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Gas permeability in coal characterizes the migration capacity of gas in coal, and it is an
important parameter influencing the gas flow in a coal seam. Energy dissipation and energy
release are important causes of rock mass failure. By utilizing a THM-2-type thermo-fluid—
solid coupling test system for gas-bearing coal developed at Chongqing University, China,
experimental research was conducted on raw coal samples from the Jinjia Coal Mine,
Guizhou Province, China, under two different cyclic loading paths. The experimental results
demonstrated that the overall change trends of permeability were consistent under the
different loading and unloading paths and decreased exponentially with increasing stress. As
the unloading level increased, the permeability hysteresis loops changed from sparsely to
densely distributed and from spindle-shaped to crescent-shaped and ladder-shaped. The
change laws of the upper and lower limits of permeability were closely related to the stress
paths. The change trends of the lower limit of permeability under the two paths were
consistent with that of the overall permeability and decreased exponentially with the in-
crease in energy density. When the lower limit of unloading stress was constant, the upper
limit of permeability gradually increased exponentially with increasing energy density,
indicating that the gas permeability in the coal samples had strong hysteresis characteristics.
The energy densities under the different paths nonlinearly increased with increasing stress;
these relationships could be fitted by quadratic functions. The total input energy density
showed the fastest rate of increase, followed by the elastic energy density, while the dissi-
pated energy density had the slowest rate of increase, demonstrating that the energy evo-
lution showed nonlinear characteristics. The experimental results were in good agreement
with the evolution characteristics of the permeability of the stress loading and unloading
zones in front of the working face. Understanding permeability from the perspectives of
different stress loading and unloading paths and energy densities provides certain insights
into the safe production and extraction of coalbed methane from coal mines.

KEY WORDS: Cyclic loading and unloading, Permeability, Energy density, Gas-bearing coal, Stress
field.
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Coal resources that can be mined in from
shallow strata in China are gradually being ex-
hausted, so it is inevitable that resources will be
mined from deeper depths (Li et al. 2016; Peng et al.
2019a, b, ¢, 2020; Liu et al. 2019a, b; Zou et al. 2016).
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With the increase in mining depth, mining of coal
resources is bound to be affected by ‘‘three high and
one disturbance (high in situ stress, high ground
temperature and high osmotic pressure as well as
strong mining disturbance),” which induces a series
of mine disasters. Of them, coal and gas outbursts
have not been fundamentally elucidated, posing a
great threat to the safety of deep mining and the
effective development of coalbed methane (CBM)
(Lu et al. 2012; Li et al. 2015; Yuan 2016; Zou et al.
2019, 2020). The occurrence mechanisms of gas
outbursts are very complicated, and the corre-
sponding loss 1is considerable. Moreover, the
threshold of its occurrence cannot be quantified (Xin
et al. 2018), which brings great difficulties to the
prevention and control of such events. In terms of
the mechanisms of coal and gas outbursts, most
scholars think that it is the result of the joint actions
of the in situ stress, gas pressure and physical
properties of the coal (Beamish and Crosdale 1998;
Wold et al. 2008; Yang et al. 2019a, b). The occur-
rence of coal and gas outbursts is closely correlated
with parameters such as the gas pressure, mining-
induced stress, coal strength and permeability evo-
lution. Although gas poses a great threat to the safe
production of coal mines, it is currently an important
energy source as energy becomes increasingly
scarce. Therefore, the understanding of the gas
infiltration mechanisms of coal and rock can directly
affect mining safety and the effective management
and utilization of gas. In summary, studying the
infiltration characteristics of gas-bearing coal under
different stress paths is of great significance for
understanding the occurrence mechanisms of gas
outbursts.

A coal mass is a special porous material, and its
permeability is mainly determined by its structure.
Coal is composed of void spaces and a matrix
(Warren and Root 1963; Harpalani and Schrauf-
nagel 1990), and the pores and fractures developed
inside provide not only space for gas storage but also
migration channels (Close 1993). Gas permeability is
a key parameter for evaluating coal and gas out-
bursts and changes with other factors (Yin et al.
2013; Li et al. 2017; Zhao et al. 2018; Chao et al.
2019). The gas permeability and migration velocity
of coal are affected by factors such as temperature
and pressure (Connell 2009; Pan and Connell 2012;
Perera et al. 2012). The evolution of permeability
with temperature can be divided into four stages
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(Teng and Wang 2016), i.e., thermal expansion,
thermal volatilization, thermal fracturing and crack
coalescence. Rutqvist et al. (2008) proposed that
high temperatures can cause cracks and microcracks
in rock to close. At medium and high temperatures
(Morrow et al. 2001; Moore 2012), the gas perme-
ability of coal and rock decreases with time (Polak
et al. 2004). As the effective stress increases, the
porosity and permeability of coal samples decrease
exponentially (Durucan and Edwards 1986; McKee
et al. 1987; Seidle et al. 1992; Levine 1996; Kelemen
and Kwiatek 2009; Majewska et al. 2010; Czerw
2011; Li 2013).

