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Although the mechanism and influence of fault water inrush have been widely studied, there are still few studies on the migration of
filling particles and the evolution process of seepage characteristics within faults. In this work, the coupling effects of water flow,
particle migration, and permeability evolution are considered synthetically, and the evolution model of seepage characteristics
with multifield coupling is established. This model was used to investigate the evolution process of water inrush within faults
and the effects of water pressure, initial effective porosity, and initial permeability on water flow rate. The results show that the
evolution of seepage characteristics can be divided into three phases: (i) low velocity seepage, (ii) drastic changes with
substantial particle migration, and (iii) steady-state water flow. The multifield coupling causes the effective porosity,
permeability, flow velocity, and particle concentration to accelerate each other during the dramatic phase. Moreover, the
increases in initial water pressure, initial porosity, and initial permeability have different degrees of promotion on the water flow
rate. Finally, the simulation results are approximately the same as the data of water inrush in the mining area, which verifies the
correctness of the evolution model established in this work. This work provides new approaches to the evolution process and

prevention of water inrush in faults.

1. Introduction

Affected by complex geological and hydrological conditions,
water inrush disaster has been a serious challenge in under-
ground engineering such as coal mines in China [1-3]. The
existence of the geological structure usually functions as an
underground water flow path, thus posing a great threat to
the mining production safety [4, 5]. Fault structure is the
main factor leading to water inrush in the mine pits. Accord-
ing to statistics, 80% of water inrush accidents are related to
faults [6]. For instance, the 9101 working face in the Yangz-
huang coal mine of the Feicheng Mining Bureau was between
two walking faults, and the fault structures communicated
the mining floor with the Xujiazhuang limestone aquifer
and Ordovician limestone aquifer, which led to the occur-
rence of water inrush in the working face two times. Among
them, the water pressure of the second water inrush reached
8.5 MPa, with a water flow rate of nearly 600 m*/h. And the

water flow rate sharply increased to 4409 m?>/h after 16 hours,
which has greatly exceeded the drainage capacity. After 19
hours, the depth of water in the shaft station reached 0.7 m.
Finally, the mine was all submerged due to the lack of disaster
resistance [7]. Thus, fault structure, as an important water
inrush channel, is of great significance to the prevention
and control of fault water inrush hazards in coal mines.
Aiming at the mechanism of water inrush caused by
geological structures such as faults, the scholars have
conducted a large number of experimental investigations.
Through laboratory tests, Wu et al. [8] systematically
analyzed the deformation and destruction patterns of fault
materials under different moisture content, confining
pressure, and loading modes. It was pointed out that the
intensity of fault materials will be enhanced with the
increase in confining pressure, but reduced with the
increase in moisture content, and the deformation and
destruction characteristics of the fault materials have a close
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relation with its materials and loading time. Li et al. [9, 10]
developed a large-scale testing system for the measurement
of coupled seepage and triaxial stress. The seepage failure
model of the filling medium was further revealed. The
catastrophe evolution mechanism of water inrush for the
filling fault had been researched, and the variation
characteristics of fault occurrence, filling ability, and water
conductivity have been analyzed. Zhang et al. [11]
simulated physically the entire process of crack formation,
concealed fault propagation, and evolution of a water
inrush channel with high-pressure water directly beneath
the mine floor, and the results indicate that water channels
are mainly caused by the connection between tectonic rock
zones and coal floor cracks, which are the direct cause for
water inrush. Miao et al. [12, 13] carried out a series of tests
on the permeability characteristics of the fractured rock
mass and obtained the variation rules of the permeability of
the fractured rock mass under different lithology and stress
states. Ma et al. [14-17] carried out a series of seepage
experiments on granular rock. The effects of the original
particle size distribution (PSD) on the hydraulic properties
were investigated, and the evolution of porosity and
permeability was calculated and verified in detail.

