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Abstract: Coal seam gas drainage is a primary measure for mitigating coal and gas out-
burst hazards. Grouting sealing can form coal-slurry consolidated bodies, significantly 
improving the sealing quality of gas drainage boreholes and alleviating coal and gas out-
burst risks. Therefore, this study conducts triaxial loading and seepage experiments to 
analyze the mechanical failure characteristics and permeability variation of coal-slurry 
consolidated bodies under loading conditions following grouting sealing of gas drainage 
boreholes. Based on the “cube” model, a permeability model for the damaged coal-slurry 
consolidated body under loading conditions is established. The findings provide guidance 
for evaluating the leakage prevention performance of sealing materials in field engineer-
ing and optimizing the sealing efficiency of grouting materials. Future research may ex-
plore the damage and seepage evolution of coal-slurry consolidated bodies under various 
loading conditions and sealing material types. 

Keywords: coal-slurry cementation; dual effective stress; damage; permeability  
modeling; triaxial seepage 
 

1. Introduction 
Coal remains China’s primary energy source, but the depletion of shallow coal re-

sources has led to increased mining depths. Deep coal seams exhibit complex geological 
conditions, characterized by low permeability, high in-situ stress, and high gas content 
[1–3]. These factors worsen mining conditions and increase the frequency of coal and gas 
outburst disasters [4–6]. Gas drainage in coal seams is the primary measure to mitigate 
such disasters, with the sealing quality of drainage boreholes directly affecting gas extrac-
tion efficiency. After grouting and sealing, the slurry fills fractures and bonds with the 
fractured coal and rock to form a high-strength, low-permeability, and stable consolida-
tion body. However, under the combined effects of deep in-situ stress, mining-induced 
stress, and negative drainage pressure, fractures easily develop around the borehole, lead-
ing to gas leakage and seal failure. This results in a rapid decline in gas concentration and 
reduces drainage efficiency. Therefore, investigating the mechanical failure characteristics 
and permeability evolution of coal-slurry consolidation bodies under loading is crucial 
for optimizing sealing materials, enhancing borehole sealing quality, improving gas ex-
traction efficiency, and ensuring safe coal mine operations. 
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Recent studies on grouting sealing have progressed significantly. Celik et al. [7] con-
ducted experiments on permeability grouting for soil reinforcement, developed a flow 
model, and designed key slurry parameters. They analyzed the factors affecting differ-
ences between cylindrical and spherical flow models. Ren et al. [8] developed a fractal 
permeability model considering multiple influences of micro—pore fractures on the coal 
body. Zhu et al. [9] created a green grouting material and evaluated its anti-permeability 
properties using permeability tests. In coal-rock loading studies, many researchers simu-
lated the seepage behavior of damaged coal under triaxial conditions. Du et al. [10] devel-
oped a true triaxial gas-solid coupling system to study deformation, failure, and permea-
bility evolution of briquettes and raw coal. Liu et al. [11] used a true triaxial test system to 
analyze fracture failure modes and permeability variations in coal. Wang et al. [12–14] 
explored crack propagation and permeability evolution in gas-bearing coal under axial 
and confining stresses. In permeability modeling, Wu et al. [15] used CT scanning and a 
triaxial loading seepage system to test gas-containing coals and constructed a damage on-
tology model reflecting the deformation behavior of the coal body. Shi et al. [16] proposed 
a permeability model for elastic coal under uniaxial strain, incorporating pore pressure 
and gas adsorption. Xue Yi [17] refined Seidle’s study by including damage effects in post-
peak coal permeability models. Connell et al. [18] developed permeability models for coal 
under various rigid constraints. Bai et al. [19] established a cubic structural model for coal 
permeability under triaxial loading and unloading, validating it through experimental 
analysis. 

