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Abstract

Following sedimentation, underground coal seams experience tectonic activity that compresses
them horizontally, generating fractures that serve as pathways for coalbed methane migration.
Understanding coal seam permeability under horizontal stress compression — especially post-peak
permeability—is therefore critical. This study used true triaxial experiments to simulate the deformation
and permeability evolution of coal seams under horizontal stress. The loading protocol increased
horizontal stress before the peak and gradually decreased it afterward, revealing fracture development
during loading and unloading. During loading, pores and fractures compress, increasing particle contact
and friction, which promotes fracture initiation and propagation; horizontal compression also reduces

primary fracture tortuosity, causing permeability (k) to increase with volumetric strain. During unloading,
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as stress is relieved, volumetric deformation decreases, slightly restoring particle and fracture positions,

increasing the tortuosity of primary and secondary fractures, and slightly reducing permeability. Based

on these characteristics, a damaged coal seam permeability model was proposed. Established using gas

pressure and coal seam strain and incorporating a damage factor D for both pre- and post-peak segments,

the model effectively reveals permeability evolution with changes in strain and gas pressure and fits the

experimental results well..

Keywords: Horizontal compression; True triaxial stress; Permeability; Raw coal; Damage evolution.

1. Introduction

Coal is one of the primary sources of energy globally. Taking China as an example, data from the

National Bureau of Statistics of China show that coal consumption will account for 55.3% of total energy

consumption in 2023, underscoring the importance of coal mines. Therefore, continuous coal production

will be necessary in the foreseeable future, along with the further strengthening of coal mine safety 2.

Due to geological deposition, underground coal formations undergo various stages of tectonic

deformation that determine the developmental characteristics of internal fractures. A common type of

compression is horizontal compression, in which coal formations experience sustained stress

compression in the horizontal direction, inducing damage and causing the development of numerous

internal fractures (Figure 1) 3* The gas within the coal matrix desorbs and diffuses into these fracture

channels, promoting gas flow and increasing permeability>®. Therefore, studying the mechanisms by

which horizontal stress compression affects the deformation and permeation characteristics of damaged

coal bodies is crucial for enhancing coalbed methane extraction efficiency and ensuring efficient and safe

mining operations.
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Numerous scholars, both domestically and internationally, have extensively researched the

permeation characteristics of damaged coal formations®!!. Li et al. (2021) investigated the relationship

between gas permeation characteristics and coal damage under true triaxial stress and found that, under

constant volumetric stress, coal permeability exhibits a parabolic decrease with increasing pore pressure.

Bai et al.!* proposed a new coal permeability model based on the generalized Hooke's law and the Gibbs

equation, which comprehensively considered the effects of stress and gas adsorption/desorption. Yu et

al.'* pointed out that although effective stress and permeability are crucial in studying gas-solid coupling

in porous media, existing research struggles to accurately reflect the actual stress conditions in geological

formations. They studied the effects of induced damage on the effective stress coefficient and

permeability of sandstone under true triaxial stress, and confirmed a close relationship between damage

evolution and crack propagation. Yang and Huang'> conducted conventional triaxial permeation tests

under different confining pressures and systematically studied intact specimens and those with varying

degrees of damage. They found that with increasing axial strain, the permeability of intact sandstone

specimens first decreased, then increased, and eventually stabilized. The degree of damage influenced

the permeability evolution but did not affect the failure mode of the fractured sandstone, and the

permeability increased with gas pressure in the damaged specimens. Yang et al.'®

proposed a stress-
damage-flow coupling model that combines changes in stress, damage, and permeability with coal and
rock deformation. This model was used to study the deformation and fracture characteristics,

permeability, and evolution of airflow in the coal seam cover layers. Wu et al.!”

modified the generalized

Hooke's law to consider gas adsorption and thermal expansion effects, establishing a coal damage

constitutive relationship based on plastic deformation. They constructed a segmented permeability model
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considering damage, which effectively reflected the damage evolution law and gas permeation

characteristics of coal bodies under different gas pressure conditions. Wang et al.'®

explored the energy
evolution law and permeability of damaged coal bodies during mining using conventional triaxial cyclic
loading-unloading permeation tests. The results showed that with the stress yield point as the boundary,
permeability and the damage variable followed a power function relationship before the yield and an

exponential function relationship after the yield. Xue et al."”

analyzed the differences in permeability
evolution between the pre-peak and post-peak stages of coal-rock formations. They established a post-
peak permeability model considering damage effects and demonstrated the rationality of the model

1.29 established a coal

through a comparative analysis of experimental data and model results. Ye et a
matrix pore and crack damage-permeation coupling model considering the effects of effective stress, gas
adsorption, thermal expansion, and thermal cracks, revealing the evolution of coal permeability under

mining disturbances. Cheng et al.?!

improved the fully coupled permeability model of the effective
matrix-fracture strain and geometric equations and found that damage in coal instantly accelerated the
permeability increase, whereas damage in the matrix slowed it. They concluded that the damage ratio

increases with the modulus ratio. An et al.?

proposed a permeability model that considers stress creep
and the effective stress coefficient, revealing the permeability laws under different stress conditions and
the influence of creep.

