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In order to obtain the mechanical behavior and permeability characteristics of coal under the coupling action of stress and
seepage, permeability tests under different confining pressures in the process of deformation and destruction of briquette coal
were carried out using the electrohydraulic servo system of rock mechanics. The stress-strain and permeability evolution curves
of briquette coal during the whole deformation process were obtained. The mechanical behavior and permeability coefficient
evolution response characteristics of briquette coal under stress-seepage coupling are well reflected. Research shows that stress-
axial strain curve and the stress-circumferential strain curve have the same change trend, the hoop strain and axial strain effect
on the permeability variation law of basic consistent, and the permeability coefficient with the increase of confining pressure
and decreases, and the higher the confining pressure, the lower the permeability coefficient, the confining pressure increases
rate under the same conditions, and the permeability coefficient corresponding to high confining pressure is far less than that
corresponding to low confining pressure. The confining pressure influences the permeability of the briquette by affecting its
dilatancy behavior. With the increase of the confining pressure, the permeability of the sample decreases, and the permeability
coefficient decreases with the increase of the confining pressure at the initial stage, showing a logarithmic function. After
failure, briquette samples show a power function change rule, and the greater the confining pressure is, the more obvious the
permeability coefficient decreases.

1. Introduction

In mining engineering, high stress and the coupling effect of
karst water pressure and the influence of multiple mining
could lead to the structure change of the surrounding rock
body, which not only could reduce the mechanical proper-
ties of rock itself but also easy to make the surround rock
mass permeability changed significantly; rock permeability
changed lead to mine water inrush, and mine roadway sur-
rounding rock of roadway was one of the main causes of
instability.

The actual underground engineering rock mass exists in
a certain stress environment and is subjected to the dual

action of external stress and internal stress. The stress state
is a major factor affecting the permeability of rock mass
[1]. For this reason, many scholars have conducted in-
depth research on the evolution law of permeability of
underground engineering rock mass with the change of
stress. Xu and Yang [2] measured the permeability of sand-
stone under short-term and long-term compression condi-
tions and analyzed the influence of confining pressure on
sandstone strength and failure mode. Hu et al. [3] conducted
experimental studies on the mechanical behavior and per-
meability of saturated sandstone and obtained the evolution
law of Biot coefficient and permeability with microcrack
propagation. Wang et al. [4] conducted permeability tests
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on sandstone under different fluid pressures and concluded
that the evolution of permeability of rock mass was closely
related to the development of microcracks. Jiang et al. [5]
conducted a permeability experimental study on brittle rock
and concluded that the anisotropic damage of brittle rock is
closely related to the change rate of permeability. Based on
field investigations and previous tests on physical model, a
numerical model of an anaclinal slope using the three-
dimension distinct element code software has been built to
simulate the failure process of the physical model [6]. The
permeability evolution of fractal-based two-dimensional dis-
crete fracture networks during shearing under constant nor-
mal stiffness boundary conditions is numerically modeled
and analyzed based on a fully coupled hydromechanical
model. The effects of fractal dimension, boundary normal
stiffness, and hydraulic pressure on the evolutions of
mechanical behaviors, aperture distributions, and perme-
ability are quantitatively investigated [7].

In order to understand the seepage mechanism of frac-
tured rocks under stress, the tests on seepage characteristics
of fractured rocks under varying confining pressures were
carried out, and the law that the flow rate increased with
the increase of the seepage pressure gradient and decreased
with the increase of the confining pressure was obtained
[8]. To study the damage development and permeability
change in the process of rock excavation in roadways, the
permeability evolution and damage for mudstone material
under coupled stress-seepage was analyzed based on the
stress-seepage damage coupling model [9]. The change rules
of permeability, volumetric strain, and porosity under fluid-
solid coupling during coal seam mining were studied based
on the numerical model of a Darcy-Forchheimer flow in
aquifers [10]. The tests of stress-seepage coupling of fracture
of different particle size were carried out using the coupled
shear-seepage test system of JAW-600 rock, and the perme-
ability coefficient of quasisandstone increases exponentially
with the increase of cranny hydraulic pressure [11]. The per-
meability of protected coal seam in the process of protective
coal seam mining was studied; according to the changes of
permeability, the protected coal seam was divided into initial
permeability zone, permeability decreasing zone, and per-
meability increasing zones 1 and 2 [12]. Based on the
Drucker-Prager criterion, the rock elastoplastic damage con-
stitutive model was established aiming at the problem of sur-
rounding rock excavation damage zone of tunneling in the
rich water region, and the fully implicit return mapping
algorithm was adopted to realize the numerical solution
[13]. The relation between the anisotropic permeability
matrix and effective stress was established, and the deteriora-
tion of strength parameters was considered by defining elas-
toplastic damage variables, and the characteristics of seepage
and failure were analyzed by an improved multiphysics cou-
pling model [14]. A stress-seepage-damage coupling model
based on the finite element method was developed and first
applied in HF in concrete dams, the crack propagation pro-
cesses of Koyna dam, and a 1 : 40 scaled model dam using
the coupling model [15].

