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In this paper, we investigated the gas permeation properties of fractured rock during the process of stage load axial stress and cyclic
load and unload confining pressure and come to some conclusions as follows: (1) the relationship between radial strain and
deviatoric stress satisfied the quadratic polynomial function, and the relationship between permeability and deviatoric stress
satisfied the exponential function under different axial stress levels; (2) in the staged load axial stress process, the axial strain-
deviatoric curves of specimens conform to the quadratic polynomial function. The axial strain-deviatoric curves of specimens
conform to linear function when confining pressure is 8.6MPa or 2.0MPa at different axial stress levels; (3) we used the
permeability damage rate and maximum permeability damage rate to evaluate the recovery degree and reduction extent of
permeability; (4) we used the volume expansion ratio and the maximum volume expansion ratio to evaluate the expansion
degree and increase extent of rock samples’ volume.

1. Introduction

In the underground mining process, the coal body affected
by mining has multiple distributions of stress field, which
leads to constant abutment stress or pressure relief area in
the mining process, while the roof strata of the goaf are
broken and undergo a repeated loading and unloading
process. The gas in the coal seam migrates upward and
accumulates along the fractured rock mass of the coal
seam roof, which easily causes a gas outburst accident
[1]. Therefore, it is important to investigate the deforma-
tion and permeability of fractured rock.

Many researches have been done for the mechanic prop-
erties of coal-rock in recent years. It is considered that con-
fining pressure and pore pressure affect rock permeability
in different degrees [2–5], the change of rock permeability
can be explained by effective stress principle, and a damage
model was proposed based on micromechanics to describe
the anisotropic damage characteristics of rock samples [6].
The test results show that the permeability of brittle rock
increases rapidly at a critical failure point [7], while the

mechanical and permeability characteristics of sandstone
and limestone are different before and after failure [8]. Zhao
et al. [9] conducted the model of the logical fracture behavior
of rock cracks subjected to hydraulic pressure and far field
stresses. In view of the creep-seepage coupling characteristics
of rock, the variation of seepage velocity with time in the
process of complete creep of rock was analyzed [10], the
permeability characteristics of clay rock during a triaxial
creep process were discussed [11], and the creep, permeabil-
ity variation, and seepage-creep coupling mechanism of
rocks were discussed during the loading and unloading pro-
cess [12]. According to the cyclic loading and unloading test
of rock specimens, the permeability evolution law of sand-
stone specimens in the whole process of failure was analyzed
[13], and the relationship between the damage evolution and
permeability of granite specimens is also analyzed [14]. Zhao
et al. [15] conducted extensive laboratory investigation of the
nonlinear rheological mechanical characteristics of hard rock
under cyclic incremental loading and unloading and
proposed a data processing algorithm to analyze the experi-
mental data. According to the sandstone specimen test, the
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variation of permeability with axial strain, radial strain, and
volumetric strain was analyzed in the process of complete
stress-strain curves [16] and established the gas seepage
model of a strain index and the effect of stress concentration
state on the deformation law and seepage characteristics of
sandstone in the process of unloading confining pressure fail-
ure [17, 18]. Huang and Hu [19] investigated the damage of
shale rock impacted by a high-pressure supercritical carbon
dioxide (SC-CO2) jet and used a well-designed apparatus to
conduct experiments with a high-pressure SC-CO2 jet
impacting shale core plugs. A rough single-fracture sand-
stone seepage model based on dimensional analysis is estab-
lished for the fracture seepage test of rough single-fractured
sandstone specimens [20]. Huang et al. [21] investigated
the lateral jetting commencing points associated with the
peak pressure when an arc-curved jet impacts flat, concave,
convex, and inclined solid surfaces, respectively. Tempera-
ture and water content have different effects on rock perme-
ability. It is considered that the permeability coefficient
increases with temperature. For a given temperature level,
the transmittance decreases with the increase of confining
pressure, and the decline rate decreases gradually [22]. The
interaction between physical properties, volume change,
and permeability of hard sandstone under complete water
saturation is described [23]. Zhao et al. [24] performed the
transient pulse tests on single rock fractures at different con-
fining pressures, and a new data analysis method based on
polynomial fitting was introduced to investigate the relation-
ship between flow velocity and hydraulic gradient.

Previous studies mainly focused on the mechanics and
permeability of intact coal and rock, and there is little
research on the deformation and permeability of fractured
rock. During the mining process of the working face, the roof
rock is deformed and broken, and then, the fractured rock
mass is formed. The gas inside the coal seam migrates to
the goaf and along the crack to the top of the rock stratum.
Therefore, the study of gas migration in fractured rock mass
during the loading and unloading process is of great signifi-
cance for the treatment of coal and gas outbursts.

2. Specimens, Equipment, and Methods

Rock samples come from the roof of coal seam #2+3 of
the Yibin coal field in Sichuan, China. Several cuboid rock
samples measuring 100mm × 100mm × 150mm were cut
into the appropriate size of 50mm diameter and 100mm
length for triaxial seepage tests. A thermal-fluid-solid cou-
pling triaxial servo seepage device developed (Chongqing
University, Chongqing, China) [25] was employed to con-
duct the triaxial seepage tests, as shown in Figure 1. The
equipment can conduct a coal-rock gas permeability test
under different stresses and gas pressure. The maximum
axial pressure is 200 kN, the confining pressure is 10MPa,
the maximum axial deformation displacement is 60mm,
and the maximum radial deformation is 6mm. The temper-
ature ranges from room temperature to 100°C. The stress
measurement system has an accuracy of ±1%, a deformation
accuracy of ±1%, and a temperature control accuracy of ±1%.