Many scholars also investigated the theoretical analysis
and prediction of fault water inrush. Using digital image
processing technology, Zhao et al. [18] developed
MATLAB function for threshold segmentation of the sec-
tion image of broken rock mass and established a three-
dimensional digital analysis model. Based on these models,
interconnected networks of spatial structures and spatial
distribution features of stress, seepage, and speed are iden-
tified for cataclastic rock masses. Liu et al. [19] established
a coupled thermal-nonlinear-hydraulic-mechanical (THM)
model for fault water inrush to study the water-rock-
temperature interactions and predict the fault water
inrush. Yao et al. [20] presented an inverse velocity theory
to predict the water inrush time under different geological
and flow conditions. The results showed that the inverse
velocity theory was capable of predicting the occurrences
of water inrush under different conditions, and the time
of water inrush had a power relationship with the rock
heterogeneity, water pressure, and initial particle concen-
tration. Song et al. [21] analyzed strata’s movement and
ground pressure caused by mining’s influence on karst
water pressure and fault pillar. It was pointed that karst
water pressure’s increase has an important relationship
with overburden strata’s movement caused by mining.
Especially for the closed karst cave, water pressure will
leap under the effect of abutment pressure. In order to
investigate the activation failure characteristics of the min-
ing floor fault above a confined aquifer and predict the
water inrush from the activated floor fault, Sun and Wang
[22] and Jian et al. [23] used microseismic monitoring
technique to monitor the mining floor fault.

The above results are of great significance to reveal the
mechanism and prediction of fault water inrush. However,
the seepage characteristics of faults are the determinants to
control the water conductivity of faults and the degree of
damage. Permeability is a direct reflection of the water
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conductivity of faults. In the process of seepage, the filling
particles are constantly migrated and lost due to the erosion
of water flow, resulting in changes in porosity and permeabil-
ity as well as particle concentration. However, the changes in
overall permeability will react on the seepage field. It is a pro-
cess of mutual influence and promotion. Therefore, the cou-
pling effect will be an important reason to reveal the process
of fault water inrush. The above correlation analysis rarely
involves the influence of the coupling effect between particle
migration and seepage characteristics, and the evolutionary
process of the interaction has not been systematically studied.
In this work, the author comprehensively considered the
coupling effect of water seepage and particle migration in the
process of fault seepage and established a multifield coupling
model for the evolution of the seepage characteristics. Com-
bined with the geological conditions in the mining area, the
governing equations will then be implemented into COM-
SOL Multiphysics software. The heterogeneity of rocks in
faults will be determined using the Weibull distribution,
and the evolutionary feature of seepage characteristics,
including effective porosity, permeability, particle concentra-
tion, and seepage velocity, will be obtained accordingly. The
process of seepage characteristics interaction will be ana-
lyzed, and the variation of flow rate under different natural
conditions will be discussed in detail. The evolution process
of the seepage characteristics will be simulated and investi-
gated, and the mechanism of water inrush from the perspec-
tive of multiple coupled system movement will be revealed.

2. An Evolution Model of
Seepage Characteristics

2.1. Hydrogeological Structural Features of Faults. The hydro-
geological structure of the fault is shown in Figure 1, which
can be regarded as composed of broken solid medium (skel-
eton and filling material), liquid medium (fluid) in the pores
and fractures, and fine filling particles in the liquid medium.
The surrounding rock is relatively hard, and the bottom is
confined aquifer. When mining reveals broken geological
structures such as water-carrying faults, seepage erodes the
filling particles in the framework of broken rock mass and
causes migration as well as changes in the permeability char-
acteristics of faults, which may lead to water inrush hazards.

2.2. Governing Equations

2.2.1. Assumptions. In order to establish the evolution model
of seepage characteristics and investigate the mechanism of
fault water inrush in coal mines, the following assumptions
referring Yao et al. [20] have been made:

(1) The fluid and particles in faults are incompressible

(2) The suspended particles share the velocity field with
the fluid

(3) The effect of erosion on the permeability change is in
proportion to the change of particle concentration in
the fluid

(4) Fault fillings can be regarded as porous materials
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FIGURE 2: The representative element for faults in a cylindrical coordinate.
2.2.2. Mass Conservation Equations. A representative ele- V,=Vi+ Vg,
ment for a typical fault-filling microstructure is shown in VetV (2)
Figure 2. Suppose that the coordinate of the element is P(r, = %

0, z), then its volume V' (m?) can be expressed as follows:
V =drdfdz. (1)

According to the above analysis, the element is composed
of three kinds of media: (1) solid medium with a volume of
V (m®), (2) fluid medium with a volume of Ve (m?), and
(3) particles suspended in the fluid with a density of p,
(kg/m3), a volume of V (m?), and a mass of M, (kg), where
the subscripts “s, f, and fs” represent solid medium, fluid
medium, and particles in the fluid, respectively. Then, the
pore volume V, (m’) and porosity ¢ (%) of the element
can be expressed as follows [24]:

The volume concentration C (%) and mass concentration
ps. (kg/m?) of the suspended particles can be expressed as
follows:

1%
C=_=%, (3)
VV
M
Pts = £ = Cps (4)

V.

