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ABSTRACT: Mining-induced fractures often constitute water inrush channels, which lead to mine
water inrush accidents. In this paper, a coupled model of stress−seepage−damage based on
micromechanics is established, which simulates the initiation and propagation of cracks in rock
materials and their interaction with fluid flow. The method combines the continuous damage model
with the effective stress principle, in which the elastic modulus and permeability are related to the
damage variables. The model is implemented via the COMSOL code based on the finite element
method, and the reliability of the model is verified by the axial compression−seepage test of standard
rock samples. According to the actual geological conditions of F13 fault in Wugou Coal Mine, Anhui
Province, the damage of the floor rock mass and the risk of fault water inrush in the 1033 mining
face with 50, 40, 30, and 20 m waterproof coal pillars are predicted. When the coal pillar width is 30
or 20 m, the fault, the surrounding rock of the fault, and the failure zone of the floor constitute the
water inrush channel. This model provides an intuitive understanding of the rock damage and water
inrush evolution, which is difficult to observe, and will contribute to prevent water inrush disasters in
practical engineering.

1. INTRODUCTION

Fault is one of the most common geological structures during
underground mining. Faults destroy the continuity and integrity
of rock strata and often become the inducing factor of mine
disasters. During underground mining activities, the dynamic
change of the stress field of the surrounding rock leads to the
initiation and expansion of fractures. The existence of faults not
only affects the redistribution of the stress field but also may
become a potential water diversion channel when connected
with mining-induced fractures.1−3 According to incomplete
statistics, more than 80% of the mine water inrush accidents in
coal mines are related to faults,4 causing heavy casualties and
property losses. Therefore, the faults have become the key factor
affecting the prevention and control of water inrush in mines.
In recent years, many scholars have done a lot of research on

the mechanism of water inrush from faults. Cheng et al. used
FLAC3D numerical simulation software based on the coupling
of the stress field and seepage field to systematically analyze the
plastic failure of rock mass caused by fault dip angle, fault
fracture zone width, and aquifer pressure.5−7 However, the
formation of the water inrush channel was not due to the plastic
deformation of rock mass but rather due to the expansion of
mining-induced fractures.8 Through physical simulation,
Zhang9 studied the formation process of cracks and the
evolution of high-pressure water inrush channel under the
floor and considered that the connection between the structural
rock zone and cracks in the coal floor was the direct cause of
water inrush from the coal floor. Zhou10 used the extended finite
element method and fracture mechanics to carry out numerical

simulation, quantitatively analyzed the stress field at the tip of
the fault, and evaluated the possibility of water inrush from fault
activation. Qian11 investigated the evolution process of a fault
water inrush accident in Tianzhuang Coal Mine, Jining City,
Shandong Province, and found that groundwater in the
Ordovician limestone aquifer 28.5 m below the floor flows
into the roadway through the fault zone. Ma12,13 conducted a lot
of mechanical tests on gangue, granite, and paste in underground
mining and obtained the characteristics of deformation, failure,
and permeability. These efforts constantly improve and
supplement the mechanism of fault water inrush, but there are
also limitations in predicting the fracture of the floor rock mass
and water inrush channel, and the evolution of water inrush from
faults in the coal seam floor has not been fully recognized.
In fact, the water inrush from faults is caused by the

reactivation of the original water-conducting or non-water-
conducting faults under the influence of mining stress, which
leads to the re-expansion of the fractures in the fault zone and its
adjacent rock mass, resulting in the change of its permeability.
When connected to an aquifer, it will cause water inrush.14

Therefore, the process of fault water inrush essentially involves
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the multiscale coupling of rock stress, damage, and seepage, and
the existing rock mechanics theory or numerical calculation
method cannot perform an in-depth analysis of it. The
establishment of theoretical models and numerical calculation
methods to accurately reflect the fractures, seepage evolution,
and seepage characteristics of the floor rock mass structure is a
key scientific issue involved in the study of the water inrush
mechanism.
Damage variable is the cumulative response of rock samples in

the process of progressive failure, and it is an important factor in
characterizing the phenomenon of rock failure.15 Based on the
internal damage variables of rock, many scholars have explored
the process of rock failure and crack propagation under different
loading modes. The evolution process of damage variablea is
closely related to the temporal and spatial evolution of the stress
field.16 The damage evolution of rock is a nonlinear dynamic
process with localization and inhomogeneity.17 Many important
hydromechanical phenomena such as stress perturbation, pore
pressure fluctuation, damage evolution, and fracture deforma-
tion are realistically captured in numerical simulation.18 For this
reason, the internal failure process of rock is revealed by
calculating damage variables.
In this paper, a coupled micromechanical model of rock