During the coal seam mining process, the stress changes
complexly in front of the working face and appears on the
stress concentration zone, the stress reduction zone, and
the original stress zone. The overburdened strata in the goaf
are broken; the roof falls and undergoes a complex loading
and unloading process. Therefore, it is of great significance
to study the mechanical and permeability characteristics of
fractured rock samples during the loading and unloading
process to prevent and control coal and gas outbursts. Load
and unload seepage tests on specimens damaged by triaxial
compression, that is, loading axial stress at stage and cyclic
loading and unloading confining pressure test of fractured
rock, are as follows: (1) gradually apply σ1 = σ2 σ3 to a
hydrostatic pressure of 2MPa; (2) keep the gas pressure at
0.5MPa; (3) keep the gas fully absorbed for 12 h until reach-
ing equilibrium; (4) load axial stress of 4MPa, 6MPa, 8MPa,
10MPa, 12MPa, 14MPa, 16MPa, 18MPa, and 20MPa at the
stress control loading rate of 0.05 kN/s at stage. Under differ-
ent axial stress stages, load confining pressure of 8.6MPa at a
loading rate of 0.05MPa/s, then unload confining pressure of
2.0MPa at the same rate; (5) maintain 2MPa confining
pressure constant and load axial stress till fractured rock
failure at displacement control loading rate of 0.1mm/min.
There are 3 fractured rock specimens of #j1, #j2, and #j3 in
this seepage test.

3. Results and Discussion

Assuming that the gas flow in the fractured rock conforms to
Darcy’s law, the permeability of fractured rock was continu-
ously calculated by [18, 25]

k = 2υμLp2
S p21 − p22

, 1

where k presents the permeability (mD), v is gas seepage
velocity (cm3/s), μ refers to the gas kinematic viscosity
(Pa·s), L is the length of fractured rock (mm), S is the cross-
section area of fractured rock (mm2), p1 is gas pressure at
the sample inlet (MPa), and p2 is gas pressure at the sample
outlet (MPa).

3.1. Analysis of Deformation and Permeability Properties. The
complete stress-strain-permeability curves of fractured rock
under load and unload conditions are presented in Figure 2.

We can see from Figure 2 that the permeability of each
sample fluctuates greatly; this is because this is related to
the test scheme designed in this paper. Specific test schemes
are load axial stress of 4MPa, 6MPa, 8MPa, 10MPa,
12MPa, 14MPa, 16MPa, 18MPa, and 20MPa at a stress
control loading rate of 0.05 kN/s at stage. When the axial
pressure is loaded to the preset stress level, constant axial
stress and loading-unloading confining pressure tests are
carried out. The permeability decreases nonlinearly in the
process of loading confining pressure but increases nonli-
nearly in the process of unloading confining pressure. There-
fore, the permeability of the sample shows big fluctuations.

Details are observed in Figure 2, while maintaining con-
fining pressure constant and load axial stress process, the
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fractured rock shows axial compression deformation, radial
expansion, and permeability reduction nonlinearly. As the
axial stress increases from 2MPa to 4MPa, the axial strain
of specimen #j1 increases by 0 054 × 10−2, the radial strain
increases by −0 001 × 10−2, and the permeability decreases
from 21.206mD to 19.82mD: the decrement of permeability
was 6.53%; the axial strain of sample #j2 increases by 0 089
× 10−2, the radial strain increases by −0 001 × 10−2, and the
permeability decreases from 12.582mD to 11.499mD: the
decrement of permeability was 8.6%; the axial strain of sam-
ple #j3 increases by 0 141 × 10−2, the radial strain increases by
−0 003 × 10−2, and the permeability decreases from
9.387mD to 6.303mD: the decrement was 32.85%.

Subsequently, load axial pressure of 4MPa, 6MPa,
8MPa, 10MPa, 12MPa, 14MPa, 16MPa, 18MPa, and
20MPa at stage, and load confining pressure at stress con-
trol loading rate of 0.05MPa/s to 8.6MPa, then unload
confining stress to 2.0MPa at the same rate. The fractured
rock shows axial compression deformation, radial shrink-
age deformation in the load confining pressure process,
while the axial deformation is almost invariable, and radial
expansion during unload confining pressure.

(1) The first load and unload confining pressure was
under 4MPa axial stress; as the confining stress
increases from 2MPa to 8.6MPa, the axial strain of
the specimen #j1 increment was 7.41%, the radial
strain increases to 0 185 × 10−2, and the permeability
decrement was 58.74%; the axial strain of sample #j2
decrement was 47.19%, the radial strain increases to
0 202 × 10−2, and the permeability decrement was
83.53%; the axial strain of sample #j3 decrement
was 55.32%, the radial strain increases to 0 279 ×

10−2, and the permeability decrement was 38.3%.
After unloading confining pressure from 8.6MPa
to 2MPa, the axial strain of sample #j1 decrement
was 3.45%, the radial strain decreases to 36.22%,
and the permeability increment was 6.79%; the
axial strain of sample #j2 increment was 68.09%,
the radial strain decreases to 22.77%, and the per-
meability increment was 157.13%; the axial strain
of sample #j3 increment was 90.48%, the radial
strain decreases to 25.45%, and the permeability
increment was 3.45%. We know that after the first
load and unload confining pressure, the permeabil-
ity recovery rate of sample #j1 is 44.06%, the per-
meability recovery rate of sample #j2 is 42.35%,
and the permeability recovery rate of sample #j3
is 63.83%. The calculation of permeability recovery
rate is as follows: the permeability of specimens is
19.82mD when confining pressure is 2MPa and
axial pressure is 4MPa in stages. The permeability
of the specimens is 8.732mD after a cyclic loading
and unloading (2MPa→ 8 6MPa→ 2MPa) con-
fining pressure under constant axial pressure of
4MPa. The permeability recovery rate of the spec-
imen is the permeability under the loading and
unloading confining pressure divided by the origi-
nal permeability