The correction model of inertial resistance coefficient
and permeability of the goaf was established by introducing

the inertial resistance coefficient and shape factor of perme-
ability, and the inertial resistance coefficient shape factor and
permeability had good power function relationships with
particle size [16]. Qiang et al. used the latest X-ray diffrac-
tion, scanning electron microscopy, and mechanical testing
methods to analyze the physical, mechanical, and seepage
characteristics of the key aquiclude and established the
KAS damage state model for the stress-strain-permeability
correlation of the composite rock mass and the non-Darcy
seepage characteristics of the postpeak fractured rock mass.
The research results have a certain guiding significance for
the prevention and control of water inrush disasters and
the rational development and utilization of coal resources
based on KAS [17]. Dong et al. proposed a new coal quality
characterization and prediction method for the prediction,
early warning, and accurate identification of composite coal
and rock dynamic disasters and concluded that the physical
characteristics of coal in coal and rock dynamic disasters are
between those of gas outburst and rock burst [18]. In order
to study the gas outburst prevention theory of the coal seam
permeability of the lower protective seam, He et al. put for-
ward the basic hypothesis of the gas-solid coupling model of
coal and put forward the permeability increasing coefficient
of equivalent layer spacing by numerical simulation, which
provides a theoretical basis for the gas drainage technology
to prevent coal and gas outburst in the lower protective seam
mining [19]. Zhou et al. analyzed the stress sensitivity of per-
meability and porosity of mudstone, coal, and sandstone
based on Langmuir equation by overburden pressure perme-
ability experiment of coal measures reservoir and concluded
that the initial permeability and initial porosity of coal are
significantly higher than those of mudstone and sandstone,
and with the increase of effective stress, the permeability
and stress sensitivity coefficients of coal, mudstone, and
sandstone decrease in a wavy manner [20]. In order to study
the effect of the difference swelling index on the evolution of
coal permeability, Chuanzhong et al. established the coal
permeability model and proposed the concept of differential
swelling index, which theoretically defined the adsorption
strain relationship of coal body, fracture, and matrix in equi-
librium state, and clarified the effect of differential strain
[21]. Zihao et al. studied the influence of effective stress
and Klinkenberg effect on shale apparent permeability, used
pulse decay permeameter to measure the core of shale for-
mation in situ, and established a multiphysical shale trans-
port model to consider the multiphysical coupling process
in shale, to clarify the effect of bedding orientation on appar-
ent permeability [22]. In order to study the unsteady seepage
solution of hydraulic fracturing around vertical wells in oil
and gas reservoirs, Wu et al. used numerical simulation
method to establish the hydraulic fracturing influence model
of vertical wells under the condition of unsteady seepage in
oil and gas reservoirs and concluded that permeability and
hydraulic gradient are the important factors determining
whether hydraulic fracturing occurs in the rock [23]. In
order to study the height of water flowing fractured zone
in thin bedrock and thick clay coal seam, Hao et al. obtained
the evolution law of coal reservoir in this area by means of
field measurement, theoretical analysis, and numerical
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simulation, which provided an important theoretical basis
for effectively preventing roof water hazards in mines [24].
In the study of permeability of clay-quartz mixture, Lu
et al. used NMR and 40°C evaporation test to predict the
permeability coefficient of quartz-clay mixture based on
Timur-Coates model and obtained a simplified method to
predict the permeability coefficient of quartz-clay mixture
by NMR [25].

