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The research on the bursting liability of coal under confining pressure and unloading
damage is critical in creating prevention mechanisms for coal mass rock bursts in
deep underground mines. Cyclic loading and unloading tests of variable stress with a
lower limit were performed under multistage confining pressure and different
amplitude unloading to explore their influence on the impact tendency of the
coal bodies. Meanwhile, the characteristic parameter analysis of acoustic
emissions was used to evaluate the failure. The results revealed that the
accumulated number and energy of acoustic emission events gradually
decreased with increasing the confining pressure. The coal specimen became
denser, and the failure mode gradually transitioned from brittle to ductile. With
the increase in unloading amplitude, the cumulative number of acoustic emission
events in the coal specimens decreases, the damage degree to the coal body
increases, the peak load decreases, and the failure mode transitions from ductile
to brittle. The increase in confining pressure results in an increase in the input energy
and the elastic strain energy, while the increase in the unloading range of the coal
body leads to a decrease in the input energy and elastic strain energy. In addition,
after the confining pressures of 3 MPa, 6 MPa, and 9 MPa, the residual elastic energy
index of the coal specimens increases by 21.76%, 42.92%, and 71.69%, respectively,
compared with the room pressure conditions. The residual elastic energy index
decreases by 21.11% and 55.38% for the unloading amplitude of 3 MPa and 6 MPa,
respectively, compared with the unloaded coal specimen, indicating that the impact
tendency of the coal body is enhanced by the confining pressure conditions.
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1 Introduction

Global demand for coal has increased unabated (Wang et al, 2022). The technical
equipment and organization mode of coal mining are constantly improved; In recent years,
technologies such as intelligent, high-yield, and efficient working faces in large and medium-
sized mines and rapid excavation of self-formed roadways have developed for effective mining
practices (Wang and Huang, 2017; Zhang et al., 2020). The continuous progress of coal mining
technology has accelerated the development of shallow coal resources and gradually shifted to
deeper resources. Compared with shallow sections, the deep underground environment has
higher in-situ stress, higher geothermal temperature, higher osmotic pressure, and strong
mining disturbances not typically encountered in the shallower resources (Xie et al., 2021). Coal
bursts are one of the most serious forms of dynamic hazard of the surrounding rock caused by
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deep coal mining. Most coal bursts occur in the vicinity of stopes or
roadways (Cai et al., 2016), which is referred to as the impact liability
of coal. It is the phenomenon that the energy stored in the coal is
released and produces impact damage under the combined action of
several external physical fields (Gong et al., 2019). The greater the
bursting liability of coal, the greater the failure intensity and influence
range of rock burst. The study of the mechanism of coal bursting is
crucial to the determination of liability, early warning, and prevention
of accidents.

The above bursting liability indexes are generally determined only
by uniaxial compression tests at room temperature and pressure.
However, coal bodies exhibit different mechanical properties in
deep geological environments because of the high stress and
mining influence. Ding et al. (2022) studied the effects of two
cyclic loading and unloading modes on the mechanical damage
characteristics of coal in a triaxial confining pressure environment.
Li et al. (2022a) investigated the effect of strain rate and confining
pressure on the mechanical failure behavior of coal. Xie et al. (2012)
analyzed the effects of different mining layouts on the mechanical
properties of coal. Li et al. (2022b) conducted an experimental study
on the influence of confining pressure and bedding angle on the
mechanical properties of coal. Yang et al. (2021a) conducted an
experimental study on the fracture behavior of coal under different
confining pressures. Zhou H. W. et al. (2022) researched the evolution
of fracture and pore structure of coal under confining and axial
compressive loads. The roof of cutting and pressure relief
technology effectively controls rock burst disasters induced by
underground coal mining (Wang Q. et al., 2020). This technology
generally uses hydraulic fracturing (Yang et al., 2018a; Yang et al,,
2020a; Yang et al,, 2021b), directional blasting, and other methods to
pre-fracture the overlying roof and unload the surrounding rock
pressure, achieving the purpose of reducing the influence of
rockburst hazards to a certain extent. The unloading -effect
damages the coal body and affects the mechanical properties of the
coal body, which in turn affects the impact characteristics. Liu Q. et al.
(2017) performed mechanical tests on coal under two different stress
unloading paths and discussed the influence of confining pressure
unloading on soft coal strength to provide a basis for borehole stability
analysis. Yin et al. (Yin et al.,, 2013; Yin et al,, 2015) researched coal
geomechanical and flow properties under axial loading stress and
unloading confining pressure tests. Zhang et al. (2017) conducted an
experimental study on the mechanical behavior of reconstructed coal
samples under different unloading confining pressures. Wang D. et al.
(2020) studied the seepage characteristics of coal under unloading
confining pressure. Zhou et al. (2019) analyzed the creep law of deep
coal under the action of releasing confining pressure. Kong et al. (Kong
et al,, 2020) studied the dynamic mechanical characteristics and
fracture mechanism of gas and coal after unloading damage.
However, there are few reports on the influence of confining
pressure and unloading conditions on coal bursting liability.

Various indicators have been proposed to evaluate the bursting
liability of coal, including uniaxial compressive strength (o) (Zhou
J.etal., 2022), impact energy index (Kg) (Liu X. et al., 2017), elastic
energy index (Wgr) (Kidybinski, 1981), dynamic failure time
(Dt) (Ouyang et al., 2015), impact energy velocity index (Wsr)
(Guo et al,, 2018), modulus index (Kj) (Yang X. et al., 2018) and
residual elastic energy index (Cgg) (Gong et al., 2020), etc. Gong
et al. (2022) compared more than ten indexes to determine the
bursting liability of coal and concluded that Cgr was the most
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accurate for predicting the bursting liability of various coal
bodies.

To this end, the cyclic loading and unloading tests with variable
stress limits under different confining pressure conditions and under
different amplitudes of unloading conditions were carried out in this
paper. In addition, an acoustic emission system was used for real-time
monitoring. The bursting liability of coal samples under different
conditions was compared and analyzed to investigate the impact
properties of deep-seated coal.