(2) Maintain 2MPa confining pressure constant and
load axial stress from 4MPa to 6MPa; the axial strain
of the sample #j1 increment was 112.5%, the radial
strain decrement was 3.39%, and the permeability
decrement was 7.94%; the axial strain of specimen
#j2 increment was 81.01%, the radial strain decre-
ment was 5.13%, and the permeability increment
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Figure 1: Thermal-fluid-solid coupling triaxial servo seepage device. 1: intake tube; 2: guide sleeve; 3: row air tube; 4: metal hoop; 5: heat
shrinkable tube; 6: radial displacement sensor; 7: sensor junction column; 8: lower seat; 9: outlet pipe; 10: into and out of oil hole; 11:
specimen; 12: upper seat; 13: guide device; 14: pressurized piston rod.
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was 2.79%; the axial strain of specimen #j3 increment
was 72.5%, the radial strain decrement was 9.62%,
and the permeability decrement was 12.32%. Main-
tain 6MPa axial pressure constant and second load
and unload confining stress; the axial strain of speci-
men #j1 increment was 7.56%, the radial strain incre-
ment was 8.77%, and the permeability recovery rate
was 7.94%; the axial strain of the sample #j2 incre-
ment was 10.49%, the radial increment was 9.46%,
and the permeability recovery rate was 81.08%; the
axial strain of the sample #j3 increment was 7.83%,
the radial increment was 9.57%, and the permeability
recovery rate was 84.6%

(3) Maintain 2MPa confining pressure constant and
load axial stress from 6MPa to 8MPa; the axial strain
of the sample #j1 increment was 62.5%, the radial
decrement was 5.65%, and the permeability decre-
ment was 6.11%; the axial strain of specimen #j2
increment was 51.9%, the radial strain decrement
was 6.79%, and the permeability increment was
3.33%; the axial strain of specimen #j3 increment
was 41.26%, the radial strain decrement was
15.05%, and the permeability decrement was 9.09%.
Maintain 8MPa axial pressure constant and third
load and unload confining stress; the axial strain of
specimen #j1 increment was 9.13%, the radial strain
increment was 5.98%, and the permeability recovery
rate was 89.13%; the axial strain of the sample #j2
increment was 4.58%, the radial strain increment
was 5.96%, and the permeability recovery rate was
83.86%; the axial strain of the sample #j3 increment
was 3.49%, the radial strain increment was 8.57%,
and the permeability recovery rate was 90.01%

(4) Maintain 2MPa confining pressure constant and
load axial stress from 8MPa to 10MPa; the axial
strain of the sample #j1 increment was 42.29%, the
radial decrement was 8.87%, and the permeability
was unchanged; the axial strain of specimen #j2 incre-
ment was 34.46%, the radial strain decrement was
8.13%, and the permeability increment was 3.87%;
the axial strain of specimen #j3 increment was
32.82%, the radial strain decrement was 23.68%,
and the permeability decrement was 5.55%. Maintain
10MPa axial pressure constant and fourth load and
unload confining stress; the axial strain of specimen
#j1 increment was 4.33%, the radial strain increment
was 4.43%, and the permeability recovery rate was
92.68%; the axial strain of sample #j2 increment was
2.94%, the radial strain increment was 4.08%, and
the permeability recovery rate was 85.19%; the axial
strain of the sample #j3 increment was 2.31%, the
radial strain increment was 10.34%, and the perme-
ability recovery rate was 94.12%

(5) Maintain 2MPa confining pressure constant and
load axial stress from 10MPa to 12MPa; the axial
strain of the sample #j1 increment was 25.22%, the
radial strain decrement was 13.56%, and the

permeability increment was 7.89%; the axial strain
of specimen #j2 increment was 22%, the radial
strain decrement was 8.5%, and the permeability
was unchanged; the axial strain of specimen #j3
increment was 23.93%, the radial strain decrement
was 41.25%, and the permeability decrement was
6.24%. Maintain 12MPa axial pressure constant and
fifth load and unload confining stress; the axial
strain of specimen #j1 increment was 2.61%, the
radial strain increment was 2.94%, and the
permeability recovery rate was 90.23%; the axial
strain of sample #j2 increment was 2.34%, the radial
strain increment was 3.57%, and the permeability
recovery rate was 86.95%; the axial strain of sample
#j3 increment was 1.82%, the radial strain
increment was 13.83%, and the permeability
recovery rate was 93.34%

(6) Maintain 2MPa confining pressure constant and
load axial stress from 12MPa to 14MPa; the axial
strain of the sample #j1 increment was 20.55%, the
radial strain decrement was 21.91%, and the perme-
ability increment was 10.83%; the axial strain of spec-
imen #j2 increment was 18.08%, the radial strain
decrement was 10.35%, and the permeability was
unchanged; the axial strain of specimen #j3 increment
was 23.36%, the radial strain decrement was 82.24%,
and the permeability decrement was 7.19%. Maintain
14MPa axial pressure constant and sixth load and
unload confining stress; the axial strain of specimen
#j1 increment was 3.07%, the radial strain increment
was 4.88%, and the permeability recovery rate was
90.23%; the axial strain of the sample #j2 increment
was 1.36%, the radial strain increment was 3.08%,
and the permeability recovery rate was 89.99%; the
axial strain of the sample #j3 increment was 1.75%,
the radial strain increment was 78.95%, and the per-
meability recovery rate was 92.31%