Zhou et al. established the model of the influence of
creep deformation and matrix-fracture interaction on the
permeability of deep coal and obtained that the permeability
decreases with the decrease of pore pressure in the secondary
stage and the initial stage of creep by using the fractional
derivative transient pulse method and nonlinear least square
method [26]. In order to study the permeability law of
water-bearing coal seams under the condition of plastic flow,
Guo et al. used the transient method to study the permeabil-
ity changes of water-bearing coal seams and water-free coal
seams and concluded that the internal fracture closure rate
of water-bearing coals is lower than that of water-free coals,
which is conducive to water storage and transportation [27].
Qinghe et al. studied the anisotropic permeability of differ-
ent ranks of coal under the influence of CO2 adsorption
and effective stress, conducted permeability tests under the
conditions of cyclic loading and unloading and supercritical
CO2, and concluded that the permeability of coal seams var-
ies with coal ranks, and the permeability is anisotropic,
showing that the permeability of parallel layers is greater
than that of vertical layers [28]. Haifeng et al. used the
method of pore mechanics test for Biot tensor of argillaceous
rocks to obtain the gas permeability and elastic properties of
clay rock pores and found that gas adsorption-swelling has a
greater impact on the migration and mechanical properties
of argillaceous rocks in the long-term gas migration process
[29]. Ma et al. aimed at the problem of floor water inrush in
deep mining of Dongjiahe Coal Mine, through numerical
simulation and combining with acoustic emission informa-
tion of RFPA software and field microseismic monitoring
data, the permeability characteristics of fractured rock mass
were obtained, which showed that the main direction of per-
meability changed greatly with the change of surrounding
rock pressure when the surrounding rock pressure was dif-
ferent [30]. In the study of permeability damage of coal
under cyclic loading, Long and Shimin adopted pulse atten-
uation method and combined with matrix shrinkage concept
to summarize the evolution law of coal permeability and
concluded that the evolution of permeability directly con-
trolled the seepage behavior of underground fluid, and the
damage of average permeability was affected by loading
and unloading paths [31]. Liang et al. studied the creep char-
acteristics and constitutive model of coal. A series of creep
experiments were carried out under gas pressure and triaxial
compression. It was concluded that the creep deformation
characteristics of coal were related to gas pressure and devia-
toric stress, and the nonlinear model obtained could accu-
rately describe the whole creep stage of coal [32]. Based on
the porosity elasticity theory and uniaxial strain condition,
Mathias studied the gas storage coefficient and permeability
function of coalbed methane mining, established three ana-

lytical models to describe the changes of porosity and per-
meability, and concluded that without considering the gas
adsorption strain, only one of the porosity models can
obtain the correct uniaxial strain storage coefficient equation
[33]. Yu et al. studied the permeability model of fractured
rock mass and derived the formula of fracture permeability
in theory and in combination with field experiments and
concluded that the proposed permeability evolution descrip-
tion method and model can predict laboratory permeability
data [34]. Xiaoyang et al. proposed a simple method of fit-
ting pressure based on fracturing pressure drop under the
condition of dynamic leakage coefficient, chose PKN model
as the expansion model of hydraulic fracture, predicted the
permeability of coal reservoir after fracturing by using the
well test theory of water injection well, and concluded that
the shape of hydraulic fracture is mainly determined by
ground stress [35]. Shuaifeng et al. studied hydraulic fractur-
ing sand-carrying permeability enhancement technology by
high-frequency sand-carrying method and obtained that
there are three stages in the evolution of cracks, and found
that high-pressure fluid “water-sand” injection brings sand
into high-frequency cracks, which produces propping force
on the crack surface, hinders crack closure, and greatly
improves gas permeability [36]. Luo studied the influence
of water on the mechanical behavior of rock surrounding
hard-rock tunnels [37, 38].

At present, the trend of coal mining into the deep is
obvious; the deep coal seam and the surrounding rock of
the roadway are in a complex environment, vulnerable to
the coupling effect of high stress and high karst water pres-
sure, and then easy to cause significant instability deforma-
tion characteristics. Therefore, an in-depth study of the
mechanical behavior and permeability response characteris-
tics and evolution law of coal and rock under stress-seepage
coupling can provide a certain basic theory and basis for coal
and gas outburst, water inrush accident prevention, and con-
trol of deep roadway surrounding rock stability control.