2 Experiment overview
2.1 Sample preparation

The non-stick coal samples collected from a coal mine in the
southern Ordos Basin in Inner Mongolia at a depth of about 425 m
were studied in this paper. According to industrial analysis, the
samples have a vitrinite reflectance of 0.87%, ash content of 8.89%,
average moisture content of 0.83%, and volatile matter of 30.37%. The
coal samples were obtained in situ to avoid damage to the original coal
samples caused by external factors. Wax sealing was carried out to
reduce the influence of weathering in situ. To reduce the impact of
mechanical damage on subsequent tests, a wire-cutting with a
numerically-controlled machine tool was used to process the
specimens (Yang et al., 2019a; Yang et al, 2020b). According to
the International Society of Rock Mechanics standard, each coal
sample was made into a cylindrical specimen with a diameter of
50 mm and a height of 100 mm. The dimensional error of the
processed specimen needed to be less than 2mm and the
unevenness of the upper and lower end faces of the specimen after
cutting were less than +0.05 mm. The end face was perpendicular to
the axis of the specimen, and the maximum deviation was less than
0.25°. To minimize the influence of sample inhomogeneity, all
specimens were taken from the same coal body in the same coring
direction. Specimens with similar densities and wave speeds were
selected for subsequent experimental research.

2.2 Test equipment

In this study, the SAS-2000 coal and rock static disturbance triaxial
pressure test system was used (as shown in Figure 1). The test system
consists of a loading and unloading module, a confining pressure
environment simulation module, a deformation monitoring module,
an acoustic emission (AE) monitoring module, a control module, and
a data acquisition module. The maximum axial pressure applied to the
coal rock mass sample is 380 MPa, and the maximum confining
pressure is 160 MPa. The control accuracy of the internal pressure
sensor is 0.005 MPa with a resolution of 5x10~* MPa. The loading
methods include displacement control and load control, and the
adjustable ranges of the two loading methods are 0.0001~1 mm ™'
and 0.005~1 kN s™". In addition, the accuracy of the axial and radial
deformation measurement device of the coal rock specimen is
0.0005 mm, and the resolution is 5x10~> mm. Both axial and radial
effective deformations were measured within +8 mm. As shown in
Figure 1, the experimental system is also equipped with a PCI-2
acoustic emission monitoring system (Chen et al., 2017; Chen et al,,
2019), The main amplifier of the AE test system was set to 35 dB, and
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FIGURE 1
Rock mechanics test system and acoustic emission monitoring system.
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FIGURE 2

Variable stress lower limit cyclic loading and unloading mode.

the threshold was 40 dB. The sampling length of single waveform and
sampling rate are set to 31.5 k and 4.5 MSPS, respectively. In order to
ensure the accuracy of positioning, each coal specimen was tested with
four AE sensors, allowing for real-time monitoring of the failure
process of coal

specimens in different confining pressure

environments.

2.3 Experimental procedure

Two loading types were performed in this section. One was
the lower limit cyclic loading and unloading test of coal specimens
under the condition of multistage confining pressure. The other
was the cyclic loading and unloading test with variable stress
lower limit after different amplitude unloading confining
pressure damage.
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The steps of the first type of test are as follows: first, the
conventional compression tests of the coal specimens were
performed at different confining pressures. The confining pressure
was set as the standard pressure, followed by 3 MPa, 6 MPa, and
9 MPa, respectively. The displacement control mode was used to carry
out the compression test, and the loading rate was set as 0.002 mm s
Two sets of tests were performed on the coal samples under each
condition. It was obtained that the compressive strength of the coal
body under multistage confining pressure and approximate static load
conditions.

Next, a variable stress lower limit cyclic loading and unloading test
under multistage confining pressure was carried out by using the

! about

loading control mode. The loading rate was set to 0.04 KN s~
0.02 MPa s™". The lower limit cyclic loading mode of variable stress is
shown in Figure 2. The initial confining pressure environment was set
to the standard pressure, 3 MPa, 6 MPa, and 9 MPa, respectively. The
difference between the axial and confining pressures of the first-stage
cyclic loading and unloading under the four confining pressure
conditions was the lower limit of the deviatoric stress, set to
1 MPa. The cyclic loading and unloading amplitude was set to
4 MPa, and 30 loading and unloading operations were carried out
for each cycle until the coal specimen was damaged. The preamplifier
(acoustic emission probe) of the PCI-2 acoustic emission system was
arranged at a predetermined position of the coal specimen to perform
real-time monitoring of the damage process. Two groups of cyclic
loading and unloading tests were carried out for each of the above
conditions.

The steps of the second type of test are as follows: First, the
confining pressure of the coal specimen was increased to 9 MPa, the
axial stress was loaded to 15 MPa, and the axial pressure was always
kept unchanged. The confining pressure on the coal specimen was
unloaded to 6 MPa, 3 MPa, and standard pressure with an unloading
rate of 0.01 MPa s™' to simulate the damage process of the coal body
under different unloading amplitudes. After the internal environment
of the triaxial autoclave was stabilized for 1 h, the confining pressure
was increased to the initial setting of 9 MPa, and then the compressive
strength test was carried out. Two groups of tests were carried out
under the above conditions. Finally, the load control mode was used to
carry out the above-mentioned variable stress lower limit cyclic
loading and unloading tests on the coal samples after unloading
with different amplitudes. The specific test steps were the same as

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1104831

Du et al.

10.3389/feart.2023.1104831

TABLE 1 Compression test results of coal specimens under different confining pressures.

Confining Specimen Compressive strength
pressure number oc/MPa

normal pressures C-0-1 12.01
C-0-2 10.87

3 MPa C3-1 17.68
C-3-2 15.36

6 MPa C-6-1 2324
C-6-2 20.46

9 MPa C9-1 28.19
C-9-2 2529

Average Elasticity modulus Average elasticity
oc/MPa E/GPa modulus E/GPa
11.44 112 1.02
92
16.52 1.64 1.51
1.38
21.85 221 2.06
191
26.74 251 242
233

TABLE 2 Compression test results of coal specimen under different amplitude unloading conditions.

