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Abstract.  In coal mining activities, the abutment stress of the coal has to undergo cyclic loading and unloading, affecting the
strength and seepage characteristics of coal; additionally, it can cause dynamic disasters, posing a major challenge for the safety
of coal mine production. To improve the understanding of the dynamic disaster mechanism of gas outburst and rock burst
coupling, triaxial devices are applied to axial pressure cyclic loading-unloading tests under different axial stress peaks and
different pore pressures. The existing empirical formula is use to perform a non-linear regression fitting on the relationship
between stress and permeability, and the damage rate of permeability is introduced to analyze the change in permeability. The
results show that the permeability curve obtained had “memory”, and the peak stress was lower than the conventional loading
path. The permeability curve and the volume strain curve show a clear symmetrical relationship, being the former in the form of
a negative power function. Owing to the influence of irreversible deformation, the permeability difference and the damage of
permeability mainly occur in the initial stage of loading-unloading, and both decrease as the number of cycles of loading-
unloading increase. At the end of the first cycle and the second cycle, the permeability decreased in the range of 5.777 - 8.421 %
and 4.311-8.713 %, respectively. The permeability decreases with an increase in the axial stress peak, and the damage rate
shows the opposite trend. Under the same conditions, the permeability of methane is always lower than that of helium, and it
shows a V-shape change trend with increasing methane pressures, and the permeability of the specimen was 3 MPa > 1 MPa > 2

MPa.
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1. Introduction

The coal seam is a typical porous medium. Whether it is
mine disaster prevention or exploitation and utilization of
CBM, the relationship between coal/rock deformation and
gas seepage is required (Lama et al. 2002, Rudakov and
Sobolev et al. 2019, Sobczyk 2011, 2014, Jorat et al. 2013).
During the processes of coal mining, drilling, and blasting,
the stress field of the coal seams in front of the working
face are repeatedly under the influence of periodic
weighting. Afterward, it causes a dynamic change in the
coal seam in front of the working face in the pressurization
zone or the pressure relief zone. The abutment stress on the
coal seam always undergoes a cyclic loading-unloading
process (Li et al. 2018, Martin et al. 2003, Zhang et al.
2017, Wu et al. 2020). In contrast to the static stress state,
under cyclic stress, the mechanical properties of coal seams
and the pore-fracture structure contained in them change.
Concurrently, changes in gas content and pressure during
the mining process will also affect permeability to a certain
extent, which may lead to dynamic disasters such as coal
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and gas outbursts or ground pressure impacts, threatening
coal mining safety (Wang et al. 2012, 2019).

Recently, triaxial loading experiments have been
performed to evolve the characteristics of coal samples,
such as strength, strain, damage, and modulus of coal and
rock during cyclic loading-unloading from experimental
variables such as loading speed, number of cycles, and
stress amplitude. For example, Chen et al. (2007)
experimentally studied the strength and elastic properties of
sandstone under different test conditions. They found that
the unloading or reloading modulus under cyclic loading
was greater than the loading modulus under monotonic
loading. Jafari et al (2004) experimentally observed the
behavior of rock joints under dynamic and cyclic loads. The
results show that the shear strength of thin fractures
increases with increasing confining pressure. Xu et al
(2012) tested different rock materials and found that the
unloading-loading curve form a closed plastic hysteresis
loop. A negative exponential relationship between the
residual strain and the number of cycles conforms. In Xie et
al’s (2020) study, coal samples were mechanically
prefractured, and the complexity of the prefractured
structures was described quantitatively.

