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The permeability of the coal body is the key parameter restricting
the efficient extraction of coalbed methane, and scholars
have analysed it from two angles of the change of stress state
and porosity of the coal body. However, there is still a lack of
study on the mechanism of gas migration and movement
in soft coalbed methane reservoir under the coupling between
the true triaxial stress field (maximum principal stress σ1 >
intermediate principal stress σ2 > minimum principal stress σ3)
and the gas pressure field. In this paper, the coal gas
adsorption and seepage experiments are conducted through
the self-developed true triaxial ‘gas–solid’ coupled coal mass
seepage system with gas as the adsorption and seepage
medium and coal briquette taking the place of soft coalbed
methane reservoirs. Furthermore, the coal gas adsorption
deformation model and the permeability evolution model
taking gas adsorption into account are developed. Through
analysis of both experimental and theoretic results, the main
conclusions are drawn as follows: (i) With the increase in gas
pressure, the adsorption deformation variation of coal mass is
divided into a slow growth zone, a stable growth zone and
a rapid growth zone. (ii) The gas adsorption deformation
model developed can predict the variation trend of coal
mass adsorption volumetric strains for different types of soft
coalbeds, and the fitting variance of experimental and
theoretical volumetric strains is above 98%. (iii) With the
increase in maximum principal stress difference, the coal
permeability variation curve shows two obvious turning
points, which can be divided into a slow reduction zone, a
rapid reduction zone and a steady reduction zone. (iv) The
permeability model of coal mass considering the gas
adsorption effect can reflect the variation characteristics of
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permeability in the rapid reduction zone, and the overall fitting variance of experimental and

theoretical permeabilities is above 91%. The above results could provide a reliable experimental
and theoretical basis for improving coalbed methane extraction rates.
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R.Soc.open

sci.6:190892
1. Introduction
During the coal seam mining process, coal mass in front of working faces is usually affected by mining
disturbances and thus subject to unequal stresses in three directions. To be specific, the support pressure
in the vertical direction increases and the pressure in the horizontal directions is relieved. As a
consequence, expansion deformation of coal mass occurs [1], and further continuous development,
expansion and penetration of pores and fracture structures in coal mass occur, finally leading to
desorption, permeability enhancement and migration of gas in pores [2]. Especially in the presence of
soft coalbeds, pore fracture development and gas migration become more severe, which have a dynamic
influence on the stable extraction of coalbed methane. Therefore, understanding the mechanism of
deformation damage and permeability evolution of soft coal mass under the coupling of gas and stress is
essential to increase coalbed methane extraction rates [3] and realize scientific coal mining [4].

Many researchers have studied the adsorption of coalbed methane and the permeability of coal and
rock mass through physical experiments. Meng & Li [5] and Connell et al. [6] studied the effect of gas
adsorption on coal matrix and cleat deformation. In addition, some researchers focused on the
permeability characteristics of coal mass and conducted a large number of physical experiments [7–11].
A few researchers investigated the seepage regulation of shale and sandstone under true triaxial stress
conditions [12,13]. However, most of them put their main efforts in the experimental analysis of
mechanical properties of coal under quasi-triaxial stresses, which could not reflect the actual stress state
of coalbed methane reservoirs. Moreover, there is a lack of deep research on the mechanism behind the
experimental phenomena.

In order to provide theoretical support for physical experiments, Palmer &Mansoori [14] examined the
relationship between permeability and porosity of coalbed methane reservoirs under simple stress
conditions. Shi & Durucan [15] developed a dynamic evolution model for the permeability of coalbed
methane reservoirs taking into account the influence of effective stresses on the adsorption deformation
and permeability of coal mass. Liu et al. [16] studied the effect of coalbed methane adsorption strain on
coal permeability. Zang & Wang [17] proposed a model based on quasi-steady-state diffusion to reflect
the relationship between gas adsorption deformation and permeability evolution [18].