(7) Maintain 2MPa confining pressure constant and
load axial stress from 14MPa to 16MPa, the axial
strain of the sample #j1 increment was 16.17%, the
radial decrement was 64.88%, and the permeability
increment was 13.5%; the axial strain of specimen
#j2 increment was 14.34%, the radial strain decre-
ment was 11.19%, and the permeability decrement
was 11.09%; the axial strain of specimen #j3 incre-
ment was 20.98%, the radial strain decreases to −
0 083 × 10−2, and the permeability was unchanged.
Maintain 16MPa axial pressure constant and seventh
load and unload confining pressure; the axial strain of
specimen #j1 increment was 2.56%, the radial strain
increment was 5.36%, and the permeability recovery
rate was 92.85%; the axial strain of specimen #j2
increment was 1.34%, the radial strain increment
was 2.52%, and the permeability recovery rate was
93.72%; the axial strain of the sample #j3 increment
was 2.38%, the radial strain increment was 16.87%,
and the permeability recovery rate was 91.67%
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(8) Maintain 2MPa confining pressure constant and
load axial stress from 16MPa to 18MPa; the axial
strain of the sample #j1 increment was 14.51%, the
radial strain decrement was 77.97%, and the perme-
ability increment was 7.7%; the axial strain of speci-
men #j2 increment was 11.72%, the radial strain
decrement was 11.48%, and the permeability decre-
ment was 13.31%; the axial strain of specimen #j3
increment was 21.05%, the radial strain decreases to
−0 239 × 10−2, and the permeability was unchanged.
Maintain 18MPa axial pressure constant and eighth
load and unload confining stress; the axial strain of
specimen #j1 increment was 1.63%, the radial strain
increment was 30.77%, and the permeability recovery
rate was 90.48%; the axial strain of the sample #j2
increment was 1.62%, the radial increment was
2.78%, and the permeability recovery rate was
84.59%; the axial strain of the sample #j3 increment
was 1.63%, the radial strain increment was 6.7%,
and the permeability recovery rate was 90.92%

(9) Maintain 2MPa confining pressure constant and
load axial stress from 18MPa to 20MPa; the axial
strain of the sample #j1 increment was 16.35%, the
radial strain decreases to −0 069 × 10−2, and the per-
meability increment was 7.9%; the axial strain of
specimen #j2 increment was 10.61%, the radial strain
decrement was 15.32%, and the permeability decre-
ment was 9.07%; the axial strain of specimen #j3
increment was 25.14%, the radial strain decreases to
−0 516 × 10−2, and the permeability decrement was
9.99%. Maintain 20MPa axial stress constant and
ninth load and unload confining stress; the axial
strain of specimen #j1 increment was 3.69%, the
radial strain increment was 13.04%, and the perme-
ability recovery rate was 92.68%; the axial strain of
the sample #j2 increment was 1.71%, the radial incre-
ment was 3.19%, and the permeability recovery rate
was 90.02%; the axial strain of the sample #j3 incre-
ment was 1.89%, the radial strain increment was
1.94%, and the permeability recovery rate was 90.92%

Subsequently, maintain 2MPa confining pressure con-
stant and increase axial stress until the fractured rock failure;
the ultimate strength of specimen #j1 is 22.15MPa, the ulti-
mate bearing capacity of sample #j1 was 22.15MPa, and the
corresponding values of axial strain, radial strain, and perme-
ability were 1 711 × 10−2, −0 962 × 10−2, and 5.683mD,
respectively; the ultimate bearing capacity of sample #j2 was
31.94MPa and the corresponding values for axial strain,
radial strain, and permeability were 1 563 × 10−2, −0 693 ×
10−2, and 0.676mD, respectively; the ultimate bearing capac-
ity of sample #j3 was 22MPa and the corresponding values
for axial strain, radial strain, and permeability were 2 4 ×
10−2, −2 37 × 10−2, and 1.475mD, respectively. In summary,
it can be seen that in maintain 2MPa confining stress and the
load axial stress process, the pores and cracks of the sample
are slowly closed and compacted; the specimen shows axial
compression deformation and radial expansion. As the axial

pressure level increases, the axial strain increases slowly, and
its increment decreases gradually; the radial strain increases
slowly and increases negatively, and its decrement increases
gradually; the permeability of samples #j1 and #j3 from grad-
ually decreasing increases; the permeability of sample #j2 is
the opposite. Because of the anisotropy of the fractured rock
and the existence of cracks in the sample, the permeability
variation trend is different under different stress states.

During the process constant confining pressure and
load axial stress from 8MPa to 10MPa, the permeability
of sample j1 was unchanged; this is because the specimen
itself is the specimen after triaxial compression failure; it
is a fractured rock sample. Then, the permeation charac-
teristic tests of step-by-step axial compression and cyclic
loading and unloading confining pressure were carried
out. Perhaps, it is the internal pores and cracks of speci-
mens that have been closed after loading to the 8MPa
level under axial pressure. At this time, constant axial
pressure and cyclic loading-unloading confining pressure
tests are carried out, which makes the internal pores and
cracks of the specimen close further during the loading
confining pressure process, while the unloading confining
pressure fails to make the internal voids and cracks open
effectively, resulting in no change in the permeability of
specimen j1 during the next stage of the loading confining
pressure process, while the permeability of samples j2 and
j3 changes. The sample itself is heterogeneous anisotropy,
which results in the greater dispersion of the test results.
The smaller loading range of the axial compression during
the stage loading process is also one of the reasons for the
unchanged permeability of sample j1.