2. Experimental Principle and Methods

There are more than 10 kinds of methods for measuring
rock permeability in the laboratory, which can be roughly
classified into two categories: steady-state method and tran-
sient method. Because of steady-state method requires a
large number of samples, a long test period, high cost, and
confining pressure are not easy to control and other short-
comings. This experiment chooses the transient method to
analyze the rock permeability and should pay special atten-
tion to when testing sample sealing and axial load is not
zero, so the preset first strain value is not zero; confining
pressure is greater than the pore pressure; pore pressure is
higher than of the confining pressure; the plastic insulation
tape and hot shrinkage in the sealed sample will be broken
plastic cover test cannot be performed.

2.1. Experimental Principle. The principle of the water per-
meability test is shown in Figure 1. In the figure, σ1 is the
axial pressure, σ3 is the confining pressure, p1 is the water
pressure at the upper end of the specimen, and p2 is the
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water pressure at the lower end of the specimen. There is a
permeable plate at both ends of the specimen, which is a
steel plate with many evenly distributed holes The upper
part of the permeable plate is the upper pressure head, and
the lower part is the lower pressure head. There is a vertical
hole in the center, and the plastic insulation belt and the
heat-shrinkable plastic sleeve are used to seal the sample
for the water flow channel.

In the test, the seepage flow was constant (1mL/min), and
the permeability pressure difference between the two sections
changed with the deviatoric stress loading. In the process of
specimen deformation and failure, the non-Darcy flow will
occur with the expansion and penetration of microcracks.
The influence of flow velocity on the calculation of permeabil-
ity coefficient should be taken into account. In the whole pro-
cess of the test, the flow velocity through the cross-section of
the sample is small (8:5 × 10−6 m/s), so the Darcy steady flow
method is adopted to test the permeability coefficient of the
sample. That is, the permeability coefficient of the sample is
calculated according to the measurement parameters such as
the flow rate of the fluid through the sample and the perme-
ability pressure difference between the two ends of the sample.
The calculation formula is

k = qLγw
ΔpA

× 10−4, ð1Þ

where k is the permeability coefficient of the sample (cm/s), q
is the seepage flow through the sample (mL/s), L is the length
of the sample (mm), γw is the bulk density of water (kN/m3),A
is the cross-sectional area of the sample (mm2), and Δp is the
permeability pressure difference between the two ends of the
sample (MPa).

2.2. Experimental Apparatus. Using MTS815 rock mechanics
electrohydraulic servo system in the whole stress and strain
in the process of a penetration test, the system has uniaxial
compression, triaxial compression, and pore water pressure
test, water seepage test, and other functions. The sample size
is 50mm × 100mm, the maximum confining pressure is
60MPa, the maximum axial deviatoric stress is 300MPa,
and the maximum pore water pressure is 60MPa. The devia-
toric stress loading can be carried out by controlling the
pressure, displacement, and oil pump flow. Axial strain

and circumferential strain can be measured simultaneously.
The axial strain was measured by two linear displacement
sensors (LVDT), and the circumferential strain was mea-
sured by a circumferential electronic strain gauge placed in
the center of the sample height. The pore water pressure is
applied from the bottom of the sample and is also the source
of the osmotic pressure difference and seepage water. When
the outlet valve connecting the upper end of the sample is
opened, the pore water pressure at the upper end of the sam-
ple becomes 0. Under the action of the pressure difference
between the upper and lower ends, an approximate one-
dimensional seepage flow will be formed in the sample.

2.3. Specimen Preparation. The test samples are taken from
1232(1) working faces of the Panyidong Coal Mine in Huai-
nan. The buried depth of the coal seam is about 720m, the
average dip angle is 5°, and the average thickness is 2.3m.
The coal removed from the working face is packed with plas-
tic cloth and sent to the laboratory. The coal is crushed, and
the particle size of coal with 60~80 mesh is screened. The
briquette is made into briquette samples with a briquette size
of Φ50mm × 100mm after the briquette mold is prepared
on the rigid testing machine of 2000 kN, and the forming
stress is stabilized at 100MPa for 30 minutes. The briquette
sample prepared is placed in the oven to dry and stored in
the drying oven for test after cooling to room temperature.
The prepared briquette samples are shown in Figure 2.