Wang et al. [20] investigated the deformation and gas flow characteristics of coal un-
der true triaxial stress conditions. They observed that during the entire stress-strain pro-
cess of coal, the stress-strain curve initially increases and then decreases, while the perme-
ability-strain curve initially decreases and then increases. A “stress-sensitive zone” exists 
regarding the influence of intermediate principal stress on the minimum permeability of 
coal. Lu et al. [21] measured the permeability of layered composite coal-rock under true 
triaxial stress conditions using a true triaxial apparatus and proposed a permeability 
model for layered composite coal-rock under such conditions. They found that the varia-
tion in the thickness of coal seams and sandstone layers significantly influences the evo-
lution of composite coal-rock permeability, with permeability increasing as the ratio of 
sandstone to coal thickness increases. Liu [22] conducted a series of triaxial compression 
and unloading tests on cemented fractured specimens with varying coal particle contents. 
The results showed that as the coal particle content increases, both the peak strength and 
cohesion of the specimens decrease, while the internal friction angle in both tests in-
creases. In the triaxial compression test, dissipated energy increased with coal particle 
content, while in the triaxial unloading test, dissipated energy initially increased and then 
decreased. Shen [23] investigated the mechanical properties, energy evolution, and brit-
tleness of coal under various true triaxial stress states. They developed an energy dissipa-
tion evolution equation based on the logistic function, defining dissipated energy as a 
damage factor (D), and established a three-dimensional damage constitutive model for 
coal, considering residual strength. Cao [24] developed a method capable of reproducing 
in-situ stress and loading/unloading paths of coal under field conditions. They studied 
the damage and failure characteristics of coal samples under true triaxial loading and dy-
namic unloading conditions. As the level of the maximum principal stress (σ1) increased, 
the peak number of acoustic emission (AE) events in coal samples initially increased and 
then decreased. With increasing triaxial load, the energy release zone shifted and ex-
panded. Under higher triaxial load levels, the coal sample failed and was severely dam-
aged, with dynamic unloading of the minimum principal stress (σ3) leading to the ejection 
of coal fragments. Liang [25] studied the failure evolution process of coal under true tri-
axial cyclic loading. They analyzed the evolution of deformation, elastic modulus, 
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Poisson’s ratio, and peak strength, and characterized the volume strain of fractures, dissi-
pated energy, and failure modes. The results indicated that, under true triaxial cyclic load-
ing, internal damage and failure in coal were more severe, with shear failure being the 
predominant mode, complemented by tensile failure. Duan et al. [26] used a true triaxial 
system to investigate the impact of cyclic loading of each principal stress on the defor-
mation, energy evolution, and damage characteristics of coal, revealing the mechanical 
evolution of coal under excavation disturbance in true triaxial conditions. They found that 
the total dissipated energy of coal increased exponentially with increasing amplitude of 
true triaxial layered cyclic loading. As the amplitude of the cyclic loading increased, the 
damage variable exhibited a pronounced S-shaped change, showing a trend of decelera-
tion, acceleration, and then deceleration. 

In conclusion, extensive research has been conducted on the mechanical properties 
and permeability models of coal-rock grout bodies, as well as the damage evolution of 
coal under triaxial loading conditions, yielding valuable results. However, most studies 
have focused on improving the mechanical properties of grout materials and developing 
theoretical permeability models for coal-rock structures. Research on the permeability 
characteristics of coal slurry grout bodies after grouting or their permeability evolution 
under loading conditions is limited. Unlike previous studies, this research integrates vol-
umetric deformation and structural deformation, establishing a damage-permeability 
evolution model for coal slurry grout bodies. Triaxial creep-permeability experiments 
were conducted to investigate the mechanical and permeability changes under dynamic 
loading conditions. The results show that under stress loading, the permeability of coal 
slurry grout bodies exhibits a “V”-shaped trend before instability. After instability, the 
degree of permeability increase is higher with increasing initial axial and confining pres-
sures. The average relative error between the experimental and theoretical permeability 
values is 8.7%, and the experimental results validate the theoretical model, providing 
guidance for optimizing grouting techniques and addressing the challenges of gas extrac-
tion in deep coal seams. 

2. Model Building 
2.1. Model Assumption 

Gas flow in coal is influenced by the coupled effects of stress, seepage, and tempera-
ture fields. To analyze the seepage evolution of coal-slurry consolidated bodies under 
load, the study simplifies the physical model using a cubic structure. A theoretical perme-
ability model is developed with the following assumptions: 

(1) The consolidated body exhibits a dual-porosity structure, consisting of pores and 
fractures, and remains in an isothermal state during the seepage process. 

(2) The gas within the consolidated body is considered an ideal gas, with its migra-
tion governed by Fick’s law in the coal matrix and Darcy’s law in the fractures. 

(3) The deformation of the matrix elements within the consolidated body is isotropic, 
encompassing expansion and compression. 

(4) The consolidated body undergoes two types of deformation mechanisms: bulk 
deformation and structural deformation. 

2.2. Deformation of Coal-Slurry Cementation Under Effective Stresses 

Before damage, the coal-slurry consolidated body remains in the elastic deformation 
phase, during which fracture aperture changes are reversible and no damage occurs. The 
study adopts a cubic model for analysis, as shown in Figure 1 [27]. 
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Figure 1. Physical model of coal-slurry consolidation body. 

The coal-slurry consolidated body, formed around grouted boreholes, undergoes 
strain under the combined effects of external stress and coal seam gas pressure. Based on 
the classical Terzaghi effective stress principle, the study establishes effective stress for the 
coal-slurry consolidated body using the dual effective stress principle for porous media 
[28]. The model considers two deformation mechanisms: bulk deformation and structural 
deformation, corresponding to bulk effective stress and structural effective stress, respec-
tively. 