At present, many scholars have conducted
many studies and achieved many results on perme-
ability (Palmer and Mansoori 1996; Clarkson and
Bustin 1999; Siriwardane et al. 2009; Wang et al.
2011; Kumar et al. 2012; Kasani and Chalaturnyk
2017; Zou and Lin 2018; Yang et al. 2019a, b) and
mechanical characteristics (Aziz and Wang 1999;
George and Barakat 2001; Viete and Ranjith 2007;
Masoudian et al. 2014; Xie et al. 2017; Wu et al.
2020) of gas-bearing coal. Experimental research on
the gas permeability of coal under triaxial loading
was carried out (Gentzis et al. 2007; Liu et al. 2019a,
b; Wang et al. 2019a, b). The permeability of coal is
influenced by the deformation characteristics and
shear degree of the coal seam, and the gas perme-
ability results of coal samples in different layers
show an exponential relationship with the maxi-
mum, intermediate and minimum principal stresses
as well as the effective stress. The influences of the
intermediate principal stress on the minimum gas
permeability of coal indicate a stress-sensitive zone.
By comparing the evolution of gas permeability of
gas-bearing coal under many different stress paths,
Zhang et al. (2017) and Xin et al. (2018) found that
permeability—strain curves under different stress
paths can be divided into multiple stages. In addi-
tion, tests on the sensitivity of the gas permeability
of coal to stress and porosity at five different depths
demonstrated that with the increase in effective
stress, the porosity and permeability of the coal
samples decreased at each depth, obeying a negative
exponential function (Zhang et al. 2019).

In addition to the above-mentioned studies,
many scholars have also carried out a series of cyclic
loading and unloading tests based on the actual
environment of underground coal mining. Zhang
and Zhang (2019) experimentally studied the stress—
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permeability relationship of broken coal, rock and
coal and rock sample combinations of various sizes
under cyclic loading and unloading. They believed
that the permeability stress sensitivity and perme-
ability loss of the first loading and unloading are
significantly greater than those of the subsequent
loading and unloading cycles. Chu et al. (2019)
conducted a triaxial cyclic loading test on coal
samples and defined the permeability recovery rate
to analyze the permeability observed in the triaxial
cyclic loading-unloading test. Zou et al. (2019)
experimentally determined the effective stress
coefficient of coal during gas infiltration and studied
the effect of effective stress and gas slip on coal
permeability under cyclic loading conditions. Liu
et al. 2019a, b used a surface potential test system to
study the characteristics and mechanism of the sur-
face potential of gas-bearing coal under different
loading modes (uniaxial compression, cyclic loading
and gradient loading). They believed that the sur-
face potential signal generated by coal during gas
adsorption has a memory effect. This study provides
theoretically meaningful practical results and re-
flects the microscopic process of coal fracturing. In
addition to their research methods, Wang and Ma
(2019), Mostafa (2019), Ghaitani (2019) and Wang
et al. (2019a, b) proposed innovative theoretical
derivation methods and research ideas that can be
used to study the permeability characteristics of coal
under different circulation paths and provided ref-
erence data. Through the various above-mentioned
studies, a rigorous theoretical framework has been
formed. However, the migration of gas in coal and
rock and fracturing-induced failure of coal are very
complex processes and can influence each other. For
example, the fracturing and failure of coal can affect
its gas permeability characteristics. Nevertheless, the
failure of coal and rock materials is essentially dri-
ven by energy, and the energy characteristics are
very important and effective for describing the
mechanical performances of rock materials. Energy
evolution includes energy input, storage, dissipation
and release (Brady and Brown 1985; Mcsaveney and
Davies 2009; Wasantha et al. 2014; Gong et al.
2019a, b). At present, the relationship between en-
ergy and the gas permeability of coal has not been
fully studied. Therefore, research on the gas per-
meability of coal and rock from the perspective of
energy can provide guidance for the infiltration
mechanisms of gas in coal and rock and the pre-
vention of coal and gas outbursts.

EXPERIMENTAL METHOD
Experimental Setup

In these experiments, the self-developed THM-
2-type thermo-fluid—solid coupling test system of
gas-bearing coal was used. This test system mainly
includes four parts, i.e., a control system, a hydraulic
system, a gas supply system and a power system.
This equipment can be used to research experi-
mentally the infiltration laws of gas in coal and rock
and the deformation and failure of gas-bearing coal
in the infiltration process under the coupling effects
of different temperatures, in situ stresses and gas
pressures. Table 1 shows the basic parameters of the
device, and Figure 1 presents the test system. Each
test was carried out according to the following steps:

1. Silica gel was uniformly smeared on the coal
sample to prevent the leakage of gas from
the coal wall. After the silica gel was com-
pletely dry, the sample was placed between
the top and bottom of a pressure shaft in a
triaxial chamber.

2. The coal sample was put onto a special heat-
shrinkable tube for laboratory use, and a
high-temperature blower was used to heat
the tube so that the tube closely contacted
the wall of the sample and the two ends of
the pressure shaft.

3. Metal hoops were added to both ends of the
pressure shaft to tighten the heat-shrinkable
tube to prevent hydraulic oil from flowing
into the tube. After that, an extensometer
and the remaining parts of the triaxial flow
meter were installed.

4. The oil was added into the chamber to limit
the pressure. The preset confining pressure
(2 MPa) and axial stress (2 MPa) were ap-
plied to simulate the conditions of isotropic
in situ stress.

5. Methane gas was injected, and the test star-
ted after adsorption equilibrium.

Sample Preparation

The coal samples used in this experiment were
mainly collected from a highly gassy mine—Jinjia
Coal Mine, Liupanshui City, Guizhou Province,
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Table 1. Basic parameters of the equipment

Specifications

Dimension of specimen
Maximum axial stress
Maximum confining pressure
Maximum gas pressure
Maximum axial displacement
Maximum toroidal deformation
Axial force control mode

50 x 100 mm
1000 kN

10 MPa
6 MPa
60 mm
6 mm

Stress and displacement control

Power system

Control system

Hydraulic
system

Figure 1. THM-2-type thermo-fluid—solid coupling test system of gas-bearing coal (1—monitor;
2—control system; 3—flow meter; 4—hydraulic oil; 5—sample; 6—gas cylinder; 7—gas pipe; 8, 9,

10—oil pipeline; 11—oil pump; 12—control circuit).

