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Water inrush in the working face caused by seepage instability of fault fracture zone is a major disaster which threatens the safety
production in a coal mine. Based on the principle of fluid mechanics, a nonlinear mechanical model with three flow fields is
established in this paper. Combining with the actual situation of a fault fracture zone in a coal mine, a multicoupled numerical
model is built in COMSOL Multiphysics, in order to study the water pressure and flow velocity in the three flow fields and the
flow state of fluids in the aquifer and fault under different ratios of fault permeability and aquifer permeability. The research
results show that the permeability in the fault fracture zone is an essential factor affecting the danger of water inrush, and the
pressure and flow velocity in the boundary zone of the adjacent flow field varies significantly. Besides, the water inrush in the
fault fracture zone is a gradual dynamic process, and the fluid flow from the aquifer through the fault gradually changes from
a linear flow state into a nonlinear flow state. Meanwhile, the non-Darcy effect increases and decreases with the growth and

decrease of the permeability in the fault fracture zone.

1. Introduction

The fault fracture zone is one of the geological engineering types
in karst areas in China. The fault fracture zone is the leading
cause of water inrush disasters in a coal mine, which poses a sig-
nificant threat to the safety production of coal mine [1, 2]. The
influence of fault fracture zone on water inrush has three main
aspects, namely, shortening the distance between coal seams
and water-bearing seams, good hydraulic conductivity and
water storage, and reducing the strength of rock seams by the
destruction of fault structures [3, 4]. Therefore, when the road-
way face crosses the fault zone, the fault is affected by mining
disturbance and groundwater seepage migration, and it
straightforward induces the water inrush disaster. It is of theo-

retical significance and practical engineering value to simulate
the water inrush process in a fault fracture zone and study the
water inrush mechanism for the prediction and safe prevention
of water inrush in a coal mine.

Many scholars have conducted extensive research on the
problem of water inrush hazards from faults encountered
during coal seam excavation. According to the nature of
faults, Li et al. [5] classified faults into open and closed spots
and studied the mechanism of sudden water in both types of
responsibilities. Liu and Hu [6] established a flow-solid cou-
pling mathematical model of coal mining on pressurized
water, conducted a numerical simulation to analyze the rela-
tionship between each fault element and sudden water, and
gave the sudden water criterion. Li et al. [7] reproduced
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FIGURE 1: Simplified model of three flow fields.

the process of forming the channel of the coal seam floor
containing the fault by numerical simulation based on the
physical properties of the blame. They concluded that the
respondent’s physical properties and the obligation’s yield
have an important influence on the safety of the coal seam
floor. Li et al. [8] established the activation model of the crit-
ical layer containing the water barrier, theoretically analyzed
the fault activation slip conditions under the action of min-
eral pressure and water pressure, studied the fault activation
syncline mechanism, and obtained the fault activation con-
ditions under the joint effort of mineral stress and water
pressure. The above studies mainly focus on the physical
properties of faults and fault production. In addition, many
scholars have also conducted theoretical analysis and
numerical simulation studies on the fault syncline problem
from the perspective of fluid mechanics, where fluid enters
the fault from the aquifer, which is a nonlinear seepage pro-
cess. Under the seepage migration effect, the filling particles
in the spot are continuously lost, causing the fault perme-
ability and porosity to increase constantly. After excavation
disturbance, the fluid breaks through the fault and coal seam
boundary and gushes into the coal seam (fluid breaks
through the working face into the coal seam), and the syn-
cline disaster occurs [9-11].

Based on a solid engineering background, this paper
divides the fluid flow into three stages from the fluid
mechanics perspective. Namely, the aquifer laminar flow
stage, nonlinear seepage stage in the karst fault, and turbu-
lent flow stage in the roadway flat working face and the flow
states of the three steps are described in the finite element
software COMSOL Multiphysics using Darcy’s law, For-
chheimer’s modified Brinkman equation, and the Navier-
Stokes equation, respectively. Six karst fault and aquifer per-
meability ratio-working conditions are set up, and numerical
simulation studies are conducted to reveal the Darcy-
Brinkman-NS multifield coupled nonlinear seepage mecha-
nism of karst fault synclines.