(1) Bulk Effective Stress [27]. Bulk deformation refers to the overall deformation of 
the coal-slurry matrix framework caused by bulk effective stress. In the coal-slurry porous 
medium, consider a cross-section OO1 (Figure 2) with an area S (including pores and the 
matrix). The total stress σ  applied on this section satisfies the equilibrium relationship 
expressed by the following equation: 

 

Figure 2. Relation established for the effective stress of the body. 

(1 )aS p S Sσ ϕ σ ϕ= + −  (1)

The stress relation equation for coal-slurry porous media can be obtained from Equa-
tion (1): 

(1 ) ap= + −σ ϕ ϕ σ  (2)

Equating aσ  over the entire matrix cross-sectional area yields the effective stresses 

in the coal-slurry consolidation body proper: 

B
ef (1 ) / (1 )a aS S= − = −σ σ ϕ ϕ σ  (3)

Equations (2) and (3) are obtained: 
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B
ef p= −σ σ ϕ  (4)

From the relationship between effective stress and strain, it is obtained that: 

B
ef

B E
= σε  (5)

where, 
B
efσ : Effective stress of the body; σ : Total stress; p : Pore pressure (pore pres-

sure between matrices); aσ  : Matrix average skeleton pressure; ϕ  : Porosity of coal-

slurry cementation body; Bε : Intrinsic Stress; E : Average modulus of elasticity of the 

sum of the modulus of elasticity of the coal body and the modulus of elasticity of the slurry 
body. 

(2) Structural Effective Stress [27]. Structural deformation refers to changes in the 
spatial structure at the contact interface between the coal matrix and the slurry, including 
the contact interface between the slurry and the coal. Structural effective stress causes this 
deformation. In the coal-slurry porous medium, as shown in Figure 3, consider a curved 
surface AA1 formed by connecting contact points. Contact points refer to the interface 
points between the matrix and the slurry or within the coal. The curved surface does not 

pass through the interior of the matrix. Let ciσ  represent the vertical component of the 

stress at the i-th contact point, and ciS  represent the vertical area corresponding to ciσ  

(horizontal area). Based on the equilibrium of forces, the following equation is derived: 

 

Figure 3. Structural effective stress establishment relationship. 

Based on the balance of forces the following equation holds: 

( )ci ci ciS S S S p= + − σ σ  (6)

Equating ciσ  over the entire surface yields the following relation: 

S
ef /ci ciS S=σ σ  (7)

1 /c ciS S= −ϕ  (8)

Associative Equations (6)–(8) give the structural effective stresses of the coal-slurry 
cementation: 

S
ef cp= −σ σ ϕ  (9)
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From the relationship between effective stress and strain, it can be obtained that: 

S
ef

S E
= σε  (10)

The total effective stress of the coal-slurry consolidation under load can be obtained 
by coupling Equations (4) and (9): 

( )' 2t cp= − +σ σ ϕ ϕ  (11)

Associating (5) and (10) yields the total strain of the coal-slurry consolidation under 
load: 

B S
ef ef

B St E
+= + = σ σε ε ε  (12)

where, 
S
efσ : Structural effective stress; φc: Contact porosity; Sε : Structural strain, where 

cϕ  is between ϕ  and 1, the value is determined according to the slurry-coal cementa-

tion body cementation and reinforcement condition, which is divided into two kinds: For 

loose and porous media with low degree of cementation, 1cϕ → ; For dense porous me-

dia with a high degree of cementation, cϕ ϕ→ . 

After the formation of the coal-slurry consolidated body around the gas borehole, it 
undergoes deformation not only due to the applied stress but also from the deformation 
caused by the expansion of gas adsorbed by the consolidated body matrix. Since the strain 
induced by matrix adsorption is relatively small, it is assumed that the deformation of the 
coal-slurry consolidated body is primarily caused by the effective stress. Based on the coal 
permeability model considering effective matrix deformation [29], the permeability model 
for the coal-slurry consolidated body in the elastic phase can be derived. 

( ) ( )
3

0 0
0

0 max max 0

0 0

1

m

L L

p p
Kk

k f p p
p p p p

 − − − −   
 =    − −  + +  

χ σ σ
ϕ

ε ε
ϕ

 (13)

where 0σ σ−   represents the average effective stress increment when loaded and 

max max 0

0L L

p p
p p p p
ε ε−

+ +
 represents the strain increment. Combining the principles of effective 

stress in the solid body and effective stress in the structure, i.e., Equations (11) and (12), it 
can be obtained: 

' '
0 0t t− = −σ σ σ σ  (14)

B S
max max 0 ef ef

0
0L L

p p
p p p p E

+− = −
+ +

ε ε σ σ ε  (15)

Associative Equations (13)–(15) yield an elastic coal-slurry cementation permeability 
model based on the principles of principal effective stress and structural effective stress: 
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( ) ( )
3