China. The coal was mainly found as powders and
fragments, followed by lumps and scaly shapes, and
its mechanical strength is low. The raw coal with a
high calorific value was suitable for civil use and
power generation. The obtained raw coal was pro-
cessed and polished into cylindrical samples with
dimensions of 50 mm X 100 mm to ensure that the
parallelism and perpendicularity of the upper and
lower surfaces of a sample met the relevant rock
mechanics regulations. Figure 2 demonstrates the
geographical location of the coal samples, and Ta-
ble 2 presents proximate and elemental analysis re-
sults of the coal samples.

Experimental Program

The experiments on the gas permeability of gas-
bearing coal were conducted under different cyclic
loading and unloading paths. By taking methane as
the experimental gas, the experiments were per-
formed under an axial pressure of 1 MPa and a
confining pressure of 2 MPa in the load control
mode. When the axial stress was loaded to 2 MPa,
the program control was selected to stabilize the
pressure. In addition, by utilizing 1 MPa of methane
gas, cyclic static loading and unloading in the axial
direction were performed on the samples after
adsorption equilibrium of the methane gas.
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Columnar | Thickness/m Lithology
i ?_ 3 5 Residual and sloped clay, silt, alluvial pebbles, sub-sand.
: 140 Brown gray dolomitic limestone
: 126 Medium thick layered argillaceous limestone
T e 24 Bright red fuchsia mudstone
’ g é 82 Bright red and purple red mudstone, argillaceous siltstone
U ; 88 Gray-purple, brown silty mudstone
(a) é 68 Gray-violet thin layer of argillaceous siltstone
:\5;/-{; 92 Gray-purple, dark purple medium-thick layered fine sandstone
:Q; 68 Red-purple thin layer of silty mudstone
=—— 146 Medium to thick layered green fine sandstone
ey — 97 Gray fine sandstone, siltstone
92 Fine sandstone and siltstone
42 Siltstone, argillaceous siltstone
24 Gray, dark gray basaltic tuff
(b) (©)
Figure 2. Geographical location of coal samples. (a) Location of Guizhou Province. (b) Location of the Jinjia Coal Mine. (c)
Stratigraphic column.
Table 2. Proximate and elemental analyses
Industrial analysis Total sulfur Elemental analysis
Moisture Ash Volatile matter Sia (%) Phosphorus Hydrogen Nitrogen
M.da (%) A (%) Vaar (%) 1.01 pa (%) Haar (%) Nar (%)
2.36 20.49 24.30 11.56 4.95 1.22

ad = Air-dried basis; d = dry basis; td = total dry basis; daf = dry ash free

Under stress path I, the lower limit of the
unloading stress was maintained, while the upper
limit of the loading stress was changed by increasing
the amplitude of the stress level. In other words,
after unloading to the hydrostatic pressure, the stress
was increased to different upper limits (unloading
level) at each time. The upper limit of the stress
increased with the increase in the amplitude of the
stress level. This could be expressed as follows: hydro-
static pressure (2 MPa) —» 4 MPa — 2 MPa —
6MPa — 2MPa —» 8MPa — 2MPa — 10 MPa
— 2MPa — 12MPa — 2MPa — 14 MPa. Each
cycle was performed in the same manner, and 10

cycles were performed at each level. The test did not
stop until the samples exhibited damage.

Under stress path II, the lower limits of the
unloading stress and upper limits of the loading
stress were both changed, while the increase in the
amplitude of the stress level remained unchanged at
2 MPa. In other words, the lower limit of the
unloading stress at the next level was the upper limit
of the loading stress at the previous level, expressed
as follows: hydrostatic pressure (2 MPa) —
4MPa - 2MPa - 6 MPa —» 4 MPa — §
MPa —» 6 MPa — 10 MPa —» 8 MPa — 12
MPa — 10 MPa — 14 MPa — 12 MPa. Each
cycle was performed in the same manner, and each
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Figure 3. Diagrams of loading—unloading stress paths. (a) Stress path 1. (b) Stress path II. (¢) Flow model
of gas inside a coal sample.

level included 10 cycles. The test did not stop until
the samples exhibited damage. These two stress paths
are shown in Figure 3.

Calculation Method of Energy Density

The process of rock deformation and failure is
accompanied by energy dissipation and release
(Gong et al. 2019a, b). Energy evolves throughout
the process of rock deformation and failure: Energy
is generally constantly input into coal and rock from
the outside in the form of mechanical energy; part of
this energy is stored in the rock in the form of elastic
energy, while the other is dissipated, generating
plastic and irreversible deformation. Studying rock
failure from the perspective of energy can capture
essential attributes of rock failure. This study used
energy density as a reference value, and the real

energy was the product of the energy density and the
actual volume of a sample. Assuming that there was
no heat exchange between the sample and the
external environment in the experimental process,
according to the laws of conservation of energy and
thermodynamics, the total energy density produced
by work done by external forces could be expressed
as follows (Xie et al. 2009).

U=U*+U* (1)
where U, U’ and U° represent the total energy
density, the dissipated energy density and the elastic
energy density, respectively.

