint dip angle.
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(7) The larger the dip angle of the joint is, the higher the number of cracks, and
the longer the joint length is, the more it increases. When the joint length increases by
0.2 m, the total number of cracks increases by 4~6. The larger the joint dip angle is, the
larger the proportion of small cracks is, and the longer the joint length is, the more it
increases. When the joint length increases by 0.2 m, the number of small cracks increases by
about 5%. The mathematical relationship between joint dip angle, joint length and cracks
area is quantified and established, and the quantitative representation of cracks and joint
parameters is realized.
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