The cyclic loading and unloading process is one of the
main factors determining the mechanical properties of
inelastic materials, which will cause local fractures to
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expand/close and then affect the permeability of coal/rock
(Ghabezloo et al. 2009, Russell et al. 2004, Elsworth et al.
2012, 2013, Kasani et al 2017). Fuenkajorn and
Phueakphum (2010) studied the effects of cyclic loading on
the uniaxial compressive strength, elastic modulus, and
irreversible deformation of salt rock. Araei et al (2012)
investigated the effects of initial stress states and loading
rates on the stress—strain curves of rocks under uniaxial
cyclic loading. Gordon ef al. (1968) first reported the
hysteresis of saturated rock under cyclic loading in 1968.
Taheri et al. (2017) proposed and discussed an extensive
test study on the mechanical properties of sandstone, and
found that in the cyclic damage test, the amount of
accumulated axial and transverse strains during the cyclic
damage test was much greater than that in the cyclic
hardening test. Fan and Liu (2019) injected adsorption/non-
adsorption porous media and studied the variation in
permeability. Many existing studies are based on the
elastoplastic constitutive relationship, and much research
has been conducted on the permeability change
characteristics of different types of coal samples under
loading and unloading. Miao et al. (2021) taking granite in

Beishan of Gansu Province as the research object, triaxial
cyclic loading and unloading tests were carried out. The

evolution characteristics of energy dissipation, friction

energy dissipation and breakage energy dissipation of rock
under cyclic loading and unloading were explored. Wang et
al. (2021) found compared with the uniaxial compression
test, cyclic loading and unloading had a certain
strengthening effect on the strength of the samples. The
plastic deformation of the rock samples increased as the
number of cycles increased. Jiang et al. (2021) performed
constant amplitude cyclic loading and unloading tests on
quasi-uranium ore to measure the degree of damage and
used the closed chamber method to measure the
accumulated radon concentration.

However, the permeability damage caused by the
loading-unloading path has not been extensively studied
i.e., the above studies have essentially ignored the influence
of irreversible deformation on permeability, but it has a
significant impact on the flow of gas in coal. In general, the
combined effects of elastic strain, newly generated
fractures, irreversible pore fracture closures, and fluid
dissipation will affect the permeability and mechanical
properties of coal. However, the axial pressure loading and
unloading path of the induced permeability evolution
remains largely unknown.

Because of this, this study investigates the deformation
characteristics of coal samples under axial pressure cycling
loading and unloading paths, and the evolution law of coal
sample permeability under experimental conditions such as
peak axial pressure, pore pressure, and different pore gases
through laboratory tests. The effects of cyclic loading-
unloading paths on the evolution of coal permeability were
quantified through experiments. In addition, by comparing
the experimental permeability of helium and gas, the effect
of adsorption/desorption on the damage of coal
permeability was studied. The permeability response in the
process of cyclic loading and unloading is discussed to help
the research on the mechanism of dynamic disaster

prevention and provide a reference for the safe and efficient
production of coal mine.

2. Experimental work
2.1 Experimental apparatus

This experiment uses a fluid-solid coupling triaxial
device, which is mainly composed of a loading system,
strain measurement system, gas supply system, constant
temperature water bath system, flow meter, and data
monitoring and control system, as shown in Fig. 1. The
system can apply a maximum axial pressure o; (large
principal stress) of 70 MPa, maximum lateral pressure o,
(medium principal stress) of 35 MPa, maximum lateral
pressure o3 (small principal stress) of 10 MPa, maximum
gas pressure of 6 MPa, maximum axial displacement of 50
mm, and a maximum lateral displacement (single side) of
30 mm.

2.2 Specimen procurement and preparation

The strength of coal seams with a tendency to outburst
(especially the soft stratification of coal seams) is usually
very low, and direct drilling cannot be used to obtain test
coal samples. Elsworth ef al (2013) discussed the
deformation and strength characteristics of raw coal and
briquettes. The research results show that the deformation
characteristics and pore structure change rules of briquettes
and raw coal with a certain particle size are identical;
additionally, the results show that briquettes have the
characteristics of easy processing, easy transportation, and
artificial adjustment of molding parameters. Therefore,
various pressure briquettes are often used as raw coal
substitutes for use in the laboratory (Wang et al. 2013).