Unloading Specimen Compressive Average Elasticity Average elasticity Deterioration
value number strength oc/MPa oc/MPa modulus E/GPa modulus E/GPa degree D/%
0 C-9-1 28.19 26.74 2.51 242 —
C-9-2 25.29 2.33
-3 MPa C-3-1 24.12 22.82 221 1.96 -14.7
C3-2 21.52 171
-6 MPa C-6-1 15.85 14.68 1.32 1.24 -45.1
C-6-2 13.51 116
those of the lower limit cyclic loading and unloading tests. Similarly,
the PCI-2 acoustic emission system was used to conduct real-time 21.0 - —— C-0-1 specimen
monitoring of damage and fracture. Two groups of coal specimen —— C-3-1 specimen
cyclic loading and unloading tests were conducted for each condition. ~ 18.0F C-6-1 specimen \
g — C-9-1 specime '
2 150 /, \
) /; L
2.4 Test results i ' i
2 12.0 /
2
The conventional compression test results of coal specimens S 9.0F 74
under different confining pressure conditions are listed in Table 1. 5
The average compressive strength of the coal samples in the fg 6.0
atmospheric laboratory environment was 11.44 MPa, and the é’ 3.0
average elastic modulus was 1.02 GPa. When the confining ’ py
pressure increased to 3 MPa, 6 MPa, and 9 MPa, the average I 1 1 I ]
compressive strengths of the coal specimens were 16.52 MPa, 0.0 0.3 0.6 0.9 1.2 1.5
21.85MPa, and 26.74 MPa, respectively. Compared with the Axial strain ,(10?)
standard pressure conditions, the uniaxial compressive strength
of the coal body increased by 44.5%, 91.0%, and 133.7%, FIGURE 3
respectively. The average elastic modulus increased to 1.51 GPa, Deviatoric stress - axial strain (op-¢1) curves of coal specimen under
cls different confining pressure.
2.06 GPa, and 2.42 GPa, with improvements of 48.0%, 101.9%, and

137.3%, respectively.

The compressive strengths after increasing the confining
pressure to 9 MPa and experiencing different amplitudes of
unloading are listed in Table 2. At 9 MPa, the average
compressive strength was 22.82 MPa, approximately 14.7% less
than that before unloading. The elastic modulus decreased to
1.96 Gpa. After the confining pressure was unloaded to 3 MPa
(the unloading amplitude was 6 MPa), the average compressive

Frontiers in Earth Science 04

strength became 14.68 MPa when the confining pressure was
increased to 9 MPa again. The average compressive strength
underwent the unloading was 45.1% less than that without
unloading. The elastic modulus decreased to 1.24 Gpa. The coal
specimen was damaged when the confining pressure was unloaded
to 1.56 MPa.
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FIGURE 4

The op-¢ curves of coal specimens with cyclic loading and
unloading at different stress lower limits under the different confining
pressure.

3 Experiment result and analysis
3.1 op-¢ curves

3.1.1 op-¢;1 curves of coal specimens under different
confining pressure

Figure 3 shows the deviatoric stress op and axial strain &; curves of
the entire loading compression test when the confining pressures are
normal pressure, 3 MPa, 6 MPa, and 9 MPa, respectively. As the
confining pressure increased, the compressive strength of coal
specimens significantly improved. When the sample was subjected
to initial stress, the four op-¢; curves in the figure have a concave form.
In this process, the increment of the axial strain decreased with
increasing the deviatoric stress because the micro-fractures in the
coal body closed under the axial load, corresponding to the
compaction stage of the coal specimen (Yang et al, 2018b; Yang
et al,, 2019b). At the same time, with the increase in the confining
pressure, the scope of this compaction stage continued to shrink,
indicating that the primary micro-fractures in the coal body closed in
the early stage due to the initial confining pressure. As the axial load
was further applied to the coal specimen, the deviatoric stress changed
linearly with the axial strain, indicating that the coal specimen
underwent elastic deformation at this stage. When the axial load
increased to a certain stage, the deviatoric stress decreased with the
increase in the axial strain. The coal specimen entered the plastic stage
after yielding and then reached the peak stress during this circle. The
coal specimen was damaged. Due to the effect of confining pressure,
the coal specimen entered the post-peak stress softening stage after
failure. The variation trend of the deviatoric stress-lateral strain curve
of the coal specimen is consistent with that of the deviatoric stress-
axial strain curve.

Figure 4 shows the op-¢; curves of variable stress lower limit cyclic
loading and unloading corresponding to four confining pressure
environments. The overall changing trends of the deviatoric stress-
strain curve obtained under triaxial variable stress lower limit cyclic
loading and unloading is consistent with those obtained by the
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conventional triaxial compression test under the same confining
pressure. In the first stage of cyclic loading and unloading (lower
stress levels), the original pores and cracks in the coal samples are
gradually compacted due to repeated increases and decreases in
deviatoric stresses. The four deviatoric stress-strain curves were
all concave in the first stage of cyclic loading and unloading. As
the number of cycles increased, the first-stage hysteresis curve’s
area gradually decreased. After the first stage of cyclic loading and
unloading was complete, with the increase in the lower limit of the
stress level, the coal specimen under multistage confining
pressure entered the elastic stage. In this stage, the slopes of
the deviatoric stress-strain cyclic loading and unloading curves
became similar after a certain point. The area of the hysteresis
curve did not change much as the number of cycles increased,
especially for the coal specimen under the confining pressure
environment of 9 Mpa. The second-stage cyclic loading and
had
However,

unloading curve almost no apparent

compared with its

hysteresis
phenomenon. compressive
strength for coal sample C-0-3 under atmospheric pressure,
the stress level of cyclic loading and unloading in the second
stage was higher, which led to new damage inside the coal body
and the connection of primary micro-cracks. This indicates that
at this stage, the hysteresis curve becomes more evident with the
increase in cycles. The cyclic loading and unloading series
replaced by the approximate elastic variation range of the op-
&; curve of the coal specimen under the above-confining pressure
conditions were different. The number of cyclic loading and
unloading stages was 1, 2, 2, and 3, respectively, which shows
that with the increase in initial confining pressure, the coal
specimen becomes denser, and the range of elastic stages
expands continuously.

