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As the working face advances, the overlying aquiclude is subjected to periodic dynamic loads, causing pore water pressure
distortion, which provides important forewarning for a water inrush disaster in shallow coal seams. In order to analyze the pore
water pressure in an aquiclude and determine the spatial-temporal characteristics of the water inrush, the aquiclude is simplified
into a saturated, porous, liquid-solid medium and a viscoelastic dynamic model is created to obtain the analytical solution of the
pressure distribution. FLAC3D is used to develop a fluid-solid coupling model and to analyze the characteristics of the pressure
change and overburden under different mining intensities. This study on pore water pressure in an aquiclude and the deter-
mination of the spatial-temporal characteristics of the water inrush provides a foundation for developing early-warning systems

for roof water inrush.

1. Introduction

In recent years, the coal exploitation intensity has increased
in the western coal mining areas in China and exploitations
under thin bedrock and in water-rich areas have caused
frequent occurrences of coal mining water inrush [1, 2]. In
the coal mining areas in the northern areas of Shaanxi
province, the coal stockpiles are stable and abundant and
suitable for exploitation with high-intensity mechanized
mining equipment. However, the coal seams in the
northern area of Shaanxi province are shallow and as a
result, the unique and critical aquiclude easily becomes
unstable [3] because of the strong mining disturbance and
water seepage. Furthermore, the instability makes the areas
prone to large-scale flooding disasters and also affects the
environmentally friendly development of coal mines [4].
Thus, it is necessary and essential to pay more attention to
the potential danger of water inrush due to mining dis-
turbance and to examine carefully the reasons for the roof
water inrush and the required precautions in these mining

areas [5-7] and take into account the vulnerable ecosys-
tems and high-intensity exploitation.

Many scholars have focused on the mechanism of and
safeguards against roof water inrush [8-11]. Gao developed
the “Four-Zone” model of rock movement based on the
“Three-Zone” model [12]. According to Gao, a mechanical
model of the rock formation should be divided into the
rupture zone, abscission zone, sagging zone, and loose im-
pingement zone. This research develops new thoughts for the
subsequent exploration of roof water inrush. Shi et al. [13]
derived an equation of the water flow in the fractured zone
with multiple factors from the “Four-Zone” model and val-
idated its applicability. Wu et al. [14] designed a three-di-
mensional visual model of water inrush from a coal seam roof
and implemented a dynamic simulation of the bedrock
cracking and groundwater flow field using visualization in the
foundation of the “Three Maps” method. Fan et al. [15]
identified the critical factors influencing water and sand in-
rush in the Yushenfu coal mine, and these factors included the
sand thickness, aquiclude water richness, the thickness of the
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effective water-resistant layer, and the area of mining dis-
turbance. Subsequently, they established an assessment model
of water and sand inrush and conducted an integrated
analysis of the threat of water and sand inrush in the Yushenfu
coal mine. Wang and Han [16] established a flood monitoring
and forecasting system based on the aquiclude water level and
water quality. Sui and Dong [17] found that pore water
pressure is an important indicator for monitoring and
forecasting quicksand hazards in mines and used a centrifugal
model of a mining subsidence experiment. Yang et al. [18]
proposed that the essential characteristic of mine water inrush
is the rock mass rupture induced by the disturbance due to
mining pressure and water pressure in the stress field. It was
found that the forecasting research on roof water inrush
disasters is not limited to the small area of the surrounding
rock and bedrock but has also focused on the dynamic
tracking of the fluid migration of the overlying aquicludes,
that is, the natural water protection. The aquiclude in the
northern area of Shaanxi Province consists of Hipparion
laterite from the Tertiary period and its lithology consists of
ball clay and sandy loam [19]. Zhang et al. [20] analyzed the
supervoid water pressure characteristics of the clay below an
area suffering an earthquake and the main factors influencing
the changes in the supervoid water pressure using an
earthquake-simulating shaking table test. Based on the sim-
ilarity between the influences of mining disturbances and the
transfer of the wave frequency of an earthquake to a periodic
dynamic load, we assume that the spatial-temporal charac-
teristics of roof water inrush can be observed by the changes
in the pore water pressure in an aquiclude as a result of
mining disturbances; in addition, we propose that the “hy-
draulic pressure-stress” spatial-temporal system can be de-
termined for the “aquiclude coal seam” structure. This study is
focused on the determination of the spatial-temporal char-
acteristics of the water inrush using qualitative and quanti-
tative analyses to prevent water inrush disasters from the roof.