The pulverized was placed into the coal sample to form
a mold and pressed to form 100x100%x200 mm cuboid
briquettes. To ensure that all the seepage gas passed only
through the cross-section of the coal, the side of the coal
was evenly coated with a layer of 704 silica gel with
appropriate thickness and was sealed with a heat-shrinkable
tube. The influence of the heat-shrinkable tube and the
silicone on the experimental parameter collection can be
ignored. While ensuring the tightness of the test unit, it does
not affect the experimental results.

2.3 Experimental methods

This experiment used 99% high-purity methane, and the
initial confining pressure was set to 4 MPa. The specimens
were press-loaded and unloaded according to different
paths. Among them, nine sets of specimens were tested,
corresponding to nine different experimental conditions,
each of which used two coal samples for experiments. From
each set of data, a test piece with obvious regularity and
data curve not affected by obvious external factors was
selected, and then the corresponding comparative analysis
was performed to obtain the deformation, failure, and
seepage characteristics of the coal.
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Fig. 3 Strain—principal stress difference curves of Tests 1 and 2

3. Result and analyses

3.1 Deformation due to axial stress cyclic loading-
unloading

To study the particularity of coal deformation during
cyclic loading-unloading, an experimental scheme (Test 1)
for cyclic loading-unloading of axial compression is shown
in Fig. 2(a). First, the axial and confining stresses were
loaded to 4 MPa hydrostatic conditions and simultaneously
charged with methane at 2 MPa. Moreover, constant
pressure adsorption was carried out for 24 h to bring the
specimen to adsorption equilibrium (Because the coal
sample is in the dynamic equilibrium state of adsorption-
desorption during the test. In this test, the volumetric strain
of coal sample is within 0.5%, that is, the coal sample has
reach the adsorption equilibrium (Gang et al. 2019Db)).
Afterward, the axial stress was loaded at a speed of 0.1
KN/s at 14 MPa constant stress for 5 min and the axial
stress was loaded to 4 MPa at a speed of 0.002 MPa/s. This
cycle was repeated 2.5 times, and the axial stress was
maintained. The confining stress was unloaded at a speed of
0.002 MPa/s until specimen failure. The axial stress
unidirectional loading test (Test 2) was set for comparison,
as shown in Fig. 2(b)). For the convenience of describing
the experimental phenomenon using o1, o, represents the

axis stress and the confining pressure; moreover, €; and &
represent the axial and lateral strain, respectively.

Fig. 3 shows the strain—principal stress difference curves
of Tests 1 and 2. Notably, there is a difference in
deformation between both. Fig. 3(a)) shows that the cyclic
loading-unloading process of the specimen (Test 1) has
gone through the initial compaction, elastic, yield, and post-
peak stages. After the coal completes the compaction phase,
the axial stress received is less than the yield stress;
therefore, the coal deformation is in the elastic phase, and
the volumetric strain value is always greater than zero, i.e.,
coal undergoes shrinkage deformation. It can also be seen
that the coal samples have good loading “memory”. When
the coal sample completes cyclic loading-unloading at one
stage and enters the next stage, it is found that the axial
strain-principal stress difference curve has the same shape
as the original curve, but it will not completely coincide.
Moreover, each loading and unloading will produce a
hysteresis loop, indicating that during the process, the coal
will suffer partial plastic damage. After the axial pressure
loading and unloading is completed, the confining stress is
unloaded. When the confining stress is reduced to a certain
value, o reaches the yield stress, and the strain rate of the
coal increases sharply, and damage occurs.

Fig. 3 shows that under the same axial and confining
stress, the peak stress of the coal samples under axial stress
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cyclic loading-unloading is lower than that under
conventional loading. This may be due to the fatigue
damage of coal caused by cyclic loading-unloading.
Deformation reduces the strength of the coal samples,
indicating that the loading path has a significant effect on
the mechanical properties of coal.

3.2 Permeability of coal under axial stress cyclic
loading and unloading

This experiment simulates the change in the gas seepage
coefficient under the disturbance of cyclic load generated
by outburst coal during the mining operation.