2.4. Experimental Scheme and Procedure. The samples used
in the test are taken from no. 11 coal of Panyidong Coal
Mine in Huainan. The uniaxial compressive strength of the
samples is about 6.5MPa, and the measured porosity is
12%-20%. Before the penetration test, the samples were
immersed in water for 48 h to reach the saturation state, to
ensure that the seepage flow in the samples during the test
was unidirectional.

The test procedure is as follows:

(1) The sample is sealed with a rubber sleeve to ensure
that the oil in the triaxial pressure chamber in the
test does not mix with the water in the sample

(2) Apply a preset confining pressure value to the
sample

Axial compression σ1

Confining pressure σ3

Seaming chuck

Porous plate

Sandstone specimen

p1

p2

�ermal shrinkable sleeve

Figure 1: Sketch of permeability experiment principle.
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(3) Apply pore water pressure in a flow-controlled man-
ner. A reasonable water flow rate can ensure that the
maximum pore water pressure does not exceed the
confining pressure when stable seepage is formed,
and the pore water pressure value of the sample after
destruction is not lower than the instrument range.
The water flow rate used in this test is 1mL/min

(4) Peak strength of the sample and pressure control
(1MPa/min) is applied to load; after that, the oil
pump flow control (0.05mL/min) is applied to load
until the specimen is damaged. The axial pressure
is controlled by graded loading. The next load test
was carried out after the pore water pressure stabi-
lized at each load level

(5) The confining pressure values were applied in the
test. Permeability tests in the process of deformation
and failure were carried out on the samples under
different confining pressure conditions using 2, 4,
6, and 8MPa. To reduce the error caused by the dif-
ference of samples, three samples were selected for
testing under each confining pressure condition.
The test scheme is shown in Table 1

3. Results and Discussion

3.1. Law of Penetration in the Full Stress-Strain Process. Per-
meability coefficient axial strain curves of samples under dif-
ferent constant confining pressures (2, 4, 6, and 8MPa) were
obtained, limited by length. Only the evolution curve of rep-
resentative permeability deformation in the deformation and
failure of each group of samples is listed here (as shown in
Figure 3). Typical permeability test results for samples are
presented in Table 2.

To obtain the coal deformation characteristics and per-
meability evolution response law under the stress-seepage
coupling action, the volumetric strain and permeability
response characteristics during the whole process of bri-
quette deformation under different confining pressures were
analyzed in this paper.

As can be seen from Figure 3 and Table 2, the stress-
strain curve shape trend of briquette samples under different
confining pressures is the same, and all of them have experi-
enced five stages: nonlinear compaction stage, linear defor-
mation stage, yield stage, strain-softening stage, and
residual deformation stage. Under different confining pres-
sures, the curves of permeability coefficient-axial strain are
same, and the permeability coefficient of briquette samples

has experienced a slow decrease stage, an obvious increase
stage, and a steady increase stage.

In the first stage of the stress-strain curve, with the
increase of axial compression, the stiffness of briquette sam-
ples gradually increases, the curve curves upward, and the
initial defects gradually close. This stage is the nonlinear
compaction stage. At the same time, due to the decrease of
porosity in the sample, the channel for fluid flow becomes
narrower, resulting in the decrease of seepage velocity. In
the second stage, the stress-strain curves of briquette sam-
ples all vary approximately linearly. Under the action of
external load, the briquette coal samples are squeezed and
staggered among the pulverized coal particles, the cohesion
decreases, and the deformation cannot be recovered after
unloading. In this stage, the original gap between the pulver-
ized coal particles is filled, and the fluid permeability coeffi-
cient continues to decrease. From the third stage, the
permeability coefficient of briquette samples changed from
a decrease to a sharp increase. With the increase of stress,
the shear movement between the briquette particles began
to promote the stable crack expansion, the stress-strain
curve bent downward, the stiffness decreased, and the bri-
quette entered the yield deformation stage. Under the action
of shear movement, pulverized coal particles squeeze and
dislocate each other, resulting in a large number of cracks
and resulting in a sharp increase in permeability coefficient.
In the fourth stage, the briquette samples developed further
based on the shear failure, and the bearing capacity began
to decline and entered the strain-softening stage. The inter-
nal structure of the briquette determined that no stress drop
would occur, and the seepage velocity of the briquette
increased steadily. In the fifth stage, the axial stress of the
briquette remains unchanged, but its axial strain gradually
increases, and the coal sample begins to creep and enters
the stage of residual deformation. At this point, although
the axial stress is unchanged and the specimen is in axial
compression, the transverse deformation is constantly
expanding, so the seepage velocity is still increasing, but
the growth trend is slow.