A number of investigators explored the impact of coalbed methane adsorption on coal deformation
and permeability under conventional triaxial stress conditions by combining physical experiments with
theoretical derivation. Peng et al. [19] quantitatively described the degree of influence of coal pore
expansion deformation and matrix deformation on the permeability of coal mass by means of the
strain splitting function. Wei et al. [20] and Peng et al. [21] built a bi-directional permeability model
considering the relationship between effective stresses and pore pressure. Liu et al. [22] introduced an
internal expansion coefficient ( f ) to quantify the effect of coal mass matrix deformation caused by gas
adsorption on coal pore diameter and permeability. Lu & Connell [23], Wang et al. [24] and Connell
[25] improved the effective stress principle reflecting the influence of coal mass deformation, gas
diffusion in coal matrix and gas migration in fractures on coal mass permeability with pore pressure
[26], matrix pressure and gas adsorption pressure considered for the double porosity characteristics of
coalbed methane reservoirs. Saurabh & Harpalani [27] suggested a coal permeability model of coal
mass suitable for elastic and inelastic deformation of coal mass, but only the effect of stress was
considered. Lu et al. [28] explored the effect of effective stresses and matrix adsorption deformation on
coal permeability and developed a coal mass permeability model under specific boundary conditions.

Researchers above have studied the influence of coalbed methane adsorption deformation and coal
porosity on coal permeability. However, the following insufficiencies exist: (i) owing to the limitations
of test equipment, it is impossible to fully reflect the heterogeneity of permeability of coalbed methane
reservoirs under real stress conditions, especially for soft coalbeds; (ii) the theoretical models of coal
permeability developed have not considered coalbed methane adsorption.

The soft coal seam is the key reservoir to prevent coal and gas outburst and improve the pumping rate
of coalbed methane because coal and gas outburst accidents are liable to occur in the soft coal seam
where the coal is soft and brittle. Therefore, this paper is focused on the mechanical properties and
seepage characteristics of soft coalbeds, which are carried out through the self-developed true triaxial
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Figure 1. True triaxial gas–solid coupled coal mass seepage experimental system.
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‘gas–solid’ coupled coal mass seepage system with gas as the adsorption and seepage medium and coal
briquette taking the place of soft coalbed methane reservoirs. Moreover, the coal permeability continuity
model considering the adsorption of coalbed methane is proposed. In addition, the deformation and
permeability characteristics exhibited in the experiment and the theoretical model are compared and
analysed, and the mechanism of gas migration in soft coalbed methane reservoirs is further
understood. This could provide a theoretical support and experimental basis for efficient coalbed
methane extraction.
2. Adsorption and seepage experiment for soft coal mass under true
triaxial stress conditions

2.1. Experimental system
The self-developed true three-axis ‘gas–solid’ coupled coal mass seepage experimental system is used for
this experiment [29]. As shown in figure 1, it is divided into four parts: a true triaxial pressure chamber, a
hydraulic servo system, a gas seepage system and a data monitoring and control system. The true triaxial
pressure chamber is the place for the gas adsorption and seepage experiment. The hydraulic servo system
is the power source of true triaxial stresses. The gas seepage system is mainly composed of a pressure
relief valve and a gas cylinder. The data monitoring system has a variety of high-precision sensors
and data acquisition devices, which can monitor and collect the instantaneous deformation and gas
flow information in real time. This apparatus has a feature of ‘two rigid and one soft, tri-directional
independent loading’, which means that σ1 and σ2 of coal mass are rigid stresses and σ3 is a flexible
stress (owing to hydraulic oil). Therefore, this apparatus can be used to conduct gas adsorption and
seepage experiments under a variety of complex loading and unloading stress conditions.



Table 1. Basic parameters of four kinds of coal samples.

basic parameter symbol and unit
Coal
Sample 1

Coal
Sample 2

Coal
Sample 3

Coal
Sample 4

pore bulk modulus Kp (GMPa) 31.45 26.50 17.10 31.50

initial porosity φ (%) 3.7 4.6 4.1 5.0

bulk modulus of porous medium Ks (GMPa) 850 570 420 630

Young’s modulus Es (GMPa) 990 760 400 680

Poisson’s ratio vs 0.30 0.28 0.26 0.32

density ρs (g cm
−3) 1.25 1.22 1.24 1.21

pore diameter to diameter ratio c 0.1

Langmuir volume VL (cm
3 g−1) 17.7 (CH4)

Langmuir pressure PL (MPa) 7.2 (CH4)

volumetric strain coefficient associated

with gas adsorption

εg (g cm
−3) 7.4 × 10−4
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2.2. Preparation of soft coal samples
The raw coal for this experiment is taken from the 8# anthracite coal seam of Yuyang Coal Mine of
Chongqing Songzao Coal and Electricity Co., Ltd. This coal seam has soft and brittle coal, and many
coal and gas outburst accidents happened in working faces at different mining depths there. The
specific industrial indicators for the 8# coal seam are as follows: volatile content 9.87–10.97%, ash
content 11.53–19.13%, water content 0.56–2.55%, true density 1.5–1.53 g cm−3, apparent density 1.34–
1.38 g cm−3, firmness coefficient 0.21–0.38, uniaxial compressive strength 0.89 MPa and coal mass
failure type Class III–V [30].