Graphically, the area enclosed by the loading
curve and abscissa is the total energy density, while
the area enclosed by the unloading curve and ab-
scissa is the elastic energy density. The dissipated
energy density is the difference between the total
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Figure 4. Schematic diagram for the calculation of energy density.

energy density and elastic energy density. Figure 4
presents a schematic diagram of the calculation of
energy density, and the calculation method is shown
as follows (Meng et al. 2016; Liu et al. 2019a, b; Peng
et al. 2019a, b, c).

|
U= zl:z(t)'i + O','+1)(8i — 8i+1)
=

m_ 1 (2)
Us = ZE(‘%’ +0i0) (& — €4q)
=1
Ul=u-u° (3)

where o}, 0,.1, 0’; and ¢’;,1 indicate the stresses on
the integral unit, ¢;, €, €; and €’;;; represent the
strains on the integral unit, and o,,x and €, denote
the stress and strain corresponding to the unloading
level, respectively.

Principle underlying Calculation of Permeability

In the laboratory, the gas permeability of the
samples can be measured by using three methods,
the gas flow method, pulse method and quasi-static
method (Wang et al. 2014). Supposing that the
infiltration process of gas in coal and rock in the
experiment was an isothermal process, the gas per-
meability of the samples was calculated according to
the Darcy-Weisbach formula (Somerton et al. 1975;
Jasinge et al. 2011; Wang et al. 2013).

_ 2Q0upp.L
k=4 -m) @

where K, u, L, Q and A represent permeability (m?),
gas viscosity (Pa s), sample length (m), methane flow
(m?/s) and cross-sectional area (m?) of the sample,
respectively, and P,; P;; and P, indicate the atmo-
spheric pressure (Pa), pressure (Pa) at air inlet and
pressure (Pa) at air outlet, respectively. In this
experiment, because the outlet pipe led to the
atmosphere, P,= P,. By substituting the experi-
mental data into Formula (4), the gas permeability
of the samples could be calculated.

RESULTS

Stress—Strain Relationships for Different Stress
Paths

Figure 5 shows stress—strain curves under cyclic
loading. It can be seen from the figure that although
the stress-strain curves under the two different
loading and unloading paths share certain similari-
ties, they have considerable differences. Under the
two stress paths, the loading and unloading stress—
strain curves do not overlap, and each cyclic loading
and unloading can produce a plastic hysteresis loop.
Moreover, hysteresis loops at the same level do not
overlap. This indicates that the coal samples gener-
ate elastic and plastic deformation in the cyclic
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Figure 5. Two stress—strain curves

loading and unloading process and reflect that the
coal samples are subjected to fatigue damage under
the effects of cyclic loading (Peng et al. 2019a, b, c).
Under the effects of cyclic loading, the elastic
deformation of the coal samples completely recovers
after unloading, while the plastic deformation that
cannot completely recover is called irreversible
deformation (Peng et al. 2019a, b, c), the magnitude
of which is directly related to the damage degree of
the coal samples. Under path I, with the increase in
loading and unloading stress levels, the plastic hys-
teresis loops clearly enlarge. Under path II, plastic
hysteresis loops at each stress level do not overlap.
With the increase in the stress level, the elastic
hysteresis loops show a decreasing trend. This sug-
gests that the influences of the loading and unload-
ing along path II on the coal are smaller than those
along path I. In general, the stress—strain curves
show the following characteristics (Hobbs 1964;
Medhurst and Brown 1998; Wang et al. 2013). (1)
The initial nonlinear part of the stress—strain curve is
concave up, which results from the closure of the
natural pores and fractures in the coal. (2) The lin-
ear-elastic range of the stress—strain curve is known
as the elastic deformation stage, from which Young’s
modulus can be determined in compression. (3) The
final nonlinear part of the stress—strain curve caused
by fracturing is called the fracture development
stage. After entering into this stage, the develop-
ment of microfracturing changes qualitatively, and
the fractures continue to develop until the sample is
completely damaged.

Stress (Mpa)
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Loading and Unloading Elastic Modulus

Coal is a porous medium that is affected by the
geologic environment during the formation process.
Coal contains a large number of primary pores and
microcracks, resulting in coal being a nonideal
elastic material. When the coal body is subjected to
external forces, the closure of the primary pores and
the development of epigenetic damage will cause
weak deformation of the coal rock. When these
weak deformations have accumulated to a certain
extent, some macroscale strength parameters can be
realized. The elastic modulus is an important per-
formance parameter of engineering materials and
can be regarded as an index to measure the difficulty
of the elastic deformation of materials. Taheri
(2016) assessed the progressive failure of rocks by
loading a tangential elastic modulus of 50% of the
amplitude. Others also use the secant elastic mod-
ulus and other forms of the elastic modulus as
analysis and evaluation indicators (Taheri and Tat-
suoka 2015). However, the elastic modulus used in
this article is different from what they proposed. To
better show the change in the elastic modulus at
each loading and unloading point, we divide the
elastic modulus into a loading elastic modulus and
an unloading elastic modulus, which are defined as
the ratio of stress to strain when loaded to the
unloading level (0,2x) and when unloaded to the
initial stress (0p). According to the experimental
data, we obtain the loading and unloading elastic
moduli of the gas-bearing coal under the two paths,
as shown in Figure 6. Figure 6 shows that the load-
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Figure 6. Elastic modulus of loading and unloading under two paths.

ing and unloading moduli of elasticity are the
greatest during the initial cycle. As the upper limit of
the stress gradient increases, the loading and
unloading moduli of elasticity in path I show con-
sistency, gradually decreasing as the number of cy-
cles increases. As the stress increases and the cyclic
gradient increases, the loading and unloading elastic
moduli gradually approach each other and weaken.
For path II, at the first stress level, the unloading
elastic modulus is higher than the elastic loading
modulus. As the stress gradient increases, the
unloading elastic modulus becomes greater than the
elastic loading modulus, and the laws of the loading
and unloading elastic moduli change. They tend to
be consistent, gradually increasing with the increase
in the number of cycles and thus strengthening.
Generally, the loading and unloading elastic moduli
under the two stress paths approach each other with
increasing stress gradient, that is, the loading and
unloading elastic moduli become equal.