Figure 2: Part of briquette samples.

Table 1: Test scheme.

Sample
number

Sample size
Confining pressure/

MPa
Diameter/

mm
High/
mm

ST-2-1 49.6 99.6

2ST-2-2 48.9 100.7

ST-2-3 50.3 99.5

ST-4-1 48.9 99.8

4ST-4-2 49.3 100.5

ST-4-3 50.2 99.6

ST-6-1 49.5 99.7

6ST-6-2 49.8 99.1

ST-6-3 49.3 99.3

ST-8-1 50.3 99.8

8ST-8-2 49.6 100.4

ST-8-3 49.7 100.7
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Under different confining pressures, the permeability
coefficient-axial strain curve has a similar change rule. With
the increase of confining pressure, the permeability coeffi-
cient of briquette samples decreases gradually, and the
higher the confining pressure, the more obvious the decrease
of permeability coefficient is. This is mainly because the
higher the confining pressure, the stronger the radial inhibi-
tion effect on briquette samples, and then, the crack opening
inside the briquette will become smaller, that is, the width of
the seepage throat will become narrower, which will lead to a
smaller permeability value. The above laws indicate that the
confining pressure has a significant effect on the permeabil-
ity evolution of the briquette.

3.2. Analysis of Seepage Characteristics of Different Hoop
Strains. In the process of permeability failure under axial
compression, the circum-axial deformation reflects the evo-
lution law of permeability in the process of yield, weakening,
and failure from another Angle. The stress-circumferential
strain curves and permeability coefficients of the samples
under different constant confining pressures (2, 4, 6, and
8MPa) are shown in Figure 4.
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Figure 3: Variation curve of permeability coefficient during stress-strain process.

Table 2: Results of penetration test.

Sample
number

Confining
pressure/
MPa

Peak
stress/
MPa

Peak
strain%

Maximum
permeability

coefficient/10-7 cm·s-1

ST-2-1 15.2 6.2 621

ST-2-2 2 14.0 5.6 567

ST-2-3 16.1 5.9 651

ST-4-1 18.6 4.8 214

ST-4-2 4 19.3 5.2 236

ST-4-3 17.8 4.9 227

ST-6-1 31.2 5.1 152

ST-6-2 6 32.6 5.5 147

ST-6-3 33.7 6.3 161

ST-8-1 39.8 6.3 97

ST-8-2 8 41.3 5.8 94

ST-8-3 40.8 5.7 91
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It can be seen from Figure 4 that the stress-
circumferential strain curve and the stress-axial strain curve
have the same trend of change, but the circumferential
deformation more fully reflects the process of specimen
yield, weakening, and failure than the axial deformation. In
the process of specimen deformation and fracture, the
change law of the influence of circum-axial strain and axial
strain on permeability is the same, and the change law of
permeability coefficient is basically the same. The permeabil-
ity coefficient decreases with the increase of confining pres-
sure, and the higher the confining pressure, the lower the
permeability coefficient. The permeability coefficient corre-
sponding to high confining pressure is far less than that cor-
responding to low confining pressure.

When the confining pressure is 2MPa, the initial perme-
ability coefficient is 323 × 10−7 cm · s−1, and the maximum
permeability coefficient after failure is 567 × 10−7 cm · s−1.
When the confining pressure is 4MPa, the initial permeabil-
ity coefficient is 191 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 214 × 10−7 cm · s−1.
When the confining pressure is 6MPa, the initial permeabil-

ity coefficient is 98 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 152 × 10−7 cm · s−1.
When the confining pressure is 8MPa, the initial permeabil-
ity coefficient is 47 × 10−7 cm · s−1, and the maximum per-
meability coefficient after failure is 97 × 10−7 cm · s−1.
When briquette samples are subjected to initial stress, the
initial value of permeability coefficient corresponding to
the confining pressure of 2MPa is 6.87 times that corre-
sponding to the confining pressure of 8MPa. After the bri-
quette sample is damaged, the maximum permeability
coefficient corresponding to the confining pressure of
2MPa is 5.85 times that is corresponding to the confining
pressure of 8MPa.