' '
0 0

0

B S
0 ef ef

0
0

1 t t

m

p p
Kk

k f
E

  − − − −  
 =  

 + − −    

χ σ σ
ϕ

σ σ ε
ϕ

 (16)

where, 0k , k : represents the initial permeability and permeability of the cemented body, 

mD, respectively; χ : effective stress coefficient of the cemented body, 1 / mK Kχ = − , 

/ 3(1 2 )K E ν= −  , K  : overall bulk modulus of the cemented body, MPa; mK  : bulk 

modulus of the matrix of the cemented body, MPa; E : modulus of elasticity, MPa; ν: 

Poisson’s ratio; 0ϕ : initial porosity, %; 0p : initial pore pressure, MPa; mf : deformation 

influence coefficient of cemented body, 0~1; E : average elastic modulus of coal body and 

slurry, MPa; 0ε : initial strain, %. 

2.3. Modeling the Permeability of Damaged Coal-Slurry Consolidates 

After damage, coal-slurry consolidation enters an elastic deformation stage. During 
this stage, the consolidation body experiences damage and cracking, leading to an in-
crease in crack quantity, with irreversible changes in crack apertures. Based on the effec-
tive stress-permeability model principle [19], the cubic structural model shown in Figure 
4 establishes a permeability model for damaged coal-slurry consolidation. This model also 
accounts for the combined effects of matrix effective stress and structural effective stress. 

 

Figure 4. Structural model of damaged coal-slurry cementation body. 

According to the classical Poiseuille’s law, the flow of fluid through a single crack 
[30] is: 

3

12
b l pQ
L

Δ=
μ

 (17)

Since cracks develop in large numbers after damage to the solidified body and many 
cross-cracks appear, the flow rate of fluid through multiple cross-cracks is: 

3

12
nb l pQ
L

Δ=
μ

 (18)
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where, b: crack opening; l : crack length; nl : sum of n cross-crack lengths; L : fluid 
flow distance; μ  : hydrodynamic viscosity; pΔ  : pressure difference between the two 
ends of the crack. 

Assuming that the fluid flow satisfies Darcy’s law: 

Ak pQ
L
Δ=

μ  (19)

Associative Equations (18) and (19) give the permeability of the solidus containing 
multiple cracks: 

3

12
nl bk
A

=  (20)

Assuming that the crack area per unit volume of the solidified body is 1S , combin-

ing Equation (20) yields: 

3

3
112

nlk
AS

= ϕ
 (21)

The effective stress determines the change in permeability of the solidus, which can 
be obtained by biasing the effective force: 

2

' 3 '
14

n

t t

lk
AS

∂∂ =
∂ ∂

ϕ ϕ
σ σ

 (22)

Associative Formulas (21) and (22) are obtained: 

' '
3

t t

k k∂ ∂=
∂ ∂

ϕ
σ ϕ σ

 (23)

In Equation (23) let '
1

t

d ϕ
ϕ σ

∂=
∂

 denote the amount of variation of the solidus crack 

with effective stress, then Equation (23) can be expressed as: 

' 3
t

k dk∂ =
∂σ

 (24)

After the damage, the cracks in the solid body will be developed in large quantities, 
and this crack development brings about the damage destruction of the solid body in the 
macroscopic level. Therefore, in order to simplify the computational amount of 

'
1

t

d ϕ
ϕ σ

∂=
∂

, the degree of damage is introduced here to describe the crack development 

in the solidus according to the damage variables [31] defined based on the elastic modulus 
degradation: 

0

1 ED
E

= −  (25)

The damage variable D   indicates the degree of development or damage of the 

cracks in the solidus; 0E  is the initial modulus of elasticity. It is also easy to see in Equa-

tion (25) that as the solid body is loaded, the cracks continue to develop, E  continues to 
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decrease, and the damage value D  of the solid body continues to increase. D  can be 
obtained by simplifying d  with D : 

d D= γ  (26)

In the formula, γ  denotes the influence coefficient of effective stress change on crack 

development, 1 /p mK Kγ = − , pK  is the volume modulus of the crack, and mK  is 

the matrix volume modulus of the cemented body, and the integral of the coupling For-
mulas (24) and (26) can get the model of the permeability of the damaged coal-slurry ce-
mented body: 

( )' '
03

0
t tDk k e −= γ σ σ

 (27)

3. Coal-Slurry Cementation Seepage Test 
3.1. Sample Preparation 

The coal samples for the experiment were collected from the Jiulishan Mine, which 
belongs to the Jiaozuo Mining Company under the Henan Coal and Chemical Industry 
Group, located in Jiaozuo, Henan Province, China. The coal type is anthracite, and its in-
dustrial analysis results are shown in Table 1. To better simulate the fractured coal around 
actual boreholes, the coal samples were dried in the laboratory, then crushed into irregular 
pieces with dimensions smaller than 3 cm using a crusher. These crushed coal pieces 
served as the injected medium to replicate the grouting effect around fractured coal near 
gas drainage boreholes, as illustrated in Figure 5. 