During the load confining stress process, the pores and
cracks of the specimen are gradually compacted, and the
specimen shows the axial compression deformation and
radial compression, leading to reducing the difficulty of
passage through the specimen; the permeability gradually
decreased. But during the unload confining pressure pro-
cess, the pores and cracks of the sample gradually open,
and the sample shows the axial compression deformation
and radial compression, leading to increasing the difficulty
of passage through the specimen; the permeability of the
specimen increases nonlinearly.The deviatoric stress-strain-
permeability curves of specimens did not coincide during
the load and unload confining pressure process, and the
samples were damaged in a certain degree; therefore, the
permeability cannot be restored to the permeability value
at loading time, and the permeability recovery degree of
samples was different under different axial stress states.

The axial strain, radial strain, and permeability of sam-
ples under different stresses are shown in Table 1.

Based on the test results in Table 1, strain-deviatoric
stress-permeability curves of sample #j1 at different axial
stress levels were plotted as shown in Figure 3. Only sample
#j1 was analyzed below.

The volumetric strain-deviatoric stress-permeability
curves of specimen #j1 under different stress states are shown
in Figure 3(a). We can see that in maintain confining pres-
sure constant and staged load axial stress process, the volu-
metric strain increases gradually with the increase of
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deviatoric stress, and the permeability was the opposite. But
in maintain axial stress constant and unload confining stress
process, the volumetric strain of specimens decreases gradu-
ally, and permeability was the opposite.

Maintain 2MPa confining pressure constant and load
axial stress 2MPa→ 4MPa→⋯20MPa till the ultimate
strength; the strain-deviatoric stress-permeability curves are
shown in Figure 3(b). It can be seen that the specimen shows
axial compression deformation, radial shrinkage first and
then expansion deformation; the axial strain increases gradu-
ally, radial strain increases first and then decreases to zero
and increases in the negative direction. The relationship of
axial strain-deviatoric stress and radial strain-deviatoric
stress was subject to the quadratic polynomial function. As
the deviatoric stress increases, the permeability decreases
nonlinearly, and the decrease amplitude is about 59.44%
when the deviatoric stress increases from 2MPa to 4MPa,
then the decrease amplitude of the permeability decreases
slowly and tends to be stable; fitting permeability and devia-
toric stress satisfy the exponential function relationship.

Maintain 8.6MPa confining pressure constant; axial
stress is 4MPa, 6MPa, …, 20MPa, respectively; the
strain-deviatoric stress-permeability curves are shown in
Figure 3(c). We know that the specimen shows axial com-
pression deformation, radial shrinkage first and then

expansion deformation. The axial strain increases gradually;
fit axial strain and deviatoric stress conform to linear func-
tion. The radial strain first increases and then decreases; the
maximum radial strain is obtained when the deviatoric stress
is -0.6MPa; the fitting results show that the radial strain and
deviatoric stress conform to the quadratic polynomial func-
tion. The permeability of the sample decreases nonlinearly,
and the slope of permeability-deviatoric stress coincides with
exponential function.

When the axial pressure level is 4MPa, 8MPa, …,
20MPa, etc., confining stress decreases from 8.6MPa to
2MPa; the deviatoric stress-permeability curves are shown
in Figure 3(d). We know that there is axial compression
deformation, radial compression first and then expansion.
The axial strain increases gradually, and fit axial strain and
deviatoric stress are in a linear relationship. The radial strain
first increases and then decreases, the radial strain reaches the
maximum value when the deviatoric stress is 6MPa, and
then, the radial strain of the sample gradually decreases to
zero and increases in the negative direction; fitting radial
strain and deviatoric stress are in quadratic polynomial rela-
tionship. The permeability of the sample decreases nonli-
nearly as the deviatoric stress increases; when the deviatoric
stress is 14MPa, the internal crack of the sample opens and
the permeability of sample begins to increase; fitting
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Figure 2: Complete stress-strain-permeability curves of fractured rock.
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permeability and the deviatoric stress are in accordance with
the exponential function.

Based on the test results in Table 1, the strain-deviatoric
stress-permeability curves of sample #j2 and sample #j3 at
different stress levels were plotted as shown in Figures 4
and 5. It can be seen that under different stress levels, the
relationship between radial strain and deviatoric stress
satisfies the quadratic polynomial function, and the relation-
ship between permeability and deviatoric stress satisfies the
exponential function. When the axial pressure is loaded from
2MPa to 4MPa, 6MPa, …, 20MPa until the ultimate
strength, the axial strain and deviatoric stress satisfy the
quadratic polynomial relationship. When the axial stress is

4MPa, 8MPa, …, 20MPa, the confining stress is 8.6MPa
or 2.0MPa; the axial strain-deviatoric stress curves satisfy
the linear function relationship.

3.2. Damage Rate of Permeability of Fractured Rock.
During the load and unload confining pressure process, the
deviatoric stress-permeability curves were not coincident,
and the permeability of specimen in the load confining
pressure process is higher than the unload confining pressure
process. That is, the permeability of the sample was damaged
to a certain extent. According to the research results, we used
the damage rate of permeability to evaluate the recovery
degree of fractured rock permeability, and we used the

Table 1: The axial strain, radial strain, and permeability of each sample under different stresses.