\4

The migration of particles in volumetric elements can
be regarded as the result of the combined action of
advection-diffusion. As particles with extremely small size



migrate in high-speed flow fields, the tiny diffusion effect
can be neglected. Along the z-axis, the average velocity
of particles can be defined as q,, (m/s), and the particle
mass in the inflow of the element caused by advection in
the z-direction per unit time can be expressed as follows:

0 (Pfsqu)

352 rdrdfdz. (5)

The particle mass in the r direction per unit time can
be expressed as follows:

0 (Pfsppr)

r

rdrd0dz + pi.q,, drdfdz. (6)

For the unit element, the total particle mass per unit
time can be summarized as follows:

a(”(_ffpr) . Pfsfpr " (e ;qu) rdrdodz.  (7)

The decrease in element mass per unit time can be
expressed as follows:

—% (ppgrdrdOdz) + inrdrdfdez, (8)

where (kg/m3/s) is the particle mass that migrates into
the fluid from a unit element in a unit time, and  is
written as follows:

.09
m=—p. 9
atPs 9)

According to the mass conservation law, by combining
equations (7) and (8), it can be summarized as follows:

- 3 rdrd0dz) + mrdrdOdz
at (prs

(10)

a<pfsqpr) . Pespr . 0
;

— (qupz) rdrddz.

z

Assuming that the solid particles are incompressible,
and the volume of the element body does not change with
time, combining with equations (3) and (4), equation (10)
can be summarized as follows:

a(aC:P) . % (qur) . %(qur) N %(qur) - /’T (11)

Equation (11) can be expressed as a vector expression
as follows:
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a(ac:”) +V (Cq—>P) = g, (12)

where V = (d/0r) + (1/r) + (0/0z).
Substituting equation (9) into equation (12) yields

3(C 3
(at@ +V(Cq—>p> - a_‘f. (13)

Similarly, the mass conservation equation of the fluid can
be obtained as follows:

%[¢(1—C)]+V[(1—C)q—>] =0. (14)

2.2.3. Water Seepage. Darcy’s law describes linear seepage in
porous media, and it is derived from balance of momentum
for the fluid phase and from a constitutive equation for the
fluid-solid interaction force (i.e., the seepage force) [25]. In
general, the transient form of Darcy’s law can be expressed
as follows:

2 (9p)+V+(pa—) = Oy 1)

where p (kg/m’) is the density of the fluid, and Q,
(kg/ (m’-s)) illustrates the mass sources of the element. The
equation for Darcy velocity can be expressed as follows [24]:

k
q—>=—ﬁ<VP+P9VZ), (16)

where g— (m/s) is the Darcy velocity, k (m?) denotes the
permeability of the element, # (Pa-s) is the dynamic viscosity
of the fluid, p (Pa) denotes the water pressure, and Vz is the
unit vector in the direction of gravity.

2.2.4. Porosity Evolution Equation. Porosity, as an important
component of seepage characteristics, affects the evolution of
seepage channels and permeability. Sakthivadivel and Irmay
[26] investigated the erosion effect for porous media by using
both experimental and theoretical methods. Vardoulakis
et al. [27] summarized the following: the evolution of perme-
ability was affected by the porosity and particle concentration
as well as the seepage velocity. The porosity evolution equa-
tion of porous media is given by considering particle migra-
tion as follows [27]:

09
E :APS((Pmax_(P)CM" (17)

where A (m™") denotes the erosion coefficient, @ pnax (%) illus-
trates the maximum value that porosity can reach under fluid
erosion, and |g| =, /q; + q; + q; is the absolute value of the
seepage velocity (m/s). g, represents the velocity component
in the direction of i (i = x, y, z).

2.2.5. Auxiliary Equation. The velocity of the particles can be
expressed as the difference between the velocity of the fluid
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Porosity evolution
equation

F1GURE 3: The coupling diagram of each equation.

and the velocity of the free subsidence in the static fluid as
follows [24]:

_ k(p) op
== (18)

_ Ke) (op _
9oz = T (E +pg

where d,, (m) denotes the diameter of particles and Cp, is the

dimensionless drag coefficient, which can be expressed as
follows [28]:

qpr

4dp(Ps_P)g (19)
3Cpp

24
Ch=— +0.5, 20
b= (20)

where Re is the Reynolds number of particles, which can be
expressed as follows:

_dlale
17

Re (21)

The change of permeability in porous media can be
deduced according to the change of porosity, which can be
expressed as follows [28]:

3 2
k=ky <£> (—1 “’°> , (22)
Po l-¢
where k, (m?) denotes the initial permeability, and ¢, (%)
illustrates the initial porosity.