Table 1. Basic industrial parameters of coal samples. 

Coal Sample ρ/[g/cm3] ρt/[g/cm3] Mad/[%] Vdaf/[%] Aad/[%] 𝜑/[%] 
anthracite coal 1.56 1.49 4.12 11.18 9.72 4.49 

The grouting material used in the experiment is a composite cement-based sealing 
material, primarily composed of P.O42.5 Portland cement, combined with accelerants, al-
kali activators, suspending agents, expanding agents, and reinforcing agents in specific 
proportions. The basic properties of the grouting material are listed in Table 2. 

Table 2. Basic properties of grouting materials. 

Performance In-
dicators 

Compressive 
Strength/[MPa] 

Mobility 
/[mm] 

Initial Coagulation 
Time 
/[min] 

Final Setting 
Time 
/[min] 

Dilatation 
/[%] 

Measured value 9.5 350 45 245 1.13 

The grouting sealing simulation device, independently designed and constructed, in-
jects grout into crushed coal blocks. The grout fully diffuses and fills the fractured coal, 
bonding and reinforcing it into a coal-slurry consolidation body. Cores are then extracted 
from the consolidated body and processed into standard cylindrical specimens with a di-
ameter of 50 mm and a height of 100 mm. The preparation process for the coal-slurry 
consolidation body is shown in Figure 5. 
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Figure 5. Coal-slurry consolidation system preparation process. 

3.2. Test Program and Procedures 

This study uses the RLW-500G coal-rock triaxial creep-permeability test apparatus, 
independently developed by Henan Polytechnic University, located in Jiaozuo, Henan 
Province, China, to investigate the mechanical failure characteristics and permeability 
evolution of coal-slurry consolidation bodies under loading. The test apparatus consists 
of a system console, servo controller, triaxial pressure chamber, seepage control system, 
temperature control system, and pressure transmission device. It enables simultaneous 
monitoring of mechanical and seepage properties under temperature and stress loading 
conditions. The test apparatus is shown in Figure 6. 

 

Figure 6. Schematic diagram of the test setup. 

The coal-slurry grout bodies with dimensions of φ50 mm × 100 mm were prepared 
for the experiments. The flatness error of the sample’s end faces was controlled to be no 
greater than 0.05 mm, and the end faces were parallel and perpendicular to the sample’s 
axial line, with an error not exceeding 0.25°. During the experiments, the sample was first 
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loaded to the preset axial and confining pressures using a servo control system. Axial 
pressure was then applied at a rate of 10 N/s to simulate the permeability variation under 
different loading conditions. The experimental plan is shown in Table 3, with no fewer 
than three samples used for each experimental condition to ensure the reliability of the 
results. 

Table 3. Experimental program. 

Specimen Number Axial Pressure/[MPa] Pressure on All Sides/[MPa] Seepage Air Pressure/[MPa] 
A1 0.5 1 1 
A2 0.5 2 1 
A3 1 2 1 

(1) Specimen Installation: Place the polished specimen on the installation base of the 
triaxial pressure chamber. Evenly apply silicone around the specimen, cover it with a heat-
shrink tube, and shrink it with a hot air blower. Secure both ends with clamps and seal 
the specimen. After curing the silicone for 8 h, install strain sensors and connect the air 
pipes and circuits. 

(2) Prestress Loading: Inject hydraulic oil into the triaxial chamber until filled. Use 
axial/confining pressure controllers to load the specimen to the test conditions. Stabilize 
the pressures via the servo controller. 

(3) Nitrogen Injection: Connect the gas pipeline, open the seepage system’s inlet and 
outlet valves, and adjust the pressure-reducing valve. Introduce nitrogen and monitor the 
flowmeter. Begin testing once the flow stabilizes. 

(4) Loading Test: The system console controls the servo system to apply axial loading 
at 10 N/s until the specimen fails. 

