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This manuscript studied the effects of variable axial pressure loading rate and variable confining pressure unloading rate on
the deformation behavior and seepage characteristics of raw coal under alternate loading and unloading of axial pressure and
confining pressure. It believed that as axial stress increases, axial strain e, decreases, radial strain &; increases, and
permeability k decreases, and ¢,’, ¢,', and k' increase when confining pressure is decreases. With the loading of axial
stress and the unloading of confining pressure, the variation amplitudes of ¢,’, €;’, and k' values reduce gradually. During
axial stress loading, the rise in the amplitude of & is larger than that of &; and the reduction in the amplitude of k,
indicating that e, is more sensitive to axial stress than &; and k. During unloading of confining pressure, the increase rate
of & is larger than that of ¢, and k; also, &; showed a high sensitivity to confining pressure. In the stage of axial stress
loading and confining pressure unloading, the evolution law of deformation and permeability parameters is basically
consistent with the change in loading and unloading rate.

1. Introduction

An abundance of coal resources with high stability in both
mining and supply makes coal China’s one of the most
important energy resources. Due to the depletion of coal
resource in the shallow strata, coal mining is gradually
advancing to deep strata. The deep strata not only have com-
plex geological conditions and are notoriously difficult to
exploit, but are also in complex environments with high
geostress, high permeation pressure, high ground tempera-
ture, and low permeability, which have an increased risk of
coal and gas outburst, rock burst, and other mine dynamic
disasters. Effective prediction and prevention of mine
dynamic disasters at a technical level has become an area
of focus for many researchers at home and abroad in recent
years [1-10].

In the process of coal mining, the excavation, well dril-
ling, and hole drilling of coal seam and rock strata lead to
changes in mining-induced stress and local stress concentra-
tion, resulting in deformation, instability, and failure of the
coal and rock mass. In the process of coal seam excavation
and driftage, methods for reducing excavation speed and
cyclic excavation footage are commonly used to reduce the
risk of deformation and failure of the coal and rock mass.
Hence, the motivation behind research studies is to reduce
the risk of mine dynamic disaster by changing the stress
loading and unloading rates, which have an important effect
on the mechanical properties and seepage characteristics of
coal and rock masses. At present, scholars at home and
abroad have conducted a lot of research on coal-rock
mechanical properties under varying loading and unloading
rate.
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Yin et al. [11] studied the effects of loading and unload-
ing rates on dilatancy characteristics of sandstone under true
triaxial stress and found that the dilatancy characteristics at
the failure of sandstone were conspicuous when unloading
rate increased, while the dilatancy point of sandstone gradu-
ally lagged behind, and the dilatancy capacity decreased
when loading rate decreased. Xie et al. [12] used mining
methods with three different loading and unloading rate
ratios to analyze the mechanical properties of raw coal,
and the results showed that the mining method of coal has
a considerable impact on mining behavior characteristics.
Li and Qin [13] used an unloading confining pressure
experiment on raw coal and found that increasing the
unloading rate of confining pressure would significantly pro-
mote the deformation and failure of coal rock containing gas
and reduce energy loss. Zhao et al. [14] studied the influence
of loading and unloading rates on the mechanical and seep-
age properties of sandstone using cyclic loading and unload-
ing, and the results showed that increasing number of cycles
would increase the deformation modulus of sandstone, and
the permeability followed the variation rule of “co.” Wang
et al. [15] studied the deformation and fracture characteris-
tics of red sandstone at different strain rates and found that
with increasing strain rate, the strength of the specimen first
decreased and then increased, while the ratios of stress
induced in the initiation and damage stress to strength when
failure occurs always showed a decreasing trend. Jia et al.
[16] carried out coal rock seepage test with reduced pore
pressure and full stress-strain seepage test, constructed coal
rock permeability model considering temperature stress,
and discussed the evolution mechanism of coal rock gas
seepage under the action of temperature and stress. Bai
et al. [17] established the permeability model of damaged
coal and rock under triaxial stress loading and unloading
and verified the permeability model based on the test results.
Li et al. [18] studied the AE waveform characteristics of rock
mass under uniaxial loading based on Hilbert-Huang trans-
form. Zhang et al. [19] studied the mechanical action mech-
anism of pore fluid on the preparation of coal and rock
dynamic disasters under the disturbance of cyclic external
load in different abutment pressure areas in front of mining.
Li et al. [20] established the modified double L adsorption
model and the coal rock permeability model considering
the coupling effect of temperature and pore pressure and
verified its rationality through the test results and test
comparison.