stress−seepage−damage is established to describe the process of
rock fracture and seepage, which is verified by the compression−
seepage test of standard rock samples. Based on this model,
progressive failure, stress concentration, and seepage evolution
of rock during loading can be captured. On this basis, combined
with the specific geological conditions of Wugou Coal Mine in
Anhui Province, the danger of water inrush under different width
waterproof coal pillars of the F13 fault is predicted, and the
evolution process of floor rock mass and water inrush is
analyzed, which provides guidance for practical engineering.

2. STRESS−SEEPAGE−DAMAGE COUPLING MODEL
2.1. Heterogeneity Hypothesis. Rock is a mixed material

composed of mineral particles and cement. Due to the influence
of the complex external environment in the formation process,
the matrix particles and microdefects show significant
heterogeneity. To consider the heterogeneity of rock, the
appropriate-scale RVE (representative volume element) is
usually selected according to the distribution characteristics of
rock mineral particles and microdefects, and the statistical
method is used to endow the rock RVE with physical and
mechanical parameters that obey a certain probability
distribution so as to transform the mesofabric properties of
rock heterogeneity into macroscopic material properties.19 For a
certain parameter u of rock, it is assumed that it obeys Weibull
distribution, and its probability density function expression is
given by20
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where u is a certain parameter of rock; u0 is a scale parameter,
which is related to the mean value of material parameters; andm
is a shape parameter, which characterizes the uniformity of
materials.
Then, the cumulative probability function is written as
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The Monte Carlo method is used to generate a set of random
number sequence ζ that obeys the uniform distribution of
interval (0, 1). By making the probability distribution function
F(u) = ζ, the parameters of any rock microelement can be
written as

ζ= [− − ]u u ln(1 ) m
0

1/
(3)

Figure 1 shows the Weibull distribution of material properties
with different homogeneity indices m. Obviously, when the

homogeneity indexm has a relatively high value, the mechanical
properties and physical parameters of the mesoscale elements in
the rock accumulate in a very small range, which reflects the
relative homogeneity of the rock.

2.2. Statistical Damage Constitutive Model. Based on
the principle of the strain equivalence and the concept of
effective stress,21,22 the linear elastic constitutive model of a
damaged material adopts the following formula

σ = ϵ = ϵ −E E D(1 )0 (4)

The elastic modulus of the element degrades monotonously
with the development of the damage, and the elastic modulus of
the damaged material is defined as follows

= −E E D(1 )0 (5)

where σ is the stress; E and E0 are Young’s modulii of damaged
and undamagedmaterials, respectively; ϵ is the elastic strain; and
D is the damage variable. In order to avoid the problem caused
by the elastic modulus of zero, whenD = 1.0, the elastic modulus
of the damage element is designated as a very small value, such as
1.0 × 10−5 MPa.
As shown in Figure 2, the damage constitutive relation of the

element under uniaxial compressive stress and tensile stress is
used to simulate the failure. At first, the element was considered
to be elastic, and its elastic properties were defined by Young’s
modulus and Poisson’s ratio. Accordingly, the stress−strain
relationship of the element is considered to be linear elastic until
the given damage threshold is reached and then modified by
softening.
The maximum tensile stress criterion and Mohr−Coulomb

criterion are used to test the stress state of the element, which,
respectively, reflect themain damage and fracturemodes of rock,
and the tensile stress criterion is given priority. When the stress

Figure 1. Weibull distribution for material properties with different
indices m.
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state meets a certain criterion, the element begins to accumulate
tensile or shear damage.
The discriminant of tensile failure is the maximum tensile

stress criterion, which is calculated as follows

σ= −F f1 1 t (6)

where σ1 is the maximum principal stress and f t is the tensile
strength. At this time, the damage variable of the element is
described as follows
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where ϵt0 is the elastic limit tensile strain in the case of tensile
failure of the element and ϵt is the maximum principal strain, and
under the condition of multi-axial stress, it is equal to the
equivalent principal strain in the tensile state, which can be
expressed as follows