4. Analysis of Test Results 
The experiment follows the test plan in Table 3 to obtain mechanical and seepage 

parameters of coal-slurry consolidation bodies under various conditions. The permeabil-
ity of specimens is calculated using the following formula: 

( )
0

2 2
0

2QP Lk
P P A

=
−

μ
 (28)

where, k  is the permeability, mD; Q  is the gas seepage flow rate, cm3/s; μ  is the gas 

dynamic viscosity coefficient, Pa-s; L   is the length of the specimen, mm; A   is the 

cross-sectional area of the specimen, cm2; P  is the pressure of the inlet end, MPa; 0P  is 

the pressure of the outlet end, MPa. 
Changes in permeability reveal grouting sealing and fracture growth in coal-slurry 

bodies. Stress-strain and permeability curves under varying loads are shown in Figure 7. 
Figure 7a illustrates the stress-strain and permeability variation curves of the coal-

slurry consolidated specimen A1 under initial axial stress of 0.5 MPa and confining pres-
sure of 1 MPa. As shown in the figure, with the continuous loading of axial stress, the 
pore-fracture structure of the specimen is compressed under the applied load (OA stage), 
and the permeability decreases gradually from 9.66 mD to 6.35 mD. Under further com-
pression of the axial stress (AB stage), the specimen does not exhibit a significant reduc-
tion in bearing capacity; instead, it gradually yields as the principal stress difference in-
creases, reaching a peak strength of 10.1 MPa. During this stage, the cracks in the specimen 
develop and expand, and the permeability steadily increases to 25.8 mD, forming a ’V’-
shaped variation trend with the permeability in the OA stage, which first decreases and 



Processes 2025, 13, 400 12 of 19 
 

 

then increases. At point B, the specimen reaches the maximum bearing capacity and un-
dergoes an instantaneous instability failure, causing the permeability to rapidly increase 
from 25.8 mD to 35.45 mD, a 37.4% increase. After instability, internal damage in the spec-
imen continues to develop, and during this stage, the permeability steadily increases to 
36.35 mD, fluctuating until the specimen is completely destroyed. 

  
(a) Specimen A1 (b) Specimen A2 

 
(c) Specimen A3 

Figure 7. Variation of triaxial seepage test of coal-slurry cementation under different loadings. 

Figure 7b illustrates the stress-strain and permeability variation curves of the coal-
slurry consolidated specimen A2 under initial axial stress of 0.5 MPa and confining pres-
sure of 2 MPa. As shown in the figure, with the increase in principal stress difference, the 
permeability of the specimen decreases gradually from 8.56 mD to 6.34 mD (OA stage). 
When the principal stress difference gradually increases to 10.78 MPa (AB stage), the bear-
ing capacity of the specimen increases, the slope of the stress-strain curve gradually de-
creases, and the volumetric strain of the specimen shifts from compression to expansion, 
with permeability steadily increasing to 20.55 mD. This forms a ‘V’-shaped variation trend 
with the permeability in the OA stage. At the instability failure point B, the specimen un-
dergoes an instantaneous failure, and the permeability rapidly increases from 20.55 mD 
to 32.78 mD, a 59.51% increase. Subsequently, internal damage continues to develop, and 
the permeability further increases to 35.85 mD. 

Figure 7c illustrates the stress-strain and permeability variation curves of the coal-
slurry consolidated specimen A3 under initial axial stress of 1 MPa and confining pressure 
of 2 MPa. As shown in the figure, during the OA stage, the permeability of the specimen 
decreases gradually from 8.53 mD to 6.35 mD, maintaining a low level. During the AB 
stage, with the continued loading of axial stress, the specimen begins to yield, and the 
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permeability steadily increases to 19.45 mD. Similar to specimens A1 and A2, the permea-
bility during the OB stage exhibits a ‘V’-shaped variation trend. When the axial stress in-
creases to 11.01 MPa (point B), the specimen undergoes instability failure, and the perme-
ability rapidly increases from 19.45 mD to 36.38 mD, a 87.04% increase. Subsequently, the 
permeability continues to increase to 38.39 mD. 

The experimental study on the damage and seepage of coal-slurry consolidated spec-
imens under different initial confining pressure and axial stress conditions indicates that 
the specimen is compressed under the applied load (OA stage), resulting in a decrease in 
permeability. With continued stress loading (AB stage), the specimen undergoes a transi-
tion from volumetric compression to expansion, internal damage begins to develop, 
cracks start to form and expand, and permeability gradually increases. The permeability 
exhibits a ‘V’-shaped variation trend before instability failure (point B). When the speci-
men reaches its maximum bearing capacity, instability failure occurs instantaneously, and 
the bearing capacity sharply decreases. Micro-pores and cracks with poor internal con-
nectivity begin to develop and connect over a wide area, causing permeability to increase 
rapidly and resulting in a seepage breakthrough phenomenon, as shown in Figure 8. The 
above analysis indicates that the permeability of the three specimens increased by 37.4%, 
59.51%, and 87.04%, respectively, at the moment of instability failure, suggesting that the 
extent of permeability increase is greater with higher axial and confining pressures under 
different loading conditions. The analysis suggests that the cause of this phenomenon is 
that the specimen remains in a compressed state under the applied load, with continued 
axial stress loading leading to damage of the coal matrix and mineral particles in the 
slurry. However, due to the constant compression, the expansion of pores and cracks, as 
well as the development of new pore-crack structures, which could facilitate gas migra-
tion, are not fully expressed. When the coal body is suddenly decompressed, the specimen 
undergoes an instantaneous failure, and the bearing capacities of the three specimens de-
crease by 30.49%, 34.87%, and 36.23%, respectively. The internal damaged cracks open 
and become interconnected, allowing gas to rapidly desorb and seep, migrating from the 
connected pores and cracks, resulting in a continuous increase in permeability. 