Irreversible Strain

Under normal circumstances, objects are de-
formed when subjected to external forces. When
external forces are withdrawn, the deformation will
gradually recover and exhibit elastic characteristics.
However, due to the material characteristics of the
object, including defects such as pores and cracks,
the deformation cannot be completely restored to its
original state after the external force is removed.

That is, part of the strain is reversible, and the
irreversible part is called irreversible deformation,
which exhibits certain plastic characteristics. The
calculation method of irreversible deformation is
shown in Figure 7. The irreversible strain of the rock
for each of the two stress paths is the difference
between the strain at the end of each cycle and the
beginning of each cycle.

Aei = ey — 11 (5)
where Asilr(r"> and n refer to the increment in axial
irreversible strain during a single loading and
unloading cycle and the serial number of that cycle,
respectively. Moreover, &f4, represents the axial
strain recorded at the last sampling point (that is, the
60th sampling point) of the nth cycle, and s}?f) is the
axial strain recorded at the first sampling point in the
nth cycle.

Therefore, through superposition, the axial
irreversible strain was calculated as follows:

N
gilrr = Z Ailrr(n) (6)
n=1

To illustrate more accurately the irreversible
strain evolution, the relationship between the irre-
versible strain and the number of cycles is shown in
Figure 8, and the relationship between the irre-
versible strain and stress is shown in Figure 9.
Generally, the irreversible strain evolution laws
under the two paths are the same. Figure 8 shows
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Figure 8. Relationship between irreversible strain and cyclic ratio.

that the irreversible strain increases as the number
of cycles increases. At the same time, we also ob-
served that for path I, the irreversible strain changed
sharply between the fourth and fifth levels due to
local damage to the coal sample. For path II, the
irreversible strain shows a stepwise increase with
increasing stress gradient and number of cycles. In
addition, Figure 9 clearly shows that the irreversible
strain increases at different speeds between the two
paths, and the growth rate of path I is significantly
greater than that of path II. This shows that the
contribution of irreversible strain for path I is

greater and increases faster than that for path IL
With the continuous accumulation of irreversible
strain, macroscopic cracks eventually occur, and the
specimen is destroyed.

Instantaneous Permeability

Gas migration in coal mass and coal failure is
very complex processes, and fracturing and failure of
coal and permeability characteristics of gas are
important factors affecting coal and gas outbursts.
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(b) Relationship between instantaneous permeability and stress for path II.

The flow channels of gas in coal are closely linked to
the method of stress change. However, the deforma-
tion and failure of a rock mass is essentially the result
of the combined action of energy dissipation and en-
ergy release. Energy dissipation mainly induces
damage to the rock mass and degrades the material
properties, while energy release is the internal cause
of sudden failure of the rock mass. In the test process,
the pores and fractures in the coal constantly change,
causing the migration channels of the gas in the coal

mass to change. Figure 10b shows the relationship
between the instantaneous permeability and stress for
path II. The permeability of coal is very sensitive to
stress because the cracks and pores of the coal body
tend to close under the action of an external com-
pressive force, so the permeability decreases as the
axial stress increases. By comparing Figure 10a, b, itis
not difficult to find that the permeability decreases
gradually with the increase in the stress under the two
different paths and has nonlinear characteristics.
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DISCUSSIONS
Relationship Between Permeability and Stress

Figure 11a demonstrates the relationship
among the cycles at each level under path I. The gas
permeability of coal is sensitive to stress. Under the
effects of an external compressive force, cracks and
pores in the coal mass tend to close, so the perme-
ability decreases with increasing axial stress.
According to Figures 10a and 11a, at the same level,
the permeability curves under loading and unloading
do not overlap but do exhibit obvious hysteresis
loops. In the 10 cycles at the first level, the perme-
ability hysteresis loops are sparse and show a rela-
tively plump spindle shape. With increasing stress
level, the permeability hysteresis loops become
denser, and the spindle shape gradually changes into
a crescent shape during the 10 cycles at the same
level.

Figure 11b demonstrates the relationship be-
tween the instantaneous permeability and stress
among the cycles at each level under path II. Under
path II, the overall permeability gradually decreases
with increasing stress, and the hysteresis loops of the
permeability gradually decrease with increasing
stress level. As shown in Figure 11b, the cycles at the
first level have the sparsest permeability hysteresis
loops, and the second level exhibits the second-
sparsest permeability hysteresis loops. The perme-
ability hysteresis loops at the first two levels are
clearly observable and have plump spindle shapes.
From the third level, the permeability hysteresis
loops tend to densify slightly. Similarly, the spindle
shape becomes less obvious with increasing stress
level, and the permeability curve under loading and
unloading shows a stepped shape.

In Figure 11a, b, under paths I and II, the per-
meability hysteresis loops in the cycles at the first
level are sparse. From the second stress level, per-
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Figure 12. Curves of the upper and lower limits of permeability under the two stress paths. (a) The upper limit of the
permeability under path I and (b) the upper limit of the permeability under path II; (¢) the lower limit of the permeability
under path I and (d) the lower limit of the permeability under path II.

meability hysteresis loops under path I gradually
tend to densify, while those under path II still show
obvious sparse characteristics but then gradually
become dense.

