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To explore the dynamic response and damage evolution of coal under multiple high-pressure air blasting (HPAB), simulated coal
specimens were used in the HPAB experiments, and the variation laws of stress field, vibration field, damage field, and cumulative
fracture failure process in specimens were analyzed from a macro point of view. A scanning electron microscope (SEM) and
mercury intrusion porosimetry (MIP) were used to observe the pore distribution near the blasthole of the specimen and
analyze the variation law of pore structure parameters under multiple HPAB from the microscopic point of view. The test
results show that (1) the stress wave generated by HPAB has a great impact on the near zone. After multiple HPAB, the
damage value at the place 50 mm away from the blasthole increases by 3.91 times compared with the one shock from HPAB,
and the strain peak and vibration velocity are reduced by 17.86% and 63.05%, respectively. With the increase of distance, the
internal damages of the specimens in the middle and far zones are mainly driven by the stress wave and the high-pressure air,
and the strain peak, vibration velocity, and damage degree gradually decrease. (2) With the increase of shock times in HPAB
tests, the stress wave attenuation index decreases at first and then increases, and the damages degree of the middle and far
zones increase slowly in the first few shocks and then increase rapidly. The site coefficient (k) shows an overall decreasing
trend, whereas the attenuation coefficient (&) tends to increase. (3) The multiple HPABs have a great impact on the pore
structure of the specimens. Compared with unshocked specimen, the cumulative mercury injection and pore volume increased
by 152.04% and 135.05%, respectively. The number of connecting pores with large pore diameter is significantly increased. The
multiple HPAB can effectively improve the pore and fracture structure in the specimens and form a relatively developed
fracture network channel. The study results have certain guiding value for solving practical engineering problems of low
extraction efficiency in low permeability coal seams.

1. Introduction

Coalbed methane is a kind of clean energy with rich reserves
and wide distribution, which is stored in coal seams and coal
measures strata [1-3]. However, the leakage of coalbed meth-
ane will cause serious hazards such as explosion and gas out-
bursts, resulting in unexpected personal casualties and
economic losses, which will seriously impact the healthy and
stable development of the coal industry to a certain extent

[4-6]. Therefore, the efficient extraction of coalbed methane
can not only reduce mining accidents and ensure mine safety
production, but also increase the supply of clean energy and
promote the sustainable development of a low-carbon econ-
omy and green environment [7, 8]. Generally, the techniques
for improving the permeability of low permeability coal seams
can be divided into anhydrous fracturing and hydraulic frac-
turing. The hydraulic fracturing technology is relatively mature
for the permeability enhancement of low-permeability coal
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seams. However, it has some certain limitations, such as the
large consumption of water resources and the water lock reac-
tion and water sensitivity damage to the reservoir caused by the
invasion and retention of water [9-11].

In recent years, with the increasingly prominent envi-
ronmental problems, the society has been increasingly
focused on green development [12]. It is worth mentioning
that high-pressure gas fracture is a new anhydrous fracturing
technology, which mainly includes liquid CO, phase change
fracture, high-energy gas fracture, and high-pressure air
fracture. It is booming in the application in unconventional
gas extraction [13-16], tunnel engineering [17, 18], founda-
tion pit excavation [19, 20], quarry [21, 22], and other fields,
based on the characteristics of environmental protection,
energy-saving, simple operation, high efficiency, and safety
[23, 24]. In addition, there are a series of reports on the the-
ory of high-pressure gas fracturing technology. Some
scholars researched the cracking mechanism and crack
propagation of high-pressure gas by the means of laboratory
tests [25-28] and numerical simulation [29, 30]. To further
explore the peak pressure in the blasthole and its cracking
mechanism and dynamic response, some scholars studied
the pressure distribution in the hole through theoretical
analysis [31, 32], sensor test [33, 34], and numerical simula-
tion [35, 36]. Based on the difficulties to measure the change
of stress field in coal and rock mass, some scholars studied
the change of stress field using numerical simulation and
the mathematical model. For example, Zhu et al. [37] and
Wei et al. [38] used the numerical simulation method to
analyze the distribution of stress waves around the borehole
and found that the peak stress decreased with the increase of
propagation distance. Liu et al. [39] and Song et al. [40] used
the stress wave dispersion equation and mathematical model
to reveal the changes of the stress field in coal caused by
high-pressure gas jet erosion on coal surface. In addition,
some studies showed that [41, 42], compared to explosive
blasting, high-pressure gas fracturing had a shorter vibration
wave duration, faster vibration velocity attenuation, fewer
high-frequency components, and a more significant damp-
ing effect in the medium and far range under the same
energy. However, the research on the high-pressure gas frac-
turing technology is not perfect, and there are few studies
concerning the dynamic response of coal in the process of
high-pressure gas cracking, especially the response of cumu-
lative damage characteristics and vibration propagations.