Most current research has focused on conventional triaxial experiments under increasing axial stress
or stress cycle loading—unloading conditions, revealing the influence of excavation disturbances on the

damage characteristics and permeability changes of coal-rock formations. However, under tectonic stress

effects, coal-rock formations experience sustained horizontal stress compression, which significantly
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affects their stress-strain relationships and permeation characteristics. In actual geological formations,

under true triaxial stress conditions, the intermediate principal stress o> greatly affects the horizontal

stress state and the deformation and gas flow conditions of coal-rock formations. Therefore, in this study,

horizontal stress loading permeation experiments were conducted under true triaxial stress conditions to

analyze stress-induced coal body damage deformation and permeability and to establish corresponding

permeability models under such conditions.
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Figure 1. Schematic diagram of coal body damage.

2. Materials and experimental procedures

2.1 Specimen preparation

The coal and rock samples used in the experiments were obtained from a high-quality anthracite

coal mine in Sichuan, China, buried at a depth of 490 m. Large original coal samples were cut, cored,

and polished to produce standard cubic specimens with dimensions of 100 x 100 x 100 mm. To avoid

the influence of end friction effects on the experiment, the unevenness of the cross section was controlled

within 0.02 mm, and the specimen surface was smooth without obvious joints or cracks. Prior to the
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experiment, strict quality, size, and longitudinal wave velocity tests were performed on the samples. Nine

samples were selected with a density difference of less than 0.02 g/cm? and a longitudinal wave velocity

difference of less than 50 m/s to avoid the influence of rock heterogeneity on the experimental results

(Figure 2).

butt cleat &8

Surface cleavage

Bedding

Figure 2. Preparation of specimens.

2.2 Experimental apparatus

A coal-rock permeation experiment was conducted using a multifunctional true triaxial flow-solid

coupling test system independently developed by Chongqing University. This system features six loading

mechanisms in three directions, each of which can be independently servo-controlled for the loading

force, displacement, or mixed loading. It provided a maximum load of 6000 kN in two directions and

4000 kN in one direction, with a fluid pressure capacity of up to 60 MPa. This allows the simulation of

various complex stress paths (uniaxial, biaxial, and true triaxial stress states), facilitating the study of

coal-rock mechanics, fluid permeation laws, hydraulic fracturing, and other related research. The test

system is depicted in Figure 3. In this study, a mixed loading method (force-displacement) was employed

to reduce end friction effects?>.
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Figure 3. Multifunctional true triaxial fluid-solid coupling test system.

2.3 Experimental procedure

To simulate the damage characteristics and permeability evolution of raw coal under horizontal

compression accurately, we established loading methods for both the pre-peak horizontal-stress increase

and post-peak gradual horizontal-stress decrease stages. The processed standard specimens were

wrapped with heat-shrink tubing to ensure complete isolation from the surrounding environment, and

then placed in the loading chamber to begin the experiment. The experimental procedure was as follows.

1) To reduce test variability, each specimen was first subjected to five loading - unloading cycles

along the initial maximum horizontal principal stress. This low-stress cyclic loading compacted pre-

existing cracks to some extent, thereby minimizing their influence on subsequent permeability

measurements.

2) After cyclic loading, to restore the in-situ stress state of the coal sample, three-directional stresses

were applied at a loading rate of 0.5 kN/s to simulate the in-situ conditions. The initial stress state was

set to oy = 12 MPa, oz = 10 MPa, and ox = 8 MPa.
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3) While maintaining the stress conditions of the coal sample, gas pressures of P =1, 2, and 3 MPa
were applied axially to simulate the presence of gas in the coal seam.

4) Loading was applied in the direction of the intermediate principal stress at a rate of 0.5 kN/s until
the stress curve exhibited significant non-linear characteristics, indicating that the coal body entered the
plastic stage.

5) Horizontal stress unloading along the direction of the intermediate principal stress was performed
at 0.5 kN/s until the stress curve returned to the initial rock stress state. The damage evolution and
permeability variation processes of the rock mass before and after the peak were analyzed.

Using this method, three groups of true triaxial permeability tests were conducted, and the median
value of the results of the three coal samples in each group was obtained. The test parameters for each
group are listed in Table 1. The stress loading path and experimental diagram are shown in Figure 4.
During the test, the direction of stress loading was parallel to the bedding plane, and the direction of
penetration was perpendicular to the bedding plane.