2. Nonlinear Mechanical Model of Three
Flow Fields

The established nonlinear seepage model of three flow fields
meets the following basic assumptions: the fault between the
subsurface aquifer and the tunnel working surface is imper-
meable and serves as the only channel for fluid seepage; the
porous media in aquifers and faults are isotropic; macro-
scopic fluid flow from the aquifer to the fault is a continuous
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process; the fluid in the model is incompressible, and the
effect of temperature is neglected; and the fluid density and
viscosity are constants.

2.1. Darcy Linear Flow in Aquifer. Fluids within deep rock-
bearing aquifers are mainly driven by fluid pressure, and
fluid inertia can be neglected [12]. Therefore, the fluid flow
within this model’s pressurized aquifer can be considered a
low-velocity porous media seepage with a stable connection
to the surrounding water source, which is described by
Darcy’s law in COMSOL Multiphysics.

V'(pu):Qm’ (1)

k
:——V’ 2
q M‘D (2)

where k is the permeability, p is the fluid pressure, p is the
fluid density, Q,, is the source-sink term, g is the Darcy
velocity, and p is the dynamic viscosity.

2.2. Brinkman Equation in Fault Fracture Zone. The Brink-
man equation is suitable for expressing the seepage charac-
teristics in fault-fractured zone disturbed by excavation
and is a nonlinear seepage equation between the Darcy flow
and Navier-Stokes flow [13]. In COMSOL Multiphysics, the
flow is described by the Brinkman equation with Forchhei-
mer correction in the porous region.

q(% +Brlal + %’) =V{—p1+ g [Vq+ (V‘J)T} } +F,
(3)

PV ' (q) = Qbr’ (4)

where 3 is the non-Darcy factor, n is the porosity, F is the

volume force affecting the fluid, and I is the unit matrix.
According to the literature, the non-Darcy factor is obtained
from the empirical formula [14].
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The relationship between the Forchheimer coefficient
and the non-Darcy factor is

By (5)

¢ = B;Vk. (6)

2.3. Navier-Stokes Turbulent Flow in Roadway. The fault is
under seepage migration, water-carrying particles gradually
approaching the working face. When disturbed by mining
or sufficient water volume, it is possible to break through
the working face into the roadway free flow by the Navier-
Stokes equation [15].

pla-V)a=V-{-pl+u[Vq+(Vo)'|} +F.  (7)

pV-q=0. (8)
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FI1GURE 2: Numerical model of water inrush in Qiyue Mountain tunnel (unit:m).

TaBLE 1: The hydrodynamic parameters in three stages.

Flow field parameters ~ Aquifer ~ Fault zone Inside the
tunnel

Density p, /kg-m™ 1000 1000 1000
P i i P
ower viscosity HIPE 4 001 0.001 0.001
Porosity of rock layer

0.14 0.348 —
Ps
Penetration rate k/m?* 2.1 x 107" ky —
Non-Darcy factor _ quzg;ion
Initial M
nitial pressure p,/ 41 o 01

Pa

2.4. Boundary Conditions and Transition Conditions. The
process of water entering the fault workings and gushing
into the roadway from the pressurized aquifer in the process
of water bursting from the fault can be simplified into three
stages, as shown in Figure 1. These three stages are an organ-
ically linked unified whole, interacting and inseparable.
Based on the mass conservation and pressure balance, the
flow velocity and pressure of fluids in two adjacent regions
are equal, the water pressure at the boundary of Darcy flow
is constant, and the ambient atmospheric pressure is
0.1 MPa.

On the adjacent boundaries of aquifers and fault fracture
zones, there are

Pai = P> )

Upr = Ug)- (10)

On the adjacent boundary of the fault fracture zone and
coal seam working face, there are

pbrzpns’ (11)

Ups = Upps (12)

where the subscript D represents Darcy linear flow, B repre-

sents Brinkman nonlinear flow, and N represents Navier-
Stokes turbulent flow.