The above studies are of great significance for accurately
understanding of the influence of loading and unloading
rates on the deformation and seepage characteristics of coal
and rock masses. To further understand the influence of
loading and unloading rates on the mechanical properties
and permeability evolution law of raw coal, an experimental
study is performed. The influence of variable axial loading
rate and variable confining pressure unloading rate on
the deformation, fracture, and permeability characteristics
of raw coal under alternating axial and confining pressure
loading and unloading is analyzed in this paper. The addi-
tional objective of the present research is to provide
reliable suggestions for roadway support, design, and exca-
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TaBLE 1: The basic parameters of raw coal samples.

No. Diameter (mm) Height (mm) Weight (g)
S1 49.98 99.96 296.54
S2 49.96 99.96 296.58
S3 49.94 99.96 296.86
S4 49.98 99.96 296.89
S5 49.96 99.96 296.32
S6 49.96 99.96 296.18
S7 49.96 99.96 296.58
S8 49.98 99.96 296.75

FIGURE 1: Standard raw coal specimens.

vation of chambers, as well as for surrounding rock stabil-
ity analysis.

2. Specimens and Test Scheme

2.1. Preparation of Specimens. Raw coal specimens used in
this test are taken from Shamushu Coal Mine of Sichuan
Coal Industry Group. The block coal was processed into
standard raw coal specimens with dimension of @50 x 100
mm via laboratory processes. The end unevenness was con-
trolled within 0.05mm, the basic parameters of raw coal
samples are shown in Table 1, and the density of raw coal
specimens was 1.513g/cm’. The raw coal specimens are
shown in Figure 1.

2.2. Test Apparatus. The apparatus used in the test is a
thermal-fluid-solid coupling seepage device for coal and
rock containing gas independently developed at Chongqing
University [21], as is shown in Figure 2. The system consists
of a loading control system, stress and strain acquisition and
analysis system, internally sealed seepage system, and acous-
tic emission monitoring system. The test system can perform
experiments on specimens with a size of (¢50 x 100 mm)
and (9100 x 200 mm) and can provide maximum axial pres-
sure of 1000 kN, maximum confining pressure of 60 MPa in
radial direction, and maximum gas pressure of 6 MPa. The
system is capable of conducting experimental tests of failure,
seepage, and hydrofracture under coupled multiple mining-
induced stress paths, gas pressure, and temperature.

2.3. Testing Program. The raw coal specimen is placed in the
loading chamber. Axial stress 0, and confining pressure o
are loaded at a loading rate of 0.2kN/s up to hydrostatic
pressure of 7MPa, and CH, gas at 2 MPa is then passed
through the inlet. The test is carried out after the coal spec-
imen absorption lasts for 2 hours, and the outlet flow is
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FIGURE 2: Thermal-fluid-solid coupling seepage apparatus for coal and rock containing gas.
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FI1GURE 3: Alternate loading and unloading paths.
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(a) Variable axial pressure loading rate path (specimens S1-54)

TaBLE 2: Testing program of variable loading and unloading rates under alternate loading and unloading paths.

Axial pressure (MPa)

Loading rate of axial pressure (kN/s)

Confining pressure (MPa)

Unloading rate of confining

S1 S2 S3 S4 pressure (kN/s)

7 7
9.42 0.01 0.5 0.01 0.5 6.5 0.02
11.83 0.02 0.2 0.05 0.2 6 0.02

0.05 0.1 0.2 0.05 0.02
14.25 0.1 0.05 0.5 0.01 > 0.02
16.67 0.2 0.02 0.2 0.05 5 0.02
19.08 0.5 0.01 0.05 0.2 4.5 0.02
215 4

(b) Variable confining pressure unloading rate path (specimens S5-S8)

Unloading rate of confining pressure

Axial pressure (MPa) Loading rate of axial pressure (kN/s) Confining pressure (MPa) (kN/s)
S5 S6 S7 S8

7 7
9.42 0.05 6.5 0.001 0.05 0.002 0.05
11.83 0.05 6 0.002 002 0005  0.02

0.05 0.005 0.01 0.02 0.005
14.25 0.05 >3 0.01 0.005 0.05 0.002
16.67 0.05 5 0.02 0.002 0.02 0.005
19.08 0.05 4.5 0.05 0.001 0.005 0.02
21.5 4
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(a) Stress-strain-permeability curve of raw coal specimen S1
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(c) Stress-strain-permeability curve of raw coal specimen S3
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(b) Stress-strain-permeability curve of raw coal specimen S2
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(d) Stress-strain-permeability curve of raw coal specimen S$4

FIGURE 4: Stress-strain-permeability curve of raw coal under variable axial pressure loading rate.