Through the gas flow rate recorded by the computer, the
permeability is calculated according to Eq. (1). The
percolation of gas in the coal in this experiment can be
considered to obey Darcy’s law:

2RQ uL |
AR —FD) v
where K is the permeability of the coal (mD), Q is the gas
flow rate (ml/s), p is the absolute viscosity of the gas, and
the gas viscosity is 1.087x10-6 Pa-s at room temperature
20°C, Py is the standard atmospheric pressure, 0.101 MPa,
Py is the inlet pressure (MPa), P, is the outlet pressure,
where the standard atmospheric pressure is 0.101 MPa, A is
the effective area of permeability (m?), and L is the length
of the coal sample (mm).

3.2.1 Effect of loading path on permeability

Rock unloading failure is a complicated process. Here,
we only analyze the permeability changes during the axial
stress cyclic loading-unloading stage. Fig. 4 shows the time
course of the volumetric strain and permeability of the coal
samples of specimen 1.

Notably, the permeability variation curve of coal and the
volume strain variation curve have a clear symmetrical
relationship. As the volume strain increases, the
permeability decreases, and vice versa. With the unloading
of the confining stress, the axial stress reaches the yield
point, which causes damage to the specimen and a sharp
increase in permeability.

Fig. 5 shows the results of the change in the
permeability of specimen 1 during each loading-unloading
cycle. In the initial stage of the test, the permeability of the
coal first decreases rapidly and then slowly, which was
caused by the existence of pore fractures. In the process of
applying pressure, the original open structural plane and
fractures gradually closed, the coal was compacted, and the
gas flow channel became narrow. The permeability of the
coal decreased with increasing stress, the axial stress
reached the upper limit, and the permeability was reduced
to a minimum. After entering the cyclic loading stages BC,
CD, DE, and EF, the elastic deformation of the coal is
continuously produced and recovered under the influence of
axial compression . There is a negative correlation between
coal permeability and axial stress. The changing path of
coal permeability during each loading-unloading process is
similar, but the amount of each change gradually decreases
with the number of cycles. With the progress of the cycle,
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Fig. 4 Strain and permeability—time curves of specimen 1
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Fig. 5 Permeability results during cyclic loading-
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Table 1 Permeability fitting constants and R>

Fitting constants

Phase R?
A B C
A-B 0.16155 0.09587 0.24912 0.99621
B-C 0.16342 0.06171 0.23036 0.99811
C-D 0.16031 0.06231 0.28949 0.99332
D-E 0.15518 0.04861 0.20543 0.99715
E-F 0.15169 0.05169 0.24039 0.99747

the elastic deformation of the coal cannot be completely
recovered after the load is removed, i.e., some of the pores
and fissures in the specimen are squeezed, which results in
a certain plastic deformation and loss of coal permeability.

According to the results of Test 1 and research in the
literature (Wang et al. 2012), Eq. (2) was used to
regressively fit the experimental data to obtain the
relationship between permeability and the principal stress
difference index

k = A + Bxexp(—Cxa,) 2)

where A, B, and C are all fitting constants.
Test 1 permeability variation of the fitting constants and
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Fig. 6 Experimental scheme of the loading-unloading cycle under different peak axial stresses
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Fig. 7 Coal permeability under different peak stresses as a function of principal stress difference

R? are as shown in Table 1. The greater the fit in this
equation, the greater the ability to accurately characterize
changes in permeability.

3.2.2 Effect of peak stress on permeability

According to statistics, coal mining in China has a wide
range of mining depths, ranging from several hundred
meters to thousands of meters (Du et al. 2019, 2020).
Different coal mining depths will lead to different axial
compression loads of coal seams. Owing to the inherent
elastoplastic properties of coal/rocks, the peak axial
compression will affect the mechanical properties of the
material, leading to the expansion and closure of pores and
fissures, affecting the permeability of coal seams. To study
the effect of peak axial compression on permeability, two
experimental schemes were designed based on Test 1, as
shown in Fig. 6.