The 8# anthracite coal seam is a soft coal seam. According to the experimental requirements for the
sample size (100 mm× 100 mm× 200 mm), the raw coal is not suitable for this experiment because it is
difficult to form and the raw coal pore fractures are randomly distributed. However, coal briquette has a
similar variation trend in mechanical properties and permeability characteristics to that of raw coal [31],
and it has good homogeneity suitable for repetitive experiments [7]. Therefore, the briquette samples are
used for this experiment. According to ‘GB/T 23561.9-2009 Methods for determining the physical and
mechanical properties of coal and rock’, the coal mass is processed into rectangular soft coal samples
of 100 mm× 100 mm× 200 mm. After the basic mechanical test on these coal samples, four kinds of
soft coal samples are selected for the gas adsorption deformation and permeability experiment with
their basic parameters shown in table 1.

2.3. Experimental method and procedure
Two types of experiments are conducted: a constant stress experiment and a constant gas adsorption
pressure experiment. In the gas adsorption deformation experiment, the external stress is kept
constant, and in the coal mass seepage experiment, the gas pressure is kept constant. For the
experimental procedure, the experiment under an initial true triaxial stress condition of 4 MPa for σ3,
6 MPa for σ2 and 8 MPa for σ1 and an initial adsorption pressure of 1 MPa for P is introduced as an
example, as shown in figure 2.

Before the experiment begins, the overall system air tightness check is performed. When the reading
of the gas flow accumulator is unchanged and the relation curve between gas flow and time tends to be
horizontal, it is indicated that the air tightness is good. Now the experiment can be carried out.

(1) Gas adsorption experiment of coal mass under true triaxial stress conditions: First, increase σ1, σ2 and
σ3 gradually to a predetermined hydrostatic pressure of 4 MPa at a speed of 0.01 MPa s−1. Next, keep
σ3 constant and increase σ1 and σ2 to 6 MPa. Then, increase σ1 to 8 MPa. Now, a true triaxial stress
environment is formed. After the stress environment is stable, open the high-pressure cylinder valve
to adjust the inlet pressure to 1 MPa, and then close the inlet and outlet valves of the gas pipeline.
Finally, carry out the gas adsorption deformation experiment. When the adsorption deformation
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Figure 2. Schematic diagram of the experimental method and procedure: (a) gas adsorption path for coal samples and
(b) permeability evolution path for coal samples.
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curve of the coal sample tends to be horizontal, which indicates that the coal sample adsorption
deformation is saturated, the amount of coal sample adsorption deformation is continued to be
measured with the increase in the coal sample adsorption pressure at an interval of 0.2 MPa.

(2) Gas seepage experiment of coal mass under true triaxial stress conditions: After the initial true
triaxial stress environment of 4 MPa for σ3, 6 MPa for σ2 and 8 MPa for σ1 is formed based on the
above steps, open the high-pressure cylinder valve slowly to adjust the inlet pressure to 1 MPa, so
that the gas can enter the coal sample slowly. After the relation curve between gas flow and time
tends to be horizontal, which means that the seepage is in the stable state, increase σ1 gradually
from 8 MPa at an interval of 1 MPa until the end of the experiment, during which the gas
pressure is kept constant.

3. Test results and analysis
3.1. Effect of gas adsorption on the deformation of soft coal mass
Figure 3 shows the forms of four kinds of coal samples after the gas adsorption experiments. From the
appearance of the coal samples, no obvious difference in their deformation forms is found. Figures 4–7
show the deformation curves of the coal samples caused by gas adsorption and measured under true
triaxial stress conditions. When the external stress is kept constant, the gas adsorption pressure
increases from 0 to 8 MPa in increments of 0.2 MPa. As the gas adsorption pressure increases, the
strains (ε1, ε2, ε3) of the four kinds of coal samples in the σ1, σ2 and σ3 directions increase gradually
and the volumetric strain (εv) also increases gradually. However, for each kind of coal sample, εv is
the maximum, followed by ε1 and then ε3, and ε2 is the minimum, i.e. ε1 > ε3 > ε2.