Helium was used as the injection gas to eliminate the effects of gas adsorption. The exit flow rate
was recorded using a mass flowmeter, and Darcy's law was applied to calculate the permeability of the

coal body under different true triaxial stress conditions. The formula is as follows:

_ _2QuLP,
G v

where k is the permeability of the coal body (m?), Q is the gas flow rate under standard conditions (m%/s),
4 is the dynamic viscosity of the gas (Pas), L is the length of the coal sample specimen (m), 4 is the
cross-sectional area of the coal sample specimen (m?), P; is the pressure at the helium gas inlet (Pa), and

P, is the atmospheric pressure (Pa).
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Table 1. Experimental testing parameters

Test P(MPa) Stress condition
1 1 oy =12 MPa, oz =10 MPa , ox = 8 MPa
2 2 ay:12MPa,az:10MPa,ax:8MPa
3 3 oy =12 MPa, oz =10 MPa , ox = 8 MPa
gy 07 — Oy
a’(MPa) — —  Sample 1 gas pressure — = Sample 2 gas pressure ~— — - Sample 3 gas pressure
1 1 1 1 1 1
1 1 1 1 1 1
I 1 I 1 1 I
1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
: : ———— T —---{ 3 MPa
1 / 1 1
1 : /1 1 1 _‘I
[ 1 / ____|____|_______:______
12 MPa [--------- 2o : : -1 2 MPa
1 1 / 1 1 1
BN e r——— b 1 P
10 MPa ! H 77 , : : : :
o P / o /0 : : :
a | Wy | | | |
1 !, 1 I I 1
Time
(a) (b)

Figure 4. Stress and gas pressure loading and unloading path diagram: (a) Stress loading and unloading

path; (b) Stress loading and unloading orientation diagram.

3. Experimental results and analysis

3.1 Analysis of stress-strain characteristics of coal under horizontal stress loading

The stress - strain responses of the coal specimens under true triaxial horizontal stress loading -

unloading tests are shown in Figure 5. The vertical axis 7, denotes the octahedral shear stress, defined

as g\/(ax —0,)? + (0 — 0;)* + (0, — 0,)?, where oy, 0y, 0, are the stresses in the X, Y and Z
directions, respectively. &, &, &, represent the corresponding strains in the X, Y and Z directions.
Figures 5(a), 5(b) and 5(c) present the stress-strain curves at gas pressures of 1, 2 and 3 MPa, respectively.

In Figure 5, the negative abscissa represents expansion under specific stress conditions, while the
positive abscissa represents compression. Under the action of external applied stress, the z-direction was

continuously compressed, whereas the other two directions exhibited expansion. When the z-direction
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stress was gradually unloaded, the compressive strain in the z-direction decreased, and the expansion
deformation in the other two directions also diminished; however, the strain in each direction did not
return to the origin. This indicates that as the z-direction stress increased, the resistance of the coal to the
applied stress enhanced, leading to the initiation and propagation of internal cracks and thus causing
varying degrees of internal damage. With the reduction in z-direction stress, the residual elastic
deformation within the coal, as well as the positions of particles and cracks, underwent slight recovery,
resulting in decreased compressive deformation in the z-direction and reduced expansion deformation in
the other two directions. Nevertheless, due to the internal damage induced by the loading process, the
deformation resistance of the coal was weakened, leading to the failure of strains in all directions to

return to the origin.
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Figure 5. Stress-strain curve of coal under horizontal stress loading: (a) Gas pressure P = 1 MPa; (b)
Gas pressure P = 2 MPa; (c) Gas pressure P = 3 MPa; (d) Gas pressures of P =1 MPa, 2 MPa, and 3

MPa.

As the gas pressure increased, the stress was counteracted and the coal body expanded. To analyze

the effect of gas pressure on coal deformation, axial gas pressures of 1, 2, and 3 MPa were applied to the

coal samples during the experiment, and the deformation of each group was observed. First, it was

essential to calculate the volume strain of the coal body under each gas pressure condition. The volume

strain offers a comprehensive reflection of the overall deformation of the coal body, providing a deeper

understanding of deformation patterns under specific conditions and laying the foundation for analyzing

the expansion effect. The formula for calculating the volume strain is as follows:

&y = £y+ Ex+ &z (2)

where ¢y, €z, and ex represent the strain in the Y-, Z-, and X-directions, respectively.

The volumetric strain (ev) of the rock samples in each experimental group was calculated using

Equation (2) and is illustrated in Figure 6(a). The curves demonstrate that during the pre-peak stage, an

increase in gas pressure (P) results in a decrease in the overall volumetric strain (ev) of the coal body.

This indicates that, in the pre-peak stage, the counteractive effect of the gas pressure on the stress

becomes more pronounced, leading to an expansion effect that causes the coal body to expand, thereby

reducing its volumetric strain.In the post-peak stage, the (ev) of the three coal body groups gradually

increases. This is attributed to the coal bodies resisting stress, which leads to internal damage. Because

stress was applied in the Z-direction, the extent of damage in the Z-direction was greater than that in the

other directions. During unloading in the Z-direction, the diminished ability to resist deformation due to

11
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damage results in a relatively smaller decrease in deformation resistance in the other two directions,
causing a rebound in the (ev) values.
To further elucidate the effects of gas expansion, the compression ratios of the coal bodies in each

group under different gas pressures were calculated using the following formula:

v == 3)

where v represents the compression ratio of the coal body, V represents the initial volume of the coal
body (m?), and AV represents the change in volume of the coal body after compression (m?).