σ1 (MPa) σ3 (MPa)
Sample #j1 Sample #j2 Sample #j3

ε1 (%) ε3 (%) k (mD) ε1 (%) ε3 (%) k (mD) ε1 (%) ε3 (%) k (mD)

2 2 — — 21.206 — — 12.582 — — 9.387

4 2 0.054 -0.001 19.82 0.089 -0.001 11.499 0.141 -0.003 6.303

4 8.6 0.058 0.185 8.177 0.047 0.202 1.894 0.063 0.279 3.889

4 2 0.056 0.118 8.732 0.079 0.156 4.870 0.120 0.208 4.023

6 2 0.119 0.114 8.039 0.143 0.148 5.006 0.207 0.188 3.487

6 8.6 0.128 0.197 6.098 0.163 0.220 1.353 0.195 0.293 2.816

6 2 0.128 0.124 6.791 0.158 0.162 4.059 0.223 0.206 2.950

8 2 0.208 0.117 6.376 0.240 0.151 4.194 0.315 0.175 2.682

8 8.6 0.224 0.199 4.851 0.262 0.223 1.353 0.314 0.286 2.280

8 2 0.227 0.124 5.683 0.251 0.160 3.517 0.326 0.190 2.414

10 2 0.323 0.113 5.683 0.340 0.147 3.653 0.433 0.145 2.280

10 8.6 0.335 0.197 4.019 0.221 0.221 1.218 0.437 0.264 1.878

10 2 0.337 0.118 5.267 0.350 0.153 3.112 0.443 0.160 2.146

12 2 0.422 0.102 5.683 0.427 0.140 3.112 0.549 0.094 2.012

12 8.6 0.435 0.189 3.742 0.448 0.216 1.218 0.555 0.218 1.609

12 2 0.433 0.105 5.128 0.437 0.145 2.706 0.559 0.107 1.878

14 2 0.522 0.082 5.683 0.516 0.130 2.706 0.684 0.019 1.743

14 8.6 0.537 0.173 3.604 0.538 0.207 1.218 0.692 0.150 1.475

14 2 0.538 0.086 5.128 0.523 0.134 2.435 0.696 0.034 1.609

16 2 0.625 0.056 5.821 0.598 0.119 2.165 0.842 -0.083 1.609

16 8.6 0.641 0.149 3.326 0.622 0.198 1.218 0.854 0.047 1.341

16 2 0.641 0.059 5.405 0.606 0.122 2.029 0.860 -0.069 1.475

18 2 0.734 0.013 5.821 0.677 0.108 1.759 1.041 -0.239 1.475

18 8.6 0.744 0.110 3.188 0.701 0.188 1.082 1.053 -0.104 1.207

18 2 0.746 0.017 5.267 0.688 0.111 1.488 1.058 -0.223 1.341

20 2 0.868 -0.069 5.683 0.761 0.094 1.353 1.324 -0.516 1.475

20 8.6 0.898 0.023 3.049 0.790 0.176 0.947 1.343 -0.370 1.207

20 2 0.900 -0.078 5.267 0.774 0.097 1.218 1.349 -0.506 1.341

22/22.15 2 1.711 -0.906 5.683 0.840 0.078 1.082 2.400 -2.370 1.475

24 2 0.906 0.050 0.812

26 2 0.996 -0.009 0.676

28 2 1.119 -0.122 0.676

30 2 1.261 -0.270 0.676

31.94 2 1.563 -0.693 0.676
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maximum permeability damage rate to evaluate the
reduction amplitude of fractured rock permeability [26,
27]. When the permeability damage rate is larger, the
recovery degree of permeability is worse; when the maxi-
mum permeability damage rate is larger, the reduction
amplitude of permeability is greater. The greater the per-
meability damage rate is, the worse the recovery degree
of permeability will be; the greater the maximum perme-
ability damage rate is, the greater the decrease amplitude
of permeability will be.

The permeability damage rate dk can be calculated
according to formula (2), and the maximum permeability
damage rate dmax can be calculated according to formula (3):

dk =
k0 − k1
k0

× 100%, 2

dmax =
k0 − kmin

k0
× 100%, 3

where k1 is fractured rock permeability at the last stress
point of unload confining pressure, k0 is fractured rock per-
meability at the first stress point of load confining pressure,
and kmin is the fractured rock permeability at the maximum
stress point.

According to formulas (2) and (3), in the process of load
and unload confining pressure, the permeability damage
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Figure 3: Strain-deviatoric stress-permeability curves of sample #j1 at different stress levels. (a) Volumetric strain-deviatoric stress-
permeability curves; (b) maintain 2MPa confining pressure, load axial stress (2MPa→ 4MPa→⋯20MPa) at stage; (c) maintain 8.6MPa
confining pressure, axial stress is 4MPa, 6MPa, …, 20MPa, respectively; (d) axial stress levels of 4MPa, 6MPa, …, 20MPa, respectively,
unload confining pressure to 2MPa.
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rate-axial stress curves and maximum permeability damage
rate-axial stress curves of specimens under different axial
stresses are shown in Figure 6.

The permeability damage rate-axial stress-maximum
permeability damage rate curves of sample #j1 under differ-
ent axial pressure levels are shown in Figure 6(a). The results
show that dk is greatest when axial stress is 4MPa, which
indicates that the recovery rate of permeability is the worst
after load and unload confining stress under 4MPa axial
stress, and recovery rate is 44.06%. As the axial stress level
increases, dk decreases gradually. When the axial stress is
10MPa, dk has the minimum value and then changes in a sta-
ble fluctuation. It shows that the permeability recovery

degree of sample #j1 increases gradually with the axial stress
level increase, and the recovery degree of permeability tends
to be stable when the axial pressure is higher than the stress
level of 10MPa. dmax first decreases rapidly and then
increases slowly with the increase of the axial stress level,
and dmax has the maximum value when axial pressure is
4MPa, which indicates that the permeability reduction
degree is the greatest when axial pressure is 4MPa after load
and unload confining pressure. dmax has the minimum value
when axial stress is 8MPa, which indicates that the per-
meability reduction degree is the smallest when the axial
stress is 8MPa. With the axial stress level increase, the
permeability reduction degree increases gradually, and
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Figure 4: Strain-deviatoric stress-permeability curves of sample #j2 at different stress levels. (a) Volumetric strain-deviatoric stress-
permeability curves; (b) maintain 2MPa confining pressure, load axial stress (2MPa→ 4MPa→⋯20MPa) at stage; (c) maintain 8.6MPa
confining pressure, axial stress is 4MPa, 6MPa, …, 20MPa, respectively; (d) axial stress levels of 4MPa, 6MPa, …, 20MPa, respectively,
unload confining pressure to 2MPa.
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the permeability reduction degree reaches the maximum at
the axial stress level of 20MPa but is lower than that at
the initial loading stage.