From figures 4–7, it can be seen that the deformation variation of coal mass exhibits different
deformation rates under different gas adsorption pressures, and that it can be divided into a slow
growth zone, a stable growth zone and a rapid growth zone. For the slow growth zone, when the gas
adsorption pressure is lower than about 1 MPa, the strains in all three directions and volumetric
strains of the coal samples change slightly. For example, the volumetric strain increases by 0.00084 for
Coal Sample 1, by 0.00128 for Coal Sample 2, by 0.00079 for Coal Sample 3 and by 0.00198 for Coal
Sample 4 (shown in table 2). The strains in the three directions are different. For the stable growth
zone, when the gas pressure reaches about 5 MPa, the deformation of the coal samples is relatively
stable, and the deformations in all three directions and volumetric strains show significant differences.
For the rapid growth zone, when the gas pressure reaches the maximum value, the deformation in all
three directions and volumetric strains of the coal samples are in a rapid growth stage.

From amicroscopic point of view, the coal samples undergo expansion deformation after adsorbing gas.
When the gas adsorption occurs, the gas molecules adhere to the surface of coal particles, resulting in a
decrease in the surface tension of the coal particles. This means the attraction between the molecules on
the surface of coal particles and the molecules inside is reduced and thus, the distance between them is
increased. Therefore, the coal mass after its gas adsorption is more likely to be deformed than before [32].



Coal Sample 1 Coal Sample 2 Coal Sample 3 Coal Sample 4

Figure 3. Forms of coal samples after gas adsorption experiments.
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From a macroscopic point of view, the coal samples in this experiment are cuboids, and their length in
the σ1 direction is twice those in the other two directions. Consequently, the adsorption deformation
mainly occurs in the σ1 direction. For the other two directions, the load controlled method is adopted
in the σ2 direction with a large stress, and the strain-controlled method is adopted in the σ3 direction
with a small stress. This indicates that the external binding force in the σ2 direction is larger than that
in the σ3 direction, and thus deformation is prone to occur in the σ3 direction. Therefore, the gas
adsorption deformation exhibits the characteristics of ε1 > ε3 > ε2.

In this gas adsorption experiment, gas pressure is the main factor of coal mass deformation. Gas
pressure acts as both adsorption pressure and pore pressure in coal sample pore fractures. Specifically,
the effect of gas adsorption plays a leading role under low gas pressure conditions, while the effect of
pore pressure plays a dominant role under high gas pressure conditions.

When the external stress of the coal mass is constant and the gas adsorption pressure is less than 5 MPa,
the volumetric strains of the coal samples depend on the gas adsorption of the coal samples. Moreover, gas
adsorption is related to gas pressure. As gas pressure increases, gas adsorption becomes stronger, andmore
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gas is adsorbed on the pore surface of the coal samples, resulting in a larger adsorption thickness.
Consequently, the transfer resistance between gas molecules increases. When the gas pressure is low, the
pore pressure is small, and thus, it is difficult to cause the deformation of coal mass. Therefore, the
volumetric strains of the coal samples in this zone are mainly determined by gas adsorption.

When the gas adsorption pressure is greater than 5 MPa, the gas pressure exhibits the effect of pore
pressure other than the effect of adsorption, and the interiors of the coal samples expand outward owing
to pore pressure. This indicates that the volumetric strains of the coal samples increase with the increase
in the gas pressure. The larger the gas pressure, the larger the pore pressure and the greater the
volumetric strain increase. In this process, gas adsorption is reduced to a secondary position.
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Table 2. Increase in volumetric strains for coal samples.

growth zone

sample

Coal Sample 1 Coal Sample 2 Coal Sample 3 Coal Sample 4

slow growth zone 0.00084 0.00128 0.00079 0.00198

stable growth zone 0.01044 0.01420 0.01628 0.02721

rapid growth zone 0.02255 0.02652 0.02601 0.05529
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3.2. Mechanism of gas adsorption deformation
In this paper, the density, Poisson’s ratio, Young’s modulus, bulk modulus, pore structure length,
diameter and other parameters of soft coalbed methane reservoirs are adopted to model the coalbed
methane reservoir medium [33]. In this model, the soft coalbed methane reservoir and gas satisfy the
following conditions: (i) the reservoir is an isotropic continuous medium, which means that the
physical and mechanical properties are the same in all directions; (ii) the reservoir is a saturated
mixture composed of coal matrix skeleton and gas that is free and adsorbed in pore structures; (iii)
the coal matrix is always in a solid state, and the adsorbed gas is always in a gaseous state, and the
two will not transform into each other; (iv) the temperature of gas in reservoirs is kept constant
during the adsorption and desorption process.