Therefore, in this paper, we are dedicated to exploring
the change of stress field, cumulative damage evolution,
and dynamic response of coal under multiple HPAB with a
self-designed HPAB test system. Besides, the pore size distri-
bution and pore structure evolution of specimens before and
after HPAB are analyzed. The influence effect of shock times
on the micropore structure of specimens is explored. Over-
all, the results provide a theoretical and experimental basis
for improving coal seam permeability.

2. Experimental Materials and Methods

2.1. Experimental Materials and Production of Specimen.
Because of the particularity and complexity of physical and
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mechanical properties of coal, there are many inconvenient
factors indirectly using coal in the HPAB test to study its
stress characteristics and dynamic response (such as speci-
men processing and sensors embedding). Therefore, accord-
ing to the similarity theory, artificially simulated coal close to
hard coal is selected for the HPAB test [43].

The specimen is mainly composed of aggregate, cemen-
titious material, and other materials. The specific details of
the components, parameters, and functions are listed in
Table 1. The mix ratio and mechanical properties of simu-
lated coal are shown in Table 2.

According to the methods above, three parallel specimens
with a size of 500 x 300 x 300 mm were made. During the par-
allel specimen preparation, a blasthole with a depth of 200 mm
and a diameter of 12 mm need to be reserved from one end of
the specimen. Additionally, strain bricks with a size of 20 x
20 x 20 mm need to be embedded, respectively, at the intersec-
tion of 50 mm, 110 mm, 210 mm, and 320 mm from the blast-
hole and 120 mm from the bottom of the specimen.

2.2. Experiment Methods

2.2.1. HPAB Experiment. The specimens were maintained
for 28 days under standard curing conditions, the HPAB test
was carried out under the pressure of 10 MPa with the self-
designed HPAB system, two-direction loading, and the in-
site stress 0, =0, =4MPa are applied to the specimens.
The HPAB system consists of four parts, including the gas
pressurization system, the high-pressure gas release control
system, the specimen two-direction loading system, and
the data acquisition system. As shown in Figure 1, the
surface around the specimen was coated with a layer of the
coupling agent with a thickness of 4-6 mm to avoid the error
caused by boundary effects.

The PVDF signal sensor was fixed to the bottom of the
blasthole by glue, and the fracturing pipe was fixed at a height
50mm away from the bottom of the blasthole by planting
reinforcement glue. The terminal of the test system (the
YE5853A charge amplifier and DH5922N dynamic strain
gauge) was used to estimate the variations of the pressure in
the blasthole and the changes of the stress field in the speci-
men. A NM-4A type nonmetal ultrasonic testing instrument
was used to measure the acoustic velocity of the specimen
before and after each shock of HPAB. A TC-4850 blasting
vibration meter is used to detect the vibration velocity and fre-
quency. Furthermore, this experiment involves 7 test points of
the NM-4A type nonmetal ultrasonic detector and 4 test
points of the TC-4850 blasting vibrometer in total, which were
located 0 mm, 50 mm, 100 mm, 150 mm, 200 mm, 250 mm,
and 300 mm away from the blasthole and 50 mm, 110 mm,
170 mm, and 310 mm away from the blasthole, respectively.
The layout of measuring points is shown in Figure 2.