Using Equation (3), the changes in coal compressibility before and after the peak were calculated
to observe the influence of the expansion effect on the volume strain under different gas pressures. The

calculation results are presented in Figure 6(b).

—— v—3MPa
— U —2MPa

2.0

L8
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1.4
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L0

&v(%)
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0.0

P(MPa)

(@ (b)

Figure 6. Volume compression ratio strain curves under different gas pressures: (a) Overall compression

ratio; (b) Compression ratio peak value.

As the gas pressure increased, the stress response and deformation capacity of coal became more

pronounced. At a gas pressure of 3 MPa, the peak compression ratio of coal was approximately 1.3%; at

2 MPa, the peak compression ratio ranged between 1.7% and 1.8%; and at 1 MPa, it ranged between 1.8%

12
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and 1.9%. These changing curves indicate that as the gas pressure increased, the coal compression ratio

gradually decreased, enhancing its expansion effect and thereby increasing its resistance to deformation,

leading to higher peak stresses.

Throughout the loading-unloading process, the curves did not return to their original baseline,

further indicating that the coal underwent irreversible plastic deformation and permanent damage.

Analysis of the stress-strain curve characteristics revealed that under axial gas pressure, the coal's

resistance to deformation increased with increasing gas pressure. Owing to the influence of the horizontal

Z-directional stress loading, the degree of damage in the Z-direction was higher, resulting in a more

significant reduction in the deformation resistance.

During stress loading and gradual unloading, coal damage and changes in permeability must be

considered via the strain, permeability, and damage effects during the unloading stages. This aids in a

deeper understanding of the deformation behavior and permeability changes in gas-containing coal under

horizontal stress compression and holds significant research importance for coal mine safety and

enhancing coalbed methane extraction efficiency.

3.2 Analysis of coal permeability characteristics

To accurately study the process of rock mass movement and variations in coal permeability, it is

necessary to analyze changes in coal permeability under the combined effects of horizontal stress

loading - unloading and different gas pressures?*?6, This approach primarily aims to characterize

changes in coal permeability by analyzing deformation. Curves of coal volumetric strain, octahedral

shear stress, permeability, and their variations with loading time are shown in Figure 7.

It can be seen from Figure 7 that permeability exhibited a gradual increasing trend prior to the peak
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stress. The closer the octahedral shear stress was to the peak stress, the more pronounced the change in

permeability. Furthermore, during the period when octahedral shear stress increased before reaching the

peak stress, volumetric strain decreased while permeability increased significantly. This phenomenon

occurred because the coal specimens were loaded primarily in the Z-direction. When the coal specimens

entered the yield stage, increasing stress induced the development of internal fractures, resulting in

damage to the coal matrix. Consequently, the expansion deformation in the X and Y directions exceeded

the compressive deformation in the Z-direction.

After the peak stress, permeability showed a gradual decreasing trend. This is attributed to the

gradual unloading of stress, which promoted the recovery of elastic deformation within the coal and an

increase in the tortuosity of internal fissures. The combined effect of these two factors led to a gradual

decrease in permeability. At this stage, volumetric strain first decreased and then gradually increased.

This trend arose because when unloading initially began and the coal was not yet fully damaged, elastic

potential energy was stored within the coal. This caused the expansion deformation in the Z-direction to

be greater than the compressive deformation in the X and Y directions, resulting in a decrease in

volumetric strain.

As stress was gradually unloaded, the release of elastic potential energy diminished. In the later

stage of unloading, deformation was mainly determined by changes in strain in the X, Y, and Z directions.

Since the Z-direction was the primary loading direction, it sustained more severe damage. Therefore, the

expansion deformation in the Z-direction was smaller than the compressive deformation in the X and Y

directions, leading to an increase in volumetric strain.
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Figure 7. Curves of coal volume strain and permeability variation: (a) Gas pressure P = 1 MPa; (b) Gas

pressure P =2 MPa; (c) Gas pressure P =3 MPa.

To better understand the meaning represented by the trend of the permeability curve in Figure 7. An

explanation for this trend is depicted in Figure 8, with red arrows indicating the gas flow pathways. In

the initial coal state, the spacing between coal particles was stable, allowing the gas to pass smoothly

15
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through the channels to the outlet. In the original rock stress state, compression causes the redistribution

of coal particles, narrowing of gas channels, and reduced permeability. In the initial compression state of

the intermediate principal stress, the gas flow direction was perpendicular to the horizontal stress

direction. As compression proceeded, the tortuosity of the pore fractures decreased, resulting in increased

gas permeability. In the intermediate principal stress compressive damage state induced by the

intermediate principal stress, the contact area between particles increases, and the friction between

particles increases, promoting the initiation and expansion of fractures, which enhances the gas channels

and increases permeability. During the intermediate principal stress step-by-step unloading stage, a slight

recovery of the particle and fracture positions occurs, increasing the tortuosity of both the primary and

secondary fractures, thus slightly reducing the permeability. Because the experiment involved gas

flowing into the coal during the original rock stress stage, the observed trend in permeability was

consistent with these changes.