stable. The test loading program is shown in Figure 3. In this
test, alternately loading axial pressure (2.42MPa) and
unloading confining pressure (0.5MPa) are adopted to
change the axial pressure loading rate and confining pres-
sure unloading rate, respectively, to explore their influence
on the deformation and permeability characteristics of raw
coal. The specific loading rates of the test are summarized
in Table 2. After the axial pressure loading and confining
pressure unloading reach the specified target value, the load-
ing mode is changed to displacement controlled loading,
with a loading rate of 0.00167 mm/s, until the raw coal spec-
imen is damaged. During loading and unloading, a mass
flowmeter is used to monitor the gas flow at the outlet, and
Darcy’s law is employed to calculate the permeability of
raw coal specimen at different loading and unloading rates
which is given as follows [17, 21]:

2quLP,

ElGEE) v

where k is permeability of raw coal specimen, m?; L is length
of raw coal specimen, m; ¢ is gas flow under standard condi-
tions, m>/s; u is dynamic viscosity of gas, Pa-s; A is cross sec-
tion area of raw coal specimen, m? P, is ambient pressure,
MPa; P, is inlet end gas pressure, MPa.

3. Test Results and Analysis

3.1. Analysis of Stress-Strain Permeability Curve under
Variable Axial Pressure Loading Rate. Under alternating
loading and unloading conditions, the stress-strain-
permeability curve of raw coal specimen under a variable
axial pressure loading rate is shown in Figure 4. The perme-
ability of specimen S4 is small during the test, and no con-
siderable change rule can be observed; therefore, the
evolution of permeability of this specimen is ignored. Each
increment of axial stress by 2.42 MPa leads to an increase
in axial strain €, and radial strain e; as well as a decline in
permeability k. This is because increasing of axial stress
causes axial compression deformation and radial expansion
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(a) Stress-strain-permeability curve of raw coal specimen S5
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(c) Stress-strain-permeability curve of raw coal specimen S7
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(b) Stress-strain-permeability curve of raw coal specimen S6
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(d) Stress-strain-permeability curve of raw coal specimen S8

FIGURE 5: Stress-strain-permeability curve of raw coal under variable confining pressure unloading rate scheme.

of raw coal specimen, which increases both axial and radial
strains. The pore cracks in raw coal are compressed, and
the seepage channel is narrowed, leading to the decline of
permeability. When confining pressure decreases by
0.5MPa, ¢, &5, and k increase. This can be attributed to
the fact that confining pressure unloading causes radial
expansion of raw coal specimen, increase of ¢, increase of
pore crack area in raw coal, relative reduction of crack tortu-
ousness, and expansion of gas seepage channels, thus even-
tually showing increase of permeability. With the loading
of axial stress and the unloading of confining pressure, the
variation amplitudes of ¢,, €5, and k all decrease gradually.
In the process of axial force loading, the increased amplitude
of &, is larger than that of e; and the decreased amplitude of
k, indicating that &, is more sensitive to axial stress than &,
and k. However, &, has a small variation amplitude during
confining pressure unloading, showing a low sensitivity to
the confining pressure. Similarly, during confining pressure
unloading, the increased amplitude of & is larger than that
of ¢, and k, and &, shows a higher sensitivity to the confining
pressure.

The axial strain is represented by ¢,, the radial strain is
represented by &5, the volumetric strain is represented by
¢,, and the calculation formula is as follows:

AL
& = T, (2)
AD
&= 7T7D, (3)
£, =& t¢&;, (4)

where AL is the axial deformation, mm; L is the height of
the sample, mm; AD is radial deformation, mm; D is the
diameter of the sample, mm.

With the change from axial loading mode to displace-
ment loading, the increased amplitude of k for specimen
S1 first decreases and then increases, and the increased
amplitudes of k for specimens S2 and S3 gradually increase
until the specimens are damaged. When raw coal specimens
are damaged, the peak strength is 40.39 MPa for specimen
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FIGURE 6: Rate of change of strain and permeability of raw coal under variable axial pressure loading rate scheme.

S1, 26.66 MPa for specimen 2, 36.25MPa for specimen S3,
and 46.61 MPa for specimen S4. The strength anisotropy is
due to the initial microcracks within the raw coal specimen
in different directions caused by the change of axial loading
rate, as well as the anisotropy of coal sample’s own structure
(stratification and cleat structure), resulting in a great differ-
ence in strength.