Equations (1)-(12) jointly establish the Darcy-
Brinkman-NS multifield coupled nonlinear seepage theoret-
ical model of karst fault syncline and use COMSOL Multi-
physics finite element software to develop the numerical
model of three flow field coupled nonlinear seepage and ana-
lyze the characteristics of the seepage field at each stage by
combining with actual engineering.

3. Numerical Modeling of Water Inrush in
Fault Fracture Zone

This paper uses the F66 fault in the coal mine as an engi-
neering background. F66 is one of the primary faults con-
trolling the coal seam and structure of the coal mine,
located on the north side of the thriving field, crossing the
sound field from north to south, and is a positive fault in
nature. The fault is cutting the coal seam, and the integrity
of the coal seam has been damaged. The F66 spot has a sig-
nificant drop, a wide fault width, and severe fragmentation.

According to the solid engineering background of the
F66 fault in the coal mine, the numerical model of two-
dimensional fault burst water is established by appropriate
simplification. The model is 300 m long and 100m wide,
with three fluid stages corresponding to aquifer, fault, and
roadway. The aquifer is located in the lower part of the
model, divided into two trapezoids by the spot, with a fault
break zone in the middle, 15m wide and 70° inclination,
and the coal seam is excavated from the left boundary, with
an excavation working face height of 5m. Detailed data are
shown in Figure 2.

According to the hydrogeological conditions of the site,
the seepage boundary of the model is set. The boundary on
both sides of the aquifer is a fixed water pressure boundary
with a water pressure of 4.1 MPa, the upper and lower
boundaries are nonflowing boundaries, and the other outer
boundaries of the model are nonflowing boundaries. There
are p,, = py and up = uy on the adjacent boundaries of the
aquifer and fault fragmentation zone and p, =p,, and uy =
uy on the adjacent edges of the fault and the roadway. The
upper part of the stress field is a fixed constraint boundary;
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FIGURE 4: The pressure at each position on the A-D segment.

the two sides are rolling support boundaries, the excavation
palm face and the prograde face are free boundaries, and the
atmospheric pressure at the left edge of the coal seam tunnel
is constant at 0.1 MPa.

Combining the established coupled nonlinear seepage
model of three flow fields and the solid engineering back-
ground, the numerical model was based on using the finite ele-
ment software COMSOL Multiphysics. The numerical model
contains 358 domain cells and 203 edge cells, and the pressure

and velocity of the three flow fields were calculated using the
steady-state solver. Monitoring lines A-B-C-D record the
changes in water pressure and flow velocity within the three
flow fields. The aquifer permeability is 2.1 x 107! m?, and the
permeability of the fault fracture zone is a dynamic changing
value, so f3 is set as the ratio of fault permeability to aquifer per-
meability. Six working conditions are placed in the numerical
model; 8 values are 0.01, 0.1, 1, 10, 100, and 1000, respectively.
The hydrodynamic parameters of the three stages are shown in
Table 1.

4. Analysis of Simulation Results

4.1. Pressure and Flow Rate. Figure 3 shows a cloud of fluid
pressure distribution for different f3 values. During the seep-
age process, the pressure and flow rate continuously change.
As the ratio of fault to aquifer permeability increases, the
color of the cloud map at the common boundary between
the aquifer and the spot gradually becomes blue, which indi-
cates that the pressure at the adjacent border will decrease
progressively as the fault permeability increases and the fluid
pressure is converted into fluid power, making it easier for
the fluid to enter the fault through the common boundary
according to the water pressure continuity and energy con-
servation. The underground aquifer is stable when S is
0.01, 0.1, or 1. When f is ten or more, the pressure at the
junction of the fault and aquifer is reduced, indicating that
when the fault permeability is greater than the aquifer, it will
affect fluid stability in the aquifer. As 8 increases, the fluid
pressure distribution in the aquifer is gradually uneven,
showing a step change. The pressure within the fault gradu-
ally decreases from an inconsistent to a uniform state, indi-
cating that the spot has become a channel connecting the
aquifer and the roadway-working surface. There is no
change in the color of the cloud map in the roadway, and
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FIGURE 6: Forchhneimer number at different permeability ratios in aquifer A-A’.

the water pressure is always less than 0.1 MPa because the
route is connected to the outside world and is kept as atmo-
spheric pressure.