Evolution Characteristics of Permeability

Figure 12 demonstrates the change laws of the
upper and lower limits of permeability correspond-
ing to each stress level under the two stress paths. As
shown in Figure 12a, under path I, the upper limit of
permeability presents four obvious stages: a rapid
growth, stable growth, slow growth and slow de-
crease. Under path II in Figure 12b, the upper limit
of permeability mainly exhibits three stages: a rapid

growth, slow decrease and stable stage. (There is no
slow decrease stage as that under path 1.) For the
lower limit of permeability, the changes with stress
path show differences in three stages, that is, a rapid
increase, slow increase and stable stage under path I
in Figure 12c and a rapid increase, slow decrease
and stable stage under path II in Figure 12d. The
change laws of the upper and lower limits of per-
meability under the two paths are different. Fur-
thermore, it can be easily found that the change laws
of the upper and lower limits of permeability are
consistent under stress path II in Figure 12d. This
indicates that the evolution laws of permeability are
affected by the stress paths and that different load-
ing and unloading paths exert different influences on
permeability. Comparing the two stress paths, it is
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found that during the unloading process, the stress
of path I is completely released, while that of path 11
is not. Therefore, these two paths have different
effects on fractures and pores. Moreover, compared
with the loading and unloading paths with constantly
increasing amplitudes at each stress level, the load-
ing and unloading paths with increased amplitudes
at each stress level have more obvious effects on
permeability. The first stage in Figure 12 shows that
the permeability increases with the number of cy-
cles. There are two main reasons for this phe-
nomenon. On the one hand, the test starts after the
gas is fully adsorbed and balanced, and a large
amount of gas is adsorbed by the coal sample. As the
number of cycles increases, the adsorbed gas is re-
leased. On the other hand, the increase in the
number of cycles causes some damage to the coal
sample. However, in the initial stage, the latter has
less influence on the increase in permeability. Ta-
ble 3 shows the fitting expressions of permeability
with the number of cyclic loadings at each unloading
stress level. R® equals 0.27273, which shows that the
lower limit of permeability is not a fixed value, that
is, the permeability fluctuates. When R? equals 1, the
lower limit of permeability is a fixed value and does
not change with the increase in the number of cycles.

Relationship Between Energy Density and Stress

The failure of rock materials is essentially dri-
ven by energy, so it is very important and effective
to describe rock materials from the perspective of
energy. Under the effects of external loads, the en-
ergy change during rock deformation and failure is a
dynamic process, including energy input, storage,
dissipation and release. Before the failure of rock
materials, energy can be stored in the form of elastic
energy, and the total energy input from the outside
environment can be divided into two parts, i.e.,
elastic energy and dissipated energy. The former
generates elastic strain, while the latter produces
plastic deformation. According to the calculation
method for energy density in section ‘“‘Calculation
Method of Energy Density,” energy densities can be
obtained under the two paths. Figures 13 and 14
show the energy evolution laws of the coal samples
under paths I and II, respectively. It can be seen
from the figures that the energy density increases
with stress and shows obvious nonlinear growth
characteristics. The relationship between energy
density and stress obeys a quadratic relation, as
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displayed in Table 4. With the increase in stress, the
total input energy density increases the fastest, fol-
lowed by the elastic energy density, while the dissi-
pated energy density increases the slowest. R” is
used to describe the degree of fit of the curves in
Table 4. R? refers to how well the regression line fits
the observations (Mostafa 2019). Table 4 shows that
the maximum and minimum R? of the relationship
curve under path I is 0.99997 and 0.98284, respec-
tively, while those are 0.99243 and 0.98640 under
path II. This suggests that the quadratic function can
accurately express the above nonlinear growth trend
and that the energy evolution mechanism of coal
and rock has very typical nonlinear characteristics in
the process of loading and unloading. In addition, in
accordance with the fitting curves in Figures 13 and
14, the elastic energy density is always similar to the
total input energy density, while the dissipated en-
ergy density is greatly different from the elastic en-
ergy density and the total input energy density. This
finding indicates that the elastic energy density
stored in coal and rock is relatively high, while the
dissipated energy density is low.

Evolution of Permeability with Energy Density

Energy and permeability characteristics can be
combined to analyze the evolution laws of perme-
ability from the perspective of energy, which is of
profound significance to prevent disasters, such as
coal and gas outbursts. In accordance with stress
levels, permeability can be classified into the upper
limit of permeability Ku and the lower limit of
permeability K;. The former is defined as the per-
meability while unloading to the lowest stress value,
while the latter refers to the permeability when
loading to the unloading level. The lower limit of the
stress level corresponds to the upper limit of per-
meability, while the upper limit of the stress level
corresponds to the lower limit of permeability. Be-
cause the total input energy density is the total of the
elastic energy density and dissipated energy density,
this study only discusses the relationships between
permeability and elastic energy density and between
permeability and dissipated energy density. As dis-
played in Figure 3, the lower limit of the stress level
corresponds to the upper limit of permeability, while
the upper limit of stress corresponds to the lower
limit of permeability. Figure 15 shows the changes in
the upper limits of permeability with elastic and
dissipated energy densities under the two stress
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Table 3. The fitting relationship between the permeability and the number of cyclic loadings at each unloading stress level
Stress path Level K, — o (107) R? K — o (1075) R?
Path I 1 K, =0.02127w + 0.84754 R? = 0.96364 K, = 0.01474w + 0.67932 R? = 0.98725
2 K, = 0.00839» + 1.09137 R* = 0.91860 K, = 0.04980w + 0.65588 R* = 0.95808
3 K, = 0.00828w + 1.18550 R? = 0.85067 K; = 0.01720w + 0.54285 R? =0.90188
4 K,, = 0.009900 + 1.24750 R* = 0.75615 K, = 0.000550 + 0.43814 R* = 0.48485
5 K, = 0.00536w + 1.45617 R? = 0.40970 K, = — 0.003090 + 0.35854 R? = 0.86428
6 K, = — 0.00203w + 1.49950 R* = 0.43550 K; = — 0.00165 + 0.27558 R? = 0.58182
Path 11 1 K, =0.01997w + 0.47707 R? = 0.98310 K, = 0.01835w + 0.36064 R? = 0.95545
2 K, = — 0.00485w + 0.53983 R? = 0.93404 K; = — 0.00553w + 0.44494 R? = 0.94751
3 K, = 0.000050 + 0.33040 R? =10.13853 K; = 0.000050 + 0.27092 R? = 0.48485
4 K, = — 0.00003w + 0.24043 R* = 0.27273 K; = — 0.00003w + 0.20073 R? = 0.27273
5 K, = — 0.00003c + 0.17238 R? =0.18182 K; = 0.15310 R=1
6 K, = 0.13609 R =1 Ky = 0.12475 R’ =1
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Figure 13. Energy evolution of the coal samples under path I.