Figure 8. Gas channel state in coal body at different stress stages: (a) Initial state of coal; (b) Original

rock stress state; (c) Initial compression state of intermediate principal stress; (d) Intermediate principal

stress compressive damage state; (e) Intermediate principal stress step by step unloading stage.

In this study, the Z-direction was designated as the primary loading - unloading stress direction. It

was more strongly affected by the applied stress than the other two directions and therefore exerted a

16
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more pronounced influence on permeability evolution. To better examine the relationship between stress,

strain, and permeability in this direction during the loading - unloading process, the curves of horizontal

stress, strain, and permeability in the Z-direction are illustrated in Figure 9. As the Z-directional stress

gradually increased, the permeability first increased slowly and then rose rapidly, exhibiting an

approximately exponential growth trend, while the strain in this direction displayed a relatively smooth

increasing tendency. During the subsequent unloading stage, the damage induced in the coal led to only

minor changes in Z-directional strain and permeability, and the relationships among stress, strain, and

permeability showed a trend of rapid decrease followed by gradual decrease.

The evolution of permeability under different gas pressures is also presented in Figure 9. When the

gas pressure was 1 MPa, both the peak permeability and its variation amplitude were the largest, whereas

at 3 MPa, both the peak permeability and its variation amplitude were the smallest. This indicates that

with increasing gas pressure, the ability of the gas to counteract stress-induced deformation was enhanced,

causing permeability to decrease with increasing gas pressure and thus providing a certain protective

effect on the coal. In addition, when the gas pressure was 3 MPa, the post-peak reduction in permeability

was not pronounced, mainly because the high gas pressure offset the increase in fracture tortuosity

induced by stress unloading.
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Figure 9. The relationship between horizontal stress-strain and permeability

Overall, as the horizontal stress increased, the horizontal strain in the Z-direction, and the volumetric

strain both increased, leading to an increase in permeability before the peak. The formation of fractures

during the initial loading stage contributed to the enhancement of permeability. The increase in fracture

tortuosity caused by horizontal stress unloading resulted in a slight reduction in permeability. With

increasing gas pressure, permeability gradually decreased, indicating that higher gas pressure suppressed

the reduction in volumetric strain induced by horizontal stress, thereby reducing the number of gas flow

pathways and ultimately lowering permeability.

4. Discussion

4.1 Process of Damage Evolution

Through the study of the stress-strain characteristics and permeability characteristics of coal during

the horizontal stress loading—unloading process, it can be seen that the force exerted on the coal during

the experiment caused a certain degree of irreversible damage. To clearly observe the changes in coal

body damage during the test process, the damage variables in the simplified model of the equivalent

1.27

elastic damage flexibility tensor defined by Hu et al.?’ and applied by Wang and Kong et al.?®? will be

referred to below. The calculation formula for the damage variable is as follows:

18



D=1-— 4)
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Figure 10. Change of coal body damage variable D under different air pressure: (a) Gas pressure P = 1

MPa; (b) Gas pressure P = 2 MPa; (c) Gas pressure P =3 MPa.

The variation trend of the coal damage variable D under different gas pressures was obtained
through Equation (4), as shown in Figure 10. It can be seen from Figure 10 that the trend of D under each
pressure condition is characterized by an initial constant phase, followed by a rapid increase, and then a
gentle rise as it approaches the peak stress. Due to the irreversibility of damage, the damage variable
does not decrease but remains unchanged during the horizontal stress unloading of the coal. To study the
relationship between permeability and the damage variable, the permeability change rate is the
permeability value under the current stress state, and is the permeability value at the peak stress was
introduced to analyze the stress unloading stage (Figure 11). The reason for selecting this stage for
investigation is that the damage variable values in Figure 10 vary with different gas pressures, yet remain
constant during the stress unloading stage itself. Therefore, by comparing the permeability change rate
during the stress unloading process, the influence of the damage variable on the permeability
characteristics of coal can be reflected and analyzed.