ϵ = ⟨ϵ ⟩ + ⟨ϵ ⟩ + ⟨ϵ ⟩t 1
2

2
2

3
2

(8)

where ϵ1, ϵ2, and ϵ3 are the three principal strains and ⟨⟩ is a
symbolic function defined as follows
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The criterion of shear failure is the Mohr−Coulomb criterion,
which is expressed as follows
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where φ is the angle of internal friction and fc is the compressive
strength. Also, the damage variable of the element is described as
follows
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where ϵc0 is the elastic limit compressive strain of the element
when shear failure occurs and ϵc is the minimum principal strain,
which can be expressed as

ϵ = {ϵ ϵ ϵ }min , ,c0 1 2 3 (12)

2.3. Stress−Seepage−Damage Coupling Model. The
fluid−solid coupling behavior of geotechnical materials has
always been a hot topic in the field of geotechnical engineering.
Based on the widely accepted Biot’s consolidation theory, it has
been developed to include the permeability change caused by
rock fracture.23,24

Equilibrium equation is given as

σ + =F 0ij i j, (13)

where σij represents the component of the Cauchy stress tensor
and f j is the body force in the jth direction.
Geometrical equation is given as

ϵ = +u u
1
2

( )ij i j j i, , (14)

where ϵij is the component of the Cauchy’s strain tensor and ui is
the displacement in the jth direction.
Constitutive equation is given as

σ σ αδ λδ αδ′ = − = ϵ + ϵ − ∂p G p2ij ij ij ij ij ijv (15)

where σ′ij is the component of the effective stress tensor; p is the
pore pressure; δij is the Kronecker function; ϵv is the volumetric
strain, which is defined as ϵv = ϵii; G is the shear modulus of the
material, which is defined as G = E/[2(1 + v)]; α is Biot’s
coefficient; and λ is Lame’s coefficient, which is defined as λ =
Ev/[(1 + v) (1 − 2v)].
The Navier equilibrium equation under stress−seepage

coupling can be obtained by the above equations, as shown
below

λ α+ + − + =Gu G u p F( ) 0i jj j ji i i, , (16)

Based on the mass conservation equation of fluid and Darcy’s
law, the isothermal seepage control equation considering solid
deformation can be obtained as25

μ
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where 1/S is the water storage coefficient; k is the permeability;
and μ is the fluid viscosity.
The stress state of the rock will affect the porosity, and this

relationship can be expressed as26

ϕ ϕ ϕ α σ ϕ= − ̅ +ϕ( )exp( )0 r v r (18)

whereϕ is the porosity;ϕ0 is the initial porosity;ϕr is the limited
value of porosity under high compression stress, which is about
0; αϕ is the stress sensitivity coefficient of porosity, such as 5.0 ×
10−8 Pa−1; and σv̅ is the average effective stress, which is
expressed as follows

σ σ σ σ σ α̅ = + + + − p( )/3v 1 2 3 4 (19)

When the damage and gradual failure of the unit converge into
a fracture, the permeability of the fracture has a step compared
with the matrix permeability, and the change of permeability can
be expressed as27

Figure 2. Elastic damage constitutive law of an element subjected to
uniaxial stress.
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where k0 is the initial permeability and αk is the influence
coefficient of damage on permeability.
2.4. Model Solving Process. The solution process of rock

stress−seepage−damage coupling model is shown in Figure 3.

This model describes the coupling relationship among
mechanical deformation, seepage, and damage and can be
used to analyze the damage and failure process of rock materials
under the condition of fluid−solid coupling.

3. MODEL VALIDATION
In order to verify the reliability of the model in this paper,
compression−seepage tests of standard rock samples including
rock deformation, seepage, and fracture processes are carried
out, and the results of laboratory tests and numerical simulation
are compared.
The equipment used in the laboratory is the rock top

multifield coupling testing system, as shown in Figure 4. The
equipment consists of an axial pressure system, a confining
pressure system, a seepage system, a special LVDT displacement
sensor, and a radial deformation sensor and can realize
conventional triaxial compression−seepage test. The maximum
axial stress is 500 MPa, and the maximum confining pressure is
60 MPa. The maximum osmotic pressures at the upper and
lower ports are 60 and 50 MPa, respectively. Two LVDT

displacement sensors are used to measure the axial deformation,
with a measuring range of 12 mm and the accuracy of 0.001 mm.
The sandstone sample with dimensions of ϕ 50 mm × 100

mm were used in the test. The sample was saturated before
loading into the triaxial pressure chamber. The top water
pressure is 1 MPa, and the bottom water pressure is 0. The
confining pressure is 2 MPa, and the axial displacement is
applied at a rate of 0.02 mm/min until the sample is significantly
damaged. The stress−strain curve and permeability changes
obtained during loading are shown in Figure 5, which represent
the whole process of deformation, gradual failure, and ultimate
loss of the bearing capacity of rock. The permeability changes
correspondingly with the compression and closure of the
original pores and microcracks and the initiation and
propagation of cracks and reaches the maximum value when it
develops into a macroscopic shear plane.
During the test process, a stable water pressure difference is

formed between the inlet and outlet. Darcy’s law is used for
measuring the permeability of the sandstone sample. The
expression is as follows