Fig. 7 shows the variation in permeability of the
specimen with the difference in principal stress at different
peak axial pressures. As shown in Figs. 6 and 8, taking the
first cycle as an example, at a 6, of 12, 14, and 16 MPa, the
permeability reduction values were 0.079, 0.087, and 0.090
mD, respectively, showing a positive correlation with o.
Although the permeability changes with the principal stress
difference, it was similar in all three experimental groups;

as o) increases, the permeability at the corresponding point
shows a decreasing trend. In each cycle, the minimum
permeability in the peak stress state and the permeability
recovery value when unloaded to hydrostatic pressure show
a decreasing trend with the cycle periodicity. However, the
change in permeability decreases with the number of cycles,
and the range of change gradually decreases, indicating that
the permeability is sensitive to stress.

The influence of axial stress on the coal pore-fracture
structure and permeability characteristics is mainly reflected
in the following three aspects: 1) As the axial stress
increases, the effective stress on the coal increases, and the
pore size in the coal matrix decreases, resulting in an
increase in methane seepage resistance in the coal and a
decrease in coal permeability. 2) As the axial stress
increases, the effective stress on the coal increases, the
opening degree of the coal fractures reduces, and some of
the fractures close, resulting in a decrease in the seepage
channels and permeability of the gas in the coal. 3) As the
axial stress increases, the amount of coal adsorbed gas
decreases, the corresponding adsorption expansion
deformation decreases, the amount of fracture opening
caused by adsorption expansion decreases, and the
permeability increases (Liu ef al. 2019). Therefore, the
increase in axial stress has both a negative and positive
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Fig. 8 Experimental paths with various pore pressures

effect on the gas seepage process. The final change in
permeability is the result of the competition between these
two effects. It can be seen from Figs. 5 and 7 that
permeability decreases with the increase in axial stress,
indicating that the negative effect is more evident.

3.2.3 Effect of pore pressure on permeability

The conclusion that the permeability of porous media is
related to pore pressure has been widely accepted. In recent
years, the influence of adsorbed and non-adsorbed gases on
the permeability of unconventional reservoirs has also been
a research hotspot. In this experiment, constant external
stress was set, and the pore methane pressure was set to 1,
2, and 3 MPa, and helium corresponding to the pore
pressure was set for comparison experiments, as shown in
Fig. 8.

Fig. 9 shows the variation in permeability with the
principal stress difference under different pore pressure
conditions. Overall, in each experiment, there was a
negative correlation between permeability and principal
stress difference. Moreover, regardless of the pore pressure,
the permeability in the helium experiment was always
greater than that in the methane experiment in the
corresponding state.

Taking the first cycle of Tests 5 and 7 as examples, ka is
0.81 and 0.96 mD, kg is 0.34 and 0.40 mD, and k¢ are 0.721
and 0.802 mD, respectively. Under the same stress state, in
the helium medium, the permeability gradually increases
with the increase in pore pressure. Taking the first cycle of
the methane experiment as an example, at 1, 2, and 3 MPa,

ka is 0.286, 0.256, and 0.279 mD, kg is 0.201, 0.171, and
0.189 mD, and kc is 0.242, 0.224, and 0.241 mbD,

respectively.
As shown in Fig. 10, the permeability at various points
in the methane environment and the irreversible

permeability damage rate show a V-shape change. That is,
the gas pressure is in the range of 1-2 MPa, which decreases
with the increase in gas pressure, and the opposite is in the
range of 2-3 MPa.

From the experimental results, the variation rules of coal
permeability are clearly different. In the helium medium,
because helium is a non-adsorbing gas, the coal matrix does
not undergo expansion and deformation, and the coal matrix
is only affected by the pore pressure Fi, except for the
external pressure. When the external pressure is constant,
owing to the increase in pore pressure, the decrease in
effective stress changes the matrix strain and pore-fracture
structure state inside the specimen, which increases the
number of seepage channels and increases the seepage pore
size, finally reflecting the increase in permeability 11(a).