The circumferential strain in the nonlinear compaction
stage and the linear deformation stage is much smaller than
the axial strain, and the circumferential strain deviates from
the linear state more quickly than the axial strain, and the
circumferential strain increases faster in the yield stage.
Compared with the axial strain, the circumferential strain
at the peak strength is smaller, and the increased range of
the circumferential strain from the peak strength to the
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Figure 4: The relationship curve between hoop strain, permeability coefficient, and stress.
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maximum permeability coefficient is obviously larger than
that of the axial strain. The variation law of the circumferen-
tial strain is very similar to that of the permeability coeffi-
cient. In the nonlinear compaction stage and the linear
deformation stage, the circumferential strain increases
slowly, the variation range is small, and the permeability
coefficient decreases. At the yield stage, the circumferential
strain increases rapidly, and the permeability coefficient
increases slightly and then sharply. Thus, compared with
the axial strain, the permeability coefficient is more sensitive
to the change of the circumferential strain.

3.3. Analysis of Permeability Characteristics of Different
Confining Pressures. The test results of stress and permeabil-
ity coefficient of samples in the process of deformation and
failure under different confining pressures are shown in
Table 3.

Under different confining pressures, the samples show
different postpeak variation characteristics. The increase of
confining pressure usually results in the axial stress corre-
sponding to the peak stress of the samples changing greatly,
and the slope of the post-peak curve gradually decreases.
The change of confining pressure also has a strong effect
on the dilatancy behavior of the sample. Under the condi-
tion of low confining pressure, the brittle failure of samples
is accompanied by a large volume expansion. With the
increase of confining pressure, the samples show obvious
shear failure. The influence of confining pressure on the
dilatancy of samples directly results in the difference in the
permeability law of samples under different confining pres-
sures. As can be seen from Table 3, (1) with the increase of
confining pressure, the peak stress and residual strength
increased significantly. (2) Both the initial and maximum
values of the permeability coefficient of the sample
decreased, and the maximum value of the permeability coef-
ficient increased by 2:44 × 10−4 cm/s compared with the ini-
tial value at 2MPa confining pressure. When the confining
pressure increases to 8MPa, the maximum permeability
coefficient only increases by 5:0 × 10−6 cm/s compared with
the initial value. It can be seen that the increase of confining
pressure makes the increase rate of maximum permeability
greatly decrease. It can be seen that the permeability
coefficient-strain curve gradually slows down with the
increase of confining pressure.

In the process of specimen deformation and failure, the
influence of confining pressure on the permeability of the
specimen can be analyzed from two stages: first, the pore is
the main seepage channel stage before the specimen failure;
the second is that the main seepage channel stage is through
fracture after specimen failure. The permeability coefficient
of briquette samples in the initial stage decreases with the
increase of confining pressure, showing a logarithmic func-
tion (see Figure 5(a)). The relationship between permeability
coefficient and confining pressure in the initial stage is
shown in Equation (2). After failure, the permeability coeffi-
cient of briquette samples gradually decreases with the
increase of confining pressure, presenting a power function
(see Figure 5(b)), and the greater the confining pressure,
the more obvious the permeability coefficient decreases.

The relationship between permeability coefficient and con-
fining pressure is shown in Equation (3).

k = 1304:7σ−1:242
3  R2 = 0:9916, ð2Þ

k = −201:4 ln σ3 + 464:38 R2 = 0:9984: ð3Þ
3.4. Discussion. It is relatively easy to make briquette sam-
ples, which are pressed and formed by fine particles. The bri-
quette samples have a standard size, smooth surface, and
uniform texture. According to the mechanical characteristics
of briquette samples, the total stress-strain curve of briquette
samples changes gently, which is different from the existing
mechanical characteristics of raw coal samples to some
degree. The next step is to study the mechanical characteris-
tics and seepage characteristics of raw coal samples under
the coupling action of stress and seepage.

The type of coal samples under the action of stress-
seepage coupling of seepage characteristics shows that the
permeability of specimen under low confining pressure con-
ditions is greater than the high confining pressure perme-
ability; based on the results, in the coal seam gas extraction
in the process, take certain measures, such as hydraulic frac-
turing, and presplitting blasting, making smoke extracting
seam permeability increases advantageous to the coal seam
and efficient gas extraction.