The permeability damage rate-axial pressure-maximum
permeability damage rate curves of specimen #j2 under dif-
ferent axial pressure levels are shown in Figure 6(b). We
know that dk gradually decreases, and dk has the minimum
value at axial stress of 16MPa after load and unload confin-
ing stress; subsequently, as the axial stress level continue to
increase, dk increases first and then decreases. dk has the
maximum value when the axial stress is 4MPa, which
indicates that the recovery rate of permeability is the worst
after load and unload confining stress under axial stress of
4MPa, and the recovery rate is 42.35%. When axial stress

is loaded from a 4MPa to 6MPa stress level, the reduction
degree of dk is the greatest after load and unload confining
stress; the recovery degree of permeability increases rap-
idly. With the axial stress level increase, the recovery
degree of permeability increases slowly and reaches the
maximum value when the axial stress is 16MPa, then
the recovery degree of permeability first decreases and
then increases. While dmax decreases gradually, dmax is
almost linear with the axial stress, indicating that the
reduction degree of permeability gradually decreases as
the axial stress level increases.

The permeability damage rate-axial pressure-maximum
permeability damage rate curves of specimen #j3 under dif-
ferent axial stress levels are shown in Figure 6(c). We know
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Figure 5: Strain-deviatoric stress-permeability curves of sample #j3 at different stress levels. (a) Volumetric strain-deviatoric stress-
permeability curves; (b) maintain 2MPa confining pressure, load axial stress (2MPa→ 4MPa→⋯20MPa) at stage; (c) maintain 8.6MPa
confining pressure, axial stress is 4MPa, 6MPa, …, 20MPa, respectively; (d) axial stress levels of 4MPa, 6MPa, …, 20MPa, respectively,
unload confining pressure to 2MPa.
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that as the axial stress level increases, dk gradually decreases,
and dk has the minimum value at the axial pressure of
10MPa. Subsequently, as the increase of the axial stress level
continues, dk increases gradually, which indicates that the
recovery rate of permeability is the worst after load and
unload confining stress under axial stress of 4MPa, and the
recovery rate is 63.83%. The recovery degree of permeability
increases gradually and reaches the maximum value when
the axial stress is 10MPa, then the permeability recovery
degree gradually decreases. dmax of the sample decreases
first, then increases, decreases, and increases the fluctua-
tion of the volatility with the increase of the axial stress
level. dmax is 38.3% under axial stress of 4MPa, which
indicates that the reduction degree of permeability has

the maximum value at axial stress of 4MPa, and the
reduction degree has minimum value at axial stress of
8MPa. When the axial pressure reaches the stress level
of 18MPa, the reduction degree of the permeability tends
to be stable.

Since the permeability of the sample reflects the
change of the effective porosity inside the sample, the
increase of the permeability reflects the increase of the
porosity, and the decrease of the permeability reflects the
decrease of the porosity. Therefore, in the load and unload
test process, the permeability of the sample has the same
change law as the effective porosity. The damage degree of
permeability is also reflected in the porosity. After one time
load and unload confining stress, the porosity of the sample
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Figure 6: Permeability damage rate-axial pressure-maximum permeability damage rate curves of samples during the process of load and
unload confining pressure.
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is also damaged, and the damage rate is equal to dk. The sam-
ple showed secondary compaction, which is also the reason
why the permeability of the sample could not be restored to
the initial permeability in the unload confining pressure pro-
cess under low axial pressure.

3.3. Expansion Rate of Volumetric Strain of Gas-Containing
Rock Samples. Under the condition of constant axial pres-
sure, the deviatoric stress-volume strain curves of the spec-
imens do not coincide during load and unload confining
stress; the volumetric strain is lower than the unload con-
fining pressure process. That is, after load and unload con-
fining stress, the volume of specimen is subject to a certain
degree of expansion and deformation. Therefore, the vol-
ume expansion rate and the maximum volume expansion
rate of the rock sample can be used to evaluate the expan-
sion degree and the increased amplitude of the rock sam-
ple volume. The larger the volume expansion rate of the
sample is, the greater the expansion degree of the sample’s
volume will be; the larger the maximum volume expansion
rate is, the larger the increased amplitude of the sample’s
volume will be.

The volume expansion rate Dεv
can be calculated accord-

ing to formula (4), and the maximum volume expansion rate
Dmax can be calculated according to formula (5):

Dεν
=
εv1 − εv0

εv0
× 100%, 4

Dmax =
εvmax

− εv0
εv0

× 100%, 5

where εv1 is the volumetric strain at the last stress point of
unloading confining stress, εv0 is the volumetric strain at
the first stress point of load confining stress, and εvmax

is the
volumetric strain measured at the maximum stress point.

According to equations (4) and (5), the variation curves
of the volume expansion rate and maximum volume expan-
sion rate under different axial stress levels during load and
unload confining stress are shown in Figure 7.

The volume expansion rate-axial stress-maximum vol-
ume expansion rate variation curves of sample #j1 during
the load and unload confining pressure process are shown
in Figure 7(a). It can be seen that the volume expansion
rate is about 422.05% at axial stress of 4MPa after load
and unload confining stress, which indicates that the vol-
ume expansion degree of the sample is the largest when
the axial stress is 4MPa. The volume expansion rate
decreases rapidly to 8.6% when the axial stress reaches
6MPa and then decreases slowly as the axial stress level
increases. The volume expansion rate tends to decrease
when the axial stress reaches 12MPa, that is, the volume
expansion degree decreases slowly with the increase of
the axial stress level. The maximum volume expansion rate
of the specimen has a similar variation with the volume
expansion rate. \ When the axial stress reaches 6MPa,
the maximum volume expansion rate decreases rapidly to

50.76%, and then, the increasing degree of volumetric
strain decreases slowly.