2.2.2. Mercury Intrusion Porosimetry (MIP) Experiment. The
failure specimens with a mass of about 5g were taken from
the same section near the blasthole unshocked specimen
and after the one shock, three shocks, and five shocks from
HPAB for the MIP test as shown in Figure 3(a). The pore
structure and pore size distribution in the specimen were
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TaBLE 1: Physical properties and functions of test materials.

Classification Samples

Physical parameter Function

Aggregate Sand
P.0.32.5 Portland cement

With the particle size is less than 6 mm
With the density of 3.0~3.15 g/cm’
With the Mohs hardness of 3~3.5, the density of

Control the mechanical

Cementitious material properties of simulated coal

Gypsum 2.8~3.0 g/cm?, and the fineness of 400 mesh
. With the particle size of 10~15 mesh, which is a flake 'Co.n trql the random.
Mica . distribution of cracks in
thin layer structure .
simulated coal
. . . . . Control the formation of
Other materials Perlite A natural silicate mineral with the particle size of weak surface structure in

L 3
2~3 mm and a unit weight of 80~200 kg/m simulated coal

The white crystalline powder with the density of 2.16 g/
Foaming agent (NaHCO,) cm?, which is easy to decompose and produce gas in a
humid environment

Simulate the gas

TABLE 2: Mix ratio and mechanical properties of simulated coal.

A miX ratio of specimen . . Uniaxial compressive strength ~ Density ~ Elastic modulus Wa\{e
Cement:sand:gypsum:water:perlite:foaming 3 velocity
. (MPa) (g/cm?) (GPa)
agent:mica (m/s)
1:2.8:0.14:0.43:0.02:0.035:0.02 12.18 1.526 2.52 2152
Bidirectional Data collection
compression systems

system

High-pressure air
release control
system

High-pressure air
pressurization
system

FIGURE 1: HPAB test system. 1: air compressor; 2: air booster pump; 3: autoclave; 4: dynamic strain gauge; 4: high-speed solenoid valve; 5:
bidirectional compression system; 6: confining pressure device; 7: Ye5853A signal amplifier; 8: DH5922N dynamic strain gauge.

analyzed by the AutoPore IV 9500 automatic mercury intru-
sion instrument as shown in Figure 3(b). The test procedure
is as follows: firstly, specimens are dried to constant weight
at 60°C. Secondly, put 2~3g sample into the dilatometer
for vacuum sealing. Thirdly, put the dilatometer at the
low-pressure port and high-pressure port of the mercury
porosimeter for pressurization. Finally, the pore structure

and pore size distribution are analyzed by mercury injection
pressure, respectively.

2.2.3. Scanning Electron Microscope (SEM) Experiment. The
failure specimens with a size of about 1cm® were taken from
the same section near the blasthole before and after the
HPAB test for the SEM test. The position of the specimen
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F1GURE 2: The layout of measuring points.

is shown in Figure 3(a). During the test, the specimen is
fixed on the sample table with conductive adhesive. The
sample table for fixing the sample was placed in the ion sput-
tering equipment for gold plating. Place the gold-plated
sample on the sample pedestal, close the cabin door, and
conduct a vacuum pumping operation. When the vacuum
pressure reaches the specified pressure, select the appropri-
ate magnification and brightness contrast for the SEM test,
as shown in Figure 3(c).

3. Experiment Results and Analysis of Multiple
HPAB Tests

The three specimens were broken after the five shock times,
the six shock times, and the six shock times in HPAB tests,
respectively. The results were analyzed by taking the five
shock times failure as an example. The five aspects including
the pressure time history curve, variation of the stress field in
the specimen, cumulative damage evolution, characteristic of
vibration velocity, and failure process of the specimen were
turther discussed and analyzed.