Gas in soft coalbed reservoirs mainly exists in an absorbed state, and the volume deformation of coal
mass is caused by both pore pressure and gas adsorption. Schere [34] believed that when gas-containing
coal is assumed to be an isotropic elastic medium, and the elasticity energy is equal to the change of
surface energy, the expansion strain caused by gas adsorption is

1v ¼ gArs
f(w,vs)
Es

, ð3:1Þ

f(w,vs) ¼ 1� 4cw(1� 2vs)
3� 5vs

� �
� 2(1� vs)� cw(1þ vs)

2� 3cw

� �
ð3:1� 1Þ

and c ¼ 8
ffiffiffi
2

p

3p
; w ¼ a

l
, ð3:1� 2Þ
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where εv is the adsorption volumetric strain, γ is the surface potential energy,A is the specific surface area, ρs

is the density, Es is Young’s modulus, νs is Poisson’s ratio, a is the pore radius and l is the pore length.
Using the Langmuir adsorption model, Pan & Connell [35] obtained the relationship of surface

potential energy with specific surface area and Langmuir adsorption constant with the help of the
analysis of adsorption effects [36]

g ¼
Ð p
0 vadp� RTPL lnð1þ VLPÞ

� �
A

: ð3:2Þ

With equations (3.1) and (3.2) combined, the relationship of the adsorption volumetric strain of
coalbed methane with reservoir density, Young’s modulus, Poisson’s ratio, etc. is further simplified [37]

1v ¼ rs
f(w,vs)
Es

ðp
0
vadp� RTPL lnð1þ VLPÞ

� �
, ð3:3Þ

where va is the volume of adsorbed gas, P is the pressure of adsorbed gas, R is the gas constant, T is the
temperature and VL and PL are the Langmuir constants.

Cui & Bustin [38] pointed out that the volumetric deformation of coal mass caused by gas adsorption
is linear with the gas adsorption pressure

1v ¼ 1g � va ð3:4Þ
and

va ¼ VLP
Pþ PL

, ð3:4� 1Þ

where εg is the adsorption volumetric strain coefficient.
When the temperature of the physical experiment environment is constant, the influence of

temperature on gas adsorption is not considered, and thus, the reservoir strain εv caused by gas
adsorption is

1v ¼ 1� 4cw(1� 2vs)
3� 5vs

� �
� 2(1� vs)� cw(1þ vs)

2� 3cw

� �
rs
Es

ð p2

P1

VL1gP
Pþ PL

dp: ð3:5Þ

After variable transformation and integration, the above equation is simplified

1v ¼
VLrs1gf(w,vs)

Es
� [P� PL lnðPþ PLÞ] p2

p1

				

 �

: ð3:6Þ

According to the gas adsorption deformation model described above, the adsorption deformation of
a coalbed methane reservoir is affected by its own density, Poisson’s ratio, Young’s modulus, porosity,
adsorbed gas pressure, etc. in a constant temperature physical experiment environment. After the
corresponding values of the basic mechanical parameters of the coal samples in table 1 are put into
equation (3.6), the theoretical curve of the gas adsorption deformation with the gas pressure is
obtained, as shown in figures 8–11.

Figures 8–11 show the comparison of experimental and theoretical variation of the coal sample
volumetric strain with the gas adsorption pressure. From the fitting curve of the modelled volumetric
strain and the experimental volumetric strain for coal samples, it can be seen that the volumetric strain of
coal samples increases gradually with the increase in the gas adsorption pressure. The fitting variances
of the experimental and the theoretical results for the four kinds of coal samples are all above 98%,
which indicates that the experimental results are very close to the theoretical results.

When the gas adsorption pressure is below Point A (2.5 MPa), the experimental volumetric strain of the
coal samples is less than the theoretical volumetric strain.When the gas adsorption pressure is above Point B
(about 5 MPa), the experimental volumetric strain is greater than the theoretical volumetric strain.When the
gas adsorption pressure is between Point A and Point B (2–5 MPa), the experimental adsorption volumetric
strain of the coal samples almost coincides with the theoretical adsorption volumetric strain curve.