Equations (13), (14), (16), (17), and (18) together with
(22) compose the coupled processes of water transport under
erosion effects, as illustrated in Figure 3. To investigate the
mechanism of water inrush in faults, the above governing
equations will be implemented in COMSOL Multiphysics
to further assess the risk of water inrush and predict the time
of water inrush under different flow conditions. There are six
unknowns with equations, so the set of governing equations
can provide a unique solution.

3. Numerical Model Implementation

3.1. Background of the Coal Mine. In this section, a case study
was conducted based on the hydrogeological conditions of a

coal mine, which is affiliated with the Jining Mining Industry
Group in China. The mining operation is current extracting
number 3# coal seam at approximately 900 m depth. To date,
a group of faults, most of which are normal faults, were found
to cross the working face obliquely. The average thickness of
the fault group is 80 m, and the average dip angle is about 60°.
The working face and fault group position of this mine are
shown in Figure 4. The working face passes through the fault
group smoothly in the mining process, and the water flow
rate was about 35m’/h. However, when the working face
was advanced to 560 m, the flow rate increased rapidly from
120 m*/h. By the time the working face advanced 640 m, the
flow rate had increased to 380 m’/h, and the peak flow rate
had reached 432 m*/h. This process shows obvious lag char-
acteristics, which was considered as a typical coal mine fault
lag water inrush.

3.2. Material Properties of Fault Fillings. Groundwater
seepage has a great influence on the mechanical properties
of fault zone filling, and it is the key factor that induces rock
infiltration and water inrush in the fault zone. In order to
obtain the lithological parameters of fault fillings, the con-
ventional mechanical tests were carried out. The test samples
were taken from the fault of the working face, collected
immediately after underground exposure, and sealed on site
and transported to the laboratory. The lithological parame-
ters obtained are shown in Table 1.

In addition, the permeability parameters of the fault fill-
ing samples were determined. In this work, the hydraulic
conductivity of the specimen is determined by means of a
variable head test. The schematic and object of the measuring
device are shown in Figure 5. The calculation principle of this
measuring device can be expressed as follows [29, 30]:

al . Ah
K=—1In —1, 2
At A, (23)

where K (cm-s™) denotes the hydraulic conductivity, a (cm?)
is the sectional area of the head tube, A (cm?) illustrates the
sectional area of the specimen, t (s) is the measuring period,
and Ah, and Ah, represent the initial and final head differ-
ences, respectively.

The seepage properties obtained are shown in Table 2.
The relation between hydraulic conductivity (K) and
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Thickness | Description Lithology

143 m Mudstone

9.8 m Limestone

23.2m | Fine sandstone

2.5m 3# coal

203 m Mudstone

10.4 m | Fine sandstone

3.6m 4# coal

4.6 m Limestone

18.1m Mudstone

2.5m Aquifer

(a) (b)
FIGURE 4: Model geometry and setup: (a) illustration of fault and rock strata and (b) 2D simulation model.
TasLE 1: Lithological parameters of the fault fillings.
Test Water content Density Failure stress Deformation modulus Cohesion Internal friction angle
number (%) (g~cm’3) (MPa) (MPa) (MPa) )
1 3.55 2.33 1.61 206.2 0.37 17.2
2 3.59 2.39 2.09 231.9 0.36 17.5
3 3.64 2.37 3.15 292.6 0.39 16.8
4 3.92 2.35 3.03 346.3 0.36 17.2
A
=]

> Ava

Specimen

(@

(®)

FIGURE 5: Diagram of the measuring device: (a) schematic and (b) object.
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TABLE 2: Seepage properties of the fault fillings.

Test number con dlizri(\irita;l(iccm-s'l) Effective porosity (%)
5 1.62x107* 15.32
6 8.35%x107° 9.18
7 6.13x107° 8.79
8 2.56x107* 18.41
9 9.17x107° 11.33
10 1.19x107* 12.56

permeability (k) can be expressed as follows:

kpg
= . 24
. (24)

Digital image technology provides a method for obtain-
ing rock parameters with heterogeneous distribution [18,
31]. The effective porosity of the specimens is determined
by digital image processing technology. In particular, the
relationship between the pore pixel and the total image pixel
is obtained through the threshold value on the slice images of
the specimens, and the image processing for specimens is
shown in Figure 6. The effective porosity obtained is shown
in Table 2.