3.1. Pressure Time History Curve. The pressure time history
curve in the blasthole within 10 ms after HPAB was tested by
the PVDF pressure sensor. As shown in Figure 4, the curve
can be divided into three main stages: sharp rise stage, sharp
decline stage, and slow decline stage. In order to better under-
stand the peak pressure change in the blasthole, the data
within 1 ms of HPAB tests were intercepted and analyzed.

3.1.1. Sharp Rise Stage (AB Segment). In a depressurization-
expansion process, by controlling the high-speed solenoid
valve to release high-pressure air instantaneously, the blast-
hole reaches high pressure, and the internal pressure of the
blasthole increases instantaneously. The stagnation point pres-
sure of the blasthole wall is calculated by the formula as below:

{0.7/((kH/ry) + 0.3) }Ap,

71((kHIry) +0.3)}Apy + py v

p=py+ CZPO {0

In the formula, P is the stagnant point pressure at the bot-

tom of the blasthole, P, is the external pressure of high-
pressure trachea, c is the acoustic velocity, p,, is the gas density
outside high-pressure trachea, Ap, is the gas density differ-
ence, H is the distance between the impact position of the
high-pressure air and the wall of the blasthole, r, is the radius
of the high-pressure trachea, and k is the coefficient.

3.1.2. Sharp Decline Stage (BC Segment). The pressure P gen-
erated by HPAB may not reach the compressive strength,
but the shear stress and tensile stress of the pressure P are
greater than the dynamic tensile strength of the specimen.
Suffering the stronger stress, the medium in the specimen
appears dislocated and sliding, resulting in the immediate
leakage of the pressure in the blasthole from the pores and
cracks between the medium in the specimen.

3.1.3. Slow Decline Stage (CD Segment). At this stage, with
the dispersion of high-pressure air in the crack, the pressure
in the borehole gradually decreased until it is balanced with
the gas pressure in the fracture of the sample.

3.2. Analysis of Stress Field Variation. The results of the
radial strain peak at each measuring point of the specimen
are shown in Table 3. The fitting curve between the strain
peak and the distance under multiple HPAB tests are shown
in Figure 5.

The conclusions drawn from Table 3 and Figure 5 are as
follows:

The strain peak decreased with the increase of shock
times in HPAB tests. The internal stress wave attenuation
curve of the specimen under multiple HPAB tests is roughly
similar. The strain decays as a power function with the
increase of the distance between the measuring points. The
attenuation indices of stress waves are 1.304, 1.161, 1.431,
1.511, and 1.728, respectively.

The attenuation index of the stress wave decreases first
and then increases; that is, the propagation velocity of the
stress wave in the specimen decreases first and then
increases under multiple HPAB tests. The main reason for
this phenomenon is that the energy generated by the first
two shock from HPAB densifies the original micropores of
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Reserved section The wall of borehole

150 mm

50 mm

Reserved section Sampling location

(a) Sampling location

(b) Mercury porosimeter

(c) Scanning electron microscope

FIGURE 3: Sampling location and test instrument.

the specimen and reduces the energy consumption of stress
wave propagation. With the increase of shock times in HPAB
tests, under the action of stress wave, the internal pores and
cracks of the specimen are further developed, resulting in the
deterioration of the integrity of the specimen. The stress wave
encounters different wave impedance interfaces during the
propagation process, resulting in the increase of energy con-
sumption and attenuation speed of the stress wave.

3.3. Analysis of Damage Evolution. The damage of the media
can be obtained by the calculation of ultrasonic, which is
characterized by D. Meanwhile, the damage (D) caused by
multiple HPAB tests can be calculated by the following
formula:

In the formula, D; is the damage amount of the specimen
under the ith HPAB, V, is the ultrasonic velocity of the spec-
imen after the ith HPAB, and V|, is the acoustic velocity of
the specimen before HPAB.

The damage results of each measuring point are calcu-
lated according to the measured acoustic velocity, as shown
in Table 4. The cumulative damage curves of the specimen
after multiple HPAB test are shown in Figure 6(a), and the
relationship curve between damage value and HPAB times
is shown in Figure 6(b).
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TaBLE 3: The results of radial strain peak at each measuring point.