The mechanism of influence of gas migration on the deformation of coal mass is analysed in
combination with the gas adsorption deformation model (equation (3.6)). The gas in pores and
fractures of coal mass is mainly in two states, an adsorbed state and a free state, and most of it is in
an adsorbed state. The gas molecules are adsorbed on the pore surface and release adsorption heat
energy causing coal mass to undergo expansion deformation. As the gas pressure increases, more gas
molecules are adsorbed on the surface of coal, and more adsorption heat is released, finally resulting
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in larger expansion deformation. However, the amount of free gas in pores also increases substantially at
the same time and forms an increasing pore pressure, which could result in deformation and failure
of coal mass in the form of volumetric stress [39]. Therefore, when the gas pressure is large, the
experimental volumetric strain results of coal mass are higher than the corresponding theoretical
results. After the gas pressure is increased to a certain extent, the gas adsorption capacity is reduced
when compared with that in the rapid gas adsorption deformation stage. This is because the gas
adsorbed in the pore structure of the coal body is nearly saturated and cannot cause large adsorption
deformation. Therefore, the adsorption deformation tends to be slow.

Furthermore, the fitting of the experimental results is performed. It is found that the fitting variance
of the experimental and theoretical gas adsorption volumetric strain is above 98%, indicating that the
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model developed in this paper can predict the volumetric strain variation of coal samples under different
gas pressure conditions.

3.3. Influence of true triaxial stresses on permeability of soft coal mass
The permeability of the coal samples can be calculated from the gas pressure and flow rate measured in
the experiment, and the equation for the calculation is [29]

K ¼ 2qmLPn

A(P2
2 � P2

1)
, ð3:7Þ
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Figure 12. Coal sample forms after coal seepage experiments.

Table 3. Parameters of permeability experiments for coal samples.

basic parameters
symbols and
units (MPa)

Coal
Sample 1

Coal
Sample 2

Coal
Sample 3

Coal
Sample 4

CH4 adsorption pressure P 4 4 3 3

minimum principal stress σ3 5 4.8 3.7 3.5

intermediate principal stress σ2 7.5 7.2 5.6 5.3

adsorption volumetric strain εv 0.0089 0.0126 0.0070 0.0204
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where K is the permeability, m2; q is the gas percolation velocity of coal mass, m3/s (q =D ×Ck, D is
the reading displayed on the flow accumulator, Ck is the flowmeter coefficient, which is 0.719 for CH4); μ
is the gas dynamic viscosity coefficient (1.10 × 10−11 MPa s for CH4); L is the length of the sample, m; Pn

is 0.1 MPa; A is the cross-sectional area, m2; P1 is the outlet gas pressure, MPa; P2 is the inlet gas
pressure, MPa.

In order to further study the relationship between coal permeability and stress, the differences in
adsorption deformation and permeability of coal samples under different gas pressures are
considered. According to the basic parameters of the four kinds of coal samples, the volumetric
strains measured in the gas adsorption deformation experiment, and the theoretical model parameters
of gas adsorption deformation, the parameters of the coal mass permeability experiment under true
triaxial stress conditions are determined, as shown in table 3.

Figure 12 shows the forms of the four kinds of coal samples after the coal seepage experiment. In the
coal seepage experiment under true triaxial stress conditions, the coal samples are mainly affected by
shear stress, and obvious macroscopic fractures are formed on the surface of coal samples. The main
fractures have a horizontal angle of about 65° (green dotted line), and flaky shedding pits are formed
on the surface of the coal samples (yellow dotted line). Figure 13 shows the permeability variation
curve of the four kinds of coal samples under true triaxial stress conditions. As the maximum
principal stress difference (Δσ) increases under true triaxial stress conditions, the permeability of coal
samples decreases gradually in different stages, and these stages are indicated by different zones: a
slow reduction zone, a rapid reduction zone and a steady reduction zone.

For the slow reduction zone, with the increase of Δσ from 2 MPa to about 4.5 MPa, the permeability of
the four kinds of coal samples decreases to varying degrees. Specifically, it decreases by 0.79 × 10−15 m2

for Coal Sample 1, by 0.77 × 10−15 m2 for Coal Sample 2, by 0.43 × 10−15 m2 for Coal Sample 3
and by 0.71 × 10−15 m2 for Coal Sample 4, as shown in table 4. The permeability decreases slowly
because the original pores of coal samples are continuously compressed, resulting in narrowed the
seepage channels.
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Table 4. Variation of permeability difference for coal samples.