3.2. Analysis of Stress-Strain Permeability Curve at Variable
Unloading Rate under Confining Pressure. Under alternate
loading and wunloading conditions, the stress-strain-
permeability curves of raw coal specimen under variable
confining pressure unloading rate are shown in Figure 5.
When the axial stress increases by 2.42 MPa and the confin-
ing pressure decreases by 0.5 MPa, the variation of axial
strain, radial strain, and permeability shows similar patterns
to those shown in Figure 4. With the loading of axial stress
and the unloading of confining pressure, the variation
amplitudes of &, and &; decrease gradually. However, the
variation amplitude of k shows a different trend. During
alternating loading and unloading, k shows an alternating

increasing and decreasing pattern, and simultaneously, it
shows an overall downward trend as a whole. In the same
axial loading process, the increased amplitude of ¢, is greater
than that of &; and the decreased amplitude of k, and ¢, is
more sensitive to axial stress and less sensitive to confining
pressure. In the unloading process of confining pressure,
the increased amplitude of ¢, is larger than that of ¢; and k
in the unloading process of confining pressure, and &, is
more sensitive to confining pressure. The peak strength
values of raw coal specimens S5-S8 are 56.60 MPa,
33.19 MPa, 42.09 MPa, and 43.23 MPa, respectively, when
they are damaged. The initiation and propagation of initial
microcracks and the anisotropy of coal sample structure lead
to the difference in raw coal strength.

4. Discussions

4.1. Effects of Variable Axial Loading Rate on Strain and
Permeability. To explore the evolution laws of axial strain
€, radial strain &, and permeability k of raw coal under
the condition of variable of the axial loading rate, formulas
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FIGURE 7: Rate of change of strain and permeability of raw coal under variable confining pressure unloading rate.

(5)-(7) are used to calculate the rate of change of ¢, &5, and
k with time.

de

o'=2, )
de

83’:d_t31 (6)
dk

K=" 7
5 (7)

where ¢,', €,', and k' are the rate of change of axial
strain, radial strain, and permeability with time, respectively,
under variable loading rates at alternate loading and unload-
ing stages. The calculation results are shown in Figure 6. The
e,' and k" of raw coal in the increasing stage of axial stress
are greater than the change values in the confining pressure
unloading stage, but &, is less than the increased value in
the confining pressure during unloading stage. In the stage
of axial stress loading, ¢,’, &;', and k ' show the same change
rule as the loading rate. As the loading rate increases, ¢, ', &,

,and k' gradually rise, and they always show the relationship
ofe," > k' >¢,'; as the loading rate decreases, ¢, ', €;', and k'
first decrease and then increase; as the loading rate first
increases and then decreases or first decreases and then
increases, ¢,', €;', and k' show the same change rule with
it. At the stage of identical confining pressure unloading rate,
¢,', &', and k' all show the variation trend of increasing,
and ¢, is always greater than ¢, and k'.

4.2. Effects of Variable Confining Pressure Unloading Rate on
the Rate of Change of Strain and Permeability. To explore
the evolution law of strain and permeability of raw coal spec-
imen under variable confining pressure unloading rate, for-
mulas (5)-(7) are used to calculate the rate of change of

sl', 83’, and k' with time, and the calculated results are
shown in Figure 7. ¢,’, ¢,’, and k' show the same change
rule with confining pressure unloading rate. As the unload-
ing rate associated with confining pressure increases, ¢,’,
e;', and k' all continuously increase; as the unloading rate
decreases, ¢,, &', and k' all gradually decrease; as the
unloading rate first decreases and then increases or first



increases and then decreases, ¢, €', and k' show the same
variation with it. During the unloading stage associated with
confining pressure, &, always keeps minimum. ¢, >¢;’ >
k" is always maintained in the loading process with the same
axial pressure loading rate, and ¢,’ is always greater than
that in the unloading stage associated with confining pres-
sure. The variation amplitudes of ¢," and k' are not signifi-
cant. &' always and continuously increases, but the
variation amplitude is also not significant.

5. Conclusions

In this paper, a study is conducted on the effects of variable
axial pressure loading rate and variable confining pressure
unloading rate on the strain behavior and seepage character-
istics of raw coal under alternate loading and unloading of
axial pressure and confining pressure. The main conclusions
are as follows:

As axial stress increases, axial strain &, decreases, radial
strain &, increases, and permeability k decreases. When con-
fining pressure decreases, €, , ¢, , and k' increase.

With the loading of axial stress and the unloading of
confining pressure, the variation amplitudes of ¢,, &', and
k' values reduce gradually. During axial stress loading, the
rise in the amplitude of &, is larger than that of &; and the
reduction in the amplitude of k, indicating that &, is more
sensitive to axial stress than &; and k.

During unloading of confining pressure, the increase rate
of &, is larger than that of ¢, and k; also, &; showed a high
sensitivity to confining pressure.

In the stage of axial stress loading and confining pressure
unloading, the evolution law of deformation and permeabil-
ity parameters is basically consistent with the change in
loading and unloading rate.
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