The variation trend of the coal damage variable D under different gas pressures was obtained
through calculation Equation (4), as shown in Figure 10. It can be seen from Figure 10 that the trend
under each pressure condition is characterized by an initial constant phase, followed by a rapid increase,
and then a gentle rise as it approaches the peak. Due to the irreversibility of damage, the damage factor
does not decrease but remains unchanged during the horizontal stress unloading process of the coal body.
To study the relationship between permeability and the damage variable, the permeability change rate A
k(Ak = w, where k; is the permeability value under the current stress state, kmq is the

max

permeability value at the peak stress) was introduced to analyze the stress unloading stage (Figure 11).
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347 The reason for selecting this stage for investigation is that the damage variable in Figure 10 differs under

348 different gas pressures, while its value does not change during the stress unloading stage itself. Therefore,

349 by comparing the change rate of permeability during the stress unloading process, the influence of the

350 damage factor on the permeability characteristics of coal can be reflected and analyzed.
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352 Figure 11. Rate of Permeability Change during Unloading
353 Figure 10 shows that when the gas pressure P is 1, 2, and 3 MPa, the damage variable D of the coal

354 is 0.9668, 0.9557, and 0.9489, respectively. From Figure 11, it can be observed that when the gas

355 pressure P is 3 MPa and the damage variable D is 0.9489, the increase in the permeability change rate A

356 k during stress unloading is more significant than that under other gas pressures. This indicates that under

357 this condition, the coal sustains the least damage and exhibits stronger recoverability. When the

358 horizontal stress of the coal is unloaded to its lowest point, the permeability change rate Ak is 0.09914,

359  0.20233,and 0.22154, corresponding to damage variables D of 0.9668, 0.9557, and 0.9489, respectively.

360 These results indicate that a larger damage variable corresponds to a smaller permeability change rate

361 and lower restorability of the coal.

362 4.2 Establishment of a permeability model for damaged coal bodies
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Studying the evolution of permeability in damaged coal rock before and after its peak value is crucial
for ensuring mine safety and enhancing gas extraction efficiency. By understanding the variations in
permeability associated with coal rock damage and establishing accurate permeability models, it is
possible to effectively predict and control gas diffusion and migration, thereby avoiding gas-related
hazards**34. To investigate the evolution of permeability in the damaged coal rock before and after its
peak, we primarily utilized the classical permeability model proposed by Shi and Durucan®. This model

employs the average normal stress and gas pressure to represent permeability as follows:

k
k_ = eXp[—SCf (aem — Oegmo )] (5)
0

where Cris the fracture compressibility constant (MPa'!), g, is the effective stress (MPa), oo is the initial
effective stress (MPa), p is the gas pressure (Pa).

The relationship between the average normal stress and the total stress is as follows:

Oem = Om — PP (©)

where o, is the total stress (MPa), £ is the effective stress coefficient, p is the gas pressure (Pa).
According to the previous analysis, coal is damaged by stress during the loading process. The

damage variable D can reflect changes in permeability. Therefore, the damage variable D is introduced

here. Based on damage mechanics theory and the one-dimensional linear elastic damage model of

36,37

materials’®’/, combined with Equation (4), the following formula is derived:

o
Eq = ?in (7

By combining Equations (4), (5), (6), and (7), we obtain

k = ko exp{—3Cf [(emEo (1 = D) = Bp) = (gm0 — BP)]} ()
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The main research object of this study is the influence of horizontal stress on the permeability

characteristics of coal. Therefore, the stress and strain values in the horizontal Z-direction were

substituted into the model for calculation, and the results obtained are shown in Figure 12.

Model Fitting Results (k> =0.9032)
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Figure 12. Fitting curve of the permeability model: (a) Gas pressure P = 1 MPa; (b) Gas pressure P = 2

MPa; (c) Gas pressure P =3 MPa.
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The fitting results presented in Figure 12 indicate suboptimal model performance. Under the three
different gas pressures, the highest R*> value for permeability fitting was only 0.9032, while the other
two R*> values were merely 0.6631 and 0.7636. To improve the model's accuracy, an optimization factor
was incorporated into the permeability formula. Candidate functions for this factor—including a constant
term, a linear function, a Tanh function, and a Sigmoid function—were individually introduced into the
permeability model for fitting and comparison. The comparative analysis showed that integrating the
Sigmoid function achieved the best improvement in the model's fitting performance. The formula for this
optimization factor is as follows:

C;—Cy

Clew) = Co + T ©)

where Co, C1, h, and i are all fitting parameters that need to be fitted in the subsequent calculation, and

by combining Equations (8) and (9), we obtain

k = ko-exp{—3C(en)Cs [(emEo (1= D) = Bp) = (omo — BP)]} (10)

Next, the permeability model for the stress unloading stage (i.e., the post-peak stress stage) is

established. The evolution of post-peak permeability in coal is influenced by various factors, including

coal failure modes, loading control modes, fracturing degree, and fracture connectivity. Currently, few

theoretical models based on classical mechanics can adequately characterize the evolution of post-peak

permeability in coal 8. Yin et al.’ tested the gas permeation velocity in coal during the full stress-strain

process under different in situ stress conditions and established a quadratic polynomial fitting relationship

between post-peak gas permeation velocity and axial stress.

Qq =l + mo, + n (11)
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where O, is the gas flow rate under standard conditions (mL/s), and /, m, and n are fitting coefficients.

Based on Darcy's law, the post-peak coal permeability is related to gas permeation as follows:

_ _2QqpLF,
A(p§ —p?)