2. Methodology

In the northern areas of Shaanxi province, the geological
condition of shallow coal seam is quite thin bedrock. In the
coal mines, periodic cracking occurs in the overlying roof
[21]. Aquicludes possess the features of softness and vis-
coelasticity and the transient deformation does not syn-
chronize with the lagging deformation of the bedrock;
therefore, this is a passive deformation. The periodic im-
pact load of a layer occurs due to the gravity stress of the
loose cover and the pressure of the bedrock below. We used
the Biot equation [22] of saturated linear elastic porous
media to focus on the layer dynamic loading and the
viscoelasticity dynamic model put forward by Wei and
Muraleetharan [23]. In Figure 1, the aquiclude is simplified
into a saturated porous solid-liquid mixture and the vis-
coelasticity dynamic model of the aquiclude is established.
The fluctuations in the layer’s pore water pressure are
analyzed under the load of periodic stress frequency. The
periodic pressure in the working face is a function of time
and the coal seam propulsion position is a function of
space.
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FIGURE 1: Viscoelasticity dynamic model of a soil layer.
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To simplify the three-dimensional problem to a two-
dimensional problem, L is the thickness of the aquiclude and
the dynamic load q is identified by the following equation:

q= qeiCDt’ (1)

where ¢ is the load amplitude, w is the frequency of the load
transfer angle, f refers to time, and i is the transfer time, that
is, the frequency of the periodic stress of the working face.

According to the governing equation of saturated porous
media under the influence of a dynamic load introduced by
Zienkiewicz et al. [24], the solid-liquid mixture per volume
represents the object (soil framework and water), #; is the
displacement of the aquiclude framework (solid), and w
corresponds to the relative average speed of water (liquid).
The governing equation of the soil layer movement is

0jj + pgi = pU; + p (2)

p=(1-n)ps+npy, (3)

where g;; refers to the Cauchy stress tensor, p, is the density
of the aquiclude framework, p; corresponds to the density of
water, and g; is the gravitational acceleration.

When the pore water of the aquiclude framework is used
as the analysis object, the liquid movement equation of the

pore fluid per volume is defined as
.. P w; Prgiw;
—p+psg; = Py +< - )+< = ) (4)

where p is the pore water pressure, 7 is the pore frequency,
and k refers to the permeability coeflicient of the aquiclude.

If the elastic damage occurs prior to the damage of the
aquiclude, the constitutive relation of the aquiclude is
presented in the following equation:

o= [(I?U —%G)V : u+&31\~/IV-w]1 +Glvu+ '], (5)

—p¥ =M@V -u+V-w), (6)
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“AVIK, +mi®y (1 +i07,))], K=nj(A+ (2/3)  p)-
(n5 (A )Z/KS),where K, is the bulk modulus of the pore fluid;
K is the bulk modulus of the solid particles of the soil; Ag is
the lame constant of the soil layer framework; A’ is the
coupling modulus between the compression of the soil body
and the deformation of the framework; ®,,, is the differential
pressure induced by the changes in the voidage volume under
static conditions; and 7, is the time of the local flow features.
In this study, it is assumed that the soil layer is an ideal
homogeneous medium and the value of 7, is 0.