Radial strain peak at each measuring point/ue

Times 50 mm 110 mm 210 mm 320 mm
1 2573.78 959.84 384.69 184.54
2 2565.38 1055.97 460.68 289.91
3 2744.86 857.13 368.06 225.69
4 2856.14 843.59 278.57 227.66
5 3031.82 763.31 278.81 147.78
3500
3000 4 ¢
1 X
2500
£ E
i+
£ 2000
4 -
g ] = 4.2303¢%x 130
B 1500 g o
< -
3 1 y = 2.4135e5x 1161
& 1000 5,-1431
y=7.4064e’x"""
1 < _ 6,-1.511
500 - 2o 2/— 1.0537ex
y=2.6152e7x 17281 T ¥ TEE
0 .
T T T T T T T T T T T T

100 150 200 250 300 350

Distance from measuring point the source (mm)

m The first HPAB
e The second HPAB
a The third HPAB

v The fourth HPAB
o The fifth HPAB

F1GURE 5: The fitting curve between the strain peak and the distance.

TaBLE 4: The damage results of different points of the specimen
under multiple HPAB.

. Distance of measuring point/mm
Times

0 50 100 150 200 250 300
1 0.108 0.056 0.037 0.018 0.011 0.008 0
2 0.161 0.092- 0.074 0.033 0.012 0.008 0.006
3 0.193 0.156 0.086 0.041 0.020 0.011 0.006
4 0.282 0.213 0.147 0.096 0.051 0.017 0.012
5 0.351 0.275 0.208 0.153 0.136 0.074 0.023

As can be seen from Figure 6, the damage near the blast-
hole decreases rapidly, whereas the damage decreases gradu-
ally with the increase of distance. In addition, with the
increase of the shock times in HPAB tests, the damage near
the blasthole will increase at an exponential rate. However,
in the middle and far zones, the damages of the first two
HPAB tests increased slowly, and the damages of the follow-
ing three HPAB tests increased rapidly.

The failure modes of HPAB on the specimen are mainly
divided into the dynamic loading stages under the action of
stress wave and the quasi-static loading stages of high-
pressure air penetration. Before the macrofracture, the dam-
age near the blasthole is mainly caused by the stress wave.
With the increase of distance from the blasthole, the stress
wave decays rapidly. The damages in the middle and far
zones are mainly caused by stress waves and high-pressure
air infiltration disturbance. The energy carried by the stress
wave is so large that it makes a large damage zone near the
blasthole. The stress wave in the middle and far zones and
the penetration of high-pressure air lead to the stress con-
centration at the tip of the initial pore, resulting in
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F1GURE 6: Cumulative damage curve of the specimen under multiple HPAB tests.

dislocation and slip between media particles, and the gener-
ation of various microdamages, which is the main reason for
the slow growth rate of damage factors in the early stage.
With the increase of shock times in HPAB tests, the cumu-
lative effect of various microdamage becomes gradually
significant, which leads to the rapid growth of damage in
the later stage.

3.4. Characteristic Analysis of Vibration Velocity. The total
energy of HPAB is equivalent to explosive explosion energy
by the TNT equivalent method, and the vibration character-
istics caused by the HPAB test are analyzed using the
Sadovsky formula. The expression is shown in the formula:

V- K<#) 3)

U
Wy = —2—, 4
™TT G (4)
PV 0.1013\ -7
Uy=— 1—( ) x 10, (5)
y-1 P

In the formula, V is the peak vibration velocity, Wy is
the TNT equivalent of high-pressure air, K is the site coeffi-
cient, « is the attenuation coefficient, U, is the high-pressure
air, Qpy is the energy of 1 g TNT, 4250]/g, P is the absolute
pressure of the gas, V; is the amount of high-pressure gas,
and y is the adiabatic coefficient of the gas.