3.3. Numerical Model Setup. In this paper, the evolution of
the seepage characteristics and the water inrush from the bot-
tom to the top are mainly investigated, so the model is sim-
plified into a 2D fault section (ie., a parallelogram).
According to the lithology of the mine, the bottom length
and the height are 18 m and 50 m, respectively (as shown in
Figure 4). The inlet water pressure p at the bottom of the
model was 2.0 MPa, and the outlet pressure at the top of
the model was 0.1 MPa; the initial water pressure in the
model was 0.1 MPa, the initial particle volume concentration
C, was 0.01, and the initial effective porosity ¢, was 10%.
Other used parameters are listed in Table 3.

Heterogeneity is a natural feature of rock. There are cur-
rently various approaches to obtaining the characteristics of
the heterogeneous distribution of rock materials. For exam-
ple, digital core techniques and mathematical statistics
methods have both been utilized. Previous studies have
shown that the heterogeneity of rock can be described by
the Weibull distribution [31-34]. Thus, the Weibull distribu-
tion was selected in this study due to its effectiveness and
great simplicity to obtain the heterogeneous distribution of
effective porosity in the fault. The distribution probability
density equation was as follows:

fo-a() @] e

where ¢ indicates the effective porosity, ¢, denotes the initial
effective porosity, and m is the uniformity index. The
larger m represents, the higher the level of uniformity. The

7
FiGuUrk 6: Illustration of image processing for specimens.
TaBLE 3: Input parameters for the numerical simulation.
p,l(kgim®) n/(Pa-s) d/(um) k/(m*) C, A/(m') m

2000 1073 10 1072 0.01  0.01 2

initial effective porosity distribution obtained by the numer-
ical generation method is shown in Figure 7.

4. Results and Discussion

In order to analyze the characteristics of seepage at different
times, in this study, four different times were selected (i.e.,
2,4, 6, and 8 h). The specific results will be discussed below.

4.1. The Evolution of Seepage Characteristics. Figure 8 illus-
trates the evolution of effective porosity at different times.
Figure 9 illustrates the evolution of permeability at different
times. Figure 10 shows the flow velocity at different times at
the outlet boundary along the x-axis as marked in
Figure 4(b), and the average porosity-time curve and average
particle concentration-time curve are plotted in Figure 11.
The specific results will be discussed below.

4.1.1. Distribution of the Effective Porosity and Permeability.
From equation (22), effective porosity and permeability show
a similar evolution process in Figures 8 and 9. At the initial
phase, effective porosity and permeability are subject to ran-
dom distribution with minor difference. As the infiltration
continues, the average effective porosity increases by
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FIGURE 7: Weibull distribution for initial effective porosity.

Effective
porosity (%)

Effective
porosity (%)

(c)6h

Effective
porosity (%)

(b) 4h

Effective
porosity (%)

(d) 8h

FIGURE 8: The spatial distribution of effective porosity at different times.

approximately 200%, from 10% to nearly 30% (Figure 11).
However, this increase is not uniform. The variations of those
with larger initial effective porosity and permeability are sig-
nificant, while those with smaller initial effective porosity and
permeability are slightly increased. As the distributions with
large initial effective porosity and permeability preferentially
increased and interconnect, some major seepage channels are

formed under particle migration effect, as illustrated in
Figures 8(d) and 9(d).

4.1.2. Evolution of Flow Velocity at the Outlet Boundary. As
shown in Figure 10, the distribution of the flow velocity is sig-
nificantly related to time. The overall increase in flow velocity
is small during the initial phase, with a sharp increase in
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FI1GURE 9: The spatial distribution of permeability at different times.