 

Figure 8. Generalized model for sudden changes in seepage. 

5. Model Validation 
5.1. Model Basic Parameters 

To verify the rationality of the permeability model established in Section 2, theoreti-
cal analysis of the permeability is conducted using Equation (27), based on the triaxial 
seepage test results of coal-slurry consolidated specimens under different loading condi-
tions in Section 4 and the quasi-Newton method. Table 4 lists the relevant basic parameter 
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values of the coal-slurry consolidated specimen. The pore pressure P  is taken as the 

triaxial seepage gas pressure of 1 MPa, and the initial pore pressure 0P  is set as atmos-

pheric pressure. The contact porosity cϕ  is assigned a fixed value of: / 2oϕ . 

Table 4. Values of basic parameters of coal-slurry consolidation body. 

Specimen 
Number 0

E /[MPa] 0K /[MPa] 0mK /[MPa] 0pK /[MPa] v oϕ /[%] cϕ /[%] ok /[mD] 

A1 2220 1002 960 875 0.19 0.18 0.09 9.66 
A2 2355 995 975 865 0.19 0.20 0.10 8.56 
A3 2100 1055 980 885 0.20 0.19 0.095 8.53 

5.2. Validation of Experimental Versus Theoretical Values of Permeability of Coal-Slurry 
Consolidates 

Figure 9 presents a comparison between the experimental and theoretical permeabil-
ity values for the three specimens under different loading conditions, with some data 
shown in Table 5. Statistical methods are applied to analyze the mean, variance, and 
standard deviation of the theoretical and experimental permeability values. This results 
in the mean permeability variation curve, variance fluctuation curve, and error bar distri-
bution. The formula for calculating the variance is as follows: 

2
2 1( )

1

n
i ix xs
n

= −=
−

 (29)

where, ix  is the i th sample data value; x  is the sample mean, 
1

1 n
i ix x

n == 
; n is the 

number of data points in the sample. 

  
(a) Specimen A1 (b) Specimen A2 
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(c) Specimen A3 

Figure 9. Comparison of experimental and theoretical values of permeability of coal-slurry consoli-
dation under different loadings. 

As can be seen from the figure, the error bar distribution between the theoretical per-
meability values derived from the model established in this study and the experimentally 
measured permeability values of coal-slurry consolidated specimens under different load-
ing conditions is relatively narrow, with no large gaps in the error bar distribution, indi-
cating a high degree of agreement. The relative errors between the theoretical and exper-
imental curves for specimens A1, A2, and A3 are 9.5%, 8.6%, and 8.1%, respectively, with 
an average relative error of 8.7%, indicating that the theoretical permeability values cal-
culated from the model are close to the experimental values and exhibit a strong agree-
ment in terms of trend. From the variance fluctuation curves of the specimens in the fig-
ure, it can be observed that the theoretical and experimental permeability variations fluc-
tuate significantly near the yield stage (around point B), while fluctuations are more stable 
in other stages. This indicates that the errors between the theoretical and experimental 
values primarily occur when the specimen reaches its maximum bearing capacity and un-
dergoes instability failure. There are two main reasons for this: first, experimental errors. 
During the damage deformation stage of the coal-consolidated specimen, it is initially 
compressed under sustained stress, followed by volumetric expansion, resulting in an in-
crease in experimental permeability; second, the permeability model established in this 
study is based on a cubic structure, assuming that fracture damage occurs as uniform, 
continuous plastic deformation without sudden changes. However, the actual slurry has 
a high degree of brittleness, causing the specimen to experience an instantaneous failure 
after reaching its maximum bearing capacity, leading to experimental values that exceed 
theoretical values. 

The above analysis indicates that the permeability model established in this study 
can accurately describe the dynamic evolution of permeability in coal-slurry consolidated 
specimens under loading conditions, and that analyzing the damage, rupture, and key 
gas leakage stages during loading reveals that optimizing and improving the plasticity of 
the slurry can enhance the impermeability of sealing materials under loading conditions, 
which is beneficial for gas extraction operations. 

Table 5. Selected data related to permeability of coal-slurry cementation under different loadings. 