During the last stage of cyclic loading and unloading during the
above test under different confining pressure conditions, the strain in
the sample increased slowly with an increase in the deviatoric stress,
and the area of the hysteresis loop increased significantly. In this case,
the sample gradually transitioned to the plastic stage, during which the
incremental strain increased significantly. Irreversible deformation
continued to develop. Under normal pressure conditions, only
14 complete cycles occurred during the last cyclic loading and
unloading phase before the coal specimen failed, with an increase
in an axial strain of 0.75%. Under the confining pressure of 3 MPa, the
last stress level before the failure of the coal specimen C-3-3 underwent
one complete cycle (30 times), and the axial strain increased by 0.61%.
Coal specimen C-6-3 also completed a complete loading and
unloading cycle before failure in the 6 MPa confining pressure
environment, and the axial strain increased by 0.42% at this
stage. Under the confining pressure of 9 MPa, the axial strain
of the coal specimen C-9-3 increased by 0.28% after undergoing
the last complete loading and unloading cycle before failure.
Overall, the increment of strain after unloading decreased. The
compressive strength of the coal specimen without confining
pressure after loading and unloading at the lower limit of
variable stress was reduced by about 5.6% compared with the
original specimen. This indicates that the coal body was damaged
to a certain extent after the above cyclic loading and unloading.
The compressive strength increases by about 3.1%, 4.7%, and
6.2%, respectively, after cyclic loading and unloading at the lower
limit of variable stress under the confining pressure environment
of 3 MPa, 6 MPa, and 9 MPa, respectively.
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The op-¢&; curves of coal specimens under the different unloading
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The gp-¢; curves of coal specimens with cyclic loading and
unloading at different stress lower limits under different unloading
conditions.

3.1.2 The op-¢1 curves of coal specimens under
unloading condition

Figure 5 depicts the curves of partial stress op and axial strain
el during the whole process of the compressive test when unloaded,
unloaded to 6 MPa, and unloaded to 3 MPa in the 9 MPa perimeter
pressure environment. As shown in Figure 5, with the increase of the
unloading magnitude, the compressive strength of coal specimens
significantly decreased when the confining pressure increased to
9 MPa again. The three types of op-¢, curves in the figure show a
depressed shape at the early stage of axial loading, which corresponds
to the compaction stage of coal specimens. Furthermore, with the
increase in the unloading amplitude of coal specimens, the range of
this compaction stage expanded, which indicates that the unloading
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effect increases the micro defects in coal specimens. With the further
application of the axial load on the coal specimen, the bias stress varied
linearly with the axial strain, which indicates that the coal specimen
undergoes the elastic deformation at this stage. When the axial load
increased to a particular stage, the partial stress decreased with the
increase of axial strain, during which the coal specimen yielded and
then entered the plastic stage. With the increase in unloading
magnitude, the peak load and the strain value corresponding to the
peak stress decreased continuously. In addition, the increase in
unloading degree caused the post-peak deformation decrease, and
the damage gradually transitioned from ductile to brittle. The trend of
the deflected stress-radial strain curve of the coal specimen was
consistent with that of the deflected stress-axial strain curve.

Figure 6 shows the curves of op-¢, for cyclic loading and unloading
at the lower limit of variable stress under the above three unloading
conditions. The variation trend of the deviatoric stress-strain curve
obtained under cyclic loading and unloading at the lower limit of
variable stress after unloading is consistent with that of the curve
obtained in Figure 4 under the same unloading amplitude. In the cyclic
unloading stage at the first lower stress level, the primary pores and
cracks in the coal samples gradually compacted. The three types of
partial stress-strain curves were all concave in the first cyclic unloading
stage, among which the more extensive the unloading amplitude was,
the more pronounced the degree of concavity. Furthermore, the area
of the first cyclic unloading hysteresis curve gradually decreased with
the increase of the cycle number. After completing the first stage of
cyclic loading and unloading, with the lower limit of stress level
increase, the coal specimens under multistage circumferential
pressure began to enter the elastic stage, in which the slope of the
partial stress-strain cyclic loading and unloading curve became
similar. The hysteresis curve area did not change much with the
increase in the number of cycles, especially for the coal specimens that
were not affected by the unloading effect. The second stage of the
cyclic loading and unloading curve almost did not produce a hysteresis
phenomenon. However, for the coal specimen C-6-3 with the
unloading amplitude of 6 MPa, damage occurred after completing
the first stage of cyclic unloading and failing to reach the upper limit
stress set for the second stage of cyclic unloading.

The number of cyclic loading and unloading stages included in the
op-¢; curves of the coal specimens under the above unloading
conditions was different. The number of cyclic loading and
unloading stages included in the lower limit of variable stress for
the coal specimens under the unloaded, unloaded amplitude of 3 MPa,
and unloaded amplitude of 6 MPa conditions were 4, 3, and 1,
respectively, which indicates that the damage of the coal specimens
deepens with an increase in the unloading amplitude and become
more easily damaged. The strains in the specimens increased with the
increase of partial stress, and the area encompassed by the hysteresis
curve increased significantly during the last level of cyclic unloading
and unloading stages. In this case, the sample gradually transitioned to
the plastic stage, and irreversible deformation continued to
develop. The peak loads of the unloaded damaged coal specimens
after the variable stress lower limit cycle unloading and unloading all
slightly increased in the 9 MPa enclosing pressure environment
compared with the conventional unloaded damaged coal
specimens. After the variable stress lower limit cycle unloading and
unloading, the peak stresses of the coal specimens with the unloading
magnitude of 6 MPa, 3 MPa, and unloaded increased by 2.6%, 4.9%,
and 6.2%, respectively, it indicates that the mechanical strength of the
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coal specimens improved after the variable lower limit cycle unloading
and unloading. The mechanical strength of the coal specimens
improved to some extent after the variable lower limit cycle.