Flow velocity (m/s)

—— 4h —— 10h

F1GURE 10: The flow velocity curves of the outlet boundary at different times.

subsequent phases and a tiny increase in the final phase. The ~ to 6h, 2.5m/s from 6h to 8h, and 0.5m/s from 8h to 10h.
maximum hourly increase in flow velocity is approximately =~ The passage of time represents the evolution of the water
1m/s from 1h to 2h, 2m/s from 2h to 4h, 4m/s from 4h  inrush. Therefore, the evolution process can be roughly
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FIGURE 12: The comparison of water inflow between simulation results and actual data.

divided into three phases according to the degree of increase
in the flow rate, including (i) low velocity seepage, (ii) drastic
increase in flow velocity, and (iii) steady-state water flow. In
addition, the figure shows that the increases with high initial
flow velocity at the outlet boundary are larger, while those
with low initial flow velocity are smaller.

4.1.3. Changes in Average Effective Porosity and Average
Particle Concentration. It can be seen from Figure 11 that
the process of changing the average particle concentration
over time has experienced a slow first phase, a drastic second
phase, and a smooth third phase. Combined with the previ-
ous analysis, it can be considered that due to the small initial
percolation velocity, the erosion of the water flow is weak,
resulting in a slow increase in the average particle concentra-
tion; then, as the water flow velocity increases, the solid par-
ticles migrate into the fluid due to the erosion, resulting in a
significant increase in the average particle concentration, and
at the same time the effective porosity will also increase sig-
nificantly. Though the final phase of the seepage channel
and water flow rate is stable, the average particle concentra-
tion will gradually stabilize.

To sum up, the seepage characteristics have undergone a
complete evolution process under the coupling of multiple
fields. In the initial phase, this coupling is gradually enhanced
although it is weak. As the flow rate gradually increases, the
water flow continuously erodes the particles of the granular
rock and migrates them. The particle concentration increases
rapidly while the effective porosity and permeability also
evolve. The change in permeability will in turn increase the
seepage velocity and enhance the erosion, and the coupling
effect causes drastic changes with substantial particle migra-
tion in the second phase. Eventually, as the porosity evolves
to its maximum, the percolation channels and flow rates tend
to stabilize, and the coupling is no longer significant.

4.2. Comparison between Numerical Simulation Results and
Actual Data. Figure 12 plots the curves of simulated fault
flow rate and actual data, and it can be seen that the variation
trend of the two is basically consistent, which proves the cor-
rectness of the seepage characteristic evolution model of fault
water inrush established in this paper. In connection with the
above discussion, it can be concluded that the process of fault
water inrush can be divided into three phases, including (i)
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low velocity seepage, (ii) drastic changes with substantial par-
ticle migration, and (iii) steady-state water flow. According to
the actual situation, after 5 hours, the water flow will increase
rapidly and water inrush hazards will occur. This time
between the first phase and the second phase is called “the
critical time of water inrush.” If measures such as grouting
reinforcement are taken on the fault before this time, water
inrush hazards can be effectively prevented. Otherwise, once
the time is missed, the water flow will increase rapidly. At
that point, water flow will be difficult to control and increase
the risk of water inrush hazards.

4.3. Analysis of Effect Factors. According to the above analy-
sis, the critical time of water inrush is the key time for taking
measures to ensure safety. In order to study the factors affect-
ing the evolution process, the flow conditions of water inrush
were discussed. Through numerical simulation of different
flow conditions, it is expected to obtain the change rules of
flow rate and critical time, so as to provide a theoretical basis
for water inrush prediction.

4.3.1. Effect of Water Pressure. Water pressure is the driving
force of water inrush, and different water pressures must
have an important influence on seepage evolution. Numeri-
cal simulation was carried out with 1 MPa, 2 MPa, 3 MPa,
4 MPa, and 5MPa as inlet pressures. The curve of flow rate
changing with time under different water pressure conditions
is shown in Figure 13.

As is shown in Figure 13, water flow rate is significantly
affected under different water pressure conditions. As the
pressure increases, the changes in the flow rates accelerate.
For example, for p =2 MPa, the flow rate was only approxi-
mately 40 m’/h when ¢t = 4 h, and it is increased to 280 m*/h
when p = 4 MPa. Moreover, the critical time had a noticeable
change. It can be seen that the larger the water pressure, the
earlier the critical time occurs. As the pressure decreases,
the interval between critical times increases. For example,
the interval of critical times between p=3MPa and p =2
MPa was 1.4 hours, and the interval of critical times between
p=2MPa and p=1MPa increased to 2 hours. In other
words, as the pressure decreases, the critical time occurs
more slowly, and the risk of water inrush can be better con-
trolled. However, the risk will be difficult to control and
prone to water inrush hazards when the water pressure is
larger.