As shown in Fig. 11(b), in the methane environment, the
coal matrix is not only affected by the pore pressure Fi, but
also by the expansion stress F» induced by the coal matrix
adsorbing gas molecules (Wang et al. 2019a). The influence
of gas pressure on the pore-fracture structure and
permeability characteristics mainly includes the following
three aspects. 1) The pore pressure increases, the effective
stress on the coal matrix decreases, the pores become larger
due to matrix relaxation, and the methane seepage
resistance decreases, which increases permeability. 2) As
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expansion and deformation of the coal skeleton caused by
the gas effect also increases, resulting in a decrease in the
coal permeability volume, gas seepage velocity, and coal
permeability (Liu et al. 2019). Therefore, the increase in gas
pressure has both a positive and negative effect on seepage.
The final change in permeability is the result of the
competition between these two effects.
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Fig. 11 Schematics showing testing with different gases; (a) helium and (b) methane

4. Discussion
4.1 Analysis of permeability damage

From the experimental results of the above groups, it
can be seen that the permeability-principal stress difference
curves do not coincide in each cycle, and the permeability is
always smaller than the axial pressure loading phase during
the axial pressure unloading phase. There is a significant
difference in permeability during loading and unloading in
the same stage. The value can represent the irreversible pore
fractures and fissure changes generated by the coal sample
during loading and unloading, i.e., irreversible permeability
damage.

To quantitatively describe the degree of change in the
permeability of coal samples, Jing (Wang et al. 2012)
proposed the irreversible permeability damage rate of coal.
The greater the irreversible permeability damage rate, the
worse the recovery of coal sample permeability, which can
be calculated using Eq. (3):

ky—k
D1=A c

x 100% 3)
A

where D, is the irreversible permeability damage rate of the
first cycle of the coal sample, ka is the coal sample
permeability measured at point A, and kc is the coal sample
permeability measured at point C. Similarly, the irreversible
permeability damage rate in the second cycle can be
obtained.

Take the permeability values at each node in Tests 1, 3,
and 4 and bring them into the above equation to obtain the
effect of the peak axial stress on the rate of permeability
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Fig. 12 Damage rate of permeability influenced by peak
axial stress

loss, as shown in Fig. 8. After cyclic loading and unloading,
the coal samples undergo irreversible plastic deformation,
indicating that under the action of external pressure, the
inherent pores and fissure structure of the coal change,
causing a certain degree of permeability damage during
each cycle of the loading-unloading process.

As shown in Fig. 12, at 12, 14, and 16 MPa, the
irreversible permeability damage rates in the first stage are
8.421, 13.180, and 15.777%, respectively, and the
irreversible permeability damage rates in the second stage
are 4.311, 7.184, and 8.713%, respectively. This
phenomenon can also be observed in Fig. 10. Notably, the
permeability damage amount and the axial pressure peak
show a positive correlation, and the initial loading and
unloading stage is the main stage of permeability damage to
coal samples.
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From the perspective of effective stress (Terzaghi,
1943), during the experiment, the axial and confining
stresses are equivalent to the axial and the confining
effective stresses. The increase in effective stress causes the
coal sample to be compressed more densely, and the pore
diameter of the coal molecules decreases. The smaller
diameter reduces the effective percolation channel of
methane, increases the resistance of gas molecules to
movement, reduces the seepage speed of the methane, and
ultimately results in a reduction in the permeability of the
coal sample. Simultaneously, under these stress peaks, it is
not enough to cause new fractures in the specimen; thus, the
specimen does not appear damaged. Conversely, with the
increase in axial stress, the pore fracture in the specimen is
further compressed, resulting in a decrease in permeability.
With the increase in the peak stresses, the damage rate of
permeability gradually increases in the cyclic loading-
unloading experiment, which again illustrates the sensitivity
of permeability to stress.