3.2 Volumetric strain ¢, characteristic

3.2.1 ¢, of coal specimens under different confining
pressures

In the process of the above two types of tests, axial and radial
extensometers were used to measure and record the normal strain ¢,
and radial strain ¢, (e3) in the whole process of the test, where ¢, is
equivalent to 3. The volumetric strain ¢, during the coal specimen test
was calculated by the following formula (Bruning et al., 2018):

& =€ —2& (1)

The direction of compression deformation is a positive value, and
the direction of outward deformation is negative. When the calculated
volumetric strain ¢, is positive, it indicates that the overall volume of
the coal specimen is in the state of compression and reduction. When
the calculated volumetric strain e, is negative, it indicates that the
overall volume of the coal specimen is in a state of expansion.

Figure 7A depicts the evolution curves of volumetric strain and
deviatoric stress of coal specimens under cyclic loading and unloading
at the lower limit of variable stress under confining pressures of 3 MPa,
6 MPa, and 9 MPa, respectively. When coal specimens under different
confining pressures were at a low cyclic stress level, the hysteresis
curves were narrow and very close to each other. The slope of the curve
at this stage was positive. It indicates that the current coal specimen
was in a volumetric compression stage. The hysteresis curve gradually
widened when the stress level gradually increased, and the width
between curves increased during each loading and unloading cycle.
This phenomenon was pronounced in the last loading and unloading
cycle under each confining pressure condition. The slope of the test
curve gradually changed from positive to negative, indicating that the
volumetric strain of the coal specimen gradually changed from
compression to expansion. The moment when the slope of the
curve changed to zero was defined as the first critical point of
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volumetric strain. Before the critical point, the axial strain was
dominant, and the coal specimen as a whole was continuously
compressed until the slope of the curve was zero, reaching the
minimum volumetric strain. Under the confining pressures of
3 MPa, 6 MPa, and 9 MPa, the volumetric strain at the first critical
point was 0.25%, 0.31%, and 0.43%, respectively, and the
corresponding deviatoric stress values were 10.5 MPa, 12.1 MPa,
and 15.8 MPa, respectively. The volumetric compressive strain at
the first critical point increased with the increase in confining
pressure. After reaching the first critical point of volumetric strain,
the axial stress continued to increase, and the volume of the coal
specimen gradually increased from its minimum value. This change
generally occurred at the last cyclic stress stage, indicating that damage
accumulated inside the coal specimen and entered the plastic
deformation stage. Under confining pressures of 3 MPa, 6 MPa,
and 9 MPa, the volumetric strain of coal specimens at this stage
increased by 0.32%, 0.24%, and 0.17%, respectively, indicating that
the greater the confining pressure, the stronger the constraint on the
radial deformation of coal specimens. When an axial load was further
applied, the volumetric strain reverted to the initial hydrostatic
pressure stage. Compared with the original specimen initially
applied to confining pressure, the absolute value of volumetric
strain at this time was zero, defined as the second critical point of
volumetric strain. Volume strain of coal specimens under different
confining pressure conditions above the critical point approximation
commonly occurs when stress peak load, stress, more than the critical
point for applying coal specimen instability occurs, more than the
initial volume moment specimen volume and volume strain of coal
specimen has entered into the phase of rapid growth. This is because
the deviatoric stress under the action of coal specimen dilatancy
damage occurred (Yang et al., 2021c).

3.2.2 ¢, of coal specimens under different unloading
conditions

Figure 7B depicts the evolution curves of volumetric strain and
deviatoric stress of the coal specimen under the conditions of no
unloading, the unloading amplitude of 3 MPa, and the unloading
amplitude of 6 MPa after cyclic loading and unloading at the lower
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limit of variable stress. As shown in Figure 7B, the confining pressure
of the coal specimens after the unloading with different amplitudes
was raised to 9 MPa again. The hysteresis phenomenon was not
evident at lower cyclic stress levels. &, was a positive value in this
stage, indicating that the volume of the coal specimen was compressed
within the cycle range. Concurrently, the slope of the summary curve
of the process was positive, indicating that the current volume of the
coal specimen was continuously compressed.

When the cyclic stress level increased, the hysteresis curves of the
three types of specimens gradually widened during each cyclic loading
and unloading process. This phenomenon was undeniable in the last
stage of cyclic loading and unloading of each coal specimen. The slope
of the test curve gradually changed from positive to negative,
indicating that the volume of the coal specimen was continuously
compressed to the minimum value and began to expand continuously.
The moment when the slope of the curve becomes zero in this process
is defined as the first critical point of volumetric strain. Before this
critical point, the axial strain dominates, and the coal specimen as a
whole appears to be continuously compacted until the minimum
volumetric strain is reached when the slope of the curve is zero.

Under the conditions of no unloading, the unloading amplitude of
3 MPa, and the unloading amplitude of 6 MPa, the volumetric strain
when reaching the first critical point was 0.43%, 0.31%, and 0.22%,
respectively. The corresponding deviatoric stress values were
158 MPa and 12.11 MPa, and 10.23 MPa, respectively. Overall,
with an increase in the unloading amplitude, the volume
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compressive strain value at the first critical point decreased
continuously. When the first critical point of volumetric strain was
reached, the axial stress continued to increase, and the volume of the
coal specimen gradually increased from the minimum value. This
change generally occurred in the last stage of cyclic stress on the coal
specimen, indicating that the coal body deformation entered the
plastic stage during this process. When the axial load was further
applied, the volumetric strain returned to the initial stage as a whole.
Compared with the coal specimen before the variable stress lower limit
cyclic loading and unloading, the absolute value of the volumetric
strain at this moment was zero, defined as the second critical point of
the volumetric strain. The second critical point of the volumetric strain
of coal specimens under different unloading conditions generally
occurred when the stress reached the peak load. When the stress
was continuously applied beyond this critical point, the coal specimen
became unstable, the volume exceeded the initial volume, and the
volumetric strain of the coal specimen entered a stage of rapid growth.