permeability (×10−15 m2)
Coal
Sample 1

Coal
Sample 2

Coal
Sample 3

Coal
Sample 4

initial permeability 6.38 7.21 6.52 5.27

slow reduction zone—permeability difference 0.79 0.77 0.43 0.71

rapid reduction zone—permeability difference 3.72 4.77 4.92 3.81

steady reduction zone—permeability difference 0.36 0.33 0.16 0.03
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For the rapid reduction zone, as Δσ increases from 4.5 MPa to about 12 MPa, the permeability continues
to decrease rapidly and approximately linearly, and the coal samples undergo elastic deformation. Now the
coal samples enter the elastic stage and they are in a state of compression deformation. If the pressure
relief measures are taken, the coal samples deformed can be restored to their original state. However, the
original pores and fractures of coal samples continue to be compressed, and the permeability continues
to decrease rapidly.

For the steady reduction zone, as Δσ increases from about 12 MPa to 18 MPa, the coal samples are
subjected to large true triaxial stresses. This leads to a transition of coal samples from a compressed state
to an expanded state. New micro-fractures are generated owing to the relative slip between the internal
particles of the coal samples, finally resulting in macro-fractures. However, the closure of the original
fractures counteracts the generation of new fractures, causing the permeability of coal samples to
decrease slowly. If σ1 continues to be increased at this time, the coal samples are destructed after they
reach their peak strength. As a consequence, the permeability of coal samples exhibits an upward trend.

3.4. Evolution mechanism of permeability for soft coal mass
Chikatamarla et al. [40] found through gas adsorption experiments that the volumetric strain of coal
induced by gas adsorption is proportional to the amount of gas adsorbed. According to rock
mechanics, the stress and strain of coal deformation can be expressed as [41]

sij ¼ Es

1þ vs
ð1ij þ vs

1� 2vs
1cvdijÞ þ jpdij þ Ks1vdij ð3:8Þ
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and

Ks ¼ ES

3(1� 2vs)
, ð3:8� 1Þ

where εcv is the volumetric strain of coal, εv is the reservoir strain, Es is Young’s modulus, Ks is the bulk
modulus, ζ is the biot coefficient with a range of 0–1, δ is the Kronecker delta function (when i = j, δij = 1;
when i≠ j, δij = 0).

The area in front of the mining face of coalbed methane reservoirs is divided into a plastic zone, an
elastoplastic zone, an elastic zone and a primary rock stress zone. Coal mass is under the three-
dimensional stresses composed of vertical stress σzz (σ1), lateral stress σyy (σ2) and horizontal stress σxx
(σ3). With ε3 = ε2 = 0 assumed, equation (3.8) combined, and the gas adsorption deformation model
(equation (3.6)) considered, the numerical relationship between the initial three-dimensional stresses
σ3, σ2 and σ1 can be obtained

s3 ¼ vs
1� vs

s1 þ 1� 2vs
1� vs

Pþ rsf(w,vs)
3(1� vs)

ð p2

p1

VL1gP
Pþ PL

dp

" #
ð3:9Þ

and

11 ¼ s1

ES
; s1 ¼ su; s2 ¼ (1þ h)s3, ð3:9� 1Þ

where σu is the uniaxial compressive strength of soft reservoir coal mass and η is the length ratio of the
standard sample of soft reservoir coal mass.

The change of the stress of reservoir coal in the vertical direction can be expressed as

s1 � s0
1 ¼

2ð1� 2vsÞ
3ð1� vsÞ [(P� P0)þ Ks(1a � 1a0)]: ð3:10Þ

According to Cui & Bustin [38] and Wang et al. [42], the relationship between stress, gas pressure and
permeability is

k ¼ k0 exp � 3
KP

[(s� s0)� (P� P0)]

 �

: ð3:11Þ

Then, substitute equation (3.7) into equation (3.8)

k ¼ k0 exp � 3
KP

(1þ vs) � (s1 � s0
1)

2(1� 2vs)
� Es(1a � 1a0 )

3(1� 2vs)

� �
 �
, ð3:12Þ

where KP is the pore bulk modulus ðKP ¼ Ks � fÞ, (s1 � s0
1) is the difference (Δσ) between σ1 and the

initial maximum principal stress (s0
1).