κ μ= Δ
Δ Δ
L Q

A P t (21)

where k is the permeability in time Δt (m2); μ is the dynamic
viscosity of water (Pa•s); Q is the volume of water flowing
through the sandstone sample in timeΔt (m3); L is the height of
the sample (m); A is the cross-sectional area of the sample (m2);
ΔP is the water pressure difference between two extremities of
the sample (Pa); andΔt is the interval between recording points
(s).
The COMSOL code is used for the numerical simulation, and

its open interface can realize the calculation of the multifield
coupling model in this paper. The size of the plane’s geometric
model is 50 mm × 100 mm, and the boundary conditions are
consistent with those of the conventional triaxial compression−
seepage test.
As shown in Figure 6, a constant confining pressure is applied

on the left and right boundaries of the model, the bottom
boundary of the model is constrained by vertical displacement,
and the top boundary is loaded vi axial displacement to control
the load. Each step increases the displacement by 0.01 mm until
the sample appears macroscopically damaged. The steady-state
seepage model is adopted for simulation, where the left and right
boundaries of the sample are impervious, the top boundary is
applied with a constant water pressure of 2 MPa, and the water
pressure at the bottom boundary is 0 MPa. To characterize the

Figure 3. Flow chart for solving the stress−seepage−damage coupling
model.

Figure 4. Rock top multifield coupling testing system.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07087
ACS Omega 2022, 7, 13604−13614

13607

https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heterogeneity of rock materials, it is assumed that the initial
mechanical parameters meet the Weibull distribution, and the
mechanical parameters and seepage parameters used are shown
in Table 1.
The evolution of damage, stress, and seepage velocity in the

process of rock compression−seepage is shown in Figure 7.
During the initial external stress loading process, there are
randomly distributed damage points in the sample. Then, with
the stress loading, the randomly distributed damaged areas
continue to expand and merge, and the cracks meet and
penetrate. At the same time, the local stress concentration
gradually increases. During the loading process, the rock mainly
exhibits shear failure and finally forms a macro fault zone and
becomes the main seepage channel. This is very consistent with

the phenomenon observed in a large number of rock mechanics
experiments.28−30 Therefore, the couplingmodel of rock stress−
seepage−damage can better simulate the progressive failure
process of rock under load.

4. APPLICATION IN WATER INRUSH FROM FAULTS IN
COAL MINES

In the process of coal seam mining, when the abutment pressure
of the coal seam floor reaches or exceeds the critical strength of
the floor rock, the rock mass within a certain range of the floor of
the working face may be destroyed, resulting in brittle fracture,
which is called zero-order fracture.4 The most representative
theory of “lower three zones” vividly describes the floor failure
zone, effective water-resisting zone, and confined water guiding
zone in the mining process.31 The ratio of aquifer water pressure
to aquifer thickness is also often used as the water inrush
coefficient to analyze the risk of water inrush from the floor.32

However, in the mining process, the redistribution of the stress
field leads to the activation of the fault, which further enhances
the permeability of the fault zone. When connecting with the
floor failure zone, a potential water inrush channel is formed, as
shown in Figure 8.
Wugou Coal Mine is located in Huaibei City, Anhui Province,

China, as shown in Figure 9. The F13 fault is located in the
north-central part of the Wugou mine and in the south of the
1033 mining face. It is a large normal fault with an inclination of
60−70°, a fall of 10−200 m, and a fault width of 260 m. The
fillings are mostly a sand−mudstone mixture containing
expansive minerals. It is determined by on-site drilling that the
hydraulic conductivity of the fault is poor and it is a non-water-
conducting fault. #10 coal are mined in the 1033 mining face,
with a buried depth of 450−550 m. The occurrence of the coal
seam is relatively simple, with a coal thickness of 3.55−5.51 m
and an average of 4 m. Medium sand and silty sand are mainly

Figure 5. Stress−strain and permeability curves of the rock sample.

Figure 6. Numerical calculation model of the axial compression−
seepage test.