4. Penetration Mechanism in the Process of
Coal Deformation and Failure

Coal is a highly heterogeneous material with multiple cracks,
and its deformation and failure process is essentially a
dynamic evolution process of crack initiation, propagation,
interaction, and finally, coalescence. The stress state of the
coal body has a direct influence on the permeability, which
can be theoretically proved by Lious’s empirical formula

kf = k0e−ασ, ð4Þ

where kf is the permeability coefficient of the crack; K0 is the
initial permeability coefficient; α is constant; and σ is the
normal stress. The above formula reflects that the relation-
ship between the permeability coefficient and the normal
stress is negative exponential. With the increase of the nor-
mal stress, the permeability coefficient also increases.

Table 3: Triaxial permeability test results under different confining
pressures.

Confining
pressure/MPa

Stress/MPa
Permeability

coefficient/10-7 cm·s-1
Peak
value

Residual
value

Initial
value

Maximum

2 14.0 9.5 323 567

4 18.6 15.2 191 214

6 31.2 22.1 98 152

8 39.8 27.1 47 97
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The influence of the change of stress state on the perme-
ability of briquette can be seen directly from the relationship
curves of stress-axial strain, permeability, and stress-
circumferential strain-permeability. When the stress-strain
of briquette goes through five stages, nonlinear compaction
stage, linear deformation stage, yield stage, strain-softening
stage, and residual deformation stage, the permeability of
briquette corresponding to each stage also changes corre-
spondingly. The prepeak change of the briquette is mainly
caused by compression deformation. At this time, the per-
meability of the briquette is relatively low, and the perme-
ability is the lowest in the linear deformation stage, and the
pores and cracks of the sample reach the maximum closure.
With the gradual increase of strain, the crack inside the sam-
ple expands to reach through, and the briquette material
loses its ultimate bearing capacity. In the postpeak stage of
briquette, the strain continues to increase, the crack of the
sample increases steadily, and the permeability coefficient
also increases steadily. In addition, the circumferential strain
can reflect the permeability of the sample more sensitively
than the axial strain.

In fact, the permeability of coal type and the characteris-
tics of coal itself also involve the concept of microscale seep-
age properties, such as topological structure characteristics
of porous media itself medium and pore and fracture distri-
bution, pore surface roughness, and the distribution of pores
and fractures, and a porous media and the relationship
between the fluid, such as surface wettability, adsorption
and desorption characteristics, saturation distribution, and
distribution details between phases.

Besides, in the process of seepage, the maximum perme-
ability coefficient of briquette samples does not appear at the
peak of stress-strain, but near its peak value. In short, the
study of the seepage mechanism in briquette deformation
and failure process has a very important guiding significance
for mining engineering and oil and gas field development.

5. Conclusions

(1) The stress-strain of briquette goes through five
stages: nonlinear compaction stage, linear deforma-
tion stage, yield stage, strain-softening stage, and
residual deformation stage. The prepeak change of
briquette is mainly caused by compression deforma-
tion, and the permeability of briquette is relatively
low, and the permeability is the lowest in the linear
deformation stage. After entering the yield failure
stage, the permeability of the briquette begins to
increase with the expansion and penetration of new
fractures, and the maximum permeability of the bri-
quette is basically near the peak value of briquette
strength. In the residual deformation stage, the new
crack increases slowly, and the briquette permeabil-
ity coefficient changes steadily

(2) The stress-axial strain curve has the same variation
trend as the stress-circumferential strain curve, but
the circumferential deformation more fully reflects
the process of specimen yield, weakening, and failure
than the axial deformation. In the process of speci-
men deformation damage, hoop strain and axial
strain effect on the permeability variation law of
basic consistent, and the permeability coefficient
with the increase of confining pressure and
decreases, and the higher the confining pressure,
the lower the permeability coefficient, the confining
pressure increases rate under the same conditions;
high confining pressure corresponding to the perme-
ability coefficient of permeability coefficient is far
less than the low confining pressure

(3) Confining pressure affects briquette permeability by
affecting briquette expansion behavior. With the
increase of the confining pressure, the permeability
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of the sample decreases, and the permeability coeffi-
cient decreases with the increase of the confining
pressure at the initial stage, showing a logarithmic
function. After failure, briquette samples show a
power function change rule, and the greater the con-
fining pressure is, the more obvious the permeability
coefficient decreases
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