The boundary condition of the viscoelasticity dynamic
model of the aquiclude is presented in the following
equation:

Ql
I

z

0) q; ? = 0;

dp\ _
o (&)

By simplifying equation (2) and equation (4), the fol-
lowing equations are deduced:

(7)

z=1, u

g:pg +pii, (8)

do . [(psW prgw
_d_Z_Pu +( " )+(—k > (9)

By plugging the constitutive relation equations (5) and
(6) into equations (8) and (9), the following governing
equation is deduced with the displacement as the variable:
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In order to ensure consistency in the equations, we
suppose that all variables and the frequency of the external
load transfer are identical. Subsequently, the boundary
condition shown by the principal variable can be obtained:

Z=0 <K 6o ~>d” gL
z =\, - - -— = >

v'is B dz 1
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Thus, the analytic solution of the value of the load
amplitude p is defined as

-M [5‘3 Z?:l ciAexp(LZ) + Z?:l Cirahi €XP (Aiz)]
L bl

P=
(12)

where A; is the characteristic solution of the differential
equations; ¢; is an undetermined coefficient.

Therefore, we can obtain the amplitude of the water
pressure of the aquicludes in real time according to the
analytic formula of clay layer’s pore water pressure and
compare it with the maximum of the water-inrush pressure
threshold at the site to describe the dynamic changes in the
pore water pressure corresponding to the working face
advance.

3. Simulations of the Dynamic Response of the
Pore Water Pressure

We established a solid-liquid coupling model and made
several assumptions based on the FLAC3D [25-27] perco-
lation module to visually monitor the spatial-temporal be-
havior of the pore water pressure of the aquicludes during
the mining process. The assumptions are as follows: the rock
mass and aquicludes are a porous media continuum; the
deadweight stress field is also the initial stress field; anhy-
drous and nonpressurized processing is used for the mined
coal mass; saturated, stable, isotropic flow rules are used in
the liquid constitutive model. The porosity, osmotic coef-
ficient, and other parameters are those of the geological
conditions of the Han Jiawan coal mine in the northern mine
area in Shaanxi Province.

3.1. FLAC3D Solid-Liquid Fundamental Coupling Theory.
The problems of mining disturbance and seepage that occur
during mining are not only related to the rock and soil
mechanics and hydraulics but are also affected by the li-
thology of the overburden rock, its structures, and the
geological environment. There are parallels between the
liquid flow simulation and the determination of the
framework structure when using FLAC3D to simulate the
flow of porous media. Subsequently, the isotropic and Model
fl_isotropic are applied. The main focus of the computing
process is the determination of the changes in the rock mass
stress field as a result of the increases or decreases in the pore
water pressure. The displacement of the liquid flow is based
on Darcy’s law and the process of the solid-liquid coupling
satisfies the Biot equation. In the simulation, the equivalent
continuum mathematical model and the synchronization
and rigor are obtained based on the FISH language.

The key equations of the coupling simulation are as
follows:

The equilibrium equation:

-q; +q, =g (13)

The vibration equation:
q; =k (P_Pijgi)- (14)

The constitutive relation:
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In the above equations,
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where g; is the seepage speed; g, is the fluid source strength
of the tested volume; and ( is the change in the fluid volume
of the pore media per volume. Q is the Biot modulus; p is the
pore pressure; « is the Biot coefficient; ¢ is the volume strain;
T is the temperature; f is the coefficient of thermal ex-
pansion; k is the osmotic coefficient; p ; is the fluid density; g;
is the component of gravity acceleration; and v is the velocity
at one point.