To understand more intuitively the changes of fluid
pressure and velocity in aquifers, faults, and tunnels, the
pressure and flow rate data on monitoring lines A-D
obtained from numerical simulations were postprocessed
to get the pressure versus velocity change curves. Figure 4

shows the variation curves of pressure at different 3 values
for three stages on the monitoring line A-D. In the subsur-
face aquifer, the pressure decreases gradually and signifi-
cantly with increasing f3, and the pressure at the common
boundary between the aquifer and the fault is also smaller.
As the value increases, the rate of pressure drop in the fault
gradually decreases, and when the [ value is 1000, the pres-
sure in the fault zone is stabilized at 0.1 MPa, which is
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FIGURE 8: F, of fault zone BC under different permeability ratios.

basically unchanged. In the tunnel, the pressure does not
vary with the value of . The deal is close to the external
atmospheric pressure of 0.1 MPa.

As can be seen from Figure 5, the fluid flow velocity in the
underground aquifer and fault zone is small, and the flow veloc-
ity increases slightly at the common boundary. Fluid velocity in
the fault and the roadway boundary shows a trend of rapid
increase, and the flow velocity in the roadway fluctuates up
and down, offering an unstable state, which indicates that the
flow characteristics of the fluid in the roadway working surface

change obviously and more suddenly, with the risk of sudden
mud and water.

4.2. Non-Darcy Effect

4.2.1. Non-Darcy Flow Characteristics of the Aquifer. Darcy’s
law indicates that fluid pressure and flow velocity satisty a
linear relationship; however, the results in Figures 4 and 5
show that the aquifer pressure decreases with increasing f3,
while the flow velocity does not change significantly, and
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both pressure and flow velocity exhibit a nonlinear relation-
ship; therefore, a quantitative value needs to be introduced
to quantify the degree of fluid nonlinearity. Two methods
are commonly used, namely, the ratio of gradients and the
ratio of flow rates, which are mainly used [16, 17]. The For-
chheimer number, which is the ratio of the quadratic term
(fluid inertial term) to the primary term (fluid viscous term)
in the Forchheimer equation [18, 19], reflects the degree of
nonlinearity of fluid seepage and has been applied by
scholars to discriminate the nonlinear seepage flow.

o _ Brplvslve _ Bepklve|

O Wk, 13)

The non-Darcy effects are

, (14)

where S is the non-Darcy factor, calculated by Eq. k is the
permeability;  is the dynamic viscosity; v, is the flow rate;
and p is the density.

Figure 6 shows the Forchheimer number for different 3
values of the aquifer monitoring line A-A" when f is 0.01,
0.1, and 1, F, < 1, indicating that when the fault permeability
is small, the viscous resistance plays a dominant role in fluid
flow, the liquid state is linear flow, and the fluid flow conforms
to Darcy’s law. And at = 10, the value gradually increases as
the fluid approaches the common boundary between the aqui-
fer and the fault zone, indicating that inertia and viscosity
jointly control the fluid flow at this time. The inertial resis-
tance keeps increasing, and the viscous resistance gradually
decreases from the leftmost side of the fluid to the common

boundary position with the fault. The degree of fluid nonline-
arity slowly increases. When 3 is 100 and 1000, the fault zone
permeability is much larger than the aquifer permeability,
more significant than 1, and the trend of growth is faster, ris-
ing to 3 at the common boundary, indicating that the increase
of fault permeability gives a vital nonlinear characteristic to
the flow of aquifer fluid.