The volume expansion rate-axial stress-maximum vol-
ume expansion rate variation curves of sample #j2 in the
load and unload confining pressure process are shown in
Figure 7(b). It can be seen that the volume expansion rate
is about 347.27% at axial pressure of 4MPa, which indi-
cates that the volume expansion degree of the sample is
the largest when the axial stress is 4MPa. The volume
expansion rate decreases rapidly to 9.6% when the axial
stress reaches 6MPa and then decreases slowly and tends
to be stable as the axial stress level increases. That is, as
the axial stress level increases, the volume expansion
degree of samples decreases slowly and tends to be stable.
The maximum volume expansion rate of the specimen is
about 309.12% after load and unload confining stress at
axial stress of 4MPa, which indicates that the volumetric
strain is the largest when the axial stress is 4MPa. The
maximum volume expansion rate of the specimen
decreases rapidly to 37.36% when the axial stress level
reaches 6MPa, then the volumetric strain increases
slowly.

The volume expansion rate-axial stress-maximum
volume expansion rate variation curves of sample #j3 in the
load and unload confining stress process are shown in
Figure 7(c). It can be seen that the volume expansion rate is
about 297.06% at axial stress of 4MPa, which indicates that
the volume expansion degree of the sample is the largest
when the axial stress is 4MPa. The volume expansion rate
decreases rapidly to 8.79% when the axial stress reaches
6MPa and then increases slowly as the axial stress level
increases. That is, the volume expansion degree of the
specimen is the smallest at the axial stress level of 6MPa
and then increases slowly. The maximum volume expan-
sion rate of the specimen is about 309.12% after load
and unload confining stress at axial stress of 4MPa, which
indicates that the increased amplitude of volumetric strain
is the largest at axial stress of 4MPa. When the axial stress
level reaches 6MPa, the maximum volume expansion rate
decreases rapidly to 33.88% and then increases slowly, and
the curvature increases slowly. That is, the increased
amplitude of volumetric strain is the lowest when the axial
stress is 6MPa and then increases gradually as the axial
stress level continues to increase.

Since the volumetric strain of the sample reflects the
change of the effective porosity inside the sample during
the test, the increase of the volumetric strain reflects the
increase of the internal porosity of the sample, and the
decrease of the volumetric strain reflects the decrease of
the internal porosity of the sample. Therefore, in the load
and unload test, the volumetric strain of the specimen has
the same variation law as the effective porosity, and the
volume expansion degree of the sample is also reflected
in porosity. After one time load and unload confining
stress, the porosity of the specimen is also damaged, and
the damage rate is equal to the volume expansion rate.
The secondary compaction occurs inside the sample dur-
ing the test, which is also the reason why the volumetric
strain of the specimen cannot be restored to the initial
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volumetric strain in the unload confining stress process
under low axial pressure.

4. Discussion

In the process of coal seam mining, the coal and rock in front
of the working face undergo the loading and unloading
process, which can be divided into stress reduction area,
stress increase area, and original stress area. The process of
confining pressure loading can simulate the permeability
change law of coal and rock in the stress increase area.
During the loading confining pressure process, the axial
strain of the specimen is almost constant, and the radial
strain increases in the positive direction, which results in
the increase of the volumetric strain. Correspondingly, after

loading the confining pressure, the increased range of
volumetric strain can be expressed by the maximum
volumetric expansion rate. In the process of loading
confining pressure, the microvoids and cracks in the sample
are gradually closed, which makes it more difficult for gas
to pass through the sample and reduces the permeability of
the sample. Correspondingly, after loading the confining
pressure, the decreased range of permeability can be
expressed by the maximum permeability damage rate.

The process of unloading confining pressure of the sam-
ple can simulate the permeability change law of coal and rock
in the stress reduction zone. During the process of unloading
confining pressure, the axial strain of the sample is almost
constant, the radial direction appears expansion deformed,
the radial strain decreases, and the volumetric strain of the
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Figure 7: Volume expansion rate-axial stress-maximum volume expansion rate variation curves of samples during the process of load and
unload confining pressure.
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specimen decreases. Correspondingly, the volume expansion
degree of the specimen after one loading and unloading con-
fining pressure can be expressed by the volume expansion
rate. In the process of unloading confining pressure, the
microvoids and cracks in the sample gradually open, which
reduces the difficulty of gas passing through the sample and
increases the permeability of the sample. Correspondingly,
the recovery degree of the permeability of the sample after
one loading and unloading confining pressure can be
expressed by the permeability damage rate.

5. Conclusion

(1) The relationship between radial strain and deviatoric
stress satisfied the quadratic polynomial function,
and the relationship between permeability and devia-
toric stress satisfied the exponential function under
different axial stress levels

(2) In the staged load axial stress process, the axial strain-
deviatoric curves of specimens conform to the
quadratic polynomial function. The axial strain-
deviatoric curves of specimens conform to the linear
function when the confining pressure is 8.6MPa or
2.0MPa at different axial stress levels

(3) We used the permeability damage rate and maxi-
mum permeability damage rate to evaluate the recov-
ery degree and the reduction extent of permeability

(4) We used the volume expansion ratio and the maxi-
mum volume expansion ratio to evaluate the expan-
sion degree and increase extent of rock samples’
volume
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