paths. Figure 15 shows that the change laws of the
upper limit of permeability are largely different
under different loading and unloading paths. Under
path I, as shown in Figure 15a, c, the change laws of
the upper limit of permeability with elastic energy
density and dissipated energy density are the same.
The upper limit of permeability nonlinearly in-
creases with the energy density, showing a positive
correlation; this relationship can be accurately fitted
by a quadratic function. The upper limit of perme-
ability under path II has a change trend that diverges
from that under path I. Figure 15b, d shows that the
upper limit of permeability nonlinearly decreases
with increasing elastic and dissipated energy densi-
ties. The negative correlation between the upper
limit of permeability and energy density can be fitted
with a quadratic function.

Figure 16 presents the evolution process of the
upper limit of permeability under the effects of the
two stress paths. The upper limit of the stress level
corresponds to the lower limit of permeability. In
Figure 16, the lower limit of permeability nonlin-
early decreases with increasing elastic and dissipated
energy densities. As the stress level increases, the
elastic and dissipated energy densities increase
nonlinearly (Peng et al. 2019a, b, c). Based on the
scatter plots of the permeability under the two stress
paths, the lower limit of permeability fluctuates
greatly in the initial stage and shows great discrete-
ness among the 10 cycles at each level. As the stress
increases, the data in the scatter plots of perme-
ability gradually stabilize and become dense,
approaching a certain point. With a constant in-
crease in stress, the data in the permeability scatter
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Figure 14. Energy evolution of the coal samples under path II.

Table 4. Fitting relationship between energy density and stress

Stress path Abscissa Ordinate Fitting expression Degree of fit
I Stress () Total input energy density U U = 131591 x 10~*¢* + 5.36518 x 10~*¢ — 0.00178 R* =0.999
Stress (o) Elastic energy density U° U= 1.23676 x 107*6* + 5.36518 x 10~*¢ — 0.00160 R? =0.999

Stress (o) Dissipated energy density U?
II Stress (o) Total input energy density U

Stress (o) Elastic energy density U°

Stress (o) Dissipated energy density U¢

U= 7.941481 x 10~°6% + 4.90906 x 10>¢ — 0.00017 R?>=0.983
U = 0.14800 x 107462 + 0.34000 x 10%¢ + 0.002282 R? =0.992
U= 0.14000 x 10~%6% + 0.2920 x 10~*s + 0.0021669 R?>=0.991
U= 0.08131 x 107*6% + 0.047849 x 10~z + 0.00012 R =0.986

plots become discrete, which corresponds to the
information in section ‘‘Relationship between Per-
meability and Stress”. Figure 14 shows that the
evolution of energy has nonlinear characteristics.
The energy density increases with increasing stress.
The increase in stress results in a decrease in per-
meability. The effect of energy and stress on per-
meability is consistent. Because the energy density
and stress increase simultaneously, they both affect
the permeability by controlling changes in the frac-
tures and pores. Table 5 shows the fitting relation-
ship between permeability and energy density.

Infiltration Mechanisms

The migration law of gas in a coal seam is an
important research topic for elucidating the
mechanical mechanisms of coal and gas outbursts
and provides an important basis for studying the
highly efficient extraction and utilization of CBM. In

underground mining activities, factors such as min-
ing disturbance can result in stress redistribution in
coal and rock, and the new stress field is known as
the mining-induced stress field (Qi et al. 2009).
Changes in mining-induced stress can lead to the
fracturing and failure of coal, which is an essential
cause of the changes in permeability. To better
couple the stress field with the gas infiltration field, it
is assumed that the development of the mining-in-
duced stress field is affected by the coal and rock
properties, mining depth, mining method and road-
way layout. Furthermore, it is supposed that the
mining-induced stress field shows variability,
dynamics, predictability and controllability.
According to the relationship between permeability
and stress, the mining-induced stress field can be
coupled with the infiltration field, as shown in Fig-
ure 17, thus establishing their spatiotemporal evo-
lution. In accordance with the advancing direction of
coal mining, the stress field can be divided into four
parts, namely, an unloading zone, a loading zone, a
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transition zone and an in situ stress zone. Similarly,
based on the stress field, the infiltration field can be
divided into four zones, namely, a sharp increase
zone, a reduction zone, a transition zone and a pri-
mary infiltration zone. In the mining process, the gas
migration direction is shown as the gas flow direc-
tion in Figure 17. In the loading and unloading
zones, the permeability changes considerably. In the
unloading zone, due to the influences of stress re-
lease and mining disturbance, more and larger
cracks form in the coal mass, gradually forming
macrocracks. Moreover, these changes cause the
diameter of gas migration channels and the perme-
ability to increase. The change law of gas perme-
ability is consistent with that of the upper limit of