3.3 AE characteristic

3.3.1 AE characteristics of coal specimens under
different confining pressures

As shown in Figure 1, five R3a acoustic emission sensors
(preamplifiers) were used to monitor the evolution of acoustic
emission events during the cyclic loading and unloading process of
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Acoustic emission characteristics of coal specimens under different unloading conditions.

the variable stress lower limit of the coal specimen under two types of ~ emission events in each stage of the test. As shown in Figure 8A, under
test conditions. the action of low cyclic stress at normal pressure, a small number of

Figure 8 depicts the cumulative energy change of acoustic emission ~ acoustic emission events occurred inside the coal specimen, indicating
of coal specimens loaded and unloaded under the conditions of  that a certain degree of damage occurred in the coal specimen during
normal pressure, a confining pressure of 3 MPa, confining pressure  the initial compaction stage. With an increase in stress level, the

of 6 MPa and confining pressure of 9 MPa, and the number acoustic ~ acoustic emission events in the coal specimen gradually increased.
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Acoustic emission events increased significantly during the last stage
of cyclic loading and unloading. When approaching peak load, the
increased rate of the acoustic emission events reached its peak value,
and the macroscopical failure occurs in the post-peak residual strain
stage of coal samples.

At the lower stress cyclic loading and unloading stage, as the
confining pressure increased, the number of acoustic emission events
gradually decreased. This shows that, under gradually increasing
confining pressure, the internal structure of the coal specimen was
gradually compressed, and the elastic deformation stage gradually
expanded. As the cyclic stress level increased, the number of acoustic
emission events gradually increased. When all the above three
confining pressures entered the last stage of cyclic loading and
unloading, the coal specimens suffered irreversible stress damage
and fracturing. The number of acoustic emission events increased
significantly. However, the higher the confining pressure, the smaller
the growth rate of acoustic emission events. The total cumulative
acoustic emission events of coal specimens under atmospheric
pressure was 23.25x10*. The cumulative total acoustic emission
events of coal specimens under confining pressure conditions of
3MPa, 6MPa, and 9 MPa were 19.78x10% 12.32x10% and
8.16x10* respectively. Compared with the coal specimen without
confining pressure, the cumulative events of acoustic emission
under variable stress lower limit cyclic loading and unloading were
reduced by 14.9%, 47.0%, and 64.9%, respectively (Figures 8B-D).
This shows that a larger confining pressure environment restricts the
formation of new tiny crack surfaces in the coal body due to the
deviatoric stress. Overall, slight damage and fracturing events in the
coal body are reduced.

As the confining pressure increased from normal pressure to
9 MPa, the cumulative energy of acoustic emission decreased from
256x107" ] to 138x107"*J, and the cumulative number of post-peak
acoustic emission events decreased from 6.18x10* to 1.52x10* This
shows that under the action of higher confining pressure, the coal body
gradually changed from the brittle failure mode to the ductile
failure mode.

3.3.2 AE characteristics of coal specimens under
different unloading conditions

Figure 9 shows the lower limit cyclic loading and unloading path
of variable stress, the cumulative number change of acoustic emission
events of coal specimen, and the three-dimensional positioning cloud
diagram of acoustic emission events when the peak load is 95% under
the conditions of no unloading, unloading amplitude of 3 MPa and
unloading amplitude of 6 MPa. When the coal specimen without
unloading was nearing failure after the above test, the distribution of
acoustic emission events in the coal specimen was scattered, and there
was no significant internal damage fracture agglomeration area. When
the coal specimen experienced unloading damage near the failure
point, the acoustic emission events accumulated in several fixed areas.
This phenomenon became more evident with the increasing
unloading amplitude of the coal specimens. The reason is that the
coal specimen without unloading under the confining pressure of
9 MPa can be considered a complete and continuous solid material.
The damage and fracture inside the sample are randomly distributed
when it is close to failure, resulting in a more dispersed position of
internal acoustic emission events. However, for the coal samples with
unloading damage, the number of micro defects contained in the coal
samples increases, then uneven damage occurs under external loads.
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Some areas have a greater degree of damage, resulting in more
significant damage from the severe damage, and ultimately, the
acoustic emission events gather in some fixed areas inside the coal
specimen. At the same time, with the increase in the unloading range
of coal specimens, the number of cumulative acoustic emission events
in the lower limit cyclic loading and unloading test process of variable
stress under the triaxial environment of coal specimens decreases
continuously.

Under the condition of no unloading, the cumulative total number
of acoustic emission events of coal specimens was 8.16x10* Under the
unloading amplitudes of 3 MPa and 6 MPa, the cumulative total
number of acoustic emission events of coal specimens was
6.05x10* and 2.83 x 10% respectively. Compared with the unloaded
coal sample, the cumulative acoustic emission events decreased by
259% and 65.3%, respectively. It shows that a more extensive
unloading range causes more significant damage to the coal body
and reduces the total energy required for the coal body to break.

Figure 10 shows the failure modes of coal specimens after cyclic
loading and unloading at the lower limit of variable stress at 9 MPa
confining pressure under the above different unloading amplitudes.
With the increase in unloading amplitude, the final failure of coal
specimens became increasingly broken, and the failure form gradually
changed from ductile to brittle failure.

4 Discussion
4.1 Strain energy of coal

Figure 11 shows the typical axial stress-strain curves of coal
specimens during each cyclic loading and unloading process of the
above tests. The strain difference between the end of unloading and the
beginning of loading in a cycle is called irreversible strain. The
irreversible strain of the nth cyclic is €¥,-¢", It is due to a series of
irreversible damage, such as the further expansion of microcracks in
coal, plastic deformation of the coal skeleton, and friction between
microcrack surfaces under various external physical forces (mostly
stress fields). The macroscopic strain after unloading cannot be
restored to the initial level of this cyclic loading. In addition,
Figure 11 also gives the theoretical calculation examples of various
strain energy in the cyclic loading and unloading of coal
specimens. It is assumed that the above test process is a closed
system and does not exchange heat with the outside world. Taking
the nth cyclic loading and unloading as an example, the input
energy U,," is the area covered by the stress-strain curve in the
loading stage. The elastic strain energy U." is the area value of the
envelope under the unloading stage curve. The dissipated strain
energy Ug" is the difference between input and elastic strain
energies. The specific calculation formula is as follows:

L

Uy," = J "ode 2)

Us = J " ode 3)
&

I]drl = Uinn - Uen (4)

where £", is the strain value at the beginning of loading in the nth cycle.
€Y}, is the strain value after the nth unloading complete cycle. ¢, is the
strain value at the peak time of the nth cyclic loading. ¢ is the strain
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FIGURE 10
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Schematic diagram of strain energy during cyclic loading and

unloading of coal samples.

value when the final load reaches the peak load. €, is the strain value at
the final failure time.