After continuous monitoring and recording of multiple
HPAB tests, the vibration velocity in the Z direction of each
measuring point is obtained, as shown in Table 5. The rela-
tionship curve between peak vibration velocity and distance

TaBLE 5: Vibration velocity results of each measuring point under
multiple HPAB tests(cm/s).

Distance of each measuring point/mm

Times 50 mm 110 mm 170 mm 310 mm
1 12.0910 8.9388 5.6011 3.4726
2 10.8377 6.5113 3.5221 2.0318
3 6.8987 4.4675 2.784 1.8943
4 7.1227 5.0010 2.8509 0.8065
5 4.4675 1.5223 1.0960 0.6423

is shown in Figure 7(a). The relationship curve between
vibration velocity and HPAB times is shown in Figure 7(b).

It can be concluded from Figure 7(a) that the vibration
velocity decreases with the increase of distance. Among
them, the vibration velocity near the blasthole attenuates
rapidly. With the increase of distance from the blasthole,
the vibration velocity attenuates slowly. The site coefficient
(k) shows an overall attenuation trend, whereas the attenua-
tion coeflicient (&) trend is increasing. The main reason is
that with the increase of the shock times in HPAB tests,
the development and deterioration degree of pores in the
specimen continues to increase. The energy is carried by
the shock seismic wave that passes through the pores in
the specimen, which causes the reflection and diffraction of
the wave. In this process, a large amount of energy is con-
sumed, and the vibration velocity near the hole decays
quickly. With the increase of distance from the blasthole,
the vibration velocity decays slowly.

It can be concluded from Figure 7(b) that the vibration
velocity has an attenuation trend in varying degrees with
the increase of shock times in HPAB tests. At 50 mm and
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110mm near the blasthole, the attenuation amplitude of
vibration velocities are large; the fitting slopes are -1.896
and -1.634, respectively. The peak value of vibration veloci-
ties decreases from 12.0910cm/s to 4.4675cm/s and
8.9388cm/s to 1.5223 cm/s, respectively. The attenuation
amplitude of vibration velocities are small in the middle
and far zones of 170 mm and 310 mm; the fitting slopes are
-0.968 and -0.689, respectively. The peak value of vibration
velocity attenuates from 5.6011cm/s to 1.0960cm/s and
3.4726 cm/s to 0.6423 cm/s, respectively.

3.5. Analysis of Cumulative Fracture Failure Process. The
cumulative fracture process of the specimen under multiple
HPAB tests is shown in Figure 8.

It can be seen from Figure 8 that when the first HPAB
test is carried out, cracks begin to appear around the blast-
hole. With the increase of shock times in HPAB tests, the
macrodevelopment range of cracks becomes larger. What
is more, the specimen is broken after the 5th HPAB test,
with 4 irregular main cracks on the surface of the specimen.

There are a lot of uneven microcracks, micropores, and
other defects in the specimen, which will be intensified by
stress waves to form microdamage distributed with time and
space. With the increase of shock times in HPAB tests, when
the cumulative damage dynamic intensity factor at the tip of
microcracks reaches its dynamic fracture toughness, the ran-
domly distributed microcracks nucleate, expand, and connect
to form a macrocrack region until fracture failure.

4. Microcumulative Damage Mechanism
Analysis of Multiple HPAB Tests

The mercury intrusion and retraction curve and pore size
distribution of specimens under multiple HPAB tests are
shown in Figure 9. The comparison of SEM images under
multiple HPAB tests is shown in Figure 10.

The peaks of cumulative mercury intrusion of the
unshocked specimen after the one shock, three shocks, and
five shock from HPAB are 0.098 ml/g, 0.121 ml/g, 0.188 ml/
g, and 0.247 ml/g, respectively. The peaks of the pore volume

are 0.097ml/g, 0.138ml/g, 0.165ml/g, and 0.228 ml/g,
respectively. Compared with unshocked specimen, cumula-
tive mercury intrusion after the one shock, three shocks,
and five shocks from HPAB increased by 23.47%, 91.84%,
and 152.04%, respectively. The pore volume increased by
42.27%, 70.10%, and 135.05%, respectively.