(12)
where u is the dynamic viscosity of the gas (Pa-s), L is the length of the coal sample specimen (m), 4 is
the cross-sectional area of the coal sample specimen (m?), p is the gas pressure (Pa), po is the initial gas
pressure (Pa), and P, is the atmospheric pressure (Pa).

Equation (12) is derived as follows. Assuming that the gas flow in the core is steady and the process
is isothermal, the mass flow rate of the gas through each cross section remains constant. According to

the Boyle—Mariotte law, we obtain

QP = Q,P, = constant or Q = Q,P,/P (13)

where Q. is the volumetric gas flow rate at the atmospheric pressure P,. Substituting Equation (13) into

Darcy's law, we obtain

QuPuut dL
=— — 14
k PA dP (19

By separating the variables in Equation (14) and integrating, we obtain:

4 Lo p
J KPdP = —J Qafalt )} (15)

P 0 A

0

After integration and simplification, we obtain Equation (12). By combining Equations (11) and

(12), we obtain

_ 2(loj, + moy, + nULR,
A(ps —p?)

(16)

During the pre-peak stress loading process, the coal body undergoes damage, which also affects the

post-peak permeability. Therefore, the formula for the post-peak permeability calculation must introduce
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the damage factor D by combining Equations (4) and (16).

r - 2[l(e.E)? + m(e.E) + nJuLP,
A(pg —p?)

(17

Considering the permeability characteristics of the coal body before and after the peak stage, based
on Equations (10) and (17), the theoretical model for the full stress-strain permeability of the damaged

coal body can be derived:

k = kO ' exp{ - 3C(":m)cf [(SmEO (1 - D) - ,Bp) - (Umo - ,Bp)] }(Sa < gp)
k= 2[l(e.E)? + m(e.E) + n],uLPa( > e) (18)
g, > €
A(ps —p?) e

where ¢, represents the onset of post-peak strain softening. Many fitting parameters are present in

Equation (18). For example, parameters /, m, and n are fitting parameters determined from the

permeability results using a quadratic polynomial relationship. These parameters are closely related to

the damage characteristics, porosity, and fracture connectivity of coal. The permeability calculation

model is divided into two stages: pre- and post-peak. The upper equation in Equation (18) is mainly used

for calculations in the pre-peak stage, whereas the lower equation is mainly used for calculations in the

post-peak stage.

4.3 Validation of the damaged coal permeability model results

To better fit the parameters in the damage evolution and permeability models, the Levenberg—

Marquardt (LM) algorithm is employed. The LM algorithm is a method for solving non-linear least

squares problems, particularly those that are ill-conditioned*’-*4. It is commonly used for curve fitting

because it improves the Gauss—Newton method to handle optimization problems more effectively.

The Gauss—Newton method aims to minimize the sum of squares of residuals in a least squares

problem, where a set of observed values y is compared to model predictions f{x,a). Here, x represents the
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known independent variable, and a denotes the model parameters to be fitted. The objective is to find the

parameters o that minimize the sum of squared residuals*°.

S@ = ) i ~ fou @) (19)

This method iteratively searches for parameters that minimize the sum of the squared residuals. In
each iteration, a linear approximation of the residuals is constructed, and the parameters are updated to

minimize the sum of the squares of the approximate residuals. Each update step is expressed as

Ba = (7)Y (20)

where J is the Jacobian matrix, whose elements J;; are partial derivatives of f with respect to the parameter
aj, and r is the residual vector.

The LM method introduces a damping factor, A, which merges the Gauss—Newton method with
gradient descent. This damping factor is adjusted during iterations; it decreases when nearing the
minimum, aligns more closely with the Gauss—Newton method, and increases further from the minimum,

ensuring a better descent direction. The parameter transformation is expressed as

Aa = [J7] + Adiag("D]"Y"r 1)

where diag(J"J) represents a diagonal matrix composed of the diagonal elements of matrix JJ.

By adjusting 4, the algorithm can enhance the stability of the search direction in situations where
the Gauss—Newton method may be unstable. By incorporating historical data into Equation (18) and
applying the LM algorithm for fitting, the fitting results of historical data are shown in Figure 13(a)—(c),
which represent the relationship between the strain and permeability change under gas pressures P =1,

2, and 3 MPa, respectively, before the peak. Figure 14(a)—(c) show the relationship between the strain
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and permeability changes under gas pressures P = 1, 2, and 3 MPa, respectively, after the peak. In Figures

13 and 14, the blue dots represent the experimental data and the red line represents the fitting curve. The

fitting curves can be examined to determine whether they generally meet the prediction requirements.