3.2. Establishment of the FLAC3D Solid-Liquid Coupling.
The specific dimensions of the three-dimensional model are
300m x 300 m x 150 m and it is based on the 2045 working
face at the Han Jiawan coal mine. 2-2 coal is exploited from
this working face and the thickness of the coal seam ranges
from 2.5m to 5.0m and the average thickness is 4.3 m
[28-30]. The dip angle of the coal seam is 1°-3°. The strike
length of the working face is 2700 m and its dip expansion is
220 m. The thickness of the bedrock covering the coal seam
ranges from 62 m to 102 m. The thickness of the aquiclude
is about 30 m and it lies below a water-rich aquifer. In order
to decrease the boundary effect, boundary coal pillars with
a height or length of 50 m exist in the X- and Y-direction,
respectively. The X-direction is the positive direction and
the Y-direction is the negative direction. We used different
mining methods; i.e., we exploited the full thickness of 4 m
and the height of 2m to conduct a comparative study to
explore the effect of the pore water pressure in the aqui-
clude on the periodic sinking of the cover rock and the
water inrush. The model is presented in Figure 2. The model
exerts self-weight strain and the initial pore water pressure
is in the vertical direction based on the actual conditions.
The two sides of the model exert a specific gradient hor-
izontal stress in addition to the lateral pressure generated
by the self-weight strain to attain a certain horizontal stress
[31, 32]. In order to conform to actual mining conditions,
the computing begins with the formation of an in situ stress
field and a seepage field. The mining exploitation moves
into the X-direction in steps. The waterproof coal pillars
remain to prevent the water inrush. In the simulation
experiment, there are no coal pillars.

3.3. Simulation Results

3.3.1. Spatial-Temporal Characteristics of the Pore Water
Pressure with Full Thickness Exploitation. The analysis of the
spatial-temporal characteristics of the pore water pressure and
roof water inrush is conducted by observing the changes in
the pore water pressure of the aquiclude for different distances
to the working face. Because the roof water inrush occurs due
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to the dynamic load effect of the main top, the data of integral
multiple of step distance of 20m of the mine’s average pe-
riodic weighting are selected. We divided the aquiclude into
slices along the levels parallel with the X-face and Y-face,
respectively, to observe the changes in the pore water pres-
sure. Image processing was conducted on the data and the
results are displayed using three-dimensional water pressure
nephograms and contour maps.

It is evident from Figure 3 that the results change with
the propulsion distance of the pore water pressure of the
aquiclude. When the distance is 20 m from the working face,
the goaf is in the first periodic pressure and the pore water
pressure of the corresponding aquiclude decreases from
1.59 MPa to 1.44 MPa and the water pressure decreases to
0.15 MPa; therefore, a local subsidence funnel is formed
within a certain range. The descending coefficient is only
0.09 and the change is not obvious. This indicates that the
pore water pressure of the aquiclude in this location changes
with the dynamic load transfer of the mining disturbance;
however, the influence of the mining activity on the pore
water pressure is limited. When the working face is at a
distance of 40 m, the pore water pressure funnel further
expands in both the strike and dip directions of the face and
its forward subsidence boundary lags behind the position of
the working face. The pore water pressure is 1.37 MPa and
the minimum value occurs in the deepest spot of the funnel.
The water pressure decreases to 0.07 MPa when the distance
to the working face is 20m. The water pressure of the
aquiclude is stable. When the distance to the working face is
60m, “the descending funnel” deepens markedly and the
pore water pressure changes suddenly from 1.37 MPa to
0.72 MPa. The descending coefficient is 0.55 relative to the
initial water pressure. Simultaneously, the extent of the
descending funnel of high pore water pressure increases. It is
observed in the contour nephogram that areas with a large
hydraulic gradient are generated at a location lagging 22 m
behind the two ends of the working face. The fact shows that
the water inrush positions are located in the goaf areas
behind the two ends of the working face. This change is
sudden and hysteretic and a large amount of hydrostatic
power is released. This can be described as the “distortion” of
the water pressure. Under actual conditions, this type of roof
water inrush would cause large damage and endanger
people’s lives. In order to monitor the changes in the layer’s
water pressure after the water inrush, the advance distance of
the working face is increased to 80 m and the water inrush is
not as serious. The conditions are better. The pore water
pressure of the aquiclude returns gradually to 1.24 MPa and
the two contour lines that converged and were caused by the
roof water inrush change into a single funnel. These details
indicate that the aquiclude resists the influx of the water to
some degree due to the continuous compaction from the
overburden load. The pore water pressure increases; how-
ever, it does not reach a stable value before the roof water
inrush. When the distance to the working face is 100 m, the
pore water pressure decreases rapidly to 0.85MPa. It is
observed that when the full thickness of 4 m is mined, a cycle
of “destruction-recovery-destruction” occurs in the aqui-
clude with the successive advance of the working face and
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the transfer of the periodic load. After several distortions of
the periodic pore water pressure of the aquiclude and at a
distance to the working face of 200 m, the three-dimensional
map of the pore water pressure shows a descending concave
surface responding to the underground goaf. The center
point of the concave surface along the Z-direction coincides
with the geometric center point of the goaf. The minimum
pore water pressure is 0.92 MPa and the pore water pressure
of the descending concave surface boundary is 1.51 MPa,
which is close to the initial pore water pressure.