Table 1. Material Parameters

elastic
modulus E

Poisson’s
ratio v

internal friction
angle φ

compressive
strength fc

tensile
strength f t permeability k porosity ϕ

fluid
viscosity μ

heterogeneity
coefficient m

12 GPa 0.32 30° 80 MPa 5 MPa 5 × 10−18 m2 0.08 0.001 Pa s 3
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found in the 30 m range of the roof; silty sand and mudstone are
mainly found in the range from the floor to ash; and siltstone is
found in the straight bottom of the coal seam. The distance
between #10 coal and Taiyuan Formation is 36.66−47.84 m,

with an average distance of 41.96 m. The main threat of water
inrush during mining comes from the limestone water of
Taiyuan Formation below the coal seam (the measured water
pressure is 3.24 MPa). Although there is a waterproof layer with
a certain thickness in the floor rock mass, the mining process of
the 1033 mining face is still threatened by water inrush due to
the influence of the F13 fault. Based on the model in this paper,
the water inrush of the mining fault under the condition of
waterproof coal pillars with different widths is predicted, and a
reasonable coal pillar size is proposed.
The plane strain model shown in Figure 10 is established,

whose geometric dimension are 300m× 116m, a fault dip angle
of 70°, a fault width of 4 m, and the confined aquifer water
pressure is 3 MPa. The vertical compressive stress of 8.0 MPa is
applied to the top boundary to express the weight of the
overlying rock. Normal displacement constraints are set on the
left, right, and bottom boundaries. In order to simulate the actual
situation of the roof caving in the goaf, before the next advance,
the last advance section should be filled. A vertical stress
monitoring line is set in the fault waterproof coal pillar. In this
paper, the pressure is positive and the tension is negative. Table

Figure 7. Damage, stress, and seepage velocity during numerical simulation: (a) damage, (b) stress, and (c) seepage velocity.

Figure 8.Water inrush channel from the fault. Reused with permission
of ref 2, Copyright@Elsevier, 2022.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07087
ACS Omega 2022, 7, 13604−13614

13609

https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07087?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2 lists the material parameters used. The damage and water
inrush evolution of coal mining under the conditions of 20, 30,
40, and 50 m waterproof coal pillars are simulated, respectively.

5. RESULTS AND DISCUSSION

5.1. Stress Evolution. Figure 11 shows the stress
distribution when the waterproof coal pillars of 50, 40, 30, and
20m are left in the hanging wall mining of the F13 fault. It can be
seen from the figure that the stress is redistributed after the coal
seam mining, showing tensile stress within a certain range of the

roof and floor of the mining face and compressive stress
distributed around the coal pillar. With the increase of mining
area, the stress concentration around the coal pillar becomes
more obvious. The smaller reserved width of the waterproof coal
pillar means that the coal pillar bears more stress, as shown in
Figure 12. As the width of the coal pillar is decreased, the internal
stress of the fault increases to varying degrees. At the same time,
due to the barrier effect of the fault on the deformation and stress
transfer of the rock mass,33,34 the stress concentration in the

Figure 9. Location of Wugou Coal Mine.

Figure 10. Geometric models and boundary conditions.

Table 2. Material Parameters

rock
stratum

elastic modulus
E (GPa)

Poisson’s
ratio v

internal friction angle
φ (deg)

compressive strength fc
(MPa)

tensile strength f t
(MPa)

density
ρ (kg/m3) porosity ϕ

permeability
k (m2)

roof 24 0.25 33 32 2 2720 0.28 2.2 × 10−13

fault 2 0.35 26 4 0.5 2000 0.44 4.0 × 10−13

coal
seam

2.6 0.33 28 18 1.2 1400 0.35 4.1 × 10−14

floor 15 0.23 28 22 1.5 2650 0.25 3.6 × 10−13

aquifer 8.7 0.28 30 45 3.6 2760 0.42 1.3 × 10−11

filling 0.5 0.40 26 12 1 2000 0.40 4.1 × 10−14
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hanging wall of the fault is more obvious when mining near the
fault.
5.2. Damage Evolution. Figure 13 shows the damage

distribution in the case of 50, 40, 30, and 20 m waterproof coal
pillars of the F13 fault. It can be seen from the figure that after
coal seam mining, the stress is redistributed, and a certain range