The basic parameters for each coal sample are listed in Table 2.The relationship between the damage

variable D and the permeability and strain of the coal at pressure P = 1, 2, and 3 MPa is shown in Figures

10(a) - (c).
Table 2. Basic parameters of coal
the fracture compressibility constant
Group Elastic modulus £/GPa

C/MPa’!
Group 1 4.7449 -0.01970
Group 2 4.9469 -0.01278
Group 3 4.8168 -0.00835

The fitting parameters for the stress loading stage are shown in Table 3, with no abnormal values

observed among the parameters. As can be seen from Figure 13, the permeability model exhibits a good

fitting effect during the stress loading stage. The goodness of fit R? reaches 0.9846, 0.9918, and 0.9826

at gas pressures of 1, 2, and 3 MPa, respectively. The goodness of fit of this model is significantly higher

than that of the permeability model without the optimization factor, and the numerical variation range of

the residual analysis is also relatively narrower. This indicates that the model can better reflect the

permeability changes caused by coal damage during the stress loading stage.
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477  Figure 13. Goodness-of-fit test curve of coal permeability in the stress loading stage: (a) Gas pressure P

478 =1 MPa; (b) Gas pressure P =2 MPa; (c) Gas pressure P =3 MPa.

479 Table 3. Coal pre-peak fitting parameters

Fitting Fitting Fitting Fitting

arameter arameter arameter: arameter The gas pressure
Group p eters p eters p eters p eters

coefficient 5
Co C h i

29



480

481

482

483

484

485

486

487

488

489

Group 1 0.1022 1.1032
Group 2 0.4619 1.4801
Group 3 -0.7206 1.2787

0.9999 0.0681 0.5103
1.0000 2.3331 0.5764
1.0000 0.1050 0.6182

The fitting parameters for the stress unloading stage are shown in Table 4, with no abnormal values

observed among the parameters. As can be seen from Figure 14, the permeability model exhibits a good

fitting effect during the stress unloading stage. The goodness of fit R? reaches 0.9810, 0.9770, and 0.9874

at gas pressures of 1, 2, and 3 MPa, respectively. The numerical variation range of the residual analysis

is also relatively narrower. This indicates that the model can also accurately reflect the permeability

changes caused by coal damage during the stress unloading stage.
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Figure 14. Goodness-of-fit test curve of coal body permeability in the stress unloading stage: (a) Gas
pressure P =1 MPa; (b) Gas pressure P = 2 MPa; (c) Gas pressure P = 3 MPa.

Table 4. Post-peak fitting parameters of coal

Group Fitting parameters / Fitting parameters m Fitting parameters n
Group 1 1.06x10* -4.56x10* 2.6247
Group 2 1.93%x10* 5.73x1073 1.5729
Group 3 2.35%x10* -4.34%10° 0.8367

From the fitting results of the permeability model for coal during the stress loading and unloading

stages in this study, it can be seen that the goodness of fit R? exceeds 0.97 in both stages. This indicates

that the proposed model has high prediction accuracy for coal permeability before and after the peak

stress, meeting the needs of permeability prediction and providing support for the study of coal

permeability characteristics under horizontal stress loading - unloading.

5. Conclusion

This research is divided into two distinct stages: the stress loading stage (i.e., the pre-peak stage),

which simulates the continuous horizontal stress compression experienced by underground coal seams

during various stages of sedimentation and tectonic activities, resulting in the development of numerous

fractures and an increase in permeability; the stress unloading stage (i.e., the post-peak stage), which
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simulates the permeability recovery driven by the horizontal stress unloading induced by mining

activities. The main conclusions drawn from the experimental results are as follows:

(1) Analysis of the stress-strain curves of coal under different gas pressures reveals that the stress

required for coal to reach the yield stage increases with increasing gas pressure. In addition, gas pressure

induces an expansion effect in coal, resulting in a decrease in the compression ratio with increasing gas

pressure. Although strain decreased during the stress unloading stage, the stress-strain curve did not

return to the original baseline due to irreversible plastic deformation and permanent damage to coal.

(2) During the pre-peak phase, the horizontal stress loading induced plastic deformation in the coal

seam. Initially, this process compressed the internal pores and fractures, increasing the contact area and

friction between the particles, which facilitates the initiation and propagation of cracks. Concurrently,

the stress loading reduced the tortuosity of the internal pores and fractures within the coal seam.

Consequently, the gas flow channels expanded, resulting in an increase in permeability (k) as the

volumetric strain increased. In the post-peak phase, as the stress was gradually unloaded, the volumetric

deformation decreased, and the unloading of the horizontal stress caused a minor recovery in the positions

of the particles and fractures. This resulted in an increased curvature and slightly reduced permeability

in both primary and secondary fractures.

(3) A damage permeability evolution model was established based on strain and gas pressure, and

the permeability analysis was divided into two stages: stress loading stage and unloading stage. This

model incorporates damage factors to establish a permeability framework and utilizes fitting algorithms

to determine model parameters. Goodness-of-fit tests for the fitted curves yielded pre-peak correlation

coefficients R? 0f 0.9846, 0.9918, and 0.9826, and post-peak correlation coefficients R of 0.9810, 0.9770,

32



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

and 0.9874, which all exceed 0.97. These results validate that the established formulas accurately reflect

the changes in permeability.
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