permeability in Figure 15. In the loading zone, the
stress on the coal mass increases, and the original
natural cracks and pores are compacted under the
effects of high stress. Furthermore, the diameters of
gas migration channel gradually decrease and close.
Thus, the permeability decreases. The change law of
gas permeability is similar to that of the lower limit
of permeability in Figure 15. The transition between
the unloading zone and the loading zone represents
the boundary point and the maximum value on the
stress arch, where the minimum permeability in the
coal and rock occurs, corresponding to the lowest
permeability in Figure 10a, b. The gasses on either
side of this critical boundary flow in opposite
directions tend to flow toward low-pressure areas. In
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the transition zone and the in situ stress zone, the gas
flow direction gradually becomes chaotic. In con-
clusion, the migration laws of gas under unloading in
gas-bearing coal are closely correlated with perme-
ability, while changes in abundant pressure have a
large influence on permeability.

CONCLUSIONS

By utilizing the THM-2-type thermo-fluid-solid
coupling test system of gas-bearing coal developed
at Chongqing University, this study performed an
experimental study on gas permeability characteris-
tics in coal under two different loading and

unloading paths. A spatiotemporal evolution model
coupling the stress field and gas infiltration field was
built. From the perspective of energy, the gas per-
meability characteristics of the coal were quantita-
tively analyzed, and the evolution relationships of
the upper and lower limits of permeability in the
coal samples with energy density were characterized
under the two stress paths. Through this research,
the following conclusions were made.

1. Under the effects of high stress, the natural
cracks and pores in the coal were constantly
compacted, and the diameters of the gas
migration channels were reduced, so the
permeability decreased. Under unloading,
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Table 5. Relationship between permeability and energy density
Stress Abscissa Ordinate Fitting expression Degree of
path fit
I K, Elastic energy density U° K,= — 742964 x 10713(U°)*+ 4.13546 x 107 4U° +8.88175 x 107'°  R* = 0.933
K, Elastic energy density U° K, = 4.34743 x 107 3(U°)* — 3.23847 x 104U+ 8.4186 x 107 R*=0.987
K, Dissipated energy density K= — 1.44526 x 107 '%(U%)%+ 5.69022 x 10730+ 9.02635 x 107'¢ R* =0.932
logd
K, Dissipated energy density K = 9.03101 x 1073(U%)? — 4.58159 x 107U +8.33242 x 1071  R*=0.979
v
II K, Elastic energy density U° K,=5.65679 x 107'(U°)* — 5.97363 x 107U+ 1.71809 x 10715 R* = 0.981

K, Elastic energy density U° K= 4.29392 x 1071 (U%)? — 4.52844 x 107U +1.3225 x 10713 R*=0.969

K, Dissipated energy density  K,= 1.1583 x 1078(U%)? — 0.80288 x 10712U%+ 1.152122 x 1075 R* = 0.947
Ud

K, Dissipated energy density K, = 8.62271 x 107°(U%)? — 5.99977 x 107120 +1.16322 x 107 R?=0.931
Ud
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Figure 17. The model of the force of the coal mass and the permeability change curve in front of the coal

mining face.

the fractures and pores in the coal expanded
and the pore diameter increased, causing
permeability to increase. The overall change
trends of permeability were consistent under
the different loading and unloading paths,
and the permeability decreased exponen-
tially with increasing stress. The permeability
hysteresis loops changed from sparsely to
densely distributed and from a spindle shape
to a crescent shape and a ladder shape with
the increase in unloading level. With the in-

crease in stress level, the spindle shape be-
came less obvious.

. The upper and lower limits of permeability

under the two loading and unloading paths
were fitted with the elastic and dissipated
energy densities. The change laws of the
upper and lower limits of permeability were
closely related to the stress paths, and the
change trends of the lower limits of perme-
ability under the two paths were consistent
with that of the overall permeability: With
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the increase in energy density, the lower
limits of permeability decreased in the form
of an exponential function. When the lower
limit of the unloading stress remained un-
changed, the upper limits of permeability
increased in the form of an exponential
function with increasing energy density. This
indicated that the coal had strong hysteresis
characteristics.

By conducting the experiments on the coal
samples under different loading and
unloading paths, the total input energy den-
sity, elastic energy density and dissipated
energy density all nonlinearly increased with
the increase in stress and could be accurately
fitted with a quadratic function. The total
input energy density increased the fastest,
followed by the elastic energy density, while
the slowest increase was found in the dissi-
pated energy density; that is, the energy
evolution showed nonlinear characteristics.
The model coupling the stress field with the
gas infiltration field could favorably describe
the gas infiltration laws in front of the
working face, and the variation in the stress
arch was a key factor affecting permeability.
In addition, the stress field was divided into
four zones, namely, the unloading zone, the
loading zone, the transition zone and the
in situ stress zone. Corresponding to the
stress field, the infiltration zone was divided
into four zones, namely, the sharp increase
zone, the reduction zone, the transition zone
and the primary infiltration zone. Therefore,
mastering the change laws of mining-induced
stress could help to elucidate the corre-
sponding gas infiltration characteristics. Par-
ticularly, under high-intensity mining and
disturbance, gas infiltration changes com-
pletely. In the actual mining process in the
coal mine, the behaviors of underground
pressures should always be considered to
ensure mining safety and prevent coal and
gas outbursts.
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