The gas adsorption volumetric strain difference (εv–εv0) can be solved by equation (2.6), and thus, the
theoretical model for the permeability of coal mass changing with Δσ under true triaxial stress conditions
is obtained

k ¼ k0 exp � 3
KP

(1þ vs) � (s1 � s0
1)

2(1� 2vs)
� f(w,vs)VLrs1g

3(1� 2vs)
P� PL lnðPþ PLÞ p2

p1

				
� �� �
 �

: ð3:13Þ

The theoretical permeability variation curve of the coal samples can be obtained by equation (3.13)
with the basic parameters of the coal samples in table 3 and the initial permeability measured in the
seepage experiment. And then the theoretical curve and the experimental curve are compared, as
shown in figures 14–17.

Figures 14–17 indicate that the experimental and theoretical permeability variations are consistent
with the increase of Δσ from 2 to 16 MPa in increments of 0.5 MPa when the gas permeation pressure
difference is constant. They both show a trend of decreasing with increasing load stress, and the
decrease in permeability gets slower and slower. The reason for this can be explained as follows.
When the gas pressure is kept constant, the compressive stress that the coal samples are subjected to
increases gradually with the increase in σ1, leading to different degrees of the closure of the internal
pores and fractures of coal samples. As a result, the porosity decreases, the fracture aperture
decreases, the gas flow channel narrows and the permeability of coal samples decreases.

Based on the parameters of density, Poisson’s ratio, Young’s modulus, bulk modulus and initial
permeability of different soft coal samples, the permeability model developed in this paper can
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predict the permeability of coal in the rapid reduction zone pretty well, but it is not enough to reflect the
characteristics of the transition between the three zones. However, the overall fitting variance of the
theoretical model results and the experimental results is between 91 and 97%, indicating that the coal
permeability variation model has a high accuracy and a good applicability.

4. Discussion
The gas adsorption experiment andpermeability experiment of coal in soft coalbedmethane reservoirs under
true triaxial stress conditions are carried out, and the gas adsorption deformation model and coal
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permeability model are proposed in this paper. These models take the mechanism of gas adsorption and
migration of soft coalbed methane reservoirs into account. However, the influence of single factors such as
density, Poisson’s ratio and uniaxial compressive strength on the gas adsorption and seepage of soft
coalbed methane reservoirs is not quantitatively analysed. Only the overall deformation and permeability
trends of different soft coal samples are examined. After the analysis of the adsorption deformation of the
four kinds of coal samples, it is indicated in figures 4–7 that the strains of Coal Sample 4 are smaller than
those of the other three coal samples while the Poisson ratio and porosity of Coal Sample 4 are larger than
those of the other three coal samples. In addition, the other parameters such as density, Young’s modulus,
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and bulk modulus of all four coal samples are similar. Therefore, the reason for the small adsorption

deformation of the coal samples might be the large Poisson’s ratio and porosity of the coal samples. In the
future, the orthogonal adsorption-seepage experiments on the different mechanical parameters of the coal
samples involved in this paper will be carried out systematically in order to further analyse the applicable
range of the coal permeability model with gas adsorption taken into account.

5. Conclusion
In this paper, the influence of gas adsorption and migration on the deformation and permeability of soft
coal mass under true triaxial stress conditions is explored through the self-developed true triaxial ‘gas–
solid’ coupled coal mass seepage experimental system. Furthermore, the gas adsorption deformation
model and permeability model of coal mass are developed. In addition, the mechanism behind the
gas adsorption-seepage experimental phenomenon is investigated. From all the analysis, the following
main conclusions are drawn:

(1) In the coal mass adsorption and seepage experiment under true triaxial stress conditions, the gas
adsorption deformation variation of soft coal mass with the increase in gas pressure is divided
into a slow growth zone, a stable growth zone and a rapid growth zone. The permeability
variation is divided into a slow reduction zone, a rapid reduction zone and a steady reduction
zone with two obvious turning points as the principal stress difference increases.

(2) The deformation characteristics of the soft reservoir coal during the gas adsorption experiment under
true triaxial stress conditions are analysed theoretically and the gas adsorption deformation model is
developed. This model can predict the dynamic evolution trend of the adsorption deformation of soft
coal samples under different gas adsorption pressures because the fitting variance of the theoretical
and experimental results is above 98%.

(3) Through the gas adsorption deformation model and the permeability experiment of the coal samples
under true triaxial stress conditions, the relationship between the gas adsorption deformation and
permeability of the soft coal samples is further analysed, and the permeability evolution model of
coal mass considering the gas adsorption is developed. It is found that the fitting variance of the
theoretical and experimental permeabilities is above 91%, and that this model can predict the
variation trend of coal mass permeability in the rapid reduction zone.
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