Strain Specimen A1 Specimen A2 Specimen A3 
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Measu
red 
Value 

Theoretic
al Value 

Average 
Value 

Varianc
e 

Measure
d Value 

Theoretic
al Value 

Average 
Value 

Varianc
e 

Measure
d Value 

Theoretic
al Value 

Average 
Value 

Varianc
e 

0.37485 9.3254 8.3254 8.8254 0.5 8.4522 7.4522 7.9522 0.5 8.4522 7.5565 8.00435 0.40114 

2.12 7.3255 7.2255 7.2755 0.005 7.3255 5.8544 6.58995 1.08207 7.3255 6.1424 6.93395 0.30662 

3.15 8.02 8.15 8.085 0.00845 8.0552 5.4552 6.7552 3.38 8.0552 5.4044 6.7298 3.51337 

5.12 12.1 10 11.05 2.205 9.6345 7.6345 8.6345 2 9.6345 7.6544 8.64445 1.9604 

6.45 19.2 15.8 17.5 5.78 14.6454 12.6454 13.6454 2 12.8454 11.6544 12.2499 0.70924 

7 24.6 21.2 22.9 5.78 25.45587 18.5254 21.99064 20.01571 15.45587 16.3558 15.80584 0.24495 

7.58 
33.640
27 30.2 31.92014 5.91773 33.64027 25.9402 29.79024 27.64554 17.94027 22.5544 20.24734 10.6451 

8.16 
36.362
4 35.12 35.7412 0.77178 36.3624 34.9455 35.65395 1.0038 36.3624 38.6624 37.5124 2.645 

9.23 36.396
5 

35.28 35.83825 0.62329 37.3965 36.8945 37.1455 0.126 37.3965 39.9864 38.69145 3.35379 

6. Conclusions 
Grouting sealing can form coal-slurry consolidated bodies, significantly improving 

the sealing quality of gas drainage boreholes and mitigating coal and gas outburst haz-
ards. Therefore, building on previous research, this study focuses on the coal-slurry con-
solidated bodies formed after grouting and sealing gas drainage boreholes. True triaxial 
loading and seepage experiments were conducted, and a permeability model of coal-
slurry consolidated bodies under loading conditions was established. The findings pro-
vide guidance for analyzing the leakage prevention effectiveness of sealing materials in 
field engineering and optimizing the sealing performance of grouting materials. Future 
research can further explore the damage and seepage evolution of coal-slurry consoli-
dated bodies under various loading conditions and sealing material types. The main con-
clusions are as follows: 

(1) Based on the ‘cubic’ model, a permeability model for coal-slurry consolidated 
specimens under loading conditions was established, considering the intrinsic and struc-
tural deformations induced by consolidation body damage under triaxial stress. 

(2) Triaxial stress loading permeability tests under different initial confining pres-
sures and axial pressures show that the coal-slurry consolidated specimens remain in a 
compressed state under stress loading. In the compaction stage (OA phase), the mi-
cropores and fractures within the consolidated body are gradually compressed and 
closed, leading to a reduction in permeability. In the elastic-plastic stage (AB phase), dam-
age and failure begin to develop within the specimen, and fractures gradually expand, 
causing an increase in permeability. The permeability exhibits a ‘V’ shaped trend prior to 
instability failure (point B). After continued stress loading, instability failure occurs at the 
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maximum bearing capacity, and in the BC phase, the poorly connected micropores and 
fractures within the specimen begin to develop large-scale connections, causing a rapid 
increase in permeability and the occurrence of seepage mutation. A large number of dam-
aged fractures rupture and interconnect, leading to a stabilization of permeability after 
reaching its maximum value. Under different loading conditions, the extent of permeabil-
ity increase after instability failure of the coal-slurry consolidated specimens increases 
with higher initial axial and confining pressures. 

(3) The comparison between experimental and theoretical permeability values under 
different loading conditions shows that the theoretical permeability values from the 
model are close to the experimental values, with an average relative error of 8.7%, indi-
cating that the coal-slurry consolidated body damage permeability evolution model es-
tablished in this study can accurately describe the dynamic changes in permeability under 
loading conditions. The research findings provide valuable guidance for analyzing the 
sealing effectiveness of sealing materials and optimizing their performance. 
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Nomenclature 
σ  Total stress MPa 

B
efσ  Effective stress of the body MPa 

aσ
 

Matrix average skeleton pressure MPa 

S
efσ  Structural effective stress MPa 

p  Pore pressure MPa 
ϕ  Porosity of coal-slurry cementation body % 

0ϕ
 

Initial porosity % 

cϕ  Contact porosity % 

Bε
 

Intrinsic Stress % 

0ε
 

Initial strain % 
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E  Modulus of elasticity MPa 

0k  
Initial permeability mD 

K  Overall bulk modulus of the cemented body MPa 

mK  
Bulk modulus of the matrix of the cemented 
body 

MPa 

Q  Gas seepage flow rate cm3/s 
μ  Gas dynamic viscosity coefficient Pa·s 

L  Length of the specimen mm 

A  Cross-sectional area of the specimen cm2 
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