Figure 7 shows F,, and E at point A" on the aquifer mon-
itoring line for different permeability ratios. As a whole, the
two trends with increasing 8 values are close to the same. Spe-
cifically, both are increasing rapidly between 5 = 1 and 3 = 100
, indicating a gradual increase in nonlinearity. After this, both
slowly increase, eventually reaching a more stable value.

4.2.2. Non-Darcy Flow Characteristics of the Fault Zone.
Figure 8 shows the fault zone BC at different permeability
ratios, indicating that the Forchheimer number F is small
and tends to zero when f3 < 10, which suggests that the fluid
flow is weakly nonlinear and tends to be linear in the fault
zone. When y =100 or y=1000, F, increases significantly
and is greater than the critical value of 1, indicating that
the flow state of the fluid into the fault zone is nonlinear at
larger permeabilities. Outside of the rapid increase and
decrease in F, at both ends of the fault zone, this is due to
the abrupt change in flow velocity at the common boundary.
In addition, in the range of 147.5~165.5 on the monitoring
line BC, the overall view of F, variation is small and rela-
tively stable, indicating that the inertial resistance plays a
dominant role in the fluid.

Figure 9 shows E in the fault zone BC at different perme-
ability ratios because E varies with F,,. The analysis is similar
to that of Figure 8. The fractured rock body of the fault con-
tains many tiny rock and soil particles. The particles are
continuously lost under fluid percolation migration, which
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can cause changes in porosity and permeability. From Equa-
tions (6) and (7), the non-Darcy factor /j’f and the Forchhei-
mer coefficient ¢, vary with the porosity. At a specific ratio
of permeability y, the fault zones have different porosity n,
respectively, and the corresponding Forchheimer number
of ¢, is calculated. The effect of ¢, on the fluid flow state
can be analyzed. Therefore, 3 = 10 time, the average porosity
of the fault zone is taken as 0.33, 0.34, 0.35, 0.36, and 0.37,
respectively, to analyze the non-Darcy flow characteristics
of the fault fracture zone.

Figure 10 shows the values of F,, for BC in the fault zone at
different Forchheimer coefficients at =10. For each c, the
same phenomenon is that F increases rapidly from an initial
value approximately equal to zero when the fluid first enters
the fault zone, is more stable when flowing in the fault, and
decreases rapidly when rushing out of the guilt. In this process,
the viscous resistance weakens, the inertial resistance
increases, and the flow state of the fluid changes from linear
to nonlinear flow. In the starting phase, the larger c; is, the
more significant the increase in F, is. The fluid with a larger
¢; has a more considerable F, value at the exact location. At
a specific ratio of permeability B, the larger the c; of the fault

affected by porosity, the larger the fluid tends to be in a non-
linear flow state.

5. Conclusions

(1) Through the study of pressure and flow velocity under
six working conditions, as the permeability of the fault
increases, the water pressure of the aquifer decreases,
the speed of fluid entering the fault increases, and
the water pressure of the aquifer changes from a stable

state to a nonstable state, the affected area is expanded,
and the water pressure of the fault changes from a
nonstable state to a steady state. In the adjacent flow
field area, the water pressure and flow velocity change
abruptly, and the pore structure and the permeability
of fault fracture zone are essential factors affecting
the danger of water inrush

(2) As the permeability ratio increases, the fluid flow in
the aquifer gradually changes from viscous resistance
playing a dominant role to inertial resistance playing
a dominant position. The Forchheimer number
increases rapidly when the fluid flows through the
adjacent area of the two flow fields. The Forchheimer
number is more stable when it flows in the fault frac-
ture zone, and the non-Darcy effect increases with
the increase of the permeability ratio value. As the
permeability of the fault increases, the fluid in the
aquifer and the spot gradually changes from a linear
flow state to a nonlinear flow state, and the nonlinear
flow of fluid in the roadway shows prominent non-
linear characteristics
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