3.3.2. The Spatial-Temporal Characteristics of the Pore Water
Pressure of the Exploitation to the Height of 2m. In the
second experiment, the mining height is 2m. The period,
position, and data selection are the same as in the first
experiment to determine the pore distortion under different

mining intensities. Figure 4 shows the changes in the pore
water pressure of the two experiments.

For the mining of the full thickness of 4m and at a
distance to the working face of 60 m, the pore water pressure
of the aquiclude increases rapidly. When the mining posi-
tion of 60m is reached, the pore water pressure decreases
abruptly. In the subsequent advance process, the pore water
pressure fluctuates around the amplitude of 0.32 MPa. The
second roof water inrush does not occur until the distance to
the working face is 100 m. However, the unloading speed
and unloading value are both not up to their equivalents
during the first roof water inrush. In the second experiment,
the mining height is 2 m. The pore water pressure fluctuates
when the distance to the working face is 40 m; no rapid
decrease in the pore water pressure is observed and the water
pressure fluctuates around the initial water pressure value of
1.59 MPa. The maximum value is 1.71 MPa, the minimum is
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1.37 MPa, and the average amplitude is 0.17 MPa. Unlike in
the first experiment, in the second experiment, the aqui-
clude bears the dynamic load in different areas and the
stress field and seepage field also change as the periodic roof
stress of working face changes based on the changes in the
pore water pressure. The pore water pressure changes that
correspond to the time point i reflect the roof’s periodic
stress. In the first experiment, the occurrence of the roof
water inrush can be predicted by the sudden distortion of
the pore water pressure. In the second design, the small
fluctuations are within the safety range. This means that the
seepage volume of the mining roof fluctuates within the
security threshold.

4. Conclusions

We elucidated the spatial-temporal relationships between
the pore water pressure in the aquiclude and the roof water
inrush. Based on the analytic solutions, numerical simula-
tions, and analog experiments of the pore water pressure
changes in the aquiclude, we draw the following conclusions.

(1) The amplitude of the water pressure of the aquiclude
can be obtained in real time by using the analytical
formula of the pore water pressure in the soil layer
and taking into account the frequency of the applied
load caused by the mining activities and the material
parameters of the soil layers. Subsequently, the dy-
namic relationships between the pore water pressure
and the advance of the working face can be de-
scribed; a comparison of the amplitude of the water
pressure and the maximum water pressure indicates
the threshold causing the water inrush.

(2) Different mining intensities affect the aquiclude to
various degrees, leading to changes in the pore water
pressure and the roof seepage volume. At a high
mining intensity, a distortion funnel with high pore
water pressure appears in the roof area of the goaf
and the water inrush is most serious at the two ends
of the working face. In contrast, when the mining
intensity is low, the pore water pressure in the roof
area of the goaf fluctuates slightly but does not in-
crease or decrease rapidly.

(3) In this study, we conducted multiple approaches to
demonstrate the spatial-temporal characteristics and
to provide a theoretical foundation for the devel-
opment of a roof water inrush forecasting system
based on the pore water pressure changes of the soil
layer.
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