4.1.1 The energy storage law of coal specimens
under different confining pressure

After the coal specimens under different confining pressure
conditions are subjected to multistage variable stress lower limit
cyclic loading and unloading, the calculation results of all types of
strain energy in the last cycle of each stage of cyclic loading and
unloading are shown in Table 3. According to the above results, with
the increase of confining pressure, coal specimens’ input energy and
elastic strain energy at all levels of cyclic loading and unloading

Frontiers in Earth Science

increase. The reason for this is that the overall mechanical strength
of the coals is increased by the surrounding pressure. With the increase
of the external load, the energy accumulated in the coal body before
the destruction is continuously increased. It can be seen from the test
results that for the same stage of cyclic loading and unloading, with the
increase in confining pressure, the dissipated strain energy Uy" of coal
specimens gradually decreases. It shows that confining pressure can
effectively restrain the increase of irreversible strain in a coal body.

Furthermore, the test results show that there is a linear
relationship between the input energy U%,, and the elastic strain
energy U’. during the cyclic loading and unloading of the same
coal sample under normal pressure, 3 MPa confining pressure,
6 MPa confining pressure, and 9 MPa confining pressure. The final
fitting formula between the two is: U".=1.055U",-0.416. The
goodness of fit is 0.996. This is consistent with the conclusion of
(Gong et al., 2021).

4.1.2 The energy storage law of coal specimens
under different unloading conditions

After different unloading effects, the coal specimens are subjected
to multistage cyclic loading and unloading at the lower limit of variable
stress. The calculation results of various strain energy in the last cyclic
loading and unloading of each stage are listed in Table 4. According to
the above calculation results, with the increase of unloading
amplitude, in the confining pressure environment of 9 MPa, the
input energy and elastic strain energy at all levels of cyclic loading
and unloading decrease. Because the unloading effect causes damage
to the coal body, the overall mechanical strength continues to decrease.
It can be seen from the test results that, compared with the coal
specimens without unloading, for the same level of cyclic loading and
unloading stage, with the increase in unloading amplitude, the
dissipated strain energy U4" of coal specimens gradually increases.
Unloading can increase the irreversible strain in coal. In addition,
there is a linear correlation between the input energy U, and the
elastic strain energy U". under the conditions of no unloading,
unloading amplitude 3 MPa, and unloading amplitude 6 MPa. The
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TABLE 3 Cyclic loading and unloading test results of coal specimens under varying confining pressures.

Confining pressure  Specimen number Level | Level Il Level IlI Level V o/MPa  U.S/k)m™3 UgP/
cycle/ cycle/ cycle/ cycle/ kJ-m™3
KJ-m™ KJ-m™ KJ-m™ KJ-m™3
Uinr| Uer| Uinn UerI Uinn Uen

normal pressure C-0-3 1812 1571 2387 | 20.12  27.02 2348  — — 11.54 30.18 17.86
C-0-4 17.82 | 1514 21.89 | 1842 | 2572 2210  — — 10.06 27.74 9.54

3 MPa C-3-3 2512 2214 2930 | 2676 @ 3375 3142 @ — — 16.21 38.69 21.74
C-3-4 2637 2379 30.83 | 2881 & 3491 3295  — — 17.85 36.71 16.50

6 MPa C-6-3 3328 3057  37.02 | 3521 @ 4088 3935 @ — — 21.79 43.24 23.07
C-6-4 3482 3283 3810 | 36.67 4222 4095 = — — 23.97 4538 21.93

9 MPa C-9-3 4152 3947 4528 | 4351 4867 4732 5129 | 49.48 27.23 55.23 3145
C-9-4 43.02  40.89 4687 | 4505 @ 4971 4857 5285 = 50.74 29.57 57.02 28.40

TABLE 4 Cyclic loading and unloading test results of coal specimens under varying amplitude unloading.

Level V
cycle/
KJ-m™3

Level Il
cycle/
KJm=

Level Il
cycle/
KJm=

Level |
cycle/
KJ-m=3

Ue/k)-m™3

Unloading amplitude  Specimen number o./MPa UqP/

kJ-m~3

Uinr| Uen Uinr| Uen Uinr| Uen Uinn Uen

Not unloading C-9-3 4152 | 3947 @ 4528 4351 48.67 4732 5129 | 4948 27.23 55.23 31.45
C-9-4 43.02 | 40.89 = 46.87 45.05 49.71 = 48.57 5285  50.74 29.57 57.02 28.40

-3 MPa C-3-3 3517 | 3321 3853 3696 4274 @ 41.65 — — 24.05 43.87 23.42
C-3-4 3451 32.09 37.14  36.08 4185 4028 — — 22.86 41.72 20.84

-6 MPa C-6-3 2342 | 2011 — — — — — — 14.96 30.51 19.75
C-6-4 2554 | 22.28 — — — — — — 16.22 33.77 21.15

final fitting formula between the two is U".=1.052U",-4.056. The
goodness of fit is 0.997. This is consistent with the conclusion of (Gong
et al.,, 2021).

4.2 Bursting liability of coals

4.2.1 Effect of confining pressure and unloading on
the coal bursting liability

In this study, the residual elastic energy index (Cgg) was used to
analyze the rock burst tendency of coal specimens after cyclic loading and
unloading of variable stress lower limits under different confining pressure
conditions. According to the specific definition of residual elastic energy
index (Cgg), when (Cgp) is less than 15 KJ m™, the coal sample has no rock
burst tendency. The coal sample has a strong rock burst tendency when
(Cgp) is more than 30 KJ m™. The coal sample has a weak rock burst
tendency when (Cgp) is more than 15 K] m™ and less than 30 K] m ™. The
residual elastic energy index (Cgp) is calculated as follows.