of damage areas appear in the roof and floor. Combined with the
stress distribution in Figure 11, they can be understood as the
roof caving zone, fracture zone, and floor failure zone after coal
mining. In addition, due to the change of internal stress in the
fault during mining, there are different degrees of damage in the
fault. The damage area inside the fault under the condition of
retaining coal pillars with different widths is counted, as shown
in Figure 14. When the coal pillar width is 50 and 40 m,
respectively, the internal failure area of the fault under the
influence of mining is 24.4 and 76.6 m2, respectively, accounting
for only a small portion. When the waterproof coal pillar
gradually shrinks to 30 and 20 m, respectively, the damaged area
in the fault rapidly increases to 263.9 and 382.94 m2,
respectively, which indicates that the filling in the fault has lost
its original integrity and its permeability suddenly increases. At
the same time, the surrounding rock of the fault is also damaged
in a large scale. Combined with the stress distribution, it is a
shear failure zone, which is connected with the floor failure zone,
forming a water inrush channel of “aquifer−fault−floor”.

5.3. Prediction of Water Inrush. According to the seepage
velocity cloud map and flow line in Figure 15, when the width of
the fault waterproof coal pillar is 30 or 20 m, the fault, the
surrounding rock of the fault and the floor failure zone constitute
the water inrush channel under the influence of mining. At this
time, the flow of water inrush from the working face reaches 720

Figure 11. Stress distribution of 50, 40, 30, and 20 m waterproof coal pillars.

Figure 12. Stress distribution along the stress monitoring line in coal
pillars with different widths.
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and 1008 m3/h, respectively, which both exceed the normal flow
rate of 253.68 m3/h and maximum flow rate of 619.53 m3/h of
Wugou Coal Mine. However, the obvious water inrush channel
will not be formed when the width of the fault waterproof coal
pillar is 40 or 50 m. Therefore, according to the prediction

results of this model, it is safe and reasonable to set up a 40 m
waterproof coal pillar in the F13 fault of Wugou Coal Mine.
According to this conclusion, in actual operation, the 1033
working face has been mined safely without water inrush.
In a word, the above differences are caused by different pillar

widths, which cause different local stress concentrations during
mining. When the width of the pillar is too small, once the floor
rock exceeds its strength limit, it will be gradually destroyed and
connected together, thus forming a permeable channel in the
rock. This channel provides space for the aquifer to discharge to
the working face. When it exceeds the drainage capacity of the
mine, it will become a water inrush channel. Through the work
of this paper, the progressive destruction process of rock and the
evolution of water inrush field during coal seam mining can be
effectively captured, thus providing early warning for the water
inrush hazard and ideas for water inrush prevention and control.

6. CONCLUSIONS
Understanding the evolution mechanism of the water inrush
disaster is of great significance to the safe mining of coal
resources on confined aquifers. In this paper, a coupled
numerical model of rock stress−seepage−damage based on
micromechanics is established, and the initiation and
propagation of cracks in rock materials and their interaction
with fluid flow are simulated. This method can be used to

Figure 13. Damage distribution under the condition of 50, 40, 30, and 20 m coal pillars.

Figure 14. Damage distribution under the condition of 50, 40, 30, and
20 m coal pillars.
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explore complex mechanical behaviors that are difficult to be
observed directly in underground coal mining, such as rock mass
damage and water inrush.
The model is realized by the secondary development of the

COMSOL Multiphysics code based on the finite element
method, and it simulates the progressive failure process of
standard rock samples under biaxial compression−seepage. At
the same time, the ROCKTOPmultifield coupling test system is
used to carry out the conventional triaxial compression−seepage
indoor test, and the test results are basically consistent with the
simulation results, which verifies the reliability of this model.
According to the actual geological conditions of the F13 fault

in Wugou Coal Mine, Anhui Province, the risk of fault water
inrush in the 1033 working face with 50, 40, 30, and 20 m fault
waterproof coal pillars is predicted by using this model, and the
rock mass damage and the formation of water inrush channel are
analyzed. When the width of the fault waterproof coal pillar is 30
or 20 m, the fault, the surrounding rock of the fault, and the
damage zone of the floor together constitute the water inrush
channel of the floor, while the fault waterproof coal pillar with
the width of 40 or 50 m will not form an obvious water inrush
channel. The simulation results provide an important reference
for guiding actual engineering.
It is worth noting that although this work can predict rock

failure and its effect on the flow field, there are still deficiencies in
the complex hydromechanical coupling mechanism, including
the relationship between the damage area and local hydraulic
openings, the relationship between the crack shear displacement
and permeability, and so on, which need further exploration.
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