There is an overlap between the mercury intrusion and
mercury retraction curves of the specimen before the HPAB
test, which indicates that there are fewer semiclosed pores
and open pores and more closed pores in the specimen. There
is a hysteresis loop between mercury intrusion and mercury
retraction curves of the specimen after the HPAB test. The size
of the hysteresis loop increases with the increase of shock
times in HPAB tests. Through the above results, it is found
that the shock times have a great impact on pore development.
With the increase of shock times in HPAB tests, the closed
pores evolve to semiclosed pores and open pores Figure 9(a).
Before the HPAB test, the pore size distribution of the speci-
men is more between 1000 and 20000 nm and 1~10nm, and
the pore size distribution in the range of 10~1000 nm is rela-
tively less. Through multiple HPAB tests, the pore size distri-
bution is an obvious “single peak” structure, and the number
of pores in the range of 1000~20000 nm increases significantly
Figure 9(b).

It can be seen from Figure 10 that the pore surface of the
specimen is relatively flat, and the closed and semiclosed pores
are well developed before the HPAB test Figure 10(a). The
micropore cracks can be observed in the specimen after the
one shock from HPAB test. The main reason is that the stress
wave causes a dislocation pile-up in the internal medium of
the specimen, which promotes the nucleation and develop-
ment of closed pores and semiclosed pores to form micro-
cracks Figure 10(b). Compared with after the one shock
from HPAB test, more microcracks can be detected in the
specimen after the 3rd HPAB test, and the distribution of
microcracks is more random. The main reason is that with
the increase of the number of HPAB tests, the dislocation
pile-up effect is produced by stress wave, which causes irregu-
lar sliding of microcracks and further forms a large number of
randomly distributed microcracks Figure 10(c). The
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FIGURE 10: The comparison of SEM images under multiple HPAB tests.

connectivity of microcracks is enhanced in the specimen after
the five shocks from HPAB test. The main reason is that the
stress concentration of the microcrack tip factor is caused by
multiple HPAB tests, which improves the development and
penetration of randomly distributed microcracks and finally
forms macrocracks Figure 10(d).

5. Conclusions

In this paper, the variation of stress field, cumulative damage
evolution, and dynamic response of coal under multiple HPAB
tests are studied by using the self-designed HPAB test system.
The pore size distribution and pore structure evolution of spec-
imens before and after the HPAB test are analyzed by MIP test
and SEM technology, and the following conclusions are drawn:

(1) The stress wave generated by HPAB has a great
impact on the near zone. After multiple HPAB, the
damage value at the place 50mm away from the
blasthole increases by 3.91 times compared with
the one shock from HPAB, and the strain peak and
vibration velocity are reduced by 17.86% and
63.05%, respectively. With the increase of distance
from the blasthole, the internal damages of the spec-
imens in the middle and far zones are mainly driven
by the stress wave and the high-pressure air, and the
strain peak, vibration velocity, and damage degree
gradually decrease

(2) With the increase of shock times in HPAB tests, the
attenuation law of stress waves in coal is roughly
similar. The attenuation indexes of strain under five
shock from HPAB tests are 1.304, 1.161, 1.431, 1.511,
and 1.728, respectively; the stress wave attenuation
index decreases at first and then increases; the dam-
ages degree of the middle and far zones increase

slowly in the first few shocks and then increase rap-
idly. The site coeflicient (k) shows an overall decreas-
ing trend, whereas the attenuation coefficient (a)
tends to increasing

(3) With the increase of shock times in HPAB tests, the
semi-closed pores and open pores in the coal are
evolved from closed pores. Compared with
unshocked specimen, the cumulative mercury injec-
tion and pore volume increased by 152.04% and
135.05%, respectively. The pore size distribution is
an obvious “single peak” structure, and the number
of pores in the range of 1000~20000 nm increases
significantly. The stress concentration of the micro-
crack tip factor is caused by multiple HPAB tests,
which improves the development and penetration
of randomly distributed microcracks
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