CEF = Uec - UdP (5)

In the formula, U,  is the peak load point elastic strain energy, that
is, the elastic energy stored in the coal specimen before the peak load.

Frontiers in Earth Science

The area under the peak front curve of coal specimens under different
confining pressures can be brought into the linear relationship
equation between input energy and elastic energy of coal samples
established in the previous section to obtain the U, under different
confining pressure conditions. Ug® is the post-peak damage strain
energy, i.e., the area value of the envelope under the post-peak residual
strain curve.

After calculation, the average residual elastic energy index value of
the coal specimen under normal confining pressure conditions is
15.26 KJ m™, which indicates that this coal sample has a weak rock
burst tendency under the action of the lower limit of variable stress
with the room confining pressure. As shown in Figure 12A, under
3 MPa, 6 MPa, and 9 MPa confining pressures, the residual elastic
energy index (Cgg) of coal specimen after cyclic loading and unloading
under the lower limit of variable stress is 21.76%, 42.92%, and 71.69%
higher than that under normal confining pressure. The above test
results show that the confining pressure can enhance the rock burst
tendency of the coal body. With increasing confining pressure, the
strengthening effect on rock burst tendency propensity is constantly
enhanced. In addition, the residual elastic energy index (Cgp) after
multistage confining pressure and confining pressure o, has a linear
function relationship, with the formula Cgr = 1.2140, + 14.97. With
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the increase of confining pressure, the rock burst strength of the coal
body increases linearly.

As shown in Figure 12B, under the 9 MPa confining pressure,
the (Cgg) of the coal specimen after unloading under the lower
limit of the variable stress of 3 MPa and 6 MPa is 21.11% and
55.38% lower than that of the coal specimen without unloading.
The test results show that the unloading effect weakens the coal
body rock burst tendency. Furthermore, the weakening effect on
the coal body rock burst tendency increases with the increase of
unloading amplitude. The intensity and probability of coal rock
bursts can be effectively reduced by releasing pressure coal in
deep mines.

5 Conclusion

In this paper, lower-limit cyclic loading and unloading tests of
variable stress were carried out on coal specimens with different
unloading levels under multistage confining pressure. The purpose
of this paper was to study the influence of confining pressure and
unloading on the burst tendency of the coal body. The main
conclusions are as follows:

1) The compressive strength of coal specimens under 3 MPa, 6 MPa,
and 9 MPa confining pressure increased by 3.1%, 4.7%, and 6.2%,
respectively, after cyclic loading and unloading under the
lower limit of variable stress. At the same time, at the last
stage of cyclic loading and unloading of the coal specimen
under the above-confining pressure conditions, the coal
specimen entered the plastic deformation process, in which
the axial strain increased by .61%, .42%, and .28% respectively.
The volumetric strain increased by .32%, .24%, and .17%
respectively. This indicates that the greater the surrounding
pressure on the coals, the stronger the constraint on the

This

mechanical properties of the coal body.

deformation of the coals. improves the overall
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2) Compared with the unloaded coal specimen under the confining
pressure of 9 MPa, the compressive strength of the coal specimen
decreased by 14.7% and 45.1%, respectively. The elastic modulus
decreased from 2.42 GPa to 1.96 GPa and 1.24 GPa, respectively,
after unloading the coal specimen with 3 MPa and 6 MPa,
respectively. With the increase in unloading level, the peak load
of the coal specimen decreased, the corresponding strain value
decreased, and the post-peak deformation gradually decreased.
The failure mode of the coal specimen gradually changed from
ductile to brittle failure.

3

~

When the confining pressure of the coal specimen increased from
the normal confining pressure to 9 MPa, the cumulative number of
acoustic emission events during the cyclic loading and
unloading of the lower limit of the variable stress of the
coal specimen increased from 20.8x10* reduced to 8.6x10*
The cumulative number of post-peak acoustic emissions of
7.5%10* was reduced to 3.2x10%, and the accumulated energy
was from 256x107"% ] to 158x107'* J. This shows that the coal
specimen becomes more compact with an increase in
confining pressure, and the failure mode gradually transits
from brittle failure to ductile failure. In addition, with the
increase in the unloading level of coal specimens, the acoustic
emission events in the lower limit cyclic loading and unloading
test of variable stress gradually change from a dispersion state
to several specific areas. When the unloading level was 3 MPa
and 6 MPa, respectively, the total cumulative numbers of
acoustic emission events of the coal specimen were
6.05x10* and 2.83x10*. Compared with the coal specimen
without unloading, the cumulative acoustic emission events
decreased by 25.9% and 65.3%, respectively, indicating that the
larger unloading level causes more significant damage to the
coal body and reduces the total energy required for a coal body
to fail.

With the increase in confining pressure, the irreversible strain of
coal specimens at all cyclic loading and unloading levels gradually
decreases. At the same time, the input energy U, and elastic strain
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energy U". continuously increase. Under multistage confining
pressure, there is a linear relationship between the elastic strain
energy U". and the input energy U";,, during the cyclic loading and
unloading of coal samples. In addition, with the increase in the
unloading level, the irreversible strain of the coal specimen during
the loading and unloading cycles at all levels gradually increases,
and the input energy U", and the elastic strain energy U".
continuously decrease. There is also a linear functional
relationship between the elastic strain energy U". and the input
energy U", of the coal samples during cyclic loading and
unloading under different unloading level conditions.
5) Compared with the coal specimen under normal confining
pressure, the residual elastic energy index (Cgg) of the coal
increased by 21.76%, 42.92%, and 71.69%,
respectively, after cyclic loading and unloading under the lower

specimen

limit of variable stress with the confining pressure of 3 MPa,
6 MPa, and 9 MPa, respectively. This shows that the confining
pressure strengthens the rock burst tendency of the coal body.
With an increase in confining pressure, the strengthening effect on
the rock burst tendency of the coal body continuously increases.
Furthermore, the residual elastic energy index (Cgg) has a linear
functional relationship with the confining pressure. On the
contrary, unloading has a weakening effect on the burst
tendency of the coal body; and with the increase in unloading
level, the weakening effect on the burst tendency of the coal body
continues to increase.
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