4.2 Contribution of this experiment on dynamic
disaster prevention and control

Under the disturbance of mining, the abutment stress of
the coal in front of the working face is always in the
dynamic change of strengthening and weakening, and the
change in the pore/fracture structure causes fluctuations in
the permeability of the coal.

In the initial stage of the influence of abutment stress,
the stress is concentrated and the force acting on the coal
gradually increases. However, because the degree of stress
received is small and the failure limit is not reached, the
coal is in the elastic compression stage, and the strain curve
shows a monotonous downward trend. Under the action of
stress, the original pores/fractures in the coal seam are
compressed to varying degrees (or even closed) and the gas
seepage channels are reduced. The result is that the gas
permeability of the coal seam is reduced, the gas storage
effect is more evident, and the pore pressure is greater. The
increase in pore pressure harms coal permeability and is
more conducive to the accumulation of coal seam methane.
Under the dual effects of abutment stress and pore pressure,
the coal permeability will be further reduced, and the
strength of the coal sample will increase. At this time, coal
and rock dynamic disaster accidents are prone to occur.
When the abutment stress is weakened, as the stress is
removed, the strain of the coal in an elastic state begins to
recover. The pores/fractures originally in the compressed
state expand and the permeability is recovered, but the
strain value and permeability of the coal can be seen that
none of them recovered to the initial value, and the
permeability was lost every time the abutment stress was
loaded and unloaded. Additionally, the permeability begins
to increase, and the accumulated gas is immediately
desorbed, leading to an acceleration of diffusion and
seepage, conditions that favor coal and gas outburst
disasters.

Currently, with the depletion of resources in Chinese
shallow mines, mining is gradually expanding towards
deeper wells. With deep mines, the phenomena of high
stress and high pore pressure are more evident, and the

superimposition of the phenomena will further increase the
induction of dynamic disasters. Therefore, in the process of
deep coal mining, in addition to conventional gas control
measures, actions must be taken to relieve the abutment
stress of the coal seam in front of the work face, eliminate
the elastic potential energy of the coal, reduce the internal
energy of the gas, and prevent the occurrence of coupled
dynamic disasters such as rock bursts and gas outbursts.

5. Conclusions

Studying the influence of periodic pressure on coal
seams in front of the working face can guide the prevention
and control of the combined dynamic disasters of coal and
gas outbursts and rock bursts. In this study, laboratory
experiments of loading and unloading axial stress cycles
were performed using briquettes, and the experimental
parameters around the loading and unloading path, peak
axial pressure, pore pressure, and pore medium were used.
Based on this study, by comparing and analyzing the
evolution of coal sample deformation, permeability change,
and permeability irreversible damage rate, the following
conclusions can be drawn.

1) There are obvious symmetrical relationship between
the permeability curve of coal and the volumetric strain
curve. In the process of axial pressure loading and
unloading, the permeability of coal shows a negative power
exponential function change. In the process of cyclic
loading and unloading, the permeability can’t recover to its
initial value, which indicates that the permeability of coal
will be damaged to a certain extent. The permeability
difference and permeability damage decrease with the
increase of cyclic loading and unloading times, and the
change and damage of permeability mainly occur in the
initial loading and unloading stage.

2) The strain-principal stress difference curves of the
coal sample have “memory”, and it will return to the
original path after completing the cyclic loading and
unloading of one stage and entering the next stage. The
peak stress of coal samples under cyclic loading and
unloading of axial compression is lower than that under
conventional loading. Fatigue damage and deformation
caused by cyclic loading and unloading path reduce the
strength of coal samples. The permeability of coal
containing gas decreases with the increase of axial pressure,
and the permeability damage rate increases gradually, which
indicates that permeability is sensitive to stress.

3) Under the same stress conditions, compared with
helium environment, the permeability of coal samples in
methane are always lower, and with the increase of gas
pressure, the permeability shows a “V” shaped trend. This
is due to the competitive effect of expansion deformation
and shrinkage deformation caused by gas adsorption on coal
matrix, which results in the change of pore-fracture
structure in coal.
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