4.3.2. Effect of Initial Effective Porosity. Since the formation
process of each fault structure is different, the initial effective
porosity of fault fillings is also different. By testing the seep-
age properties of fault fillings, it is possible to predict and pre-
vent water inrush in advance.

Figure 14 plots the effect of different initial effective
porosities on water flow rate. The results show that the effect
of initial effective porosity on flow rate is obvious, and it is
mainly concentrated in the second phase and third phase.
The difference in flow rate is small in the initial phase under
different initial effective porosity conditions. In the second
phase, the difference in the effects of different porosity has
become more significant. The main reason for this is that as
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the porosity increases, the coupling effect increases and the
seepage characteristics evolve more strongly. By the final
phase, the difference was significant and stable. However,
the effect on the water inrush rate due to the difference in ini-
tial effective porosity is not easily noticeable in the initial
phase. And it is easy to develop into an uncontrollable water
inrush hazard in the fault with high initial effective porosity.

4.3.3. Effect of Initial Permeability. The initial permeability is
also an important factor affecting the water flow rate. The ini-
tial permeability of the fault fillings can also be obtained by
experiments to predict and prevent the water inrush hazards.
Numerical simulations were carried out for different initial
permeabilities under the same conditions, and the effect of
different initial permeability on flow rate is shown in
Figure 15.

As shown in Figure 15, for varying initial permeabilities,
the evolution of both the water flow rate change and the
water inrush critical time shows an obvious gap. As the initial
permeability increases, the flow rate evolves more rapidly
and intensely, and the critical time of water inrush occurs
earlier. The difference in the effect of different initial per-
meability is significant throughout the process. For larger
initial permeability, the evolution of water inrush is accel-
erated more intensely. Moreover, the larger initial perme-
ability has a higher flow rate upper limit during the
steady flow phase.

Initial water pressure, initial effective porosity, and initial
permeability are all initial conditions for water inrush. When
the values of these initial conditions are larger, the coupling
effect tends to be significantly enhanced at the initial phase.
At the same time, the evolution of seepage characteristics
occurs earlier and more quickly. The result is that the water
inrush time is greatly advanced and the upper limit of the
flow rate is dramatically increased. However, aquifer water
pressure, initial effective porosity, and initial permeability
of fault fillings can all be measured in advance. If these con-
ditions are combined with the above analysis and timely
measures, it can effectively predict the critical time of water
inrush and reduce the risk of water inrush hazards.

5. Conclusions

(i) In this paper, the coupling effect of seepage and par-
ticle migration in the process of water inrush is com-
prehensively considered, and a multifield coupling
model for the evolution of characteristics of fault
water inrush is established. The COMSOL software
was used to numerically simulate the coupling
model, and the simulation results of water inflow
change were basically consistent with the field data,
indicating the correctness of the evolution model of
fault water inrush established in this paper

(ii) According to the evolution process of seepage char-
acteristics such as effective porosity, permeability,
seepage velocity, and particle concentration, the evo-
lution of water inrush process can be divided into
three phases, including (i) low velocity seepage, (ii)
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drastic changes with substantial particle migration,
and (iii) steady-state water flow. The seepage cou-
pling will gradually increase with the evolution of
seepage characteristics from the beginning. As the
flow rate increases, the erosion of the water flow
accelerates particle migration. This makes it easier
for areas of large porosity and permeability to
expand and connect to form cracks. Then, the
overall permeability of the fault is enhanced,
which in turn accelerates the evolution of the
seepage velocity. This mutually reinforcing process
continues to circulate, resulting in a rapid increase
in the flow rate of water inrush. By the time the
effective porosity has evolved to a maximum, the
formation of the seepage channel and the evolu-
tion of the seepage characteristics have been stably
completed

(iii) Water flow rate increases with increasing initial
water pressure, initial effective porosity, and initial
permeability. When the values of these initial con-
ditions are larger, the coupling effect tends to be
significantly enhanced at the initial stage. At the
same time, the evolution of seepage characteristics
occurs earlier and more quickly. The result is that
the water inrush time is greatly advanced and the
upper limit of the water flow rate is dramatically
increased

(iv) The evolution model of seepage characteristics
established in this paper can effectively predict fault
water inrush. The critical time of water inrush by
conditions such as aquifer water pressure, initial
effective porosity, and initial permeability of fault
fillings is predicted, so that proper measures can be
put in place timely. It is expected to achieve the goal
of reducing the risk of water inrush hazards and
ensuring safe production
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